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SUMMARY Glaucoma is a leading cause of irreversible blindness worldwide, caused by

the gradual degeneration of retinal ganglion cells and their axons. While glaucoma is

primarily considered a genetic and age-related disease, some inflammatory conditions,

such as uveitis and viral-induced anterior segment inflammation, cause secondary or

uveitic glaucoma. Viruses are predominant ocular pathogens and can impose both

acute and chronic pathological insults to the human eye. Many viruses, including

herpes simplex virus, varicella-zoster virus, cytomegalovirus, rubella virus, dengue virus, Editor Jennifer Dien Bard, Children's Hospital Los
chikungunya virus, Ebola virus, and, more recently, Zika virus (ZIKV) and severe acute Angeles, Los Angeles, California, USA
respiratory syndrome coronavirus-2 (SARS-CoV-2), have been associated with sequela Address correspondence to Pawan Kumar Singh,
of either primary or secondary glaucoma. Epidemiological and clinical studies suggest pksfeq@health.missouri.edu.

the association between these viruses and subsequent glaucoma development. Despite
this, the ocular manifestation and sequela of viral infections are not well understood.
In fact, the association of viruses with glaucoma is considered relatively uncommon  See thefunding table on p.20.

in part due to underreporting and/or lack of long-term follow-up studies. In recent Published 15 Novernber 2023
years, literature on the pathological spectrum of emerging viral infections, such as ZIKV Copyright © 2023 American Society for
and SARS-CoV-2, has strengthened this proposition and renewed research activity in Microbiology. All Rights Reserved.
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this area. Clinical studies from endemic regions as well as laboratory and preclinical
investigations demonstrate a strong link between an infectious trigger and development
of glaucomatous pathology. In this article, we review the current understanding of the
field with a particular focus on viruses and their association with the pathogenesis of
glaucoma.

KEYWORDS glaucoma, ocular infections, uveitis, optic neuritis, virus, Zika, dengue,
Ebola, SARS-CoV-2, HSV, CMV, VzZV

INTRODUCTION

laucoma is a group of optic neuropathies characterized by the progressive

degeneration of retinal ganglion cells (RGCs) and the optic nerve, leading to vision
loss. It affects approximately 70 million people worldwide and is the leading cause of
irreversible blindness globally (1). The incidence of glaucoma increases exponentially
with age, and ~5%-8% of patients are diagnosed with glaucoma by the age of 75-
80, whereas 10% of patients are blinded bilaterally by this disease (2). Although the
pathogenesis of glaucoma is unclear, multiple risk factors, such as intraocular pressure
(IOP), ocular perfusion pressure, ocular blood flow, myopia, central corneal thickness,
and optic disc hemorrhage, have been shown to contribute to the pathogenesis of
glaucoma. Systemic risk factors, such as age, smoking, race/ethnicity, genetic factors,
diabetes, and obesity, have also contributed to glaucoma pathogenesis (3-5). Although
elevated IOP is the only modifiable risk factor in glaucoma, approximately one-third
of the patients have IOP levels in the normal range and have shown glaucomatous
neurodegeneration. Glaucoma is classified into two broad categories: open-angle and
angle-closure glaucomas. Primary open-angle glaucoma (POAG) is the most common
form of the disease, particularly in African and Western countries. Two major theories,
mechanical and vascular theories, have been proposed as initiating mechanisms for
POAG. The mechanical theory hypothesizes that elevated IOP causes compression in and
around the optic nerve, leading to disruption of axonal transport that ultimately results
in the death and loss of RGC and their axons. The vascular theory proposes that elevated
IOP and reduced ocular blood flow due to systemic blood pressure or vasospasm result
in insufficient ocular blood supply, ultimately leading to glaucoma (4). Both open-angle
and angle-closure glaucomas can be a primary disease; however, many risk factors
such as viral infection, inflammation, ocular trauma, corticosteroid usage, tumors, and
advanced cases of cataracts or diabetes have been shown to cause secondary glaucoma
(SG) (5, 6).

Conventionally, glaucoma is considered a genetic and age-related disease until recent
Zika virus (ZIKV) epidemics in the Americas. Babies born from ZIKV-infected mothers
showed congenital, bilateral glaucoma with open-angle and high IOP (7-9). More-
over, many viruses, including herpes simplex virus (HSV), varicella-zoster virus (VZV),
cytomegalovirus (CMV), rubella virus (RUBV), dengue virus (DENV), chikungunya virus
(CHIKV), West Nile virus (WNV), Ebola virus (EBOV), Japanese encephalitis virus, Kyusnur
forest disease virus, Epstein-Barr virus (EBV), and, more recently, severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2), have been associated with the pathogenesis of
glaucoma (Table 1) (10-16).

On one end, the eye is continuously exposed to the outside environment, while
on the other, it is protected by the blood-retinal barrier (BRB) from systemic breaches.
The eye being an immune-privileged organ also predisposes it to become a niche
for many viral and bacterial pathogens. Glaucoma is a major cause of disability and
blindness, and associated viruses add to its toll on the quality of human lives. Up to
20% of all cases of glaucoma are of infectious origin, and viruses share a significant
portion of this burden. Viruses can enter the eye via direct exposure to the outside
environment or can permeate through systemic circulation due to a breach in the BRB
(Fig. 1). The virus-induced uveitis that breaches the blood-aqueous barrier paves the
way for inflammatory molecules and immune cells to infiltrate the eye (36). In addition,
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FIG 1 A schematic depicting the role of viruses in the pathogenesis of glaucoma. Many oculotropic viruses (e.g., HSV, VZV,
CMV, EBV, CHIKV, RUBV, EBOV, DENV, WNV, HBV, HCV, ZIKV, and SARS-CoV-2) cause immune cell-mediated ocular inflamma-
tion, called uveitis, that results into elevated IOP. This virus-induced IOP often leads to the development of glaucomatous

pathology resulting in vision loss. Image created with BioRender.com.

macrophages, polymorphonuclear leukocytes (PMNs), and T cells have been known to
contribute to uveitic inflammation with additional roles of inflammatory cellular effectors
such as prostaglandins (36).

In general, the introduction of viral pathogens in the eye triggers inflammatory and
effector immune responses to confine the infection. This virus-induced ocular inflamma-
tion is referred to as uveitis. Anterior chamber inflammation or anterior uveitis (AU) is a
common manifestation of viral infections in the eye (11-13, 37). The prevalence of AU is
noted to be between 24.5% and 52.3% in a variety of settings (38). AU caused by several
viruses has been reported to be associated with the development of glaucomatous
pathology or uveitic glaucoma (UG) (Fig. 1; Table 1) (8, 9, 17-20, 39). In addition, some
viruses, such as ZIKV, have been shown to cause congenital glaucoma in newborns,
independent of AU (7, 8). In the USA, 20% of all the patients diagnosed with any form of
uveitis develop glaucoma irrespective of the intraocular region involved (40). Virus-asso-
ciated uveitis primarily affects the anterior segment of the eye and is therefore called
viral anterior uveitis (VAU) (20). VAU can either be acute/recurrent (e.g., HSV and VZV)
or chronic (RUBV-associated uveitis), or both (e.g., CMV, causing both acute and chronic
sequela of the infection) (41). VAU, if left untreated or clinically mismanaged, leads to
the development of glaucoma. Apart from anterior segment inflammation, the classic
feature of viral uveitis is elevated IOP combined with iris atrophy and keratic precip-
itate formation (19, 36). Many viruses, such as CMV and EBOV, can also cause poste-
rior segment pathology, mainly in immunocompromised individuals (11, 42). Herpetic
viruses, including CMV, VZV, and HSV, are together responsible for VAU in 5%-10% of
all cases (20). A retrospective study on 927 patients with chronic ocular inflammation
determined anterior chamber uveitis as one of the predominant ocular manifestations
and a cause of severe vision-threatening uveitic sequela in 28.5% of patients (43). In this
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cohort, 31% of the cases were linked with herpetic viral etiology, which underlines the
need to acknowledge virus-associated uveitis and subsequent secondary morbidities.

