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Abstract

Zika virus (ZIKV) is an emerging virus from the Flaviviridae family that
is transmitted to humans by mosquito vectors and represents an important
health problem. Infections in pregnant women are of major concern because
of potential devastating consequences during pregnancy and have been asso-
ciated with microcephaly in newborns. ZIKV has a unique ability to use the
host machinery to promote viral replication in a tissue-specific manner, re-
sulting in characteristic pathological disorders.Recent studies have proposed
that the host ubiquitin system acts as a major determinant of ZIKV tropism
by providing the virus with an enhanced ability to enter new cells. In addi-
tion, ZIKV has developed mechanisms to evade the host immune response,
thereby allowing the establishment of viral persistence and enhancing viral
pathogenesis. We discuss recent reports on the mechanisms used by ZIKV
to replicate efficiently, and we highlight potential new areas of research for
the development of therapeutic approaches.
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ZIKV: Zika virus

NS: nonstructural

1. INTRODUCTION

Zika virus (ZIKV) is an enveloped, positive-strand, single-stranded, nonsegmented RNA virus that
belongs to the Flaviviridae family. The virus genome is composed of a single open reading frame
that encodes a single polyprotein, which is processed by cellular enzymes and viral proteases into
10 proteins. These viral proteins include three structural proteins [envelope (E), membrane (M),
and capsid (C)] that form the viral particle and seven nonstructural (NS) proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5), which are necessary for processing, replication, and assem-
bly of new viruses (1). ZIKV can be transmitted by mosquitoes (Stegomyia aegyptus and Stegomyia
albopictus) (2) and human sexual contact (3) as well as vertically from infected pregnant women to
their embryos (4).

In 1947, ZIKV was isolated in Uganda from a sentinel rhesus monkey (5). A few sporadic hu-
man cases were reported in Africa and Asia between 1964 and 2007 (6–9) without major health
consequences. In 2007, the first outbreak of ZIKV causing disease was reported in Micronesia
(10), and in 2013 an outbreak was reported in French Polynesia that later spread to several Pacific
islands (9). In 2015,ZIKV infections were reported in Brazil, and this outbreak sparkedmajor con-
cerns due to the increased association with microcephaly cases in newborns from infected mothers
(11). This outbreak spread to most countries in south and central America. ZIKV continues to cir-
culate in the tropical and subtropical regions of approximately 87 countries and territories where
there has been evidence of endemic mosquito-borne transmission of ZIKV during recent years
(12–14). Over the past few decades, the number of people infected with ZIKV has risen steadily
due to the expansion of urban populations, global travel and commerce, climatic change, and a
paucity of mosquito control programs. The coronavirus disease 2019 (COVID-19) pandemic has
also likely resulted in underreporting due to lockdowns and COVID-19 patients overwhelming
the health-care system.

Pregnant women are vulnerable to viral infections during the first and second trimesters when
there is an elevated risk for congenital damage to the fetus. Infections of ZIKV in pregnant woman
can lead to spontaneous abortion, intrauterine growth restriction, and microcephaly in newborns
(15, 16), which results from the ability of ZIKV to infect placental cells and neural precursors in
the fetus (15, 16). Approximately 5–15% of babies born to infected women during pregnancy have
reported birth defects, and there is evidence of ZIKV-related complications that can lead to what
is known as congenital Zika syndrome (CZS). These congenital malformations, which include
cortical atrophy with microcephaly and functional impairments such as dysphagia and epilepsy,
can occur after symptomatic and asymptomatic infection (17–19). A recent study followed a large
cohort of live-born children from ZIKV-infected mothers in Brazil during the last outbreak and
found that these children were at least 10 times more likely to die than children without CZS (19).
Although attention to ZIKV infection has waned recently, ZIKV cases are likely underreported,
and there is the risk of reemergence once current travel restrictions are lifted.There is no antiviral
therapy for controlling the disease, and only a few vaccines are in early clinical development. In this
review, we discuss recent discoveries on the molecular mechanisms used by ZIKV to escape the
immune response as well as ZIKV tropism, persistence, and mechanisms leading to pathogenesis.

2. CHARACTERISTICS OF THE IMMUNE RESPONSE TO ZIKV

ZIKV has the ability to evade the innate and adaptive immune response to efficiently infect dif-
ferent cells and tissues causing pathology. Although significant efforts have been made to identify
host factors that are involved in the pathogenesis of ZIKV, much is still unclear. Several re-
ports have shown that ZIKV can activate the host immune response, leading to protection (20);
however, inflammation can also have detrimental effects on the embryo during pregnancy (21).
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fNSCs: fetal neural
stem cells

Therefore, there aremultiple mechanisms of pathogenesis, whichmay involve ZIKV either damp-
ening an effective antiviral response leading to increased virus replication or indirectly inducing
immunopathology due to dysregulated immune responses. There is vast literature on the role
of specific ZIKV proteins in the antagonism of the innate immune response at different steps
of the viral replication cycle, and this has been summarized in excellent recent reviews (21–25).
In this section, we focus our discussion on novel aspects of ZIKV immune antagonism and the
experimental evidence associating these effects with potential pathology in the embryo.

2.1. Manipulation of Intrinsic Defenses by ZIKV

The early antiviral response relies on innate responses as well as intrinsic immunity to defend
cells against infection. Intrinsic defenses allow cells to respond more quickly to infection than in-
nate responses, because they do not require de novo protein synthesis. Instead, intrinsic defenses
are molecules that are already present in levels high enough to act directly and almost imme-
diately upon infection or that can be rapidly activated upon a signal, helping to interfere with
the viral replication cycle. These mechanisms include autophagy, apoptosis, and RNA interfer-
ence (RNAi). However, as is the case for other immune responses, ZIKV can also manipulate
these host intrinsic defenses to enhance replication and pathogenesis.

