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Abstract: Dengue virus and Zika virus are mosquito-borne, single-stranded, positive-sense RNA
viruses that belong to the Flaviviridae family. Both the viruses are closely related and have similarities
with other flaviviruses. Dengue virus (DENV) causes a severe febrile illness with fever, joint pain,
and rash leading to a life-threatening condition in severe cases. While Zika virus (ZIKV) primarily
causes mild fever, it can be passed from a pregnant mother to her fetus, resulting in severe birth defect
microcephaly and even causing a rare autoimmune disease—Guillain–Barre syndrome. To date,
there are no approved DENV and ZIKA vaccines available, except a Dengue vaccine (Dengvaxia,
Sanofi Pasteur Inc., Lyon, France) recently approved to be used only for 9–16 years of age groups
living in endemic areas and having a previous record of confirmed dengue infection. There are
several potential vaccine candidates in the clinical trials based on multiple vaccine platforms, such
as live attenuated, subunit, nucleic acid, and viral vector-based vaccines. In the current review, we
have focused exclusively on the nucleic acid vaccine platform and discussed the progress of all the
DNA/RNA vaccine candidates under preclinical and clinical studies for DENV and ZIKA viruses.
Additionally, we have described a brief history of the emergence of these flaviviruses, major structural
similarities between them, prominent vaccine targets, and the mechanism of virus entry and infection.

Keywords: mRNA vaccine; DNA vaccine; Dengue and Zika

1. Introduction

Both Dengue virus (DENV) and Zika virus (ZIKV) are enveloped icosahedral fla-
viviruses belonging to the Flaviviridae family. The transmission for both viruses is through
bites of Aedes mosquitos, such as A. aegypti and A. albopictus. Historically, dengue fever
dates to 1779–1780, with the first reported epidemics in Asia, Africa, and North America [1].
Recently, the global incidence of dengue has been estimated to be 100–400 million per
year [2]. A study revealed that more than 3.96 billion people among 128 countries are at
risk of dengue virus infection [3]. In 1947, ZIKV was first documented in monkeys in Zika
forest, Uganda [4]. Then, in 1960, the first human case was reported in Nigeria [5]. The
virus circulation was self-limiting until the Yap Island (2007) and Micronesia epidemics [6].
However, later on several outbreaks occurred between 2013–2016 in French Polynesia [7],
northern Brazil [8,9] central South America [10,11], Puerto Rico [12], and the U.S. Virgin
Islands [13].

Dengue and Zika infection can be either asymptomatic or symptomatic. Dengue
infection can be further classified into dengue fever (DF) and dengue hemorrhagic fever
(DHF). The major symptoms of DF are febrile illness, headache, joint pain, rash, and muscle
pain that can last for 1–2 weeks. In severe dengue or DHF, plasma capillarity leakage,
thrombopenia, and mild to severe organ damage can occur, leading to life-threatening
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conditions [14]. The severity of dengue virus infection depends on virus serotype, patient
age, sex, genetic and immunological condition, and, importantly, prior infection with
dengue virus or other related viruses. Dengue virus has four antigenically distinct serotypes
(DENV1, DENV2, DENV3, DENV4) that share 65–70% nucleic acid identity [15]. Infection
by one of the serotypes elicits lifelong immunity to the serotype, but immunity to other
serotypes is temporary, lasting less than six months. Secondary infection by different
serotypes can leads to deadly dengue symptoms due to antibody-dependent enhancement
(ADE) [16]. Like DENV, ZIKV infection is mostly asymptomatic; only 20% of the affected
individuals show mild fever-like symptoms. However, ZIKV can be transmitted through
an infected mother to fetus and male to female via semen, causing microcephaly, a severe
congenital disability characterized by the reduced head size of the baby that leads to
developmental delay and other serious complications [17]. In adults, ZIKV infection
is linked to a rare autoimmune disease called Guillain–Barre syndrome [18], in which
the immune system of the affected individual attacks the peripheral nerves, resulting
in paralysis.

Currently, there is no approved vaccine for Zika, whereas dengue has only one ap-
proved vaccine, Dengvaxia, which is a tetravalent live attenuated vaccine made from a
yellow fever 17D viral strain. This vaccine construct was made by replacing two proteins
of yellow fever virus (precursor membrane and envelope) with dengue counterparts. This
vaccine is not effective against all four dengue strains. It shows only 34.7% efficacy against
DENV2, which causes the most severe infection. Moreover, this vaccine increases the risk
of severe infection in seronegative vaccinated individuals. Therefore, this vaccine is only
approved for young individuals aged 9 to 16 with previous laboratory confirmed dengue
infection. Currently, there are several vaccine candidates for DENV and ZIKV in the differ-
ent preclinical and clinical trial stage. In this review, we describe the structural aspects of
both dengue and Zika viruses, and also review the recent advances in the development of
nucleic acid vaccines to prevent their infections.

2. Dengue and Zika Virus Structure

DENV and ZIKV have single-stranded and positive-strand RNA genomes
(~10.8 kilobase RNA), translated to a single polyprotein (Figure 1). Upon translation,
a large polyprotein is produced having a 5′ and 3′ untranslated region. After the cleavage,
polyprotein produces three structural proteins: capsid protein (C), precursor membrane
protein (prM) and envelope protein (E), and seven non-structural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, NS5) [19].

Figure 1. (a) General structure of the flavivirus; (b) genomic organization of the flavivirus (C, prM, E
are structural proteins; NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5 are non-structural proteins).
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Capsid protein protects the viral RNA, while envelope protein mainly interacts with
the host cell receptor, and precursor membrane (prM) protects E protein from premature
fusion to endosome. prM is cleaved into pre-membrane and membrane. Non-structural
proteins have a role in virus replication, genome packaging, and escaping from the host
immune system. NS1 helps in the replication process, NS3 has helicase and protease activity,
and NS5 is a large non-structural protein that acts as a polymerase and methyltransferase.

Among three structural proteins, E protein is present outside the surface (Figure 1a),
whereas M protein is found predominantly inside, both positioned parallelly. There is a
total of 180 copies of E and M proteins. E protein dimer follows two-fold symmetry and has
four beta-stranded domains; DI, DII, DIII encodes the viral envelope’s surface portion and
stem transmembrane domain and anchors protein to the lipid membrane (Figure 2a). DI
and DII domains carry the highly hydrophobic fusion loop required to initiate the infection,
and DIII has the putative receptor-biding site, which interacts with the host cell membrane.

Figure 2. (a) Structure of E protein monomer (PDB ID: 5IRE) of ZIKV is shown in ribbon form.
(b) Schematic of E protein showing residue positions of the all the domains. The domains are color
coded as shown. Domain I (DI); Domain II (DII); Domain III (DIII); Stem (S); Transmembrane (TM)
region. DI has an N-linked glycan (N154).

