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Abstract

discovered co-receptor for the virus in ocular manifestations.

Coronavirus disease-2019 (COVID-19) caused by a novel enveloped, positive sense, single stranded RNA virus called Severe
Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) started originally in Wuhan, China. By March 2020, the disease was
declared a global pandemic as the virus spread to all major countries in the world. Initially, it was believed that the virus was
transmitted through inhalation of respiratory droplets from an infected person. But given the exponential increase in the number
of infected people, more modes of transmission were explored. While all possible routes of transmission of this virus are still
undetermined many studies implicate the eyes as the initial site of infection and conjunctivitis as an early symptom of COVID-19.
In this review, we summarize various studies that suggest SARS-CoV-2’s presence on ocular surfaces and that the eyes can be a
gateway for transfer of SARS-CoV-2 to the extraocular sites including the lungs. We also explore the role of heparan sulfate, a newly
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Introduction

Coronaviruses (CoV) are a large family of enveloped RNA
viruses. Structurally, a typical virion consists of envelope proteins
and spike proteins protruding from its envelope surrounding the
nucleocapsid. The spike proteins play an important role in binding
to host cells. These viruses cause severe respiratory and enteric
infections in humans as well as animals. A newly discovered strain,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is
responsible for the ongoing global outbreak of coronavirus disease
2019 (COVID-19) [1]. Initially pneumonia, cough and respiratory
problems were the only reported symptoms for COVID-19 [2]. But
there have been many reports of inflammation and irritation of
eye in COVID-19 patients. While conjunctivitis or pink eye has not
been established as an official symptom for COVID-19, few studies
indicate it as an ocular manifestation of SARS-CoV-2 infection [3, 4].
To provide some history, a study conducted during the 2003 Severe
Acute Respiratory Syndrome (SARS) outbreak detected SARS-CoV
in tear samples of SARS patients in Singapore [5]. Insufficient eye
protective equipment was considered to be one of the reasons

for SARS-CoV transmission, indicating a concern that respiratory
illness could be transmitted through ocular secretions [6,7]. Similar
alarming situations have been raised with SARS-CoV-2 especially
amongst the healthcare professionals involved with eye care and
the healthcare workers present in the triage area and involved
with checking symptoms of the patients and sample collection
[8]. This also puts ophthalmologists and other healthcare workers
at risk who are examining the COVID-19 patients manifesting
conjunctivitis. An Ophthalmologist, Li Wenliang, MD died because
of COVID-19. The source of transmission of the virus was later
found out to be an asymptomatic glaucoma patient who visited
his clinic [8]. COVID-19 is normally believed to be transmitted by
respiratory droplets [9]. However, some growing body of evidence
links conjunctivitis to the early stages of COVID-19 infection [4].
The ocular surface might also act as a point of entry and facilitate
coronavirus transmission. Thus, to combat a global threat like
COVID-19 with many asymptomatic patients, it is imperative to
understand these other unexplored pathways for infection and the
underlying mechanisms.
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SARS CoV-2 Host Cell Entry

SARS-CoV-2 entry into the host cell is mediated via its spike
glycoprotein S. The spike uses angiotensin-converting enzyme 2
(ACE2) as its receptor on host cells to facilitate the infection as a
primary receptor [10]. SARS-CoV-2 spike protein binds with both
cell surface heparan sulfate receptor and angiotensin-converting
enzyme 2 (ACE2) by binding with its receptor-binding domain
(RBD). Docking studies suggest a heparin/heparan sulfate-binding
site adjacent to the ACE2-binding site. Both ACE2 and heparin can
bind independently to spike protein in vitro, and a ternary complex
can be generated using heparin as a scaffold. Electron micrographs
of spike protein suggest that heparin enhances the open
conformation of the RBD that binds ACE2. On cells, spike protein
binding depends on both heparan sulfate and ACE2 [11]. In a study
conducted by Wan and co-workers, it has been shown that the S
glycoprotein of SARS-CoV-2 has a receptor binding domain (RBD)
and the residue 394 (Glutamine) is responsible for binding with

ACE?2 receptors [12]. The S glycoprotein is activated by proteolytic
cleavage by transmembrane serine protease (TMPRSS2) or the
protease Furin (also known as Paired Basic Amino Acid Cleaving
Enzyme) for interaction with ACE2 [13]. In TMPRSS2-negative
cells, the cysteine proteases cathepsin B/L can facilitate S protein
cleavage [14]. Furin acts by cleaving S1 subunit of spike protein
which leads to conformational changes in S2 subunit of the spike
protein. These changes expose the membrane proteins needed for
virus to fuse with membrane to enter the cell as represented in
Figure 1[13]. Certain human coronaviruses like HCoV-NL63 need
co-receptor such as heparan sulphate (HS) in addition to ACE on
host cell membrane for the virus to bind and facilitate its entry into
the host cell. HS has also been indicated to play an important role in
SARS-CoV’s ability to infect [15]. Studies show reduction in heparin
or heparinase leads to decrease in SARS-CoV entry in cells [16].
SARS-CoV-2 displays conformational changes during binding of the
virus RBD and the host cell heparan sulphate [17].
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Figure 1: SARS-CoV and SARS-CoV 2 viruses enter the host cell by interacting with ACE 2 and heparan sulfate. Cell surface
protease TMPRSS2 and Furin activates the SARS-CoV virus entry.