2.1.1. Autophagy and ZIKV. Recent evidence suggests that autophagy may play important
roles both in promoting virus replication and in host defense against ZIKV (26). Autophagy is
a cellular mechanism that occurs in mammalian cells and has many effects on immunity and
inflammatory processes. Autophagy is a highly complex pathway playing a significant role in
the digestion and degradation of intracellular pathogens via lysosomes, including viruses, pro-
moting antiviral responses (26–29). One autophagy pathway involves the inhibition of the AKT
kinase and the mTORC1 complex. Inhibition of AKT-mTORC1 allows recruitment of au-
tophagic factors to form an autophagosome/lysosome that can degrade engulfed viruses. Although
autophagy can promote clearance of intracellular infections, flaviviruses have developed mecha-
nisms to manipulate autophagy pathways to amplify their replication cycles (26, 30, 31). ZIKV
NS4A andNS4B proteins induce autophagy by suppressing the host AKT-mTOR signaling path-
way in human fetal neural stem cells (fNSCs), by inhibition of PI3K activity and possibly by
modulating posttranslational modifications of AKT (32). Since the PI3K-AKT pathway is also
important in brain development (33), inhibition by ZIKV can result in defective neurogenesis (32)
(Figure 1).

ZIKV-induced autophagy is not restricted to fNSCs and has also been demonstrated in other
relevant cell types, including human skin fibroblasts, human trophoblasts, human umbilical vein
endothelial cells, and human cytotrophoblasts (30, 34, 35). The evidence linking autophagy with
proviral effects derives from experiments in which treatment with drugs that activate autophagy
also increased ZIKV replication, while inhibitors of autophagy reduced viral replication, and this
was demonstrated in different cell types (30, 34, 35).Most importantly, ZIKV infection of Atg16l1
(an essential autophagy gene) knockout mice resulted in reduced viral transmission to the embryos
of pregnant mice; infection of maternal organs was not affected, indicating that autophagy plays
a cell-type-specific proviral role in physiological conditions (34). Together, these studies indicate
that, at least in vivo, the proviral roles of autophagy are dominant over its antiviral roles. Indeed,
inhibitors of autophagy have been proposed as a potential viable option to control ZIKV infection
in pregnant women (34).

2.1.2. Apoptosis and ZIKV. Like autophagy, apoptosis is another cellular process that con-
tinuously regulates cellular homeostasis. Apoptosis is a well-established antiviral mechanism that
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Intrinsic immunity and mechanisms of antagonism by Zika virus (ZIKV). (a) ZIKV proteins NS4A and NS4B can block the activation
of AKT and subsequently lead to the inactivation of mTORC1, allowing activation of the ULK complex by AMP-activated protein
kinase and the initiation of the autophagosome formation through ATG16. ZIKV is internalized via endosomes and autophagosomes.
The autophagosome fuses with the lysosome, leading to the acidification of the autophagolysosome and activation of proteases to
degrade the viral components. This process could be beneficial for ZIKV because acidification allows fusion of the ZIKV envelope with
the endosomal membrane, allowing the viral RNA to reach the cytoplasm. The inhibition of the AKT-mTOR pathway has an adverse
effect in the proliferation of the infected cells, with catastrophic consequences in the formation of the neuronal network and tissue
development. (b) ZIKV NS4B protein can localize near the mitochondria membrane and activate the Bcl-1-associated X protein (BAX)
to form a complex with Bcl-2, which interacts with the mitochondrial voltage-dependent anion channel, leading to loss in membrane
potential and release of cytochrome c (Cyt c). This in turn leads to the activation of the intrinsic apoptosis pathway, with the activation
of caspase-9 and caspase-3. (c) The activation of the extrinsic pathway can be a bystander effect, since it is mediated by the activation of
cell death receptors FAS and TNFR1, and it is induced by external signals such as tumor necrosis factor alpha (TNF-α), leading to the
activation of caspase-8 and caspase-3 to induce cell apoptosis.
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helps reduce virus replication and dissemination to adjacent cells. Some strains of ZIKV have
the ability of inducing apoptosis to increase replication in SY5Y neuroblastoma cell lines (36).
This induction activates the classic mitochondrial apoptotic pathway with the recruitment of the
proapoptotic protein Bax to the mitochondria. It is possible that during ZIKV infection, NS4B
protein accumulates in the outer mitochondrial membrane to permeabilize and release proapop-
totic factors, such as cytochrome c, to then activate caspase-3 and caspase-9, ultimately leading
to cell death (36). ZIKV infection of human neural progenitor cells can lead to cell death via
apoptosis through the activation of caspase-3, -7, -8, and -9 (37–39) (Figure 1).

2.1.3. RNA interference and ZIKV. RNAi is an ancient intrinsic posttranscriptional gene si-
lencing process and host defense mechanism that has been extensively studied and demonstrated
in invertebrates (40). It has also been proposed to act as an innate antiviral response in mam-
mals (41), although this has been controversial and debated (42). During viral infection, RNA
replication intermediates are cleaved by the host endoribonuclease Dicer into short interfering
RNAs that bind Argonaute proteins for virus silencing (40) and can also produce virus-derived
small interfering RNAs (vsiRNAs) (43). The debate over whether mammalian cells can produce
antiviral RNAi was recently clarified with the discovery of an alternative spliced form of Dicer
called antiviral Dicer (aviD). aviD is highly expressed in murine and human stem cells and inhibits
ZIKV replication by an RNAi-dependent mechanism (44).This evidence sheds some light on pre-
vious observations of ZIKVmanipulation of the RNAi machinery. For example, the capsid protein
of ZIKVwas shown to inhibit Dicer activity, and a recombinant ZIKV capsid mutant ZIKV-H41R
lost its ability to antagonize Dicer. Infections with this mutant virus resulted in increased produc-
tion of large amounts of vsiRNAs and appeared less pathogenic (45). The production of vsiRNAs
by ZIKV was dependent on RNAi machinery proteins (46, 47), and enoxacin, a known RNAi
enhancer, showed strong antiviral activity and reduced phenotypes associated with microcephaly
(46). Although ZIKV infection revealed the presence of 29 vsiRNAs in the ZIKV genome, with
vsiRNA-p18 being the most abundant in neural stem cells (47), the physiological antiviral role of
these vsiRNAs is still unclear.

