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Abstract: Zika virus (ZIKV) is a reemerging flavivirus that is primarily spread through bites from
infected mosquitos. It was first discovered in 1947 in sentinel monkeys in Uganda and has since been
the cause of several outbreaks, primarily in tropical and subtropical areas. Unlike earlier outbreaks,
the 2015–2016 epidemic in Brazil was characterized by the emergence of neurovirulent strains of ZIKV
strains that could be sexually and perinatally transmitted, leading to the Congenital Zika Syndrome
(CZS) in newborns, and Guillain-Barre Syndrome (GBS) along with encephalitis and meningitis in
adults. The immune response elicited by ZIKV infection is highly effective and characterized by the
induction of both ZIKV-specific neutralizing antibodies and robust effector CD8+ T cell responses.
However, the structural similarities between ZIKV and Dengue virus (DENV) lead to the induction
of cross-reactive immune responses that could potentially enhance subsequent DENV infection,
which imposes a constraint on the development of a highly efficacious ZIKV vaccine. The isolation
and characterization of antibodies capable of cross-neutralizing both ZIKV and DENV along with
cross-reactive CD8+ T cell responses suggest that vaccine immunogens can be designed to overcome
these constraints. Here we review the structural characteristics of ZIKV along with the evidence of
neuropathogenesis associated with ZIKV infection and the complex nature of the immune response
that is elicited by ZIKV infection.
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1. Introduction

Zika virus (ZIKV) is a flavivirus that is primarily transmitted by Aedes aegypti mosquitoes
and is endemic in the tropical regions of the world. It was first identified in 1947 from
a sentinel rhesus macaque in the Zika forest by the Uganda Virus Research Institute in
Entebbe, Uganda, Africa and characterized in 1952 [1,2]. The earliest cases of human
infections were reported in 1954 in Nigeria. Serological evidence from India and South East
Asia using ZIKV-specific neutralizing antibody tests suggests that infections likely spread
to India and neighboring countries as early as 1954 [3]. The first major modern outbreak of
ZIKV was recorded in 2007 in the Yap islands, Micronesia, with widespread infection and
reports of the first cases of autochthonous transmission [4]. Between 2012 and 2014, seven
confirmed cases of ZIKV were reported in Thailand [5], followed by a major outbreak in
French Polynesia in 2013 [6], with subsequent transmission to the Americas, initially to
Brazil and then to central America and the Caribbean islands [7]. Major outbreaks were
reported in 2015 in Brazil that were associated with significant numbers of infants being
born with microcephaly, indicating perinatal transmission from infected mothers to their
fetus [8]. Subsequent studies provided clear evidence of sexual transmission of ZIKV [9].
By 2016, ZIKV had spread worldwide, with numerous countries recording confirmed cases
of infections. The World Health Organization (WHO) declared a public health emergency
of international concern in 2016 with the Centers for Disease Control issuing travel alerts to
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countries that reported major outbreaks of ZIKV. The rate of infections reported worldwide
decreased by 2018–2019, potentially driven by the emergence of herd immunity [10–12].

Zika virus causes asymptomatic infection in most people, with about 25–50% of
those infected experiencing a mild febrile illness characterized by acute viremia, fever,
rash, conjunctivitis, and joint and muscle pain [4,13,14]. Infection is cleared rapidly, and
symptoms abate in 1–2 weeks, though ZIKV RNA has been detectable in the urine and
other body fluids for extended periods of time after initial exposure [15–18]. Infection
during pregnancy, however, has been associated with higher incidence of Congenital
Zika Syndrome (CZS), especially in women who are infected during the first trimester of
pregnancy [19,20]. CZS is characterized by neuropathogenesis and microcephaly in fetuses,
eye abnormalities, arthrogryposis, etc., and developmental defects in newborns [19,21,22].
Studies have shown that ZIKV was detectable in the amniotic fluid [23] and brains of
stillborn fetuses [24] of mothers infected with ZIKV. Bell et al. [25] in 1971 demonstrated
that ZIKV could readily replicate in neurons and astroglial cells of 1-day-old Webster Swiss
mice following intracerebral infection with ZIKV. Rather surprisingly, there is little evidence
of microcephaly in newborns with ancestral strains of ZIKV prior to 2015, suggesting that
its ability to cross the transplacental barrier and cause neuropathology in fetuses was
a more recently acquired trait. Additionally, ZIKV infection in some people has been
associated with Guillain-Barre Syndrome (GBS), which is characterized by peripheral
paralysis [26–31].

Though the rate and prevalence of ZIKV infections in recent years have not been
reported at the scale seen during the 2015–2016 outbreak, the potential for reemergence
of ZIKV and its threat to pregnant women remains high. Here we review the structural
characteristics of ZIKV, the neurovirulence and immune responses induced by ZIKV, and
the consequences of the cross-reactive immune responses induced by ZIKV against Dengue
virus (DENV).

2. Zika Virus Structural and Non-Structural Proteins

Zika virus is an enveloped virus with a single-stranded, positive-sense RNA genome
(~10.5 Kb) that encodes a 5′ and 3′ UTR, and a single open reading frame (ORF) [32] that
codes for three structural proteins, namely the capsid (C), membrane (M), and the envelope
(E) proteins, and seven non-structural (NS) proteins that include NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5 (Figure 1a,b) [33]. The ORF is translated as a single polyprotein and
cleaved by the cellular and viral proteases into the individual functional proteins during
replication [34].

The lipid envelope of ZIKV is derived from the host endoplasmic reticulum during
replication [35]. The E and M protein are embedded in the lipid envelope with the E
protein on top of the M protein [36]. The E protein contains the primary antigenic targets
for neutralizing antibodies and is responsible for receptor binding, viral assembly, and
membrane fusion [37]. Expressed as a homodimer, the E protein has about 90 homodimers
that are tightly arranged on the lipid envelope in a herringbone symmetry on the surface
of mature virions, giving them a smooth surface [36]. Sitting below the E protein is the M
protein (75 amino acids) that contains an N-terminal M loop along with a stem and two
transmembrane regions that heterodimerize with the stem and transmembrane regions of
the E protein [36]. The M protein is initially synthesized as a precursor (prM) protein that
serves as a chaperone for the E protein during virion assembly. Once in the golgi, prM is
either cleaved by furin protease to be expressed on mature virions as the M protein or as
the uncleaved prM protein on immature virions [38–40]. Immature ZIKV has a rough spiky
surface, unlike the smooth surface of mature virions, primarily due to the expression of
prM on the viral envelope.
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Figure 1. Cartoon structure of ZIKV and DENV particle and genome map. Zika virus and Dengue
virus are members of the Flaviviridae family, containing a positive sense, single stranded ~10.5kb RNA
genome. (a) ZIKV and DENV virions are enveloped and consist of three structural proteins, namely
capsid (C), membrane (M), and envelope (E) proteins. Capsid proteins make up the icosahedral
nucleocapsid that surrounds the genomic material. The M protein is only expressed on mature
virions, it contains transmembrane regions, and is organized as a heterodimer underneath the E
protein. The E protein contains the primary antigenic targets and is responsible for viral entry and
assembly. (b) The genome encodes 3 structural genes (C, prM, E) and 7 nonstructural genes (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, NS5). NS2A assists with virion assembly through recruitment of the
NS2BNS3 protease. NS2B dimerizes with NS3 to act as a protease and cleave the viral polypeptide.

Within the heterodimeric E protein, each monomer (~505 amino acids) consists of an
ectodomain in the N-terminus, a stem, and a transmembrane region in the C-terminus. The
N-terminal ectodomain of the monomeric E protein has three subregions, namely EDI, EDII,
and EDIII, that are displayed on the surface with the stem and transmembrane regions
below it. The ectodomains play an important role in viral entry and are the primary targets
for neutralizing antibodies. Of the three subdomains, EDI is arranged in the center and
connects EDII to the EDIII domain. The EDI has a glycosylation site at N154 in the 150 loop
that spans the amino acid residues 145–160, that was shown to be essential for ZIKV
infectivity; the loss of glycan at N154 was associated with attenuation and reduced neuro
invasiveness [41]. Other studies have suggested that the glycan loop in EDI likely plays
a key role in the transmission of ZIKV [36]. The EDII domain mediates the dimerization
of the E protein monomers and harbors the highly conserved fusion loop at the tip that
contributes to fusion with the cell membrane during viral entry. Unlike EDI and EDII, the
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EDIII domain has an immunoglobulin-like structure, and contains the lateral ridge (LR)
epitope along with the BC, DE, and FG loops. Numerous studies have reported that the
EDIII domain harbors the receptor binding site, thereby making it a primary target for
neutralizing antibodies [42–47]

The C protein is the main component of the icosahedral nucleocapsid that encapsulates
the RNA genome and harbors 18 amino acids that serve as a signal peptide for the proper
folding and expression of the E protein. Recent studies have implied that a single amino
acid change at position 101 of the capsid (C) protein, from lysine to arginine (termed K101R),
significantly enhanced the virulence of the African lineage of ZIKV [48].

Unlike other proteins encoded by the ZIKV genome, NS1 is a secreted glycoprotein
with varying functions depending on its location [49,50]. Inside the cell, it acts as a cofactor
for viral replication, whereas outside the cell it acts as an immune antagonist through
degradation of complement proteins [51–53]. NS1 has been associated with vascular leakage
and endothelial cell barrier disruption [54]. NS2A is responsible for virion assembly. It starts
by recruiting the NS2B/NS3 protease and the C-prM-E, where the latter will be processed.
After this processing, NS2A binds the viral genome, which allows for the assembly of
a virion [49]. NS2B is a viral protease responsible for cleaving the viral polypeptide in
addition to subverting the immune system through the inhibition of antiviral host factors.
Interestingly, NS3 serves as the viral helicase during genome replication, in addition to
having RNA triphosphatase activities. NS3 also dimerizes with NS2B, an important cofactor,
to form the viral protease. NS4A is involved in cellular membrane modeling, inducing
autophagy, enabling viral replication, and antagonizing the interferon response, while
NS4B plays roles in viral replication and host immunomodulation [55]. NS5 is the viral
RNA Polymerase that also has methyltransferase activity. The 5′ and 3′ UTRs are primarily
involved in viral replication [56].

3. Epidemiology

Zika virus was first isolated in 1947 from a pyrexic sentinel monkey in the Zika forest
during a surveillance for vector-borne viruses at the Uganda Virus Research Institute,
located in Entebbe, Uganda, Africa, and was characterized in 1952. Since then, sporadic
outbreaks of ZIKV were reported in Africa that spread eastward to Asia [3]. Smithburn
et al. [3] reported that neutralizing antibodies to ZIKV were readily detectable in significant
numbers of subjects in India in 1954, suggesting that ZIKV was likely prevalent in Asia
during the 1950s. In 1953, cases of ZIKV were reported in Nigeria, though infection rates
remained low with mild symptoms [57].

The first modern day large-scale outbreak of ZIKV was reported in 2007 on the island
of Yap in the Federated States of Micronesia. Unlike the earlier outbreaks in Africa, the 2007
outbreak in the Yap islands was thought to be caused by an Asian isolate that was more
pathogenic than previous outbreaks, suggesting a divergence from the African isolate [4,58].
Patients presented with rash, conjunctivitis, and arthralgia, but none of the current well-
known neurological sequela such as CZS or GBS [4]. By 2012, ZIKV cases were reported in
Thailand, followed by a major outbreak in the Pacific islands including French Polynesia,
Easter Island, the Cook Islands, and New Caledonia in 2013-2014. The outbreak in French
Polynesia lasted for 6 months with ~12% of the population reporting symptoms, and for the
first time, a case of GBS was reported in the 7th week of the outbreak, suggesting that ZIKV
had likely evolved to become neurotropic. During this outbreak, the first documented
case of maternal fetal transmission of ZIKV was reported, along with the detection of
ZIKV in semen, though these cases were rare [6]. Unlike the previous outbreaks, the
2012–2016 outbreak was predominantly caused by the Asian lineage [5–7]. In May of 2015,
initial infections were recorded in Brazil, with lineages that were phylogenetically linked
to the new epidemic strain of Asian lineage introduced in 2013. The outbreak continued
to amplify in Brazil, and by 2016, it is estimated that between 200,000 and 1.3 million
cases were reported in Brazil, with seroprevalence rates of over 63% [8,59,60]. During
the peak of the epidemic, in the United States (US), all 49 states along with the District of
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Columbia reported confirmed cases of ZIKV infection, though most of these cases (4944)
were travel-related, with only 224 cases being reported as autochthonous infections [61–65].

Unlike the US mainland, the US territories reported over 36,000 locally transmitted
cases and about 145 imported cases. Among the US territories, Puerto Rico reported as
many as 39,717 confirmed cases between 1 November 2015 and 31 December 2016 [66],
though the true scale was hard to assess due to the lack of resources needed for constant
surveillance. This was further complicated by the asymptomatic nature of infection, which
made it difficult to track new infections without rigorous screening. The circulation of
other flaviviruses also added a layer of complexity to the diagnosis as they caused similar
non-specific symptoms. The ZIKV epidemic waned by 2017–2018. Since then, sporadic
outbreaks have been reported in Asia and the Americas, though most of these cases
remained largely localized. In 2022, the Pan American Health Organization (PAHO)
reported that Brazil recorded 3,238 confirmed cases of ZIKV, suggesting that the potential
for outbreaks remains high in endemic areas (https://www3.paho.org/data/index.php/
en/mnu-topics/zika-weekly-en/ accessed on 11 January 2024).

4. Neuropathogenesis and Clinical Outcomes

Zika virus infection in most people has been associated with mild symptoms [31] such
as maculopapular rash, low-grade fever, general malaise, headache, muscle and joint aches,
and arthritis-like symptoms [4]. A meta-analysis of 73 case studies found that the most
common symptoms included exanthema (89%), arthralgia (63%), fever (62%), conjunctivitis
(45%), myalgia (48%), headache (46%), and diarrhea (13%), with most infected people
recovering from infection in 5–7 days. Fatal cases and hospitalizations were rare, 0.1%
and 11%, respectively, but a majority of these cases were associated with comorbidities or
GBS [67].

However, unlike past infections worldwide, the 2015–2016 outbreak in Brazil recorded
the emergence of neurovirulent strains of ZIKV that could replicate in the placenta and
cross the transplacental barrier to infect the fetus, leading to a spectrum of birth de-
fects [13,21,68–73]. In contrast to other congenital infections, CZS has been associated
with a number of fetal abnormalities that were found to be specific to congenital ZIKV
infection such as severe microcephaly, ocular damage characterized by macular scarring
and retinal mottling, arthrogryposis, multifocal calcifications in the cortex and subcortical
white matter, associated cortical displacement, and mild focal inflammation, and early hy-
pertonia. These conditions lead to functional deficits such as dysphagia and adverse clinical
outcomes such as epilepsy during the early stages of life [19,22,24]. During the 2015–2016
outbreak, Brazil reported over 8000 cases of microcephaly and other neurological disorders
associated with congenital ZIKV infection. A number of other countries experiencing ZIKV
transmission reported a similar association between ZIKV and CZS at the same time [74,75].
The risk for developing CZS was reported to be significantly higher when pregnant women
were infected during the 1st trimester (11% of cases) as compared to the 3rd trimester of
pregnancy [76,77]. Congenital ZIKV infection has also been associated with stillbirth and
miscarriages along with neonatal death in a subset of pregnant women. Paixao et al. [78]
reported that infants born with CZS to ZIKV-infected mothers had an 11-times greater risk
of death during the first three years after birth with higher risk correlating with infection
during the 1st trimester of pregnancy [76] and the severity of microcephaly [79]. Costa et al.
reported a case fatality rate of 10% in early life for infants born with CZS [80].