Ocular Viral Transmission

Globally, governments
preventative measures to contain COVID-19. All nations are

are trying to impose different
employing nationwide lockdowns, but epidemiologic data indicate
differences in disease incidence. Some countries have been
successful in flattening the curve whereas even after stay at home
orders, the cases are exponentially rising in some other countries.
This points towards an incomplete understanding of the modes of
transmission. Several studies suggest transmission modes through
aerosols and fomites especially given the high transmissibility
rate and some molecular characteristics of the virus [18]. Thus,
to reduce disease transmission, it is necessary to research into all
possible ways of disease transmission.

Previous studies have demonstrated that the mucosa of the
ocular surface and respiratory tract express identical receptors
for certain respiratory viruses [19-22]. On the basis of the

epidemiological information from earlier Coronavirus infections,
various theories have been anticipated such as:

a) The conjunctiva can act as a site of direct inoculation by
droplets containing virus particles.

b) The nasolacrimal duct acts as a route of virus infection to the
upper respiratory tract.

c¢) Haematogenic (from blood) infection of the lacrimal glands
[23].

In case of SARS-CoV-2, also a respiratory virus, interaction of its
spike protein with host ACE2 is responsible for viral entry as well
as human-to-human transmission [9,10]. Thus, the expression of
receptor ACE2 on the surface of corneal epithelium and conjunctival
epithelial tissues indicates a plausible role of eye in COVID-19
transmission. But the level of ACE2 expression observed in the
ocular tissues was found to be much lower than the respiratory
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and kidney tissues [17]. Also, the binding ability of SARS-CoV spike
protein to the ACE2 expressed on the ocular surfaces was observed
to be weaker than the binding ability with the ACE2 receptors on
the surface of Vero E6 cells in-vitro and the lung tissues in-vivo [20].

In this review, we suggest ocular transmission in addition to
transmission by respiratory droplets, fomites and aerosols as a
mode of SARS-CoV-2 transmission. Respiratory viral infections
leading to development of ocular symptoms have been previously
documented [4]. Scientists have hypothesized a model for eye as a
gateway to transmission of virus to the respiratory tract. According
to the anatomy, the mucosa of the conjunctiva and corneal
epithelium and the upper respiratory tract are connected by the
nasolacrimal duct [19]. When a drop of liquid is inserted into the
eye the liquid is partially absorbed by the cornea and conjunctiva
but mostly is passed into the nasal cavity through nasolacrimal
duct and then transported to the upper respiratory tract including

pharynx and trachea or else it can be taken to the gastrointestinal
tract as shown in Figure 2 [24]. This ocular surface to systemic
transmission hypothesis originally proposed by Belser has been
further corroborated by viral inoculations of adenoviruses and
influenza viruses in the cornea of animal models including mice,
rats and rabbits. And presence of viral loads in tear samples from
these animals have been detected [19]. CoVs can result in a wide
spectrum of ocular infections in animals. The conjunctival swabs
of 90% cats infected with feline CoV (FCoV) had the FCoV antigen.
This indicates the probability of ocular manifestations of SARS-
CoV-2 in patients similar to the CoVs of animals [25]. The potential
of infection through ocular secretions is currently unknown, and it
remains unclear how SARS-CoV-2 accumulates in ocular secretions.
Possible theories include direct inoculation of the ocular tissues
from respiratory droplets or aerosolized viral particles, migration
from the nasopharynx via the nasolacrimal duct, or even
hematogenous spread through the lacrimal gland [26].
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Figure 2: Transfer of SARS-CoV 2 from the eyes to the lungs occurs via nasolacrimal system. Respiratory droplets containing
SARS virus weakly attach to HS and ACE 2 on the epithelial lining of the cornea. Due to lower affinity interactions with its
receptors on the corneal surface, the virus, in most cases, fails to enter the ocular cells and it is released in the tear fluid, which
is then absorbed by the lacrimal duct and the virus is transported to the nose and then the lungs

Conjunctivitis and Its Correlation with Coronavirus

Conjunctivitis (pink eye) is inflammation of the transparent
membrane that lines the eyelid (conjunctiva) due to infections or
allergies. The symptoms are watery, itchy red eyes with crusting
around the eyes [27]. Many viruses can cause conjunctivitis. Unlike
antibiotic eye drops for conjunctivitis caused by bacteria, viral
conjunctivitis is self-healing [4]. Viral conjunctivitis is caused by
DNA viruses like adenoviruses or herpesviruses and RNA viruses
like picornavirus and HIV. Thus, conjunctivitis is a common ocular
manifestation observed with many viruses [4]. During previous
coronavirus outbreaks like SARS-CoV and HCoV-NL63, Real-time
Reverse transcription polymerase chain reaction (rRT-PCR) in tears

have detected the presence of virus [28, 29]. But many reports for
SARS-CoV or MERS-CoV do not recognize conjunctivitis as a sign or
symptom [30]. For NL63 infections, a review combined 15 studies
with almost 7,000,000 patients and conjunctivitis was reported
in only 17 % of one study of 300 patients [15]. Additionally, some
strains of coronavirus infections displayed no viruses in their tears.
Considering the history of viruses and many human case studies for
SARS-CoV-2, there is a growing interest among researchers to study
ocular manifestation of coronaviruses.