Both DENV and ZIKV E proteins are conserved with other flaviviruses. E protein con-
tains a glycosylation site that plays a crucial role in virus infectivity and tropism [20]. The
E protein is attached to the host receptor during viral entry, and the N-linked glycosylation
creates a binding site receptor attachment. E protein of ZIKV has one glycosylation site
at (Asn154) while DENV has two sites (Asn67, Asn153) [21]. The capsid protein of ZIKV
forms a dimer having a two-fold symmetry, and each monomer has four alpha-helices
connecting via a loop.

3. Virus Entry and Infection

Both DENV and ZIKA viruses can enter the host cell through various receptors.
DC-SIGN, GRP-78, laminin receptor, and heat shock protein 70 (HSP 70) are potential
receptors for dengue virus [22–25], while DC-SIGN, Tyro3, Phosphatidylserine receptors,
and heparan sulfate are the putative receptors for ZIKV that can initiate Clathrin-mediated
viral entry (Figure 3) [26,27]. Alternatively, the virus can also bind to sub-neutralizing
antibodies that antibody present due to past infection. Upon entry into the cell, the acidic
environment of the endosome mediates the fusion of the virus with the membrane, and the
viral RNA is released into the cytoplasm. The viral genome is translated into ten proteins
and processed in the endoplasmic reticulum (ER) lumen. During viral assembly at ER, a
non-infectious virus particle is formed, which has 60 copies of trimeric E-prM spike, then
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the virus moves through the trans-golgi network. The lower pH in golgi activates furin
protease that cleaves prM to expose the E protein fusion loop. Then, the virus can fuse with
the host membrane, releasing itself from the host cell.

Figure 3. DENV/ZIKA virus entry and release pathway [28]. The virus attaches with the cellular
receptors (a) it undergoes Clathrin-mediated (b) or FCγ mediated endocytosis (c), the virus fuses
with the endosomal membrane (d), virus genetic material releases in the cytoplasm (e), translates to
protein (f), replication and nucleocapsid formation occurs (g), virus assembles in ER (h), immature
virus moves through the trans-golgi network (i), cleaved via Golgi protease (j), and the virus releases
outside of the cell (k).

4. Nucleic Acid Vaccine Platform

Current vaccine approaches that are being used for the development of DENV and
ZIKV include live attenuated and inactivated constructs, recombinant antigens, DNA
constructs, vector-based expression, and virus-like particles (VLPs) [29,30]. Herein, we
have focused on the developmental progress and the immune responses of only nucleic
acid-based vaccines, specifically DNA and mRNA-based vaccines for these flaviviruses.

The first reported use of nucleic acid construct was in 1990, when a study showed
that injection of DNA and RNA expression vectors into mouse skeletal muscle results in
protein expression [31]. Basically, in a nucleic acid-based vaccine platform, the genetic
material, DNA or RNA encoding a specific protein on the target pathogen, is inserted into
host cells. Upon insertion, the host’s transcriptional and translational machinery is used to
produce the desired gene product, also known as antigen, which then triggers an immune
response [32].

In DNA vaccines, an antigenic gene or gene of interest is inserted in plasmid DNA,
and it is delivered intradermally (i.d) or intramuscularly (i.m). DNA vaccines encode
antigens, which can be expressed in both MHC class I and class II pathways; it can activate
CD8+ and CD4+ T cell and antibody responses (Figure 4). When a DNA vaccine is injected
into the cell i.d or i.m, cells uptake the DNA, plasmid DNA is processed and elicit immune
response using three different mechanisms: (i) direct priming by somatic cell, (ii) direct
transfection of dendritic cell or antigen-presenting cell (APC), and (iii) cross-priming [33].
A DNA vaccine is stable, shows higher safety, long-term expression of immunogens, and
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is rapidly produced [34]. DNA vaccines are easier to manufacture than live attenuated or
subunit vaccines, as it does not require complicated protein purification process [35].

mRNA has recently become a focal point in vaccine development due to its advantages
over conventional vaccine platforms (such as live attenuated and inactivated pathogens
and subunit vaccines). The safety, efficacy, and ease of production of mRNA makes it an
ideal candidate for vaccine production [36]. The efficacy of mRNA vaccines against viral
pathogens and the use of mRNA vaccines in combating different infectious diseases, such
as COVID-19, HIV, influenza, rabies, and chikungunya, have been reported in various
studies [37–41].

For mRNA vaccines, the mode of delivery is a critical aspect of development as the
exogenous mRNA needs to cross the lipid bilayer membrane into the cytoplasm, where it
is translated into a functional protein. Barriers to the intracellular delivery of naked mRNA
into the cytoplasm include its large molecular weight, high negative charge, instability,
and susceptibility to nuclease digestion. Hence the need for an efficient delivery system to
overcome this barrier. Different approaches have been explored for the efficient delivery of
mRNA into cells. These include ex vivo loading of mRNA into dendritic cells (DCs) via
endocytic pathways or electroporation; the use of physical methods, such as a gene gun
to penetrate the lipid bilayer of the cell; complexing of protamine to the mRNA to protect
the mRNA from degradation; and the use of cationic lipid and polymer-based delivery,
such as lipofectamine, dendrimers and lipid nanoparticles (LNPs). Of the aforementioned
delivery systems, LNPs have become the most commonly used delivery system, owing to
their ability to self-assemble, mimic the lipid bilayer of the cell, and allow the endosomal
release of its content into the cytosol after cellular uptake via endocytosis (Figure 4) [42–44].

Figure 4. Nucleic acid vaccine delivery method [43]. The LNP formulated DNA or mRNA is taken
up into the cell via endocytosis (a, f). Once inside the cytosol, in a process referred to as endosomal
release, the naked DNA or mRNA is released into the cytosol (b, g). The DNA is transported into the
nucleus (c), where it is transcribed into mRNA (d), and transported out of the nucleus into the cytosol (e).
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The mRNA is then translated into protein (h), which can either be released outside the cell via the
Golgi, a process called exocytosis, or it can be taken up and degraded into peptides by the proteasome
(i, j). The peptide is displayed on MHC class I (MHC I) on the ER (k), the MHC I together with the
displayed peptide is ferried via Golgi to the cell membrane (l), where the peptide is presented to the
CD8+ T cell, thus leading to cell-mediated immunity. The released protein can be taken into the cell
(m) via endocytosis and degraded into smaller peptides in the vesicle compartment (n). MHC class II
(MHCII) is processed from the ER to the Golgi in another vesicular compartment which is fused with
the vesicle containing the peptides (o, p), wherein the peptide is displayed on MHCII and ferried to
the cell membrane where the peptide is presented to the CD4+ T cell (q), a downstream process that
leads to the activation of antibody-mediated immunity.