Most ZIKV infections in adults are asymptomatic, though serious “neurologic seque-
lae” have been reported in ~0.3% of cases, with ~75% of them being GBS [67], which is
characterized by damage to peripheral nerves thought to be caused by an aberrant autoim-
mune response triggered by ZIKV infection, leading to muscle and bilateral limb weakness
and in some cases paralysis [81]. Approximately 20–30% of GBS patients are likely to
suffer from respiratory failure that requires ventilation assistance. While symptoms may
peak within 4 weeks, recovery takes months or years with supportive care [82]. Increased
incidence of GBS has been reported in areas with high ZIKV transmission rates [26,29,83].

https://www3.paho.org/data/index.php/en/mnu-topics/zika-weekly-en/
https://www3.paho.org/data/index.php/en/mnu-topics/zika-weekly-en/
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Dirlikov et al. reported that the GBS Passive Surveillance System (GBPSS) instituted by the
Puerto Rico Department of Health and CDC during the outbreak of 2016 identified 61% of
suspected patients with GBS that were likely infected with ZIKV [29]. Likewise, during the
2013–2014 outbreak of ZIKV in French Polynesia, all subjects with GBS had ZIKV-specific
neutralizing antibodies [31]. Additionally, a higher incidence of GBS was reported in areas
where ZIKV prevalence was high [27,28,30].

ZIKV infection has been associated with other neurological sequela such as myelitis
and meningoencephalitis. Mecharles et al. [84] reported on the case of a 15-year-old
girl who presented to the emergency clinic in Guadeloupe with pain in the left arm,
frontal headaches, and conjunctival hyperaemia 7 days prior to admission. On day 9 post-
admission, her spinal MRI showed lesions in the cervical and thoracic regions of the spinal
cord. High concentrations of ZIKV were detected in the cerebrospinal fluid (CSF) along
with serum and urine, suggesting neurotropism. Carteaux et al. [85] reported a similar case
in an 81-year-old man who had been admitted to the ICU within 10 days after being on a
4-week cruise. He was found to be febrile and comatose with hemiplegia of the left side
and paresis of the right upper limb, and MRI examination of the brain showed signs of
meningoencephalitis. Analysis of CSF on day 1 after admission was positive for ZIKV by
PCR and culture, suggesting ZIKV as the primary cause for meningoencephalitis in this
patient. Other studies have reported similar cases of CNS infection and the presence of
ZIKV in the CSF of these patients [86,87].

The exact reasons why ZIKV became neurotropic is still under investigation. Studies
comparing the ZIKV genomes from the 2015 outbreak to earlier isolated strains have
identified mutations within specific regions of the genome that may have contributed to
the increased teratogenicity of ZIKV. Yuan et al. [88] reported that a single amino acid
mutation in the prM protein of ZIKV from serine to asparagine (S139N) was associated
with an increase in neurovirulence and mortality in newborn mice as compared to the
ancestral Asian strains. Likewise, Liu et al. [89] identified a mutation in the NS1 protein
of ZIKV in the 2016 strain (A188V) that increased transmission to mosquitos as compared
to the 2010 strain. Others have shown that a single mutation in the E protein of ZIKV
(V473M) in the 2013 strains increased neurovirulence and viral loads in the placenta and
fetal brains of mice as compared to the 2010 strain [90]. Whether these single amino
acid mutations were sufficient to drive the neurovirulence of the contemporary strains
in humans is still under investigation. Wongsurawat et al. [91] observed that the ZIKV
strain isolated from a microcephalic patient lacked the S139N mutation in prM reported by
Yuan et al. [88]. Other studies have reported increased pathogenicity and disease severity
in animal models infected with African strains [92–95], suggesting that a combination
of mechanisms likely contributed to the enhanced teratogenicity observed during the
2015–2016 outbreak of ZIKV.

5. Zika Virus Infection and Immune Responses
5.1. Type I Interferon Response

Immune responses play a critical role in controlling ZIKV infection (Figure 2a,b). In
healthy adults, infection is self-limiting and initial viremia is resolved within 5–10 days after
infection. Type I interferon responses have been shown to play a major role in protection
from ZIKV infection, as demonstrated in mice that lack either IFNα or the receptors
for IFNα [96–99]. Bulstrode et al. demonstrated that IFNβ produced by myeloid cells
significantly restricts ZIKV infection of progenitor cells in primary tissue explants [100].
Though Type I IFNs clearly suppress ZIKV infection, they have also been shown to play an
ambivalent role. Da Silva et al. reported that increased expression of IFNα and IFNβ during
the early stages of ZIKV infection in humans was correlated with higher viremia [101].
Others have demonstrated a significant increase in the secretion of pro-inflammatory
Type I IFN-stimulated cytokines and chemokines, namely CXCL8, CXCL10, CCL2, and
IL-1RA, that correlated with worse symptoms in some patients [102]. Likewise, Kam
et al. observed a significant association between high levels of Type I IFN-stimulated
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cytokines such as CCL2 and CXCL10 following ZIKV infection and fetuses with congenital
abnormalities [103]. Hayashida et al. [104], using both immunocompetent and deficient
mouse models, noted that infection of the CNS with ZIKV induced Type I IFN responses
that failed to prevent the establishment of infection and encephalitis.
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Figure 2. Innate and adaptive immune response to ZIKV infection. (a) ZIKV infects target cells
through receptor-mediated endocytosis and replicates in the cytoplasm. Replication intermediates
such as single stranded and double stranded RNA are sensed by pathogen recognition receptors
such as NLRP3, MDA5, TLR3, and RIG-I, which drives the activation and phosphorylation of IRF3
and IRF7, which translocate to the nucleus and drive the production of Type I IFNs. These Type
I IFNs will be exported from the cell and interact with receptors on neighboring cells, leading to
the phosphorylation and activation of the JAK/STAT pathway. Activation and phosphorylation
of the JAK/STAT pathway leads to the recruitment of IRF9, which will translocate to the nucleus
and bind to the Interferon Stimulated Response Element (ISRE), leading to the transcription of over
100 interferon stimulated genes (ISG) that induce an antiviral state. (b) Adaptive immune responses
are characterized by the activation of ZIKV-specific CD8 cytotoxic T cells that recognize epitopes
in the context of MHC Class I and eliminate infected cells through the release of the perforin and
Granzyme B. ZIKV-specific CD8 T cell responses have been shown to recognize epitopes located
within the prM, E, NS3, and NS5 proteins. ZIKV-specific adaptive B cell responses have been mapped
to a number of proteins with neutralizing antibody responses primarily targeting the EDIII domain
along with the E dimer epitope.

Induction of Type I IFN during ZIKV infection is mediated through intracellular sens-
ing by pattern recognition receptors (PRR). Numerous PRRs such as the Toll-like receptor-3
(TLR3), retinoic acid-inducible gene 1 (RIG-I), NLRP3, and melanoma differentiation-
associated gene 5 (MDA5) have been shown to detect ssRNA or dsRNA byproducts of
ZIKV replication to initiate the induction of Type I IFN responses [105,106]. Interestingly
however, numerous reports have documented the interactions between ZIKV proteins and
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innate sensors and/or downstream signaling that interfere with the induction of innate
IFN responses during ZIKV infection.

TLR3 is an endosomal PRR that recognizes single stranded RNA and its activation
has been shown to drive innate responses to ZIKV infection, though whether it plays a
protective role is less clear. Plociennikowska et al. reported that TLR3 activation suppressed
IFN responses induced through the RIG-I pathway despite eliciting a proinflammatory
cytokine response during ZIKV infection [106]. Others have shown that TLR3-mediated
immune responses induced by ZIKV infection were associated with the depletion of neural
progenitor cells in an organoid model [107]. Likewise, Ojha et al. reported that TLR3
activation was accompanied by an increase in ZIKV replication and inflammation in
primary human astrocytes [108].

Numerous studies have examined the interaction between ZIKV and various innate
sensors. RIG-I is activated by ZIKV dsRNA, which then interacts with the mitochondrial
antiviral signaling protein (MAVS), leading to an IFN response that is capable of suppress-
ing ZIKV replication [109]. On the other hand, Hu et al. reported that ZIKV NS4A could
antagonize the RIG-I-MAVS signaling pathway by interacting with the CARD-TM domains,
leading to an attenuated interferon response [110]. Likewise, MDA5 activation by ZIKV
also signals through MAVS, suggesting a synergistic role with RIG-I in the induction of
innate IFN responses. Knockdown of MDA5 was found to significantly increase ZIKV
replication and viral titers in Sertoli cells, indicating a role for MDA5 in protection from
ZIKV infection [109]. Interestingly, Reidel et al. demonstrated that the interaction of ZIKV
NS3 with scaffolding proteins 14-3-3ϵ and 14-3-3η prevented the translocation of RIG-I and
MDA5 from the cytosol to the mitochondria, thereby preventing activation of the MAVS
pathway [111]. Interaction of the NLRP3 inflammasome with ZIKV NS5 during replication
has been shown to activate Caspase-1, leading to the production of IL-1beta, which plays a
role in driving the acute inflammation during ZIKV infection [112,113], though others have
reported that ZIKV NS3 downregulates the NLRP3 pathway in macrophages [114].

The activation of PRRs by ZIKV leads to the phosphorylation of IRF3 and IRF7, key
transcription factors that drive the production of type I IFN during infection [115,116].
Lazear et al. reported that infection of mice that lacked IRF3/5/7 with ZIKV was associated
with significant loss of body weight and mortality as compared to control mice [116].
Subsequent studies have, however, shown that ZIKV NS2A inhibits full-length, regulatory
domain-deficient, and constitutively active IRF3, whereas NS4A inhibited full-length or
regulatory domain-deficient IRF3 [117,118].

Binding of secreted IFN to its receptors IFNAR1 and IFNAR2 on cells leads to the
activation of the JAK/STAT pathway and the induction of several ISGs capable of sup-
pressing ZIKV replication [119]. However, Wang et al. reported that upregulation of ISG15
during ZIKV infection was associated with enhanced viral replication [120]. Others have
shown that ZIKV antagonizes the JAK/STAT pathway in humans through the accelerated
degradation of STAT2 in NS5-independent and dependent mechanisms [121,122]. Recent
studies suggest that STAT1 is also a target for degradation during ZIKV infection [123].

Altogether, the above studies suggest that ZIKV has evolved mechanisms that interfere
with the activation of numerous PRRs and downstream signaling events, leading to a muted
or suppressed Type I IFN response [124] that in turn supports ZIKV replication.

5.2. Cell-Mediated Immune Responses

Natural killer (NK) cells are a key component of the innate cell-mediated immune
response to viral infections. NK cells recognize and eliminate virally infected cells in a
variety of ways such as the absence of an inhibitory signal, the antibody being bound to
infected cells, or cellular stress. The role of NK cells during ZIKV infection is still under
investigation. Studies have reported an increase in the frequencies of NK cells during the
acute stages of infection that correlated with a decrease in the post-peak decline of ZIKV
viremia, suggesting a role for NK cells in the early containment of infection [125]. Other
studies have demonstrated that NK cells residing in the placenta (decidual NK cells) recog-
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nize ER stress, downregulate NK cell-inhibitory receptors on ZIKV-infected trophoblasts
in the placenta, and kill these infected cells, thereby preventing ZIKV transmission across
the placenta [126]. On the other hand, Dudley et al. reported that persistent viremia was
established in pregnant rhesus macaques despite the robust activation of NK cells [127],
though this may be related to the immunosuppressive microenvironment during pregnancy.
Moucourant et al. [128] showed that NK cells from a cohort of female subjects who were
acutely infected with ZIKV harbored activated and terminally differentiated NK cell subsets
that produced significant levels of IFNγ and TNFα without marked cytotoxic responses.
On the other hand, Lum et al. [129] noted that infection of cells isolated from peripheral
blood of healthy subjects was associated with secretion of IFNγ and an increase in CD107a,
the marker for degranulation. There is little evidence to show that ZIKV interferes with
NK cell activity in vivo, though Glasner et al. reported that ZIKV infection upregulated
MHC I expression on infected cells in vitro, allowing these cells to escape detection by NK
cells [130]. During pregnancy, regulatory NK cells predominate within the placenta and it
is not clear what role these NK cells play in either the protection or pathogenesis of ZIKV
infection in women who get infected during pregnancy. Additional studies are needed to
address this question.

Unlike NK cells, adaptive CD8+ T cell responses play a central role in antigen-specific
recognition and clearance of virally infected cells. Numerous studies have demonstrated
that CD8+ T cell responses were indispensable for protection during ZIKV infection. ZIKV
infection induces a strong CD8+ effector response and ~20% of ZIKV antigen-experienced
CD8+ T cells were found to express IFNγ and TNFα when stimulated with PMA and
ionomycin, and to express higher levels of T-bet [131,132]. Others have shown high levels
of antigen-specific CD8+ T cells containing Granzyme B in WT C57BL/6 mice following
infection with ZIKV [133]. Hassert et al. reported that the depletion of CD8+ T cells in
ZIKV-infected mice was associated with an increase in lethality when compared to control
mice, showing that CD8+ T cells were essential for protection [134]. Likewise, HLA-B*0702
ifnar1−/− mice immunized with an NS3 vaccine that was designed to generate a CD8+ T cell
response rather than a neutralizing antibody response were protected from death or fetal
growth restriction, with decreased viral loads in the serum, brain, and liver tissue three
days post-infection. Additionally, CD8 knockout mice were found to be highly susceptible
to infection, suggesting that the ability to mount a CD8+ T cell response is essential for the
control of ZIKV [135,136]. Ngono et al. reported that prM, E, and NS5 proteins harbored
the primary protective, immunodominant epitopes involved in the CD8+ T cell response in
mice [136].

CD8+ T cell responses have also been shown to play a critical role in protecting against
sexual transmission of ZIKV. Scott et al. reported that CD4+-depleted or B cell-deficient
mice immunized subcutaneously with ZIKV and subsequently challenged intervaginally
had reduced viral loads in the vagina and uterine horns compared to control mice, showing
that vaccine-induced adaptive CD8+ responses contributed to protection [137]. Blocking of
Type I IFN responses in CD4+-depleted or B cell-deficient mice with anti-IFNAR antibodies
did not alter the protective effect of adaptive CD8 T cell responses that were induced
following vaccination. Additionally, neutralizing antibodies were undetectable in the
vaginal washes of these mice at the time of infection, supporting the predominant role of
CD8+ T cells in protection from infection [137]. Other studies have reported a role for CD8+

T cells in protection from CNS pathology during ZIKV infection. Adoptive transfer of
CD8+ T cells from ZIKV-immunized wildtype mice into naive Ifnar−/− mice was associated
with a significant decrease in viral burden in the brain and spinal cord following ZIKV
infection that correlated with an increase in the number of CD8+ cells in the brain and
spinal cord [138]. Likewise, Nazerai et al. demonstrated that immunocompetent mice that
were initially infected intravenously with ZIKV and reinfected intracranially 4 weeks later
were protected from CNS infection; viral control was lost when CD8+ T cells were depleted,
demonstrating a protective role for CD8+ T cells [133]. Data from nonhuman primate
models have largely supported the findings in mouse models. Dudley et al. showed that
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CD8+ T cell expansion during acute stages of ZIKV infection correlated with a decrease
in serum viral loads in rhesus macaques [127], whereas depletion of CD8+ T cells was
associated with higher levels of ZIKV RNA in lymph nodes and the spleen [139].