Animal studies

Animal studies can help to better understand the effects
of coronavirus on eye after infecting the eye with coronavirus.
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Animal models and infection techniques to study specifically ocular
manifestation of SARS-CoV has not been established yet. Studies
for other types of coronaviruses, however, have been established.
There are severe ocular manifestations due to coronaviruses in cats
and mice like anterior uveitis, retinitis, vasculitis, and optic neuritis
[25]. One non-peer reviewed article compared the effects of SARS-
CoV-2 infection in different anatomical sites in rhesus monkey - eye
(conjunctiva), lungs (trachea) and stomach. Monkeys that were
only injected via trachea experienced weight loss. After 24 hours
of infection, viral RNA was detected only in conjunctival swabs of
monkeys infected via the eyes. These monkeys also had mild lung
infection. For the infection via trachea, there was presence of SARS-
CoV-2 RNA in the nasal and throat swabs of the monkey [31]. This
animal study sheds light on the significance of site of manifestation
of infection being related to the transmission route of the infection.
Thus, using experimental designs from previous coronavirus animal
models, more studies need to be conducted to understand ocular
transmission and manifestation of SAR-CoV-2. Histology studies
should be performed on infected eye to completely understand
these ocular manifestations.

Standardization of techniques needed for detection of
viral conjunctivitis

It has been observed that viral conjunctivitis is caused by
direct inoculation of the virus in the conjunctiva for animal
models. Different COVID-19 patients seem to have variations in the
conjunctivitis manifestations. One patient with COVID-19 had viral
RNA in conjunctival swabs taken just after two days of infection,
whereas another patient displayed bilateral conjunctivitis for 21
days after the infection. Another case study report had a COVID-19
patient with conjunctivitis but with no viral RNA in tears [32].
These studies show the diversification and differences in these
ocular manifestations patient to patient. Thus, more sensitive
techniques need to be adapted to track virus induced conjunctivitis
for more accurate data. Different instruments have been used to
analyze or detect viral RNA in patients. One study collected tear
using a Schirmer strip and analyzed viral RNA in tears by rRT-PCR.
They collected samples for 3 weeks from the onset of infection
[26]. In this study, one patient had conjunctivitis and viral RNA was
detected in tears. Another study used swab to collect conjunctival
secretions from lower fornix of the eye [33]. They also collected
tear data from the lower fornix. In some other studies, tear samples
were collected from lower fornix and conjunctival scraping from
lower palpebral conjunctiva. The eyelids were everted and then the
lower fornixes were swiped with sterile cotton swabs to collect the
samples. No topical anesthesia was given. Another study collected
tears randomly on nine days and 19.4 days after infection [5].
While three positive cases were found in the 9-day cohort, negative
results were observed in 19.4 days sample set. The available data
shows very low number of cases having ocular manifestations of
COVID-19. Additionally, the tear or conjunctival swab samples
tested positive for SARS-CoV-2 in a single study was not significant.

Therefore, a more standardized method for detection of SARS-
CoV-2 in tear samples is required. By testing of large number of
samples a data can be generated to provide better understanding
of ocular manifestation of COVID-19. Masaki Imai et al.,, suggest
that Syrian hamsters are susceptible to SARS-CoV-2 replicating
efficiently in lungs and causing severe pathological lesions [34].
They also reported that SARS-CoV-2 can replicate in the brain or
olfactory bulb of hamsters but failed to detect viral antigens in
these regions. Chan et al. also demonstrated use of Syrian hamster
model for SARS-CoV-2 transmission studies [35].

Human case studies

In case of the ongoing pandemic COVID-19, there have been
multiple reports of conjunctivitis during initial stages of the
infection. Recently, a woman with COVID-19 was reported to
have unilateral conjunctivitis with other symptoms like cough
and nasal congestion. Her initial diagnosis was presumed to be
herpetic keratoconjunctivitis. Antiviral treatment for herpes had no
effect in reducing the symptoms and the unilateral conjunctivitis
remained for seven days. She was tested positive for SARS-CoV-2
after seven days. The laboratory diagnosis revealed the patient was
weakly positive for SARS-CoV-2 and was found negative for other
secondary bacterial infections [36]. There was another similar case
where the patient initially diagnosed with conjunctivitis, reported
fever symptoms two days later. On testing, the patient was found
to be SARS-CoV-2 positive [37]. On January 22, 2020, a Chinese
respiratory specialist who visited Wuhan as a member of the
national expert panel on pneumonia claimed that he was infected
by SARS-CoV-2 despite being fully gowned with a protective suit
and N95 respirator. His first clinical manifestation was unilateral
conjunctivitis, followed by fever and catarrhal symptoms 2 or 3 h
later. It was postulated that SARS-CoV-2 probably first infected the
conjunctiva, then spread and caused viral pneumonia [38]. However,
in an another study by Zhou and colleagues, it was reported that
conjunctivitis was identified only in one patient out of 63 COVID-19
cases and 4 suspected COVID-19 cases. Conjunctivitis was also the
first symptom of SARS-CoV-2 infection in this patient. However,
RT-PCR in conjunctival swab samples was positive for SARS-CoV-2
RNA from only one COVID-19 patient without conjunctivitis.
This patient had no ocular symptoms. SARS-CoV-2 RNA was not
detected in conjunctival swab in another similar case study of an
anesthesiologist with COVID-19 and conjunctivitis. Her ocular
symptoms occurred soon after performing tracheal intubation
for a patient who was confirmed as having COVID-19 later, and
this was followed by fever and cough. Unfortunately, the personal
protections used by this anesthesiologist during the tracheal
intubation procedures were only a surgical mask, cap, and gloves,
without a gown, face shield or goggles. Her five colleagues were also
infected by the same patient, yet none of them exhibited any ocular
complications [39]. Zhang and colleagues, reported conjunctivitis
in two patients out of 72 laboratory-confirmed COVID-19 cases;
however, SARS-CoV-2 was detected in conjunctival swab samples
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by rRT-PCR in only one patient who was a nurse working in the
Emergency Department. This patient presented with excessive
tearing and redness in both eyes, which were typical ocular
manifestations of viral conjunctivitis, accompanied by a moderate
fever of 38.2 °C that occurred 1 day earlier. SARS-CoV-2 rRT-PCR
tests for the conjunctival and oropharyngeal swabs sampled 2 days
after the onset of fever was positive, but for those sampled 9, 18,
and 20 days after the onset of fever were all negative [40]. Xia and
colleagues reported unilateral conjunctivitis in one patient out of
30 confirmed COVID-19 cases; conjunctival swabs sampled from
this patient 3 and 5 days after the onset of COVID-19 were both
positive for SARS-CoV-2 by rRT-PCR, whereas 58 conjunctival swab
samples from the other 29 COVID-19 patients were all negative for
SARS-CoV-2. However, SARS-CoV-2 was not isolated and cultured
in the conjunctival swab samples from the COVID-19 patient with
conjunctivitis. In contrast, 55 of the 60 sputum samples from 30
COVID-19 cases showed positive rRT-PCR results for SARS-CoV-2
[41].