Trabeculitis, inflammation of trabecular meshwork (TM), has been proposed as one
of the prime mechanisms behind increased IOP in VAU (36, 44, 45). Studies from our
laboratory and many others have demonstrated the permissivity of TM toward viruses
with a concomitant increase in IOP in animal models (45-47). Some viruses, such as
EBOV, have been shown to remain in the eye for a more extended period and cause
hypertensive uveitis despite clearance of systemic viremia (42). In addition to pathogens,
infiltration of inflammatory immune cells such as PMNs, macrophages, and T cells has
been shown to obstruct the TM and Schlemm’s canal either by direct cytotoxicity or by
releasing proinflammatory cytokines, enzymes, and reactive oxygen species, leading to
glaucomatous pathologies (20, 36, 48).

In this review, we emphasize the role of common and emerging viral infections and
their association with the pathophysiology of glaucoma. We also highlight cases where
viruses have been shown to cause glaucoma independent of VAU.

HERPESVIRUSES AND GLAUCOMA

Herpesviruses are among the most frequent causes of VAU worldwide. Members of
the Herpesviridae family, such as HSV, VZV, and CMV, have lifelong latency after pri-
mary infection. Herpesviruses are prevalent ocular pathogens infecting 60%-90% of
the population globally, and the clinical spectrum predominantly involves the anterior
segment of the eye. Glaucoma is one of the common complications of herpesvirus ocular
infection. In the following sections, we provide an overview of different herpesviruses
known to cause ocular infections and their association with the pathogenesis of glaucoma.

Herpes simplex virus

HSV is a successful parasite in humans that remains associated with its host throughout
life. There are two different strains of HSV: HSV-1 and HSV-2, and these are members
of the human Herpesviridae family. Among HSVs, HSV-1 is responsible for the majority
of VAU cases in developed countries (41). Within the USA, 50% of the population by
the age of 30 and 100% by the age of 60 are estimated to be infected by HSV-1 (49).
The common clinical manifestation of HSV-1 includes AU, skin blisters, and neuralgia
in the first branch of the trigeminal nerve (41, 50). Following primary infection, HSV
establishes latent infection in the trigeminal ganglion or the sensory nerve ganglia (51).
It then reaches neural axons, causing inflammation and disease in the periocular, corneal,
and intraocular areas (41, 51, 52). HSV ocular infection is usually unilateral, but in some
cases, it may present bilaterally (11, 12, 50, 51). The common ocular manifestation of HSV
includes ocular hypertension (increased IOP), severe eye pain, blepharitis, conjunctivitis,
keratitis, tearing, photophobia, blurring of vision, diffuse stellate keratic precipitates, and
iris atrophy with or without keratitis (12, 41, 52) (Table 2). The corneal involvement in HSV
infection ranges between 33% and 41%, and it can present as active keratitis (epithelial,
stromal, interstitial, and disciform), corneal scar, endotheliitis, neurotrophic keratopathy,
and reduced corneal sensation (12, 41, 49). Most of the patients with ocular herpes
infection presented with IOP elevation had stromal keratitis (96-100%) or metaherpetic
ulcer (4%) (53). In addition, HSV-1 and HSV-2 can present with retinitis as acute retinal
necrosis (ARN) (49).

The pathogenesis of HSV-induced uveitic glaucoma has been debated, and some
studies suggest that increased I0P was not secondary to inflammation but rather
developed due to corticosteroid therapy (53). However, many studies, including animal
studies, suggest that increased IOP in HSV-induced glaucoma is linked to trabecu-
lar blockade and trabeculitis (53). Interestingly, mutations in a host protein and an
autophagy receptor optineurin have been implicated in the development of glaucoma
of non-infectious origin in a race-specific manner (23, 54). A recent study described the
role of optineurin in an ocular HSV-1 infection model indicating optineurin is essential in
controlling HSV-1 infection and associated neuronal hyperinflammation and consequent
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neurodegenerative pathology (54). In light of these findings, it will be interesting to
dissect the role of optineurin in HSV-1 and other virus-linked glaucomas.

Overall, HSV-induced AU is one of the well-known causes of SG. Recently, a retrospec-
tive study on 270 patients from Germany reported that almost one-third (29%) of all VAU
cases were caused by HSV, as revealed by Goldman-Witmer coefficient (GWC) analysis
(20). Out of a total of 77 HSV-induced AU cases in this cohort, 9.6% went on to develop
SG. Interestingly, only 4% of them have shown elevated IOP (20)

In another retrospective study, Shimizu et al. reported close to 10% prevalence of UG in
an analysis of retrospective data from 141 eyes of 105 uveitis patients (19). Of these, 6.7%
were HSV-associated UG cases with IOP of >21 mm Hg. In another cohort from Japan, SG
was reported in 16% of patients diagnosed with HSV-AU (17). The study by Hoeksema et
al. of 73 patients from The Netherlands reported the development of SG in 17% of HSV
patients with major risk factor of elevated IOP (18). In this study, most of the patients with
elevated IOP (91%) had an IOP increase at the beginning of one or more uveitis episodes.

In a cohort of 241 uveitic patients from Italy, the share of HSV-associated AU was
reported to be 18.5%. In this cohort, a total 38.1% of the HSV-infected patients devel-
oped glaucoma irrespective of the specific ocular tissues involved (24). In another
retrospective, observational study of 30 years of data from uveitis patients (n = 491)
at the University of Virginia, USA, a prevalence rate of 15.7% was noted for infectious
origin uveitis (27). Among infectious uveitis, 48.1% of AU was caused by herpetic viruses,
with 26% by HSV. Out of these, 23.4% of subjects developed glaucoma and underwent
either glaucoma topical therapy (18.2%) or surgery (5.2%) (27). In another cohort from
the USA, 54% and 38% prevalence of SG was found in patients who presented with HSV-
and VZV-associated uveitis, respectively (22).

The existing literature and clinical presentations establish a strong link between
HSV infection as a significant cause of anterior chamber uveitis and the consequent
development of uveitic glaucoma. As HSV is a foremost viral pathogen carried in >90% of
adults and frequently infects the eyes, control strategies aimed at curbing its patho-
gnomy will be vital to prevent its ocular complications including glaucoma.

Varicella zoster virus

VZV is another Herpesvirus family member involved in causing uveitic syndrome and
often leads to the development of glaucoma as a secondary manifestation. VZV is known
to cause 9%-16% of all herpes zoster cases known as herpes zoster ophthalmicus (HZO),
among which 43%-53% of patients have been reported to develop AU (22, 55). As
opposed to HSV uveitis, which has an acute recurrent course, VZV uveitis exhibits a
chronic course (22). VZV-associated uveitis is usually reported in older individuals due
to reactivation of the viral reservoir in the latently infected carriers (22, 52). However, in
some reports, it has been shown to affect young individuals as well (11, 56-58). Most of
these cases were either caused by vaccine strain or wild-type virus reactivation episodes.
Similar to HSV, VZV almost always manifests as unilateral disease with granulomatous
keratic precipitates. In a comparative account of five different PCR-proven cohorts, 100%
of VZV cases were found to be unilaterally involved (50).

