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Potency of SARS-CoV-2 on Ocular
Tissues

Saliha Durak, Hande Eda Sutova, Abuzer Alp Yetisgin,
Ozlem Kutlu and Sibel Cetinel

Abstract

The current COVID-19 pandemic has affected more than 100 million people
and resulted in morbidity and mortality around the world. Even though the disease
caused by SARS-CoV-2 is characterized by respiratory tract involvement, previous
and recent data also indicates ocular manifestation. Not surprisingly, cell entry
point of the virus, ACE2 receptor, is widely expressed in ocular tissues ranging from
conjunctiva to retina. Despite the sensibility of ocular tissues, the sophisticated
defense mechanism of the eye might eliminate viral transmission. Nevertheless, the
potential of systemic transmission through the nasolacrimal duct may not be elimi-
nated. In the case of ocular involvement, the disease outcomes might be as treatable
as conjunctivitis or as serious as retinal degeneration and the treatment regimen
vary accordingly. Within these contingencies, our aim with this chapter is to shed
light on molecular bases of SARS-CoV-2 infection, systemic invasiveness following
ocular transmission, manifestation and permanent effects on ocular tissues.

Keywords: COVID-19, SARS-CoV-2, conjunctivitis, conjunctiva, retina, ACE2,
TMPRSS2

1. Introduction

Coronaviruses are enveloped, positive-sense RNA viruses belonging to the
subfamily Coronavirinae in the family Coronaviridae and cause serious respiratory
ailments in humans [1]. In the last 20 years, three different types of coronavirus,
including Middle-East respiratory syndrome coronavirus (MERS-CoV), severe
acute respiratory syndrome coronavirus (SARS-CoV) and SARS-CoV-2, respec-
tively, have caused severe respiratory tract infections and fatal outbreaks. SARS-
CoV-2 emerged in Wuhan, China in December 2019 and has rapidly become an
international health emergency [2]. In March 2020, the World Health Organization
(WHO) has declared novel coronavirus disease 2019 (COVID-19) pandemic.

SARS-CoV-2 uses the angiotensin-converting enzyme 2 (ACE2) receptor for viral
entry, as in SARS-CoV [3]. One of the major structural proteins, the glycoprotein
Spike (S) of the SARS-CoV-2 binds to surface receptor (ACE2) of the host cell and
mediates viral entry. S protein is composed of two domains; S1 domain contains
receptor-binding region, while S2 domain manages viral fusion with the membrane
of the host cell. Host transmembrane protease serine type 2 (TMPRSS2) cleaves the S
protein into S1 and S2 domains upon virus binding to ACE2 [3-5]. SARS-CoV-2 recep-
tor binding and fusion of viral membrane and cell membrane initiate viral infection.
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ACE2 protein is expressed in a variety of human organs and tissues, including
ocular tissues ranging from conjunctiva to retina [6, 7]. Understanding the trans-
mission paths of SARS-CoV-2 is crucial to prevent the viral spread. Current studies
show that SARS-CoV-2 could be transmitted via direct contact or aerosol droplets.
Ocular surfaces are possible viral entry and infection sites, or gateway for spread
of the virus to the respiratory system [8, 9]. Although ocular symptoms are rare in
COVID-19 patients, manifestations affecting the ocular surfaces such as conjuncti-
vitis, epiphora, chemosis [10, 11], retinal hemorrhages, central retinal vein occlu-
sion (CRVO), ischemia [12-15] as well as blurred vision and vision loss [16, 17] have
been reported.

This chapter focuses on the presence and the effects of cellular receptors of
SARS-CoV-2 on ocular tissues, evaluates the potential ocular transmission through
the eyes, and discusses the short and long-term effects and manifestations of the
virus on ocular surfaces at the molecular level.

2. ACE2 and TMPRSS2 expression profiles in ocular tissues

In 2020, various cases of positive conjunctival swabs and conjunctivitis were
reported as COVID-19 symptoms. Therefore, several researchers have investigated
the ocular surfaces as a potential infection route for SARS-CoV-2 [18, 19]. To this
end, intensive research focused on the presence of ACE2 and TMPRSS2 receptors
in various ocular tissues since both receptors play important roles in the entry of
SARS-CoV-2 to the host cells [20, 21].

ACE2 is an important component of Renin-Angiotensin System (RAS). The
circulatory RAS is composed of certain enzymes and active-inactive peptides and
plays crucial roles in human body including the regulation of blood pressure, fluid
volumes and electrolyte homeostasis [22-27]. These regulations are controlled
through the digestion of Angiotensinogen by Renin to generate Angiotensin I and
transformation of Angiotensin I to the active form Angiotensin II by angiotensin-
converting enzyme (ACE). Recently, Renin and ACE independent generation of
Angiotensin II has also been reported [27]. In addition to the circulatory system,
RAS is also found locally in some tissues and two separate research groups, Fischer-
Ferraro et al. and Ganten et al. discovered the first clues on local RAS and its tissue-
specific roles in 1971 [28, 29]. To date, local RAS has been reported in various organs
such as brain, heart, intestine, kidney, and the eye [30, 31]. The presence of RAS
in the eye suggested its involvement in various ocular diseases such as age-related
macular degeneration (AMD), diabetic retinopathy, and glaucoma [22].