Meta analytical studies

Although, ocular manifestations of COVID-19 in form of
conjunctivitis are overall rare in the published literature. Only 9
(0.8%) out of 1,099 patients from 552 hospitals across 30 provinces
in China were reported to have “conjunctival congestion.” [42]. A
recent case series reported ocular symptoms in 12 (31.6%) of 38
hospitalized patients with COVID-19 in Hubei province, China [43].
These patients had conjunctival hyperemia (3 patients), chemosis
(7 patients), epiphora (7 patients), or increased secretions (7
patients). Of note is that one patient who had epiphora presented
with epiphora as the first symptom of COVID-19. Of those with
ocular manifestations, 2 (16.7%) patients had positive results
of SARS-CoV-2 on rRT-PCR by a conjunctival swab as well as by
nasopharyngeal swabs. Only one patient in this study presented
with conjunctivitis as the first symptom. The authors noted
that patients with ocular symptoms had higher white blood cell
and neutrophil counts, C-reactive protein, and higher levels of
procalcitonin and lactate dehydrogenase compared to patients
without ocular abnormalities [43]. Similarly, in an another cross
sectional study, out of 535 patients, 27 patients (5.0%) showed
congestion in conjunctiva and 4 patients showed conjunctival
congestion as the early symptom. The mean time period of
conjunctival congestion was 5.9 + 4.5 days [SD]. The other ocular
symptoms, including increased conjunctival secretion, ocular pain,
photophobia, dry eye and tearing, were also found in patients
with conjunctival congestion. Notably, hand-eye contact was
independently correlated with conjunctival congestion in COVID-19
patients. We also found that some COVID-19 patients had chronic
eye diseases, including conjunctivitis (33, 6.2%), xerophthalmia
(24, 4.5%) and keratitis (14, 2.6%). Similar to the published studies,
the most common clinical symptoms were fever, cough and fatigue.
A total of 343 patients (64.1%) had positive SARS-CoV-2 detection
in nasopharyngeal swabs [44].

In a comparison of the interaction between the animal-to-
human transmitted coronaviruses (SARS-CoV-1, SARS-CoV-2,
MERS-CoV, CoV-229E, NL63, 0C43, HKU1) and the eye by Sharif et
al., the limit for detection of viral RNA in ocular discharge was 0-8%
for SARS-CoV-1 and 0-5.3% for SARS-CoV-2, while no reports were
found for other coronaviruses. Ocular manifestations have been
encountered for NL63 and SARS-CoV-2. Ocular clinical symptoms
in the form of conjunctivitis/conjunctival congestion were mainly
detected in 65 (3.17%) out of 2048 reported patients with
COVID-19 (range of 0.8-32%). Eye symptoms were not reported
for the other coronaviruses [45].

On 20th Mar 2020, Sarma, et al. screened 5 different literature
databases (PubMed, Google Scholar, EMBASE, Medrixv, and
BioRixv). In their systematic review and meta-Analysis, authors
included studies about the ocular manifestation of SARS-COV-2
patients were without language restriction. This study concluded
that 3.17% of patients show ocular manifestation. However, only
1.949% of patients show tear/conjunctival swab RT-PCR positivity.
However, in spite of presence of the virus in the ocular fluid, only
33.3% showed sign of conjunctivitis/conjunctival chemosis or
red eye. Again vice versa, i.e. among patients with COVID-19
associated conjunctivitis/red eye, only 28.65% showed evidence of
presence of the virus in ocular fluid [46]. Loffredo et al. evaluated
the frequency of conjunctivitis in patients affected by severe and
non-severe COVID-19 infection according to the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analysis) only
on clinical studies identified by searching Pubmed, ISI Web of
Science, SCOPUS, and Cochrane electronic databases. On 5th Apr
2020, authors included 1,167 COVID-19 patients in their meta-
analysis. The rate of conjunctivitis was 1.1%; it was 3% and 0.7%
in severe and nonsevere COVID-19 patients, respectively. The meta-
analysis showed that patients with severe COVID-19 infection had,
at admission to the hospital, increased incidence of conjunctivitis
(odds ratio: 3.4; 95% confidence interval:1.1-10.2; P =.030) [47].

