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Abstract: Zika virus (ZIKV) is mosquito-borne flavivirus that caused a significant public health
concern in French Polynesia and South America. The two major complications that gained the most
media attention during the ZIKV outbreak were Guillain–Barré syndrome (GBS) and microcephaly
in newborn infants. The two modes of ZIKV transmission are the vector-borne and non-vector
borne modes of transmission. Aedes aegypti and Aedes albopictus are the most important vectors
of ZIKV. ZIKV binds to surface receptors on permissive cells that support infection and replication,
such as neural progenitor cells, dendritic cells, dermal fibroblasts, retinal pigment epithelial cells,
endothelial cells, macrophages, epidermal keratinocytes, and trophoblasts to cause infection. The
innate immune response to ZIKV infection is mediated by interferons and natural killer cells, whereas
the adaptive immune response is mediated by CD8+T cells, Th1 cells, and neutralizing antibodies.
The non-structural proteins of ZIKV, such as non-structural protein 5, are involved in the evasion
of the host’s immune defense mechanisms. Ocular manifestations of ZIKV arise from the virus’
ability to cross both the blood–brain barrier and blood-retinal barrier, as well as the blood-aqueous
barrier. Most notably, this results in the development of GBS, a rare neurological complication in
acute ZIKV infection. This can yield ocular symptoms and signs. Additionally, infants to whom
ZIKV is transmitted congenitally develop congenital Zika syndrome (CZS). The ocular manifestations
are widely variable, and include nonpurulent conjunctivitis, anterior uveitis, keratitis, trabeculitis,
congenital glaucoma, microphthalmia, hypoplastic optic disc, and optic nerve pallor. There are
currently no FDA approved therapeutic agents for treating ZIKV infections and, as such, a meticulous
ocular examination is an important aspect of the diagnosis. This review utilized several published
articles regarding the ocular findings of ZIKV, antiviral immune responses to ZIKV infection, and the
pathogenesis of ocular manifestations in individuals with ZIKV infection. This review summarizes
the current knowledge on the viral immunology of ZIKV, interactions between ZIKV and the host’s
immune defense mechanism, pathological mechanisms, as well as anterior and posterior segment
findings associated with ZIKV infection.

Keywords: Zika virus; virology; infectious disease; conjunctivitis; anterior uveitis; chorioretinitis;
glaucoma

1. Introduction

Zika virus (ZIKV) is a mosquito-borne flavivirus of global medical importance that
belongs to the Flaviviridae family. Other flaviviruses include dengue virus, hepatitis C
virus, yellow fever virus, Japanese encephalitis virus, and West Nile virus. ZIKV acquired
global health significance when it caused significant outbreaks in Yap Island, French
Polynesia, and South America [1]. ZIKV was identified and isolated from a rhesus monkey
in Zika forest in Uganda in 1947 [2,3]. There have been a few isolated cases of Zika
virus infections prior to the ZIKV-associated outbreak that occurred in the Federated
States of Micronesia, which was followed by an outbreak in French Polynesia in 2013
and South America in 2015 [4]. Many cases of Guillain–Barré syndrome were observed
during the ZIKV outbreak in French Polynesia, whereas microcephaly in newborn infants
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was associated with the ZIKV outbreak in South America [1]. Ocular findings associated
with congenital Zika syndrome include iris coloboma, microphthalmia, optic disc pallor,
chorioretinal atrophy, lens subluxation, cataract, glaucoma, strabismus, retinal pigment
epithelial mottling, maculopathy, abnormal retinal vessels, and pupillary abnormalities.
However, pruritic maculopapular rash, transient low-grade fever, arthralgia, anterior
uveitis, chorioretinitis, trabeculitis, and nonpurulent conjunctivitis are commonly observed
clinical expressions of acute ZIKV infection (Figure 1) [1,5,6]. There are two modes of
transmission of ZIKV. The vector-borne mode of transmission is the most common form
of ZIKV transmission through the bite of infected Aedes aegypti and Aedes albopictus
mosquitoes [1,7]. The non-vector mode of transmission involves the transmission of ZIKV
from human-to-human, such as vertical transmission between mother and fetus, sexual
intercourse, and breastfeeding [1,8,9]. Other non-vector modes of ZIKV transmission
include ocular transmission and blood transfusion. Ocular transmission can potentially
occur when there is contact with conjunctival fluid and tears [10]. Tan and coworker [11]
suggested that contact with ocular discharge, such as tears of a patient with ZIKV infection,
can serve as a non-vector mode of transmitting ZIKV. The persistence of ZIKV RNA in
tears 30 days post-illness has been documented. Thus, there is a potential risk of ocular
transmission of ZIKV through contact with ZIKV infected tears during the high viremic
phase of ZIKV infection [11,12]. Because of the presence of ZIKV in vaginal secretions, there
is also a possibility of a female-to-male transmission of ZIKV and maternal transmission
during vaginal delivery [7]. This review will summarize the current knowledge on the
viral immunology of ZIKV, interactions between ZIKV and the host’s immune defense
mechanisms, pathological mechanism, anterior and posterior segment ocular findings, as
well as neuro-ophthalmic disorders associated with ZIKV infection.
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2. Virology

Zika virus is a positive-sense enveloped RNA virus with a genome of ~11 kilobases,
open frame enclosed in an icosahedral nucleocapsid [13,14]. The envelope protein of ZIKV
binds to surface receptors on the target host cell to initiate the process of attachment, fusion,
and entry. Clathrin-mediated endocytosis is utilized by ZIKV to gain access to the endosome
of the host cell, where changes in the acidic pH of the endosome is associated with fusion
between the viral envelope and the endosomal membrane that facilitates the release of
ZIKV into the cytoplasm. This is followed by an uncoating process to release the viral RNA
genome into the host cell cytoplasm [1,15,16]. The uncoating of the virus occurs in the cyto-
plasm in order to release the viral RNA genome for transcription and replication [1,15–17].
The positive-sense genome serves as viral messenger RNA that undergoes translation
to yield a single polyprotein that in turn undergoes co- and post-translational cleavage
by host cellular and viral proteases to generate three structural proteins and seven non-
structural (NS) proteins [18–20]. Capsid protein is a structural protein that serves as the
nucleocapsid, whereas the pre-membrane protein is complexed to the envelope protein.
The pre-membrane protein prevents the premature fusion of ZIKV to the membrane of
the host cell [14]. The envelope protein (E protein) is a highly conserved protein in all
members of the Flaviviruses. The three domains of the E protein are envelope domain I
(EDI), EDII, and EDIII. EDIII is responsible for mediating the attachment of the virus to
receptors on permissive host cells. Antibodies generated against EDIII are the most potent
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neutralizing antibodies [21]. While the ZIKV envelope protein plays a role in viral assembly,
it also acts as a viral attachment protein that facilitates attachment, entry, and fusion of the
virus [14]. The nonstructural proteins are NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5.
The N-terminal of NS3 along with NS2B form a NS2B–NS3 protease complex that cleaves
the polyprotein. The C-terminal of NS3 protein has helicase and nucleoside–triphosphate
(NTPase) activities, and it participates in viral RNA synthesis [22,23]. NS5 is a conserved,
non-structural protein that contains the RNA-dependent RNA polymerase required for
viral replication. It also houses the methyltransferase domain, which is required for evading
the immune response [24]. NS5 binds to STAT2 to induce the proteasomal degradation
of STAT2, which results in STAT1-SATA1 homodimerization, a protein complexes that
acts on genes that promote the production of type II IFN [10,25]. NS5 also blocks type I
and III IFN-mediated antiviral response [26]. NS2A, NS4A, and NS4B play a role in viral
replication and assembly [24]. NS4A also aids in polyprotein processing and immune
evasion [27].