ACE2 is a carboxypeptidase found in circulatory system and in some tissues and
regulates RAS negatively by cleaving angiotensin II [21]. This carboxypeptidase is
structurally similar to angiotensin converting enzyme (ACE) with a 42% sequence
similarity [32]. ACE2 was first discovered and cloned in 2000 as a counter-regulator
of ACE, which generates Angiotensin (1-7) by cleaving a single residue from
Angiotensin II or Angiotensin (1-9) by removing single residue from Angiotensin I
[32-35]. In the eye, ACE2 expression has been demonstrated in a wide variety of
ocular tissues, including aqueous humor, retina, corneal epithelium, conjunctival
epithelium, and limbal epithelium [6, 7, 22]. ACE2 is found to decrease intraocular
pressure (IOP) upon activation with chemical inducers [36].

In addition to ACE2, recent studies showed that TMPRSS2 receptor was also con-
tributing to the cell entry of SARS-CoV-2 by cleaving the spike protein after its’ bind-
ing to ACE2 receptor [6, 37, 38]. TMPRSS?2 is one of the serine proteases, involved in
various physiological and pathological processes, including protein catabolism, blood
coagulation and tissue rearrangement [39, 40]. As a homologous to enterokinase, the
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function of TMPRSS?2 is suggested to be similar to enterokinase that cleaves acidic
pro-peptide from trypsinogen to generate active enzyme. However, exact physiologi-
cal functions of TMPRSS?2 are still not clear [40, 41]. Many ocular surfaces express
TMPRSS2 receptor such as conjunctiva and corneal stroma [42].

Due to the important roles of ACE2 and TMPRSS2 in SARS-CoV-2 infection,
their individual and co-expression in ocular tissues is investigated [43]. In an early
study, local ACE2 expression in rodent retina was evaluated by using immunoblot-
ting, immunohistochemistry analyses and mRNA levels. Expression of ACE2 was
broadly localized in the inner nuclear layer and photoreceptors of rodent retinas
[44]. Similarly, TMPRSS2 expression was also shown in the retina [45]. One of the
most comprehensive studies on this subject was the investigation of coronavirus-2
(CoV-2) tropism in ocular tissues [6]. Here, co-expression of ACE2 receptor and
TMPRSS2 protease was shown in human adult conjunctival, limbal and corneal epi-
thelium but not in embryonic and fetal ocular tissues [6]. On the other hand, com-
parative RNA expression levels of ACE2 and TMPRSS?2 in various tissues suggested
ACE2 being the limiting factor for infection because TMPRSS2 expression showed
a broader tissue distribution [46]. Similarly, expression of ACE2 and TMPRSS2 in
post-mortem eyes of non-diabetic and diabetic retinopathy specimens revealed sig-
nificantly strong expression of ACE2 in corneal and conjunctival epithelium while
broad expression of TMPRSS2 in all ocular surfaces [42]. A comparable expression
pattern with post-mortem eyes was found in five surgical conjunctival specimens as
well, only with higher ACE2 staining intensity in the surgical specimen [42].

Co-expression profile of ACE2 and TMPRSS2 genes shows some contradicting
expression profiles between human primary conjunctival and pterygium cells
and different cell lines including ARPE-19, HUVEC, HaCaT, HepG2, and A549
[37]. For instance, persistent expression of ACE2 and TMPRSS were observed in
conjunctival and pterygium cells of some patients, which was concluded not to
be enough for SARS-CoV-2 cell entry [37]. In contrast, a significantly higher gene
expression of TMPRSS2 and a lower but notable ACE2 gene expression in stud-
ied ocular (ARPE-19, HUVEC) and lung cell (A549) lines were observed [37].
Investigation of healthy and diseased conjunctival samples for mRNA expression
levels of ACE2 and TMPRRS2, and ACE2 protein expression by immunostain-
ing revealed ACE2 expression in conjunctival samples [47]. However, protein
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Figure 1.

Representative schematic of the relative expression profile of ACE2 and TMPRSS2 in ocular surfaces. (This
schematic was created using Servier Medical Art templates, which ave licensed under a Creative Commons
Attribution 3.0 Unported License; https://smart.servier.com.).
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expression of ACE2 and other SARS-CoV-2 mediators of cell entry found not
significant enough for the infection [47]. On the other hand, the expression of
ACE2 and TMPRSS2 in ocular epithelium such as corneal epithelial cells, con-
junctival epithelial cells and corneal endothelial cells is also reported. Herein,
co-expression of ACE2 and TMPRSS?2 in corneal epithelium and endothelium
suggested the susceptibility of cornea for a potential SARS-CoV-2 infection site
(Figure1) [48].

3. Potential systemic invasiveness of SARS-CoV-2 following ocular
transmission

The three human coronaviruses, SARS-CoV, MERS-CoV, and SARS-CoV-2
are highly infectious compared to HCoV-229-E, HCoV-NL63, HCoV-OV43, and
HCoV-HKU1, which infect upper respiratory tract with mild symptoms. On the
other hand, SARS-CoV, MERS-CoV, and SARS-CoV-2 cause severe lower respi-
ratory tract infection, which then leads to pneumonia [49]. The transmission
mechanism of SARS-CoV and SARS-CoV-2 are similar in many aspects. These
viruses could be transmitted with direct contact, droplet, or aerosolized particle
contact with the eye surface, nose, and mouth [9]. SARS-CoV and SARS-CoV-2
are genetically similar as well. However, the number of patients infected with
SARS-CoV-2 is hundreds of times higher, indicating a significantly higher trans-
mission rate compared to SARS-CoV and MERS-CoV [50]. It’s also recently shown
that the rate of SARS-CoV-2 replication in conjunctiva is higher than SARS-CoV
and MERS-CoV [51].