CD4+ T cells play a critical role in the induction of immune responses by providing
help to B and T cells. Depletion of CD4+ T cells was accompanied by a decrease in the
magnitude of plasma cells and germinal center (GC) B cell responses, and reduced ZIKV
E protein-specific neutralizing IgG levels at 7 days post-infection, suggesting that ZIKV-
specific B cell responses were compromised in the absence of CD4 T cells [140]. Likewise,
Hassert et al. reported that the depletion of CD4+ cells was associated with enhanced
lethality and neuropathology, along with increased viral loads in the brain, spinal cord,
and liver of ZIKV-infected Ifnar−/− mice [141]. Interestingly, Lucas et al. showed that CD4+

T cells interact with B-cells in an IFNγ-dependent manner, leading to the production of
neutralizing IgG2a antibodies that protected mice from lethal infection with ZIKV, whereas
the depletion of CD4+ T cells significantly impaired these responses [142], suggesting that
critical CD4+ T cell helper responses were essential for the generation of ZIKV-specific
antibody-mediated control of infection.

5.3. Humoral Immune Response

Adaptive B cell responses are essential for protection during ZIKV infection. In
human patients, both ZIKV-specific IgM and IgA responses were found to peak between
7 and 14 days after infection, after which they rapidly declined, whereas IgG responses
peaked around day 21 and remained high for up to 2 years [143,144]. Most ZIKV-specific
neutralizing antibodies appear to target the EDIII domain and the E dimer epitope (EDE),
with EDI or EDII having modest-to-no neutralizing ability. Stettler et al. showed that
an EDIII monoclonal antibody with an altered Fc region, ZKA64-LALA, could protect
A129 mice from lethal ZIKV infection when given one day before or after infection [44].
Zhao et al. showed that two separate monoclonal antibodies that target the lateral ridge
(LR) epitope in the EDIII domain were protective in mice, and decreased viral loads and
prevented weight loss and death in the case of lethal infection [45]. Magnani et al. used an
NHP model to show that a cocktail of monoclonal antibodies derived from a human patient
was able to prevent infection when given prophylactically one day prior to ZIKV infection.
Over the course of 21 days, ZIKV was not detected in any of the monkeys receiving the
treatment. The lack of a specific IgM and IgG response post-infection further suggested
that the antibody cocktail provided sterilizing immunity [145]. Sankhala et al. isolated a
number of neutralizing monoclonal antibodies from an RM infected with ZIKV that could
be broadly separated into four antigenic groups targeting the cross-promoter epitopes
within the E protein [146]. Interestingly, the only epitope that all the antibodies came into
competition for was the quaternary antigen E dimer epitope (EDE), suggesting that this
target is extremely immunogenic [146]. Interestingly, a study by Wang et al. reported that
the use of an engineered bispecific antibody (FIT-1) targeting EDII and EDIII was more
effective at preventing viral escape than the EDII-only targeted monoclonal antibody when
tested in vitro. Additionally, FIT-1 was found to be protective when passively transferred to
A129 mice, increasing survivability and decreasing viral load in a time and dose-dependent
manner [147].

Neutralizing antibody responses are vital for protection of the fetus and the preven-
tion of placental insufficiency. In marmosets, vaccination was shown to prevent vertical
transmission of ZIKV through a neutralizing antibody response which lasted for up to
18 months [148]. Sapparapu et al. reported that a potent human antibody, ZIKV-117, given
prophylactically or therapeutically to pregnant mice reduced viral loads in both maternal
and fetal tissues. As expected, the decrease in viral burden resulted in decreased damage
to the placenta, decreased trophoblast cell death, and increased fetal body weight [43].
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6. Cross-Reactivity with Dengue

Recent studies have shown that antigenic cross-reactivity between ZIKV and related
flaviviruses such as DENV (Figure 3a,b) could lead to the immune-mediated enhancement
of disease. George et al. [149] in 2017 was the first to demonstrate that prior immunity to
ZIKV significantly enhanced DENV-2 infection in rhesus macaques. The enhancement of
DENV infection correlated with the induction of significant levels of DENV cross-reactive
binding antibodies by ZIKV that failed to cross-neutralize DENV. A number of studies
in animal models and humans that followed were found to confirm these initial find-
ings [150–153]. Fowler et al. [154] in 2018, using mouse models, reported that maternally
acquired ZIKV antibodies enhanced the severity of DENV disease. Katzelnick et al. [155] in
2020 reported that ZIKV infection significantly enhanced the future risk of severe DENV
disease in human pediatric cohorts in Nicaragua. Rather surprisingly, pre-existing immu-
nity to DENV was not found to enhance ZIKV infection and disease [156]. A recent study
by Kim et al. [157], however, suggests that like the ZIKV-mediated enhancement of DENV,
pre-existing DENV immunity could potentially enhance infection of ZIKV; DENV-immune
pregnant marmosets were found to have significantly high ZIKV viral loads in the pla-
centa and fetal tissues that correlated with the induction of ZIKV cross-reactive binding
antibodies by DENV infection that failed to cross-neutralize ZIKV. Zambrana et al. [158]
reported that primary exposure to ZIKV significantly increased the risk for symptomatic
DENV infection with DENV 2–4 serotypes.
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The NCBI Virus database [159] (https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/ accessed on 30
October 2023) was used to download the reference sequences for E proteins of ZIKV and DENV-1—4.
The sequences were then aligned using the online Clustal Omega Multiple Sequence Alignment (MSA)
Tool [160] (https://www.ebi.ac.uk/Tools/msa/clustalo/ accessed on 30 October 2023). The resulting
output was then pasted into the online “Simple Phylogeny” tool [160] https://www.ebi.ac.uk/Tools/
phylogeny/simple_phylogeny/ accessed on 30 October 2023). The phylogenic tree was then uploaded
to iTOL [161] (https://itol.embl.de/ accessed on 30 October 2023) for visual enhancement and scaling.
A heat map for amino acid identity was created from the Clustal Omega MSA. (b) Phylogenetic
tree and heat map showing the relatedness of ZIKV and DENV-1–4 NS1 protein based on amino
acid alignment. The NCBI Virus database [159] (https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/
accessed on 30 October 2023) was used to download the reference sequences for the NS1 proteins
of ZIKV and DENV-2–4; no reference sequence was available for DENV-1 NS1. As such, the exact
similarity between ZIKV NS1 and DENV1 is not available. The sequences were then aligned using the
online Clustal Omega Multiple Sequence Alignment Tool [160] (https://www.ebi.ac.uk/Tools/msa/
clustalo/ accessed on 30 October 2023). The resulting output was then pasted into the online “Simple
Phylogeny” tool [160] (https://www.ebi.ac.uk/Tools/phylogeny/simple_phylogeny/ accessed on
30 October 2023). The phylogenetic tree was then uploaded to iTOL [161] (https://itol.embl.de/
accessed on 30 October 2023) for visual enhancement and scaling. The heat map for amino acid
identity was created from the Clustal Omega MSA using Excel.

Though the potential of ADE cannot be minimized, several studies have reported the
induction of cross-neutralizing antibodies. Barba-Spaeth et al. reported that a subset of
mAbs that targeted a conformational epitope located within the EDE region of the DENV
E protein had significant neutralizing activity against ZIKV [162]. On the other hand, a
cross-reactive antibody that targeted the FLE region neutralized DENV with minimal-to-no
neutralizing activity against ZIKV [162]. Fernandez et al. demonstrated that DENV E-dimer
epitope-specific human mAbs had therapeutic efficacy against ZIKV infection, protected
mice from lethal infection, and reduced viral loads in the serum, brain, testis, epididymis,
and eye [163]. Wang et al. reported that 13 circulating human serum antibodies from a
ZIKV patient in Venezuela reacted with the ZIKV soluble envelope protein with varying
strengths. However, only two were found to be non-cross-reactive with DENV, while
also having highly neutralizing activity against ZIKV. Interestingly, a highly neutralizing
antibody targeting ZIKV, named Z20, was capable of neutralizing DENV-1 to 4 when
present in high concentrations [164].

These studies suggest that both DENV and ZIKV harbor epitopes capable of cross-
neutralizing each other that could be harnessed using structure-based design strategies to
develop immunogens that can prevent both ZIKV and DENV infections and minimize the
potential for ADE, as several preclinical studies have reported [165–170]. There are cur-
rently 13 ZIKV-specific vaccine candidates that are in either Phase I or II clinical trials [171].
Additionally, vaccines that can protect against multiple arboviruses have been explored
using either chimeric virus vaccines [172,173] or mosquito saliva proteins as potential im-
munogens [174–179] to elicit pan-arboviral protection, although immunization with some
salivary proteins has been associated with increased pathogenesis [180]. The preclinical
and clinical success of mRNA vaccines against ZIKV and other arboviruses [166,181–185]
shows that this vaccine platform could be used to develop multivalent flavivirus-specific
vaccines, as has been shown for influenza [183,184] and SARS-CoV-2 [185].

In summary, the evolution of ZIKV from a benign pathogen to a more neurovirulent
strain has raised significant public health concerns worldwide given its potential to cross
the placenta and cause severe fetal neuropathology and CZS. As herd immunity wanes, the
potential for future ZIKV outbreaks remains high and there is urgency to develop vacci-
nation strategies that can protect pregnant women and their unborn fetus from infection
and CZS. Though cross-reactivity with other flaviviruses poses an immediate constraint on
the development of a safe and efficacious vaccine, the identification of cross-neutralizing
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antibodies raises hope that these constraints can be overcome using novel structure-based
vaccine design strategies.

Author Contributions: K.C.E. generated the figures and wrote the manuscript. J.J.M. supervised
this study and wrote the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research had no external funding.

Acknowledgments: The opinions or assertions contained herein are the private ones of the authors
and are not to be construed as official or reflecting the views of the Department of Defense, the
Uniformed Services University of the Health Sciences, or any other agency of the U.S. Government.

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

References
1. 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] [PubMed]
2. Dick, G.W. Epidemiological notes on some viruses isolated in Uganda; Yellow fever, Rift Valley fever, Bwamba fever, West Nile,

Mengo, Semliki forest, Bunyamwera, Ntaya, Uganda S and Zika viruses. Trans. R. Soc. Trop. Med. Hyg. 1953, 47, 13–48. [CrossRef]
[PubMed]

3. Smithburn, K.C.; Kerr, J.A.; Gatne, P.B. Neutralizing antibodies against certain viruses in the sera of residents of India. J. Immunol.
1954, 72, 248–257. [CrossRef]

4. Duffy, M.R.; Chen, T.H.; Hancock, W.T.; Powers, A.M.; Kool, J.L.; Lanciotti, R.S.; Pretrick, M.; Marfel, M.; Holzbauer, S.; Dubray,
C.; et al. Zika virus outbreak on Yap Island, Federated States of Micronesia. N. Engl. J. Med. 2009, 360, 2536–2543. [CrossRef]
[PubMed]

5. Buathong, R.; Hermann, L.; Thaisomboonsuk, B.; Rutvisuttinunt, W.; Klungthong, C.; Chinnawirotpisan, P.; Manasatienkij, W.;
Nisalak, A.; Fernandez, S.; Yoon, I.K.; et al. Detection of Zika Virus Infection in Thailand, 2012–2014. Am. J. Trop. Med. Hyg. 2015,
93, 380–383. [CrossRef]

6. Musso, D.; Bossin, H.; Mallet, H.P.; Besnard, M.; Broult, J.; Baudouin, L.; Levi, J.E.; Sabino, E.C.; Ghawche, F.; Lanteri, M.C.; et al.
Zika virus in French Polynesia 2013–14: Anatomy of a completed outbreak. Lancet Infect. Dis. 2018, 18, e172–e182. [CrossRef]

7. Metsky, H.C.; Matranga, C.B.; Wohl, S.; Schaffner, S.F.; Freije, C.A.; Winnicki, S.M.; West, K.; Qu, J.; Baniecki, M.L.; Gladden-Young,
A.; et al. Zika virus evolution and spread in the Americas. Nature 2017, 546, 411–415. [CrossRef]

8. Heukelbach, J.; Alencar, C.H.; Kelvin, A.A.; de Oliveira, W.K.; Pamplona de Goes Cavalcanti, L. Zika virus outbreak in Brazil. J.
Infect. Dev. Ctries 2016, 10, 116–120. [CrossRef]

9. Foy, B.D.; Kobylinski, K.C.; Chilson Foy, J.L.; Blitvich, B.J.; Travassos da Rosa, A.; Haddow, A.D.; Lanciotti, R.S.; Tesh, R.B.
Probable non-vector-borne transmission of Zika virus, Colorado, USA. Emerg. Infect. Dis. 2011, 17, 880–882. [CrossRef]

10. Masmejan, S.; Musso, D.; Vouga, M.; Pomar, L.; Dashraath, P.; Stojanov, M.; Panchaud, A.; Baud, D. Zika Virus. Pathogens 2020, 9,
898. [CrossRef] [PubMed]

11. Counotte, M.J.; Althaus, C.L.; Low, N.; Riou, J. Impact of age-specific immunity on the timing and burden of the next Zika virus
outbreak. PLoS Negl. Trop. Dis. 2019, 13, e0007978. [CrossRef] [PubMed]

12. Ferguson, N.M.; Cucunuba, Z.M.; Dorigatti, I.; Nedjati-Gilani, G.L.; Donnelly, C.A.; Basanez, M.G.; Nouvellet, P.; Lessler, J.
EPIDEMIOLOGY. Countering the Zika epidemic in Latin America. Science 2016, 353, 353–354. [CrossRef] [PubMed]

13. Brasil, P.; Pereira, J.P., Jr.; Moreira, M.E.; Ribeiro Nogueira, R.M.; Damasceno, L.; Wakimoto, M.; Rabello, R.S.; Valderramos, S.G.;
Halai, U.A.; Salles, T.S.; et al. Zika Virus Infection in Pregnant Women in Rio de Janeiro. N. Engl. J. Med. 2016, 375, 2321–2334.
[CrossRef] [PubMed]

14. Lazear, H.M.; Diamond, M.S. Zika Virus: New Clinical Syndromes and Its Emergence in the Western Hemisphere. J. Virol. 2016,
90, 4864–4875. [CrossRef] [PubMed]

15. Murray, K.O.; Gorchakov, R.; Carlson, A.R.; Berry, R.; Lai, L.; Natrajan, M.; Garcia, M.N.; Correa, A.; Patel, S.M.; Aagaard, K.;
et al. Prolonged Detection of Zika Virus in Vaginal Secretions and Whole Blood. Emerg. Infect. Dis. 2017, 23, 99–101. [CrossRef]
[PubMed]

16. Paz-Bailey, G.; Rosenberg, E.S.; Doyle, K.; Munoz-Jordan, J.; Santiago, G.A.; Klein, L.; Perez-Padilla, J.; Medina, F.A.; Waterman,
S.H.; Gubern, C.G.; et al. Persistence of Zika Virus in Body Fluids—Final Report. N. Engl. J. Med. 2018, 379, 1234–1243. [CrossRef]
[PubMed]

