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ARTICLE INFO ABSTRACT

Keywords: Purpose: SARS-CoV-2 RNA has been detected in ocular tissues, but their susceptibility to SARS-CoV-2 infection is
COVID-19 unclear. Here, we tested whether SARS-CoV-2 can infect human conjunctival epithelial cells (hCECs) and induce
SARS-CoV-2 innate immune response.

]ézl)ijunctiva Methods: Conjunctival tissue from COVID-19 donors was used to detect SARS-CoV-2 spike and envelope proteins.
Ocular surface Primary hCECs isolated from cadaver eyes were infected with the parental SARS-CoV-2 and its beta variant of
Inflammation concern (VOC). Viral genome copy number, and expression of viral entry receptors, TLRs, interferons, and innate

immune response genes were determined by qPCR. Viral entry receptors were examined in hCECs and tissue
sections by immunostaining. Spike protein was detected in the cell culture supernatant by dot blot.

Results: Spike and envelope proteins were found in conjunctiva from COVID-19 patients. SARS-CoV-2 infected
hCECs showed high viral copy numbers at 24-72h post-infection; spike protein levels were the highest at 24hpi.
Viral entry receptors ACE2, TMPRSS2, CD147, Axl, and NRP1 were detected in conjunctival tissue and hCECs.
SARS-CoV-2 infection-induced receptor gene expression peaked at early time points post-infection, but gene
expression of most TLRs peaked at 48 or 72hpi. SARS-CoV-2 infected hCECs showed higher expression of genes
regulating antiviral response, RIG-I, interferons (o, f, & A), ISG15 & OAS2, cytokines (IL6, IL1S, TNFa), and
chemokines (CXCL10, CCL5). Compared to the parental strain, beta VOC induced increased viral copy number
and innate response in hCECs.

Conclusions: Conjunctival epithelial cells are susceptible to SARS-CoV-2 infection. Beta VOC is more infectious
than the parental strain and evokes a higher antiviral and inflammatory response.

Viral entry receptors

1. Introduction

The ongoing pandemic of Coronavirus Disease 2019 (COVID-19)
caused by Severe Acute Respiratory Syndrome Coronavirus —2 (SARS-
CoV-2) is a serious global health problem [1-3]. As of 16™ September
2021, 227,185,960 COVID-19 cases have been confirmed worldwide
with 4,672,629 total deaths. SARS-CoV-2 belongs to the family of
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coronaviruses shared with SARS-CoV and MERS-CoV, causative agents
of epidemics in 2002-03 and 2012, respectively [4,5]. They are envel-
oped, non-segmented, positive-sense RNA viruses belonging to the
family Coronaviridae with a genome of 29-31 kb [5]. There have been
significant efforts to contain COVID-19 with mass immunization across
the globe [6]. However, due to genetic mutations in parental
SARS-CoV-2, multiple variants of concern (VOC) have emerged with
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increased transmissibility, disease severity, and ability to evade
vaccine-induced immunity. Currently, as per CDC four VOCs are prev-
alent in the US, B.1.1.7 (alpha), B.1.351 (beta), B.1.617.2 (delta), and
P.1 (gamma) [7,8].

The main route of transmission of SARS-CoV-2 is via respiratory
droplets while coughing and direct contact. However, the involvement
of ocular surface tissue as a route of viral transmission was first sus-
pected with the detection of COVID-19 in an ophthalmologist in China
who was wearing an N95 mask. The human ocular surface acts as a
barrier but also as a gateway for pathogen invasion. Anatomically, the
nasolacrimal duct bridges the transport of ocular fluids (tears) to the
respiratory tract system, thereby contributing to the pathogen spread.
The respiratory RNA viruses, including SARS-CoV, MERS-CoV, and
influenza virus are known to have ocular tropism as the infectious
droplets can easily contaminate the mucosal surface of the cornea and
conjunctiva via hand-to-eye contact or direct exposure with aerosols
[9-11].