5. Progress of the Nucleic Acid Vaccines for DENV and ZIKV and Their Responses
5.1. DNA Vaccines for DENV

A monovalent DNA vaccine for DENV2 was constructed by cloning of the prM gene
and 92% envelope gene from NGC DENV-2 strain in eukaryotic plasmid vectors, and the
carboxy terminus of E protein was truncated to improve the secretion of the E protein
(Figure 5a) (45). BALB/c mice immunized with this vaccine elicited anti-dengue antibodies
that were able to neutralize the DENV2 strain in vitro [45]. Another study showed that
the presence of the CpG motif in the plasmid improves the antibody response against the
DENV2 strain, and this vaccine showed a protective effect in the mouse challenge model
(Figure 5b) [46]. Later, Jimenez et al. showed a truncated E protein for DENV2 was unable
to elicit complete protection in mice due to weak immune system activation, which relates
to E protein improper secretion and absence of prM protein [47]. To optimize the DNA
vaccine delivery and proper secretion, a lysosome-associated membrane protein (LAMP)
was incorporated into the envelope protein of DENV2; this modified DNA vaccine could
effectively target MHC-class II and showed a more robust neutralizing antibody response
in immunized mice [48]. Blair et al. designed a recombinant DNA vaccine incorporating E
protein and prM of DENV3 that showed moderate DENV-specific antibody response and
imparted partial protection against the virus challenge [49].

A phase-I clinical trial was performed for a prototype monovalent DNA vaccine
against DENV1 (D1ME), incorporating prM and E gene, the vaccine proved safe for human
use; however, it was unable to provide a robust neutralizing antibody response and was
found to be less immunogenic [50]. To improve the humoral response of the DNA vaccine,
an adjuvanted plasmid Vaxfectin was used, which is the combination of cationic and
neutral lipids; this adjuvanted vaccine showed an increased anti-dengue response as well
as protection in the DENV2 challenge study [51]. Using the adjuvant, a prM and E-based
tetra-valent DNA vaccine was constructed and tested for phase-I clinical trial without
adjuvant, and with adjuvant, the anti-dengue antibody response improved significantly
after adding the adjuvant. However, the T cell response remained unchanged compared to
the non-adjuvanted vaccine [52].

The prM and E protein induce neutralizing antibodies to DENV [53]. T cell immune
response from structural protein (prM and E) [54,55] and non-structural protein 3 (NS3)
also elicit a cellular immune response [56,57]. Non-structural protein 1 (NS1) can alone
induce a protective immune response as shown by Costa et al. They constructed NS1
and NS3 based DNA vaccines for DENV2, of which the former candidate induced a high
level of NS1 specific antibody response in the BALB/c mice [58] and the latter resulted in
protection via induction of interferon-γ [59].

A DNA vaccine using prM and E protein of DENV1-4 showed protection in mice from
lethal dengue challenge [60–63]. A vaccine against DENV3 also showed cross-protection
against the DENV1, DENV2, DENV4, which is important for tetravalent dengue vaccine
design [63]. Multiple immunizations using electroporation improved the immunogenicity
significantly and showed robust antigen-specific T cell response and persistent antibody
response [60–62].
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Figure 5. DNA vaccine construct designs for DENV and ZIKV. DNA vaccine for DENV(a–d); VR1012
construct is used to clone the prM and E gene under CMV promoter (a), CpG motif incorporation to
the plasmid (b), tetravalent vaccine construction for all four dengue (c), DENV1 vaccine construction
using prM and full length or a truncated version of E protein (d). DNA vaccine for ZIKV (e–g);
prM-Env and other deletion mutant (e), JEV signal sequence containing prM and Env vaccine
VRC 5288 have a WT TM/stem sequence, whereas VRC 5283 have a JEV TM/Stem (f), GLS-5700
vaccine containing consensus prM-Env with IgE sequences which delivered using a CELLECTRA-3P
device (g).

5.2. DNA Vaccines for ZIKV

Currently, there is no approved vaccine available for ZIKV. To date, 13 different
vaccines have completed the phase I trial, and only one DNA vaccine has finished the phase
II trial (Table 1). Larocca et al. developed several DNA vaccine constructs for Zika based on
prM, E protein and their mutated versions (Figure 5e) [64]. They removed 93 amino acids
from prM in one of the constructs, and also deleted transmembrane (∆TM) and stem region
(∆stem) of the envelope protein separately and cloned these constructs in a eukaryotic
expression plasmid (pcDNA3.1+) vector with Kozak sequence and Japanese encephalitis
virus leader sequence [64]. When 50µg of this DNA vaccine was injected in BALB/c mice
via the intramuscular route, higher Env specific antibody response was elicited in the
prM-Env vaccine than the other five constructs (Figure 5e [2–6]). Even a single dose of the
prM-Env vaccine could elicit neutralizing antibody response and show protection against
the ZIKV challenge [65].

Table 1. Current DNA/mRNA vaccine in clinical trial for ZIKA (As of 20 February 2022, from
ClinicalTrials.gov).

Platform Vaccine Name Antigen NCT Number Clinical Trial Stage

DENV DNA vaccine D1ME100 prM/E DENV1 NCT00290147 Phase I
TVDV prM/E DENV1-4 NCT01502358 Phase I

ZIKV DNA vaccine VRC5283 prM-E NCT02996461 Phase I
VRC5283 prM-E NCT03110770 Phase II
VRC5288 prM-E NCT02840487 Phase 1
GLS-5700 prM-E NCT02809443 Phase I

ZIKV mRNA vaccine mRNA-1325 prM-E NCT03014089 Phase I
mRNA-1893 prM-E NCT04064905 Phase I



Vaccines 2022, 10, 834 8 of 13

Dowd et al. constructed two DNA vaccines encoding full length of prM and envelope
of French Polynesian ZIKV isolate, where prM signal sequence of ZIKV was exchanged
with Japanese encephalitis virus (JEV) signal sequence which improved the expression
level (Figure 5f) [35]. To improve the subviral particle (SVP) formation, one construct
(VRC 5288) was further modified by incorporating stem and transmembrane from JEV.
Single immunization of BALB/c and C57BL/6 mice with 50 µg of the DNA vaccine elicited
ZIKV specific neutralizing antibodies with EC50 titer of 105 in BALB/c mice [35]. Both
the vaccine candidates were immunogenic in mice and non-human primate models and
competed in phase I clinical trial.

VRC5288 completed its phase I clinical trial in 2019 (Clinical trial NCT02840487, study
VRC319). In a total of 80 participants (in four groups), 4 mg single doses of vaccine were
administered via intramuscular injection in the deltoid muscle, with boosts at week 4,
week 12, week 4 and 8, and week 4 and 20 where higher seroconversion 89% was reported
on week 4, and week 12 boost with neutralizing antibody GMT titer of 120 (73–197).

