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Abstract: Zika virus is an arbovirus that has rapidly spread within the Americas since 2014,
presenting a variety of clinical manifestations and neurological complications resulting in congenital
malformation, microcephaly, and possibly, in male infertility. These significant clinical manifestations
have led investigators to develop several candidate vaccines specific to Zika virus. In this review we
describe relevant targets for the development of vaccines specific for Zika virus, the development
status of various vaccine candidates and their different platforms, as well as their clinical progression.
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1. Introduction

Flavivirus is a genus of viruses in the family Flaviviridae that includes Dengue virus (DENV),
Yellow fever virus (YFV), West Nile virus (WNV), and Zika virus (ZIKV), all of which are transmitted by
arthropod vectors [1–3]. However, ZIKV presents with additional modes of transmission to that of
mosquito bites via vertical, sexual, and transfusion transmissions [4–7].

ZIKV was originally discovered in a sentinel macaque in the Zika forest in Uganda in 1947,
while the first reported case of human infection was identified in 1952 [8]. Thereafter, sporadic
infections were reported until the Micronesia outbreak of 2007. Symptoms reported as part of this
outbreak included rash, conjunctivitis, and arthralgia [9]. Six years later, another outbreak occurred in
French Polynesia and the first cases of hospitalization due to Guillain–Barré syndrome (GBS) were
reported [10]. From 2015 onward, several cases of ZIKV infection were detected in Brazil, which
then spread to other South American countries, leading the World Health Organization (WHO) to
declare ZIKV a public health emergency of international concern (PHEIC) on 1 February 2016, a status
subsequently lifted on 18 November 2016 [11,12].

The most recent outbreak of ZIKV was associated with congenital malformation and
fetal/newborn microcephaly caused by ZIKV infection during pregnancy [13]. Furthermore, additional
clinical manifestations were associated with ZIKV infection including neurological disorders and
male infertility in animal models [14,15]. Due to the presence of these clinical complications, rapid
scientific investigations began with the goal of better understanding viral pathogenesis, host response,
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and animal models of ZIKV infection. The global scientific effort to develop vaccines was also
accelerated at this time with the goal of preventing or stopping ZIKV spread. However, to design
an efficacious ZIKV vaccine it is necessary to select an efficient platform, evaluate the costs, choose
the best specific immunogen, and test the vaccine’s immunogenicity and protective efficacy [16–18].
The ZIKV vaccines currently under development use different targets and platforms, and some of
these vaccines are already undergoing clinical testing (Figure 1).

While ZIKV consists of a single serotype, there exist several lineages and as such, immunogen
selection requires particular attention owing to the high structural similarity within the family
Flaviviridae. This structural similarity between ZIKA virus and other Flavivirus could possibly lead to
severe complications upon secondary Flaviviridae infection due to the mechanisms of neutralization
and the potential for antibody-dependent enhancement (ADE) [19,20], although this has not been
observed in nature.

Immunogen and vaccine platform selection of the ZIKV vaccine candidates currently undergoing
clinical testing will be topics raised and discussed in this review.
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2. ZIKV Vaccine Targets and Immunogens

The ZIKV genome is comprised of an ~11 kb single-stranded positive sense RNA genome
encoding three structural proteins: capsid (C); precursor membrane (prM); and envelope (E), as well as
seven nonstructural proteins NS1; NS2A; NS2B; NS3; NS4A; NS4B; and NS5. While the prME proteins
are the main immunological targets for vaccine development [21], a few groups have developed



Vaccines 2018, 6, 62 3 of 13

vaccines that target some of the nonstructural proteins [22,23]. A major focus in vaccine development
is identifying an optimal antigen for the induction of a robust immune response, often with the
goal of eliciting a robust neutralizing antibody (NAb) response capable of neutralizing the virus and
ultimately protecting against infection. Due to their ability to induce a robust immune response,
the prME proteins are the viral antigens most frequently present in ZIKV vaccines. Three vaccine
platforms, DNA-, mRNA-, and Adenovirus-based, are in the most advanced stages of development and
all primarily use the prME antigens for the induction of the aforementioned neutralizing Ab response.

2.1. ZIKV Structural Proteins: Envelope Protein

The major structural component on the ZIKV surface is the E protein, which has been shown to induce
high titers of neutralizing antibodies [24]. The E protein is composed of three structural domains, EDI,
EDII, and EDIII, with EDI stabilizing the orientation of the protein and EDII promoting virus-mediated
membrane fusion. EDII is located at the C-terminus, contains antigenic epitopes against which several
NAbs have been identified and potentially is involved in binding to cellular receptors [24–28].

Liang et al. used E. coli and Drosophila as expression systems to produce recombinant ZIKV E
protein. Following immunization of immunocompetent mice with recombinant ZIKV E protein,
they observed that their protein immunization regimen generated a T-cell response and NAbs.
They proposed that the vaccine could be used alone or in combination with other forms of
vaccination [29]. To et al. using a similar recombinant protein strategy, obtained ZIKV E protein
from Drosophila S2 cells and demonstrated potent T-cell responses against ZIKV in Swiss Webster (SW)
BALB/c (Th2-dominant) and C57BL/6 (Th1-dominant) mouse models [30]. Kim et al., developed an
adenovirus-based vaccine, Ad5.ZIKV-Efl, containing a portion of the ZIKV BeH815744 E protein fused
to a T4 fibritin foldon trimerization domain (ZIKV-Efl). The Ad5.ZIKV-Efl vaccine generated a potent
response in neonatal mice in vertical immunization trials [31]. Yang et al., developed a virus like particle
(VLP) HBcAg-zDIII VLP, that is based on the hepatitis B core antigen (HBcAg) and expresses the ZIKV
EDIII structural domain. Two immunizations of C57BL/6 mice was sufficient to elicit a potent cellular
and humoral immune response that led to protection against multiple ZIKV strains. In addition to the
apparent protective efficacy of the HBcAg-zDIII VLP vaccine, the HBcAg-zDIII-elicited antibodies did
not enhance DENV infection in Fc gamma receptor-expressing cells [32].

2.2. ZIKV Structural Proteins: prME

In the Flavivirus virion, the E glycoprotein forms a complex with the prM glycoprotein and together
they play an important role in virion maturation and in the virus life cycle [33–35]. Virion assembly
and protein glycosylation occurs within the Endoplasmic Reticulum, while the trans-Golgi network
(TGN) is responsible for virion maturation. The prME heterodimers found in the immature virion
initial formed in the ER are transported to the TGN where, due to the acidic pH, the envelope protein
undergoes structural changes allowing the cellular protease furin to cleave prM into pr and M, thus
leading to the mature virion [36–38].

Several articles have demonstrated that these complexes induce high Ab titers, which has led
to prME being the most predominant immunogen for the development of ZIKV vaccines [39–41].
ZIKV prME DNA- and RNA-based vaccines demonstrate consistent results in the induction of a
protective immune response.

Emanuel et al. generated two distinctive vesicular stomatitis virus (VSV) based ZIKV vaccines
where either the codon-optimized sequence of the full-length prME (ZIKVprME) or prM and soluble
envelope (ZIKVprMsolE) were introduced into the VSV-EBOV vaccine vector backbone. Both vaccines
were effective at delivering and co-expressing ZIKV and EBOV antigens and both vaccines conferred
protection against lethal ZIKV challenge in the IFNAR−/− mouse model 28 days after administration.
In addition, the VSV-ZIKVprME vaccine was capable of conferring full protection when administered
as little as three days prior to a lethal ZIKV challenge [42].
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The MV-ZIKV101 vaccine developed by Themis Bioscience, constructed using a measles
virus vector backbone expressing the prME proteins, is currently in clinical trials (NCT02996890).
Indeed, all ZIKV vaccine candidates in clinical trials contain prME, either as a component of a whole
virion or as an immunogen. Furthermore, prME based vaccines against other flaviviruses have shown
great potential, resulting in approval and commercialization in some countries [43,44].

2.3. Nonstructural Protein: NS1

The nonstructural NS1 glycoprotein is an internal protein secreted during viral replication. NS1 is
highly immunogenic and has been used in DNA-based vaccines for other flaviviruses, making
it another potential target for ZIKV vaccine development [45,46]. The plasmids pcTPANS1 and
pDEN-2-NS1 containing the NS1 sequence from DENV2 provided protection against lethal
DENV2 challenge with specific cellular and humoral responses being shown in BALB/c C3H
mice [47,48]. Brault et al., developed a ZIKV vaccine based on NS1 by inserting the ZIKV NS1 sequence
from the Suriname 2015 Asian isolate into a Modified Vaccinia Ankara (MVA) vector resulting in the
generation of MVA-ZIKV-NS1. A single intramuscular (IM) dose of MVA-ZIKV-NS1 administered
to wild type mice (CD-1/ICR) generated both humoral and cellular immune responses providing
total protection against a lethal ZIKV challenge [22]. Despite these encouraging results, immunization
with the NS1 antigen requires additional evaluation to determine the vaccine’s safety since studies
conducted on DENV NS1 have demonstrated the potential for anti-NS1 Abs to possess cross-reactivity
with specific host proteins leading to platelet aggregation and cell death [49,50].