Potency of viral infections are mainly affected by the virus invasiveness, recep-
tor repertoire of the host cell membrane, and the immune system response. The
first step for the viral invasion is the binding of the virus to the host cell by its
receptors [52]. Glycoproteins and spike proteins are well-known proteins for all
coronaviruses that bind to the receptor of the host cell and trigger the viral entry.
The spike proteins are encoded in f-coronaviruses and today, it has been known
that SARS-CoV-2 spike protein has the receptor-binding domain, mediating the
interaction with the host cell membrane receptor, ACE2 [53].

The eye is an organ representing a large surface area and could be easily exposed
to external pathogenic factors. The large surface area of the eye is a potential land-
ing zone for viral particles [54]. Importantly, the expression of TMPRSS2, CD147,
ACE2, and CTSL proteins in ocular tissues indicate their potential as SARS-CoV-2
entry route [55-57]. Confirmed expression of ACE2 and TMPRSS2 in conjunctival
and corneal tissues [46] suggest conjunctiva and cornea as ocular regions for SARS-
CoV-2 entry [8, 49].

Ocular exposure may lead to systemic transmission of the SARS-CoV-2 virus via
two pathways. In first pathway, cornea, conjunctiva, lacrimal gland, meibomian
glands could be directly exposed to the infection. Particularly, the conjunctival tis-
sue could be easily infected via droplets or a close contact with infected individuals
and contaminated hands. Due to its potency as an entry site of viruses, conjunctiva
is accepted as an important pathway for infection of the respiratory viruses [52]. In
second pathway, virus in tear can migrate through the nasolacrimal duct and infect
the nasal or gastrointestinal epithelium [9].

SARS-CoV-2 may indirectly enhance the possibility of ocular complications
as well. For instance, the cytokine storm, vascular endothelial dysfunction, and
hypercoagulability may lead to not only retinal microangiopathic changes but also
congestion of the central retinal vessels, or micro-vascularization of the optic nerve
head [14, 58, 59]. It has been also reported that SARS-CoV-2 led to paracentral
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acute middle maculopathy and acute macular neuro-retinopathy [60, 61]. In May
2020, retinal changes in 12 adult COVID-19 patients were analyzed by using optical
coherence tomography (OCT). Hyper-reflective lesions were observed at the
ganglion cell level and interestingly, inner plexiform layers were found more promi-
nently at the papillomacular bundle in both eyes [14]. A 40-year-old man diagnosed
with SARS-CoV-2 infection reported that he had right calf pain and blurred vision
in both eyes. His ophthalmic exam revealed retinal vein occlusion (RVO) on both
eyes, indicating COVID-19 as a potential cause for RVO [12].

On the other hand, the viral infection can occur at the upper respiratory tract
and viruses can migrate to the nasolacrimal duct and to the conjunctiva, resulting in
viral conjunctivitis [62]. Furthermore, SARS-CoV-2 infection via the conjunctival
tissues may also occur in non-human primates that the SARS-CoV-2 inoculation has
been shown to cause mild COVID-19 in rhesus macaques [63].

3.1 Natural ocular defense mechanisms

The eye has natural anatomical and physiological protection mechanisms that
prevent the entry of large amounts of virus-loaded particles to the ocular surface
[64]. The eye has three defense mechanisms against different types of microorgan-
isms and toxic substances. These are; mechanical, immunological, and anatomical
defense mechanisms which are critical to recognize and eliminate the pathogens
from the ocular surface for eye protection [65].

Mechanical defense system is composed of eyelids, eyelashes, corneal epithe-
lium containing tight intercellular junctions, and conjunctival mucosa. Corneal
epithelial cells also protects the ocular surface by secreting cytokines and causing
immune defense activation against the viral invasion [65]. Eyelid protects the eye
surface against any mechanical injury. When the eyelids and lashes are closed, the
eye is also protected from any exposure of pathogens and other foreign molecules
such as dust, dirt, and any other debris [66].

Anatomical defense system is based on the barriers of anterior and posterior
segments of the eye. The drugs administered to the eye is extensively drained by the
precorneal barriers present in the anterior segment (around 90%) and tears migrate
through the nasolacrimal duct [67]. Aqueous humor is secreted by the ciliary body
and the flow direction of the aqueous humor is towards the cornea, which is an
opposite direction of topically administrated drug. The aqueous humor can be
a limiting factor for the drugs to show therapeutic effects. Sclera presents at the
posterior segment of the eye and protects the eye from the exogenous substances.
Surface charge, physicochemical properties, and molecular radius are the param-
eters affecting the drug permeability across sclera. The drug with greater molecular
radius and lipophilicity can lead to inhibition of permeation across sclera [67]. On
the other hand, the pathogens are also cleaned from the ocular surface with the
lacrimal drainage system. However, this physical self-cleaning system may cause
SARS-CoV-2 infection via the migration of infected tears throughout the nasolacri-
mal drainage system and this passage can function as an alternative entry route of
the virus from ocular surface to the respiratory tract [68].