3. Host–Virus Interaction

Astrocytes, dendritic cells, dermal fibroblasts, endothelial cells, monocytes, macrophages,
microglia, neural stem cells, mesenchymal stem cells, neural crest cells, neurons, epiderma
keratinocytes, and trophoblasts are cells that support the infection and replication of
ZIKV, as well as the subsequent dissemination of the virus to other permissive cells and
tissues [28–30]. When an Aedes mosquito takes a blood meal from an infected individual it
becomes infected and capable of transmitting ZIKV to uninfected humans during future
blood meals. The virus interacts with TYRO3, AXL, and TIM-1 expressed on epidermal
keratinocytes and dermal fibroblasts to gain access to, infect, and subsequently replicate
within these cells [16,31].

3.1. Innate Immune Response to ZIKV Infection

ZIKV engages DC-SIGN expressed on macrophages and dendritic cells to facilitate the
infection of these activators and sentinel cells of the immune system [16,31]. The presence
of ZIKV results in pattern recognition receptors of the innate immune system to engage
pattern associated molecular patterns of ZIKV. The activation of the complement system
by flaviviruses, including ZIKV, through the alternative, lectin, and classical pathways
culminates in the generation of C3a, C3b, C5a, and the membrane attack complex (MAC).
C3a and C5a mediate the recruitment of immune cells to the site of complement activation.
This is accomplished by C3a and C5a engaging their receptors on vascular endothelium to
trigger the upregulation of ICAM-1 on vascular endothelium to enhance vasopermeability,
which facilitates the influx of immune cells to the site of complement activation. The
MAC lyses enveloped viruses, such as members of the flaviviruses [32,33]. Nonstructural
proteins, such as NS1, play a role in the replication of ZIKV within the host; however, it can
play a major role in mediating the viral pathogenesis and evasion of the innate immune
response [24]. NS1 can bind and recruit complement factor H (CFH), which, in turn, results
in the viral-mediated dissociation of C3 convertase of the alternate pathway of complement.
This culminates in a dysfunction of the alternative pathway of complement with little or no
formation of complement opsonins, such as C3b, as well as a reduction in the generation of
chemoattractants of the complement system, such as C3a and C5a [34]. Furthermore, ZIKV
can utilize the NS1 to bind to regulators of the complement system, such as vitronectin, to
escape complement mediated lysis by preventing the formation of the MAC on the viral
envelope [35]. Additionally, ZIKV NS1 can decrease the polymerization of C9 in order
to evade complement-mediated lysis of ZIKV [24,35]. Malekshahi and coworkers [35]
demonstrated that the ZIKV envelope protein can bind to and incorporate vitronectin into
its envelope to prevent complement-mediated lysis of the virus. ZIKV E protein binds to
the terminal components of the complement system. It also reduces the polymerization
of complement protein 9 (C9) in order to prevent the formation of the membrane attack
complex. Thus, it is able to inhibit complement-mediated lysis [24,35]. In addition to the
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role of complement in innate immune response against ZIKV, innate immune response
is also mediated by type 1 interferon (IFN), type 2 IFN, type 3 IFN, macrophages, and
natural killer (NK) cells. Dendritic cells, macrophages, keratinocytes, and fibroblasts have
pattern recognition receptors, such as Toll-like receptor 3 (TLR3), retinoic acid-inducible
gene I (RIG-I), and melanoma differentiation-associated gene 5 (MDA5). The RIG-I-like
receptor (RLR) is a nucleic acid receptor present in the cytosol of host cells and acts as
an innate immune sensor of pattern associated molecular patterns (PAMPs) expressed by
ZIKV. It is of note that following the entry of ZIKV into the cytosol of the permissive target
cell, it undergoes uncoating to expose and release the viral RNA genome for transcription
and replication. The viral ssRNA genome undergoing transcription and replication to
yield dsRNA, a replication intermediate that binds to RIG-I and MDA5 [36–38]. The
interaction between dsRNA and RIG-I/MDA5 leads to conformational changes that initiate
downstream signaling cascades, which results in the two N-terminal caspase-recruitment
domains (CARD) of RIG-I and MDA5 binding to the CARD domain of a downstream
adaptor protein mitochondria antiviral signaling protein (MAVS) to mediate the recruitment
and activation of MAVS. The activated MAVS recruits and activates downstream signaling
protein kinase TANK-binding kinase 1 (TBK1) and inhibitory kappaB kinase (IKK). TBK1
and IKK phosphorylate interferon regulatory factor 3/7 (IRF3/7) and nuclear factor-kappaB
(NF-κB), respectively. Phosphorylated IRF3/7 dissociates, dimerizes, and translocates to
the nucleus to work along with NF-κB to produce type I and III IFN and other cytokines
(Figure 2) [19,37–39].
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Figure 2. TLR3-mediated innate immune response yields type I IFN and proinflammatory mediators.
The RIG-I/MDA5 signaling pathway generates type I IFN, type III IFN, and proinflammatory
mediators. TLR3: Toll-like receptor 3; RIG-I: retinoic acid-inducible gene I; MDA5: melanoma
differentiation-associated gene 5; MAVS: mitochondria antiviral signaling; TIR: toll/interleukin-1
receptor; TRIF: TIR-domain-containing adapter-inducing interferon-β; TRAF3: tumor necrosis factor
receptor associated factor 3; TRAF6: tumor necrosis factor receptor associated factor 6; TBK1: TANK-
binding kinase 1; IKK: Inhibitory kappaB kinase; IRF3/7: Interferon regulatory factor 3/7; IRF3:
Interferon regulatory factor 3; NF-κB: nuclear factor-kappaB; Type I IFN: Type I interferon; Type III
IFN: type III interferon.
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Toll-like receptors (TLR) serve as pattern recognition receptors that reside in the
endosome of host cells. TLR3 recognizes dsRNA, a replication intermediate, and this
interaction is associated with a downstream signaling cascade, in which the toll/interleukin-
1 receptor (TIR) domain of TLR3 binds to the (TIR) domain of TIR-domain-containing
adapter-inducing interferon-β (TRIF). This interaction between TLR3 and TRIF induces
the recruitment and activation of TRIF. This is followed by the binding of the activated
TRIF to tumor necrosis factor receptor associated factor 3 (TRAF3) and TRAF6. TRAF3
engages and recruits TBK1, resulting in the activation of IRF3. TRAF6 engages and recruits
IKK and this results in the activation of NFκB. IRF3 and NFκB translocate to the nucleus
where they stimulate genes required for coding interferons (type I IFN) and other cytokines
respectively (Figure 2) [20,38–41].