2.2. Innate Immunity

The innate immune system has the ability to detect ZIKV infection via host pattern recognition
receptors (PRRs). Viral recognition by PRRs triggers a complex web of signaling pathways
that culminate in the expression of type I interferons (IFN-I) and other proinflammatory cy-
tokines. IFN-I then signals in an autocrine or paracrine manner to induce a large number of
IFN-stimulated genes (ISGs), which are the final effectors of the antiviral response (25, 48). The
most studied classes of PRRs are the RIG-I-like receptors (RLRs), which include RIG-I, MDA5,
and LGP2, and the Toll-like receptor (TLR) families. These PRRs can recognize pathogen-
associated molecular patterns such as viral RNA from ZIKV (49, 50). TLRs are sensors expressed
by epithelial cells and immune cells, and they have the function of inducing IFN production in
the presence of a wide variety of viruses, allowing viral restriction (51). For example, plasmacytoid
dendritic cells (DCs) express high levels of TLR7, which recognizes single-stranded RNA
(ssRNA), or TLR9, which recognizes unmethylated CpG sequences in DNA, and activate signal-
ing through the myeloid differentiation factor 88 pathway. This, in turn, activates the interleukin
(IL)-1 receptor-associated kinase family of kinases, ultimately leading to phosphorylation of
IFN-regulatory factor 3 (IRF3) and IRF7, which are required for IFN-I production (52). TLR3,
which is expressed in multiple cell types including myeloid DCs and epithelial cells, recognizes
double-stranded RNA (dsRNA) produced during viral infection. TLR3 triggers the pathway via
the TIR domain–containing adapter-inducing IFN-β (TRIF) protein, which uses its TIR domain
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DENV: Dengue virus

to recruit tumor necrosis factor (TNF) receptor–associated factors and subsequently activate
IRF3/7 to promote IFN-I production (53) (Figure 2).

While recognition of viral RNA by TLRs occurs in the endosomes, when released to the cyto-
plasm, viral RNA can be recognized by the RLR pathway. Binding of viral RNA to RIG-I triggers
conformational modifications on RIG-I to expose its CARD domain to allow interaction with
the mitochondrial adaptor protein MAVS (54). In turn, multiple signaling factors are activated
downstream of MAVS, including the kinases TBK1 and IKKε, which phosphorylate transcription
factors IRF3 and IRF7 for induction of IFN-I transcripts (55).

After IFN-I is induced by either the RLR or the TLR pathway, IFN-I binds to its recep-
tor (IFNAR1 and IFNAR2) to transduce the signal through Janus kinases ( JAK1 and TYK2)
that phosphorylate transcription factors STAT1 and STAT2, which together with IRF9 form the
ISGF3 complex, to ultimately induce ISGs (52) (Figure 2).

Another important pathway in IFN production is the cyclic guanosine monophosphate
(GMP)–adenosine monophosphate (AMP) synthase–stimulator of IFN genes (cGAS-STING)
pathway, which is mainly characterized by recognizing cytoplasmic DNA (either its own or
foreign) (56). cGAS initiates the synthesis of cyclic GMP-AMP, which in turn binds to the en-
doplasmic reticulum adaptor protein STING, which recruits TBK1 for subsequent activation of
IRF3 leading to the production of IFN-I (56). Dengue virus (DENV) and ZIKV have been shown
to trigger the cGAS pathway by a mechanism that involves mitochondrial damage and release of
DNA that can be detected by cGAS (56–58). Zika virus is sensitive to activation of these pathways,
and this is especially evidenced by the fact that ZIKV does not replicate well in immunocompetent
mice but does replicate well in IFN receptor knockout mice (A129) (59). Therefore, to establish
productive infections, multiple ZIKV proteins have been shown to block different steps of the
interferon pathway (25, 60) (Figure 2).

2.2.1. ZIKV and Toll-like receptors. The expression of different PRRs varies between cell
types and is key to the production of the pro- or anti-inflammatory response. ZIKV has the abil-
ity to induce IFN-I production by activating TLR3, TLR7, RIG-I, and MDA5. In the case of
TLRs and ZIKV, the ssRNA of the virus can potentially be recognized by TLR7. On the other
hand, it can activate TLR3 through the dsRNA intermediate that is generated during genome
replication. A study demonstrated that DCs present in the skin express high levels of TLR3 and
TLR7 and play an important role in the immune response against ZIKV infection (35). ZIKV
infection considerably increased the expression of TLR3 and therefore the production of IFN-α
and IFN-β in infected cells. A significant increase in viral replication could also be evidenced by
using the small interfering RNA (siRNA) of TLR3, but no effect on the expression of IFN-I
mRNA was detected (35). Also, TLR3 was previously associated with recognition of ZIKV in an
organoid and neurosphere model derived from human embryonic stem cells of fetal brain de-
velopment, where activation of apoptosis and decreased neurogenesis was demonstrated (61). It
has also been shown that using the TLR7/8 receptor agonist R848 (resiquimod) in monocyte-
derived macrophages limits ZIKV replication by increasing the expression of several ISGs (62)
(Figure 2).

2.2.2. ZIKV and the cytoplasmic sensors RIG-I, MDA5, and cGAS. RIG-I and MDA5,
which have been extensively studied for their role as intracellular sensors for ZIKV, have the
ability to recognize structured ssRNA or dsRNA of viral origin generated during replication in
the cytoplasm (55). In human DCs, ZIKV infection induces transcription of RIG-I and MDA5.
This is a result of a robust IFN-I response because both RIG-I andMDA5 are themselves induced
by IFN and, thus, are ISGs. ZIKV replication in human DCs was strongly limited when cells
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Figure 2