Immune defense at the ocular surface is important for preservation of the eye.
Particularly, cornea have a variety of defense mechanisms; classified as native,
nonspecific, and acquired immunological defenses.

Innate immunity is the first line of defense mechanism in corneal infection;
presents at birth and provides a nonspecific defense system [65]. This system can
function in case of viral load and pathogenesis. Innate immune response is given at
first encounter with the pathogen and can vary between different pathogens. For
instance, among SARS-CoV viruses, the replication of the SARS-CoV-2 has been
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more extensive in the bronchus than SARS-CoV and the higher plasma concen-
trations of proinflammatory cytokines have been observed in the SARS-CoV-2-
infected patients [9].

Tears, corneal nerves, epithelium, keratocytes, polymorphonuclear cells and
some cytokines are other cellular and molecular elements for protection of cornea
against microorganisms. The first function of tears is to keep the cornea not to be
dried. Tears clean the foreign particles from the ocular surface and transports anti-
microbial proteins lactoferrin, lysozyme, lipocalin, and beta-lysine to prevent the
infections. In addition to these proteins, immunoglobulins protect the cornea from
infections [65]. Lactoferrin is able to inhibit the binding of SARS-CoV-2 to ACE2,
and IgA shows an effective immune response against different types of microorgan-
isms [65, 69]. For instance, secreted IgA protects the corneal epithelium by binding
to bacteria and prevents it from attaching to epithelium. Besides, IgG has the ability
to bind bacteria and neutralize some viruses.

Corneal epithelial cells activate immune response by secreting cytokines to pre-
serve the eye against microbial invasion. They store IL-1a to release it passively, when
the trauma or any foreign agent stimulates the membrane. Keratocytes synthesize IL-6
and defensins as a defense mechanism. IL-6 and IL-1 show a synergetic effect against
microbial activity. Defesin has antimicrobial activity in ocular infections and induce
epithelial healing. It is also found in neutrophils located in conjunctiva. Corneal
nerves send sensory information and therefore control the reflexive movements for
protection of the eye. Furthermore, several other eye complements, composed of a
variety of effectors and regulatory proteins activating each other to produce biologi-
cally active molecules, such as opsonins, enzymes and chemotaxins [65].

There are early and late defense stages of relevant innate and acquired immune
responses. The immediate immune response takes minutes to several hours against
microbial infection. When the innate immunity is unable to fight against the micro-
organisms or their antigens, acquired immunity can control microbial replication.
Langerhans cells, antigen-presenting cells of the cornea, recognize the foreign anti-
gen and can respond within 24-48 hours [65]. They recognize, process and present
the antigens with MHC class II molecules, which are present on their surface. When
they recognize an antigenic foreign molecule, they process the antigen and trans-
port it to the surface by MHC molecules both class I and class II. The presentation of
peptides by MHC molecules activates T cells and T-cell receptors, which then lead
to the binding of MHC molecules to each other. If the MHC II molecule presents
the antigen, then CD4 helper T cells kill the pathogen by secretion of cytokines that
activates the other effector cells such as macrophages [65].

3.2 Nasolacrimal duct can play a role in SARS-CoV-2 systemic transmission

The human tear ducts consist of the upper and lower lacrimal canaliculus,
lacrimal sac, and nasolacrimal duct (Figure 2) [70]. The nasolacrimal system func-
tions as a bridge between the ocular surface mucosa and upper respiratory tract for
migration of the viruses with the help of tears to the inferior meatus of the nose. It
allows the virus to move from the ocular surface to the respiratory tract throughout
the nasolacrimal duct [52, 71]. The fluid may be taken up by the conjunctiva, sclera,
or cornea but the highest percent of the liquid is drained into the nasopharyngeal
space. Additionally, the epithelial lining of the lacrimal duct can absorb the tear
fluid, which allows immunizing agents to be drained to nasal tissue [72].

In addition to the above-mentioned functions of nasolacrimal duct, it has a role
in nonspecific immune defense. Nasolacrimal duct protects against dacryocystitis;
thus, the epithelial cells produce a variety of antimicrobial substances, such as
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Figure 2.

Representative schematic of ocular surface and tear ducts (This schematic was created using Servier Medical
Art templates, which ave licensed under a Creative Commons Attribution 3.0 Unported License; https://smart.
servier.com,).

lysozyme and lactoferrin. In case of an infection or an inflammatory dacryocysti-
tis, antimicrobial peptides human inducible beta defensins 2 and 3 are produced.
Moreover, the secretory products of the mucus component mucins (MUC1, MUC2,
MUC4, MUC5AC, MUC5B, and MUC?) are produced by goblet and epithelial

cells. Mucins preserve mucosal surfaces against pathogenic substances. It has been
observed that MUCSB protects the patient against the SARS-CoV-2. There is a
lower allelic frequency of the MUCSB genetic variant in the COVID-19 patient’s
body compared the healthy people, which is related to a higher level of MUC5B
expression [73]. On the other hand, the expression of MUC1 and the soluble mucin
MUCS5AC were observed in cells that also express ACE2, indicating that the mucins
may function in entry and transmission of the SARS-CoV-2 [46, 74]. However, it
was revealed that the increased levels of secreted MUC1 and MUCS5AC in the spu-
tum cleaned from the trachea of COVID-19 patients [75]. The epithelium present
in the nasolacrimal duct produces TFF peptides TFF1 and TFF3. The efferent tear
ducts also contain lymphocytes and other defense cells that function in adaptive
immune mechanisms [70].