Interferons are one of the major host restriction factors that inhibit the replication of
ZIKV. Type I interferons (IFNI or IFNα/β) produced by ZIKV-infected cells induce an
antiviral microenvironment by interacting with IFNα/β receptors (type I IFN receptor), a
type 2 cytokine receptor. Type I IFN receptors consist of interferon alpha receptor1 (IFNAR1)
and IFNAR2 subunits that project into the cell to form a cytoplasmic domain associated
with Janus activated kinases, such as tyrosine kinase 2 (TYK2) and Janus activated kinase 1
(JAK1) [42,43]. The binding of type I IFN to its cognate receptor results in a signal cascade
that activates JAK1 and TYK2. The activated Janus activated kinases phosphorylate tyrosine
residues on the cytoplasmic domain to provide a docking site for signal transducer and
activator of transcription 1 (STAT1) and STAT2 proteins. STAT1 and STAT2 proteins are
recruited by the activated JAKs, and subsequently they undergo phosphorylation and
dimerization. The phosphorylated STAT1 and STAT2 proteins dissociate from JAKs and
bind to interferon regulatory factor 9 (IRF9) to form the STAT1–STAT2–IFR9 complex, a
trimolecular complex called interferon-stimulated gene factor 3 (ISGF3). ISGF3 translocates
into the nucleus of the host cell, where it binds to IFN-stimulated response element (ISRE)
on DNA to trigger the transcription of interferon-stimulated genes (ISG) that induce an
antiviral response to control the ZIKV infection (Figure 3) [42,43]. Thus, the innate immune
response against ZIKV results in increased expression of RIG-I, MDA5, and TLR3 [10]. TLR3
engages dsRNA intermediates to induce the activation of IRF3 and NFκB, whereas RIG-
I/MDA5 engages dsRNA intermediates to induce the activation of IRF3/7 and NFκB [25].
This interaction yields type I IFN, IL-6, IL-12, tumor necrosis factor alpha (TNFα), type III
IFN, ISG, CXCL10, and CCL5 [10,25].
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ZIKV, like most members of the flaviviruses, evades host immune responses by in-
terfering with molecules that mediate innate immunity. NS1, NS4, and NS4B inhibit the
signaling pathway essential for the generation of IRF3 and IRF7. NS4 inhibit the activity
of MAVS, whereas NS1 and NS4B inhibit the activity of TBK1 [24]. However, it has been
reported that NS5 inhibits the generation of type 1 IFN by mediating the degradation of
STAT2 [4]. NS1, NS4B, and NS2B are involved in the process of mediating the evasion of
the immune system, which is accomplished by blocking the activation of type I IFN and
expression of ISG [19].

Type 1 IFN induces an antiviral microenvironment to limit the spread of the virus,
as well as activate NK cells that mediate cytolytic and noncytolytic antiviral immune
responses. Perforin and granzyme secreted by activated NK cells induce the cytolysis
of ZIKV infected cells. NK cells secrete type II IFN (IFNγ) that inhibit viral replication
and activate macrophages. Furthermore, IFNγ and TNFα secreted by activated NK cells
facilitate the maturation and antigen presentation capability of dendritic cells [44].

3.2. T Cell-Mediated Immune Response to ZIKV Infection

Dendritic cells, loaded with viral peptides derived from ZIKV complexed to major
histocompatibility complexes, migrate to the regional lymph node to activate naïve T
cells. Activated T cells undergo proliferation and differentiation into effector T cells,
such as effector CD4+T cells and effector CD8+T cells. IL-12 (secreted by dendritic cells
and macrophages) and type II IFN (secreted by NK cells) induce activated CD4+T cells to
differentiate into Th1 cells that secrete IL-2, IFNγ, and TNFα [45,46]. Hassert and coworkers
used a mouse model of ZIKV infection to demonstrate that ZIKV epitope-specific CD4+T
cells induced protective cell-mediated immune responses with Th1 cells secreting type 2
IFN and TNFα, being the predominant subset of effector CD4+T cells [47]. In studying the
immunological features of ten women with acute ZIKV infection, Tonnerree and coworkers
revealed that CD4+T cells were shown to target capsid protein, pre-M protein, Envelop
protein, NS1, NS3, and NS5 proteins. In these particular patients, CD4+T cells generated
both effector-memory CD4+T cells and central-memory CD4+T cells. Memory CD4+T
cells and CD8+T cells produced TNFα and IFNγ [48]. CD8+T cells mediate cell-mediated
cytotoxicity through perforin and granzyme. These granules induce the cytolysis of ZIKV-
infected cells. Additionally, IFNγ and TNFα secreted by effector CD8+T cells mediate
noncytolytic antiviral immune responses against ZIKV [49]. Ngono and coworkers, using
mouse models, were able to demonstrate that CD8+T cells target all ZIKV proteins except
NS1 and NS2B [50]. Tonnerree and coworkers also revealed that CD8+T cells targeted
nonstructural proteins of ZIKV [48].

3.3. Antibody-Mediated Immune Response to ZIKV Infection

Zika virus induces the generation of a humoral immune response with ZIKV-specific B
cells, producing ZIKV-specific plasma cells that secrete IgG and IgA. IgM is produced dur-
ing the primary infection with the subsequent generation of high affinity antibodies with
potent opsonizing capabilities against the structural proteins of ZIKV [51,52]. Antibodies
generated against EDIII during ZIKV infections are potently neutralizing antibodies that
can provide protective immunity [21]. Antibodies developed against non-structural pro-
teins, pre-membrane, and EDI/II of ZIKV have little or no neutralizing capabilities and are
usually cross-reactive antibodies. Thus, EDI/II-reactive antibodies generated against other
members of the Flaviviruses demonstrate little/no neutralizing effect against ZIKV [53–55].
It is noteworthy that the generation of humoral immunity against ZIKV EDIII is associ-
ated with the generation of ZIKV EDIII memory B cells and long-lived plasma cells that
continuously secrete ZIKV EDIII-specific antibodies [21].

4. Ocular Manifestations

The ocular manifestations of ZIKV infection differ depending on acute infections
versus congenital forms. In either case, ocular findings arise from the virus’s ability to
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cross both the blood–brain barrier and blood-retinal barrier, as well as the blood-aqueous
barrier [56]. In acute ZIKV infection, there is no definitive outline of symptoms. They
vary from anterior segment findings of conjunctivitis and anterior uveitis to posterior
segment findings of maculopathy with outer retinal layer and retinal pigment epithelium
(RPE) disruption (Table 1) [8,57–61]. The most common ocular manifestation in acute
ZIKV infection is a nonpurulent conjunctivitis, arising in up to 63% of patients [62]. The
data differs in pregnant women with ZIKV who did not show evidence of associated
conjunctivitis [63]. The other potential anterior segment manifestation of acute ZIKV
infection is anterior uveitis with raised intraocular pressure. In one study, a 39-year-old
man in Brazil, diagnosed with ZIKV based on clinical findings alone, developed bilateral
iridocyclitis with elevated intraocular pressures [64]. Similarly, a middle-aged man with a
confirmed diagnosis of ZIKV through aqueous humor analysis had a resultant bilateral
nongranulomatous anterior uveitis [57]. A posterior segment finding in one case report
in 2019 describes a unilateral multifocal choroiditis, presumably related to acute ZIKV
infection [65].