2.4. Nonstructural Protein: NS5

The nonstructural NS5 Flavivirus glycoprotein is consider essential for RNA genome replication
because it possess an N-terminal methyltransferase necessary for RNA capping [51–53]. A single
report discusses the design of a NS5 antigen potentially capable of inducing a protective cellular
immune response against both ZIKV and DENV [21]. Here, using in silico predictive algorithms,
the 19 epitopes selected are highly conserved between DENV and ZIKV and are predicted to be able to
induce cross-protection among different populations around the world. However, in order to verify its
potential as a cross-protective immunogen, in vivo studies need to be performed.

2.5. Others Strategic Targets

In vaccine development, the requirement for a safe, effective and straightforward immunization
method is paramount. Boigard et al. proposed using VLPs to recreate the immunological determinants
of ZIKV while remaining noninfectious. ZIKV VLPs were produced through the co-expression of
the Capsid, pre-Membrane, and Envelope (CprME) and NS2B/NS3 proteins in mammalian cells.
Mice immunized with these VLPs generated high Ab titers and exhibited greater survivability when
compared to mice vaccinated with inactivated virus [54]. This is possibly due to variation in capsid
structure owing to the inactivation process [54–56].

Another broad strategy proposed for all Flaviviridae members consists of generating a recombinant
virus defective in 2′-O methylation, as proposed by Li and colleagues [57]. The 2′-O methylation process
mimics the methylation of host mRNA, thus promoting the replication of the viral genetic material.
Defective 2′-O methylation permits brief periods of replication, however, viral RNA recognition by
host innate immunity prevents long term replication within cells. Li et al., generated a 2′-O methylation
defective Japanese encephalitis virus (JEV) that generated both humoral and cellular responses in
BALB/c mice, conferring protection against subsequent lethal challenges of JEV [57]. This promising
approach may yet yield a ZIKV vaccine using 2′-O methylation defective ZIKV.

3. ZIKV Vaccines and Platforms in Human Clinical Trials

The most commonly used vaccination technology is based on the live attenuated virus (LAV) platform.
The LAV platform takes advantage of viral strains, weakened by mutations, to induce an immune response
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without causing a full-blown infection. Producing LAVs is relatively cheap compared with other platforms
that require adjuvant formulations and additional downstream processing to obtain a highly purified
product. Moreover, LAVs generate highly specific and long-lasting immune responses. To develop a LAV
platform against ZIKV, Sha et al., proposed an attenuating mutation that included the elimination of the final
10 nucleotides from the 3’ untranslated region (UTR) of the ZIKV genome (ZIKV-3’UTR-LAV). This strategy
has shown efficacy in immunocompromised (AG129 mice) and immunocompetent (CD-1 mice) mouse
models, as well as in non-human primate (NHP) models of infection [58]. Vaccination of rhesus macaques
generated low levels of neutralizing antibody titers that were enhanced after ZIKV challenge, suggesting
incomplete protection against ZIKV. Nevertheless, the ZIKV-3’UTR-LAV demonstrated that a single dose of
vaccine was capable of preventing pathological damage in testes and vertical transmission [59]. Kweket et
al. also proposed a new approach to attenuate ZIKV by serial in vitro passage, thereby selecting an
attenuated ZIKV variant [60].

Development of LAV vaccines requires careful attention as reversion events may be possible,
making it not as safe as other platforms. For this reason, the WHO cautions the use of LAVs in high-risk
groups, such as fertile and pregnant women and immunocompromised individuals [61]. Due to the
potential for reversion, additional validation and further in vivo evaluation is required to develop a
suitable LAV candidate.

3.1. Inactivated Whole Virus Vaccine

Purified inactivated virus (PIV) vaccines consist of inactivated pathogens that are killed by heat or
chemical agents, such as formalin, to reduce their virulence. Thereafter, the virus particles are purified and
ready to be used for immunization. PIV vaccines contain whole virus that cannot replicate owing to their
inactivation. Through the inactivation process, protein antigens remain intact, enabling recognition by the
host immune system. However, for long-term protection, the use of an adjuvant might be required to boost
the chronicity and immunogenicity of the antigen and strengthen the subsequent immune response [62,63].
However, according to the WHO, adjuvant administration during pregnancy needs to be considered on a
case-by-case basis due to the safety profile of various potential adjuvants [64].

The most advanced ZIKV PIV candidate, ZPIV, uses a Puerto Rican (PR) strain inactivated with
0.05% formalin administered with alum. The ZIKV PIV vaccine induced NAbs and conferred protection
against heterologous ZIKV-BR (Brazilian isolated strain) and homologous ZIKV-PR challenges in
BALB/c mice [65]. Here, IM administration demonstrated greater efficacy in generating a robust Ab
response than subcutaneous injection [65]. However, in rhesus macaques, the opposite pattern was
observed, and after challenge, no detectable virus was detected in the analysis panel [66].

The ZPIV vaccine, adjuvanted with Alum, is currently in four phase I clinical trials and are registered
as NCT03008122 (two 2.5 mcg doses of ZPIV), NCT02963909 (two 5.0 mcg doses of ZPIV), NCT02952833
(three dose levels 2.5 mcg, 5.0 mcg, and 10 mcg of PIV), and NCT02937233 (three groups divided into
different vaccination schedules of 5 mcg of ZPIV administered IM at Week 0 and Week 4; 5 mcg of ZPIV
administered IM at Week 0 and Week 2; and a single dose of 5 mcg of ZPIV administered IM at Week 0).
In these trials, PIV immunization elicited robust NAbs, however some moderate side effects were noted
including headache, fatigue, and malaise [67]. The PIV platform is also being explored for protection
against JEV. The PIV vaccine against JEV is also undergoing human clinical trials and is administrated by
two or three IM injections and elicits a robust immune response against JEV. Unfortunately, administration
of the JEV PIV is fraught with the same moderate adverse effects as ZIKV PIV [68].

3.2. DNA Vaccines

DNA-based vaccines are easily designed, manufactured, and are simple to handle and
transport [69–71]. However, the limiting factor for the use of DNA-based vaccines is their requirement
for additional delivery devices such as electroporation to facilitate DNA entry into the cell.

Three different DNA-based ZIKV vaccines have entered clinical trials. VRC-ZKADNA085-00-VP
(VRC5288, NCT02840487) is one DNA-based ZIKV vaccine candidate that was constructed using a prME
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sequence from a French Polynesian isolate (strain H/PF/2013). A second vaccine, named VRC5283,
was created from VRC5288 by exchanging the ZIKV prM with an analogous sequence from JEV to improve
protein secretion. VRC5283 showed high immunogenicity in mice and NHPs and induced NAb production,
which prevented viremia with greater efficiency than VRC5288. During phase I trials, VRC5288 vaccination
generated detectable humoral and T-cell mediated responses in 100% of participants [72]. VRC5288 is
currently in phase two clinical trials and VRC5283 will soon advance to phase 2 efficacy testing [72].

The third DNA-based candidate, GLS-5700, was developed by GeneOne Life Science/Inovio
Pharmaceuticals Inc. and has demonstrated an anti-ZIKV response in animal models and is being
investigated as part of two separate phase I clinical trials (NCT02809443 and NCT02887482) [66,73].
GLS-5700 is a consensus DNA vaccine designed to expresses the ZIKV prME in a modified pVAX1 backbone
with initial reports showing induction of protective immunity [65,66]. Furthermore, GLS-5700 was also able
to prevent ZIKV-induced testes damage and reduced the chronic presence of virus in the male reproductive
tract in a mouse model [40]. Further clinical studies will be required to evaluate GLS-5700’s protective
efficacy and long-term immunogenicity.

Indeed, DNA vaccines are appropriate for emerging infectious diseases, as this platform is
versatile in its ability to target many distinct antigens and said vaccine can be developed and tested
quickly [17]. For example, only seven months was required from in silico design of the consensus
GLS-5700 antigen to commencement of the phase I clinical trial [73].