17. Barzon, L.; Percivalle, E.; Pacenti, M.; Rovida, F.; Zavattoni, M.; Del Bravo, P.; Cattelan, A.M.; Palu, G.; Baldanti, F. Virus and
Antibody Dynamics in Travelers with Acute Zika Virus Infection. Clin. Infect. Dis. 2018, 66, 1173–1180. [CrossRef]

18. Nicastri, E.; Castilletti, C.; Liuzzi, G.; Iannetta, M.; Capobianchi, M.R.; Ippolito, G. Persistent detection of Zika virus RNA in
semen for six months after symptom onset in a traveller returning from Haiti to Italy, February 2016. Eurosurveillance 2016, 21,
30314. [CrossRef]

https://doi.org/10.1016/0035-9203(52)90042-4
https://www.ncbi.nlm.nih.gov/pubmed/12995440
https://doi.org/10.1016/0035-9203(53)90021-2
https://www.ncbi.nlm.nih.gov/pubmed/13077697
https://doi.org/10.4049/jimmunol.72.4.248
https://doi.org/10.1056/NEJMoa0805715
https://www.ncbi.nlm.nih.gov/pubmed/19516034
https://doi.org/10.4269/ajtmh.15-0022
https://doi.org/10.1016/S1473-3099(17)30446-2
https://doi.org/10.1038/nature22402
https://doi.org/10.3855/jidc.8217
https://doi.org/10.3201/eid1705.101939
https://doi.org/10.3390/pathogens9110898
https://www.ncbi.nlm.nih.gov/pubmed/33126413
https://doi.org/10.1371/journal.pntd.0007978
https://www.ncbi.nlm.nih.gov/pubmed/31877200
https://doi.org/10.1126/science.aag0219
https://www.ncbi.nlm.nih.gov/pubmed/27417493
https://doi.org/10.1056/NEJMoa1602412
https://www.ncbi.nlm.nih.gov/pubmed/26943629
https://doi.org/10.1128/JVI.00252-16
https://www.ncbi.nlm.nih.gov/pubmed/26962217
https://doi.org/10.3201/eid2301.161394
https://www.ncbi.nlm.nih.gov/pubmed/27748649
https://doi.org/10.1056/NEJMoa1613108
https://www.ncbi.nlm.nih.gov/pubmed/28195756
https://doi.org/10.1093/cid/cix967
https://doi.org/10.2807/1560-7917.ES.2016.21.32.30314


Pathogens 2024, 13, 177 14 of 21

19. Melo, A.S.; Aguiar, R.S.; Amorim, M.M.; Arruda, M.B.; Melo, F.O.; Ribeiro, S.T.; Batista, A.G.; Ferreira, T.; Dos Santos, M.P.;
Sampaio, V.V.; et al. Congenital Zika Virus Infection: Beyond Neonatal Microcephaly. JAMA Neurol. 2016, 73, 1407–1416.
[CrossRef]

20. Dussupt, V.; Sankhala, R.S.; Gromowski, G.D.; Donofrio, G.; De La Barrera, R.A.; Larocca, R.A.; Zaky, W.; Mendez-Rivera,
L.; Choe, M.; Davidson, E.; et al. Potent Zika and dengue cross-neutralizing antibodies induced by Zika vaccination in a
dengue-experienced donor. Nat. Med. 2020, 26, 228–235. [CrossRef]

21. Del Campo, M.; Feitosa, I.M.; Ribeiro, E.M.; Horovitz, D.D.; Pessoa, A.L.; Franca, G.V.; Garcia-Alix, A.; Doriqui, M.J.; Wanderley,
H.Y.; Sanseverino, M.V.; et al. The phenotypic spectrum of congenital Zika syndrome. Am. J. Med. Genet. A 2017, 173, 841–857.
[CrossRef]

22. Moore, C.A.; Staples, J.E.; Dobyns, W.B.; Pessoa, A.; Ventura, C.V.; Fonseca, E.B.; Ribeiro, E.M.; Ventura, L.O.; Neto, N.N.; Arena,
J.F.; et al. Characterizing the Pattern of Anomalies in Congenital Zika Syndrome for Pediatric Clinicians. JAMA Pediatr. 2017, 171,
288–295. [CrossRef]

23. Oliveira Melo, A.S.; Malinger, G.; Ximenes, R.; Szejnfeld, P.O.; Alves Sampaio, S.; Bispo de Filippis, A.M. Zika virus intrauterine
infection causes fetal brain abnormality and microcephaly: Tip of the iceberg? Ultrasound Obs. Gynecol 2016, 47, 6–7. [CrossRef]

24. Mlakar, J.; Korva, M.; Tul, N.; Popovic, M.; Poljsak-Prijatelj, M.; Mraz, J.; Kolenc, M.; Resman Rus, K.; Vesnaver Vipotnik, T.;
Fabjan Vodusek, V.; et al. Zika Virus Associated with Microcephaly. N. Engl. J. Med. 2016, 374, 951–958. [CrossRef]

25. Bell, T.M.; Field, E.J.; Narang, H.K. Zika virus infection of the central nervous system of mice. Arch. Gesamte Virusforsch. 1971, 35,
183–193. [CrossRef] [PubMed]

26. Siu, R.; Bukhari, W.; Todd, A.; Gunn, W.; Huang, Q.S.; Timmings, P. Acute Zika infection with concurrent onset of Guillain-Barre
Syndrome. Neurology 2016, 87, 1623–1624. [CrossRef] [PubMed]

27. Roze, B.; Najioullah, F.; Ferge, J.L.; Apetse, K.; Brouste, Y.; Cesaire, R.; Fagour, C.; Fagour, L.; Hochedez, P.; Jeannin, S.; et al. Zika
virus detection in urine from patients with Guillain-Barre syndrome on Martinique, January 2016. Eurosurveillance 2016, 21, 30154.
[CrossRef] [PubMed]

28. Kassavetis, P.; Joseph, J.M.; Francois, R.; Perloff, M.D.; Berkowitz, A.L. Zika virus-associated Guillain-Barre syndrome variant in
Haiti. Neurology 2016, 87, 336–337. [CrossRef] [PubMed]

29. Dirlikov, E.; Major, C.G.; Mayshack, M.; Medina, N.; Matos, D.; Ryff, K.R.; Torres-Aponte, J.; Alkis, R.; Munoz-Jordan, J.;
Colon-Sanchez, C.; et al. Guillain-Barre Syndrome During Ongoing Zika Virus Transmission—Puerto Rico, January 1–July 31,
2016. MMWR Morb. Mortal Wkly. Rep. 2016, 65, 910–914. [CrossRef]

30. Brasil, P.; Sequeira, P.C.; Freitas, A.D.; Zogbi, H.E.; Calvet, G.A.; de Souza, R.V.; Siqueira, A.M.; de Mendonca, M.C.; Nogueira,
R.M.; de Filippis, A.M.; et al. Guillain-Barre syndrome associated with Zika virus infection. Lancet 2016, 387, 1482. [CrossRef]

31. Cao-Lormeau, V.M.; Blake, A.; Mons, S.; Lastere, S.; Roche, C.; Vanhomwegen, J.; Dub, T.; Baudouin, L.; Teissier, A.; Larre, P.; et al.
Guillain-Barre Syndrome outbreak associated with Zika virus infection in French Polynesia: A case-control study. Lancet 2016,
387, 1531–1539. [CrossRef] [PubMed]

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

33. Ye, Q.; Liu, Z.Y.; Han, J.F.; Jiang, T.; Li, X.F.; Qin, C.F. Genomic characterization and phylogenetic analysis of Zika virus circulating
in the Americas. Infect. Genet. Evol. 2016, 43, 43–49. [CrossRef] [PubMed]

34. Murray, C.L.; Jones, C.T.; Rice, C.M. Architects of assembly: Roles of Flaviviridae non-structural proteins in virion morphogenesis.
Nat. Rev. Microbiol. 2008, 6, 699–708. [CrossRef] [PubMed]

35. Kaufmann, B.; Rossmann, M.G. Molecular mechanisms involved in the early steps of flavivirus cell entry. Microbes Infect. 2011, 13,
1–9. [CrossRef] [PubMed]

36. Sirohi, D.; Chen, Z.; Sun, L.; Klose, T.; Pierson, T.C.; Rossmann, M.G.; Kuhn, R.J. The 3.8 A resolution cryo-EM structure of Zika
virus. Science 2016, 352, 467–470. [CrossRef] [PubMed]

37. 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, 10–1128. [CrossRef] [PubMed]

38. Prasad, V.M.; Miller, A.S.; Klose, T.; Sirohi, D.; Buda, G.; Jiang, W.; Kuhn, R.J.; Rossmann, M.G. Structure of the immature Zika
virus at 9 A resolution. Nat. Struct. Mol. Biol. 2017, 24, 184–186. [CrossRef]

39. Wan, S.; Cao, S.; Wang, X.; Zhou, Y.; Yan, W.; Gu, X.; Wu, T.C.; Pang, X. Generation and preliminary characterization of
vertebrate-specific replication-defective Zika virus. Virology 2021, 552, 73–82. [CrossRef]

40. Majowicz, S.A.; Narayanan, A.; Moustafa, I.M.; Bator, C.M.; Hafenstein, S.L.; Jose, J. Zika virus M protein latches and locks the E
protein from transitioning to an immature state after prM cleavage. NPJ Viruses 2023, 1, 4. [CrossRef]

41. Annamalai, A.S.; Pattnaik, A.; Sahoo, B.R.; Muthukrishnan, E.; Natarajan, S.K.; Steffen, D.; Vu, H.L.; Delhon, G.; Osorio, F.A.;
Petro, T.M.; et al. Zika virus encoding nonglycosylated envelope protein is attenuated and defective in neuroinvasion. J. Virol.
2021, 91, 10–1128. [CrossRef] [PubMed]

42. Robbiani, D.F.; Bozzacco, L.; Keeffe, J.R.; Khouri, R.; Olsen, P.C.; Gazumyan, A.; Schaefer-Babajew, D.; Avila-Rios, S.; Nogueira, L.;
Patel, R.; et al. Recurrent Potent Human Neutralizing Antibodies to Zika Virus in Brazil and Mexico. Cell 2017, 169, 597–609.
[CrossRef] [PubMed]

https://doi.org/10.1001/jamaneurol.2016.3720
https://doi.org/10.1038/s41591-019-0746-2
https://doi.org/10.1002/ajmg.a.38170
https://doi.org/10.1001/jamapediatrics.2016.3982
https://doi.org/10.1002/uog.15831
https://doi.org/10.1056/NEJMoa1600651
https://doi.org/10.1007/BF01249709
https://www.ncbi.nlm.nih.gov/pubmed/5002906
https://doi.org/10.1212/WNL.0000000000003038
https://www.ncbi.nlm.nih.gov/pubmed/27466468
https://doi.org/10.2807/1560-7917.ES.2016.21.9.30154
https://www.ncbi.nlm.nih.gov/pubmed/26967758
https://doi.org/10.1212/WNL.0000000000002759
https://www.ncbi.nlm.nih.gov/pubmed/27164708
https://doi.org/10.15585/mmwr.mm6534e1
https://doi.org/10.1016/S0140-6736(16)30058-7
https://doi.org/10.1016/S0140-6736(16)00562-6
https://www.ncbi.nlm.nih.gov/pubmed/26948433
https://doi.org/10.1007/s00705-006-0903-z
https://www.ncbi.nlm.nih.gov/pubmed/17195954
https://doi.org/10.1016/j.meegid.2016.05.004
https://www.ncbi.nlm.nih.gov/pubmed/27156653
https://doi.org/10.1038/nrmicro1928
https://www.ncbi.nlm.nih.gov/pubmed/18587411
https://doi.org/10.1016/j.micinf.2010.09.005
https://www.ncbi.nlm.nih.gov/pubmed/20869460
https://doi.org/10.1126/science.aaf5316
https://www.ncbi.nlm.nih.gov/pubmed/27033547
https://doi.org/10.1128/MMBR.00055-16
https://www.ncbi.nlm.nih.gov/pubmed/28179396
https://doi.org/10.1038/nsmb.3352
https://doi.org/10.1016/j.virol.2020.09.001
https://doi.org/10.1038/s44298-023-00004-2
https://doi.org/10.1128/JVI.01348-17
https://www.ncbi.nlm.nih.gov/pubmed/28931684
https://doi.org/10.1016/j.cell.2017.04.024
https://www.ncbi.nlm.nih.gov/pubmed/28475892


Pathogens 2024, 13, 177 15 of 21

43. Sapparapu, G.; Fernandez, E.; Kose, N.; Bin, C.; Fox, J.M.; Bombardi, R.G.; Zhao, H.; Nelson, C.A.; Bryan, A.L.; Barnes, T.; et al.
Neutralizing human antibodies prevent Zika virus replication and fetal disease in mice. Nature 2016, 540, 443–447. [CrossRef]
[PubMed]

44. Stettler, K.; Beltramello, M.; Espinosa, D.A.; Graham, V.; Cassotta, A.; Bianchi, S.; Vanzetta, F.; Minola, A.; Jaconi, S.; Mele, F.;
et al. Specificity, cross-reactivity, and function of antibodies elicited by Zika virus infection. Science 2016, 353, 823–826. [CrossRef]
[PubMed]

45. Zhao, H.; Fernandez, E.; Dowd, K.A.; Speer, S.D.; Platt, D.J.; Gorman, M.J.; Govero, J.; Nelson, C.A.; Pierson, T.C.; Diamond, M.S.;
et al. Structural Basis of Zika Virus-Specific Antibody Protection. Cell 2016, 166, 1016–1027. [CrossRef]

46. Bressanelli, S.; Stiasny, K.; Allison, S.L.; Stura, E.A.; Duquerroy, S.; Lescar, J.; Heinz, F.X.; Rey, F.A. Structure of a flavivirus
envelope glycoprotein in its low-pH-induced membrane fusion conformation. EMBO J. 2004, 23, 728–738. [CrossRef]

47. Modis, Y.; Ogata, S.; Clements, D.; Harrison, S.C. Structure of the dengue virus envelope protein after membrane fusion. Nature
2004, 427, 313–319. [CrossRef]

48. Song, G.Y.; Huang, X.Y.; He, M.J.; Zhou, H.Y.; Li, R.T.; Tian, Y.; Wang, Y.; Cheng, M.L.; Chen, X.; Zhang, R.R.; et al. A single amino
acid substitution in the capsid protein of Zika virus contributes to a neurovirulent phenotype. Nat. Commun. 2023, 14, 6832.
[CrossRef]

49. Zhang, X.; Xie, X.; Xia, H.; Zou, J.; Huang, L.; Popov, V.L.; Chen, X.; Shi, P.Y. Zika Virus NS2A-Mediated Virion Assembly. mBio
2019, 10, e02375-19. [CrossRef]

50. Muller, D.A.; Young, P.R. The flavivirus NS1 protein: Molecular and structural biology, immunology, role in pathogenesis and
application as a diagnostic biomarker. Antivir. Res. 2013, 98, 192–208. [CrossRef]

51. Avirutnan, P.; Fuchs, A.; Hauhart, R.E.; Somnuke, P.; Youn, S.; Diamond, M.S.; Atkinson, J.P. Antagonism of the complement
component C4 by flavivirus nonstructural protein NS1. J. Exp. Med. 2010, 207, 793–806. [CrossRef] [PubMed]

52. Mackenzie, J.M.; Jones, M.K.; Young, P.R. Immunolocalization of the dengue virus nonstructural glycoprotein NS1 suggests a role
in viral RNA replication. Virology 1996, 220, 232–240. [CrossRef] [PubMed]

53. Scaturro, P.; Cortese, M.; Chatel-Chaix, L.; Fischl, W.; Bartenschlager, R. Dengue Virus Non-structural Protein 1 Modulates
Infectious Particle Production via Interaction with the Structural Proteins. PLoS Pathog. 2015, 11, e1005277. [CrossRef]

54. Beatty, P.R.; Puerta-Guardo, H.; Killingbeck, S.S.; Glasner, D.R.; Hopkins, K.; Harris, E. Dengue virus NS1 triggers endothelial
permeability and vascular leak that is prevented by NS1 vaccination. Sci. Transl. Med. 2015, 7, 304ra141. [CrossRef] [PubMed]

55. Klaitong, P.; Smith, D.R. Roles of Non-Structural Protein 4A in Flavivirus Infection. Viruses 2021, 13, 2077. [CrossRef] [PubMed]
56. Ng, W.C.; Soto-Acosta, R.; Bradrick, S.S.; Garcia-Blanco, M.A.; Ooi, E.E. The 5′ and 3′ Untranslated Regions of the Flaviviral

Genome. Viruses 2017, 9, 137. [CrossRef] [PubMed]
57. Macnamara, F.N. Zika virus: A report on three cases of human infection during an epidemic of jaundice in Nigeria. Trans. R. Soc.