Table 1. Ocular findings documented in acute ZIKV infection.

Anterior Segment Neuro-Ophthalmic Posterior Segment

Nonpurulent conjunctivitis [62].
Anterior uveitis (bilateral,

nongranulomatous iridocyclitis
with or without elevated

intraocular pressure [57,64].

Papilledema [66].
Ophthalmoplegia [5,66].

Ocular flutter [67].

Maculopathy with outer
retinal layer and RPE

disruption [57,61].
Multifocal choroiditis [65].

A minority of those who are infected with ZIKV often have mild, non-specific symp-
toms, such as a low-grade fever, myalgia, or headache [2,68]. In rare cases, patients develop
Guillain–Barré syndrome (GBS), a condition that causes damage to the peripheral nervous
system [2]. The immunopathological mechanism of ZIKV-associated GBS is attributed to an
autoimmune process involving molecular mimicry, in which cross reaction occurs due to the
similarities between immunogenic epitopes of ZIKV polyprotein and host neuronal mem-
brane gangliosides [69,70]. In this subset of patients, there was one case of post-infectious
papilledema reported. The incidence of acute ZIKV infection causing GBS has increased
over time. There was a large outbreak in French Polynesia involving 42 patients who all
had GBS and acute ZIKV infection [71]. Furthermore, those who develop Guillain–Barré
and have had previous exposure to dengue virus may develop Miller Fisher Syndrome, a
rare variant of GBS in both dengue virus and ZIKV, which causes ophthalmoplegia [5,66].
Another case report describes a 22-year-old female with ZIKV infection and subsequent
Guillain–Barré syndrome who also developed ocular flutter. This rare ocular dyskinesia
is potentially a response to ZIKV infection [67] and occurs otherwise in paraneoplastic
disorders, encephalitis, serotonin syndrome, and other infections, such as hepatitis C viral
infections [72]. Ocular flutter has also been associated with enteroviral infections [73] and
dengue viral infections [74].

On the other hand, congenital Zika syndrome (CZS) manifests with a wide variety of
well documented ocular manifestations. Ocular manifestations occur in up to 50% of infants
who have ZIKV-related microcephaly [63,75]. The CZS associated ocular findings affect
both anterior and posterior segment structures (Table 2). Anterior segment findings include
iris coloboma, lens subluxation, cataract, glaucoma, microphthalmia, and intraocular
calcifications. Neuro-ophthalmic complications may also arise, related to oculomotor and
abducens muscle paresis, which manifest clinically as convergent strabismus and loss of
pupillary response [63,76–78]. Posterior segment abnormalities, if present, affect the retina
and choroid, often mimicking toxoplasmosis, appearing as macular pigment mottling and
chorioretinal atrophy [5,79].
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Table 2. Ocular findings documented in CZS.

Anterior Segment Neuro-Ophthalmic Posterior Segment

Lens subluxation [61,63].
Cataract [63,76,78].

Intraocular calcifications [63,76,78].
Congenital glaucoma [80]
Microphthalmia [81,82].

Corneal ectasia [83].
Iris coloboma [63,84].

Strabismus [79,85].
Horizontal nystagmus [79,85].
Exophoria/esophoria [79,85].

Loss of pupillary response [79,85].
Disc hypoplasia [79,85].

Disc pallor [79,85].
Enlarged cup-to-disc ratio [79,85].

Macular pigment mottling [5,79].
Chorioretinal atrophy either macular,

paramacular, or peripheral [5,79].
Retinal hemorrhage [86].
Vascular tortuosity [85].

Early termination of retinal vasculature [85].
Washed out peripheral retina with

hypoluscent spot [85].
Photoreceptor, RPE thinning with pigment

loss, and choroidal thinning [87,88].

The first ophthalmic findings in CSZ were documented in 2016 by Ventura et al. [79],
who described three infants with unilateral loss of foveal reflex as well as macular pigment
mottling. They later described one child with horizontal nystagmus, four with exophoria,
and two with esophoria. Most eyes (85%) had both macular and optic nerve abnormalities.
In addition to the aforementioned macular findings, distinct areas of chorioretinal atrophy
were also observed. Optic nerve abnormalities included hypoplastic disc, nerve pallor, and
an increased cup-to-disc ratio [79]. These findings were consistently documented in studies
thereafter [89–91]. De Paula Freitas observed additional findings, including lens sublux-
ation and iris coloboma. Posterior segment findings in this study were consistent with
previous data and confirmed the presence of macular, paramacular, or nasal chorioretinal
atrophy as a finding of CZS [63].

Additional studies in different regions in Brazil confirmed these findings later on
in 2017 by de Oliveira and Zin [86,92]. However, Zin et al. reported the presence of
retinal hemorrhage, which was not previously mentioned. They also concluded that ocular
findings may only be the initial finding of CZS, emphasizing the importance of early
examination [86].

An additional study on the posterior segment manifestations of CZS described similar
presentations, as well as the presence of vascular tortuosity, early termination of retinal
vasculature, washed out peripheral retinal peripheries with a hypoluscent spot, scattered
paramacular hemorrhages, and peripheral pigmentary changes with clustered hypopig-
mented lesions. In a little less than half of cases, optic nerve abnormalities were also
present. These included either disc hypoplasia, pallor, or large cupping [85]. Though
anterior segment findings in CZS were largely absent, one study did report one case of
bilateral iris colobomas and unilateral lens subluxation [61,63].

Yepez et al. documented a case series from Venezuela with many of the aforemen-
tioned ocular findings. However, in this case series, 12% of infants also had congenital
glaucoma [80]. The presence of congenital glaucoma related to ZIKV was first observed
in a case documented in 2017 by de Paula Freitas, in addition to retinal findings [93]. In
all patients with congenital glaucoma described by Yepez et al., epiphora, photophobia,
blepharospasm, increased IOP, buphthalmos, and corneal enlargement and clouding were
present to make the diagnosis. A few patients also presented with Haab’s striae and en-
larged cup-to-disc ratios. Infants in this study required invasive surgical intervention to
treat the glaucoma [80].

Regardless of retinal or macular findings, all infants had decreased visual acuity. In a
study of 32 infants with CZS, Teller acuity was used to measure visual function, and found
that all had reduced vision. Retinal findings, however, were present in less than half. This
is presumably due to the CNS involvement associated with CZS. Decreased visual acuity
was confirmed in a later study but improvement was observed by prescribing full visual
correction in these cases [90].