3.3. RNA Vaccines

The new mRNA vaccines bring fast, precise, and promising alternatives for new therapies to
combat several human diseases, pathogens, and cancers. However, delivery of a mRNA vaccine still
requires many technological and scientific advancements in order to improve their in vivo delivery [73].
Chahal et al. designed a modified dendrimer nanoparticle (MDNP) with a prME ZIKV RNA replicon.
Following vaccination of C57BL/6 mice, induction of anti-ZIKV IgG was noted. Ex vivo vaccination
analysis showed that immunization promoted the peptide antigen presentation through MHC-I.
This promoted a strong CD8+ T cell response [74]. Pardi et al. developed a lipid nanoparticle (LNP) to
encapsulate modified mRNA containing the prME sequences from the H/KPF/2013 ZIKV strain containing
a modified nucleoside 1-methylpseudouridine, which increased mRNA translation in vivo [67]. The data
showed the generation of protective immunity in mice and NHP models after a single immunization [75].
Richner et al. used the same LPN method to package modified mRNA containing the prME sequence from
the Micronesia 2007 ZIKV strain. Administration via IM injection in immunocompromised (Ifnar1−/−,
Ifngr−/− AG129) and immunocompetent (C57BL/6) mouse strains induced protective immunity with
long-term, high-titer NAbs [41]. Furthermore, this vaccine blocked vertical transmission and prevented
fetal damage [76]. This vaccine is currently undergoing phase I/II clinical trials (NCT03014089).

3.4. Choice of Vaccine Target and Consequences

ZIKV shares several features with DENV (58.1% to 58.9% identity with the DENV2 polyprotein)
and the 1952 Nigerian Chuku strain of Spondweni virus, with the open reading frames (ORFs)
exhibiting a 61–68% nucleotide and 64–72% amino acid identity [77,78]. Due to the presence of
several identical epitopes, many flaviviruses are potentially capable of eliciting cross-reactive,
and therefore, cross-protective Abs. The identification of cross-reactive monoclonal Abs (mAbs) from
patients exposed to various flaviviruses presents an important progress in the development of novel
vaccines [79]. However, cross-reactive mAbs induced by infective virus may result in the induction
of poorly neutralizing Abs or result in elevated rates of infection and subsequently exacerbation
of disease severity during subsequent reinfection [80,81]. This is due paradoxically to the mAb
facilitation of viral entry via Fc receptor-γ:mAb interactions, which promotes viral entry and elevated
disease severity [82–84]. This phenomenon is termed ADE and occurs when the cross-reactive mAb
subneutralizes the virus and facilitates viral uptake by permissive cells. It is therefore essential that
optimal neutralization targets and strategies are taken into consideration when developing a vaccine
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against ZIKV to avoid the complications seen in ADE as ADE may contribute to development of
congenital ZIKV disease and enhanced ZIKV infection [79,85]. Furthermore, in vitro experiments
suggest that DENV poly- and monoclonal Abs enhance ZIKV infection and ZIKV Abs facilitate Dengue
serotype 2 infection [86–88]. It is therefore essential that vaccine developers fully understand how
ADE may affect a vaccine’s immune response during subsequent viral infections.

Brault et al. described a method to evade ADE complications by expressing the ZIKV NS1 protein
in a MVA vector in view of the fact that the major immunogen that promotes cross-reaction is the prME
proteins [22].

Richner et al. also developed a novel strategy to mitigate the risk of ADE. Richner et al., generated
a modified mRNA that destroyed the conserved fusion-loop epitope found in the E protein and
encoded the IgE human signal sequence. The IgE sequence can contribute to translational efficiency
and can enhance the stability of mRNA [41,89]. This ZIKV-prME fusion loop mutant was subsequently
packaged into lipid nanoparticles and used to immunize mice. Removal of the fusion loop decreased
the production of antibodies capable of enhancing DENV infection in cells and mice [41]. These recent
advancements in the prevention of ADE further underscore the importance of target antigen choice,
specificity, and relative immunogenicity as prime factors in the development of vaccines against ZIKV.

4. Other Flavivirus Vaccines

The likelihood of a safe, effective, and low-cost vaccine for Zika virus reaching licensure will increase
if those developing vaccines learn from the successes and mistakes made in the development of vaccines
against other Flaviviruses. There are currently a number of licensed Flaviviruses vaccines and a number
of vaccines in clinical development. The LAV vaccine for Yellow fever, YFV 17D, was the first Flavivirus
vaccine ever produced and is considered a success in the field with more than 500 million people having
received the vaccine and due to its ability to induce protective immunity in ~99% of those vaccinated [90].
There are some draw backs to the YFV 17D LAV vaccine however, including numerous vaccine-associated
adverse events, such as neurotropic disease and severe allergic reactions due to the presence of chicken
protein in the vaccine from the inactivation process [91]. To avoid these issues, an inactivated cell-culture
based version of 17D, XRX-001, is in development. Monath et al. has demonstrated both preclinically and
clinically that XRX-001 is relatively safe, induces a suitable immune response, and is effective at protecting
animal models against Yellow fever virus infection [92,93].

A purified, formalin-inactivated vaccine against JEV, CC_JEV, is also in late stage clinical
development [94]. This vaccine has a promising immunogenicity and safety profile [95] and a similar
version of this vaccine has been approved for use in horses. Sanofi Pasteur has also developed a JEV
vaccine called ChimeriVax-JE that consists of a live, attenuated Yellow fever virus 17D in which the
envelope protein has been replaced with the JEV envelop. This vaccine has demonstrated similar
safety and immunogenicity profiles as YFV 17D [43,96].

The relative ease in which vaccines have been developed against YFV and JEV may be in part
due to the fact that only a single serotype exists for these viruses, thus lending hope to the idea that
a vaccine against the single serotype ZIKV may also be possible. A vaccine against DENV, with
four serotypes, has had a much more troublesome road. As mentioned in Section 2.3 of this review,
there are DNA-based vaccines against DENV that have demonstrated some immunogenicity and
protective efficacy in mice [47,48], although these vaccines have not progressed into the clinic and thus
far, no single DNA-based vaccine has been developed to protect against all four serotypes.

The dengue vaccine CYD-TDV (Dengvaxia®), expresses the prME sequences from DENV-1,
DENV-2, DENV-3, and DENV-4 in an YFV 17D backbone, and is thus tetravalent. Based on initial
phase III clinical trial data that demonstrated favorable safety and immunogenicity results [97], this
Sanofi Pasteur product was licensed in 20 countries. Unfortunately, recent follow-up studies by the
company have demonstrated that the vaccine performs differently in seronegative versus seropositive
individuals in that there is an increased risk of hospitalization and severe dengue in seronegative
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individuals starting about 30 months after vaccination [98]. As such, the World Health Organization
has changed their recommendations for this vaccine [99].

Despite the draw backs experienced in the DENV field, there is no data to date that would suggest
that similar problems will be encountered in the development of a ZIKV vaccine.

5. Conclusions

The Flavivirus genus is compose of more than 70 viruses, most of which are transmitted by
mosquitoes and are present in distinct geographical locations. These viruses use different natural
hosts and specific vectors making them difficult to control and making vaccination a cost-effective
intervention to minimize the impact of future outbreaks.

Several efforts to find a safe vaccine to prevent ZIKV infection and induce protective immunity
with a single administration have been made by scientists around the world. Most vaccine platforms
in development aim to find a method to prevent vertical transmission from mother to fetus, which
could otherwise result in congenital ZIKV syndrome. Even with the development of vaccines focused
on prevention of vertical transmission and fetal abnormalities, further efforts should be made to
elucidate the mechanism(s) by which ZIKV elicits an auto-reactive state manifested as syndromes such
as Guillain–Barré.

Nevertheless, the rapid development of a safe, tolerable, and effective vaccine is imperative due
to the potential for future outbreaks. Numerous platforms have been tested both preclinically and
clinically and have generated encouraging results. The LAV and PIV platforms have demonstrated a
robust induction of protective immunity, however, the safety profile of these platforms is not ideal
for the vaccination of pregnant women. The DNA and RNA platforms under development are
a safer option for this target demographic and have demonstrated consistent immune responses.
Additional advantages to the DNA- and RNA-based vaccine platforms is their target antigen versatility
and the speed in which they can be developed. Should there be a future ZIKV outbreak with a
strain not currently covered by existing vaccines, these platforms have the greatest potential for quick
adaptation and clinical evaluation.

In addition, the choice of the vaccine immunogen plays a significant role in the robustness of the
immune response. The ZIKV structural proteins C, prM, and E, and nonstructural proteins NS1 and
NS5 were selected as candidate targets within several vaccines platforms. Several demonstrated
protection against various ZIKV strains. Furthermore, some immunogens were selected and designed
to avoid the development of ADE, which is an important complication related to flavivirus infection.

In conclusion, an ideal ZIKV vaccine will consist of a platform and immunogen capable of
conferring long-lasting protection against all ZIKV strains to the greatest number of individuals in a
cost-effective manner. The continued development and testing of the promising vaccine candidates
outlined in this review will most likely result in at least one vaccine reaching licensure.

Author Contributions: R.d.N.A. and T.R. wrote the manuscript. T.R., K.G.M. and G.P.K. edited the manuscript.
All the authors have read the manuscript, provided comments, and agreed to the submission of its final version.

Funding: This research received no external funding.