Trop. Med. Hyg. 1954, 48, 139–145. [CrossRef]
58. Haddow, A.D.; Schuh, A.J.; Yasuda, C.Y.; Kasper, M.R.; Heang, V.; Huy, R.; Guzman, H.; Tesh, R.B.; Weaver, S.C. Genetic

characterization of Zika virus strains: Geographic expansion of the Asian lineage. PLoS Negl. Trop. Dis. 2012, 6, e1477. [CrossRef]
59. Lowe, R.; Barcellos, C.; Brasil, P.; Cruz, O.G.; Honorio, N.A.; Kuper, H.; Carvalho, M.S. The Zika Virus Epidemic in Brazil: From

Discovery to Future Implications. Int. J. Environ. Res. Public Health 2018, 15, 96. [CrossRef]
60. Netto, E.M.; Moreira-Soto, A.; Pedroso, C.; Hoser, C.; Funk, S.; Kucharski, A.J.; Rockstroh, A.; Kummerer, B.M.; Sampaio, G.S.;

Luz, E.; et al. High Zika Virus Seroprevalence in Salvador, Northeastern Brazil Limits the Potential for Further Outbreaks. mBio
2017, 8, 10–1128. [CrossRef]

61. Hall, V.; Walker, W.L.; Lindsey, N.P.; Lehman, J.A.; Kolsin, J.; Landry, K.; Rabe, I.B.; Hills, S.L.; Fischer, M.; Staples, J.E.; et al.
Update: Noncongenital Zika Virus Disease Cases—50 U.S. States and the District of Columbia, 2016. MMWR Morb. Mortal. Wkly.
Rep. 2018, 67, 265–269. [CrossRef]

62. Grubaugh, N.D.; Ladner, J.T.; Kraemer, M.U.G.; Dudas, G.; Tan, A.L.; Gangavarapu, K.; Wiley, M.R.; White, S.; Theze, J.; Magnani,
D.M.; et al. Genomic epidemiology reveals multiple introductions of Zika virus into the United States. Nature 2017, 546, 401–405.
[CrossRef] [PubMed]

63. Dinh, L.; Chowell, G.; Mizumoto, K.; Nishiura, H. Estimating the subcritical transmissibility of the Zika outbreak in the State of
Florida, USA, 2016. Theor. Biol. Med. Model. 2016, 13, 20. [CrossRef] [PubMed]

64. Castro, L.A.; Fox, S.J.; Chen, X.; Liu, K.; Bellan, S.E.; Dimitrov, N.B.; Galvani, A.P.; Meyers, L.A. Assessing real-time Zika risk in
the United States. BMC Infect Dis 2017, 17, 284. [CrossRef]

65. Hinojosa, S.; Alquiza, A.; Guerrero, C.; Vanegas, D.; Tapangan, N.; Cano, N.; Olivarez, E. Detection of a Locally-Acquired Zika
Virus Outbreak in Hidalgo County, Texas through Increased Antenatal Testing in a High-Risk Area. Trop. Med. Infect. Dis. 2020, 5,
128. [CrossRef]

66. Sharp, T.M.; Quandelacy, T.M.; Adams, L.E.; Aponte, J.T.; Lozier, M.J.; Ryff, K.; Flores, M.; Rivera, A.; Santiago, G.A.; Munoz-
Jordan, J.L.; et al. Epidemiologic and spatiotemporal trends of Zika Virus disease during the 2016 epidemic in Puerto Rico. PLoS
Negl. Trop. Dis. 2020, 14, e0008532. [CrossRef] [PubMed]

67. Halani, S.; Tombindo, P.E.; O’Reilly, R.; Miranda, R.N.; Erdman, L.K.; Whitehead, C.; Bielecki, J.M.; Ramsay, L.; Ximenes, R.; Boyle,
J.; et al. Clinical manifestations and health outcomes associated with Zika virus infections in adults: A systematic review. PLoS
Negl. Trop. Dis. 2021, 15, e0009516. [CrossRef]

https://doi.org/10.1038/nature20564
https://www.ncbi.nlm.nih.gov/pubmed/27819683
https://doi.org/10.1126/science.aaf8505
https://www.ncbi.nlm.nih.gov/pubmed/27417494
https://doi.org/10.1016/j.cell.2016.07.020
https://doi.org/10.1038/sj.emboj.7600064
https://doi.org/10.1038/nature02165
https://doi.org/10.1038/s41467-023-42676-7
https://doi.org/10.1128/mBio.02375-19
https://doi.org/10.1016/j.antiviral.2013.03.008
https://doi.org/10.1084/jem.20092545
https://www.ncbi.nlm.nih.gov/pubmed/20308361
https://doi.org/10.1006/viro.1996.0307
https://www.ncbi.nlm.nih.gov/pubmed/8659120
https://doi.org/10.1371/journal.ppat.1005277
https://doi.org/10.1126/scitranslmed.aaa3787
https://www.ncbi.nlm.nih.gov/pubmed/26355030
https://doi.org/10.3390/v13102077
https://www.ncbi.nlm.nih.gov/pubmed/34696510
https://doi.org/10.3390/v9060137
https://www.ncbi.nlm.nih.gov/pubmed/28587300
https://doi.org/10.1016/0035-9203(54)90006-1
https://doi.org/10.1371/journal.pntd.0001477
https://doi.org/10.3390/ijerph15010096
https://doi.org/10.1128/mBio.01390-17
https://doi.org/10.15585/mmwr.mm6709a1
https://doi.org/10.1038/nature22400
https://www.ncbi.nlm.nih.gov/pubmed/28538723
https://doi.org/10.1186/s12976-016-0046-1
https://www.ncbi.nlm.nih.gov/pubmed/27829439
https://doi.org/10.1186/s12879-017-2394-9
https://doi.org/10.3390/tropicalmed5030128
https://doi.org/10.1371/journal.pntd.0008532
https://www.ncbi.nlm.nih.gov/pubmed/32956416
https://doi.org/10.1371/journal.pntd.0009516


Pathogens 2024, 13, 177 16 of 21

68. de Araujo, T.V.B.; Rodrigues, L.C.; de Alencar Ximenes, R.A.; de Barros Miranda-Filho, D.; Montarroyos, U.R.; de Melo, A.P.L.;
Valongueiro, S.; de Albuquerque, M.; Souza, W.V.; Braga, C.; et al. Association between Zika virus infection and microcephaly in
Brazil, January to May, 2016: Preliminary report of a case-control study. Lancet Infect. Dis. 2016, 16, 1356–1363. [CrossRef]

69. Rossi, A.D.; Faucz, F.R.; Melo, A.; Pezzuto, P.; de Azevedo, G.S.; Schamber-Reis, B.L.F.; Tavares, J.S.; Mattapallil, J.J.; Tanuri, A.;
Aguiar, R.S.; et al. Variations in maternal adenylate cyclase genes are associated with congenital Zika syndrome in a cohort from
Northeast, Brazil. J. Intern Med. 2019, 285, 215–222. [CrossRef]

70. Pomar, L.; Vouga, M.; Lambert, V.; Pomar, C.; Hcini, N.; Jolivet, A.; Benoist, G.; Rousset, D.; Matheus, S.; Malinger, G.; et al.
Maternal-fetal transmission and adverse perinatal outcomes in pregnant women infected with Zika virus: Prospective cohort
study in French Guiana. BMJ 2018, 363, k4431. [CrossRef]

71. Oliveira, D.; Miranda-Filho, D.B.; Ximenes, R.A.A.; Montarroyos, U.R.; Martelli, C.M.T.; Brickley, E.B.; Gouveia, M.C.L.; Ramos,
R.C.; Rocha, M.A.W.; Araujo, T.V.B.; et al. Comparison of Oropharyngeal Dysphagia in Brazilian Children with Prenatal Exposure
to Zika Virus, With and Without Microcephaly. Dysphagia 2021, 36, 583–594. [CrossRef]

72. Carvalho, M.; Ximenes, R.A.A.; Montarroyos, U.R.; da Silva, P.F.S.; Andrade-Valenca, L.P.A.; Eickmann, S.H.; Ramos, R.C.; Rocha,
M.A.W.; de Araujo, T.V.B.; de Albuquerque, M.; et al. Early epilepsy in children with Zika-related microcephaly in a cohort in
Recife, Brazil: Characteristics, electroencephalographic findings, and treatment response. Epilepsia 2020, 61, 509–518. [CrossRef]

73. Quiliao, M.E.; Venancio, F.A.; Mareto, L.K.; Metzker, S.A.; Nascimento, A.I.D.; Vitorelli-Venancio, D.C.; Santos-Pinto, C.D.B.;
de Oliveira, E.F. Neurological Development, Epilepsy, and the Pharmacotherapy Approach in Children with Congenital Zika
Syndrome: Results from a Two-Year Follow-up Study. Viruses 2020, 12, 1083. [CrossRef]

74. Driggers, R.W.; Ho, C.Y.; Korhonen, E.M.; Kuivanen, S.; Jaaskelainen, A.J.; Smura, T.; Rosenberg, A.; Hill, D.A.; DeBiasi, R.L.;
Vezina, G.; et al. Zika Virus Infection with Prolonged Maternal Viremia and Fetal Brain Abnormalities. N. Engl. J. Med. 2016, 374,
2142–2151. [CrossRef]

75. Meaney-Delman, D.; Hills, S.L.; Williams, C.; Galang, R.R.; Iyengar, P.; Hennenfent, A.K.; Rabe, I.B.; Panella, A.; Oduyebo, T.;
Honein, M.A.; et al. Zika Virus Infection Among U.S. Pregnant Travelers—August 2015–February 2016. Morb. Mortal. Wkly. Rep.
2016, 65, 211–214. [CrossRef]

76. Rasmussen, S.A.; Jamieson, D.J. Teratogen update: Zika virus and pregnancy. Birth Defects. Res. 2020, 112, 1139–1149. [CrossRef]
77. Honein, M.A.; Dawson, A.L.; Petersen, E.E.; Jones, A.M.; Lee, E.H.; Yazdy, M.M.; Ahmad, N.; Macdonald, J.; Evert, N.; Bingham,

A.; et al. Birth Defects Among Fetuses and Infants of US Women with Evidence of Possible Zika Virus Infection During Pregnancy.
JAMA 2017, 317, 59–68. [CrossRef]

78. Paixao, E.S.; Cardim, L.L.; Costa, M.C.N.; Brickley, E.B.; de Carvalho-Sauer, R.C.O.; Carmo, E.H.; Andrade, R.F.S.; Rodrigues,
M.S.; Veiga, R.V.; Costa, L.C.; et al. Mortality from Congenital Zika Syndrome—Nationwide Cohort Study in Brazil. N. Engl. J.
Med. 2022, 386, 757–767. [CrossRef] [PubMed]

79. Panchaud, A.; Stojanov, M.; Ammerdorffer, A.; Vouga, M.; Baud, D. Emerging Role of Zika Virus in Adverse Fetal and Neonatal
Outcomes. Clin. Microbiol. Rev. 2016, 29, 659–694. [CrossRef] [PubMed]

80. MC, N.C.; Cardim, L.L.; Teixeira, M.G.; Barreto, M.L.; Carvalho-Sauer, R.C.O.; Barreto, F.R.; Carvalho, M.S.I.; Oliveira, W.K.;
Franca, G.V.A.; Carmo, E.H.; et al. Case Fatality Rate Related to Microcephaly Congenital Zika Syndrome and Associated Factors:
A Nationwide Retrospective Study in Brazil dagger. Viruses 2020, 12, 1228. [CrossRef]

81. Yuki, N.; Hartung, H.P. Guillain-Barre syndrome. N. Engl. J. Med. 2012, 366, 2294–2304. [CrossRef]
82. Willison, H.J.; Jacobs, B.C.; van Doorn, P.A. Guillain-Barre syndrome. Lancet 2016, 388, 717–727. [CrossRef]
83. Petersen, L.R.; Jamieson, D.J.; Honein, M.A. Zika Virus. N. Engl. J. Med. 2016, 375, 294–295. [CrossRef]
84. Mecharles, S.; Herrmann, C.; Poullain, P.; Tran, T.H.; Deschamps, N.; Mathon, G.; Landais, A.; Breurec, S.; Lannuzel, A. Acute

myelitis due to Zika virus infection. Lancet 2016, 387, 1481. [CrossRef]
85. Carteaux, G.; Maquart, M.; Bedet, A.; Contou, D.; Brugieres, P.; Fourati, S.; Cleret de Langavant, L.; de Broucker, T.; Brun-Buisson,

C.; Leparc-Goffart, I.; et al. Zika Virus Associated with Meningoencephalitis. N. Engl. J. Med. 2016, 374, 1595–1596. [CrossRef]
[PubMed]

86. Nicastri, E.; Castilletti, C.; Balestra, P.; Galgani, S.; Ippolito, G. Zika Virus Infection in the Central Nervous System and Female
Genital Tract. Emerg. Infect. Dis. 2016, 22, 2228–2230. [CrossRef] [PubMed]

87. Soares, C.N.; Brasil, P.; Carrera, R.M.; Sequeira, P.; de Filippis, A.B.; Borges, V.A.; Theophilo, F.; Ellul, M.A.; Solomon, T. Fatal
encephalitis associated with Zika virus infection in an adult. J. Clin. Virol 2016, 83, 63–65. [CrossRef] [PubMed]

88. Yuan, L.; Huang, X.Y.; Liu, Z.Y.; Zhang, F.; Zhu, X.L.; Yu, J.Y.; Ji, X.; Xu, Y.P.; Li, G.; Li, C.; et al. A single mutation in the prM
protein of Zika virus contributes to fetal microcephaly. Science 2017, 358, 933–936. [CrossRef] [PubMed]