A study comparing optical coherence tomography (OCT) findings in CZS found that all
infants exhibited the discontinuation of the ellipsoid zone and hyper-reflectivity underlying
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the retinal pigment epithelium. The majority of infants in the study also showed retinal
and choroidal thinning on OCT, with some also manifesting with chorioretinal atrophy
resembling coloboma [87].

While fundus abnormalities are the most common manifestation of CZS, there are
some virus-related anterior segment signs as well, such as microphthalmia [81,82]. One case
report describes a child with a history of presumed ZIKV infection at 11 weeks’ gestational
age with corneal ectasia, which may be an additional anterior segment finding of CZS. This
corneal involvement can be explained by studies wherein Zika virus RNA has been found
in the cornea of mice, as well as neurosensory retina and optic nerve [83]. Microphthalmia,
iris coloboma, and cataracts can all occur in CZS. One study suggests that the presence
of iris coloboma is potentially a marker for infection that occurred prior to the seventh
week of gestation, where there is closure of the optic fissure. Furthermore, in a small
subset of infants with iris coloboma, the location was either superior or temporal, which is
atypical [84].

Histopathological studies on eyes of post-mortem fetuses with CZS revealed anatomi-
cal anterior segment abnormalities, including pupillary membrane and anterior chamber
angles that are not fully formed. Retinal and choroidal abnormalities included thin photore-
ceptor layer, RPE thinning and pigment loss, choroidal perivascular inflammatory infiltrate,
and choroidal thinning [88].

Interestingly, the mothers of children with CZS do not develop ocular abnormalities.
However, these infants primarily present with the retinal findings of unilateral pigment
mottling or chorioretinal atrophy [85]. Ocular involvement was more likely to occur in
babies of mothers who were infected with ZIKV within the first trimester of pregnancy [63].
It is difficult to ascertain which infants with ZIKV-infected mothers will develop CZS, due
to the lack of ophthalmic manifestations and/or symptoms in affected mothers during
pregnancy. One study suggested that infants born with microcephaly had a higher risk of
developing ophthalmic manifestations [94].

5. Pathological Mechanisms

Viral cellular tropism is determined by the ability of ZIKV to bind to the host cell sur-
face receptors [95]. Dendritic cell-specific intercellular adhesion molecule-3 grabbing nonin-
tegrin (DC-SIGN) or CD209 are expressed on dendritic cells and macrophages [96,97]. TIM-1
(T-cell immunoglobulin and mucin domain 1) is an attachment molecule for ZIKV [28,29],
whereas TAM (TYRO3, AXL and MER) is a receptor tyrosine kinase that serves as a cel-
lular receptor for the ZIKV family of receptors [28,29,98]. AXL and TYRO3 are expressed
on retinal pericytes, retinal microvascular endothelial cells [24], and neural progenitor
cells (NPCs) [99]. Furthermore, TYRO3, AXL, and TIM-1 are expressed on human pla-
centa cells, endothelial cells, trophoblast cells, fibroblasts, trophoblast progenitor cells,
macrophages [27,29], epidermal keratinocytes, and dermal fibroblasts [96]. Additionally,
AXL and TYRO3 facilitate the ZIKV infection of astrocytes and microglia cells [95] whereas
AXL facilitates the infection of neural stem cells [99], neural crest cells [100], and mesenchy-
mal stem cells [101]. Pericytes, RPE cells, and microvascular endothelial cells of the retina
are permissive cells that support the infection and replication of ZIKV [102]. ZIKV infects
NPCs, leading to the apoptosis of NPCs, while also inhibiting the differentiation of NPCs.
This culminates in developmental delay due to the depletion of the NPCs, as observed in
the prenatal brain [99].

Viral persistence has a role to play in the pathogenesis of ZIKV infection. It has been
suggested that ocular immune privileged sites are prone to ZIKV-induced changes because
of viral persistence due to the high viral load. The cells of these blood–tissue barriers could
serve as a reservoir for ZIKV, they also serve as a medium for facilitating the spread of
the virus [103]. Although the immune system of the host is responsible for protecting the
host from viral diseases, an overactive immune response can be a contributory factor to
viral pathogenesis [104]. ZIKV can gain access to the eye through retrograde transport of
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ZIKV through the optic tract and optic nerve into the eye, as well as through hematogenous
spread of ZIKV across the blood–ocular barriers [105].

5.1. Blood–Tissue Barriers

Blood–tissue barriers, such as the blood–brain barrier (BBB), maternal–fetal interface,
blood–retinal barrier (BRB), and blood–aqueous barrier (BAB), have cells that are vulner-
able to infection by ZIKV. Endothelial cells of the BBB are vulnerable to ZIKV infection
and serve as a reservoir that facilitates dissemination of ZIKV via the blood–brain barrier.
This allows ZIKV access to cell types, such as neural stem cells (NSCs), neurons, astrocytes,
and microglia [106]. The endothelial cells of the BBB and BRB cells can secrete matrix
metalloproteinase-2 (MMP-2) and MMP-9 that are responsible for disrupting the imperme-
ability function of BBB and BRB to facilitate access of infiltrating effector immune cells into
the brain and retina, respectively [107]. ZIKV can cause a breakdown of the RPE imper-
meability function by impairing the intercellular junctions that link up the individual RPE
cells that constitute the external BRB [105]. MMP-2 and MMP-9 secreted by ZIKV-infected
RPE cells can degrade the intercellular junctional proteins, which culminates in impairing
the RPE impermeability function [105,108]. The choriocapillaries supply blood to the retina.
The highly fenestrated choriocapillaries have endothelial cells that are prone to infection by
ZIKV, and the infection of endothelial cells of the choriocapillaries can facilitate the access
of ZIKV to the highly permissive RPE. Infection of RPE cells induce their activation and
promote inflammation that breaks down the blood–retinal barrier [109].

5.2. ZIKV-Infected Myeloid Cells

The Hofbauer cells (HBCs) are fetal macrophages that increase in number during ZIKV
infection and are susceptible to direct infection by ZIKV [10]. ZIKV-infected HBCs can serve
as a reservoir for ZIKV and act as a Trojan horse that facilitates the dissemination of ZIKV
into the fetal blood [7]. Furthermore, ZIKV-infected monocytes in the blood stream can pass
through the blood–placenta barrier to gain access to the fetus, where they invade and infect
the fetal neural tissue due to the neurotropism of ZIKV. Additionally, ZIKV-infected mono-
cytes have the ability to transmigrate the retinal microvascular endothelium to facilitate the
dissemination of ZIKV to cells in the neuroretina and other immune-privileged sites of the
eye. ZIKV infected monocytes become activated to secrete cytokines and chemokines that
promote inflammation in these immune-privileged sites. Thus, ZIKV-infected monocytes
act as Trojan horses that play a dual role in ZIKV pathogenesis via the dissemination of the
virus and initiating inflammation in immune-privileged tissues [110,111].