There have been several reports of ocular tissue harboring SARS-
CoV-2 viral RNA in tears, conjunctiva, and cornea. Some clinical
studies report as high as 32% of conjunctivitis cases in COVID-19 pa-
tients [12-15]. Several published reports suggest that SARS-CoV-2 can
cause red eye, conjunctivitis, and conjunctival congestion as an early
sign of the disease or during hospitalization [16-20]. A recent publica-
tion also suggests that rhesus macaques can be effectively infected with
SARS-CoV-2 via the ocular surface, specifically through the conjunctival
route [21]. In our previous study, we have shown the presence of
SARS-CoV-2 in the postmortem corneal and scleral tissues of COVID-19
affected donors by qPCR and immunofluorescence analysis [14,22].

The primary infection of host cells by SARS-CoV-2 is mediated by the
attachment of viral spike (S) protein to the cell receptor, angiotensin-
converting enzyme-2 (ACE2), that is primed by a type II trans-
membrane serine protease TMPRSS2 or cathepsin L [23,24]. Recently,
other accessory receptors involved in viral attachment and infection
including CD147/EMMPRIN/Basigin, Axl, and Neuropilin-1 (NRP1)
have also been implicated [21,25-31]. The ocular surface (conjunctiva,
corneal and limbal epithelium, and corneal endothelium) has been
shown to express SARS-CoV-2 receptors ACE2, TMPRSS2, CD147, and
NRP1. These ocular tissues have been postulated to be permissive to
SARS-CoV-2 and potentially involved in its transmission [27,32-37].
However, it is unclear whether the ocular surface can be a primary or
secondary virus entry site. Therefore, there is an urgent need to under-
stand ocular tropism of SARS-CoV-2. The identification of organs and
cell types permissive to viral attachment, entry, and replication could
help in devising preventative or therapeutic strategies against
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SARS-CoV-2 transmission.

Among the ocular surface tissues, the conjunctiva has the largest
surface area, and it has been shown to express viral entry receptors,
ACE2 and TMPRSS2 [32]. It would seem logical to evaluate the sus-
ceptibility of the conjunctiva to SARS-CoV-2 infection. In this study we
tested whether SARS-CoV-2 can infect human conjunctival epithelium
and induce innate immune response. Moreover, we demonstrated dif-
ferential susceptibility of parental and emerging variants of concerns
(VOCs) of SARS-CoV-2. The schematic of experimental design is shown
in Fig. 1.

2. Materials and methods
2.1. Conjunctival tissue acquisition

Conjunctival tissues from two healthy and two COVID-19 affected
donors were obtained through Eversight (Cleveland, OH). The histo-
logical analysis was performed with the approval of the Institutional
Biosafety Committee (IBC # 20-04-2164) of Wayne State University. The
presence of SARS-CoV-2 RNA and proteins in postmortem ocular tissues
from Eversight was reported in our recent study [14].

2.2. Virus culture and infection

Both parental SARS-CoV-2 [USA-WA1/2020 (NR-52281)] and beta
lineage [KRISP-K005325/2020 (NR-54009)] strains were obtained from
BEI Resources (NIAID/NIH, USA). All experiments involving live SARS-
CoV-2 virus were carried out in a CDC and USDA-approved biosafety-
level 3 (BSL-3) facility at the University of California, Los Angeles
(UCLA) following institutional biosafety approval. Virus stocks were
propagated in Vero E6 cells (ATCC, CRL-1586), and serum in the cell
culture media was reduced to 2% for all infection experiments.

The hCECs were infected with SARS-CoV-2 parental strain (USA-
WA1/2020) at MOI 1 for 2 h with intermittent shaking in a serum-free
tissue culture medium. The cells were rinsed thrice with 1X PBS fol-
lowed by incubation in a complete growth medium with 2% fetal bovine
serum (FBS) for desired time points. The comparative infection study
with parental strain (USA-WA1,/2020) and beta lineage (hCoV-19/South
Africa/KRISP-K005325/2020) has been performed at MOI 0.1 owing to
the low infectious viral titer of the beta strain. All infected samples were
inactivated by lysis in TRIzol Reagent (Thermo Fisher Scientific, MA,
USA) or 24 h incubation in 4% paraformaldehyde before removal from
the BSL-3 facility.

conjunctival Tissue harvest |mmmunostaining for

SARS-CoV-2 Spike/Envelope protein

= Cell-culure

Supernatant —> Dot Blot
gPCR analysis
( | Cell Pellet —antiviral innate immune
v response genes