Innate immune activation and evasion mediated by Zika virus (ZIKV). (a) After infecting a cell, ZIKV RNA is recognized by multiple
cell pattern recognition receptors, such as endosomal Toll-like receptors (TLRs) and cytosolic RIG-I and MDA5. Viral recognition
triggers downstream signaling pathways that culminate in the activation and translocation to the nucleus of transcription factors IRF3
[interferon (IFN)-regulatory factor 3] and IRF7 to induce the transcription of type-I IFNs (IFN-α and IFN-β). (b) The production of
IFNs is important to reduce the viral spread to surrounding cells, as they can signal in an autocrine or paracrine manner through the
IFN receptor (IFNAR1 and IFNAR2). IFN signaling involves the JAK1 and TYK2 kinases that phosphorylate STAT1 and STAT2,
which then together with IRF9 form the ISGF3 complex. ISGF3 translocates to the nucleus to promote transcription of
IFN-stimulated genes (ISGs), which many have antiviral activity. (c) ZIKV antagonizes the antiviral response. The viral protein NS3
binds to 14-3-3ε and prevents the translocation of RIG-I and MDA5 to the mitochondria for interaction with MAVS. NS4A binds to
MAVS, preventing the association with RIG-I and MDA5. NS1, NS2A, NS2B, and NS4B interact with TBK1, reducing its
phosphorylation, and inhibit the IFN-I production pathway. NS2B3 targets STING and blocks the signaling through TBK1. NS5 and
NS2A act later in the pathway, inhibiting IRF3 and preventing its translocation to the nucleus and the induction of IFN-I. In the IFN-I
signaling pathway, NS2B3 binds to JAK1 and induces its degradation, preventing the activation of STAT proteins. NS4B inhibits the
pathway by inhibiting the phosphorylation of STAT1, while NS5 binds to STAT2 and promotes its proteasomal degradation. All of
these mechanisms prevent induction of ISGs and diminish the antiviral response.
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were treated with the hepatitis C virus RNA-derived RIG-I agonist (63), indicating that ZIKV is
sensitive to the antiviral activity of IFN-I, although reduced secretion of inflammatory cytokines
was observed during ZIKV infection (63). This is further supported by the requirement for IFN-I
receptor knockout mice when studying in vivo infection with ZIKV (59). In human trophoblasts,
RIG-I and MDA5 inhibit ZIKV replication via IFN-I induction and, as expected, were com-
pletely dependent on the presence of MAVS (64). In A549 cells, RIG-I signaling is responsible
for generating the immune response in the early stages of ZIKV infection, while stimulation of
MDA5 occurs during late stages (65). Additionally, ZIKV RNA can be detected by RIG-I and
MDA5 sensors to induce a protective response against ZIKV in a cell-type-dependent manner
(66), and this recognition may need the concerted function of other helicases, such as the recently
reported DHX16 (67). ZIKV can also indirectly activate the DNA sensor cGAS via DNA released
from mitochondria damaged during virus infection to induce IFN-I production (58) (Figure 2).

2.2.3. Evasion of the innate immune response. Viruses generally use their proteins as the
main evasion mechanism of the immune response to ensure viral replication. Viral proteins can
target important factors to interfere with both IFN production as well as signaling pathways. For
example, one of the most extensively studied mechanisms is the inhibition of the JAK-STAT sig-
naling pathway by NS5. ZIKV NS5 binds to the coiled-coil domain of STAT2 (68), promoting
proteasomal degradation and inhibition of ISG induction (69, 70). It is important to mention
that this effect is species specific because NS5 degrades humans but not mouse STAT2 (69,
71), and an immunocompetent transgenic knock-in mouse expressing human STAT2 instead
of mouse STAT2 is susceptible to ZIKV replication and pathogenesis (72). Interestingly, this
species-specific degradation of STAT2 by NS5 is conserved between different flaviviruses includ-
ing yellow fever virus (YFV), DENV, and ZIKV; however, it appears that only YFV-NS5 requires
IFN-I signaling to bind and degrade STAT2 (73, 74). For ZIKV-NS5, the cryogenic electron
microscopy–determined structure of STAT2 complexed with NS5 revealed two potential differ-
ent mechanisms of inhibition, one in whichNS5methyltransferase and RNA polymerase domains
interfere with STAT2 binding to NS5 and a second in which interaction with the N-terminal do-
main of STAT2 might be involved in the subsequent proteasomal degradation (75). ZIKV NS5
has also been found to interact with IRF3, which can also result in reduced IFN-β induction (60).

Other viral proteins are also known to antagonize multiple different parts of IFN pathways.
ZIKVNS4A bindsMAVS and prevents its association with RIG-I andMDA5 (64). Several studies
have also shown that ZIKV proteins such as NS1, NS2A, NS2B, and NS4B interact and inhibit
TBK1 function, reducing the phosphorylation of transcription factors and IFN induction (60, 70).
Importantly, some effects have been found to be specific of more pathogenic strains of ZIKV. For
example, the inhibition of IFN-I by NS1 was restricted to a single mutation onNS1 that appeared
in strains with higher epidemic potential, including a strain isolated in Puerto Rico (PRVABC-59)
during the ZIKV epidemic in 2015 (60). This suggests that ZIKV can acquire novel mutations
during epidemics that enhance its pathogenicity and transmission by increasing the ability to an-
tagonize innate antiviral pathways. Although the mechanism by which NS1 antagonizes IFN-I
was narrowed down to targeting of TBK1, the detailed molecular mechanism was not elucidated.
Since NS1 can also interact with NS4B, and this interaction was shown to be affected by ubiquiti-
nation of NS1 for DENV (76), it will be interesting to see whether NS1 ubiquitination is involved
in promoting interactions with TBK1. In addition to TBK1, ZIKV NS1 can activate inflamma-
somes to avoid the caspase-1 degradation by the proteasome. In this context, NS1 facilitates the
cleavage of cGAS by caspase-1, which blocks the cGAS-STING pathway and IFN induction (58).
STING-dependent signaling can also be targeted by the ZIKV NS2B3 protease (77). In human
cells and some cells of primate species infected with ZIKV, the NS2B3 proteases of the virus have
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the ability to cleave STING, which leads to decreased production of IFN-I and subsequently in-
creased viral replication. This has also been observed in other flaviviruses such as West Nile virus
(WNV), Japanese encephalitis virus, and DENV, but not YFV (77–79). These findings suggest
that ZIKV uses this evasion mechanism and that it is important in tissue and species tropism.
The ZIKV NS2B3 complex can also inhibit IFN-I signaling by binding and degrading JAK1,
preventing STAT phosphorylation (70) (Figure 2).

Studies on ZIKVNS4B have shown additional roles for the protein in IFN antagonism, includ-
ing that it can inhibit IFN signaling and IFN-γ-activated site transcription.ThemRNAexpression
levels of the Isg15 and Oas1 genes were reduced in the presence of NS4B as a consequence of
suppressed phosphorylation of STAT1 and reduced nuclear transport of STAT1 and STAT2 (80).

Several reports indicate that the two close relatives of ZIKV, DENV and WNV, use a con-
served mechanism for immune evasion (81, 82). One report demonstrated that the ZIKV NS3
protein binds to the RLR trafficking protein of the family 14-3-3, preventing the translocation of
RIG-I and MDA5 to the mitochondria for the activation of MAVS. This could also be confirmed
using mutant viruses deficient in the NS3 protein, which generated an increase in the antiviral
response (82).