VZV usually presents as a lifelong latent infection at the ophthalmic division of the
trigeminal nerve (sensory ganglia), which reactivates at a later age (11, 41). Facial lesions,
including vesicles, rashes, and blebs, were described as exclusive signatures of VZV
infection (16). Some cases of VZV uveitis are misdiagnosed due to lack of cutaneous
eruptions; therefore, aqueous PCR diagnosis is essential to differentiate among herpetic
uveitis cases (33, 55). VZV-associated uveitis usually presents with a higher mean IOP
than HSV (36). Other VZV-related consequences include ARN and progressive outer retinal
necrosis. ARN is severe necrotizing retinitis that causes unilateral vision loss, photophobia,
floaters, and pain, but one-third of patients acquire bilateral disease (38, 49).

VZV is frequently reported to cause anterior chamber uveitis and consequent uveitic
SG. In two separate cohorts from Japan, 1.9% (19) and 9.0% (17) of uveitic glau-
coma cases were found to have involvement of VZV and associated anterior chamber
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inflammation. In a cohort from Italy with herpetic ocular infection, 40% of patients
with VZV infection were reported to develop glaucoma (24). Similarly, an unusually
high prevalence (56%) of SG was found in an HZO-affected cohort (n = 34 patients)
from Victoria, Australia (31). In this study, all the cases of SG presented with uveitis,
consequent to VZV reactivation. Using a Dutch cohort of herpetic AU, Hoeksema and
colleagues reported a prevalence rate of 42% of VZV-associated AU, of which 11%
of patients developed SG (18). In an earlier study by Miserocchi and colleagues of a
cohort from Massachusetts, USA, the prevalence of SG due to VZV-associated uveitis
was reported to be 38% (22). Wensing et al. also reported SG prevalence of 30% in
VZV-affected eyes with AU, where 50% of patients demonstrated an IOP of >30 mm Hg
(21). Engelhard et al. reported the prevalence of VZV (HZO)-associated anterior uveitis
in 43.6% of patients from Virginia. In this study, 18.2% and 5.2% underwent therapeutic
and surgical interventions, respectively, to manage SG (27). However, the study did not
discuss the exact share of the etiological agent in the progression to SG.

Evidence related to VZV-associated secondary complications presents a clearer
picture of VZV etiology and associated uveitic glaucoma. It also emphasizes the need
to study the virus in greater detail and to find accurate diagnoses and possible interven-
tional strategies to curb VZV-imposed short- and long-term ocular morbidities.

Cytomegalovirus

CMV is a third member of the Herpesvirus family that has been reported to be found in
50% of the adult population and 2.5% of newborns in developed countries (59). CMV,
which has rarely been a cause of concern in immunocompetent individuals, has lately
presented as a frequent cause of ocular pathologies in otherwise healthy individuals (60—
62). CMV classically has been known to cause ocular infections, often accompanied by
glaucoma, in immunodeficient individuals including those that are HIV positive (63-66).
An association between CMV and clinical eye syndromes including Posner-Schlossman
syndrome (PSS) and Fuchs heterochromic iridocyclitis or Fuchs uveitic syndrome (FUS)
has been established (12, 32, 36, 67). In addition, CMV is a major cause of hypertensive
AU in immune-competent populations (11, 25, 44, 60, 68-70).

CMV may manifest as an acute, recurrent AU with elevated IOP or a chronic AU
with endotheliitis (71). Acute, recurrent AU coupled with ocular hypertension is often
referred to as PSS, which may be aggravated by glaucoma (11, 32). The anterior
chamber inflammation is mild in PSS AU-affected eyes, without any posterior synechiae
or posterior segment changes (11). The CMV-induced acute recurrent AU episodes are
more common in middle-aged individuals and often present with unilateral eye pain and
blurring of vision associated with halos and ipsilateral headaches (72). CMV-associated
AU is often misdiagnosed with HSV and VZV AU because of overlapping clinical signs.

Patients between their fifth and seventh decades of life, with an average age of 65,
are more likely to develop chronic CMV AU, which can cause ocular pain and blurred
vision. Based on observations in mouse models, CMV has been suspected of establishing
latency in ocular tissues (12). It has been noted to persist in the eye despite getting
cleared systemically (73). The clinical manifestations of chronic CMV AU between Eastern
and Western populations differ significantly (41). CMV has been described as a leading
pathogen causing FUS in east Asian populations (12, 60, 68, 70, 72). However, in Western
countries, patients often present with less distinguishable characteristics that usually
have overlapping features with both PSS and FUS (72) and manifest as mild, unilateral,
recurrent, or chronic iridocyclitis (44, 60, 68).

In CMV cases, IOP usually exceeds 50 mm Hg on average, and 8% of eyes
develop glaucomatous optic neuropathy (11). Glaucomatous optic neuropathy has been
observed to be present in acute (23%) or chronic (36%) CMV-infected patients (32).
Elevated IOP, either in acute or chronic CMV AU, is common and often leads to glau-
comatous damage and consequent uveitic glaucoma (25, 44, 60). In acute CMV AU
episodes, trabeculitis has been linked to recurrent ocular hypertension, while chronically
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increased IOP could result from restricted aqueous outflow due to irreversible damages
to trabecular meshwork following chronic inflammation (44).

Evidence from several demographically distinct cohorts is available to attest the
role of CMV AU in the development of glaucoma. In a series of case reports from
seven patients in The Netherlands, three (43%) developed secondary glaucoma with iris
abnormalities, three (43%) without iris atrophy, and one (14%) with mild IOP without iris
involvement (25). In an Italian cohort of 241 subjects with herpes infection, 7 patients
(2.9%) presented with CMV infection, among which 28.6% developed glaucoma as well
as cataract (24). A relatively high prevalence of SG (72%) has been recorded among
patients with CMV AU in a study by Shirahama and colleagues in a Japanese cohort
(17). A study from Thailand reported the development of glaucoma in one (17%) out
of six PCR-positive CMV AU patients (10). Interestingly, the study failed to detect PCR
positivity for any known etiology in two-thirds of the cases (n = 21) in the cohort,
of which 12 (57%) went on to develop glaucoma with a greater rate and underwent
glaucoma surgery (10). The one limitation of the study was that PCR examination was
only conducted on suspected CMV AU cases and not GWC assay, which is a more
accurate way to detect active or persistent infection based on antibody production.
Leleu et al. have also reported a mean prevalence of glaucoma in 50% of subjects in a
multicenter, retrospective study in Paris (France) of a diverse pool of African-, Asian-, and
Caucasian-descent patients affected with CMV AU (26). In another cohort from Germany,
61.5% of patients with CMV AU co-presented with glaucoma/uveitic glaucoma (20). In a
study by Chee and Jap of a cohort from Singapore, almost 23% of CMV PCR positive with
coincident PSS eyes developed optic neuropathy characteristic of glaucomatous damage
and cataract (32). Interestingly, an isolated case of CMV-associated endotheliitis and AU
coupled with SG has been wrongly construed as HLA-B27-linked idiopathic uveitis (74).

Altogether, these studies are indicative of the potential of CMV to cause AU with
subsequent development of secondary glaucoma. This reinforces the need for greater
surveillance and accurate detection of CMV accompanied by aggressive therapeutic
management strategies to minimize the pathological burden conferred by CMV AU.

Epstein-Barr virus

EBV, also known as human Herpesvirus-4, is another member of the Herpesvirus family.
Almost 95% of the world population is reportedly exposed to this cosmopolitan virus
(75). Like other herpesviruses, EBV establishes a lifelong latent infection with periodic
reactivation, usually during an immunocompromised state or in immune deficiencies
(76). Despite limited tissue tropism, EBV is known to replicate and establish latency in
all major immune cells, including B, T, and NK cells, and is a causative agent of multiple
lymphoproliferative disorders, especially B-cell lymphomas (75, 77) and immunopatho-
logical/autoimmune diseases including infectious mononucleosis, X-linked lymphoproli-
ferative disease/X-linked inhibitor of apoptosis protein disease and multiple sclerosis
(MS). A recent study found 32 fold higher risk of developing MS in US veterans exposed
to EBV historically than unexposed subjects (78). Besides immune cells, EBV infects
and transforms epithelial cells, leading to the development of malignancies, mainly
nasopharyngeal and gastric carcinoma (79).