Acknowledgments: The authors would like to acknowledge Marc-Antoine de La Vega and Matthew Wade from
the Kobinger laboratory for their contributions and/or critical reading and editing of the review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ahlers, L.R.H.; Goodman, A.G. The immune responses of the animal hosts of west nile virus: A comparison
of insects, birds, and mammals. Front. Cell Infect. Microbiol. 2018, 8, 1–9. [CrossRef] [PubMed]

2. Suwanmanee, S.; Luplertlop, N. Dengue and Zika viruses: Lessons learned from the similarities between
these Aedes mosquito-vectored arboviruses. J. Microbiol. 2017, 55, 81–89. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fcimb.2018.00096
http://www.ncbi.nlm.nih.gov/pubmed/29666784
http://dx.doi.org/10.1007/s12275-017-6494-4
http://www.ncbi.nlm.nih.gov/pubmed/28120186


Vaccines 2018, 6, 62 9 of 13

3. Mutebi, J.; Gianella, A.; Travassos, A.; Tesh, R.B.; Barrett, A.D.T.; Higgs, S. infectivity for bolivian aedes
aegypti mosquitoes. Emerg. Infect. Dis. 2004, 10, 1657–1660. [CrossRef] [PubMed]

4. Desai, S.K.; Hartman, S.D.; Jayarajan, S.; Liu, S.; Gallicano, G.I. Zika virus (ZIKV): A review of proposed
mechanisms of transmission and associated congenital abnormalities. Am. J. Stem Cells 2017, 6, 13–22. [PubMed]

5. Foy, B.D.; Kobylinski, K.C.; Foy, J.L.C.; Blitvich, B.J. Probable non–vector-borne transmission of Zika virus,
Colorado, USA. Emerg. Infect. Dis. 2011, 17, 880. [CrossRef] [PubMed]

6. Lessler, J.; Chaisson, L.H.; Kucirka, L.M.; Bi, Q.; Grantz, K.; Ferguson, N.M.; Cummings, D.A.T.;
Metcalf, C.J.E.; Rodriguez-Barraquer, I. Assessing the global threat from Zika virus. Science 2016, 353,
aaf8160-1. [CrossRef] [PubMed]

7. Besnard, M.; Lastère, S.; Teissier, A.; Lormeau-Cao, V.; Musso, D. Evidence of perinatal transmission of Zika
virus, French Polynesia, December 2013 and February 2014. Eur. Surveill. 2014, 19, 20751. [CrossRef]

8. Dick, G.W.A.; Kitchen, S.F.; Haddow, A.J. Zika virus (I.). isolations and serological specificity. Trans. R. Soc.
Trop. Med. Hyg. 1952, 46, 509–520. [CrossRef]

9. Lanciotti, R.S.; Kosoy, O.L.; Laven, J.J.; Velez, J.O.; Lambert, A.J.; Johnson, A.J.; Stan, S.M.; Duffy, M.R.
Genetic and serologic properties of zika virus associated with an epidemic, Yap State, Micronesia, 2007.
Emerg. Infect. Dis. 2008, 14, 1232–1239. [CrossRef] [PubMed]

10. Oehler, E.; Watrin, L.; Larre, P.; Goffart, L.I.; Lastère, S.; Valour, F.; Baudouin, L.; Mallet, H.P.; Musso, D.;
Ghawche, F. Zika virus infection complicated by Guillain-Barré syndrome—Case report, French Polynesia,
December 2013. Eur. Surveill. 2014, 1, 7–9. [CrossRef]

11. Heukelbach, J.; Alencar, C.H.; Kelvin, A.A.; De Oliveira, W.K.; Cavalcanti, L.P. Outbreak Zika virus outbreak
in Brazil. J. Infect. Dev. Ctries 2016, 10, 116–120. [CrossRef] [PubMed]

12. Kindhauser, M.K.; Allen, T.; Frank, V.; Ravi Shankar, S.; Dye, C. Zika: The origin and spread of a
mosquito-borne virus. Bull World Health Organ. 2016, 94, 675–686. [CrossRef] [PubMed]

13. Ozkurt, Z.; Tanriverdi, E.C. Global alert: Zika virus-an Emerging Arbovirus. Eur. J. Med. 2017, 49, 142–147.
[CrossRef] [PubMed]

14. Dubaut, J.P.; Higuita, N.I.A.; Quaas, A.M. Impact of Zika virus for infertility specialists: Current literature,
guidelines, and resources. J. Assist Reprod Genet 2017. [CrossRef] [PubMed]

15. Araujo, A.Q.C.; Silva, M.T.T.; Araujo, A.P.Q.C. Zika virus-associated neurological disorders: A review.
Brain J. Neurol. 2018, 139, 2122–2130. [CrossRef] [PubMed]

16. Dawes, B.E.; Smalley, C.A.; Tiner, B.L.; Beasley, D.W.C.; Milligan, G.N.; Reece, L.M.; Hombach, J.; Barrett, A.D.T.
Research and development of Zika virus vaccines. Nat. Publ. Gr. 2016, 1, 1–7. [CrossRef] [PubMed]

17. Maslow, J.N. Vaccine development for emerging virulent infectious diseases. Vaccine 2017. [CrossRef]
[PubMed]

18. Makhluf, H.; Shresta, S. Development of zika virus vaccines. Vaccines 2018, 6, 7. [CrossRef] [PubMed]
19. Castanha, P.M.S.; Nascimento, E.J.M.; Braga, C.; Cordeiro, M.T.; De Carvalho, O.V.; De Mendonça, L.R.;

Azevedo, E.A.N.; França, R.F.O.; Dhalia, R.; Marques, E.T.A. Dengue virus-specific antibodies enhance
Brazilian Zika virus infection. J. Infect. Dis. 2017, 215, 781–785. [CrossRef] [PubMed]

20. Munjal, A.; Khandia, R.; Dhama, K.; Sachan, S.; Karthik, K.; Tiwari, R.; Malik, Y.S.; Kumar, D.; Singh, R.K.;
Iqbal, H.M.N.; et al. Advances in developing therapies to combat zika virus: Current knowledge and future
perspectives. Front. Microbiol. 2017, 8, 1–19. [CrossRef] [PubMed]

21. Goo, L.; Demaso, C.R.; Pelc, R.S.; Kuhn, R.J.; Pierson, T.C.; Ledgerwood, J.E.; Graham, B.S.; Kuhn, R.J.;
Pierson, T.C. The Zika virus envelope protein glycan loop regulates virion antigenicity. Virology 2018, 515,
191–202. [CrossRef] [PubMed]

22. Brault, A.C.; Domi, A.; Mcdonald, E.M.; Talmi-Fran, D.; Mccurley, N.; Basu, R.; Robinson, H.L.;
Hellerstein, M.; Duggal, N.K.; Bowen, R.A.; et al. A zika vaccine targeting NS1 Protein protects
immunocompetent adult mice in a lethal challenge model. Sci. Rep. 2017, 7, 1–11. [CrossRef] [PubMed]

23. Franco, S.; Vidal, P.O.; Amorim, J.H. In silico design of a Zika virus non-structural protein 5 aiming vaccine
protection against zika and dengue in different human populations. J. Biomed. Sci. 2017, 24, 1–10.

24. Dai, L.; Song, J.; Lu, X.; Deng, Y.-Q.; Musyoki, A.M.; Cheng, H.; Zhang, Y.; Yuan, Y.; Song, H.; Haywood, J.;
et al. Structures of the Zika virus envelope protein and its complex with a flavivirus broadly protective
antibody. Cell Host Microbe 2016, 19, 696–704. [CrossRef] [PubMed]

25. Zhang, X.; Jia, R.; Shen, H.; Wang, M.; Yin, Z.; Cheng, A. Structures and functions of the envelope glycoprotein
in flavivirus infections. Viruses 2017, 9, 338. [CrossRef] [PubMed]