Another unconventional mechanism of IFN antagonism includes inhibition of IFN-I induc-
tion via ZIKV subgenomic flavivirus RNA (sfRNA), which appears to take place by specifically
targeting RIG-I but not MDA5 (83). The extent by which the sfRNA may act as an IFN-I an-
tagonist may depend on the specific viral strains, as it has been observed for some DENV strains
with increased fitness (84). Overall, these different mechanisms of innate immune antagonism are
examples of how ZIKV has adapted to specific host environments to establish efficient infections,
and mutations appearing in new strains could provide ZIKV with enhanced epidemic potential
as well as altered cellular tropism and pathogenesis.

2.3. Adaptive Immune Response

In general, the adaptive immune response to viral infections includes the activation of CD8 cy-
totoxic T cells that kill the infected cells and CD4 T helper cells that develop toward a Th1
phenotype producing effector cytokines such as IFN-γ andTNF-α. B cells are also a central player
in the antiviral response, because they produce neutralizing antibodies (Nabs) that prevent the in-
teraction of the virus with host cells, thus preventing infection. Nabs also mediate complement
activation and antibody-dependent cellular cytotoxicity, leading to lysis of infected cells (23). As
discussed above, mouse models of ZIKV require suppression of the IFN response to establish
ZIKV infection. However, immunocompetent mouse models have also been used to unveil the
components of the adaptive immune response present during ZIKV infection. These studies have
shown that ZIKV infection induces T cell activation with proliferation of CD4+ and CD8+T cells
seven days post infection, and T cell depletion had very minor effects. To reveal the role of the
adaptive response, however, it was still necessary to block the IFN pathway. Blocking the IFN re-
ceptor in the absence of an adaptive immune response using Rag1−/− mice, which lack both T cells
and B cells, increased weight loss and virus titers, indicating that in mice the adaptive response
is critical only when IFN-I is suppressed (85). Another study demonstrated that ZIKV-infected
wild-type (WT) immunocompetent C57BL/6 mice exhibit a self-limited infection that resulted
in mild symptoms. Activation of the adaptive immune response induced proliferation of CD4 T
cells expressing the transcription factor T-bet, leading to a Th1 response with increased produc-
tion of cytokines such as IFN-γ, IL-2, and TNF-α. CD8 T cells were also activated to produce
IFN-γ, TNF-α, and granzyme B (86, 87). These studies show that, although very limited virus
replication is observed in immunocompetent mice, ZIKV can induce cellular adaptive immune
responses during the infection.
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In the past decade, researchers have joined efforts to understand cross-reactive T cell–mediated
protection against ZIKV infection. To determine the characteristics of this protection, they have
examined the cross protection of T cells in close relatives of the flavivirus family, specifically
DENV.Certain protective responses identified during ZIKV infection could bemediated by CD8
T cells that specifically recognize structural proteins such as E, precursor membrane (prM), and C
in non-DENV-exposed individuals (88),while CD4T cell responses are primarily directed against
nonstructural proteins such as NS3, NS4B, and NS5 after exposure to DENV (89, 90). Both ac-
tivations ultimately generated IFN-γ responses. However, another study showed that some CD4
T cells could also recognize ZIKV C and E proteins without previous exposure to DENV (91).

2.3.1. The humoral response. The humoral response is also critical for functional immunity
against ZIKV. Several studies have shown that neutralizing antibodies specific for the envelope
domain EDIII provide protection against lethal ZIKV infection, although some antibodies that
cross-react with DENV can enhance disease (92–94). Thus, these reports provide insight into
the role of memory B cells in modulating the response, which would allow the design of vaccines
directed to the envelope protein.However, careful attention should be paid to the potential disease
enhancement caused by some cross-reacting antibodies.

2.3.2. Pathogenic adaptive immune response during ZIKV infection. While a regulated
adaptive immune response can protect against infection, an exacerbated response can contribute
to tissue damage and pathology. Infections with YFV andWNV, close relatives of ZIKV, promote
infiltration of CD8 T cells, which correlate with the tissue damage and neurological symptoms in
mouse models, despite their critical role in controlling viral load (95). Similar results have been
obtained for ZIKV. For example, infection of neonatal WT mice with ZIKV leads to increased
recruitment and activation of CD8 T cells and the production of IFN-γ, granzyme B, and per-
forin.The levels of these inflammatorymediators correlated with the neurodegeneration observed
predominantly in the cerebellum (96). Another study using IFNAR knockout mice demonstrated
the importance of CD8 T cells in the immunopathogenesis of ZIKV. Depletion of CD8 T cells
resulted in increased survival and significantly decreased paralysis despite increased viral load in
the brain. In contrast, depletion of CD4 T cells resulted in complete paralysis (97). These results
suggest that CD8 T cells play a pathogenic role during infection in the CNS, while CD4 T cells
appear to have a regulatory role (97). Further studies are needed to understand the mechanisms
of adaptive immune activation during virus infection leading to enhanced pathogenesis in target
tissues.

3. MECHANISMS OF ZIKV PERSISTENCE, TISSUE TROPISM,
AND PATHOGENESIS

One of the most intriguing aspects of ZIKV pathogenesis is its unique characteristic of causing
defects in embryos and, more specifically, its association with microcephaly. One likely explana-
tion is the ability of ZIKV to infect neural progenitor cells and cause cellular apoptosis (36–39,
61, 98, 99). In addition, the fact that ZIKV infects placenta cells and cells of reproductive tissues
very efficiently further increases the ability of ZIKV to reach and disseminate in the embryo to
ultimately cause damage. While it is clear that ZIKV has a preference to infect neural cells in
the developing embryo, it is less clear what are the molecular mechanisms that provide ZIKV the
unique preference for these tissues. One possibility could be the tissue-specific expression of cel-
lular receptors needed for ZIKV internalization, but so far, no major or single specific receptor
has been clearly demonstrated as required for ZIKV entry, at least in physiological conditions. A
few candidate receptors have been proposed in cell culture studies, including AXL, DC-SIGN,
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Tyro3, and TIM-1 (35). AXL is probably one of the most extensively studied in cells and in vitro
and has been proposed as a strong candidate receptor for ZIKV (100); however, its role in vivo
using Axl−/− mice has mostly cast doubt on its role as the main receptor (98, 100). ZIKV replica-
tion was detected in testis and epidermis of Axl−/− mice (101) as well as in the brains and spleens
of Axl−/− pregnant mice or brain and placenta tissue of the embryos (102), at comparable levels
with WT mice. It is possible that multiple receptors play a role in ZIKV entry or that multiple
internalization pathways may play redundant roles, which could obscure interpretation of the re-
sults in these studies. Regardless of which receptor is dominant for ZIKV entry, it is also possible
that other host factors play essential roles in determining ZIKV tropism. These other host factors
may also contribute to persistence of ZIKV.