VRC5283 (Clinical trial NCT02996461, study VRC 320) elicited neutralizing titer GMTs
304 (215–430) when a 4 mg single dose was posed at week 4 and 8. Further, 100% neutral-
izing antibody seroconversion was observed. VRC 5283 has also completed the phase II
clinical trial.

Another ZIKV DNA vaccine (GLS-5700) was constructed using consensus prM and
envelope gene sequence (ZIKV strain isolated from 1952 to 2015), utilizing the modified
pVax1 expression vector where immunoglobulin E (IgE) leader sequence was added to
improve the expression level (Figure 5g) [66]. In phase I clinical trial of this vaccine (Clinical
trial NCT02809443), 1 mg and 2 mg doses of the DNA vaccine were administered into
two groups (20 participants each), ZIKV specific neutralizing antibody development was
reported in 60% and 63% of the participants of each group, respectively, with MN50 titer
in the range of 1:18 to 1:317 [67]. Furthermore, intraperitoneal administration of 0.1 mL
post-vaccination serum to interferon (α and β) receptor (IFNAR) knockout mice was able
to protect 92% of the mice challenged with lethal ZIKV. This vaccine was delivered via
electroporation using a CELLECTRA-3P device which showed a better immune response
than a simple injection [67].

Although above mentioned, a DNA vaccine for ZIKV is based on prM and envelope
proteins that confer only neutralizing antibody mediated protection. However, cellular
immunity is equally critical to clear ZIKV infection. NS1 is an attractive target for induction
of cellular immune response as it can alone stimulate T cell mediated immune response
against ZIKV [65].

5.3. mRNA Vaccines for DENV

In 2019, Roth et al. reported that the prime-boost immunization of humanized HLA
class 1 transgenic mice with DENV1-NS, a vaccine that comprised of the most immunogenic
portions of NS3, NS4B, and NS5, induced a strong CD8+ T cell immune response and
conferred significant protection after challenge with DENV1 (Figure 6d) [68].

Moreover, using mRNA encapsulated by lipid nanoparticles (LNPs), Zhang et al.
developed a DENV mRNA vaccine based on two structural proteins—prME and E80
(containing 80% N-terminal of the ENV protein)—and one non-structural protein (NS1)
from DENV2 (Figure 6c) [69]. All mRNA elicited virion-binding antibodies; however,
E80-mRNA yielded the strongest neutralizing antibody response against DENV2 with
PRNT50 of 11,000 in BALB/c mice. Furthermore, vaccination with the combination of
E80+NS1 mRNAs elicited antigen-specific T cell responses [69].

Wollner et al., demonstrated in immunocompromised AG129 mice that a nucleotide
modified mRNA vaccine encodes DENV1 prM and E protein under JEV signal peptide
elicited neutralizing antibodies, with EC50 titer of 1/400 ]. Anti-DENV1 CD4+ and CD8+
T cells were also activated. They also designed some E protein mutants, G106R, L107D,
and F108A, to remove the fusion loop, and both the vaccines reduced ADE of DENV2 in
K562 cells (Figure 6a,b) [70].
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Figure 6. mRNA vaccine construction for DENV and ZIKV. DENV mRNA vaccine (a–d), Zika mRNA
vaccine (e–g).

5.4. mRNA Vaccines for ZIKV

Two modified lipid nanoparticle packaged mRNA vaccines have been constructed
(Figure 6) [71]. The first one contains (Figure 6e) a human IgE signal sequence with the full
length of prM and E gene from an Asian strain (Micronesia 2007), and booster doses of
this construct produced potent serum neutralizing titer and neutralizing immunity. In the
second construct design, four mutations were inserted in the E protein T76R, Q77E, W101R,
and L107R under JEV’s signal sequence to prevent cross-reacting antibodies (Figure 6f) [71].

In 2017, a study demonstrated that immunization with mRNA-LNP encoding the
pre-membrane and envelope (prM-E) glycoproteins of ZIKV confers protection in mice and
non-human primates. In this study, immunization of C57BL/6 mice with a 30 µg single
dose of nucleoside-modified ZIKV prM-E mRNA-LNP vaccine-elicited E protein-specific
CD4+ T cell responses. Further, vaccinated BALB/c mice and rhesus macaques (four out of
five) showed no detectable viremia at day seven post ZIKV challenge [36].

Chahal et al. developed a modified dendrimer nanoparticle (MNDP) based RNA
replicon vaccine [72]. This vaccine incorporated prM and E gene from an Asian lineage
ZIKV isolate Z1106033, and the vaccine was able to elicit an E protein-specific IgG response
in C57BL/6 mice. This study also identified an MHC I restricted 9-mer epitope IGVSNRDFV,
which produces CD8+ T cell response in C57BL/6 mice (72).

Another self-replicating RNA vaccine utilizes an attenuated strain of the Venezuelan
equine encephalitis (VEE) virus, TC-83. This vaccine expresses prM and E genes of ZIKV
with ZIKV and Japanese encephalitis virus (JEV)’s signal sequence under a T7 promoter in
the VEE replication vector, delivered through a stable nanostructured lipid carrier. A 10-ng
single dose of this vaccine showed protection in mice against the lethal ZIKV challenge
(Figure 6g) [73].

In another study, using a prime-boost strategy, intradermal electroporation of 1 µg
of a naked self-replicating mRNA ZIKV vaccine encoding the ZIKV prM-E elicited high
antibody titers in IFNAR1 knockout C57BL/6 mice, and all the mice were protected against
the ZIKV challenge. The vaccine also conferred complete protection in vaccinated mice,
while a four out of seven mortality was observed in the control group [74].

Luisi et al. developed another self-amplifying RNA (SA-RNA) vaccine encoding
capsid, prM, and Env. A total of 1.5 µg of this SA-RNA vaccine delivered via cationic na-
noemulsion was enough to produce neutralizing antibody responses in BALB/c mice [75].

6. Concluding Remarks

DENV and ZIKV would continue to cause serious global health concerns in the absence
of effective vaccines. However, several nucleic acid vaccines for DENV and ZIKV have



Vaccines 2022, 10, 834 10 of 13

been tested in phase I clinical trials that have shown promising results, with one of the
mRNA vaccines for ZIKV in phase II clinical trial. Most of the vaccine constructs are
focused on either structural proteins (prM or envelope), or non-structural proteins (NS1
or NS3), which are unable to effectively elicit both neutralizing antibody and cellular
immune responses. Therefore, an ideal vaccine construct might include both structural and
non-structural antigens, excluding any target epitope with a potential of inducing cross-
reactive antibody responses. Since a nucleic acid vaccine is relatively less immunogenic,
the vaccine target should be good enough to induce robust immune response. In light of
the ongoing COVID-19 pandemic, nucleic acid-based vaccines have turned out to be an
attractive platform for rapid generation of the vaccine and it certainly has the potential to
become a next-generation vaccine production platform for other viruses as well.