http://dx.doi.org/10.3201/eid1009.031124
http://www.ncbi.nlm.nih.gov/pubmed/15498171
http://www.ncbi.nlm.nih.gov/pubmed/28804687
http://dx.doi.org/10.3201/eid1705.101939
http://www.ncbi.nlm.nih.gov/pubmed/21529401
http://dx.doi.org/10.1126/science.aaf8160
http://www.ncbi.nlm.nih.gov/pubmed/27417495
http://dx.doi.org/10.2807/1560-7917.ES2014.19.13.20751
http://dx.doi.org/10.1016/0035-9203(52)90042-4
http://dx.doi.org/10.3201/eid1408.080287
http://www.ncbi.nlm.nih.gov/pubmed/18680646
http://dx.doi.org/10.2807/1560-7917.ES2014.19.9.20720
http://dx.doi.org/10.3855/jidc.8217
http://www.ncbi.nlm.nih.gov/pubmed/26927450
http://dx.doi.org/10.2471/BLT.16.171082
http://www.ncbi.nlm.nih.gov/pubmed/27708473
http://dx.doi.org/10.5152/eurasianjmed.2017.17147
http://www.ncbi.nlm.nih.gov/pubmed/28638259
http://dx.doi.org/10.1007/s10815-017-0988-1
http://www.ncbi.nlm.nih.gov/pubmed/28687969
http://dx.doi.org/10.1093/brain/aww158
http://www.ncbi.nlm.nih.gov/pubmed/27357348
http://dx.doi.org/10.1038/npjvaccines.2016.7
http://www.ncbi.nlm.nih.gov/pubmed/29263851
http://dx.doi.org/10.1016/j.vaccine.2017.02.015
http://www.ncbi.nlm.nih.gov/pubmed/28216184
http://dx.doi.org/10.3390/vaccines6010007
http://www.ncbi.nlm.nih.gov/pubmed/29346287
http://dx.doi.org/10.1093/infdis/jiw638
http://www.ncbi.nlm.nih.gov/pubmed/28039355
http://dx.doi.org/10.3389/fmicb.2017.01469
http://www.ncbi.nlm.nih.gov/pubmed/28824594
http://dx.doi.org/10.1016/j.virol.2017.12.032
http://www.ncbi.nlm.nih.gov/pubmed/29304471
http://dx.doi.org/10.1038/s41598-017-15039-8
http://www.ncbi.nlm.nih.gov/pubmed/29116169
http://dx.doi.org/10.1016/j.chom.2016.04.013
http://www.ncbi.nlm.nih.gov/pubmed/27158114
http://dx.doi.org/10.3390/v9110338
http://www.ncbi.nlm.nih.gov/pubmed/29137162


Vaccines 2018, 6, 62 10 of 13

26. Roehrig, J.T.; Butrapet, S.; Liss, N.M.; Bennett, S.L.; Luy, B.E.; Childers, T.; Boroughs, K.L.; Stovall, J.L.;
Calvert, A.E.; Blair, D.; et al. Mutation of the dengue virus type 2 envelope protein heparan sulfate binding
sites or the domain III lateral ridge blocks replication in Vero cells prior to membrane fusion. Virology 2013,
441, 114–125. [CrossRef] [PubMed]

27. Matsui, K.; Gromowski, G.D.; Li, L.; Barrett, A.D.T. Characterization of a dengue type-specific epitope on
dengue 3 virus envelope protein domain III. J. Gen. Virol. 2018, 91, 2249–2253. [CrossRef] [PubMed]

28. Modis, Y.; Ogata, S.; Clements, D.; Harrison, S.C. A ligand-binding pocket in the dengue virus envelope
glycoprotein. PNAS 2003, 100, 6986–6991. [CrossRef] [PubMed]

29. Liang, H.; Yang, R.; Liu, Z.; Li, M.; Liu, H.; Jin, X. Recombinant Zika virus envelope protein elicited protective
immunity against Zika virus in immunocompetent mice. PLoS ONE 2018, 13, e0194860. [CrossRef] [PubMed]

30. To, A.; Medina, L.O.; Mfuh, K.O.; Lieberman, M.M.; Wong, A.S.; Namekar, M.; Nakano, E.; Lai, C.; Kumar, M.;
Nerurkar, V.R.; et al. Recombinant Zika virus subunits are immunogenic and efficacious in mice. mSphere
2018, 3, 1–16. [CrossRef] [PubMed]

31. Kim, E.; Erdos, G.; Huang, S.; Kenniston, T., Jr.; Gambotto, A. Preventative vaccines for Zika virus outbreak:
Preliminary evaluation. EBIOM 2016, 13, 315–320. [CrossRef] [PubMed]

32. Yang, M.; Lai, H.; Sun, H.; Chen, Q. Virus-like particles that display Zika virus envelope protein domain III
induce potent neutralizing immune responses in mice. Sci. Rep. 2017, 7, 1–12. [CrossRef] [PubMed]

33. Smit, J.M.; Moesker, B.; Rodenhuis-Zybert, I.; Wilschut, J. Flavivirus cell entry and membrane fusion. Viruses
2011, 3, 160–171. [CrossRef] [PubMed]

34. Kuhn, R.J.; Zhang, W.; Rossmann, M.G.; Pletnev, S.V.; Corver, J.; Lenches, E.; Jones, C.T.; Mukhopadhyay, S.;
Chipman, P.R.; Strauss, E.G.; et al. Structure of dengue virus: Implications for flavivirus organization,
maturation, and fusion. Cell 2002, 108, 717–725. [CrossRef]

35. Zhou, Z.H. Structures of viral membrane proteins by high-resolution cryoEM. Curr. Opin. Virol. 2014,
111–119. [CrossRef] [PubMed]

36. Heinz, F.X.; Stiasny, K. The Antigenic structure of Zika virus and its relation to other flaviviruses: Implications
for infection and immunoprophylaxis. Microbiol. Mol. Biol. Rev. 2017, 81. [CrossRef] [PubMed]

37. Sun, G.; Larsen, C.N.; Baumgarth, N.; Klem, E.B.; Scheuermann, R.H. Comprehensive annotation of mature
peptides and genotypes for Zika virus. PLoS ONE 2017, 12, e0170462. [CrossRef] [PubMed]

38. Mukhopadhyay, S.; Kuhn, R.J.; Rossmann, M.G. A structural perspective of the Flavivirus life cycle.
Nat. Rev. Microbiol. 2005, 3, 13–22. [CrossRef] [PubMed]

39. Muthumani, K.; Grif, B.D.; Agarwal, S.; Kudchodkar, S.B.; Reuschel, E.L.; Choi, H.; Kraynyak, K.A.;
Duperret, E.K.; Keaton, A.A.; Chung, C.; et al. In vivo protection against ZIKV infection and pathogenesis
through passive antibody transfer and active immunisation with a prMEnv DNA vaccine. NPJ Vaccines 2016,
1, 16021. [CrossRef] [PubMed]

40. Griffin, B.D.; Muthumani, K.; Warner, B.M.; Majer, A.; Hagan, M.; Audet, J.; Stein, D.R.; Ranadheera, C.;
Racine, T.; La Vega, M.D.; et al. DNA vaccination protects mice against Zika virus-induced damage to the
testes. Nat. Commun. 2017, 8, 1–8. [CrossRef] [PubMed]

41. Richner, J.M.; Himansu, S.; Dowd, K.A.; Butler, S.L.; Salazar, V.; Fox, J.M.; Julander, J.G.; Tang, W.W.;
Shresta, S.; Pierson, T.C.; et al. Modified mRNA vaccines protect against Zika virus infection. Cell 2017, 168.
[CrossRef] [PubMed]

42. Emanuel, J.; Callison, J.; Dowd, K.A.; Pierson, T.C.; Feldmann, H.; Marzi, A. A VSV-based Zika virus vaccine
protects mice from lethal challenge. Sci. Rep. 2018, 8, 1–11. [CrossRef] [PubMed]

43. Guy, B.; Guirakhoo, F.; Barban, V.; Higgs, S.; Monath, T.P.; Lang, J. Preclinical and clinical development of
YFV 17D-based chimeric vaccines against dengue, West Nile and Japanese encephalitis viruses. Vaccine 2010,
28, 632–649. [CrossRef] [PubMed]

44. Ishikawa, T.; Yamanaka, A.; Konishi, E. A review of successful flavivirus vaccines and the problems with
those flaviviruses for which vaccines are not yet available. Vaccine 2014, 32, 1326–1337. [CrossRef] [PubMed]

45. Rastogi, M.; Sharma, N.; Singh, S.K. Flavivirus NS1: A multifaceted enigmatic viral protein. Virol. J. 2016, 13,
131. [CrossRef] [PubMed]

46. Hilgenfeld, R. Zika virus NS1, a pathogenicity factor with many faces. EMBO J. 2016, 35, 2631–2633.
[CrossRef] [PubMed]