Siedlecki, et al. used the PubMed.gov for searching relevant
articles. On 16th Apr 2020, authors identified 21 articles on the
ophthalmological aspects of COVID-19 were identified. Of these, 12
(57.1%) were from Asia, 6 (28.6%) were from the United States of
America, and 3 (14.3%) were from Europe. There were 5 (23.8%)
original studies, 10 (47.6%) letters, 3 (14.2%) case reports, and 3
(14.2%) reviews [48]. On 29th May 2020, Emparan et al. published a
structured review on COVID-19 and ophthalmology using PubMed,
ScienceDirect, LILACS, SciELO, the Cochrane Library, and Google
Scholar as electronic databases. The Oxford Center for Evidence-
Based Medicine 2011 Levels of Evidence worksheet was employed
by authors for quality assessments. More than 1,000 manuscripts
were identified in the research; only 26 records were included in
the qualitative synthesis and of these only 17 were classified as level
5 within the classification system of the Oxford CBME methodology,
the rest were level 4 [49]. Lastly, on 16th Jun 2020, Torres-Costa
et al. reviewed the most relevant articles together with the official
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recommendations of ophthalmological societies by literature
search on PubMed electronic database [50]. Investigations have
revealed that highly infectious human CoVs (mainly SARS-CoV and
SARS-CoV-2) are rarely detected by rRT-PCR and never isolated by
virus culture in tears and conjunctival secretions from SARS and
COVID-19 patients. Hence, it is hard to assess the infectivity of tears
and conjunctival secretions and their roles in virus transmission
[38-51].

Receptors Involved in Ocular Manifestations

It has been observed that SARS-CoV-2 : has a stronger
binding affinity towards ACE2 in comparison to SARS-CoV due
to differences in the spike protein gene. ACE2 is the receptor
required for SARS-CoV-2 entry into the host and is expressed in
conjunctival epithelial cells and corneal cells and tissues [52].
Although expression of ACE2 in eye is much less than that in heart,
lung tissues and Vero E6 cells. In cornea, expression of mRNA for
ACE2 has also been reported. This mRNA expression in cornea is
lower in comparison to testes, small intestine and heart [52]. As
discussed TMPRSS2 or Furin which are required to activate spike
protein are not found in corneal epithelium or conjunctival cells.
The average mRNA expression for TMPRSS2 in these corneal
cells is around 0.6 % which is usually in the range 1.2-1.4 % in
tissues like lung parenchyma, heart and nasal cavity [52]. In a
study conducted by Zhou and coworkers, various eye specimens
were tested for expression of ACE2. Across all eye specimens,
immunohistochemical analysis revealed expression of ACE2 in
the conjunctiva, limbus, and cornea, with especially prominent
staining in the superficial conjunctival and corneal epithelial
surface. Surgical conjunctival specimens also showed expression
of ACE2 in the conjunctival epithelium, especially prominent in
the superficial epithelium, as well as weak or focal expression in
the substantia propria. All eye and conjunctival specimens also
expressed TMPRSS2. These results suggest that ocular surface cells
including conjunctiva are susceptible to infection by SARS-CoV-2,
and could therefore serve as a portal of entry as well as a reservoir
for person-to-person transmission of this virus. This highlights
the importance of safety practices including face masks and ocular
contact precautions in preventing the spread of COVID-19 disease
[39]. On the other hand, in a study conducted by Ma and coworkers,
rRT-PCR analysis showed consistent expression by 2 ACE2 gene
primers in 2 out of 3 human conjunctival cells and pterygium cell
lines. Expression by 2 TMPRSS2 gene primers could only be found
in 1 out of 3 pterygium cell lines, but not in any conjunctival cells
[53]. Compared with the lung A549 cells, similar expression was
noted in conjunctival and pterygium cells. In addition, mouse
cornea had comparable expression of TMPRSS2 gene and lower but
prominent ACE2 gene expression compared with the lung tissue.
Considering the necessity of both ACE2 and TMPRSS2 for SARS-
CoV-2 infection, the results suggest that conjunctiva would be less
likely to be infected by SARS-CoV-2, whereas pterygium possesses

some possibility of SARS-CoV-2 infection. The cornea has shown
higher level of expression of ACE2 and TMPRSS2 than conjunctiva.
Hence, the cornea has higher potential to be infected by SARS-
CoV-2 [53].

Other receptors expressed in human corneal and conjunctival
cells that can bind to SARS-CoV-2 are CD209 (on corneal dendritic
cells) and CD26 (vascular endothelial cells), CD13, 9-O-acetylated
sialic acid and heparan sulfate (HS). These receptors usually found
in human tears act as binding site for coronaviruses. SARS-CoV
binds to CD209 and CD26 [32, 54]. Human CoV-229E binds to CD13
for cell infection. HKU-1 binds to 9-O-acetylated sialic acid [55].
NL63 binds to ACE-2 by initial attachment to HS before binding
to ACE2 [15]. But this binding alone does not cause an infection.
HS has been previously indicated to help in viral attachment in
addition to ACE2 for many viruses. But the presence of lactoferrin
on ocular surface can prevent this binding to HS. This data suggest
that coronaviruses might weakly bind to ocular surfaces but may
not necessarily cause an infection especially due to lack of proteases
TMPRSS2 or Furin [32].