Immmunostaining for
SARS-CoV-2 viral entry receptors,
Conjunctival epithelial and goblet cell marker

Fig. 1. Schematic of the study design. (A) Conjunctival tissues recovered from healthy, and COVID-19 affected human donor eyes were used for immunostaining
for viral proteins and viral entry receptors. (B) The primary human conjunctival epithelial cells (hCECs) were isolated from human cadaver eyes. The hCECs and ex
vivo tissues were immunostained for the viral entry receptors and conjunctival epithelial and goblet cell markers. Cultured cells were infected with live SARS-CoV-2
and qPCR analysis was performed for innate immune response genes. Culture supernatant was used for dot blot assay. Images were prepared using BioRender.
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2.3. Primary human conjunctival epithelial cells (hCECs)

The healthy human donor conjunctival tissue was dissected from
postmortem whole globes and corneas obtained from the National Disease
Research Interchange (Philadelphia, PA) (Table 1). Work was done under
Cedars-Sinai Medical Center’s approved IRB protocol Pro00019393. The
tissue was cut into 1 x 2 mm pieces that were placed with the epithelial
side up onto a scratched surface of the plastic plate to ensure adhesion of
the tissue and incubated in DMEM with 3% FBS. After hCECs have
migrated onto the dish from the explant of conjunctival tissue, the tissue
explants were removed and the hCECs were further cultured in EpiLife
medium containing N2, B27, HKGS (human keratinocyte growth sup-
plement) supplements, and 10 ng/mL epidermal growth factor (EGF)
(Thermo Fisher, MA, USA), with 60 pM Ca’t [38]. Confluent (90%) hCEC
cultures were passaged using TrypLE, and the cells in EpiLife medium
with 10 ng/mL EGF were plated onto the dishes or 8-chamber glass slides
pre-coated with a mixture of human fibronectin (BD Biosciences, NJ,
USA), type IV collagen (Sigma-Aldrich, MO, USA), and laminin-521
(BioLamina, Ontario, Canada) at 0.5-1 pg/crn2 [39].

2.4. Immunohistochemistry on human conjunctival tissue

Paraformaldehyde (4%) fixed conjunctival tissues from healthy and
COVID-19 affected donors were incubated in a series of sucrose gradi-
ents (10%, 20%, 30%), and embedded in OCT (Tissue-Tek®-Sakura, CA,
USA). Ten-micrometer thin sections were prepared using a cryotome
(HM525 NX, ThermoFisher Scientific, MA, USA) and mounted onto
lysine-coated glass slides (Fisherbrand, Thermo Scientific, MA, USA).
The tissue sections were permeabilized and blocked with 10% normal
goat serum with 0.5% Triton X-100 for 2 h at room temperature (RT)
followed by overnight incubation with primary mouse anti-SARS-CoV-2
spike [NR-616, BEI Resources, NIAID (1:100)] or envelope protein an-
tibodies [NR-614, BEI Resources, NIAID (1:100)] at 4 °C. The next day,
sections were rinsed four times with 1X PBS (10 min, each) and incu-
bated with anti-mouse Alexa Fluor 594 (1:200) for 2 h at RT. The sec-
tions were extensively rinsed with 1X PBS, and the slides were mounted
using Vectashield anti-fade mounting medium (Vector Laboratories, CA,
USA) and visualized using a Keyence microscope BZ-X810 series (Key-
ence, CA, USA). For the viral entry receptor staining, conjunctival
cryostat sections were fixed in 2% formalin for 5 min at RT and then
processed as published [27].

2.5. Immunostaining of cultured hCECs

Primary hCECs cultures were fixed with 10% formalin for 5 min at
RT, followed by blocking with 5% BSA (bovine serum albumin) in 1X
PBS for 1 h. For the receptor staining, the cells were incubated overnight
at 4 °C in primary antibody (goat anti-ACE2, 1:100, #AF933, goat anti-
Axl, 1:100, #AF154, R&D Systems, MN, USA; rabbit anti-neuropilin-1
(NRP1), 1:100, #PB9300, Boster, CA, USA; mouse anti-CD147, clone
HIMS6, 1:100, #306202, BioLegend, CA, USA; mouse anti-TMPRSS2,

Table 1
Characteristics of the donors for conjunctival immunostaining and epithelial cell
isolation.