Author Contributions: J.T.M. and A.A., writing—original draft preparation; S.J. and H.B.—review
and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Nishat Tabassum Medha for her assistance in creating Figure 1.
Figures 3–6 are created with BioRender.com.

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

References
1. Dj, G.; Clark, G.G. Dengue hemorrhagic fever. J. Infect. Dis. 1995, 1, 55–57.
2. Bhatt, S.; Gething, P.; Brady, O.; Messina, J.; Farlow, A.; Moyes, C. A distribuição global e o ônus da dengue. Nature 2013, 496, 504.

[CrossRef] [PubMed]
3. Brady, O.J.; Gething, P.W.; Bhatt, S.; Messina, J.P.; Brownstein, J.S.; Hoen, A.G.; Moyes, C.L.; Farlow, A.W.; Scott, T.W.; Hay, S.I.

Refining the Global Spatial Limits of Dengue Virus Transmission by Evidence-Based Consensus. PLoS Negl. Trop. Dis. 2012,
6, e1760. [CrossRef] [PubMed]

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

5. Kokernot, R.; Casaca, V.; Weinbren, M.; McIntosh, B. Survey for antibodies against arthropod-borne viruses in the sera of
indigenous residents of Angola. Trans. R. Soc. Trop. Med. Hyg. 1965, 59, 563–570. [CrossRef]

6. Filipe, A.R.; Martins, C.M.V.; Rocha, H. Laboratory infection with Zika virus after vaccination against yellow fever. Fish Shellfish
Immunol. 1973, 43, 315–319. [CrossRef]

7. Musso, D.; Nhan, T.; Robin, E.; Roche, C.; Bierlaire, D.; Zisou, K.; Shan Yan, A.; Cao-Lormeau, V.M.; Broult, J. Potential for Zika
virus transmission through blood transfusion demonstrated during an outbreak in French Polynesia, November 2013 to February
2014. Eurosurveillance 2014, 19, 20761. [CrossRef]

8. Campos, G.S.; Bandeira, A.C.; Sardi, S.I. Zika virus outbreak, bahia, brazil. Emerg. Infect. Dis. 2015, 21, 1885. [CrossRef]
9. Zanluca, C.; Melo, V.C.A.d.; Mosimann, A.L.P.; Santos, G.I.V.d.; Santos, C.N.D.d.; Luz, K. First report of autochthonous

transmission of Zika virus in Brazil. Mem. Inst. Oswaldo Cruz 2015, 110, 569–572. [CrossRef]
10. Sabogal-Roman, J.A.; Murillo-García, D.R.; Yepes-Echeverri, M.C.; Restrepo-Mejia, J.D.; Granados-Álvarez, S.; Paniz-Mondolfi,

A.E.; Villamil-Gómez, W.E.; Zapata-Cerpa, D.C.; Barreto-Rodriguez, K.; Rodríguez-Morales, A.J. Healthcare students and workers’
knowledge about transmission, epidemiology and symptoms of Zika fever in four cities of Colombia. Travel Med. Infect. Dis. 2016,
14, 52–54. [CrossRef]

11. Tognarelli, J.; Ulloa, S.; Villagra, E.; Lagos, J.I.; Aguayo, C.; Fasce, R.; Parra, B.; Mora, J.; Becerra, N.; Lagos, N.; et al. A report on
the outbreak of Zika virus on Easter Island, South Pacific, 2014. Arch. Virol. 2015, 161, 665–668. [CrossRef]

12. Thomas, D.L.; Sharp, T.M.; Torres, J.; Armstrong, P.A.; Munoz-Jordan, J.; Ryff, K.R.; Martinez-Quiñones, A.; Arias-Berríos, J.;
Mayshack, M.; Garayalde, G.J.; et al. Local transmission of Zika virus—Puerto Rico, November 23, 2015–January 28, 2016. Morb.
Mortal. Wkly. Rep. 2016, 65, 154–158. [CrossRef]

13. Hills, S.L.; Fischer, M.; Petersen, L.R. Epidemiology of Zika Virus Infection. J. Infect. Dis. 2017, 216, S868–S874. [CrossRef]
14. Halstead, S.B. Dengue. Lancet 2007, 370, 1644–1652. [CrossRef]
15. Holmes, E.C.; Twiddy, S.S. The origin, emergence and evolutionary genetics of dengue virus. Infect. Genet. Evol. 2003, 3, 19–28.

[CrossRef]

BioRender.com
http://doi.org/10.1038/nature12060
http://www.ncbi.nlm.nih.gov/pubmed/23563266
http://doi.org/10.1371/journal.pntd.0001760
http://www.ncbi.nlm.nih.gov/pubmed/22880140
http://doi.org/10.1016/0035-9203(52)90042-4
http://doi.org/10.1016/0035-9203(65)90159-8
http://doi.org/10.1007/BF01556147
http://doi.org/10.2807/1560-7917.ES2014.19.14.20761
http://doi.org/10.3201/eid2110.150847
http://doi.org/10.1590/0074-02760150192
http://doi.org/10.1016/j.tmaid.2015.12.003
http://doi.org/10.1007/s00705-015-2695-5
http://doi.org/10.15585/mmwr.mm6506e2
http://doi.org/10.1093/infdis/jix434
http://doi.org/10.1016/S0140-6736(07)61687-0
http://doi.org/10.1016/S1567-1348(03)00004-2


Vaccines 2022, 10, 834 11 of 13

16. Recker, M.; Blyuss, K.B.; Simmons, C.P.; Hien, T.T.; Wills, B.; Farrar, J.; Gupta, S. Immunological serotype interactions and their
effect on the epidemiological pattern of dengue. Proc. R. Soc. B Boil. Sci. 2009, 276, 2541–2548. [CrossRef]

17. Rubin, E.J.; Greene, M.F.; Baden, L.R. Zika virus and microcephaly. N. Engl. J. Med. 2016, 374, 984–985. [CrossRef]
18. Cao-Lormeau, V.-M.; Blake, A.; Mons, S.; Lastère, S.; Roche, C.; Vanhomwegen, J.; Dub, T.; Baudouin, L.; Teissier, A.; Larre, P.;

et al. Guillain-Barré Syndrome outbreak associated with Zika virus infection in French Polynesia: A case-control study. Lancet
2016, 387, 1531–1539. [CrossRef]

19. Kuno, G.; Chang, G.-J.J. Full-length sequencing and genomic characterization of Bagaza, Kedougou, and Zika viruses. Arch. Virol.
2007, 152, 687–696. [CrossRef]

20. Vigerust, D.J.; Shepherd, V.L. Virus glycosylation: Role in virulence and immune interactions. Trends Microbiol. 2007, 15, 211–218.
[CrossRef]