5.3. Microcephaly

ZIKV infection during the early stages of CNS development is associated with a greater
risk of developing microcephaly. The risk is highest in the first trimester of pregnancy [112].
Microcephaly, a neurodevelopmental disorder, is characterized by a significant reduction
in the size of the brain. It is caused by the impaired proliferation of NPCs and death
of NPCs [26]. ZIKV-infected NPCs undergo apoptosis through the activation of p53,
which results in a reduction in the number of NPCs. The p53-mediated apoptosis is
usually associated with the TLR3-mediated activation of the innate immune response [113].
Furthermore, in ZIKV-infected cells, mitochondrial fragmentation occurs prior to the
apoptosis of ZIKV-infected cells. It has been demonstrated that during ZIKV infection
the mitofusin 2 (MFN2) protein required to mediate mitochondrial fusion is reduced, and
as such, mitochondria fragmentation is involved in the mitochondria apoptotic pathway
observed in ZIKV infection [113,114]. In the ZIKV-infected fetal brain, there is a reduction in
the proliferation of NPCs with a consequential reduction in the number of NPCs [115]. The
remainder of the NPCs will undergo premature differentiation into mature neurons [113].
Thus, impaired neurogenesis secondary to depletion of NPCs and premature differentiation
of ZIKV-infected NPCs causes a reduction in the brain size, which manifests as ZIKV-
related microcephaly (Table 3) [115–118]. Immune responses mounted against ZIKV during
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pregnancy are associated with congenital malformations due to the immune-mediated
inflammation at the maternal–fetal interface that compromises the barrier function of this
interface. This allows effector immune cells, including IFNγ and TNFα secreting effector T
cells, to gain access to the fetus, where these cells promote inflammatory responses that
destroy NPCs required for the normal neural development of the fetus [25]. ZIKV infection
of blood–brain barrier cells, such as endothelial cells, pericytes, and astrocytes, can cause
an upregulation of ICAM-1 that promotes the efficient docking of effector immune cells to
the blood–brain barrier, thereby contributing to the influx of effector immune cells [119].
ZIKV-infected blood–brain barrier cells also upregulate the expression of IL-6, CCL5, and
CXCL10, which mediates the chemotaxis of effector immune cells to the blood–brain barrier.
The recruited immune effector cells engage the ICAM-1 expressed on the infected blood–
brain barrier cells and transmigrate through the blood–brain barrier to gain access to central
nervous system to cause neuroinflammation [119].

Table 3. Pathological mechanisms and manifestations of ZIKV infection.

Primary Targets Receptors Mechanisms Outcomes

Neural progenitor cells AXL [99].
Apoptosis of ZIKV-infected NPCs. Reduced

proliferation of NPCs. Premature
differentiation of NPCs [113,115].

Microcephaly [115].

Neural crest cells AXL [100].

ZIKV infection of NCCs during the
developmental stages of the fetus causes
abnormal migration, proliferation, and

differentiation of NCCs [100,120].
The loss of NCCs associated with ZIKV

infection can contribute to the disruption of
the formation of the optic fissure, resulting in

failure to close the optic fissure [86,120].
ZIKV infection of NCCs will result in

abnormal proliferation and differentiation of
cells required for the normal development of

the cornea [121].
ZIKV infection of NCCs during the

developmental stages of the fetus can lead to
abnormal morphogenesis of the trabecular

meshwork [100,122,123].

Microphthalmia [106,120,124,125].
Iris coloboma [7,84,120,126].

Corneal ectasia [83].
Congenital glaucoma

[93,100,122,123].

Mesenchymal stem cells AXL [101].

ZIKV infects mesenchymal stem cells,
resulting in impaired proliferation and
differentiation of cells required for the

development of the crystalline lens
[30,100,121,127,128].

Congenital cataract
[30,100,121,127,128].

Placental endothelial cells
and trophoblasts TIM-1, AXL, TYRO3 [27].

Destruction of ZIKV-infected placenta
[129,130].

Compromised maternal-fetal interface
[129,130].

Placental insufficiency causes
restricted growth of the fetus and
disruption of neurodevelopment

of the fetus [129].
Facilitate access of ZIKV to the

fetus [129,130].

Blood retinal barrier cells
(Retinal vascular

endothelial cells and retinal
pigment epithelial cells)

AXL, TYRO3, TIM-1,
RIG-I/MDA5, TLR3 [20].

ZIKV infected BRB cells induce inflammation
that damages the BRB and facilitate influx of

effector immune cells into the retina [131,132].

Chorioretinitis, macular pigment
mottling, chorioretinal atrophy,

and maculopathy [131,132].

Cornea epithelial cells TLR3, RIG-I, MDA5 [133].
ZIKV-infected corneal epithelium induces
antiviral response and immune-mediated

inflammation [133].
Keratitis [133].

Trabecular meshwork cells RIG-I, TLR3 [134].

ZIKV-infected trabecular meshwork cells
secrete cytokines and chemokines that

promote inflammation via the recruitment of
effector immune cells such as Th1 cells to the

trabecular meshwork [134].

Trabeculitis [134].
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Table 3. Cont.

Primary Targets Receptors Mechanisms Outcomes

Conjunctival epithelial cells RIG-I/MDA5, TLR3 [135].
ZIKV-infected conjunctival epithelial cells

induce an immune-mediated inflammatory
response [135].

Nonpurulent conjunctivitis [135].

Iris pigment epithelium TLR3 [136].

Immune-mediated inflammation triggered in
response to ZIKV-infected iris pigment

epithelium.
ZIKV-infected blood aqueous barrier (BAB)
cells induce inflammation that damages the
BAB and facilitate influx of effector immune

cells into the anterior uvea. Influx of
ZIKV-infected monocytes acting as Trojan

horses [137–139].

Anterior uveitis with or without
raised intraocular pressure

[137–139].

5.4. Placental Dysfunction

Placental insufficiency in ZIKV-infected pregnant women can play a role in the impair-
ment of neurogenesis, which can manifest as microcephaly. ZIKV infection of the placenta
activates the immune response that culminates in the inflammation of the placenta and
subsequent dysfunction of the placenta [26]. Placental insufficiency is associated with
reduced blood supply to the fetus, which in turn, can have an adverse effect on NPCs [26].
Hirsch and coworkers [129] suggested that ZIKV infection can cause the inflammation
and dysfunction of the placenta. The dysfunction of the placenta is associated with a
reduction in blood flow to the fetus has been shown to cause restricted growth of the
fetus and impaired neurodevelopment of the fetus [129]. Rabelo et al. [130] demonstrated
that the ZIKV-infected placenta becomes inflamed and damaged. They suggested that the
dysfunction of the placenta occurring in the setting of ZIKV infection has a subtle role to
play in the disruption of the neurodevelopment of the fetus (Table 3) [130].