Case Age Gender Cause of death
N14-01 C 86 Female COPD

N14-03 91 Female CVA

N15-08 C 44 Female Myocardial infarction
N15-09 C 15 Male Gunshot wound
N15-10C 5 Male Drowning

N18-37 53 Male ALS

N20-26 75 Female Cardiac arrest
N21-03 80 Female Lung cancer

C, culture; COPD, chronic obstructive pulmonary disease; CVA, cerebrovascular
accident (stroke); ALS, amyotrophic lateral sclerosis.
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clone H4, 1:100, #sc-515727, Santa Cruz Biotechnology, TX, USA),
followed by incubation with Alexa Fluor 488 or 594 conjugated sec-
ondary antibody (Thermo Fisher, MA, USA) for 1 h at RT. For
conjunctival goblet cell marker staining, cells were fixed in ice-cold
methanol for 10 min. Primary antibodies were mouse anti-keratin 7,
clone OV-TL 12/30, 1:100, #MS-1352-P; and mouse anti-MUC5AC,
clone 45M1, 1:50, #MS-145-P0, Thermo Fisher, MA, USA. For
conjunctival epithelial marker keratin 13 staining (mouse clone Ks13.1,
1:20, #sc-101460, Santa Cruz Biotechnology, TX, USA), cells were fixed
in 10% formalin for 5 min, permeabilized with 0.5% Triton X-100 in 1X
PBS for 10 min, and blocked in normal goat serum for 1 h. Cell nuclei
were visualized with 4',6’- diamidino-2-phenylindole (DAPI). Controls
with the omission of primary antibodies were negative.

2.6. Dot-blot analysis

hCECs were infected with SARS-CoV-2 for various time points (24,
48, and 72h) and 1X PBS-treated cells were used as mock-infected
controls. After incubation for various time points, the culture superna-
tant was collected from each well and centrifuged at 10,000xg for 10
min to remove cell debris. The supernatant was used for the dot-blot
assay. The cell culture supernatants were loaded onto a 0.45 pm nitro-
cellulose membrane using a BIO-DOT apparatus (Bio-Rad, CA, USA) and
vacuum suctioned. The membrane was fixed using 10% formaldehyde in
PBS for an hour at room temperature followed by blocking in 5%
skimmed milk in 1X TBS-T (TBS containing 0.05% Tween 20) for 1 h at
RT. The membrane was then incubated with anti-SARS-CoV-2 spike
antibody at 4 °C overnight followed by secondary antibody (anti-mouse-
HRP conjugate) at room temperature for 1 h. The antibody specificity
was checked using different concentrations of the SARS-CoV-2 spike
protein as positive control and culture supernatant of mock infected cells
as a negative control. The blots were developed using SuperSignal West
Femto maximum sensitivity substrate (Thermo Scientific, MA, USA)
using a molecular imaging system. The intensity of dots was analyzed
using ImageJ software.

2.7. Real-time PCR

Total RNA was extracted from the cells using TRIzol reagent (Thermo
Fisher, MA, USA) as per the manufacturer’s instructions. The cDNA was
synthesized using 1 pg of RNA using Maxima First Strand cDNA Synthesis
Kit (Thermo Fisher, MA, USA) according to the manufacturer’s in-
structions. Quantitative RT-PCR (qPCR) was performed using gene-
specific primers (Table 2) in a StepOnePlus Real-Time PCR System
(Applied Biosystems, MA, USA). Quantification of gene expression was
performed using the comparative cycle threshold method and expressed
as relative fold changes compared to housekeeping gene 18S rRNA (see
Table 2). The viral RNA transcripts were quantified using a Tagman
probe-based qPCR (Table 2) by plotting a standard curve prepared from
serial 10-fold dilutions of SARS-CoV-2 RNA as described previously [40].