Ocular manifestations of EBV have been reported with a wide range of clinical
signs, including infectious mononucleosis, oculoglandular syndrome, dry eye syndrome,
dacryoadenitis, conjunctivitis, episcleritis, keratitis, uveitis, choroiditis, retinitis, retinal
vasculitis, and papillitis involving almost all segments of the eye (80) (Table 2). Although
the role and manifestation of EBV are controversial in the pathogenesis of anterior
uveitis, many cases of AU have been reported with EBV infection (81). A case of EBV AU
associated with tubulo-interstitial nephritis syndrome has been reported by Grefer et al.
(82). Basiaga et al. have reported a chronic severe recalcitrant bilateral AU in a 6-year-old
male patient with EBV infection (83). Unlike other herpesviruses, EBV-induced uveitis
is neither hypertensive nor granulomatous. Despite many reports of EBV-associated
AU, elevation in IOP is not very common. Kelly et al. reported elevated IOP (40 mm
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Hg) in a 17-year-old male patient with lymphadenopathy with multiple ocular complica-
tions with EBV infection (84). Similarly, Rohrbach et al. reported elevated IOP (40 mm
Hg) in a 7-year-old male patient with a polymorphic post-transplantation lymphoproli-
ferative disorder with EBV infection (85). Recently, Aldaas et al. have reviewed some
of these cases, implicating the association of elevated IOP with EBV infection as a
cause of glaucoma development (59). It is plausible that EBV reactivation during an
immunocompromised state may cause ocular inflammation, which, if unresolved, can
cause glaucomatous pathology. Further studies with an appropriate clinical diagnosis
and focused pathological investigations are required to establish an association of
EBV-induced AU with the development of glaucoma.

TOGAVIRUSES AND GLAUCOMA
Chikungunya virus

CHIKV is an enveloped single-stranded RNA virus that belongs to the genus Alphavirus
of the Togaviridae family. It causes an acute febrile iliness called chikungunya fever as a
result of being bitten by an infected Aedes mosquito vector. CHIKV is endemic to Africa,
South and Southeast Asia, India, and South and Central America; nonetheless, it has been
identified all over the world because of travel-associated transmission. Between 2005
and 2006, several CHIKV epidemics were reported in the Indian Ocean islands of Mayotte,
Madagascar, Comoros, Seychelles, Mauritius, and La Réunion (86). The outbreak on the
island of La Réunion in 2005 affected almost half of the population, and currently, >85%
population is seropositive (87, 88). Similarly, CHIKV outbreaks were reported in India
between 2005 and 2007 and in the Americas and the USA between 2013 and 2016 (89,
90). The CHIKV epidemics in Europe were linked to international tourists who brought
the virus back from endemic zones, mainly India (90, 91). At present, CHIKV fever is
present in >40 countries, and in 2008, the National Institute of Allergy and Infectious
Diseases listed CHIKV as a category C priority pathogen (92).

Following the CHIKV outbreak in India in 2005, the most common ocular manifestation
reported was AU (93-95). In a study from southern India, Mittal et al. reported AU in 18
eyes from 15 CHIKV-infected patients. In another study from India comprising 37 cases
of CHIKV-related ocular sequela, Lalitha et al. reported the development of AU in 27% of
patients and panuveitis in 13.5% (94). CHIKV-associated uveitis could be either granulom-
atous or non-granulomatous, unilateral, or bilateral, and sometimes it is linked to high
intraocular pressure in the 40s. A study by Mahendradas et al. reported CHIKV-induced
retinitis and iridocyclitis with increased IOP in the range of 27-42 mm Hg (93). The use of
anti-glaucoma medication in combination with steroids and other cycloplegic agents has
been shown to alleviate CHIKV-associated IOP elevation and inflammation respectively
(93).

In addition to AU, CHIKV could also present as posterior and intermediate uveitis
(89, 94). Retinitis, choroiditis, and neuroretinitis are also possible symptoms of CHIKV
infection. In CHIKV patients, neuroretinitis is characterized by exudative hemorrhagic
lesions that are mainly limited to the posterior pole and are associated with macular
edema (93, 96). CHIKV-associated optic neuritis accounts for about 10% of all cases of
ocular involvement (94). In a study, cases of optic neuritis were reported in 19 eyes from
14 patients who presented with CHIKV infection following the 2005 outbreak in India (97).
Rose et al. reported the development of optic neuritis in 13 eyes from 10 patients following
CHIKV infection (98). Bilateral macular choroiditis has also been reported in the CHIKV
outbreak from India (99). In the acute phase, photophobia, conjunctival hyperemia, and
retro-orbital discomfort are other common manifestations, and they can occur without
any further ocular involvement (86). Keratitis, scleritis, episcleritis, and oculomotor palsies
are examples of other ocular complications in CHIKV patients (94, 97, 100-102) (Table
2). CHIKV was found to be present in the cornea during the viremic phase, leading to
a ban on corneal donation in endemic locations (103). Few reports of mother-to-child
trans-placental transfer were without any substantial ocular involvement (104, 105).
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Based on existing literature, despite symptoms of elevated IOP, CHIKV usually is not
linked to the development of infection-triggered uveitic glaucoma. However, given the
incidents of AU with elevated IOP and several optic nerve abnormalities, the possibil-
ity of its involvement in the development of glaucoma cannot be ruled out entirely.
Further studies are required to determine any association between CHIKV infection and
glaucoma pathogenesis.

Rubella virus

Rubella virus, also called German measles, is the only known member of the genus
Rubivirus, belonging to the family Matonaviridae that causes infection in humans (106).
It is an enveloped, positive sense, single-stranded RNA virus. RUBV causes congenital
rubella syndrome (CRS) in infants born to exposed mothers, and its manifestations
include microcephaly, hearing loss, cataracts, glaucoma, retinopathy, microphthalmia,
and congenital heart disease. It usually spreads through human-to-human transmission
via nasopharyngeal secretions, and carriers other than humans have not yet been
identified (106).

RUBV commonly affects younger age groups, and positive patients usually present
with unilateral involvement and a combination of three to four defining symptoms
including keratic precipitates, iris atrophy, vitreous opacities, and cataracts (34). Quentin
and Reiber first described the association between RUBV and the development of Fuchs
heterochromic cyclitis, also known as FUS (107). Many other studies then followed,
presented similar findings, and reported the association between RUBV and FUS by
detecting either RUBV-specific intraocular antibodies or viral RNA or a combination of
both (21, 34, 108-112). Although RUBV is most commonly implicated in the pathogen-
esis of FUS, the FUS associated with RUBV has steeply declined in the USA since the
introduction of the rubella vaccine (113). However, the virus is still a cause of concern
among the unvaccinated and in endemic areas (30). In Europe, the majority of FUS cases
have been associated with RUBV (107, 108).

The contribution of rubella to AU and SG is comparatively less than herpetic viruses;
however, the mechanism of glaucoma in RUBV is complex (21). RUBV-induced glaucoma
is often associated with dysgenesis of the anterior chamber angle. In addition, inflamma-
tory components, early extraction of cataracts, and necrosis of the ciliary body and TM
are other contributing factors for RUBV-induced IOP and glaucoma (59). de Visser et al.
have reported the development of SG in 23% and 5% of PCR or GWC analysis-confirmed
RUBV-positive patients at first presentation or after a year, respectively (34). However,
the rate of glaucoma development was not significantly different among virus-negative
patients with AU, which suggests the role of either virus-independent mechanisms
behind the development of glaucoma in those patients or limitations associated with
an accurate diagnosis. Wensing et al. have also reported the development of glaucoma
in 22% of patients with RUBV AU in a Dutch cohort that included patients of Belgian and
Slovenian origin (21). In another study, Pohlmann et al. reported the prevalence of uveitic
glaucoma in 21.2% of RUBV-associated AU cases (20).