Nasolacrimal duct has common entry receptors for some respiratory viruses. For
instance, the glycoproteins of host epithelial cell, carrying terminal sialic acid (SA),
are distributed through the ocular tissue and the respiratory tract through the lacri-
mal passage. Thus, the patient becomes infected with pneumonia [71]. a2-6-linked
SA is significantly abundant in trachea and nasal mucosa, while a2-3- linked SA are
more prominent in ocular tissues and the lower respiratory tract tissues [72]. There
are several reports hypothesized that the exposure of the ocular surface to SARS-
CoV-2 may lead to infection, because of the drainage of the virus particles via the
nasolacrimal duct [76]. Siedlecki et al. has shown that SARS-CoV-2 can infect the
ocular surface by migrating into the respiratory tract with the help of tears through
the nasolacrimal duct [77]. Supporting to this, the highest expression level of SARS-
CoV-2 entry factors was shown in nasal epithelial cells (clusters of goblet cells and
ciliated cells), among all cells present in the respiratory tree [46]. Unlike all these
infection routes, SARS-CoV-2 infection may also possible with the hematogenous
spread from the lacrimal gland [8].

Consequently, the human eye has three roles in coronavirus infection. Firstly,
it is one of the target organs for coronavirus infection. Secondly, the conjunctiva
can function as a transporter for human coronavirus to enter the respiratory tract.
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SARS-CoV-2 can reach to nasal mucosa with nasolacrimal epithelium, gastroin-
testinal tract, and systemic circulation by leaving the conjunctivitis [19]. Thirdly,
conjunctival secretions and tears can function to spread human coronavirus [52].

4, SARS-CoV-2 related ocular manifestations
4.1 Ocular surface manifestations

Since ocular surfaces hold the potential for SARS-CoV-2 transmission, clinical
research focusing the COVID-19-associated ocular symptoms have attracted great
attention. Even though, the incidence of SARS-CoV-2 infection through ocular
surfaces is low, ocular manifestations are various. Dry eyes, epiphora, hyperemia
were the most prevalent symptoms in COVID-19 patients, while chemosis, photo-
phobia and conjunctivitis are barely seen. Other reported ocular surface symptoms
were conjunctival congestion, conjunctival secretions, foreign body sensations,
blurred vision, itching/irritation, ocular pain, and eye redness. The prevalence of
SARS-CoV-2 and profiling ocular symptoms related to COVID-19 are summarized
in Table 1 by including 2660 patients from 43 independent studies [10-14, 16, 17,
59-61, 69, 78-108].

In a large study, including 535 patients, 5.0% of the patients (27 patients)
displayed conjunctival congestion. Conjunctival congestion was in fact, the first
symptom in four patients, which explains that ocular manifestations may be
observed in early times of SARS-CoV-2 infection. However, SARS-CoV-2 nucleic
acid could not be identified in ocular swabs. Other ocular manifestations were
dry eye, blurred vision, foreign body sensation, tearing, itching, ocular pain and
photophobia. Conjunctival congestion has lasted for 5.9 + 4.5 days among the
patients and ofloxacin, tobramycin and ganciclovir eye drops were supplied for

Dilated veins
Microangiophathy
Macular neuroretinopathy
Maculopathy
Vision loss
Uveitis
Keratoconjunctivitis
Nerve fiber layer infarcts
Scotoma
Retinal vein occlusion
Ocular discharge
Hyperreflective lesions 12
Burning sensation 17
Cotton wool spots 19
Microhemorrhage 22
Photophobia 25
Ocular pain 35
Conjunctival congestion 39
Chemosis 39
Eye redness 51
Conjunctivitis 67
Blurred vision 71
Itching 74
Foreign body sensation 78
Conjunctival secretion 79
Hyperemia 107
Tearing/epiphora 110
Dry eye 155

0 20 40 60 80 100 120 140 160
Number of patients (in total 2660 patients)
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Table 1.
The number of ocular findings observed in a total of 2660 patients with COVID-19 [10-14, 16, 17, 5961,
69, 78—108].
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treatment. Conjunctival congestion was a more widespread symptom in patients
with frequent hand-eye contact [10].

In some studies, the presence of SARS-CoV-2 viral RNA on the ocular surfaces
was confirmed. In February 2020, a study including 30 COVID-19 patients has
declared SARS-CoV-2 nucleic acid in tear, conjunctival secretion as well as in spu-
tum samples in one patient with conjunctivitis at the third day of the disease. The
presence of the virus in the eye allowed speculation that transmission with the aero-
sols could be possible. However, this was one of the early studies and at that time
there was not enough information about the transmission routes of virus [104]. In
another study, involving 72 COVID-19 patients, conjunctivitis was detected in two
patients (2.8%) and SARS-CoV-2 nucleic acid was identified in ocular discharges of
one patient [106]. Detection of virus RNA in the eye suggests that the ocular path-
way may be a gateway for viral transmission. In a case study, SARS-CoV-2 RNA was
detected on the ocular swab of a woman with conjunctivitis at the third day of the
COVID-19 diagnosis. Conjunctival samples were continuously taken on a daily basis
and viral RNA was detected, despite in a decreasing curve for 21 days. However,
the viral RNA became observable again 5 days after it became unobservable in the
ocular swabs. To understand the presence of viral replication in the conjunctiva,
researchers have inoculated the first positive viral RNA samples in Vero E6 cells and
5 days later, they have observed cytopathic effect and confirmed viral replication by
RT-PCR with RNA purified from Vero E6 cell growth media [83].