47. Costa, S.M.; Freire, M.S.; Alves, A.M.B. DNA vaccine against the non-structural 1 protein (NS1) of dengue
2 virus. Vaccine 2006, 24, 4562–4564. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.virol.2013.03.011
http://www.ncbi.nlm.nih.gov/pubmed/23571092
http://dx.doi.org/10.1099/vir.0.021220-0
http://www.ncbi.nlm.nih.gov/pubmed/20444995
http://dx.doi.org/10.1073/pnas.0832193100
http://www.ncbi.nlm.nih.gov/pubmed/12759475
http://dx.doi.org/10.1371/journal.pone.0194860
http://www.ncbi.nlm.nih.gov/pubmed/29590178
http://dx.doi.org/10.1128/mSphere.00576-17
http://www.ncbi.nlm.nih.gov/pubmed/29359186
http://dx.doi.org/10.1016/j.ebiom.2016.09.028
http://www.ncbi.nlm.nih.gov/pubmed/27717627
http://dx.doi.org/10.1038/s41598-017-08247-9
http://www.ncbi.nlm.nih.gov/pubmed/28794424
http://dx.doi.org/10.3390/v3020160
http://www.ncbi.nlm.nih.gov/pubmed/22049308
http://dx.doi.org/10.1016/S0092-8674(02)00660-8
http://dx.doi.org/10.1016/j.coviro.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24799302
http://dx.doi.org/10.1128/MMBR.00055-16
http://www.ncbi.nlm.nih.gov/pubmed/28179396
http://dx.doi.org/10.1371/journal.pone.0170462
http://www.ncbi.nlm.nih.gov/pubmed/28125631
http://dx.doi.org/10.1038/nrmicro1067
http://www.ncbi.nlm.nih.gov/pubmed/15608696
http://dx.doi.org/10.1038/npjvaccines.2016.21
http://www.ncbi.nlm.nih.gov/pubmed/29263859
http://dx.doi.org/10.1038/ncomms15743
http://www.ncbi.nlm.nih.gov/pubmed/28589934
http://dx.doi.org/10.1016/j.cell.2017.02.017
http://www.ncbi.nlm.nih.gov/pubmed/28222903
http://dx.doi.org/10.1038/s41598-018-29401-x
http://www.ncbi.nlm.nih.gov/pubmed/30038228
http://dx.doi.org/10.1016/j.vaccine.2009.09.098
http://www.ncbi.nlm.nih.gov/pubmed/19808029
http://dx.doi.org/10.1016/j.vaccine.2014.01.040
http://www.ncbi.nlm.nih.gov/pubmed/24486372
http://dx.doi.org/10.1186/s12985-016-0590-7
http://www.ncbi.nlm.nih.gov/pubmed/27473856
http://dx.doi.org/10.15252/embj.201695871
http://www.ncbi.nlm.nih.gov/pubmed/27789523
http://dx.doi.org/10.1016/j.vaccine.2005.08.022
http://www.ncbi.nlm.nih.gov/pubmed/16140430


Vaccines 2018, 6, 62 11 of 13

48. Wu, S.; Liao, C.; Lin, Y.; Yeh, C.; Chen, L.; Huang, Y.-F.; Chou, H.-Y.; Huang, J.-L.; Shaio, M.-F.; Sytwu, H.-K.
Evaluation of protective efficacy and immune mechanisms of using a non-structural protein NS1 in DNA
vaccine against dengue 2 virus in mice. Vaccine 2003, 21, 3919–3929. [CrossRef]

49. Lin, Y.; Yeh, T.; Lin, C.; Wan, S.; Chuang, Y.; Hsu, T.; Liu, H.; Liu, C.; Anderson, R.; Lei, H. Molecular mimicry
between virus and host and its implications for dengue disease pathogenesis. Exp. Biol. Med. 2011, 236,
515–523. [CrossRef] [PubMed]

50. Wan, S.; Lin, C.; Yeh, T.; Liu, C.-C.; Liu, S.-H.; Wang, S.; Ling, P.; Anderson, R.; Lei, H.-Y.; Lin, Y.-S.
Autoimmunity in dengue pathogenesis. J. Formos. Med. Assoc. 2013, 112, 3–11. [CrossRef] [PubMed]

51. Lim, S.P.; Noble, C.G.; Seh, C.C.; Soh, T.S.; El Sahili, A.; Chan, G.K.Y.; Lescar, J.; Arora, R.; Benson, T.;
Nillar, S.; et al. Potent allosteric dengue virus NS5 polymerase inhibitors: Mechanism of action and resistance
profiling. PLoS Pathog. 2016, 12, e1005737. [CrossRef] [PubMed]

52. Egloff, M.; Benarroch, D.; Selisko, B.; Romette, J.; Canard, B. An RNA cap (nucleoside-2′-O)-methyltransferase
in the flavivirus RNA polymerase NS5: Crystal structure and functional characterization. EMBO J. 2002, 21,
2757–2768. [CrossRef] [PubMed]

53. Zhao, B.; Yi, G.; Du, F.; Chuang, Y.; Vaughan, R.C.; Sankaran, B.; Kao, C.C.; Li, P. Structure and function of
the Zika virus full-length NS5 protein. Nat. Commun. 2017, 8, 1–9. [CrossRef] [PubMed]

54. Boigard, H.; Alimova, A.; Martin, G.R.; Katz, A.; Gottlieb, P.; Galarza, M.J. Zika virus-like particle (VLP)
based vaccine. PLoS Negl. Trop. Dis. 2017, 11, e0005608. [CrossRef] [PubMed]

55. Goo, L.; Vanblargan, L.A.; Dowd, K.A.; Diamond, M.S.; Pierson, C. A single mutation in the envelope protein
modulates flavivirus antigenicity, stability, and pathogenesis. PLoS Pathog. 2017, 13, e1006178. [CrossRef]
[PubMed]

56. Astill, J.; Alkie, T.; Yitbarek, A.; Taha, K.; Abdelaziz, A.; Bavananthasivam, J.; Nagy, É.; John, J.; Sharif, S.
Examination of the effects of virus inactivation methods on the induction of antibody- and cell-mediated
immune responses against whole inactivated H9N2 avian influenza virus vaccines in chickens. Vaccine 2018.
[CrossRef] [PubMed]

57. Li, S.; Dong, H.; Li, X.; Xie, X.; Zhao, H.; Deng, Y.; Wang, X.; Ye, Q.; Zhu, S.; Wang, H.; et al. Rational design
of a flavivirus vaccine by abolishing viral RNA 2′-O. methylation. J. Virol. 2013, 87, 5812–5819. [CrossRef]
[PubMed]

58. Shan, C.; Muruato, A.E.; Nunes, B.T.D.; Luo, H.; Xie, X.; Medeiros, D.B.A.; Wakamiya, M.; Tesh, R.B.;
Barrett, A.D.; Wang, T.; et al. A live-attenuated Zika virus vaccine candidate induces sterilizing immunity in
mouse models. Nat. Med. 2017, 23, 763. [CrossRef] [PubMed]

59. Shan, C.; Muruato, A.E.; Jagger, B.W.; Richner, J.; Nunes, B.T.D.; Medeiros, D.B.A.; Xie, X.; Nunes, J.G.C.;
Morabito, K.M.; Kong, W.; et al. A single-dose live-attenuated vaccine prevents Zika virus pregnancy
transmission and testis damage. Nat. Commun. 2017. [CrossRef] [PubMed]

60. Kwek, S.; Watanabe, S.; Chan, K.R.; Ong, E.Z.; Tan, H.C.; Ng, W.C.; Nguyen, M.T.X.; Gan, E.S.; Zhang, S.L.;
Chan, K.W.K.; et al. A systematic approach to the development of a safe live attenuated Zika vaccine.
Nat. Commun. 2018. [CrossRef] [PubMed]

61. WHO/UNICEF Zika virus (ZIKV) Vaccine Target Product Profile (TPP): Vaccine to Protect against Congenital
Zika Syndrome for Use during an Emergency. Available online: http://www.who.int/immunization/
research/development/WHO_UNICEF_Zikavac_TPP_Feb2017.pdf?ua=1 (accessed on 12 September 2018).

62. Martins, K.A.O.; Cooper, C.L.; Stronsky, S.M.; Norris, S.L.W.; Kwilas, S.A.; Steffens, J.T.; Benko, J.G.;
Van Tongeren, S.A.; Bavari, S. Adjuvant-enhanced CD4 T cell responses are critical to durable vaccine
immunity. EBIOM 2016, 3, 67–78. [CrossRef] [PubMed]

63. De Cassan, S.C.; Forbes, E.K.; Douglas, A.D.; Milicic, A.; Singh, B.; Gupta, P.; Chauhan, V.S.; Chitnis, C.E.;
Gilbert, S.C.; Hill, A.V.S.; et al. The requirement for potent adjuvants to enhance the immunogenicity
and protective efficacy of protein vaccines can be overcome by prior immunization with a recombinant
adenovirus. J. Immunol. 2012, 187, 2602–2616. [CrossRef] [PubMed]

64. Committee, G.A.W. Safety of Immunization during Pregnancy. Available online: http://www.who.int/
vaccine_safety/publications/safety_pregnancy_nov2014.pdf (accessed on 12 September 2018).