21. Beasley, D.W.C.; Whiteman, M.C.; Zhang, S.; Huang, C.Y.-H.; Schneider, B.S.; Smith, D.R.; Gromowski, G.D.; Higgs, S.; Kinney,
R.M.; Barrett, A.D.T. Envelope Protein Glycosylation Status Influences Mouse Neuroinvasion Phenotype of Genetic Lineage 1
West Nile Virus Strains. J. Virol. 2005, 79, 8339–8347. [CrossRef]

22. Navarro-Sanchez, E.; Altmeyer, R.; Amara, A.; Schwartz, O.; Fieschi, F.; Virelizier, J.; Renzana-Seisdedos, F.; Despres, P. Dendritic-
cell-specific ICAM3-grabbing non-integrin is essential for the productive infection of human dendritic cells by mosquito-cell-
derived dengue viruses. EMBO Rep. 2003, 4, 723–728. [CrossRef]

23. Jindadamrongwech, S.; Thepparit, C.; Smith, D.R. Identification of GRP 78 (BiP) as a liver cell expressed receptor element for
dengue virus serotype 2. Arch. Virol. 2004, 149, 915–927. [CrossRef]

24. Reyes-del Valle, J.; Chávez-Salinas, S.; Medina, F.; Del Angel, R.M. Heat shock protein 90 and heat shock protein 70 are components
of dengue virus receptor complex in human cells. J. Virol. 2005, 79, 4557–4567. [CrossRef]

25. Tio, P.H.; Jong, W.W.; Cardosa, M.J. Two dimensional VOPBA reveals laminin receptor (LAMR1) interaction with dengue virus
serotypes 1, 2 and 3. Virol. J. 2005, 2, 25. [CrossRef]

26. Hamel, R.; Dejarnac, O.; Wichit, S.; Ekchariyawat, P.; Neyret, A.; Luplertlop, N.; Perera-Lecoin, M.; Surasombatpattana, P.;
Talignani, L.; Thomas, F.; et al. Biology of Zika Virus Infection in Human Skin Cells. J. Virol. 2015, 89, 8880–8896. [CrossRef]

27. Nowakowski, T.J.; Pollen, A.A.; Di Lullo, E.; Sandoval-Espinosa, C.; Bershteyn, M.; Kriegstein, A.R. Expression analysis highlights
AXL as a candidate Zika virus entry receptor in neural stem cells. Cell Stem Cell 2016, 18, 591–596. [CrossRef]

28. Slon Campos, J.L.; Mongkolsapaya, J.; Screaton, G.R. The immune response against flaviviruses. Nat. Immunol. 2018, 19,
1189–1198. [CrossRef] [PubMed]

29. Poland, G.A.; Ovsyannikova, I.G.; Kennedy, R.B. (Eds.) Zika vaccine development: Current status. In Mayo Clinic Proceedings;
Elsevier: Amsterdam, The Netherlands, 2019; Volume 94, pp. 2572–2586.

30. Deng, S.-Q.; Yang, X.; Wei, Y.; Chen, J.-T.; Wang, X.-J.; Peng, H.-J. A Review on Dengue Vaccine Development. Vaccines 2020, 8, 63.
[CrossRef] [PubMed]

31. Wolff, J.A.; Malone, R.W.; Williams, P.; Chong, W.; Acsadi, G.; Jani, A.; Felgner, P.L. Direct gene transfer into mouse muscle in vivo.
Science 1990, 247, 1465–1468. [CrossRef] [PubMed]

32. Restifo, N.P.; Ying, H.; Hwang, L.; Leitner, W.W. The promise of nucleic acid vaccines. Gene Ther. 2000, 7, 89–92. [CrossRef]
33. Gurunathan, S.; Klinman, D.M.; Seder, R.A. DNA vaccines: Immunology, application, and optimization. Annu. Rev. Immunol.

2000, 18, 927–974. [CrossRef]
34. Khan, K.H. DNA vaccines: Roles against diseases. Germs 2013, 3, 26–35. [CrossRef]
35. Dowd, K.A.; Ko, S.-Y.; Morabito, K.M.; Yang, E.S.; Pelc, R.S.; DeMaso, C.R.; Castilho, L.R.; Abbink, P.; Boyd, M.; Nityanandam, R.;

et al. Rapid development of a DNA vaccine for Zika virus. Science 2016, 354, 237–240. [CrossRef]
36. 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]

37. Brazzoli, M.; Magini, D.; Bonci, A.; Buccato, S.; Giovani, C.; Kratzer, R.; Zurli, V.; Mangiavacchi, S.; Casini, D.; Brito, L.M.;
et al. Induction of Broad-Based Immunity and Protective Efficacy by Self-amplifying mRNA Vaccines Encoding Influenza Virus
Hemagglutinin. J. Virol. 2016, 90, 332–344. [CrossRef]

38. Schnee, M.; Vogel, A.B.; Voss, D.; Petsch, B.; Baumhof, P.; Kramps, T.; Stitz, L. An mRNA vaccine encoding rabies virus
glycoprotein induces protection against lethal infection in mice and correlates of protection in adult and newborn pigs. PLoS Negl.
Trop. Dis. 2016, 10, e0004746. [CrossRef]

39. Kose, N.; Fox, J.M.; Sapparapu, G.; Bombardi, R.; Tennekoon, R.N.; de Silva, A.D.; Elbashir, S.M.; Theisen, M.A.; Humphris-
Narayanan, E.; Ciaramella, G.; et al. A lipid-encapsulated mRNA encoding a potently neutralizing human monoclonal antibody
protects against chikungunya infection. Sci. Immunol. 2019, 4, eaaw6647. [CrossRef]

40. Pardi, N.; LaBranche, C.C.; Ferrari, G.; Cain, D.W.; Tombácz, I.; Parks, R.J.; Muramatsu, H.; Mui, B.L.; Tam, Y.K.; Karikó, K.; et al.
Characterization of HIV-1 Nucleoside-Modified mRNA Vaccines in Rabbits and Rhesus Macaques. Mol. Ther.-Nucleic Acids 2019,
15, 36–47. [CrossRef]

41. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira,
E.D.; et al. Safety and efficacy of the BNT162b2 mRNA COVID-19 vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]