On the other hand, SARS-CoV-2 viral RNA was also present in some patients
without conjunctivitis. Viral RNA was detected in ocular swabs in two patients
among 33 COVID-19 patients (6.1%) without any ocular manifestation [19]. In
another study, including 121 patients diagnosed with COVID-19, ocular manifesta-
tions such as itching, tearing, redness, foreign body sensation and discharge were
obtained in only eight patients (6.6%). Ocular swab was positive for SARS-CoV-2
RNA in one of them and in two patients without ocular manifestations [107].

The presence of SARS-CoV-2 on normal ocular surfaces may indicate that both
symptomatic and asymptomatic ocular surface contact also has a risk of virus
transmission.

There are several cases, where ocular manifestations were reported as the first
presenting manifestation of COVID-19. A 65-year-old patient applied to oph-
thalmology department with a complaint of burning sensation and discharge for
the last two days was diagnosed with conjunctivitis. After 2 days, the patient was
admitted to the hospital with symptoms associated with COVID-19 and SARS-
CoV-2 infection was confirmed with positive RT-PCR results of the nasopharyngeal
and conjunctival swabs as well as computed tomography (CT) scanning of the
lungs [88]. In a study, 12 out of 38 COVID-19 patients (31.6%) presented ocular
symptoms, including conjunctivitis, hyperemia, epiphora, chemosis and increased
secretions. SARS-CoV-2 nucleic acid was detected in conjunctival swabs of two
patients. In these patients, conjunctivitis was the first symptom in one patient [11].
The occurrence of ocular symptoms primarily suggests that ocular surface is the
potential transmission site of the virus in these patients.

Conjunctivitis could be seen in both early and late stages in the course of
COVID-19. In February 2020, bilateral conjunctivitis, including redness, tearing
and foreign body sensation was observed 13 days after the onset of the disease in a
COVID-19 patient. Although the presence of SARS-CoV-2 nucleic acid was less in
the nasopharyngeal and sputum swabs, it was confirmed in conjunctival swabs by
RT-PCR at days 13, 14 and 17 in a gradually decreasing manner. Ribavirin eye drops
helped the treatment of the symptoms and the RT-PCR test from ocular swabs
turned negative on day 19 [82]. In a COVID-19 patient at intensive care unit, ocular
symptoms started on the 17th day of the disease with conjunctival hyperemia and
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clear secretions and pseudomembranous. On the 19th day, hemorrhagic conjunc-
tivitis was defined, however, SARS-CoV-2 RNA was not detectable in the patient’s
conjunctival and tear samples. Azithromycin eyedrop and dexamethasone were
used for treatment and ocular manifestations were started to decrease from day 21
[95]. Conjunctivitis, seen in the middle and late phases of the COVID-19, may have
developed due to systemic viral infection or auto-inflammatory and autoimmune
responses. Considering the nasolacrimal duct forms a connection between the eye
and the respiratory tract; it is likely that the virus in the respiratory tract may sub-
sequently infect the eye. The fact that ACE2 receptor is expressed predominantly in
the respiratory tract than epithelial cells in the eye surface confirms this theory.

In the first study where keratoconjunctivitis was reported as the main symptom
of COVID-19, virus was detected in ocular swabs with much lower titers than respi-
ratory swabs. The corneal findings in this case involved pseudodendrite, subepithe-
lial infiltrate and multiple epithelial defects spreading through the cornea [81]. The
first case of COVID-19 related acute anterior uveitis associated with acute follicular
conjunctivitis and conjunctival hyperemia was reported in Italy. Acute anterior
uveitis was characterized by bilateral eye redness lasting two weeks, unilateral
photophobia, lacrimation, miosis, aqueous humour flare and anterior lens opacity
causing blurred vision [16].

The low rate of ocular symptoms seen in patients with COVID-19 may be due
to the under diagnosis. Particularly, for the diagnosis of conjunctivitis, an oph-
thalmologist is required. Otherwise, disease can be unnoticed and treated silently
during systemic COVID-19 treatment regimen. Besides, since the ocular inoculation
of SARS-CoV-2 cannot be fully elucidated, sampling time in the course of disease
may also be a factor affecting detection of the presence of the virus on ocular
surfaces. Since the virus may have been eliminated by ocular defense mechanisms
or may have already entered the respiratory tract, the duration time of the virus on
ocular surfaces may be very short. The sensitivity threshold of RT-PCR, which is
the conventional method used to confirm the presence of the virus, may also cause
false negative results. However, in order to declare that conjunctivitis occurs due
to SARS-CoV-2 infection, virus detection through ocular swabs is mandatory since
conjunctivitis may be of different viral, bacterial and allergic origin in patients with
COVID-19. It should also be taken into account that ocular manifestations may be
the only symptoms of the COVID-19.

4.2 Retinal findings in patients with COVID-19

In viral infections, the cytopathic effect of the viral agent on retinal cells or
damage to the retinal vasculature are common pathological findings of the retina.
Systemic damage caused by SARS-CoV-2 made it necessary to enlighten additional
viral involvement sites in addition to the respiratory system. Presence of ACE2 in
aqueous humor [7] and retina [15] has allowed researchers to raise query on the
possible injury caused by COVID-19 in the posterior part of the eye.