Recently, Groen-Hakan and colleagues tried to deconstruct the idea that FUS and
RUBV AU are superimposable ocular pathologies (30). The authors suggest that FUS and
RUBV AU are not exchangeable. They emphasize the need to see them as two distinct
syndromes as RUBV AU presented with a broader spectrum of characteristics, including
vitritis (without posterior synechiae and CME) with the early development of cataracts
and glaucoma. In this cohort, 38% of patients were presented with AU; among these,
28%, 80%, and 89% ended up developing glaucoma, cataract, and vitritis, respectively.
Their study also supported the possible existence of a latent intraocular reservoir of
RUBV as none of the patients were vaccinated, and all had cleared systemic viremia (30).
In addition, CRS has been reported in 40% (26/65) of children aged 0-59 months from
a south Indian population (114). The viral genome was detected in 92% of cases with
confirmed serodiagnosis of rubella, which shows significant ocular tropism of the virus in
children under age 5.
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FILOVIRUS AND GLAUCOMA
Ebola virus

The West African Ebola virus disease (EVD) outbreak, which lasted from 2013 to 2016,
killed more than 11,000 people and affected >28,500, with a high mortality rate of 38%
(115). Similarly, another EVD outbreak in the Democratic Republic of Congo during 2017-
2020 resulted in 3,200 cases and over 2,000 deaths (116). Since the first documented
outbreak of the Ebola virus in 1976 and the West African epidemics in 2013, 23 outbreaks
have been reported, resulting in 1,546 deaths and 2,345 confirmed cases (117). Although
the bat is assumed to be the EBOV reservoir, the virus can also spread from person
to person or from animal to animal. The Ebola virus causes a hemorrhagic fever with
a variety of symptoms such as fever, chills, headache, maculopapular rash, myalgia,
abdominal pain, diarrhea, and respiratory symptoms within 3 weeks of exposure (118,
119). The case fatality rate in the West African outbreak was as high as 74%. In contrast,
those medically evacuated to Europe and the USA had a mortality rate of around 20%
(118). The persistence of the live Ebola virus in immune-privileged sites such as the eye,
reproductive organs, placenta, and central nervous system poses a substantial public
health threat. Survivors often develop complications during convalescence and could
present with severe symptoms such as uveitis and other complex ocular disorders,
lethargy, myalgia, arthralgia, gastrointestinal pain, auditory, and mental health disorders
(120). In an intriguing example, a physician who was exposed and diagnosed with EVD
while on duty in Sierra Leone, medically evacuated, and treated in the USA showed
cleared viremia on the day of discharge in his blood and urine; however, live EBOV was
isolated from his semen sample. This patient eventually developed chorioretinal scars,
photophobia, keratic precipitates, leukocyte infiltration, and protein (flare) in the anterior
chamber, with a diagnosis of AU and ocular hypertension with elevated IOP (44 mm Hg)
as a sequela of EVD after a month of his discharge (42).

EBOV ophthalmic consequences are known from recent and previous epidemics.
Prevalence of uveitis ranged between 18% and 34% in survivors of the recent West
African outbreak, and more than one-third of these uveitic patients became blind (119).
There were isolated cases of AU and intermediate uveitis, in addition to the cases of
posterior uveitis, which have been described to be associated with the development
of retinal lesions following EVD (121, 122). EBOV-induced ocular complications included
optic neuropathy and other neuro-ophthalmic issues in some people and phthisis in
others (119, 123) (Table 2). Twenty percent of the convalescent patients have reportedly
developed hypertensive uveitis, which is characterized by ocular pain, photophobia,
hyperacrimation, foreign body sensation, red eye, and progressive vision loss after being
asymptomatic for up to 2 months (124). The size and shape of Ebola retinal lesions
varied, but they all had prominent linear borders with strong angulations. On fundus
photography, lesions appeared light gray and were mostly non-pigmented (121).

In a study among EVD survivors from Sierra Leone, ocular complications were
reported in 57% of survivors, and uveitis was identified as the most common ophthalmic
manifestation (61.7%) (120). The EBOV-induced uveitis was either bilateral (59%), anterior
(62%), or panuveitis (21%). One case each of glaucoma, cataract with glaucoma, and
corneal scar with glaucoma was presented among these EVD survivors with uveitis (3/21
= 14%). Another large retrospective study from Siera Leone reported the presence of
AU (46%), posterior uveitis (26%), panuveitis (25%), and intermediate uveitis (3%) in EVD
survivors (123). Similarly, a prospective study from Guinea reported the development
of anterior, posterior, and panuveitis in 48%, 28%, and 8.7% of EVD survivors, respec-
tively (125). Shantha and co-workers, using 23 pediatric EVD survivors, reported ocular
complications in 47.8% of cases, with the development of glaucoma in 6.5% of these
patients (35).

Thus, like all other oculotropic viruses, EBOV causes significant and long-delayed
pathology in exposed survivors. Although uveitis is identified as the most common
pathology, EVD survivors may present late with a spectrum of ocular manifestations that
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eventually lead to blindness. Therefore, proper clinical management and understand-
ing of the chronic pathogenesis of these infection-triggered pathologies are crucial to
enhancing the quality of life of those affected.

FLAVIVIRUSES AND GLAUCOMA
Dengue virus

DENV belongs to the genus Flavivirus and is among one of the most commonly
distributed Arboviruses worldwide. DENV is an enveloped, positive sense, single-stran-
ded RNA virus. It causes febrile to severe illness in affected individuals bitten by Aedes
aegypti or Aedes albopictus mosquito carrying any one of the four known serotypes
DENV 1-4. According to the Centers for Disease Control and Prevention, around half
of the world’s population lives in DENV-endemic areas and is at risk of getting DENV
infection (126). While nearly 75% of people infected with DENV remain asymptomatic,
the symptomatic patients generally present with fever, headache, myalgia, arthralgia,
nausea, vomiting, and rash (127). Dengue hemorrhagic fever (DHF), dengue shock
syndrome, and Guillain-Barré syndrome are severe consequences of DENV infection. With
DHF, the mortality rate could be as high as 10%-15% in the lack of emergency suppor-
tive treatment and platelet replacement (128-130). Reinfection with different serotypes
of DENV generally leads to an increased disease severity due to defective antibody
binding and virus neutralization called antibody-dependent enhancement (131).

DENV-related ocular complications are generally overlooked; however, many recent
reports confirm increasing incidences of ocular manifestation. DENV-induced ocular
complications range from blurred vision, paracentral scotoma, choroiditis, retinitis, and
maculopathy in the posterior segment to hemorrhagic conjunctivitis/hyposphagma,
panopthalmitis, retinal pigment epithelium (RPE) mottling, AU, and increased IOP
(38, 130, 132-137) (Table 2). Visual impairment in DENV patients has been noted to
occur simultaneously with the nadir of serum thrombocytopenia (138). Although the
occurrence of AU has been documented less often in patients with DENV infection,
it is an important viral pathology with vision-threatening implications, including the
development of glaucoma. While reports on DENV-specific uveitic glaucoma are sparse
in the field, multiple case reports have shown the incidences of bilateral acute angle-
closure glaucoma with DENV infection (139-141). A case study from Finland in 1976
described the development of acute glaucoma in three patients with hemorrhagic
fever with renal syndrome (nephropathia epidemica) resembling DENV infection with
unknown other etiology (59, 142).