89. Liu, Y.; Liu, J.; Du, S.; Shan, C.; Nie, K.; Zhang, R.; Li, X.F.; Zhang, R.; Wang, T.; Qin, C.F.; et al. Evolutionary enhancement of Zika
virus infectivity in Aedes aegypti mosquitoes. Nature 2017, 545, 482–486. [CrossRef]

90. Shan, C.; Xia, H.; Haller, S.L.; Azar, S.R.; Liu, Y.; Liu, J.; Muruato, A.E.; Chen, R.; Rossi, S.L.; Wakamiya, M.; et al. A Zika virus
envelope mutation preceding the 2015 epidemic enhances virulence and fitness for transmission. Proc. Natl. Acad. Sci. USA 2020,
117, 20190–20197. [CrossRef]

91. Wongsurawat, T.; Athipanyasilp, N.; Jenjaroenpun, P.; Jun, S.R.; Kaewnapan, B.; Wassenaar, T.M.; Leelahakorn, N.; Angkasekwinai,
N.; Kantakamalakul, W.; Ussery, D.W.; et al. Case of Microcephaly after Congenital Infection with Asian Lineage Zika Virus,
Thailand. Emerg. Infect. Dis. 2018, 24, 1758–1761. [CrossRef]

https://doi.org/10.1016/S1473-3099(16)30318-8
https://doi.org/10.1111/joim.12829
https://doi.org/10.1136/bmj.k4431
https://doi.org/10.1007/s00455-020-10173-4
https://doi.org/10.1111/epi.16444
https://doi.org/10.3390/v12101083
https://doi.org/10.1056/NEJMoa1601824
https://doi.org/10.15585/mmwr.mm6508e1
https://doi.org/10.1002/bdr2.1781
https://doi.org/10.1001/jama.2016.19006
https://doi.org/10.1056/NEJMoa2101195
https://www.ncbi.nlm.nih.gov/pubmed/35196428
https://doi.org/10.1128/CMR.00014-16
https://www.ncbi.nlm.nih.gov/pubmed/27281741
https://doi.org/10.3390/v12111228
https://doi.org/10.1056/NEJMra1114525
https://doi.org/10.1016/S0140-6736(16)00339-1
https://doi.org/10.1056/NEJMra1602113
https://doi.org/10.1016/S0140-6736(16)00644-9
https://doi.org/10.1056/NEJMc1602964
https://www.ncbi.nlm.nih.gov/pubmed/26958738
https://doi.org/10.3201/eid2212.161280
https://www.ncbi.nlm.nih.gov/pubmed/27617352
https://doi.org/10.1016/j.jcv.2016.08.297
https://www.ncbi.nlm.nih.gov/pubmed/27598870
https://doi.org/10.1126/science.aam7120
https://www.ncbi.nlm.nih.gov/pubmed/28971967
https://doi.org/10.1038/nature22365
https://doi.org/10.1073/pnas.2005722117
https://doi.org/10.3201/eid2409.180416


Pathogens 2024, 13, 177 17 of 21

92. Crooks, C.M.; Weiler, A.M.; Rybarczyk, S.L.; Bliss, M.; Jaeger, A.S.; Murphy, M.E.; Simmons, H.A.; Mejia, A.; Fritsch, M.K.; Hayes,
J.M.; et al. African-Lineage Zika Virus Replication Dynamics and Maternal-Fetal Interface Infection in Pregnant Rhesus Macaques.
J. Virol. 2021, 95, e0222020. [CrossRef] [PubMed]

93. Duggal, N.K.; Ritter, J.M.; McDonald, E.M.; Romo, H.; Guirakhoo, F.; Davis, B.S.; Chang, G.J.; Brault, A.C. Differential Neuroviru-
lence of African and Asian Genotype Zika Virus Isolates in Outbred Immunocompetent Mice. Am. J. Trop. Med. Hyg. 2017, 97,
1410–1417. [CrossRef] [PubMed]

94. Liu, Z.Y.; Shi, W.F.; Qin, C.F. The evolution of Zika virus from Asia to the Americas. Nat. Rev. Microbiol. 2019, 17, 131–139.
[CrossRef]

95. Tripathi, S.; Balasubramaniam, V.R.; Brown, J.A.; Mena, I.; Grant, A.; Bardina, S.V.; Maringer, K.; Schwarz, M.C.; Maestre,
A.M.; Sourisseau, M.; et al. A novel Zika virus mouse model reveals strain specific differences in virus pathogenesis and host
inflammatory immune responses. PLoS Pathog. 2017, 13, e1006258. [CrossRef]

96. Dowall, S.D.; Graham, V.A.; Rayner, E.; Atkinson, B.; Hall, G.; Watson, R.J.; Bosworth, A.; Bonney, L.C.; Kitchen, S.; Hewson, R. A
Susceptible Mouse Model for Zika Virus Infection. PLoS Negl. Trop. Dis. 2016, 10, e0004658. [CrossRef]

97. Rossi, S.L.; Tesh, R.B.; Azar, S.R.; Muruato, A.E.; Hanley, K.A.; Auguste, A.J.; Langsjoen, R.M.; Paessler, S.; Vasilakis, N.; Weaver,
S.C. Characterization of a Novel Murine Model to Study Zika Virus. Am. J. Trop. Med. Hyg. 2016, 94, 1362–1369. [CrossRef]
[PubMed]

98. Aliota, M.T.; Caine, E.A.; Walker, E.C.; Larkin, K.E.; Camacho, E.; Osorio, J.E. Characterization of Lethal Zika Virus Infection in
AG129 Mice. PLoS Negl. Trop. Dis. 2016, 10, e0004682. [CrossRef]

99. Smith, D.R.; Hollidge, B.; Daye, S.; Zeng, X.; Blancett, C.; Kuszpit, K.; Bocan, T.; Koehler, J.W.; Coyne, S.; Minogue, T.; et al.
Neuropathogenesis of Zika Virus in a Highly Susceptible Immunocompetent Mouse Model after Antibody Blockade of Type I
Interferon. PLoS Negl. Trop. Dis. 2017, 11, e0005296. [CrossRef] [PubMed]

100. Bulstrode, H.; Girdler, G.C.; Gracia, T.; Aivazidis, A.; Moutsopoulos, I.; Young, A.M.H.; Hancock, J.; He, X.; Ridley, K.; Xu, Z.; et al.
Myeloid cell interferon secretion restricts Zika flavivirus infection of developing and malignant human neural progenitor cells.
Neuron 2022, 110, 3936–3951 e3910. [CrossRef]

101. da Silva, M.H.M.; Moises, R.N.C.; Alves, B.E.B.; Pereira, H.W.B.; de Paiva, A.A.P.; Morais, I.C.; Nascimento, Y.M.; Monteiro, J.D.;
de Souto, J.T.; Nascimento, M.S.L.; et al. Innate immune response in patients with acute Zika virus infection. Med. Microbiol.
Immunol. 2019, 208, 703–714. [CrossRef]

102. Lum, F.M.; Lye, D.C.B.; Tan, J.J.L.; Lee, B.; Chia, P.Y.; Chua, T.K.; Amrun, S.N.; Kam, Y.W.; Yee, W.X.; Ling, W.P.; et al. Longitudinal
Study of Cellular and Systemic Cytokine Signatures to Define the Dynamics of a Balanced Immune Environment During Disease
Manifestation in Zika Virus-Infected Patients. J. Infect. Dis. 2018, 218, 814–824. [CrossRef]

103. Kam, Y.W.; Leite, J.A.; Lum, F.M.; Tan, J.J.L.; Lee, B.; Judice, C.C.; Teixeira, D.A.T.; Andreata-Santos, R.; Vinolo, M.A.; Angerami, R.;
et al. Specific Biomarkers Associated With Neurological Complications and Congenital Central Nervous System Abnormalities
From Zika Virus-Infected Patients in Brazil. J. Infect. Dis. 2017, 216, 172–181. [CrossRef]

104. Hayashida, E.; Ling, Z.L.; Ashhurst, T.M.; Viengkhou, B.; Jung, S.R.; Songkhunawej, P.; West, P.K.; King, N.J.C.; Hofer, M.J.
Zika virus encephalitis in immunocompetent mice is dominated by innate immune cells and does not require T or B cells. J.
Neuroinflamm. 2019, 16, 177. [CrossRef]

105. Kato, H.; Takeuchi, O.; Mikamo-Satoh, E.; Hirai, R.; Kawai, T.; Matsushita, K.; Hiiragi, A.; Dermody, T.S.; Fujita, T.; Akira, S. Length-
dependent recognition of double-stranded ribonucleic acids by retinoic acid-inducible gene-I and melanoma differentiation-
associated gene 5. J. Exp. Med. 2008, 205, 1601–1610. [CrossRef] [PubMed]

106. Plociennikowska, A.; Frankish, J.; Moraes, T.; Del Prete, D.; Kahnt, F.; Acuna, C.; Slezak, M.; Binder, M.; Bartenschlager, R.
TLR3 activation by Zika virus stimulates inflammatory cytokine production which dampens the antiviral response induced by
RIG-I-like receptors. J. Virol. 2021, 95, 10–128. [CrossRef] [PubMed]

107. Dang, J.; Tiwari, S.K.; Lichinchi, G.; Qin, Y.; Patil, V.S.; Eroshkin, A.M.; Rana, T.M. Zika Virus Depletes Neural Progenitors in
Human Cerebral Organoids through Activation of the Innate Immune Receptor TLR3. Cell Stem Cell 2016, 19, 258–265. [CrossRef]
[PubMed]

108. Ojha, C.R.; Rodriguez, M.; Karuppan, M.K.M.; Lapierre, J.; Kashanchi, F.; El-Hage, N. Toll-like receptor 3 regulates Zika virus
infection and associated host inflammatory response in primary human astrocytes. PLoS ONE 2019, 14, e0208543. [CrossRef]

109. Jiyarom, B.; Giannakopoulos, S.; Strange, D.P.; Panova, N.; Gale, M., Jr.; Verma, S. RIG-I and MDA5 are modulated by bone
morphogenetic protein (BMP6) and are essential for restricting Zika virus infection in human Sertoli cells. Front. Microbiol. 2022,
13, 1062499. [CrossRef]

110. Hu, Y.; Dong, X.; He, Z.; Wu, Y.; Zhang, S.; Lin, J.; Yang, Y.; Chen, J.; An, S.; Yin, Y.; et al. Zika virus antagonizes interferon
response in patients and disrupts RIG-I-MAVS interaction through its CARD-TM domains. Cell Biosci. 2019, 9, 46. [CrossRef]

111. Riedl, W.; Acharya, D.; Lee, J.H.; Liu, G.; Serman, T.; Chiang, C.; Chan, Y.K.; Diamond, M.S.; Gack, M.U. Zika Virus NS3 Mimics a
Cellular 14-3-3-Binding Motif to Antagonize RIG-I- and MDA5-Mediated Innate Immunity. Cell Host Microbe 2019, 26, 493–503
e496. [CrossRef]

112. Wang, W.; Li, G.; De, W.; Luo, Z.; Pan, P.; Tian, M.; Wang, Y.; Xiao, F.; Li, A.; Wu, K.; et al. Zika virus infection induces host
inflammatory responses by facilitating NLRP3 inflammasome assembly and interleukin-1beta secretion. Nat. Commun. 2018, 9,
106. [CrossRef]

https://doi.org/10.1128/JVI.02220-20
https://www.ncbi.nlm.nih.gov/pubmed/34076485
https://doi.org/10.4269/ajtmh.17-0263
https://www.ncbi.nlm.nih.gov/pubmed/28820694
https://doi.org/10.1038/s41579-018-0134-9
https://doi.org/10.1371/journal.ppat.1006258
https://doi.org/10.1371/journal.pntd.0004658
https://doi.org/10.4269/ajtmh.16-0111
https://www.ncbi.nlm.nih.gov/pubmed/27022155
https://doi.org/10.1371/journal.pntd.0004682
https://doi.org/10.1371/journal.pntd.0005296
https://www.ncbi.nlm.nih.gov/pubmed/28068342
https://doi.org/10.1016/j.neuron.2022.09.002
https://doi.org/10.1007/s00430-019-00588-8
https://doi.org/10.1093/infdis/jiy225
https://doi.org/10.1093/infdis/jix261
https://doi.org/10.1186/s12974-019-1566-5
https://doi.org/10.1084/jem.20080091
https://www.ncbi.nlm.nih.gov/pubmed/18591409
https://doi.org/10.1128/JVI.01050-20
https://www.ncbi.nlm.nih.gov/pubmed/33658344
https://doi.org/10.1016/j.stem.2016.04.014
https://www.ncbi.nlm.nih.gov/pubmed/27162029
https://doi.org/10.1371/journal.pone.0208543
https://doi.org/10.3389/fmicb.2022.1062499
https://doi.org/10.1186/s13578-019-0308-9
https://doi.org/10.1016/j.chom.2019.09.012
https://doi.org/10.1038/s41467-017-02645-3


Pathogens 2024, 13, 177 18 of 21

113. He, Z.; Chen, J.; Zhu, X.; An, S.; Dong, X.; Yu, J.; Zhang, S.; Wu, Y.; Li, G.; Zhang, Y.; et al. NLRP3 Inflammasome Activation
Mediates Zika Virus-Associated Inflammation. J. Infect. Dis. 2018, 217, 1942–1951. [CrossRef]

114. Gim, E.; Shim, D.W.; Hwang, I.; Shin, O.S.; Yu, J.W. Zika Virus Impairs Host NLRP3-mediated Inflammasome Activation in an
NS3-dependent Manner. Immune Netw. 2019, 19, e40. [CrossRef]

115. Liu, S.; Cai, X.; Wu, J.; Cong, Q.; Chen, X.; Li, T.; Du, F.; Ren, J.; Wu, Y.T.; Grishin, N.V.; et al. Phosphorylation of innate immune
adaptor proteins MAVS, STING, and TRIF induces IRF3 activation. Science 2015, 347, aaa2630. [CrossRef]

116. Lazear, H.M.; Govero, J.; Smith, A.M.; Platt, D.J.; Fernandez, E.; Miner, J.J.; Diamond, M.S. A Mouse Model of Zika Virus
Pathogenesis. Cell Host Microbe 2016, 19, 720–730. [CrossRef]

117. Ngueyen, T.T.N.; Kim, S.J.; Lee, J.Y.; Myoung, J. Zika Virus Proteins NS2A and NS4A Are Major Antagonists that Reduce IFN-beta
Promoter Activity Induced by the MDA5/RIG-I Signaling Pathway. J. Microbiol. Biotechnol. 2019, 29, 1665–1674. [CrossRef]
[PubMed]

118. Kumar, A.; Hou, S.; Airo, A.M.; Limonta, D.; Mancinelli, V.; Branton, W.; Power, C.; Hobman, T.C. Zika virus inhibits type-I
interferon production and downstream signaling. EMBO Rep. 2016, 17, 1766–1775. [CrossRef] [PubMed]

119. Mazewski, C.; Perez, R.E.; Fish, E.N.; Platanias, L.C. Type I Interferon (IFN)-Regulated Activation of Canonical and Non-Canonical
Signaling Pathways. Front. Immunol. 2020, 11, 606456. [CrossRef] [PubMed]