42. Pardi, N.; Hogan, M.J.; Porter, F.W.; Weissman, D. mRNA vaccines—A new era in vaccinology. Nat. Rev. Drug Discov. 2018, 17,
261–279. [CrossRef]

http://doi.org/10.1098/rspb.2009.0331
http://doi.org/10.1056/NEJMe1601862
http://doi.org/10.1016/S0140-6736(16)00562-6
http://doi.org/10.1007/s00705-006-0903-z
http://doi.org/10.1016/j.tim.2007.03.003
http://doi.org/10.1128/JVI.79.13.8339-8347.2005
http://doi.org/10.1038/sj.embor.embor866
http://doi.org/10.1007/s00705-003-0263-x
http://doi.org/10.1128/JVI.79.8.4557-4567.2005
http://doi.org/10.1186/1743-422X-2-25
http://doi.org/10.1128/JVI.00354-15
http://doi.org/10.1016/j.stem.2016.03.012
http://doi.org/10.1038/s41590-018-0210-3
http://www.ncbi.nlm.nih.gov/pubmed/30333606
http://doi.org/10.3390/vaccines8010063
http://www.ncbi.nlm.nih.gov/pubmed/32024238
http://doi.org/10.1126/science.1690918
http://www.ncbi.nlm.nih.gov/pubmed/1690918
http://doi.org/10.1038/sj.gt.3301117
http://doi.org/10.1146/annurev.immunol.18.1.927
http://doi.org/10.11599/germs.2013.1034
http://doi.org/10.1126/science.aai9137
http://doi.org/10.1038/nature21428
http://doi.org/10.1128/JVI.01786-15
http://doi.org/10.1371/journal.pntd.0004746
http://doi.org/10.1126/sciimmunol.aaw6647
http://doi.org/10.1016/j.omtn.2019.03.003
http://doi.org/10.1056/NEJMoa2034577
http://doi.org/10.1038/nrd.2017.243


Vaccines 2022, 10, 834 12 of 13

43. Wadhwa, A.; Aljabbari, A.; Lokras, A.; Foged, C.; Thakur, A. Opportunities and challenges in the delivery of mRNA-based
vaccines. Pharmaceutics 2020, 12, 102. [CrossRef]

44. Kowalzik, F.; Schreiner, D.; Jensen, C.; Teschner, D.; Gehring, S.; Zepp, F. mRNA-based vaccines. Vaccines 2021, 9, 390. [CrossRef]
45. Kochel, T.; Wu, S.-J.; Raviprakash, K.; Hobart, P.; Hoffman, S.; Porter, K.; Hayes, C. Inoculation of plasmids expressing the

dengue-2 envelope gene elicit neutralizing antibodies in mice. Vaccine 1997, 15, 547–552. [CrossRef]
46. Porter, K.R.; Kochel, T.J.; Wu, S.-J.; Raviprakash, K.; Phillips, I.; Hayes, C.G. Protective efficacy of a dengue 2 DNA vaccine in mice

and the effect of CpG immuno-stimulatory motifs on antibody responses. Arch. Virol. 1998, 143, 997–1003. [CrossRef]
47. Jimenez, R.O.; Fonseca, B. Recombinant plasmid expressing a truncated dengue-2 virus E protein without co-expression of prM

protein induces partial protection in mice. Vaccine 2000, 19, 648–654. [CrossRef]
48. Lu, Y.; Raviprakash, K.; Leao, I.C.; Chikhlikar, P.R.; Ewing, D.; Anwar, A.; Chougnet, C.; Murphy, G.; Hayes, C.G.; August, T.J.;

et al. Dengue 2 PreM-E/LAMP chimera targeted to the MHC class II compartment elicits long-lasting neutralizing antibodies.
Vaccine 2003, 21, 2178–2189. [CrossRef]

49. Blair, P.J.; Kochel, T.J.; Raviprakash, K.; Guevara, C.; Salazar, M.; Wu, S.-J.; Olson, J.G.; Porter, K.R. Evaluation of immunity
and protective efficacy of a dengue-3 premembrane and envelope DNA vaccine in Aotus nancymae monkeys. Vaccine 2006, 24,
1427–1432. [CrossRef]

50. Beckett, C.G.; Tjaden, J.; Burgess, T.; Danko, J.R.; Tamminga, C.; Simmons, M.; Wu, S.-J.; Sun, P.; Kochel, T.; Raviprakash, K.; et al.
Evaluation of a prototype dengue-1 DNA vaccine in a Phase 1 clinical trial. Vaccine 2011, 29, 960–968. [CrossRef]

51. Porter, K.R.; Ewing, D.; Chen, L.; Wu, S.-J.; Hayes, C.G.; Ferrari, M.; Teneza-Mora, N.; Raviprakash, K. Immunogenicity and
protective efficacy of a vaxfectin-adjuvanted tetravalent dengue DNA vaccine. Vaccine 2012, 30, 336–341. [CrossRef]

52. Danko, J.R.; Kochel, T.; Teneza-Mora, N.; Luke, T.C.; Raviprakash, K.; Sun, P.; Simmons, M.; Moon, J.E.; De LA Barrera, R.;
Martinez, L.J.; et al. Safety and immunogenicity of a tetravalent dengue DNA vaccine administered with a cationic lipid-based
adjuvant in a phase 1 clinical trial. Am. J. Trop. Med. Hyg. 2018, 98, 849. [CrossRef] [PubMed]

53. Yeo, A.S.L.; Rathakrishnan, A.; Wang, S.M.; Ponnampalavanar, S.; Manikam, R.; Sathar, J.; Natkunam, S.K.; Sekaran, S.D. Dengue
Patients Exhibit Higher Levels of PrM and E Antibodies Than Their Asymptomatic Counterparts. BioMed Res. Int. 2015, 2015, 1–10.
[CrossRef] [PubMed]

54. Duan, Z.; Guo, J.; Huang, X.; Liu, H.; Chen, X.; Jiang, M.; Wen, J. Identification of cytotoxic T lymphocyte epitopes in dengue
virus serotype 1. J. Med. Virol. 2015, 87, 1077–1089. [CrossRef] [PubMed]

55. Wen, J.; Shresta, S. T Cell Immunity to Zika and Dengue Viral Infections. J. Interf. Cytokine Res. 2017, 37, 475–479. [CrossRef]
[PubMed]

56. Mathew, A.; Townsley, E.; Ennis, F.A. Elucidating the role of T cells in protection against and pathogenesis of dengue virus
infections. Future Microbiol. 2014, 9, 411–425. [CrossRef] [PubMed]

57. Elong Ngono, A.; Chen, H.W.; Tang, W.W.; Joo, Y.; King, K.; Weiskopf, D.; Sidney, J.; Sette, A.; Shresta, S. Protective Role of
Cross-Reactive CD8 T Cells Against Dengue Virus Infection. EBioMedicine 2016, 13, 284–293. [CrossRef] [PubMed]

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

59. Costa, S.M.; Yorio, A.P.; Gonçalves, A.J.S.; Vidale, M.M.; Costa, E.C.B.; Borges, R.M.; Motta, M.A.; Freire, M.S.; Alves, A.M.B.
Induction of a Protective Response in Mice by the Dengue Virus NS3 Protein Using DNA Vaccines. PLoS ONE 2011, 6, e25685.
[CrossRef]

60. Chen, H.; Zheng, X.; Wang, R.; Gao, N.; Sheng, Z.; Fan, D.; Feng, K.; Liao, X.; An, J. Immunization with electroporation enhances
the protective effect of a DNA vaccine candidate expressing prME antigen against dengue virus serotype 2 infection. Clin.
Immunol. 2016, 171, 41–49. [CrossRef]