5.5. Congenital Zika Syndrome

ZIKV is responsible for CZS, a spectrum of congenital abnormalities, which is as-
sociated with maternal to fetal transmission [7,84]. Neural crest cells (NCCs) contribute
to the development of the corneal stroma and endothelium, uveal stroma, sclera, and
trabecular meshwork [120,121]. In addition to playing a crucial role in the developmen-
tal stages of the embryo, neural crest cells have a role to play in the closure of the optic
fissure. The migration, proliferation, and differentiation of neural crest cells that occur
during the embryonic developmental stages are necessary to generate the cells required
to make up the various tissues of the eye. A disruption of this process can result in the
impaired development of the various tissues of the anterior eye [120]. It is important to
note that neural crest cells (NCCs) are susceptible to ZIKV infection since they express AXL.
ZIKV utilizes the AXL expressed on neural crest cells to infect and replicate in these cells,
resulting in loss of neural crest cells [100]. Additionally, ZIKV infection of the neural crest
cells during the developmental stages of the fetus causes abnormal differentiation of these
cells. This can result in the impaired development of the anterior segment of the eye, which
manifests as microphthalmia (Table 3) [106,120,124,125]. The loss of NCCs associated with
ZIKV infection can contribute to the disruption of the formation of the optic fissure, and
failure to close the optic fissure during the developmental stages of the embryonic eye
can result in the formation of iris coloboma (Table 3) [120,126]. Additionally, the failure
of the optic fissure closure can cause abnormal development of the lens zonules [120].
ZIKV infection of neural crest cells results in abnormal proliferation and differentiation of
ZIKV-infected NCCs into cells required for the normal development of the cornea [120].
Corneal ectasia due to reduced corneal stroma thickness (Table 3) [83] arises secondarily to
defective morphogenesis of the cornea, involving ZIKV-infected neural crest cells [83,120].
Exposure of the fetus to ZIKV during the early developmental stages of the optic cup
is likely to allow ZIKV access to the intraocular compartment [106]. ZIKV infection of
neural crest cells during the developmental stages of the fetus can lead to the abnormal
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morphogenesis of the trabecular meshwork, which results in the abnormal differentiation
of the trabecular meshwork cells [100,122,123]. This manifests as congenital glaucoma
(Table 3) [93]. It is of note that ZIKV infects mesenchymal stem cells derived from neural
crest cells during embryonic development, which results in the impaired proliferation and
differentiation of cells required for the crystalline lens with the subsequent development of
congenital cataracts (Table 3) [30,100,121,127,128]. Furthermore, the depletion of neurons
during the developmental stages of the ZIKV-infected fetus can cause the attenuation of
ganglion cells, which manifests as a thinning of the retinal ganglion cell layer [103,140]. It
is important to note that retinal neural stem cells are susceptible to ZIKV infection, and as
such, ZIKV-infected NSCs can undergo apoptosis with consequential reduction in axonal
development (Table 3) [106].

5.6. Acute ZIKV Infection

During a blood meal by the Aedes mosquito, the virus is deposited within the skin
where it gains access to the epidermal keratinocytes, dermal fibroblasts, macrophages,
and dendritic cells [109]. ZIKV infects and replicates in epidermal keratinocytes and
dermal fibroblasts. ZIKV in the infected epidermal keratinocytes and dermal fibroblasts
are released from these lysed cells. The infection of these cells is associated with release
of proinflammatory cytokines and chemokines that promote the influx of monocytes and
monocyte-derived dendritic cells that are vulnerable to infection by ZIKV [109]. ZIKV,
along with the infected dendritic cells and monocytes, is spread through the lymphatics
to the regional lymph node. Lymphatic spread is followed by acute viremia characterized
by the hematogenous spread of ZIKV to the mononuclear phagocyte system, where the
replication of ZIKV occurs in hepatocytes [141] and splenocytes [142] to yield a high viral
load. Following replication in the liver and spleen, ZIKV spreads to other organs, such
as the brain and eyes [109]. The hematogenous spread of the virus to the eye results in
a buildup of the ZIKV RNA load and the consequential persistence of virus in the eye,
particularly in immune-privileged sites of the eye [143]. The infected dendritic cells and
monocytes play a role in the hematogenous spread of ZIKV during the acute viremic phase
to other sites, including the eyes [109]. There is an incubation period of 3–10 days with
patients often complaining of mild fever and headache. ZIKV is usually associated with
skin rash and conjunctivitis. It is of note that conjunctivitis, anterior uveitis with or without
ocular hypertension, chorioretinitis, and maculopathy are commonly seen in patients with
acute ZIKV infection (Table 3) [6,140].

5.6.1. Retina

ZIKV-infected RPE cells and retinal vascular endothelial cells are blood–retinal barrier
cells that serve as reservoirs for ZIKV and promote ZIKV dissemination. ZIKV-infected
blood-retinal barrier cells produce TNFα, IL-6, IL-1β, CCL5, CXCL10, IFNα, and IFNβ [131].
ZIKV-induced chorioretinal atrophy is most likely due to immune-mediated inflammation
directed at ZIKV-infected choroidal and retinal cells, which manifest as chorioretinal
atrophy and the mottling of the RPE [131]. ZIKV-induced chorioretinitis is due to the
intense replication of ZIKV and immune-mediated inflammation in response to replicating
ZIKV in retinal cells of the blood–retinal barrier, particularly the RPE cells [132]. The
inflammation causes damage to outer blood–retinal barrier cells, along with the adjacent
choroid. The ZIKV-induced chorioretinitis results in the mottling and atrophy of RPE
(Table 3) [131,132]. RPE pigmentation is due to melanosome, and a significant reduction
in the biogenesis of melanosome causes a reduction in RPE pigmentation. ZIKV infection
of RPE cells is associated with the modification of the pigmentation of RPE cells and this
manifests as macular pigment mottling [105].

5.6.2. Cornea

ZIKV-infected corneal epithelial cells express TLR3, RIG-I, and MDA5 to facilitate the
generation of type I and III interferons that mediate antiviral response [133,137]. Singh and
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coworkers [133] demonstrated that ZIKV-infected corneal epithelial cells support ZIKV
replication as well as promote ZIKV persistence in the cornea. Because ZIKV can infect
and replicate in corneal epithelial cells, the cornea can serve as a reservoir for ZIKV. As
such, viral persistence in the cornea can pose a risk of ocular transmission [133]. It has been
reported that ZIKV-infected corneal epithelial cells can secrete proinflammatory cytokines
(TNFα and IL-1β) and chemokines (CCL5 and CXCL10) that promote the recruitment
of effector immune cells to the cornea. These cells cause inflammation and damage of
the corneal epithelium, which manifests as keratitis (Table 3) [133]. As such, ZIKV can
cause keratitis.