120. Wang, Y.; Ren, K.; Li, S.; Yang, C.; Chen, L. Interferon stimulated gene 15 promotes Zika virus replication through regulating
Jak/STAT and ISGylation pathways. Virus Res. 2020, 287, 198087. [CrossRef] [PubMed]

121. Shu, J.; Ma, X.; Zhang, Y.; Zou, J.; Yuan, Z.; Yi, Z. NS5-independent Ablation of STAT2 by Zika virus to antagonize interferon
signalling. Emerg. Microbes Infect. 2021, 10, 1609–1625. [CrossRef]

122. Wang, B.; Thurmond, S.; Zhou, K.; Sanchez-Aparicio, M.T.; Fang, J.; Lu, J.; Gao, L.; Ren, W.; Cui, Y.; Veit, E.C.; et al. Structural
basis for STAT2 suppression by flavivirus NS5. Nat. Struct. Mol. Biol. 2020, 27, 875–885. [CrossRef] [PubMed]

123. Shu, J.; Ma, X.; Zou, J.; Yuan, Z.; Yi, Z. Zika virus infection triggers caspase cleavage of STAT1. Microbiol. Spectr. 2023, 12,
e03609-23. [CrossRef] [PubMed]

124. Xia, H.; Luo, H.; Shan, C.; Muruato, A.E.; Nunes, B.T.D.; Medeiros, D.B.A.; Zou, J.; Xie, X.; Giraldo, M.I.; Vasconcelos, P.F.C.; et al.
An evolutionary NS1 mutation enhances Zika virus evasion of host interferon induction. Nat. Commun. 2018, 9, 414. [CrossRef]
[PubMed]

125. Osuna, C.E.; Lim, S.Y.; Deleage, C.; Griffin, B.D.; Stein, D.; Schroeder, L.T.; Omange, R.W.; Best, K.; Luo, M.; Hraber, P.T.; et al.
Zika viral dynamics and shedding in rhesus and cynomolgus macaques. Nat. Med. 2016, 22, 1448–1455. [CrossRef] [PubMed]

126. Sen Santara, S.; Crespo, A.C.; Mulik, S.; Ovies, C.; Boulenouar, S.; Strominger, J.L.; Lieberman, J. Decidual NK cells kill Zika
virus-infected trophoblasts. Proc. Natl. Acad. Sci. USA 2021, 118, e2115410118. [CrossRef]

127. Dudley, D.M.; Aliota, M.T.; Mohr, E.L.; Weiler, A.M.; Lehrer-Brey, G.; Weisgrau, K.L.; Mohns, M.S.; Breitbach, M.E.; Rasheed, M.N.;
Newman, C.M.; et al. A rhesus macaque model of Asian-lineage Zika virus infection. Nat. Commun. 2016, 7, 12204. [CrossRef]

128. Maucourant, C.; Nonato Queiroz, G.A.; Corneau, A.; Leandro Gois, L.; Meghraoui-Kheddar, A.; Tarantino, N.; Bandeira, A.C.;
Samri, A.; Blanc, C.; Yssel, H.; et al. NK Cell Responses in Zika Virus Infection Are Biased towards Cytokine-Mediated Effector
Functions. J. Immunol. 2021, 207, 1333–1343. [CrossRef]

129. Lum, F.M.; Lee, D.; Chua, T.K.; Tan, J.J.L.; Lee, C.Y.P.; Liu, X.; Fang, Y.; Lee, B.; Yee, W.X.; Rickett, N.Y.; et al. Zika Virus Infection
Preferentially Counterbalances Human Peripheral Monocyte and/or NK Cell Activity. mSphere 2018, 3, e00120-18. [CrossRef]

130. Glasner, A.; Oiknine-Djian, E.; Weisblum, Y.; Diab, M.; Panet, A.; Wolf, D.G.; Mandelboim, O. Zika Virus Escapes NK Cell
Detection by Upregulating Major Histocompatibility Complex Class I Molecules. J. Virol. 2017, 91, e00785-17. [CrossRef]

131. Pardy, R.D.; Rajah, M.M.; Condotta, S.A.; Taylor, N.G.; Sagan, S.M.; Richer, M.J. Analysis of the T Cell Response to Zika Virus and
Identification of a Novel CD8+ T Cell Epitope in Immunocompetent Mice. PLoS Pathog. 2017, 13, e1006184. [CrossRef]

132. Joshi, N.S.; Cui, W.; Chandele, A.; Lee, H.K.; Urso, D.R.; Hagman, J.; Gapin, L.; Kaech, S.M. Inflammation directs memory
precursor and short-lived effector CD8(+) T cell fates via the graded expression of T-bet transcription factor. Immunity 2007, 27,
281–295. [CrossRef]

133. Nazerai, L.; Scholler, A.S.; Rasmussen, P.O.S.; Buus, S.; Stryhn, A.; Christensen, J.P.; Thomsen, A.R. A New In Vivo Model to
Study Protective Immunity to Zika Virus Infection in Mice With Intact Type I Interferon Signaling. Front. Immunol. 2018, 9, 593.
[CrossRef]

134. Hassert, M.; Harris, M.G.; Brien, J.D.; Pinto, A.K. Identification of Protective CD8 T Cell Responses in a Mouse Model of Zika
Virus Infection. Front. Immunol. 2019, 10, 1678. [CrossRef]

135. Elong Ngono, A.; Syed, T.; Nguyen, A.V.; Regla-Nava, J.A.; Susantono, M.; Spasova, D.; Aguilar, A.; West, M.; Sparks, J.; Gonzalez,
A.; et al. CD8(+) T cells mediate protection against Zika virus induced by an NS3-based vaccine. Sci. Adv. 2020, 6, eabb2154.
[CrossRef]

136. Elong Ngono, A.; Vizcarra, E.A.; Tang, W.W.; Sheets, N.; Joo, Y.; Kim, K.; Gorman, M.J.; Diamond, M.S.; Shresta, S. Mapping and
Role of the CD8(+) T Cell Response During Primary Zika Virus Infection in Mice. Cell Host Microbe 2017, 21, 35–46. [CrossRef]

137. Scott, J.M.; Lebratti, T.J.; Richner, J.M.; Jiang, X.; Fernandez, E.; Zhao, H.; Fremont, D.H.; Diamond, M.S.; Shin, H. Cellular and
Humoral Immunity Protect against Vaginal Zika Virus Infection in Mice. J. Virol. 2018, 92, 10–128. [CrossRef]

138. Huang, H.; Li, S.; Zhang, Y.; Han, X.; Jia, B.; Liu, H.; Liu, D.; Tan, S.; Wang, Q.; Bi, Y.; et al. CD8(+) T Cell Immune Response in
Immunocompetent Mice during Zika Virus Infection. J. Virol. 2017, 91, e00900-17. [CrossRef] [PubMed]

https://doi.org/10.1093/infdis/jiy129
https://doi.org/10.4110/in.2019.19.e40
https://doi.org/10.1126/science.aaa2630
https://doi.org/10.1016/j.chom.2016.03.010
https://doi.org/10.4014/jmb.1909.09017
https://www.ncbi.nlm.nih.gov/pubmed/31581385
https://doi.org/10.15252/embr.201642627
https://www.ncbi.nlm.nih.gov/pubmed/27797853
https://doi.org/10.3389/fimmu.2020.606456
https://www.ncbi.nlm.nih.gov/pubmed/33329603
https://doi.org/10.1016/j.virusres.2020.198087
https://www.ncbi.nlm.nih.gov/pubmed/32738280
https://doi.org/10.1080/22221751.2021.1964384
https://doi.org/10.1038/s41594-020-0472-y
https://www.ncbi.nlm.nih.gov/pubmed/32778820
https://doi.org/10.1128/spectrum.03609-23
https://www.ncbi.nlm.nih.gov/pubmed/38018976
https://doi.org/10.1038/s41467-017-02816-2
https://www.ncbi.nlm.nih.gov/pubmed/29379028
https://doi.org/10.1038/nm.4206
https://www.ncbi.nlm.nih.gov/pubmed/27694931
https://doi.org/10.1073/pnas.2115410118
https://doi.org/10.1038/ncomms12204
https://doi.org/10.4049/jimmunol.2001180
https://doi.org/10.1128/mSphereDirect.00120-18
https://doi.org/10.1128/JVI.00785-17
https://doi.org/10.1371/journal.ppat.1006184
https://doi.org/10.1016/j.immuni.2007.07.010
https://doi.org/10.3389/fimmu.2018.00593
https://doi.org/10.3389/fimmu.2019.01678
https://doi.org/10.1126/sciadv.abb2154
https://doi.org/10.1016/j.chom.2016.12.010
https://doi.org/10.1128/JVI.00038-18
https://doi.org/10.1128/JVI.00900-17
https://www.ncbi.nlm.nih.gov/pubmed/28835502


Pathogens 2024, 13, 177 19 of 21

139. Schouest, B.; Fahlberg, M.; Scheef, E.A.; Ward, M.J.; Headrick, K.; Szeltner, D.M.; Blair, R.V.; Gilbert, M.H.; Doyle-Meyers, L.A.;
Danner, V.W.; et al. Immune outcomes of Zika virus infection in nonhuman primates. Sci. Rep. 2020, 10, 13069. [CrossRef]
[PubMed]

140. Elong Ngono, A.; Young, M.P.; Bunz, M.; Xu, Z.; Hattakam, S.; Vizcarra, E.; Regla-Nava, J.A.; Tang, W.W.; Yamabhai, M.; Wen, J.;
et al. CD4+ T cells promote humoral immunity and viral control during Zika virus infection. PLoS Pathog. 2019, 15, e1007474.
[CrossRef]

141. Hassert, M.; Wolf, K.J.; Schwetye, K.E.; DiPaolo, R.J.; Brien, J.D.; Pinto, A.K. CD4+T cells mediate protection against Zika
associated severe disease in a mouse model of infection. PLoS Pathog. 2018, 14, e1007237. [CrossRef]

142. Lucas, C.G.O.; Kitoko, J.Z.; Ferreira, F.M.; Suzart, V.G.; Papa, M.P.; Coelho, S.V.A.; Cavazzoni, C.B.; Paula-Neto, H.A.; Olsen, P.C.;
Iwasaki, A.; et al. Critical role of CD4(+) T cells and IFNgamma signaling in antibody-mediated resistance to Zika virus infection.
Nat. Commun. 2018, 9, 3136. [CrossRef] [PubMed]

143. Zhao, L.Z.; Hong, W.X.; Wang, J.; Yu, L.; Hu, F.Y.; Qiu, S.; Yin, C.B.; Tang, X.P.; Zhang, L.Q.; Jin, X.; et al. Kinetics of antigen-specific
IgM/IgG/IgA antibody responses during Zika virus natural infection in two patients. J. Med. Virol. 2019, 91, 872–876. [CrossRef]

144. Ravichandran, S.; Hahn, M.; Belaunzaran-Zamudio, P.F.; Ramos-Castaneda, J.; Najera-Cancino, G.; Caballero-Sosa, S.; Navarro-
Fuentes, K.R.; Ruiz-Palacios, G.; Golding, H.; Beigel, J.H.; et al. Differential human antibody repertoires following Zika infection
and the implications for serodiagnostics and disease outcome. Nat. Commun. 2019, 10, 1943. [CrossRef] [PubMed]

145. Magnani, D.M.; Rogers, T.F.; Beutler, N.; Ricciardi, M.J.; Bailey, V.K.; Gonzalez-Nieto, L.; Briney, B.; Sok, D.; Le, K.; Strubel, A.;
et al. Neutralizing human monoclonal antibodies prevent Zika virus infection in macaques. Sci. Transl. Med. 2017, 9, eaan8184.
[CrossRef] [PubMed]

146. Sankhala, R.S.; Dussupt, V.; Donofrio, G.; Gromowski, G.D.; De La Barrera, R.A.; Larocca, R.A.; Mendez-Rivera, L.; Lee, A.; Choe,
M.; Zaky, W.; et al. Zika-specific neutralizing antibodies targeting inter-dimer envelope epitopes. Cell Rep. 2023, 42, 112942.
[CrossRef] [PubMed]

147. Wang, J.; Bardelli, M.; Espinosa, D.A.; Pedotti, M.; Ng, T.S.; Bianchi, S.; Simonelli, L.; Lim, E.X.Y.; Foglierini, M.; Zatta, F.; et al.
A Human Bi-specific Antibody against Zika Virus with High Therapeutic Potential. Cell 2017, 171, 229–241.e215. [CrossRef]
[PubMed]

148. Kim, I.J.; Lanthier, P.A.; Clark, M.J.; De La Barrera, R.A.; Tighe, M.P.; Szaba, F.M.; Travis, K.L.; Low-Beer, T.C.; Cookenham, T.S.;
Lanzer, K.G.; et al. Efficacy of an inactivated Zika vaccine against virus infection during pregnancy in mice and marmosets. NPJ
Vaccines 2022, 7, 9. [CrossRef] [PubMed]

149. George, J.; Valiant, W.G.; Mattapallil, M.J.; Walker, M.; Huang, Y.S.; Vanlandingham, D.L.; Misamore, J.; Greenhouse, J.; Weiss,
D.E.; Verthelyi, D.; et al. Prior Exposure to Zika Virus Significantly Enhances Peak Dengue-2 Viremia in Rhesus Macaques. Sci.
Rep. 2017, 7, 10498. [CrossRef]

150. Valiant, W.G.; Mattapallil, M.J.; Higgs, S.; Huang, Y.S.; Vanlandingham, D.L.; Lewis, M.G.; Mattapallil, J.J. Simultaneous
Coinfection of Macaques with Zika and Dengue Viruses Does not Enhance Acute Plasma Viremia but Leads to Activation of
Monocyte Subsets and Biphasic Release of Pro-inflammatory Cytokines. Sci. Rep. 2019, 9, 7877. [CrossRef]

151. Valiant, W.G.; Lalani, T.; Yun, H.C.; Kunz, A.; Burgess, T.H.; Mattapallil, J.J. Human Serum With High Neutralizing Antibody
Titers Against Both Zika and Dengue Virus Shows Delayed In Vitro Antibody-Dependent Enhancement of Dengue Virus Infection.
Open Forum. Infect. Dis. 2018, 5, ofy151. [CrossRef] [PubMed]

152. Valiant, W.G.; Huang, Y.S.; Vanlandingham, D.L.; Higgs, S.; Lewis, M.G.; Mattapallil, J.J. Zika convalescent macaques display
delayed induction of anamnestic cross-neutralizing antibody responses after dengue infection. Emerg. Microbes Infect. 2018, 7, 130.
[CrossRef] [PubMed]

153. Valiant, W.G.; Mattapallil, J.J. A Simple Flow Cytometry Based Assay to Determine In Vitro Antibody Dependent Enhancement
of Dengue Virus Using Zika Virus Convalescent Serum. J. Vis. Exp. 2018, 10, e57371. [CrossRef]

154. Fowler, A.M.; Tang, W.W.; Young, M.P.; Mamidi, A.; Viramontes, K.M.; McCauley, M.D.; Carlin, A.F.; Schooley, R.T.; Swanstrom,
J.; Baric, R.S.; et al. Maternally Acquired Zika Antibodies Enhance Dengue Disease Severity in Mice. Cell Host Microbe 2018, 24,
743–750 e745. [CrossRef] [PubMed]