An interesting aspect of ZIKV is that it can be transmitted through sexual contact and may per-
sist in the male reproductive tract (103). The testis is a privileged immunological environment.
Here, the developing spermatozoa are protected from autoimmune attack by a physical hematotes-
ticular barrier formed by tight junctions between adjacent Sertoli cells that prevent the entry of
immunoglobulins as well as through the suppression of inflammatory responses (104, 105). Some
reports indicated that ZIKV RNA has been detected in the semen of men for several months after
onset of infection (106). Similarly, ZIKV RNA can be found in semen during the clinically symp-
tomatic phase of the infection (107). The male reproductive tract has special characteristics that
allow pathogen persistence and, therefore, the dispersion of viruses via sexual transmission (108).
Studies in immunodeficient mice have shown that ZIKV has the ability to infect a wide variety
of cells in male reproductive tissue, including luminal epithelial cells, Sertoli cells, Leydig cells,
spermatogonia, primary spermatocytes, and spermatogonia peritubular myoid cells (109, 110)
(Figure 3a). In humans, several studies have shown that ZIKV can also infect somatic and germ
cells and is considered the cause of transmission to the mother and subsequent damage to the
embryo (111–114). In some animal models, in the female reproductive tract, ZIKV infection was
observed in the cervix and vagina, possibly due to viral evasion of immune responses to enhance
ZIKV replication (115, 116). These studies provide further evidence that ZIKV can infect vaginal
tissue during pregnancy and infect the embryo (117). Importantly, experiments performed in a
mouse model showed that subcutaneous or intravaginal infection with ZIKV can protect from
a secondary intravaginal challenge due to presence of high levels of neutralizing antibodies and
ZIKV specific T cells (118). Passive transfer of specific antibodies or T cells also reduced intrav-
aginal infection (118), suggesting that an adaptive immune response can protect against sexually
transmitted vaginal infection.

During pregnancy, hormones can modulate the immune system as a mechanism of protection
for the embryo. Hormones promote the generation of tolerogenic DCs, decrease monocyte and
macrophage activity, and inhibit the recruitment of natural killer, T, and B cells to the maternal-
fetal barrier (119–121). ZIKV-infected pregnant mice exhibit increased levels of macrophages and
DCs in the uterus with a tolerogenic phenotype, with reduced frequencies of T cells and the pres-
ence of high viral RNA levels (122). While this tolerogenic environment may be beneficial for
the embryo, it might concomitantly confer an advantage for virus dissemination. This may allow
ZIKV to migrate through the placental barrier where it breaks the decidua and chorionic villi
of the placenta, infecting placental cells such as cytotrophoblasts, endothelial cells, syncytiotro-
phoblasts, mesenchymal cells, fibroblasts, Hofbauer cells, macrophages, and decidual cells (117,
123–126) (Figure 3b). ZIKV infection persists in the placenta for a long time without the presence
of symptoms and, thus, continues to infect the embryo (123, 125, 127).

Studies in ZIKV-infected pregnant nonhuman primates have shown inflammatory responses
in the fetus and in the maternal-fetal interphase and result in fetal brain infection and neuroin-
flammation (21). Specifically, expression of IL-6 in the fetal brain can be associated with defects
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in radial glia and deficient neurogenesis and can also lead to fetal death (21, 128–130) (Figure 3c).
Regarding the effects of IFN-I, studies carried out in mice showed detrimental effects on preg-
nancy due to activation of apoptosis of endothelial cells and trophoblasts. This led to suppression
of placenta development, which damaged the maternal-fetal blood barrier and led to hypoxia and,
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Figure 3 (Figure appears on preceding page)

Zika virus (ZIKV) pathogenesis and its target tissues. ZIKV infects and persists in the target tissues, causing its characteristic pathology.
(a) ZIKV can travel through the male reproductive tract, within infected immune cells. Once the virus reaches the blood testicular
barrier, it infects Leydig cells and activates resident macrophages. This leads to the induction of inflammatory mediators such as tumor
necrosis factor alpha (TNF-α) that can activate the epithelial barrier and promote the disruption of the tight junctions. ZIKV can also
infects Sertoli cells, spermatogonia, primary spermatocytes, and spermatozoa and can infect and replicate in the sperm. The virus can be
sexually transmitted via these cell types. (b) In pregnant women, ZIKV can infect the placenta, where it breaks the decidua and chorionic
villi and also infects endothelial cells, Hofbauer cells, and cytotrophoblasts, among others. ZIKV can cross the maternal-fetal blood
barrier and infect the embryo. (c) In the fetus, ZIKV efficiently infects neural stem cells (NSCs) during the first trimester of gestation.
AXL has been proposed as one important receptor; however, this has not been confirmed in vivo, and a dominant receptor for ZIKV has
not been found yet. Proinflammatory cytokines, including interleukin 6 (IL-6) and type I interferons (IFN-I), are induced via Toll-like
receptor 3 (TLR3) and other pattern recognition receptors upon ZIKV infection and can promote tissue damage by causing apoptosis
of neural stem cells and reducing neurogenesis. Together, these can contribute to pathology, potentially including microcephaly.

ultimately, fetal death (131, 132). In addition, ZIKV infection of human neural stem/progenitor
cells appeared to result in overactivation of innate pathways, including IRF7, TLR3, and other
ISGs, while reducing expression of genes important in neurogenesis; this suggests a link between
immune overactivation and inhibition of neurogenesis. Indeed, pharmacological inhibition
of STAT1 reduced the detrimental effects observed in neurogenesis caused by ZIKV (133)
(Figure 3c). Together, these studies suggest that inflammation and the IFN-I-mediated response
could potentially be associated with complications during pregnancy; therefore, targeting the
detrimental effects of IFN-I via therapeutics while preserving its antiviral roles could help prevent
pathology during pregnancy.