These reports are indicative of the prominent pathological role of DENV in ocular
infections and pathology. Despite the paucity of reports on DENV-induced uveitic
glaucoma, it is a potential viral agent with ocular tropism and needs to be studied further
for a possible role in anterior chamber inflammation and subsequent glaucomatous
pathology.

West Nile virus

WNV is another ubiquitous Arbovirus of the RNA virus family, Flaviviridae. It has a
single-stranded positive-sense RNA genome. WNV was isolated for the first time in 1937
in Uganda’s West Nile district (143). WNV is the most prevalent mosquito-borne disease
in the continental USA, which presented dramatically in New York City at the end of
the 20th century and subsequently speared across the North American continent. Two
different lineages of WNV have been described; lineage 1 is present globally, with the
highest concentrations in North America, Eastern Europe, the Middle East, West Africa,
and Australia. African enzootic strains comprise lineage 2 (144). Currently, no vaccines or
medications are available to prevent or treat WNV infection in humans. The majority of
those infected with WNV are asymptomatic. Twenty-five percent of the infected develop
a febrile illness called West Nile fever, and ~1% develop a serious or fatal neuroinvasive
iliness (145). The first human WNV infection was identified in the USA in August 1999,
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during a meningoencephalitis outbreak of uncertain etiology in New York City with 62
positive cases and seven deaths (146). In 2003, during the largest outbreak to date in the
USA, 9,858 human cases were reported, including 262 deaths (147). From 1999 to 2021, a
total of 55,443 positive cases with 27,857 neuroinvasive diseases and 2,683 deaths were
documented alone in the USA (145).

The most common way to contract WNV is through the bite of an infected Culex
mosquito. WNV infection is classified clinically into three sub-categories: asymptomatic,
West Nile fever, or West Nile meningoencephalitis. WNV fever is typically characterized
by the abrupt onset of a high-grade fever (greater than 39°C), headache, myalgias,
and gastrointestinal symptoms. Additionally, pharyngitis, arthralgias, tiredness, and a
maculopapular rash on the chest, back, and lower extremities have also been recorded.
Aseptic meningitis, encephalitis, meningoencephalitis, myelitis, polyradiculitis, or optic
neuritis are all possible manifestations of WNV (Table 2). Meningitis or encephalitis
was diagnosed in 29% of the 9,858 cases in the USA in 2003. Additionally, reduced
deep tendon reflexes, proximal muscular weakness, flaccid paralysis, and respiratory
failure may occur. There have been reports of movement problems such as tremors,
myoclonus, and parkinsonism (148). The common ocular manifestations caused by
WNYV include chorioretinitis, uveitis, occlusive retinal vasculitis, congenital chorioretinal
scarring, and optic neuritis (137, 147, 149, 150). Bilateral multifocal chorioretinitis is
the most frequent ocular presentation in WNV cases (151). In WNV-affected individuals,
active chorioretinal lesions present as multifocal, deep, flat, white, or yellowish lesions
with a 200- to 1,000-micron diameter on fundoscopic examination (86). Cases of AU and
optic neuropathy have also been presented in WNV-infected individuals (147, 152, 153).
WNYV infection has been associated with focal neuro-ophthalmologic symptoms such
as diplopia (154). Ocular involvement is more common during the acute phase of the
disease, although it can also occur as a result of trans-placental infection (152).

Despite the known involvement of WNV in ocular complications, there have been
sporadic case reports. In one study from India, 37 out of 52 (71%) subjects developed
retinitis, arteritis, phlebitis, and retinal hemorrhage with or without a macular star.
These patients also demonstrated retinal inflammation with indistinct borders and
vascular and optic disc leakage. All these patients were positive for WNV infection
by serological testing, reverse transcription-PCR (RT-PCR), reverse transcriptase loop
mediated isothermal amplification (RT-LAMP), and nucleotide sequencing (155). In
another case study, a 56-year-old female with multiple co-morbidities has been shown to
develop anterior chamber inflammation, bilateral nongranulomatous uveitis, and keratic
precipitates with increased IOP in both eyes (156). This patient tested positive for WNV
by ELISA and plaque reduction neutralization assay. Her ocular symptoms resolved with
topical steroid treatment. This study also postulates that WNV-affected patients with
photophobia, conjunctival hyperemia, and ocular pain may have uveitis but are usually
misdiagnosed by ophthalmologists due to lack of detailed examination (156).

Although few reports demonstrate the link between WNV infection and the
development of glaucoma, it has been implicated in a range of ocular manifesta-
tions, including AU (153, 156). This necessitates a detailed ophthalmic investigation of
WNV-infected patients and further experimental and epidemiological studies to explore
the possible role of WNV in the development of uveitis and associated glaucomatous
pathology.

Hepatitis virus

Among Flaviviral diseases, viral hepatitis is a major global health problem. Various
serotypes of hepatitis, including hepatitis A (HAV), hepatitis B (HBV), and hepatitis C
(HCV), are known to cause serious infections, among which HBV and HCV can be fatal.
Multiple epidemiological studies and case reports have documented the prevalence of
uveitis among hepatitis-exposed subjects (157-160).

In a large-scale population-based study by Kridin et al., a significant association
was found between HBV infection and the development of uveitis, but not with HCV
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(157). In another large cohort from Taiwan, co-infection of HBV and HCV was linked
to a higher risk of uveitis (159). Previously, 13% and 2% seropositivity for HBV were
found in cohorts of uveitis-affected patients from Switzerland and England, respectively
(161, 162). In addition, a case report described the development of bilateral AU in a
35-year-old male patient as a manifestation of HAV infection (160). Seven cases of uveitis
(3 = anterior, 1 = intermediate, and 3 = panuveitis) were documented in a cohort of acute
autoimmune hepatitis with glaucoma in three out of seven subjects (158). Some cases
of glaucoma associated with hepatitis are linked to the interferon therapy used to treat
viral infection. A case report of a 15-year-old boy reported that he developed glaucoma
following interferon-a therapy treatment of chronic hepatitis B (163). Similarly, a case
of neovascular glaucoma with high IOP (40 mm Hg) was reported in a 56-year-old man
due to interferon-a therapy used to treat hepatitis C infection (164). Recently, Player et
al. identified candidate genes associated with glaucoma development by retrospectively
analyzing the transcriptomics data set from hepatitis C-infected human peripheral blood
mononuclear cells (PBMCs) stimulated with TLR3 agonist poly I:C (165). This study also
reported a correlation between chronic inflammation in HCV and the dysregulated
expression of genes involved in glaucoma progression (165).

These reports are suggestive of ocular manifestations, including AU arising due to
hepatitis infection and its potential role in the development of glaucomatous pathology
in affected individuals. However, the available evidence is not robust and requires more
in-depth investigations to determine the precise role of hepatitis viruses in the develop-
ment of glaucoma.

Zika virus

ZIKV is one of the re-emerging Arboviruses belonging to the Flavivirus family with a
single-stranded RNA genome (37). It was first isolated from the blood of the captive
sentinel rhesus monkey in 1947 from Uganda’s Zika forest (166). In 1952, the first
human case was registered in Nigeria (167). The first incidence of ZIKV infection outside
of Africa or Asia was reported in 2007 on Yap Island of Micronesia (168). In 2013, a
major outbreak was observed on the French Polynesian islands, and the first local
cases were recorded in Brazil in May 2015 (169, 170). ZIKV is primarily transmitted by
Aedes aegypti mosquito bites (171). In addition, direct human-to-human transmission
has also been documented through mother-to-fetus during pregnancy, breastfeeding,
blood transfusion, sexual contact, and organ transplantation (168-170). Based on the
epidemiology and geographical origin of ZIKV, two major lineages—African and Asian—
have been identified (172).