65. Larocca, R.A.; Abbink, P.; Peron, J.P.S.; Zanotto, P.M.D.A.; Iampietro, M.J.; Badamchi-Zadeh, A.; Boyd, M.;
Ng, D.; Kirilova, M.; Nityanandam, R.; et al. Vaccine protection against Zika virus from Brazil. Nature 2016,
536, 474–478. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0264-410X(03)00310-4
http://dx.doi.org/10.1258/ebm.2011.010339
http://www.ncbi.nlm.nih.gov/pubmed/21502191
http://dx.doi.org/10.1016/j.jfma.2012.11.006
http://www.ncbi.nlm.nih.gov/pubmed/23332423
http://dx.doi.org/10.1371/journal.ppat.1005737
http://www.ncbi.nlm.nih.gov/pubmed/27500641
http://dx.doi.org/10.1093/emboj/21.11.2757
http://www.ncbi.nlm.nih.gov/pubmed/12032088
http://dx.doi.org/10.1038/ncomms14762
http://www.ncbi.nlm.nih.gov/pubmed/28345656
http://dx.doi.org/10.1371/journal.pntd.0005608
http://www.ncbi.nlm.nih.gov/pubmed/28481898
http://dx.doi.org/10.1371/journal.ppat.1006178
http://www.ncbi.nlm.nih.gov/pubmed/28207910
http://dx.doi.org/10.1016/j.vaccine.2018.05.093
http://www.ncbi.nlm.nih.gov/pubmed/29853199
http://dx.doi.org/10.1128/JVI.02806-12
http://www.ncbi.nlm.nih.gov/pubmed/23487465
http://dx.doi.org/10.1038/nm.4322
http://www.ncbi.nlm.nih.gov/pubmed/28394328
http://dx.doi.org/10.1038/s41467-017-00737-8
http://www.ncbi.nlm.nih.gov/pubmed/28939807
http://dx.doi.org/10.1038/s41467-018-03337-2
http://www.ncbi.nlm.nih.gov/pubmed/29531213
http://www.who.int/immunization/research/development/WHO_UNICEF_Zikavac_TPP_Feb2017.pdf?ua=1
http://www.who.int/immunization/research/development/WHO_UNICEF_Zikavac_TPP_Feb2017.pdf?ua=1
http://dx.doi.org/10.1016/j.ebiom.2015.11.041
http://www.ncbi.nlm.nih.gov/pubmed/26870818
http://dx.doi.org/10.4049/jimmunol.1101004
http://www.ncbi.nlm.nih.gov/pubmed/21813775
http://www.who.int/vaccine_safety/publications/safety_pregnancy_nov2014.pdf
http://www.who.int/vaccine_safety/publications/safety_pregnancy_nov2014.pdf
http://dx.doi.org/10.1038/nature18952
http://www.ncbi.nlm.nih.gov/pubmed/27355570


Vaccines 2018, 6, 62 12 of 13

66. Agarwal, A.; Brinkman, A.L.; Cabral, C.; Chandrashekar, A.; Giglio, P.B.; Jetton, D.; Jimenez, J.; Lee, B.C.;
Mojta, S.; Molloy, K.; et al. Protective efficacy of multiple vaccine platforms against Zika virus challenge in
rhesus monkeys. Science 2016, 353, 1–5.

67. Modjarrad, K.; Lin, L.; George, S.L.; Stephenson, K.E.; Eckels, K.H.; La Barrera, R.A.D.; Jarman, R.G.;
Sondergaard, E.; Tennant, J.; Ansel, J.L.; et al. Preliminary aggregate safety and immunogenicity results
from three trials of a purified inactivated Zika virus vaccine candidate: Phase 1, randomised, double-blind,
placebo-controlled clinical trials. Lancet 2017, 6736, 1–9. [CrossRef]

68. Lyons, A.; Kanesa-Thasan, N.; Kuschner, R.A.; Eckels, K.H.; Putnak, R.; Sun, W.; Burge, R.; Towle, A.C.;
Wilson, P.; Tauber, E.; et al. A Phase 2 study of a purified, inactivated virus vaccine to prevent Japanese
encephalitis. Vaccine 2007, 25, 3445–3453. [CrossRef] [PubMed]

69. Syed, S.; Abdo, A.; Al-Busaidi, J.K.Z.; Sallam, T.A. The past, current and future trends in DNA vaccine
immunisations. Asian Pac. J. Trop. Biomed. 2015, 5, 344–353.

70. Wang, Z.; Troilo, P.J.; Wang, X.; Pacchione, S.J.; Barnum, A.B.; Harper, L.B.; Pauley, C.J.; Niu, Z.; Denisova, L.
Detection of integration of plasmid DNA into host genomic DNA following intramuscular injection and
electroporation. Gene Ther. 2004, 11, 711–721. [CrossRef] [PubMed]

71. Morrison, C. DNA vaccines against Zika virus speed into clinical trials. Nat. Publ. Gr. 2016, 15, 521–522.
[CrossRef] [PubMed]

72. Gaudinski, M.R.; Houser, K.V.; Morabito, K.M.; Hu, Z.; Yamshchikov, G.; Rothwell, R.S.; Berkowitz, N.;
Burgomaster, K.; Pelc, R.S.; Gordon, D.N.; et al. Safety, tolerability, and immunogenicity of two Zika virus
DNA vaccine candidates in healthy adults: Randomised, open-label, phase 1 clinical trials. Lancet 2018, 391,
552–562. [CrossRef]

73. Tebas, P.; Roberts, C.C.; Muthumani, K.; Reuschel, E.L.; Kudchodkar, S.B.; Zaidi, F.I.; White, S.; Khan, A.S.;
Racine, T.; Choi, H.; et al. Safety and immunogenicity of an anti–Zika virus DNA vaccine—Preliminary
report. N. Engl. J. Med. 2017. [CrossRef] [PubMed]

74. Chahal, J.S.; Fang, T.; Woodham, A.W.; Khan, O.F.; Ling, J.; Anderson, D.G.; Ploegh, H.L. An RNA
nanoparticle vaccine against Zika virus elicits antibody and CD8+ T cell responses in a mouse model.
Sci. Rep. 2017, 7, 252. [CrossRef] [PubMed]

75. Pardi, N.; Hogan, M.J.; Pelc, R.S.; Muramatsu, H.; Andersen, H.; Demaso, C.R.; Dowd, K.A.; Sutherland, L.L.;
Scearce, R.M.; Parks, R.; et al. Zika virus protection by a single low-dose nucleoside-modified mRNA
vaccination. Nature 2017, 543, 248–251. [CrossRef] [PubMed]

76. Richner, J.M.; Jagger, B.W.; Shan, C.; Pierson, T.C.; Shi, P.; Diamond, M.S.; Richner, J.M.; Jagger, B.W.; Shan, C.;
Fontes, C.R.; et al. Vaccine mediated protection against Zika virus-induced congenital disease. Cell 2017, 170,
273–283. [CrossRef] [PubMed]

77. Haddow, A.D.; Nasar, F.; Guzman, H.; Ponlawat, A.; Jarman, G.; Tesh, R.B.; Weaver, S.C. Genetic characterization
of spondweni and zika viruses and susceptibility of geographically distinct strains of aedes aegypti, aedes
albopictus and culex quinquefasciatus (diptera: Culicidae) to spondweni virus. PLoS Negl. Trop. Dis. 2016.
[CrossRef] [PubMed]

78. Zhu, Z.; Chan, J.F.; Tee, K.; Choi, G.K.; Lau, S.K.; Woo, P.C.; Tse, H.; Yuen, K. Comparative genomic analysis
of pre-epidemic and epidemic Zika virus strains for virological factors potentially associated with the rapidly
expanding epidemic. Emerg. Microbes Infect. 2016, 5, 2–11. [CrossRef] [PubMed]

79. Bardina, S.V.; Bunduc, P.; Tripathi, S.; Duehr, J.; Frere, J.J.; Brown, J.A.; Nachbagauer, R.; Foster, G.A.;
Krysztof, D.; Tortorella, D.; et al. Enhancement of Zika virus pathogenesis by preexisting antiflavivirus
immunity. Science 2017, 356, 175–180. [CrossRef] [PubMed]

80. Halstead, S.B. Neutralization and antibody-dependent enhancement of dengue viruses. Adv. Virus Res. 2003,
60, 421–467. [PubMed]

81. Sun, H.; Chen, Q.; Lai, H. Development of antibody therapeutics against flaviviruses. Int. J. Mol. Sci. 2018,
19, 1–26.