Role of Heparan sulfate in Ophthalmic manifesta-
tion of COVID-19

The receptors intercellular adhesion molecules - 1 (ICAM-1)
or avB3 and avf6 integrin facilitate conformational changes in
virus after the initial binding during viral conjunctivitis. The other
host receptors low density lipoprotein (LDL) and heparan sulfate
proteoglycan (HSPG) also aid in viral endocytosis. For many other
viruses HSPG is known to enhance viral binding [4]. Studies have
revealed that the invasion of SARS-CoV and HCoV-NL63 into host
cells not only relies on the presence of ACE2 on host cell membrane
as an entry receptor but also is modulated by other factors on host
cell membranes such as HSPG, which serves as an attachment
receptor [15, 56].

Heparan Sulfate

HS is a complex carbohydrate. It has sulfate residues attached
at oxygen and nitrogen sites [57]. HS is ubiquitously expressed on
the surfaces and in the extracellular matrix of virtually all cell types,
making it an ideal receptor for viral infection [58]. It occurs in the
form of proteoglycan HSPG in which two or three HS chains are
attached in close proximity to cell surface or extracellular matrix
protein [59,60]. A complex biosynthetic process is responsible
for the production and modification of HS, which takes place
through coordinated action of several glycosyltransferases and
sulfotransferases. HS is composed of repeating disaccharide units
of glucosamine and uronic acid, with variable additions of sulfate
groups and other modifications. As a result of its high sulfation, HS
has an extreme negative charge density, and thereby binds with
a large variety of extracellular ligands, including growth factors,
cytokines, and enzymes [61]. HS has been known for many years
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to serve as a major attachment receptor for many human viruses,
including dengue virus, hepatitis C virus, human immunodeficiency
virus, human papilloma virus, and essentially all herpes viruses
[62-64]. In this form, the HS binds to a variety of protein ligand
and help in the regulation of various biological functions including
developmental process, angiogenesis (Formation of new blood
vessels), coagulation of blood, antagonists for Granzyme B and also
acts as receptor for various viral infections including SARS-CoV-2
[65-66]. HS is known for interacting with different proteins to
regulate and facilitate cell adhesion, the cell cycle, and inflammation.
As previously mentioned, many viruses need HS as a co-receptor
for entry into the host [57].

Role in virus attachment

To demonstrate the interaction between SARS-CoV-2 spike
proteinand HS receptor, a study was conducted by Liuand coworkers
[17]. In this study, a HS oligosaccharide library showed the spike
of SARS-CoV-2 can bind HS in a length- and sequence-dependent
manner. A controlled HS synthesis was used for production of
attached sulfate residues in different lengths with varied patterns
and numbers. It is believed that different cells express specific
HS binding sites to attract the HS specifically needed to regulate
a metabolic process. In many other proteins, this preferential
binding to certain repeating pattern of oligosaccharides has been
observed. Liu and coworkers screened a different HS library with
varying and different patterned chains and studied viral binding
to each specific HS molecule. They also used cell culture and
drosophila model to study spike protein and RBD binding of the

virus respectively. They have identified two types of HS molecules
having greater affinity towards spike protein of SARS-CoV-2. Hexa-
and octasaccharides composed of I[doA2S-GIcNS6S repeating units
were identified as optimal ligands. Surface plasma Surface Plasmon
Resonance (SPR) showed the SARS-CoV-2 spike protein binds with
higher affinity to heparin (KD 55 nM) compared to the RBD (KD 1
uM) alone [17]. An octa-saccharide composed of 1doA2S-GIcNS6S
could inhibit spike-heparin interaction with an IC50 of 38 nM. The
data supports a model in which the RBD of the spike of SARS-CoV-2
confers sequence specificity for HS expressed by target cells [17].
An additional HS binding site in the S1/S2 proteolytic cleavage site
enhances the avidity of binding. Glycosaminoglycan (GAG) binding
motif at S1/S2 proteolytic cleavage site on spike glycoprotein may
facilitate novel coronavirus (SARS-CoV-2) host cell entry [67]. In a
study conducted by Kim and coworkers, three GAG-binding motifs
were identified. Site 1 in S1 region 453-459 (YRLFRKS), site 2 at
S1/S2 proteolytic cleavage site 2681-686 (PRRARS), and site 3 at
S2 region 810-816 (SKPSKRS) Figure 3. The binding of the three
sites were studied using a surface plasmon resonance direct
binding assay, it was found that both monomeric and trimeric SARS-
CoV-2 spike more tightly bind to immobilized heparin than the
SARS-CoV and MERS-CoV. Later in the same study using unbiased
computational ligand docking indicated that HS interacts with the
GAG binding motif at the S1/S2 site on each monomer interface in
the trimeric SARS-CoV-2 S glycoprotein, and at another site (453-
459 (YRLFRKS)) when the RBD is in an open conformation [17, 67].
The three dimensional structure of the spike protein along with the
HS binding domains have been shown in the Figure 4.
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Figure 3: SARS-CoV-2, Spike glycoprotein Heparan sulfate: (a) Site 1 in S1 region 453-459 (YRLFRKS); (b) Site 2 at S1/S2 prote-
olytic cleavage site 2681-686 (PRRARS), and (c) site 3 at S2 region 810-816 (SKPSKRS) binding highlighted in box.
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Figure 4: The SARS-CoV-2 spike protein structure showing heparan sulfate binding domain: (a) 453-459 (amino acids YRL-
FRKS) colored in red; (b) Close up view of the heparan sulfate receptor binding, highlighting domain 453 - 459 (amino acids
YRLFRKS) motif at the surface of the domain colored in red. (c) S2 region 810-816 (SKPSKRS) colored in red; (d) Close up view
of the heparan sulfate receptor binding highlighting domain 810 - 816 (amino acids SKPSKRS) motif at the surface of the do-
main colored in red; () RGD domain S gene 403 - 405 colored in red; (f) Close up view of the heparan sulfate receptor binding,
highlighting domain 403 - 405 (amino acids RGD) motif at the surface of the domain colored in red.