ZIKV induces very mild symptoms in adults, which include fever, arthralgia, macu-
lopapular rash, conjunctivitis, headache, thrombocytopenia, and leukopenia (37, 168).
However, gestational ZIKV infection leads to congenital Zika syndrome (CZS), with the
most dramatic manifestation being microcephaly. Guillain-Barré syndrome is another
fatal pathology linked with ZIKV infection (104, 137). Following the 2015 Brazilian
ZIKV outbreak, a 20-fold increment in microcephaly cases was recorded with concom-
itant vision-threatening ophthalmological alterations in around one-third of cases.
Many recent studies also indicate that ZIKV can also cause severe ocular abnormali-
ties without microcephaly (173-176). During the ZIKV outbreak in the Americas, a
significant proportion of the infants born from infected mothers reportedly showed
ocular pathologies that included unilateral microcornea, iris coloboma, chorioretinal
atrophy, hypoplasia, focal pigmented mottling, RPE mottling, retinal focal spots, severe
retinal vessel attenuation, macular pigmentation alterations including pallor, optic nerve
atrophy, optic disc anomalies, and congenital glaucoma (7, 8, 45, 137, 177-187) (Table 2).
Approximately 35% of infants born with microcephaly during the ZIKV epidemic in Brazil
showed vision-threatening lesions (175). Children of the female sex were reportedly
more affected, and bilateral findings were presented in 85% of all cases (38, 175).
Studies from our laboratory and other investigators have also experimentally demonstra-
ted involvement of ZIKV in the development of pathological eye conditions, including
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panuveitis (188), chorioretinal atrophy (178, 179), and glaucoma (45, 189). It was recently
shown that the African strain of ZIKV induces a more robust innate anti-viral response
in iPSC derived RPE cells than the Asian strain of ZIKV (180). Interestingly, this strong
inflammation was associated with greater disruption of tissue homeostasis accompanied
by substantial destruction of RPE cells, ultimately leading to dysregulated inflammation,
tissue pathology, and poor virus control (180). On the other hand, epidemic Asian
strains negatively modulate type-1 IFN response (190) and induce immunosuppressive
non-classical monocytes permissive to ZIKV (191). This ability to cause low-intensity
infection and inflammation has been suggested to confer the Asian ZIKV strain with a
persistent survival advantage in placental tissues with the potential to cause post-natal
defects (192). The ability of epidemic ZIKV strains to persist chronically can be corrobo-
rated with the long-term visual impairments and ocular pathology reported in seroposi-
tive children and adults from various clinical reports and retrospective epidemiological
studies (179, 183, 185, 193-196).

Studies from ZIKV epidemics have shown a strong association between ZIKV and
glaucoma with or without uveitis. A retrospective case study of 43 infants from Colombia
and Venezuela with CZS reported congenital glaucoma in 12% of infants, whereas
88% had optic nerve abnormalities (7). All infants with glaucoma from this study
showed extremely high IOP (mean of 57.4; range, 49.8-76.1 mm Hg) with open angle
and buphthalmia without symptoms of AU. Another follow-up study of ZIKV patients
reported bilateral AU prevalence in 48% of subjects with concomitant ocular hyper-
tension in 83% (197). De Moraes et al. presented three cases of ocular abnormalities
secondary to ZIKV infection in seropositive patients (9). In this case series, a 49-year-old
woman presented with bilateral optic neuritis; a 4-year-old boy presented retrobulbar
uveitis; and a 17-day-old infant presented with CZS and underwent glaucoma correction
surgery (9). Most recently, in a meta-analysis of 13 pregnancy cohorts/studies from
epidemic hit Brazil, 4% of offspring displayed significant ophthalmic abnormalities,
confirming ZIKV ability to cause ocular damage (198). However, this study does not
explain or typify the underlined pathological spectrum in the ocular tissues.

In contrast to several reports of ZIKV-induced congenital glaucoma, De Oliveira et
al. did not find any incidence of glaucoma as per definitions established in the Ninth
Consensus Report of the World Glaucoma Association in a study of 188 eyes from
107 children born with presumed CZS in Brazil (199). Instead, the authors reported
increased vertical cup-to-disk ratio (CDR), IOP, horizontal corneal diameter, and myopia
related to increased axial length, etc., as attributes in the 2.5% of CZS-qualified subjects
that may lead to misdiagnosis of glaucoma (199). The authors of this study speculate
that CDR criteria for glaucoma may not be reliable for CZS, as the increased CDR
could be related to ZIKV neurotropism and not due to elevated IOP. In addition, the
incidence of congenital glaucoma has also been suspected to be a function of maternal
genetic susceptibility due to single-nucleotide variations in adenylate cyclase genes that
influence the outcomes of CZS (200).

ZIKV-associated ocular comorbidities in infants and anterior (8, 86, 201, 202) and
posterior chamber uveitis (181-183, 194) in adults have been evident from several other
studies. A case of AU with PCR-confirmed ZIKV etiology was reported by Furtado et al.
from Brazil (202). Fontes also reported one isolated case of a ZIKV-infected physician
who presented with bilateral hypertensive iridocyclitis (201). In a recent retrospective
analysis of the cohort of 469 infants (938 eyes) with CZS from the 2015 to 2016 Brazilian
ZIKV outbreak, 31.6% of patients (28.7% eyes) were found to have ocular complications.
The predominant ocular pathological features were optic nerve pallor (13% eyes), focal
pigment mottling (12% eyes), and chorioretinal scars (11% eyes) (185). Similar findings
have been reported from Costa Rica from a cohort of 11 confirmed and 11 probable
(total 22) perinatal ZIKV-exposed infants. In this cohort, 41% of infants presented ocular
manifestations with chorioretinal scarring and optic nerve anomaly in 27% and 23%
of cases, respectively (195). Further, a first-of-its-kind study from North America (US
Virgin Islands) reported the development of post-natal visual impairment in more than
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a quarter of infants exposed antenatally to ZIKV with a median age of 9 months (196).
The rate of visual impairment was even greater in those with confirmed ZIKV etiology
(38.5%). Interestingly, the prevalence of visual impairment was unusually high in children
despite any evident neurological, developmental, or ophthalmological anomaly at the
time of examination (196).

These observations are a serious indicator of the pathogenic ability of ZIKV to be able
to not only transmit vertically but also cause delayed and long-lasting ocular abnormali-
ties. While these studies offer fresh insights and motivation to carefully work out the role
of ZIKV in causing ocular complications and congenital glaucoma, the threat is still open
to affect the exposed population in endemic regions. Thus, it is imperative to establish
vigorous experimental, epidemiological, and long-term follow-up investigations.

CORONAVIRUSES AND GLAUCOMA

Experimental evidence on the ocular involvement of coronaviruses is long studied in
mouse models. A member of the murine coronavirus, mouse hepatitis virus (MHV), is
known to cause degenerative retinopathy in two different mouse models, BALB/c and
CD1 mice (203, 204). The MHV establishes infection in both the anterior and posterior
chamber in susceptible BALB/c mice during the acute phase of infection (5-7 days). After
7 days, the virus was not detected in the anterior chamber but persisted in the retina
(until 60 days) and caused severe degenerative pathology (204). These early experimen-
tal studies suggest the ocular tropism of coronaviruses. In addition, the prominent
endemic members of the coronavirus family are well known to cause human infections.
Infections with HCoV-NL63, SARS, and, more recently, SARS-CoV-2 have been shown to
cause numerous ophthalmological manifestations in affected individuals (205-210).