4. ROLE OF THE HOST UBIQUITIN SYSTEM IN ZIKV REPLICATION,
TISSUE TROPISM, AND PATHOGENESIS

Why does ZIKV replicate so efficiently in the reproductive and fetal tissue, leading to embryonic
damage? So far, the evidence suggests that there are multiple receptors for ZIKV that are not
specifically expressed in the placenta and/or embryonic tissue; therefore, expression of a domi-
nant receptor might not explain ZIKV’s characteristic tropism.However, recent studies have shed
some light on an alternative and novel mechanism of virus tropism. Since viruses need host cell
machinery to replicate, the expression or activity of specific factors in a cell-type- or tissue-specific
manner could provide a more beneficial environment for replication. For instance, the host ubiq-
uitin system, a posttranslational process most well known for its function in targeting proteins for
proteasomal degradation, can be utilized by flaviviruses to replicate efficiently in both a
proteasome-dependent and -independent manner and may involve degradative and nondegrada-
tive mechanisms, ultimately causing pathogenesis (134–137). Proteasomal activity has been associ-
ated with more efficient replication of DENV in mosquito systems (138, 139) but has not yet been
replicated for ZIKV. There are also indirect mechanisms by which the ubiquitin system can pro-
mote viral replication and pathogenesis, including degradative and nondegradative negative regu-
lation of innate antiviral pathways as well as viral antagonism of the IFN response (134, 140, 141).

A recent report proposed a mechanism in which the ubiquitination process promotes virus at-
tachment to host receptors. This study identified nondegradative K63-linked polyubiquitination
on two lysine (K) residues of the ZIKV envelope protein (E-K38 and E-K281). Ubiquitination on
the E-K38 residue,which is conserved in close relatives such asDENV,WNV,andYFV, is present
in a small proportion of infectious virions and promotes stronger interactions with cell receptors
(137). Importantly, the proportion of ubiquitinated envelope present in ZIKV infectious particles
depends on which cell types are used to expand virus stocks. For example, placenta-derived JEG3
cells produced a higher ratio of ubiquitinated versus nonubiquitinated ZIKV as compared with
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viruses grown in African green monkey Vero cells, which are commonly used to expand viruses.
This was confirmed using recombinant infectious mutant viruses that lack ubiquitination on the
E-K38 site (E-K38R) and immunoprecipitation assays (137). The ZIKV E-K38R mutant virus
replicated at a significantly lower rate in placental and brain cells as compared with WT virus
in tissue culture. Similarly, the replication rate of the E-K38R virus was also lower as compared
with WT ZIKV in mouse tissues after infection in vivo, with the largest differences observed in
testes, uterus, eye, and brain, and caused reduced weight loss and death (137). This suggested that
a factor expressed in specific tissues and/or cell types may provide ZIKV a more advantageous
environment for replication. Tripartite motif (TRIM) containing 7 (TRIM7), a member of the
E3-ubiquitin ligase TRIM family of proteins, was identified as this cellular factor that ubiquiti-
nates the envelope protein of ZIKV. TRIM7 was found to promote ubiquitination of the ZIKV
envelope protein in cells and in vitro, and TRIM7 knockout cells showed decreased virus repli-
cation. In addition, infection of Trim7−/− mice with ZIKV showed reduced viral replication as
compared with WT mice, especially in ZIKV-targeted tissues such as brain and reproductive tis-
sues (137). It was also observed that the ubiquitination of the K38 residue improves binding to
the TIM-1 cell receptor, leading to enhanced virus entry and replication (137) (Figure 4). Inter-
estingly, the E-K38R mutant virus replicated similarly toWT virus in live mosquitoes, suggesting
that ubiquitination on the K38 residue of the ZIKV envelope contributes to virus replication and
pathogenesis in the mammalian host but not in the mosquito host and is one determinant of tissue
tropism (137). This study focused on the role of the K38 site, but the role of the K281 in tissue
tropism or perhaps the embryo remains to be investigated.

Additional studies have validated the ubiquitination of the ZIKV envelope protein and provide
further support for its role in enhancing virus replication. It was found that a host deubiquiti-
nase can reduce levels of the ubiquitinated envelope as an antiviral mechanism. Overexpression
of USP38 (ubiquitin-specific peptidase 38) in HeLa cells, which is also known to regulate in-
flammation and histone modification and can inhibit IFN-I signaling during viral infection (142,
143), reduced ZIKV infection. In contrast, USP38 silencing using siRNA resulted in increased
ZIKV replication. Also, specific binding to the envelope protein led to reduced ubiquitination, as
evidenced by immunoprecipitation (144). Similarly, another host protein found to inhibit ZIKV
replication via a mechanism involving deubiquitination of the envelope was laminin receptor 1
(LAMR1), a protein usually associated with cellular membranes that has multiple functions in-
cluding regulating cell migration, differentiation, and other functions (145). It was found that
eukaryotic translation initiation factor 3 subunit 5 (EIF3S5) deubiquitinase is recruited by LAMR1
to interact with and deubiquitinate the ZIKV envelope protein (146). Although these two studies
provide further evidence that the ZIKV envelope protein is ubiquitinated, and that this ubiq-
uitination is important in promoting virus replication, the researchers did not examine whether
the effects of LAMR1 or USP38 affect the levels of the ubiquitinated envelope contained in the
released infectious virion. These findings provide insights into the mechanisms by which ubiqui-
tination restricts ZIKV infection through attenuation of protein E ubiquitination, suggesting that
ubiquitination of the envelope can be used for the design of potential drugs for ZIKV infection.