61. Zheng, X.; Chen, H.; Wang, R.; Fan, D.; Feng, K.; Gao, N.; An, J. Effective Protection Induced by a Monovalent DNA Vaccine
against Dengue Virus (DV) Serotype 1 and a Bivalent DNA Vaccine against DV1 and DV2 in Mice. Front. Cell. Infect. Microbiol.
2017, 7, 175. [CrossRef]

62. Sheng, Z.; Chen, H.; Feng, K.; Gao, N.; Wang, R.; Wang, P.; Fan, D.; An, J. Electroporation-mediated immunization of a candidate
DNA vaccine expressing dengue virus serotype 4 prm-e antigen confers long-term protection in mice. Virol. Sin. 2019, 34, 88–96.
[CrossRef]

63. Feng, K.; Zheng, X.; Wang, R.; Gao, N.; Fan, D.; Sheng, Z.; Zhou, H.; Chen, H.; An, J. Long-term protection elicited by a DNA
vaccine candidate expressing the prM-E antigen of dengue virus serotype 3 in mice. Front. Cell. Infect. Microbiol. 2020, 10, 87.
[CrossRef]

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

65. Grubor-Bauk, B.; Wijesundara, D.K.; Masavuli, M.; Abbink, P.; Peterson, R.L.; Prow, N.A.; Larocca, R.A.; Mekonnen, Z.A.;
Shrestha, A.; Eyre, N.S.; et al. NS1 DNA vaccination protects against Zika infection through T cell–mediated immunity in
immunocompetent mice. Sci. Adv. 2019, 5, eaax2388. [CrossRef]

66. Muthumani, K.; Griffin, 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]

http://doi.org/10.3390/pharmaceutics12020102
http://doi.org/10.3390/vaccines9040390
http://doi.org/10.1016/S0264-410X(97)00215-6
http://doi.org/10.1007/s007050050348
http://doi.org/10.1016/S0264-410X(00)00247-4
http://doi.org/10.1016/S0264-410X(03)00009-4
http://doi.org/10.1016/j.vaccine.2005.09.032
http://doi.org/10.1016/j.vaccine.2010.11.050
http://doi.org/10.1016/j.vaccine.2011.10.085
http://doi.org/10.4269/ajtmh.17-0416
http://www.ncbi.nlm.nih.gov/pubmed/29363446
http://doi.org/10.1155/2015/420867
http://www.ncbi.nlm.nih.gov/pubmed/25815314
http://doi.org/10.1002/jmv.24167
http://www.ncbi.nlm.nih.gov/pubmed/25777343
http://doi.org/10.1089/jir.2017.0106
http://www.ncbi.nlm.nih.gov/pubmed/29135369
http://doi.org/10.2217/fmb.13.171
http://www.ncbi.nlm.nih.gov/pubmed/24762312
http://doi.org/10.1016/j.ebiom.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/27746192
http://doi.org/10.1016/j.vaccine.2005.08.022
http://doi.org/10.1371/journal.pone.0025685
http://doi.org/10.1016/j.clim.2016.08.021
http://doi.org/10.3389/fcimb.2017.00175
http://doi.org/10.1007/s12250-019-00090-8
http://doi.org/10.3389/fcimb.2020.00087
http://doi.org/10.1038/nature18952
http://doi.org/10.1126/sciadv.aax2388
http://doi.org/10.1038/npjvaccines.2016.21


Vaccines 2022, 10, 834 13 of 13

67. 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]

68. Roth, C.; Cantaert, T.; Colas, C.; Prot, M.; Casadémont, I.; Levillayer, L.; Thalmensi, J.; Langlade-Demoyen, P.; Gerke, C.; Bahl, K.;
et al. A modified mRNA vaccine targeting immunodominant NS epitopes protects against dengue virus infection in HLA class I
transgenic mice. Front. Immunol. 2019, 2019, 1424. [CrossRef]

69. Zhang, M.; Sun, J.; Li, M.; Jin, X. Modified mRNA-LNP Vaccines Confer Protection against Experimental DENV-2 Infection in
Mice. Mol. Ther.-Methods Clin. Dev. 2020, 18, 702–712. [CrossRef]

70. Wollner, C.J.; Richner, M.; Hassert, M.A.; Pinto, A.K.; Brien, J.D.; Richner, J.M. A dengue virus serotype 1 mRNA-LNP vaccine
elicits protective immune responses. J. Virol. 2021, 95, e02482-20. [CrossRef]

71. 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, 1114–1125.e10. [CrossRef]

72. 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]

73. Erasmus, J.H.; Khandhar, A.P.; Guderian, J.; Granger, B.; Archer, J.; Archer, M.; Gage, E.; Fuerte-Stone, J.; Larson, E.; Lin, S.; et al.
A Nanostructured Lipid Carrier for Delivery of a Replicating Viral RNA Provides Single, Low-Dose Protection against Zika. Mol.
Ther. 2018, 26, 2507–2522. [CrossRef]

74. Zhong, Z.; Portela Catani, J.P.; Mc Cafferty, S.; Couck, L.; Van Den Broeck, W.; Gorlé, N.; Vandenvroucke, R.E.; Devriendt, B.;
Ulbert, S.; Cnops, L.; et al. Immunogenicity and protection efficacy of a naked self-replicating mRNA-based Zika virus vaccine.
Vaccines 2019, 7, 96. [CrossRef]

75. Luisi, K.; Morabito, K.M.; Burgomaster, K.E.; Sharma, M.; Kong, W.-P.; Foreman, B.M.; Patel, S.; Fisher, B.; Aleshnick, M.A.;
Laliberte, J.; et al. Development of a potent Zika virus vaccine using self-amplifying messenger RNA. Sci. Adv. 2020, 6, eaba5068.
[CrossRef]

http://doi.org/10.1056/NEJMoa1708120
http://doi.org/10.3389/fimmu.2019.01424
http://doi.org/10.1016/j.omtm.2020.07.013
http://doi.org/10.1128/JVI.02482-20
http://doi.org/10.1016/j.cell.2017.02.017
http://doi.org/10.1038/s41598-017-00193-w
http://doi.org/10.1016/j.ymthe.2018.07.010
http://doi.org/10.3390/vaccines7030096
http://doi.org/10.1126/sciadv.aba5068

	Introduction 
	Dengue and Zika Virus Structure 
	Virus Entry and Infection 
	Nucleic Acid Vaccine Platform 
	Progress of the Nucleic Acid Vaccines for DENV and ZIKV and Their Responses 
	DNA Vaccines for DENV 
	DNA Vaccines for ZIKV 
	mRNA Vaccines for DENV 
	mRNA Vaccines for ZIKV 

	Concluding Remarks 
	References