2.8. Statistical analysis

Each experiment was repeated three times. The expression data are
presented as mean =+ standard error of the mean (SEM). The comparison
of two groups was performed with the Student T-test, and with three or
more groups, by one-way analysis of variance (ANOVA). Significance
was defined as p < 0.05.

3. Results

3.1. SARS-CoV-2 proteins are detected in the conjunctival tissue of
COVID-19 donors

In a recent study, we reported the prevalence of SARS-CoV-2 in
postmortem ocular tissues [14]. We demonstrated the presence of
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Table 2
Primers used in the study.

Name Sequence

SARS-CoV-2 N Forward Primer
SARS-CoV-2 N Reverse Primer
SARS-CoV-2 Probe

5'- GGGGAACTTCTCCTGCTAGAAT -3’
5’- CAGACATTTTGCTCTCAAGCTG -3’
5'-FAM-TTGCTGCTGCTTGACAGATT-
TAMRA-3'

5’- GTAACCCGTTGAACCCCATT -3’
5’- CCATCCAATCGGTAGTAGCG -3’
5'- CAGCGAACTCATCTTTGCCAG -3’
5'- GGACACCTGGAATTCGTTGC -3’
5’- ACCATCGGAGTTGCCTCTTA -3
5'- GGTGAACACCATCTGTGACG -3’
5'- GAAGCAGTTGCGATTTAGCC -3’
5'- GAAGCTCGCTAGCTCCTGTG -3’
5'- CGCAGGAGAAAGAGGATGTC-3'
5'- ACCTACTCTGGCTCCAGGATG-3'
5’- CAGAGTGAAGGCTGTGAAGTCG-3’
5'- TGCGAGGAACTCACGAAGAAC-3'
5'-CCTGTGTGCCAAGACGACTG-3

5- TTATAGCCCATGTCCCTGCAG-3’
5'-CCCAACAGCCTTGAATGCAC-3'
5'-ATTTCTAGCCGGTCGTAGCG-3'
5'-GGACCCAGGAAATGTTCAGA-3'
5-GGCTGCAGAAAGTGACATGA-3'
Tagman based qPCR assays (IDT)

18S rRNA Forward Primer
18S rRNA Reverse Primer
ISG15 Forward Primer
ISG15 Reverse Primer
OAS2 Forward Primer
OAS2 Reverse Primer
IFNM1 Forward Primer
IFNL)1 Reverse Primer
AXL Forward Primer
AXL Reverse Primer
CD147 Forward Primer
CD147 Reverse Primer
TMPRSS2 Forward Primer
TMPRSS2 Reverse Primer
NRP1 Forward Primer
NRP1 Reverse Primer
ACE2 Forward Primer
ACE2 Reverse Primer
CXCL10, IFNa2, IFNf1, IL6, IL1p,
TNFa.

SARS-CoV-2 RNA in both anterior and posterior cornea, conjunctiva,
and vitreous. Moreover, we detected SARS-CoV-2 spike and envelope
proteins in corneal tissue of COVID-19 affected donors. Several other
studies also reported SARS-CoV-2 in the conjunctiva using RT-PCR
[41-43]. As our laboratory has a biobank of ocular tissues from
COVID-19 positive and negative donor eyes, we sought to check
SARS-CoV-2 proteins in conjunctival tissue. IHC analysis showed posi-
tive staining for both envelope and spike proteins of SARS-CoV-2 in the
conjunctiva of COVID-19 positive donors (Fig. 2). Increased SARS-CoV-2
envelope protein staining was observed in both epithelial and stromal
layers, whereas spike protein was mainly detected in the conjunctival
epithelium. These results support the idea that SARS-CoV-2 can infect
the human conjunctiva.