5.6.3. Trabecular Meshwork

The trabecular meshwork located in the iridocorneal angle consists of four major cell
types, i.e., macrophages, fibroblasts, endothelial cells, and smooth muscle cells [144]. The
endothelial cells are responsible for maintaining the patency of the passageway through
which aqueous flows out of the anterior chamber, whereas macrophages are responsible
for phagocytosis and immune responses. Fibroblasts produce the extracellular matrix, and
smooth muscle cells are responsible for the contractile tone [144]. Following ZIKV infection,
there is hematogenous spread of ZIKV to the iris and ciliary body. In the iris and ciliary
body, ZIKV can infect and replicate in blood-aqueous barrier cells (vascular endothelial cells
of the iris and nonpigmented ciliary epithelial cells), which can result in the breakdown
of the blood–aqueous barrier, and subsequent access of ZIKV to the aqueous humor [134].
ZIKV in the aqueous humor reaches the trabecular meshwork, where it infects the vulner-
able trabecular meshwork cells. This induces an antiviral response and innate immune
response, with the ZIKV-infected trabecular meshwork cells secreting cytokines (TNFα,
IL-6, IL-1β, IL-12, IFNα, and IFNβ) and chemokines (CCL5 and CXCL10) that promote the
recruitment of effector immune cells, such as Th1 cells and CD8+T cells, to the trabecular
meshwork. Th1 cells secrete TNFα and IFNγ that induce cytokine-mediated inflammatory
response in the trabecular meshwork, which manifests as trabeculitis (Table 3) [134]. The
inflammation of the trabecular meshwork can destroy trabecular meshwork cells, resulting
in a dysfunctional passageway that restricts the outflow of aqueous humor. This leads to an
elevation in intraocular pressure, which, in turn, can cause glaucomatous optic neuropathy
characterized by the destruction of retinal ganglion cells and optic nerve [134].

5.6.4. Conjunctiva

Epithelial cells of the conjunctiva express RIG-I, MDA5, and TLR3. Thus, ZIKV in-
fection of conjunctival epithelial cells results in the induction of both an antiviral immune
response and immune-mediated inflammatory response, which manifests as an inflamma-
tion of the conjunctiva (Table 3) [135]. It has been reported that nonpurulent conjunctivitis
is usually associated with dilated conjunctival vasculature, which usually occurs during
the acute viremic phase of ZIKV infection. Vascular endothelial cells are prone to infection
by ZIKV, which results in an upregulation of ICAM-1 on vascular endothelial cells of the
conjunctiva. ICAM-1 induces vascular dilatation, which manifest as hyperemia and is
characteristic of ZIKV-induced nonpurulent conjunctivitis [11,106]. It has been suggested
that nonpurulent conjunctivitis in ZIKV infection is likely due to the immune response
to ZIKV in the conjunctiva. ICAM-1 also induces vasopermeability that facilitates the
transmigration of effector immune cells into the conjunctival to promote inflammation of
the conjunctiva [11].

5.6.5. Anterior Uvea

ZIKV-induced anterior uveitis occurs through a combination of virus-induced cyto-
pathic effects of the infected iris pigment epithelial cells and immune-mediated inflam-
mation triggered by innate and adaptive immune responses to the ZIKV-infected iris
pigment epithelial cells. Th1 cells recruited to the infected tissue secrete TNFα and IFNγ,
which promote the cytokine-mediated inflammation of the infected tissue. CD8+T cells



Trop. Med. Infect. Dis. 2022, 7, 106 15 of 21

secrete perforin and granzyme that induce the direct cytotoxic destruction of ZIKV-infected
cells [137,138]. Iris pigment epithelial cells express TLR3 [136]. Iris pigment epithelial cells
are susceptible to infection by ZIKV. The replication of ZIKV in the iris pigment epithe-
lial layer triggers an intense immune-mediated inflammatory response, resulting in the
development of anterior uveitis (Table 3) [137]. It is important to note that type I and III in-
terferons are expressed by ZIKV-infected human iris pigment epithelial cells. Furthermore,
ZIKV-associated anterior uveitis can occur when ZIKV-infected myeloid cells in the blood
stream gain access to the anterior uvea during acute ZIKV infection. The permeability of
the ZIKV-infected iris vessel facilitates the influx of both ZIKV-infected myeloid cells and
effector T cells that contribute to the inflammatory process in the anterior uvea [137]. The
ocular hypertension in ZIKV-associated anterior uveitis is due to trabeculitis, clogging of
the trabecular meshwork by inflammatory debris and effector immune cells, hyperviscosity
of the aqueous humor, and the influx of plasma into the anterior chamber through dilated
and permeable vessels in the inflamed anterior uvea [137,139].

6. Conclusions

Ocular findings associated with congenital ZIKV syndrome include iris coloboma, mi-
crophthalmia, optic disc pallor, chorioretinal atrophy, lens subluxation, cataract, glaucoma,
strabismus, retinal pigment epithelial mottling, maculopathy, abnormal retinal vessels,
and pupillary abnormalities [5,6]. It is important to rule out other causes of congenital
infections. The differential diagnosis of ZIKV CZS includes congenital infections caused by
cytomegalovirus, (CMV), herpes simplex virus (HSV), toxoplasmosis gondii, rubella virus,
and syphilis [88]. In ZIKV-endemic areas, infants who present with presumed congenital
ocular disease related to infection should undergo testing to rule out ZIKV seropositivity,
particularly if their mothers reported having signs and symptoms of ZIKV during preg-
nancy [61]. Nonpurulent conjunctivitis with bilateral non-granulomatous anterior uveitis,
chorioretinitis, trabeculitis, keratitis, and maculopathy are ocular findings seen in patients
with acute ZIKV infection [6,140].

There are currently no specific FDA approved medicines for treating ZIKV infec-
tion; however, specific pharmacotherapy is required to treat the ocular manifestations
of ZIKV infections [16,145,146]. Anterior segment conditions, such as conjunctivitis and
keratitis, are treated with topical antimicrobials and palliative care. Anterior uveitis or
iridocyclitis is treated with a combination of topical steroids and cycloplegics. When IOP is
elevated in these cases, additional topical antiglaucoma medications, such as beta blockers,
carbonic anhydrase inhibitors, and alpha-2 agonists, are also utilized. Prostaglandins
may also be used but are not first-line due to the inflammatory nature of the IOP eleva-
tion [147]. Treatment for congenital glaucoma is surgical and includes procedures such as
goniotomy, cycloablation, trabeculotomy, and the use of drainage devices to lower IOP
and prevent damage to the optic nerve [148]. Posterior segment manifestations of ZIKV
are largely untreated. For cases in which a choroiditis develops, systemic corticosteroids
or immunomodulators may be used [149]. Because there is no approved specific therapy
for ZIKV infection, preventive strategies, such as reducing the risk associated with both
vector and non-vector transmission, are necessary. Draining mosquito breeding grounds
and using insecticides are important measures to prevent ZIKV infection acquired through
mosquito bites [16,145,146]. Because of the neuro-ophthalmic and ocular complications
associated with ZIKV infection, it is imperative to develop and utilize antiviral agents that
target the ZIKV proteins that are responsible for immune evasion and viral replication [150].
It is of note that EDIII is an important structural protein that is responsible for mediating
the attachment of the virus to receptors on permissive host cells, and, as such, developing
antiviral therapies that could attenuate the ability of the virus to engage surface receptors
on permissive cells should be considered one of the most important antiviral strategies. Fur-
thermore, vaccine platforms that boost the generation of cell-mediated immunity against
nonstructural proteins that are responsible for immune evasion and viral replication should
be the focus of continued and future research.
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