SARS-CoV-2

SARS-CoV-2 is an enveloped RNA Coronavirus that caused the recent pandemic of
COVID-19. The global COVID-19 pandemic started with a glaucoma patient when an
ophthalmologist warned about a strange virus, later identified as SARS-CoV-2. This
ophthalmologist passed away due to exposure to SARS-CoV-2 from his patient. In the
beginning of the pandemic, SARS-CoV-2 was linked to causing conjunctivitis, and few
studies reported the presence of viral RNA/protein in a cadaver’s conjunctival tissue
(205). Later, many studies reported the ocular involvement of SARS-CoV-2. The most
common ocular manifestation includes dry eye or foreign body sensation, redness,
tearing, itching, ocular pain and discharge, hordeolum, pingueculitis, keratitis, episcleri-
tis, keratoconjunctivitis, and anterior uveitis (206-208, 211-216) (Table 2). Aldaas et al.
recently reviewed the evidence on the ocular manifestations of COVID-19 and found
conjunctivitis is the main ocular sequalae with a prevalence rate of 8.0%-88.8% (59).
Although reports of glaucoma due to SARS-CoV-2 are sparse, few isolated cases have
shown the association of SARS-CoV-2 with glaucoma. Barosco et al. presented a case
of bilateral primary angle-closure glaucoma in a 64-year-old male with COVID-19 (217).
Similarly, Nerlikar et al. reported bilateral angle-closure glaucoma development in a
53-year-old male after prone position ventilation for COVID-19 pneumonia (218). Ozmen
and coworkers reported three cases of acute angle-closure glaucoma, all with high 10P
(35, 44, and 40 mm Hg, respectively) in the setting of hyponatremia due to SARS-CoV-2
infection (219). Soman et al. has described a case of neovascular glaucoma with high
IOP (44 mm Hg) in a 50-year-old male with COVID-19-related retinopathy (220). All these
cases were treated symptomatically in combination with anti-glaucoma medication to
control the IOP. It is not known if the angle-closure patients were at risk before the
intensive treatment for COVID infection. Many cases of optic neuropathies, such as optic
neuritis, have been shown to be caused either by SARS-CoV-2 or its vaccine (216, 221-
227).

Based on the currently available literature, it is evident that SARS-CoV-2 and
other coronaviruses can cause significant ocular manifestations, including uveitis,
optic neuropathies, and possible glaucoma. The neuro-ophthalmological complications
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related to SARS-CoV-2 can be severe, and therefore patients should be monitored
continuously, along with serological, immunological, and ocular imaging. Additionally,
further in-depth investigations are warranted to study the role and molecular mecha-
nisms of SARS-CoV-2-mediated ocular manifestations and glaucoma.

ANTI-VIRALS AND GLAUCOMA

Conventionally, glaucoma is managed by topical corticosteroids, cycloplegics, and
IOP-lowering medication, and in some cases, surgical interventions are necessary.
However, glaucoma management in the setting of viral infections depends on multiple
factors, such as treating the underlying condition, treating the virus-induced inflam-
mation, and controlling the elevated IOP. The treatment regimen for virus-associated
glaucoma usually includes systemic or topical anti-viral agents combined with IOP-lower-
ing eye drops. However, anti-viral therapy does not always control IOP, and some patients
do not tolerate systemic anti-viral treatment because of their side effects. It is also crucial
to treat viral-associated inflammation to reduce the risk of long-term damage to the TM.
In viral-associated SG, a common mistake is undertreating the inflammatory response
for fear of a corticosteroid-induced IOP elevation. Therefore, vigilant monitoring of
steroid dosage and frequency is required to manage viral-induced uveitis and associated
glaucomatous pathology.

Some recent studies have indicated disproportionately higher incidences of
glaucoma in patients with anti-viral treatments. A study on Australian cohorts has shown
patients on anti-retroviral therapy have increased incidence of use of anti-glaucoma
medications (2). Similarly, a few clinical case studies have reported the development of
bilateral acute angle-closure glaucoma with the use of oseltamivir, a common anti-
viral used to treat influenza (228, 229). A case study with CMV AU reported ganciclo-
vir treatment in combination with anti-inflammatory and anti-glaucoma medication
controlled the CMV burden but failed to reduce the IOP without surgical intervention
(230). Another anti-viral drug, cidofovir, used to treat CMV and HSV infections, has
been shown to develop anterior uveitis (231). In addition to anti-viral medication, some
vaccines have also demonstrated the development of anterior uveitis and/or panuveitis.
Measles, mumps, and rubella vaccine has been shown to cause uveitis and panuveitis
in a few isolated cases (232, 233). Similarly, SARS-CoV-2 vaccine has been shown to
cause optic neuropathies in some cases (225, 234-236). Although no clear evidence
indicates how anti-virals lead to a higher incidence of glaucoma, a plausible hypothesis
suggests it could be due to drug-induced toxicity, ocular hypertension, or idiosyncratic
drug reaction (2, 228). An anti-viral drug, ritonavir, a protease inhibitor, has shown visual
field defects in 2% or less and retinal impairments in SARS-CoV-2 patients (2, 237,
238). Similarly, anti-virals with nucleoside reverse transcriptase inhibitors have shown
mitochondrial injury that may affect the pathogenesis of glaucoma and optic neuropa-
thy (239).

Despite a few contrary reports, systemic (acyclovir, ganciclovir, valacyclovir, or
famciclovir) or topical (trifluridine or ganciclovir eye drops/ gels) anti-viral agents, in
combination with corticosteroids and IOP-lowering drops, is a standard treatment in
managing viruses-associated glaucoma. The anti-viral therapy should be personalized
for glaucoma management in patients with viral infection based on their immunocom-
petent vs immunocompromised state. In some cases, glaucoma filtration surgery or a
tube shunt is essential to control the IOP.

CONCLUSION AND FUTURE DIRECTIONS

Viruses are well known to cause a wide range of ocular manifestations, either as
primary infection of ocular tissue or secondary complications consequent to perturbed
tissue homeostasis. Glaucoma is the commonest optic neuropathy, characterized by
RGC degeneration and vision loss. Viruses are a significant cause of elevated intraocu-
lar pressure and the development of glaucoma (Fig. 1). Although viral glaucoma is
often preceded by sequela of uveitis, some viruses can cause glaucoma independent
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of uveitis. Uveitis is characterized by inflammation in any part of the eye due to the
infiltration of immune cells to clear the infection (Fig. 1). This either clears out or forces
the infection to hide in latent form while also posing significant collateral damage
to the tissue involved. This perturbed tissue homeostasis often leads to the develop-
ment of secondary complications, including glaucoma. Many viruses including those
in the herpesvirus family (HSV, VZV, CMV, and EBV), members of the Flavivirus family,
(e.g., ZIKV, DENV, and WNV), Filovirus (EBOV), Togavirus (RUBV and CHIKV), and, most
recently, SARS-CoV-2, are shown to be associated with the development of glaucoma.
Despite a large body of evidence available regarding the role of viruses in glaucoma
pathogenesis, studies deciphering molecular mechanisms involved in its pathophysi-
ology are scarce. Studies aimed at dissecting molecular pathways and mechanistic
insights behind the development of glaucoma are much needed to understand the
pathophysiology of the disease and to develop precise therapeutic modalities. Infectious
glaucoma is different from hereditary or genetic glaucoma and can be managed with
therapeutic and surgical interventions. However, timely identification of the infectious
etiology is crucial for prioritizing and managing the disease. Traditional symptom-tar-
geted therapies for viral glaucoma management involve the usage of steroids beta
blockers, and carbonic anhydrase inhibitors alongside anti-viral agents. Therapies aimed
at inhibiting or fine-tuning intraocular inflammation and inhibiting specific immune cell
infiltration could be the next-generation choice of treatment for managing virus-induced
ocular pathologies.
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