3.2. SARS-CoV-2 infects hCECs and increases the expression of viral
entry receptor genes

Because conjunctiva has been shown to express ACE2 and TMPRSS2,
the key receptors for SARS-CoV-2 entry [32,36,37], we hypothesized
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that conjunctival epithelial cells are susceptible to SARS-CoV-2 infec-
tion. To test this, we isolated primary hCECs from donor eyes. Cells were
characterized by the positive expression of goblet and epithelial cell
markers MUC5AC (not shown here), keratin 7, and keratin 13 [44,45]
(Fig. 3A) confirming the conjunctival origin. The cells from three indi-
vidual donors were infected with parental SARS-CoV-2 with MOI of 1,
and the intracellular viral burden was determined by assessing the viral
genome copy number by qPCR. Our data showed that hCECs were
permissive to SARS-CoV-2 infection as evidenced by a significant in-
crease in viral copy number at 24h post-infection (Fig. 3B). However, the
viral copy number did not change at 48h or 72h time points, indicating
stable virus infection. No significant differences were noted in the sus-
ceptibility of hCECs from three different donors. Next, we checked levels
of SARS-CoV-2 spike protein in the conditioned culture medium of
infected hCECs as an indicator of potential viral replication and progeny
virion production. Dot-blot analysis revealed that spike protein levels in
the cell culture supernatant increased at 24h post-infection. However, at
48h and 72h, the level decreased and became similar to mock-infected
control cells (Fig. 3C and D). These results indicated that SARS-CoV-2
is capable of infecting hCECs, and the peak of virus production and
secretion is rapidly reached by 24h post-infection.

The susceptibility of hCECs to SARS-CoV-2 is likely due to the
expression of viral entry receptors. Thus, we evaluated the expression of
classical SARS-CoV-2 entry receptors, ACE2 and TMPRSS2, and more
recently implicated receptors, Axl, CD147, and NRP1. Our data showed
that the conjunctival epithelium ex vivo expressed all viral entry re-
ceptors (Fig. 4A). Similarly, distinct expression of all these receptors was
detected in most cultured hCECs (Fig. 4B). Next, we examined the
modulation of these receptor genes upon SARS-CoV-2 infection using
gPCR. Our data showed that the expression of all receptor genes was
increased in SARS-CoV-2 infected hCECs at 24h time point. The
expression levels of receptors at 48h and 72h, albeit higher than con-
trols, did not reach a significant level (Fig. 4C).

3.3. SARS-CoV-2 infected hCECs exhibit activation of innate immune
responses

The innate immune response is triggered upon activation of the
pathogen recognition receptors (PRRs) such as TLRs, RIG-I, and MDA5
leading to a signaling cascade to induce the expression of interferons
(IFNs), interferon-stimulated genes (ISGs), and inflammatory mediators
[46,47]. To determine hCECs response to SARS-CoV-2 infection, qPCR
analysis was performed. SARS-CoV-2 was found to induce differential
expression of genes regulating the host innate immune response (Fig. 5).

COVID -ve
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Fig. 2. COVID-19 donor conjunctiva showed the presence of SARS-CoV-2 envelope and spike proteins. Conjunctival tissue from healthy and COVID-19 donors
was fixed in formaldehyde and 10 pm thin sections were stained for IHC using the antibody against (A) SARS-CoV-2 envelope (E) and (B) spike (S) protein (red color).
DAPI was used for nuclear staining (blue color). The image was captured at different magnifications (20X and 60X) to visualize the cellular location of the viral
proteins. The region of interest has been highlighted using a yellow box and white arrows. E, conjunctival epithelium.
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Fig. 3. Primary human conjunctival epithelial cells (hCECs) are permissive to SARS-CoV-2 infection. (A) Primary hCEC were isolated from donor eye globes
and were characterized by the presence of conjunctival markers, keratins 7 and 13, by immunofluorescence staining. (B) hCECs from three donors in quadruplicate
were infected with SARS-CoV-2 strain parental USA-WA1,/2020 (MOI of 1) for indicated time points. gPCR analysis was performed to quantitate the viral RNA copy
number wherein uninfected cells served as mock controls. (C) The cell culture supernatant from SARS-CoV-2 infected hCECs and the mock-infected hCECs was used
for dot-blot assay to detect the presence of SARS-CoV-2 spike protein along with a gradient of spike protein as standard protein for quantification. The viral RNA copy
number was calculated using a standard curve prepared from serial 10-fold diluted SARS-CoV-2 RNA by TagMan based qPCR. (D) The intensity of dots was quantified
using Image J software and relative fold change is plotted on the graph. One-way ANOVA; ns, non-significant; ***p < 0.001; ****p < 0.0001.