TRIM7 is not the only E3-ubiquitin ligase used by ZIKV to promote viral replication. Pellino
1 (Peli1), an E3-ubiquitin ligase that is expressed in many cell types, has also been identified as
promoting viral replication in ZIKV. Peli1 is responsible for regulating the production of proin-
flammatory cytokines activated by PRRs and is attributed to the modulation of necroptosis and
apoptosis (147, 148). Expression of Peli1 increases significantly during ZIKV infection and can
also promote vertical transmission, thereby mediating inflammation and cell death in placental
and neuronal cells (148). This study proposed that Peli1 is involved in ZIKV replication at differ-
ent stages of the replication cycle including cell attachment, entry, and viral translation, although
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The role of the ubiquitin system in Zika virus (ZIKV) pathogenesis and tissue tropism. (a) After ZIKV attachment to cell receptors, the
virus enters via endosomes. (b) Acidification in the endosome allows fusion of the envelope with the endosomal membrane. (c) The virus
is then released in the cytoplasm after uncoating. (d) This step can be blocked with inhibitors of the E1-activating enzyme (UBA1)
required for ubiquitination (Ub) of proteins, suggesting uncoating requires an ubiquitination step. How exactly ubiquitination mediates
the uncoating step is unknown. (e) The ATPase valosin-containing protein p97 (VCP/p97) has been proposed to be involved in
uncoating and speculated to do so by extracting an ubiquitinated protein during the uncoating process. ( f ) After uncoating, the viral
RNA is replicated and transcribed in the endoplasmic reticulum (ER). The polypeptide is cleaved into the different viral proteins.
(g) After virus assembly, which starts in the ER, the immature virion travels through the Golgi, where precursor membrane (prM) is
cleaved to mature the virion and it continues to exit the cell. (h) prM protein of ZIKV is ubiquitinated on K6, resulting in proteasomal
degradation. (i) The envelope protein of ZIKV is ubiquitinated by tripartite motif containing 7 (TRIM7) on K38 and K281,
presumably around the Golgi or Golgi-associated membranes. ( j) ZIKV-infectious virions released outside the cell containing a
proportion of the ubiquitinated envelope can attach to receptors more efficiently, and provide a determinant of tissue tropism, by
enhancing virus entry. (k) This further leads to increased viral loads in target tissues (brain, reproductive tissues, and embryo). (l) The
E3-ubiquitin ligase Pellino 1 (Peli1) promotes entry and replication, but the viral target protein of ubiquitination is not known. (m) The
host deubiquitinates ubiquitin-specific peptidase 38 (USP38) and eukaryotic translation initiation factor 3 subunit 5 (EIF3S5), which
interact with laminin receptor 1 (LAMR1) to reduce the ubiquitination levels of the envelope protein and restrict ZIKV replication.
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the precise mechanism was not elucidated. In addition, the study did not address whether Peli1
ubiquitinates a viral protein or whether the effects observed may be indirect due to other func-
tions of Peli1. It will be interesting to see whether Peli1 may play a redundant role to TRIM7 in
ubiquitination of the ZIKV envelope protein.

Another Zika viral protein that is ubiquitinated is prM, but this ubiquitination results in
degradation. This was demonstrated by coexpressing the envelope protein with the mutant pro-
tein prM-K6R deficient in ubiquitination, which resulted in decreased secretion of viral proteins
compared with WT prM (149) (Figure 4).

Ubiquitination of viral proteins also appears to play a role in other stages of the replication cy-
cle. For example, DENV capsid protein is degraded by the proteasome after viral internalization,
but this degradation is not necessary to release the viral genome to allow viral RNA transla-
tion. However, pharmaceutical inhibition of the E1-ubiquitin-activating enzyme UBA1 blocked
genome uncoating and inhibition of viral RNA translation (135). Although K-to-R mutants were
used, ubiquitination of a specific lysine residue on capsid was not conclusively identified (135).
Although these findings have so far not been fully confirmed for ZIKV, similar findings were ob-
served for YFV using the UBA1 inhibitor. In addition, this study found that chemical inhibition
of the valosin-containing protein VCP/p97, a cellular ATPase that associates with ubiquitinated
proteins (150), reduced expression of the YFV reporter after entry but before translation of the
incoming genome (151). This suggests that flavivirus uncoating may require a general mecha-
nism of ubiquitination (Figure 4). It has also been proposed that free, noncovalently attached
ubiquitin may be present in ZIKV particles that may promote uncoating (152). Together, these
reports suggest that within the functions of the ubiquitin system there is also a nondegrading
function of virus ubiquitination necessary for the replication of flaviviruses during the uncoating
step. Together, these studies demonstrate the ability of ZIKV to hijack the cellular ubiquitination
machinery to promote viral replication and pathogenesis.

5. CONCLUSIONS AND FUTURE DIRECTIONS

ZIKV continues to circulate in tropical and subtropical regions with the potential of reemerg-
ing epidemics once the COVID-19 pandemic dissipates. This continues to pose a significant risk,
especially for pregnant women. One particular area that needs increased efforts is a better under-
standing of how ZIKV may dysregulate the immune response to cause detrimental inflammatory
effects during pregnancy and specifically to the embryo. In addition, since the virus requires host
factors for its replication, further research is needed to understand the mechanism involved in
ZIKV pathogenesis and how it uses cellular machinery for viral replication and dissemination.
One area that requires attention is a better understanding of how ZIKV enters its target cells and
tissues. The identification of a major receptor should be a priority; however, since it is possible
that there is no dominant receptor, studies should focus on other host factors that provide a ben-
eficial environment for ZIKV to replicate. Furthermore, future studies need to carefully consider
which cells are used to expand virus stocks. Many studies have used ZIKV produced in mosquito
cells (C636) or green monkey kidney epithelial cells (Vero) instead of using more physiologically
relevant cells (e.g., cells of placental origin). As we discussed above, viruses grown in mosquito
cells could lack ubiquitination on the envelope protein, which may limit the identification of en-
try factors. Since ubiquitin chains can directly interact with the TIM-1 receptor (137), another
future area of research is the identification of ubiquitin-binding domains potentially present on
the putative receptors of factors involved in virus entry and uncoating. This could identify spe-
cific regions on the receptors to target pharmacologically in order to break interactions with the
ubiquitinated ZIKV envelope.
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Importantly, since specific antibodies against K63-linked polyubiquitin chains can partially
neutralize ZIKV and reduce infectivity in a mouse model (137), another important field to explore
is the development of antibodies directed at ubiquitin for ZIKV neutralization. Further studies
are needed to characterize the positive and negative effects of this antibody in mice pregnancy
models, before they can be used as therapy against ZIKV.

In this review, we provide an overview of the components involved in the interaction between
ZIKV proteins and host factors as well as themechanism used by ZIKV to activate or evade the im-
mune response. Overall, the identification of host-specific factors that are commonly required for
replication of different viruses, especially closely related flaviviruses, could provide novel targets
for broad-spectrum antivirals.
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