The RBD undergoes conformational change upon interaction
with low molecular weight heparins [68]. SARS-CoV-2 S1 RBD binds
to heparin and that upon binding, a significant structural change is
induced. Moreover, moieties of basic amino acid residues, known
to constitute heparin binding domains, are solvent accessible on
the SARS-CoV-2 S1 RBD surface and form a continuous patch that
is suitable for heparin binding [59]. The dependence of the host
on the interaction of hundreds of extracellular proteins with the
cell surface GAG molecules for the regulation of homeostasis is
exploited by many microbial pathogens as a means of adherence
and invasion. The closely related polysaccharide heparin, a widely
used anticoagulant drug, which is structurally similar to HS and
is a common experimental proxy, can be expected to mimic the
properties of HS. Heparin prevents infection by a range of viruses

when added exogenously, including S-associated coronavirus strain
HSR1 and inhibits cellular invasion by SARS-CoV-2 [59]. It has been
previously demonstrated that unfractionated heparin binds to the
Spike (S1) protein RBD, induces a conformational change and have
reported the structural features of heparin on which this interaction
depends. Furthermore, it is demonstrated that enoxaparin, a low
molecular weight clinical anticoagulant, also binds the S1 RBD
protein and induces conformational change [59]. SARS-CoV-2 uses
integrins as cell receptors in one or more host species, binding
to them through a conserved RGD (403-405: Arg-Gly-Asp) motif
that is present in the RBD of the spike proteins of all SARS-CoV-2
sequences analyzed to date [Figure 5]. The motif was identified
by a PROSITE scan that included motifs with a high probability of
occurrence (PDOC00016) Table 1 [60].
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Table 1: Amino acid moieties responsible for binding of Heparan sulfate receptors with S glycoprotein of SARS-CoV-2.

Sr. No. Amino acid sequence Gene location Amino acid number
1 YRLFRKS S gene, S1 region 453 - 459
2 PRRARS S gene, S2 region at S1/S2 proteolytic cleavage site 681 - 686
3 SKPSKRS S gene, S3 region 810-816
4 RGD S gene 403 - 405
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Figure 5: SARS-CoV-2, Spike glycoprotein Heparan sulfate binding RGD (403-405) domain highlighted in box.

Targeting Heparan Sulfate for Therapeutic Applica-
tions

This review indicated the possibility of Heparan sulfate as
playing a significant role in viral entry. Different mechanisms have
been suggested over the year to block heparan sulfate to prevent
viral binding. These inhibitors can help prevent ocular transmission
of the viral particles.

Fibroblast growth factor-2 (FGF-2):

FGF is a strong heparin binding protein. Previous studies have
indicated that stromal keratitis caused by ocular herpes virus
infection can be diminished by FGF-2. FGF-2 competes with HSV-1
for heparin sulfate [69]. This role of FGF-2 in inhibiting binding of
virus and heparin sulfate in ocular surfaces can be extended to treat
spread of SARS-CoV 2 through ocular surfaces.

G1 and G2 peptide

G1 and G2 are peptides developed against commercially
found HS and specifically modified 3-OS HS respectively. [70]. A
phage display peptide library screening method was used to find
these peptides to block against HS. This strategy of developing
peptides showed promising results as a therapeutic against ocular
HSV-1 infection in mouse corneas with no damage to the corneal
epithelium. [70] Thus, these peptides might also show promise
against ACE2 binding to HS in human corneas for SARS-CoV-2
treatment.