The first report published in May 2020 declaring COVID-19 related retinal
alterations has paved the way for further studies. Retinal cotton wool spots and
microhemorrhages in four patients as well as hyperreflective lesions at ganglion cell
layer and inner plexiform layer in 12 patients was reported. Of the 12 patients, three
had high blood pressure, one had diabetes and one had dyslipidemia. Examination
was performed on 11-33 days after the onset of COVID-19 symptoms using optical
coherence tomography (OCT). Intraocular inflammation was not noticed in any of
the patients, however the presence of SARS-CoV-2 in the intraocular fluids was not
tested in this study [14]. Similarly, in another study, 10 out of 18 intensive care unit
patients had retinal abnormalities characterized by cotton wool spots, flame-shaped
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hemorrhages, peripheral retinal hemorrhages, macular hemorrhages, retinal
pigment epithelium hyperplasia and choroidal naevus. Nine of them had a history
of diabetes and 12 of them had high blood pressure [96]. In another study of 25
patients, 3 patients (12%) displayed retinal changes including microhemorrhages,
flame-shaped hemorrhage and nerve fiber layer infarcts (Figure 3). Retinal exami-
nations were performed at 12-59 days after the onset of symptoms and only one
patient had a medical history of hypertension. Another patient had hypotension,
severe anemia, kidney and peripheral nervous system damage, which may explain
microhemorrhages and nerve fiber layer infarcts [89]. These findings suggest that
retinal alterations may occur depending on the patients’ medical histories, yet it
may also be due to the cytokine storm, which is developed as a result of immune
response induced by COVID-19 and reaches to the retina by passing through the
blood retina barrier.

In the fundus examination of a COVID-19 patient who was admitted to the
hospital with the complaint of scotoma and decreased vision in one eye, fern-like
retinal whitening, hyperreflective inner layers, increased venular tortuosity and
retinal hemorrhages were found in the right eye and the patient was diagnosed
with impending central retinal vein occlusion (iCRVO). After 10 days of treat-
ment with steroids, patient’s retinal changes and blood flow in central retinal vein
almost returned to normal [87]. The iCRVO in this patient is thought to be due to
the systemic response of COVID-19, as it can be treated with steroid therapy and
the patient has no risk-bearing medical history. In the examination of a patient with
lower leg pain and blurred vision in addition to common COVID-19 symptoms,
deep venous thrombosis in the leg, bilateral CRVO, intraretinal hemorrhages, optic
disk swelling, and cotton wool spots were detected. After 2 weeks of anticoagulant
treatment, the patient’s complaints returned to normal [12]. Similar to this, vascular
occlusions may occur in the cases of hypertension, obesity and high cholesterol.

In another study, bilateral cotton wool spots were detected on fundus examination
during the late stage of COVID-19 in one patient, suffering an arcuate visual field
defect in one eye. It was the first study to report COVID-19 induced vision loss.
Retinal microvascular ischemia in the superficial plexus, which corresponded to the
arcuate scotoma was detected by optical coherence tomography (OCT) angiography

A.

Figure 3.

Retinal photograph of a patient with COVID-19. (A) Nerve fiber layer infarct above the optic nerve head, and
microhemorrhages in the papillomacular bundle close to the optic disc was present in the right eye. (B) Nerve
fiber layer infarcts at the inferior temporal vascular arcade, approximately 1.5-disc diameters inferior to the
macula was present in the left eye. Reproduced from Reference [89] (CC BY 4.0).
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[17]. These retinal changes can be related to microangiopathy and ischemia that are
characterized in different anatomic parts in COVID-19 pathogenesis [109, 110].

In a study involving 54 COVID-19 patients, 15 patients had dilated veins, tortu-
ous vessels was observed in seven patients, retinal hemorrhages in five patients,
cotton wools spots in four patients and drusen in six patients were reported during
fundus examination. Both mean artery diameters for severe cases and mean vein
diameters for severe or non-severe cases were significantly higher in 54 COVID-19
patients, compared to 133 unexposed subjects [13]. Retinal vessel diameters and
retinal circulation are parallel to the systemic circulation. Alterations in the retinal
vessels can provide an insight into alterations in other organs. Enlargement of the
vessels can be explained by the increased blood supply and effect of inflammatory
mediators together with the inflammatory response to COVID-19 or a direct effect
of the SARS-CoV-2 to endothelium. Moreover, two patients with COVID-19 had
paracentral acute middle maculopathy and acute macular neuroretinopathy accom-
panied by scotoma [60]. In another study, scotoma, acute vision loss and several
retinal hemorrhages related with acute macular neuroretinopathy and paracentral
acute middle maculopathy were reported in one patient [61]. It has been reported
that paracentral acute middle maculopathy is associated with the reduced blood
supply to intermediate, deep, superficial capillary plexuses and acute macular
neuroretinopathy is associated with the reduced blood supply to deep capillary
plexus [111].

Venous thromboembolism is also a reported condition in COVID-19 patients;
however, it is not known whether this is caused by the direct effect of the virus or
the inflammatory response of the COVID-19. Cotton wool spots are characterized
by disruption of axoplasmic flow in nerve tissue layer due to microvascular occlu-
sion, and retina is extremely sensitive to ischemic events in the body. Considering
the thrombotic conditions caused in COVID-19 patients, it can be thought that
cotton wool spots in the retina are a result of the occlusion of terminal retinal
arterioles.