Time course study revealed that the expression of TLRs in SARS-CoV-2
infected hCECs was mainly induced at 48h (TLR3, TLR9) or 72h
(TLR4, TLRS8, TLR9) time points, along with elevated RIG-I levels.
Similarly, the transcript levels of IFNa2, and IFNf1 increased at 48h and
72h, whereas the expression of IFNA1 peaked at 24h post-infection fol-
lowed by a gradual decline. The interferon-stimulated genes ISG15,
OAS2, and MX1 increased until 48h post-infection followed by a
decrease to baseline at 72h. Among the proinflammatory cytokine
genes, CCL5 increased significantly (~6-fold) at an early point (24h),
whereas the others (IL14, CXCL10, TNFa, and IL6) increased at the later
time point i.e. 72h (Fig. 5). Collectively, these results indicate that
hCECs possess the ability to recognize and respond to SARS-CoV-2
infection by inducing the expression of innate inflammatory and anti-
viral response genes.

3.4. Beta variant of SARS-CoV-2 is more infectious than parental strain

The recent emergence of multiple variants of SARS-CoV-2 has
become a significant concern worldwide [48]. Among the variants of
concern, the beta lineage originated in South Africa has been reported to
be more infectious than the parental strain. However, its ability to infect
ocular cells has not been investigated. Therefore, we performed a direct
comparison of parental and beta strains of SARS-CoV-2 using the same
MOl i.e., 0.1. Our data showed that hCECs were more permissive to the
beta VOC infection as indicated by 0.5 log; higher viral copy number
compared to the parental strain (Fig. 6A). The difference in the infec-
tivity was similar at all time points. The higher infectivity of hCECs with
the beta lineage of SARS-CoV-2 was corroborated by finding increased
SARS-CoV-2 spike protein in the conditioned culture medium compared
to the parental strain at all time points, evidenced by the dot-blot assay
with densitometry quantification (Fig. 6B and C). Furthermore, the beta
VOC induced a higher innate antiviral immune response in hCECs with
significantly higher expression of IFN-stimulated gene ISG15 along with
inflammatory cytokine gene CXCL10 (Fig. 6D). Together, these results
show that hCECs are more permissive to the beta variant of SARS-CoV-2
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that also induces an increased inflammatory response.
4. Discussion

Although the SARS-CoV-2 RNA has been detected in the ocular
surface tissues, there is an ongoing debate on the direct role of the ocular
surface as a route of virus transmission. Therefore, in this study, we
examined whether cultured human conjunctival cells are permissive to
SARS-CoV-2 viral entry and infection. We also tested whether the SARS-
CoV-2 infected hCECs elicit innate antiviral and inflammatory response.

The tropism of a virus to its target host cell is dependent on the
expression of its specific viral receptors. The presence of permissive viral
entry receptors on the ocular surface cells may not only contribute to the
tissue tropism of the virus but also enable the virus to use the eye as a
potential site of replication and dissemination to extraocular tissues
establishing a systemic infection as seen with other RNA viruses [40,
49-52]. The well-studied receptors for SARS-CoV-2 entry are ACE2 and
a co-receptor TMPRSS2. Several studies have shown the expression of
these two receptors at the ocular surface, including the conjunctiva [32,
53]. Our present study is the first to show that in addition to the classical
receptors, hCECs also express CD147, Axl, and neuropilin-1 receptors
newly implicated for SARS-CoV-2 entry [25,27-31,36]. Moreover, our
data showed that SARS-CoV-2 infection increases the expression of these
receptor genes at an early time point post-infection (24h) followed by a
return to baseline at later time points. The control of receptor expression
in hCECs and its reduction presumably by the host signaling needs to be
explored further to understand the SARS-CoV-2 infection kinetics in the
conjunctiva.