Inhibition by Heparin

Heparin belongs to family of GAG molecules. In humans, heparin
is produced exclusively by mast cells and stored there in granules.
Mast cells are located in the lungs, gut and along the blood vessels
and heparin from these mast cells plays an important role in host
defense mechanism. Heparin competes with HS for adhesion of
bacteria and viruses and thus inhibits the invasion by pathogen [71].
Heparin can be used to inhibit cellular invasion by SARS-CoV-2 by
interaction of the surface protein (spike) S1 RBD with heparin [68].
Studies have also shown inhibition of SARS-CoV-2 entry by bovine
Lactoferrin- another HS mimic [72]. Nebulization of heparin for
use as therapeutic against SARS-CoV-2 is another promising option
[73]. Unfractionated heparin inhibited spike protein binding with
an IC50 value of <0.05U/ml. This suggests that heparin, particularly
unfractionated forms, could be considered to reduce clinical
manifestations of COVID-19 by inhibiting continuing viral infection
[16]. Administration of low-molecular-weight heparin is beneficial
to patients with severe coronavirus disease 2019 (COVID-19), but
the mechanism is unknown. HS may bind to severe acute respiratory
syndrome coronavirus 2 spike protein to block viral attachment or
entry. HS attenuates inflammation responses through neutralizing
the activity of pro-inflammatory proteins, that is, histone and high
mobility. Use of specially designed HS oligosaccharides offer a new
strategy to manage COVID-19 [17]. Although there are no studies
for using heparin at ocular surface for COVID-19, further studies
in animal corneas can be used to promote Heparin to block HS for
SARS-CoV-2 entry into eyes.
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Most severe manifestations of COVID-19 cases, such as multiple
organ failure and death, have been linked to coagulation dysfunction
markers, such as platelet reduction and increases in prothrombin
time, fibrin degradation products, and, mainly, D-dimer [74]. A
recent paper by Tang et al in this journal reported that heparin
treatment reduced mortality of COVID-19 patients with elevated D-
dimer; similar preliminary results have been reported elsewhere
[75, 76]. A mounting body of evidence shows that SARS-CoV-2
causes a “cytokine storm” that activates the coagulation cascade,
leading to thrombosis [77]. Similar to the findings in severe sepsis,
generalized deposition of intravascular thrombi compromises the
blood supply of several organs, leading to organ failure [78]. A direct
anticoagulant effect is likely crucial to the therapeutic effect of
heparin, it also has antiarrhythmic properties that shows promise
in the treatment of COVID-19, in which cardiac arrhythmias are
the immediate cause of several patient deaths [79]. Heparin had
been used in 1734 patients. Heparin was associated with lower
mortality when the model was adjusted for age and gender, with
OR (95% CI) 0.55 (0.37-0.82) p=0.003. This association remained
significant when saturation of oxygen<90%, and temperature>37
°C were added to de model with OR 0.54 (0.36-0.82) p=0.003, and
also when all the other drugs were included as covariates OR 0.42
(0.26-0.66) p<0.001. The association between heparin and lower
mortality observed in the study by Ayerbe et al can be acknowledged
by clinicians in hospitals and in the community [80]. In an another
clinical study conducted by Shi et al the D-dimer, C reactive protein
CRP and PBMC (peripheral blood mono-nuclear cells percentage,
IL-6 and other parameters was analyzed in patients with low
molecular weight heparin (LMWH) treatment and control group.
Under conventional antiviral treatment regimens, LMWH can
improve hypercoagulability, inhibit IL-6 release, and counteract
IL-6 biological activity in patients. LMWH has potential antiviral
effects and can help delay or block inflammatory cytokine storms.
It can also increase the lymphocytes (LYM%) of patients and has
the potential for treatment of COVID-19 [81]. As per our literature
search, no concrete data is available on the ocular therapeutic usage
of these molecules/drugs. Only limited studies have been done in
relation to ocular manifestation of COVID-19.

GAG mimetics

Synthetic GAG mimetics are polyanionic molecules that inhibit
HS-protein interactions. Heparin polysaccharides are digested to
generate GAG derivatives. Heparin are good inhibitors too and have
been able to prevent binding of viruses like HSV [82] and HPV [64].
But it’s anticoagulant characteristics induce thrombocytopenia. To
overcome these problems, GAG mimetics were developed. Examples
of GAG derivatives that have been developed are non-sulfated K5
polysaccharide from E. coli and 3-0-sulfated octasaccharide which
is like 3-O-sulfate domain of HS. These have been successful in
blocking viral infections. Blocking H5N1 influenza virus attachment
bymodified heparinmimetics showed promisingresults. Desuflation
of this modified heparin reduced the anticoagulant effect without
hampering the inhibition. Other potent antiviral GAG mimetics with
effective viral inhibitions are rhamnan sulfate, PG545, and PI-88.

Sulfated polysaccharides similar to HS isolated from seaweed have
been effective in inhibiting HSV virus and Dengue. GAG derivatives
are promising as antiviral in cell cultures. In vivo testing in corneas
is required to use these as antiviral for humans in future. PI-88
and PG545 were in clinical trials for treating tumors. But due to its
toxic effects, the trial was discontinued [83]. Better and safer GAG
derivatives directed towards ocular surfaces might have potential
as a SARS-CoV 2 antiviral for ocular manifestation.

Discussion

There is an increasing number of scientific reports regarding
conjunctivitis as an ocular manifestation of COVID-19. Given the
history of coronaviruses found in tears or conjunctival swabs,
scientists believe that SAR-CoV-2 should also display a similar
phenomenon. Many institutes are trying to collect more data to
corroborate this theory. Although growing number of publications
are reporting ocular manifestation case studies, the data with
coronavirus patients with conjunctivitis is still rare. The presence
of various viral receptors on the ocular surface such as ACE2 and
HS do indicate the probability of ocular transmission of Covid-19,
but the actual human data is limited in number and scope to
support this theory. The relatively weaker binding of ACE2 on
ocular surface indicates that the virus may only transiently stay
there during an early infection and then move to the nasolacrimal
duct via the tear fluid to reach the lungs where it binds strongly
to the cells expressing ACE2 and HS to facilitate the infection and
subsequently, the respiratory disorders. The data till now indicates
that understanding these ocular manifestations are secondary
in priority. However, with this epidemic growing, each piece of
information is important to find possible treatment and prevent its
transmission.
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