82. Gollins, S.W.; Porterfield, J. Flavivirus infection enhancement in macrophages: Radioactive and biological
studies on the effect of antibody on viral fate. J. Gen. Virol. 1984, 65, 1261–1272. [CrossRef] [PubMed]

83. Gollins, S.W.; Porterfield, J. Flavivirus infection enhancement in macrophages: An electron microscopic
study of viral cellular entry. J. Gen. Virol. 1985, 66, 1969–1982. [CrossRef] [PubMed]

84. Kliks, S. Antibody-enhanced infection of monocytes as the pathogenetic mechanism for severe dengue
illness. AIDS Res. Hum. Retroviruses 1990, 6, 993–998. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(17)33106-9
http://dx.doi.org/10.1016/j.vaccine.2006.12.046
http://www.ncbi.nlm.nih.gov/pubmed/17241714
http://dx.doi.org/10.1038/sj.gt.3302213
http://www.ncbi.nlm.nih.gov/pubmed/14724672
http://dx.doi.org/10.1038/nrd.2016.159
http://www.ncbi.nlm.nih.gov/pubmed/27469223
http://dx.doi.org/10.1016/S0140-6736(17)33105-7
http://dx.doi.org/10.1056/NEJMoa1708120
http://www.ncbi.nlm.nih.gov/pubmed/28976850
http://dx.doi.org/10.1038/s41598-017-00193-w
http://www.ncbi.nlm.nih.gov/pubmed/28325910
http://dx.doi.org/10.1038/nature21428
http://www.ncbi.nlm.nih.gov/pubmed/28151488
http://dx.doi.org/10.1016/j.cell.2017.06.040
http://www.ncbi.nlm.nih.gov/pubmed/28708997
http://dx.doi.org/10.1371/journal.pntd.0005083
http://www.ncbi.nlm.nih.gov/pubmed/27783682
http://dx.doi.org/10.1038/emi.2016.48
http://www.ncbi.nlm.nih.gov/pubmed/26980239
http://dx.doi.org/10.1126/science.aal4365
http://www.ncbi.nlm.nih.gov/pubmed/28360135
http://www.ncbi.nlm.nih.gov/pubmed/14689700
http://dx.doi.org/10.1099/0022-1317-65-8-1261
http://www.ncbi.nlm.nih.gov/pubmed/6086817
http://dx.doi.org/10.1099/0022-1317-66-9-1969
http://www.ncbi.nlm.nih.gov/pubmed/4031825
http://dx.doi.org/10.1089/aid.1990.6.993
http://www.ncbi.nlm.nih.gov/pubmed/2223245


Vaccines 2018, 6, 62 13 of 13

85. Mahalingam, S.; Teixeira, M.M.; Halstead, S.B. Zika enhancement: A reality check. Lancet Infect. Dis. 2017,
17, 1–3. [CrossRef]

86. Dejnirattisai, W.; Supasa, P.; Wongwiwat, W.; Rouvinski, A.; Barba-spaeth, G.; Duangchinda, T.; Sakuntabhai, A.;
Malasit, P.; Rey, F.A.; Mongkolsapaya, J.; et al. Dengue virus sero-cross-reactivity drives antibody- dependent
enhancement of infection with zika virus. Nature 2016, 17, 1102–1108. [CrossRef] [PubMed]

87. Priyamvada, L.; Quicke, K.M.; Hudson, W.H.; Onlamoon, N.; Sewatanon, J.; Edupunganti, S.; Pattanapanyasat, K.;
Chokephaibulkit, K.; Mulligan, M.J.; Wilson, P.C.; et al. Human antibody responses after dengue virus infection
are highly cross-reactive to Zika virus. PNAS 2016, 113, 7852–7857. [CrossRef] [PubMed]

88. Kawiecki, A.B.; Christofferson, R.C. Zika virus—Induced Antibody response enhances dengue virus serotype
2 replication in vitro. J. Infect. Dis. 2018, 214, 2016–2019. [CrossRef] [PubMed]

89. Kutzler, M.A.; Weiner, D.B. DNA vaccines: Ready for prime time? Nat. Rev. Genet. 2008, 9, 776–788.
[CrossRef] [PubMed]

90. Monath, T.P. Yellow fever vaccine. Expert Rev. Vaccines 2005. [CrossRef]
91. Barrett, A.D.; Teuwen, D.E. Yellow fever vaccine—How does it work and why do rare cases of serious

adverse events take place? Curr. Opin. Immunol. 2009, 21, 308–313. [CrossRef] [PubMed]
92. Monath, T.P.; Lee, C.K.; Julander, J.G.; Brown, A.; Beasley, D.W.; Watts, D.M.; Hayman, E.; Guertin, P.;

Makowiecki, J.; Crowell, J.; et al. Inactivated yellow fever 17D vaccine: Development and nonclinical safety,
immunogenicity and protective activity. Vaccine 2010, 28, 3827–3840. [CrossRef] [PubMed]

93. Monath, T.P.; Fowler, E.; Johnson, C.T.; Balser, J.; Morin, M.J.; Sisti, M.; Trent, D.W. An inactivated cell-culture
vaccine against yellow fever. N. Engl. J. Med. 2011, 364, 1326–1333. [CrossRef] [PubMed]

94. Miyazaki, C.; Okada, K.; Ozaki, T.; Hirose, M.; Iribe, K.; Yokote, H.; Ishikawa, Y.; Togashi, T.; Ueda, K. Phase III
clinical trials comparing the immunogenicity and safety of the vero cell-derived Japanese encephalitis vaccine
encevac with those of mouse brain-derived vaccine by using the Beijing-1 strain. Clin. Vaccine Immunol. 2014,
21, 188–195. [CrossRef] [PubMed]

95. Tauber, E.; Kollaritsch, H.; Korinek, M.; Rendi-Wagner, P.; Jilma, B.; Firbas, C.; Schranz, S.; Jong, E.; Klingler, A.;
Dewasthaly, S.; et al. Safety and immunogenicity of a Vero-cell-derived, inactivated Japanese encephalitis vaccine:
A non-inferiority, phase III, randomised controlled trial. Lancet 2007, 370, 1847–1853. [CrossRef]

96. Monath, T.P.; McCarthy, K.; Bedford, P.; Johnson, C.T.; Nichols, R.; Yoksan, S.; Marchesani, R.; Knauber, M.;
Wells, K.H.; Arroyo, J.; et al. Clinical proof of principle for ChimeriVaxTM: Recombinant live, attenuated
vaccines against flavivirus infections. Vaccine 2002, 20, 1004–1018. [CrossRef]

97. Villar, L.; Dayan, H.G.; García-Arredondo, J.L.; Rivera, M.D.; Cunha, R.; Deseda, C.; Reynales, H.; Costa, S.M.;
Carraquilha, G.; Rey, L.C.; et al. Efficacy of a tetravalent dengue vaccine in children in Latin America. N. Engl.
J. Med. 2015, 372, 113–123. [CrossRef] [PubMed]

98. Hadinegoro, S.R.; Arredondo-García, J.L.; Capeding, M.R.; Deseda, C.; Chotpitayasunondh, T.; Dietze, R.; Hj
Muhammad Ismail, H.I.; Reynales, H.; Limkittikul, K.; Rivera-Medina, D.M.; et al. Efficacy and long-term
safety of a dengue vaccine in regions of endemic disease. N. Engl. J. Med. 2015, 373, 1195–1206. [CrossRef]
[PubMed]

99. WHO Revised SAGE Recommendation on Use of Dengue Vaccine. Available online: http://www.who.
int/immunization/diseases/dengue/revised_SAGE_recommendations_dengue_vaccines_apr2018/en/
(accessed on 12 September 2018).

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/S1473-3099(17)30340-7
http://dx.doi.org/10.1038/ni.3515
http://www.ncbi.nlm.nih.gov/pubmed/27339099
http://dx.doi.org/10.1073/pnas.1607931113
http://www.ncbi.nlm.nih.gov/pubmed/27354515
http://dx.doi.org/10.1093/infdis/jiw377
http://www.ncbi.nlm.nih.gov/pubmed/27521359
http://dx.doi.org/10.1038/nrg2432
http://www.ncbi.nlm.nih.gov/pubmed/18781156
http://dx.doi.org/10.1136/bmj.324.7335.439
http://dx.doi.org/10.1016/j.coi.2009.05.018
http://www.ncbi.nlm.nih.gov/pubmed/19520559
http://dx.doi.org/10.1016/j.vaccine.2010.03.023
http://www.ncbi.nlm.nih.gov/pubmed/20347059
http://dx.doi.org/10.1056/NEJMoa1009303
http://www.ncbi.nlm.nih.gov/pubmed/21470010
http://dx.doi.org/10.1128/CVI.00377-13
http://www.ncbi.nlm.nih.gov/pubmed/24334689
http://dx.doi.org/10.1016/S0140-6736(07)61780-2
http://dx.doi.org/10.1016/S0264-410X(01)00457-1
http://dx.doi.org/10.1056/NEJMoa1411037
http://www.ncbi.nlm.nih.gov/pubmed/25365753
http://dx.doi.org/10.1056/NEJMoa1506223
http://www.ncbi.nlm.nih.gov/pubmed/26214039
http://www.who.int/immunization/diseases/dengue/revised_SAGE_recommendations_dengue_vaccines_apr2018/en/
http://www.who.int/immunization/diseases/dengue/revised_SAGE_recommendations_dengue_vaccines_apr2018/en/
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	ZIKV Vaccine Targets and Immunogens 
	ZIKV Structural Proteins: Envelope Protein 
	ZIKV Structural Proteins: prME 
	Nonstructural Protein: NS1 
	Nonstructural Protein: NS5 
	Others Strategic Targets 

	ZIKV Vaccines and Platforms in Human Clinical Trials 
	Inactivated Whole Virus Vaccine 
	DNA Vaccines 
	RNA Vaccines 
	Choice of Vaccine Target and Consequences 

	Other Flavivirus Vaccines 
	Conclusions 
	References