155. Katzelnick, L.C.; Narvaez, C.; Arguello, S.; Lopez Mercado, B.; Collado, D.; Ampie, O.; Elizondo, D.; Miranda, T.; Bustos Carillo,
F.; Mercado, J.C.; et al. Zika virus infection enhances future risk of severe dengue disease. Science 2020, 369, 1123–1128. [CrossRef]
[PubMed]

156. Pantoja, P.; Perez-Guzman, E.X.; Rodriguez, I.V.; White, L.J.; Gonzalez, O.; Serrano, C.; Giavedoni, L.; Hodara, V.; Cruz, L.; Arana,
T.; et al. Zika virus pathogenesis in rhesus macaques is unaffected by pre-existing immunity to dengue virus. Nat. Commun. 2017,
8, 15674. [CrossRef]

157. Kim, I.J.; Tighe, M.P.; Clark, M.J.; Gromowski, G.D.; Lanthier, P.A.; Travis, K.L.; Bernacki, D.T.; Cookenham, T.S.; Lanzer, K.G.;
Szaba, F.M.; et al. Impact of prior dengue virus infection on Zika virus infection during pregnancy in marmosets. Sci. Transl. Med.
2023, 15, eabq6517. [CrossRef]

158. Zambrana, J.V.; Hasund, C.M.; Aogo, R.A.; Bos, S.; Arguello, S.; Gonzalez, K.; Collado, D.; Miranda, T.; Kuan, G.; Gordon, A.;
et al. Primary exposure to Zika virus increases risk of symptomatic dengue virus infection with serotypes 2, 3, and 4 but not
serotype 1. medRxiv 2023. [CrossRef]

https://doi.org/10.1038/s41598-020-69978-w
https://www.ncbi.nlm.nih.gov/pubmed/32747639
https://doi.org/10.1371/journal.ppat.1007474
https://doi.org/10.1371/journal.ppat.1007237
https://doi.org/10.1038/s41467-018-05519-4
https://www.ncbi.nlm.nih.gov/pubmed/30087337
https://doi.org/10.1002/jmv.25366
https://doi.org/10.1038/s41467-019-09914-3
https://www.ncbi.nlm.nih.gov/pubmed/31028263
https://doi.org/10.1126/scitranslmed.aan8184
https://www.ncbi.nlm.nih.gov/pubmed/28978754
https://doi.org/10.1016/j.celrep.2023.112942
https://www.ncbi.nlm.nih.gov/pubmed/37561630
https://doi.org/10.1016/j.cell.2017.09.002
https://www.ncbi.nlm.nih.gov/pubmed/28938115
https://doi.org/10.1038/s41541-021-00426-0
https://www.ncbi.nlm.nih.gov/pubmed/35087081
https://doi.org/10.1038/s41598-017-10901-1
https://doi.org/10.1038/s41598-019-44323-y
https://doi.org/10.1093/ofid/ofy151
https://www.ncbi.nlm.nih.gov/pubmed/30019003
https://doi.org/10.1038/s41426-018-0132-z
https://www.ncbi.nlm.nih.gov/pubmed/30006514
https://doi.org/10.3791/57371
https://doi.org/10.1016/j.chom.2018.09.015
https://www.ncbi.nlm.nih.gov/pubmed/30439343
https://doi.org/10.1126/science.abb6143
https://www.ncbi.nlm.nih.gov/pubmed/32855339
https://doi.org/10.1038/ncomms15674
https://doi.org/10.1126/scitranslmed.abq6517
https://doi.org/10.1101/2023.11.29.23299187


Pathogens 2024, 13, 177 20 of 21

159. Barba-Spaeth, G.; Dejnirattisai, W.; Rouvinski, A.; Vaney, M.C.; Medits, I.; Sharma, A.; Simon-Loriere, E.; Sakuntabhai, A.;
Cao-Lormeau, V.M.; Haouz, A.; et al. Structural basis of potent Zika-dengue virus antibody cross-neutralization. Nature 2016, 536,
48–53. [CrossRef]

160. Fernandez, E.; Dejnirattisai, W.; Cao, B.; Scheaffer, S.M.; Supasa, P.; Wongwiwat, W.; Esakky, P.; Drury, A.; Mongkolsapaya, J.;
Moley, K.H.; et al. Human antibodies to the dengue virus E-dimer epitope have therapeutic activity against Zika virus infection.
Nat. Immunol. 2017, 18, 1261–1269. [CrossRef]

161. Wang, Q.; Yang, H.; Liu, X.; Dai, L.; Ma, T.; Qi, J.; Wong, G.; Peng, R.; Liu, S.; Li, J.; et al. Molecular determinants of human
neutralizing antibodies isolated from a patient infected with Zika virus. Sci. Transl. Med. 2016, 8, 369ra179. [CrossRef] [PubMed]

162. Yen, L.C.; Chen, H.W.; Ho, C.L.; Lin, C.C.; Lin, Y.L.; Yang, Q.W.; Chiu, K.C.; Lien, S.P.; Lin, R.J.; Liao, C.L. Neutralizing antibodies
targeting a novel epitope on envelope protein exhibited broad protection against flavivirus without risk of disease enhancement.
J. Biomed Sci. 2023, 30, 41. [CrossRef] [PubMed]

163. 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] [PubMed]

164. Lopez-Camacho, C.; Abbink, P.; Larocca, R.A.; Dejnirattisai, W.; Boyd, M.; Badamchi-Zadeh, A.; Wallace, Z.R.; Doig, J.; Velazquez,
R.S.; Neto, R.D.L.; et al. Rational Zika vaccine design via the modulation of antigen membrane anchors in chimpanzee adenoviral
vectors. Nat. Commun. 2018, 9, 2441. [CrossRef] [PubMed]

165. Tai, W.; Chen, J.; Zhao, G.; Geng, Q.; He, L.; Chen, Y.; Zhou, Y.; Li, F.; Du, L. Rational Design of Zika Virus Subunit Vaccine with
Enhanced Efficacy. J. Virol. 2019, 93, e02187-18. [CrossRef] [PubMed]

166. Dai, L.; Xu, K.; Li, J.; Huang, Q.; Song, J.; Han, Y.; Zheng, T.; Gao, P.; Lu, X.; Yang, H.; et al. Protective Zika vaccines engineered to
eliminate enhancement of dengue infection via immunodominance switch. Nat. Immunol. 2021, 22, 958–968. [CrossRef] [PubMed]

167. Slon-Campos, J.L.; Dejnirattisai, W.; Jagger, B.W.; Lopez-Camacho, C.; Wongwiwat, W.; Durnell, L.A.; Winkler, E.S.; Chen,
R.E.; Reyes-Sandoval, A.; Rey, F.A.; et al. A protective Zika virus E-dimer-based subunit vaccine engineered to abrogate
antibody-dependent enhancement of dengue infection. Nat. Immunol. 2019, 20, 1291–1298. [CrossRef]

168. Kum, D.B.; Mishra, N.; Boudewijns, R.; Gladwyn-Ng, I.; Alfano, C.; Ma, J.; Schmid, M.A.; Marques, R.E.; Schols, D.; Kaptein, S.;
et al. A yellow fever-Zika chimeric virus vaccine candidate protects against Zika infection and congenital malformations in mice.
NPJ Vaccines 2018, 3, 56. [CrossRef]

169. Kum, D.B.; Boudewijns, R.; Ma, J.; Mishra, N.; Schols, D.; Neyts, J.; Dallmeier, K. A chimeric yellow fever-Zika virus vaccine
candidate fully protects against yellow fever virus infection in mice. Emerg. Microbes Infect. 2020, 9, 520–533. [CrossRef]

170. Machain-Williams, C.; Reagan, K.; Wang, T.; Zeidner, N.S.; Blair, C.D. Immunization with Culex tarsalis mosquito salivary gland
extract modulates West Nile virus infection and disease in mice. Viral Immunol. 2013, 26, 84–92. [CrossRef]

171. Uraki, R.; Hastings, A.K.; Marin-Lopez, A.; Sumida, T.; Takahashi, T.; Grover, J.R.; Iwasaki, A.; Hafler, D.A.; Montgomery, R.R.;
Fikrig, E. Aedes aegypti AgBR1 antibodies modulate early Zika virus infection of mice. Nat. Microbiol. 2019, 4, 948–955. [CrossRef]
[PubMed]

172. Uraki, R.; Hastings, A.K.; Brackney, D.E.; Armstrong, P.M.; Fikrig, E. AgBR1 antibodies delay lethal Aedes aegypti-borne West
Nile virus infection in mice. NPJ Vaccines 2019, 4, 23. [CrossRef] [PubMed]

173. Marin-Lopez, A.; Wang, Y.; Jiang, J.; Ledizet, M.; Fikrig, E. AgBR1 and NeSt1 antisera protect mice from Aedes aegypti-borne
Zika infection. Vaccine 2021, 39, 1675–1679. [CrossRef] [PubMed]

174. Friedman-Klabanoff, D.J.; Birkhold, M.; Short, M.T.; Wilson, T.R.; Meneses, C.R.; Lacsina, J.R.; Oliveira, F.; Kamhawi, S.;
Valenzuela, J.G.; Hunsberger, S.; et al. Safety and immunogenicity of AGS-v PLUS, a mosquito saliva peptide vaccine against
arboviral diseases: A randomized, double-blind, placebo-controlled Phase 1 trial. EBioMedicine 2022, 86, 104375. [CrossRef]
[PubMed]

175. Manning, J.E.; Oliveira, F.; Coutinho-Abreu, I.V.; Herbert, S.; Meneses, C.; Kamhawi, S.; Baus, H.A.; Han, A.; Czajkowski, L.;
Rosas, L.A.; et al. Safety and immunogenicity of a mosquito saliva peptide-based vaccine: A randomised, placebo-controlled,
double-blind, phase 1 trial. Lancet 2020, 395, 1998–2007. [CrossRef] [PubMed]

176. Reagan, K.L.; Machain-Williams, C.; Wang, T.; Blair, C.D. Immunization of mice with recombinant mosquito salivary protein D7
enhances mortality from subsequent West Nile virus infection via mosquito bite. PLoS Negl. Trop. Dis. 2012, 6, e1935. [CrossRef]
[PubMed]

177. Bollman, B.; Nunna, N.; Bahl, K.; Hsiao, C.J.; Bennett, H.; Butler, S.; Foreman, B.; Burgomaster, K.E.; Aleshnick, M.; Kong, W.P.;
et al. An optimized messenger RNA vaccine candidate protects non-human primates from Zika virus infection. NPJ Vaccines
2023, 8, 58. [CrossRef]

178. Medina-Magues, L.G.; Gergen, J.; Jasny, E.; Petsch, B.; Lopera-Madrid, J.; Medina-Magues, E.S.; Salas-Quinchucua, C.; Osorio, J.E.
mRNA Vaccine Protects against Zika Virus. Vaccines 2021, 9, 1464. [CrossRef]

179. Roth, C.; Cantaert, T.; Colas, C.; Prot, M.; Casademont, 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, 10, 1424. [CrossRef]

180. Shaw, C.A.; August, A.; Bart, S.; Booth, P.J.; Knightly, C.; Brasel, T.; Weaver, S.C.; Zhou, H.; Panther, L. A phase 1, randomized,
placebo-controlled, dose-ranging study to evaluate the safety and immunogenicity of an mRNA-based chikungunya virus vaccine
in healthy adults. Vaccine 2023, 41, 3898–3906. [CrossRef]

https://doi.org/10.1038/nature18938
https://doi.org/10.1038/ni.3849
https://doi.org/10.1126/scitranslmed.aai8336
https://www.ncbi.nlm.nih.gov/pubmed/27974667
https://doi.org/10.1186/s12929-023-00938-y
https://www.ncbi.nlm.nih.gov/pubmed/37316861
https://doi.org/10.1016/j.cell.2017.02.017
https://www.ncbi.nlm.nih.gov/pubmed/28222903
https://doi.org/10.1038/s41467-018-04859-5
https://www.ncbi.nlm.nih.gov/pubmed/29934593
https://doi.org/10.1128/JVI.02187-18
https://www.ncbi.nlm.nih.gov/pubmed/31189716
https://doi.org/10.1038/s41590-021-00966-6
https://www.ncbi.nlm.nih.gov/pubmed/34267374
https://doi.org/10.1038/s41590-019-0477-z
https://doi.org/10.1038/s41541-018-0092-2
https://doi.org/10.1080/22221751.2020.1730709
https://doi.org/10.1089/vim.2012.0051
https://doi.org/10.1038/s41564-019-0385-x
https://www.ncbi.nlm.nih.gov/pubmed/30858571
https://doi.org/10.1038/s41541-019-0120-x
https://www.ncbi.nlm.nih.gov/pubmed/31312526
https://doi.org/10.1016/j.vaccine.2021.01.072
https://www.ncbi.nlm.nih.gov/pubmed/33622591
https://doi.org/10.1016/j.ebiom.2022.104375
https://www.ncbi.nlm.nih.gov/pubmed/36436281
https://doi.org/10.1016/S0140-6736(20)31048-5
https://www.ncbi.nlm.nih.gov/pubmed/32534628
https://doi.org/10.1371/journal.pntd.0001935
https://www.ncbi.nlm.nih.gov/pubmed/23236530
https://doi.org/10.1038/s41541-023-00656-4
https://doi.org/10.3390/vaccines9121464
https://doi.org/10.3389/fimmu.2019.01424
https://doi.org/10.1016/j.vaccine.2023.04.064


Pathogens 2024, 13, 177 21 of 21

181. 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]

182. 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, 10–128. [CrossRef]

183. Arevalo, C.P.; Bolton, M.J.; Le Sage, V.; Ye, N.; Furey, C.; Muramatsu, H.; Alameh, M.G.; Pardi, N.; Drapeau, E.M.; Parkhouse, K.;
et al. A multivalent nucleoside-modified mRNA vaccine against all known influenza virus subtypes. Science 2022, 378, 899–904.
[CrossRef]

184. Chivukula, S.; Plitnik, T.; Tibbitts, T.; Karve, S.; Dias, A.; Zhang, D.; Goldman, R.; Gopani, H.; Khanmohammed, A.; Sarode,
A.; et al. Development of multivalent mRNA vaccine candidates for seasonal or pandemic influenza. NPJ Vaccines 2021, 6, 153.
[CrossRef] [PubMed]

185. McCrudden, C.M.; Bennie, L.; Chambers, P.; Wilson, J.; Kerr, M.; Ziminska, M.; Douglas, H.; Kuhn, S.; Carroll, E.; O’Brien, G.;
et al. Peptide delivery of a multivalent mRNA SARS-CoV-2 vaccine. J. Control Release 2023, 362, 536–547. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/nature21428
https://www.ncbi.nlm.nih.gov/pubmed/28151488
https://doi.org/10.1128/JVI.02482-20
https://doi.org/10.1126/science.abm0271
https://doi.org/10.1038/s41541-021-00420-6
https://www.ncbi.nlm.nih.gov/pubmed/34916519
https://doi.org/10.1016/j.jconrel.2023.08.053
https://www.ncbi.nlm.nih.gov/pubmed/37648082

	Introduction 
	Zika Virus Structural and Non-Structural Proteins 
	Epidemiology 
	Neuropathogenesis and Clinical Outcomes 
	Zika Virus Infection and Immune Responses 
	Type I Interferon Response 
	Cell-Mediated Immune Responses 
	Humoral Immune Response 

	Cross-Reactivity with Dengue 
	References