The fact that the SARS-CoV-2 affects the central nervous system [112, 113]
and the presence of its nucleic acid in retina [114] suggests that as a part of central
nervous system, retina may be directly affected by the virus. Considering that the
effect of SARS-CoV-2 on the central nervous system also effects the vital organ
brain, non-invasive retinal examinations could be a prediction of the scope of
COVID-19 in other organs like brain and heart, which has been implemented before
for different diseases such as stroke, Alzheimer disease, multiple sclerosis and
Parkinson disease [115].

In some studies, there was no link between retinal findings and ocular surface
changes suggesting that retinal findings may be a marker of systemic alterations,
and thus the importance of fundus examination should not be underestimated even
in patients without any ocular complaints during the COVID-19 pandemic.

4.3 COVID-19 related expected long-term effects on eye

Ocular manifestations of COVID-19 range from redness to acute anterior uveitis
on the anterior segment of the eye and from microhemorrhages to retinal micro-
vascular ischemia on the retina. Some of these manifestations may cause vision loss
and blurred vision.

Retinal changes such as damage of retinal cells or retinal vasculature may be
the precursor of a long-term retinal disease. When the peripapillary vascular
impairment is compared between the control group and patients recovered from
COVID-19, lower radial peripapillary capillary plexus perfusion density and
reduced blood supply to peripapillary retinal nerve fiber layer were present in
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post COVID-19 patients [98]. Older and systemic hypertensive patients were more
prone to this microvascular damage. The radial peripapillary capillary plexus is very
important for function of the retinal ganglion cells and axons and it is related to
nerve fiber layer thickness and visual field loss in glaucoma [116]. Decrease in radial
peripapillary capillary plexus density and nerve fiber layer thinning have been
characterized in patients with early stage of glaucoma [117, 118]. Besides, it is more
prominent in patients with glaucoma for more than ten years than in patients with
glaucoma less than ten years [119]. However, whether the peripapillary capillary
changes in patients with COVID-19 are reversible will be seen in further studies.
Although these patients are at risk of developing glaucoma in the future, it should
be kept in mind that there are several effective physiological parameters for disease
development.

Looking at MERS and SARS outbreaks, it is difficult to predict the long-term
ocular effect of COVID-19, due to the insufficient ocular findings and limited num-
ber of patients. Although different mechanisms cause the ocular effects of corona-
viruses in animals, studies in animal models and understanding these mechanisms
could give an idea about the long-term ocular effects of coronavirus in humans.
Investigation of the effect of the coronavirus-related immune responses in retinal
disease using experimental coronavirus retinopathy (ECOR) model indicated that
levels of some cytokine molecules (TNF-a, TNF receptors) and signaling molecules
(nitric oxide) increased in mice infected with murine coronavirus (mouse hepatitis
virus) [120]. It was stated that TNF-a induction of nitric oxide may cause retina
degeneration and loss of photoreceptor cells. In addition to that, following the
primary immune response to virus, increased TNF receptor molecules and T cell
reactivity may trigger autoimmunity.

The RAS system and its component ACE2 have important regulatory func-
tions in the eye. ACE2 activation is known to reduce intraocular pressure [36].
Decreased expression of ACE2 to prevent viral spread can lead to misbalance of
ACE-Angiotensin II/ACE-Angiotensin (1-7) balance, increase in intraocular pres-
sure, vasoconstriction [61] and subsequently cause glaucoma. Hypothetically, in the
light of this information, it is difficult to say that COVID-19 can cause a medium- or
long-term serious ocular diseases such as glaucoma. However, ocular follow-up of
COVID-19 patients with retinal symptoms may present whether these assump-
tions are justified as well as may benefit understanding virus tropism and immune
responses to the virus.

5. Conclusion

With the emergence of SARS-CoV-2 in December 2019, the reporting of ocular
symptoms observed in COVID-19 patients attracted many researchers and numer-
ous publications were published in a short time to clarify the interaction between
SARS-CoV-2 and the eye. Despite the fact that ocular symptoms present a low
prevalence relative to respiratory and systemic symptoms, there is strong evidence
for the ocular transmission of the SARS-CoV-2. The eye surfaces are one of the
primary infection sites for SARS-CoV-2 and conjunctival secretions and tears
can cause systemic spread of the virus. Additionally, the virus can use the ocular
surfaces as a gateway to the respiratory tract.

Revealing the relationship between coronaviruses and the eye is of great impor-
tance in the diagnosis, treatment and infection control in both present and potential
viral infections. Although many studies are investigating the ocular tropism of
respiratory viruses, ocular transmission routes should be better understood in order
to develop novel treatment methods such as antiviral agents that can be used in
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ocular treatments against RNA viruses. Besides, non-invasive retinal examinations
can be evaluated as a reflection of the patients’ current systemic thrombotic condi-
tion and can be used in long-term patient follow-up related to COVID-19.

Considering that the first or only symptom of the COVID-19 may be conjuncti-
vitis and virus can spread via tears even from asymptomatic patients, ophthalmolo-
gists and healthcare professionals should be aware of the risk and take necessary
precautionary measures.
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