To date, there is only one report indicating the presence of SARS-
CoV-2 viral proteins in the conjunctival mucosa and a few clinical re-
ports indicating the low presence of viral RNA in the conjunctival swabs
and tears of COVID-19 patients [43]. Our results also support the hy-
pothesis that conjunctival epithelium could be a target of SARS-CoV-2.
Our experiments involving the use of live viral infection confirm that
hCECs are highly permissive to SARS-CoV-2 infection evidenced by a
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Fig. 5. SARS-COV-2 evoked antiviral innate and inflammatory response in hCECs. hCECs isolated from three human donor cadaver eyes were infected with SARS-CoV-2 parental strain USA-WA1,/2020 (MOI of 1)
for 24, 48, and 72h. qPCR analysis was performed for temporal expression of genes encoding TLRs (TLR 3, 4, 8, and 9), RIGI, IFNs (IFNo2, IFNB1, and IFNAI), IFN-induced antiviral response genes (ISG15, OAS2, and

MX1), and inflammatory mediators (CCL5, CXCL10, IL6, IL1p, and TNFa). The experiment was performed in biological triplicates and statistical analysis was performed using one-way ANOVA; ns non-significant; *p <

0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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significant viral RNA copy number at 24h post-infection. Interestingly,
the viral copy number did not change at later time points, and this
coincided with the decreasing levels of viral spike proteins in the culture
supernatant of the infected hCECs. The constant amount of viral RNA in
infected hCECs may indicate that the virus has established a low-grade
infection at later time points or reached an early plateau following
infection at the given MOI of 1. This observation could also be associated
with the increased expression of caspases, indicating the possibility of
virus infection-induced apoptosis as reported in other SARS-CoV-2
infected epithelial cells [54,55].

Microorganisms possess highly conserved motifs - pathogen-
associated molecular patterns (PAMPs) that are recognized by path-
ogen recognition receptors (PRRs) expressed by host cells as a vital part
of their innate immune system. Toll-like receptors (TLRs) are a family of
PRRs capable of recognizing various PAMPs, leading to a signaling
cascade and secretion of a variety of interferons, cytokines, and che-
mokines [56]. The human conjunctiva has been shown to express
various TLRs to provide ocular surface immunity against invading
pathogens [57,58]. In our prior study with Zika virus infection of
corneal epithelial cells, we found induction of TLR3 leading to antiviral
innate immune response [59]. Here, we observed that SARS-CoV-2
infection of hCECs induces the expression of TLR 3, 4, 8, and 9,
corroborating other COVID-19 studies with different cell types [60-62].
The SARS-CoV-2 spike protein has been shown to interact with TLR4 and
its activation increases the expression of the primary SARS-COV-2 entry
receptor, ACE2 [63]. Similar interaction of Dengue virus NS1 protein
has been observed for TLR4 leading to activation of immune cells,
platelet aggregation, and endothelial barrier disruption [64]. Our data
showing the induction TLRs mostly at later but not at early time points
indicate a potential mechanism utilized by SARS-CoV-2 to evade its
recognition by TLRs. Indeed, TLRs contribute to the failure of initial
viral clearance but subsequent development of severe inflammation and
complications in COVID-19 [65]. Therefore, the use of TLR ago-
nists/antagonists could be used as pharmacological interventions in
clinical setting against COVID-19.

The attachment and entry of SARS-CoV-2 and the activation of TLRs
and antiviral receptor RIG-I triggers innate immune responses, with the
expression of type I interferons. SARS-CoV-2 infection has been known
to induce a limited and delayed expression of type I and type II inter-
feron response with higher expression of pro-inflammatory cytokines
and chemokines [66-69]. Our data show that SARS-CoV-2 infection of
hCECs leads to a significant increase in the expression of RIGI, IFNa2,
IFNp1, and IFNA1. There was a simultaneous increase in the expression
of interferon-stimulated genes ISG15, OAS2, and MX1 along with in-
flammatory response genes CCL5, CXCL10, IL1p, TNFq, and IL6. Our
data showed that the expression of these innate antiviral response genes
is induced at later time points, except for ISG15, OAS2, and MX1, which
were elevated at 24h time point. Overall, these results indicate that
hCECs are capable of mounting innate antiviral and inflammatory re-
sponses during SARS-CoV-2 infection. Temporal modulation of this
response by SARS-CoV-2 and its physiological role in the conjunctiva
should be examined in future mechanistic studies.

The current strategy to prevent the COVID-19 pandemic is the
continued effort for mass vaccination around the globe. However, the
emergence of new variant strains of SARS-COV-2 partially evading the
protective effect of COVID-19 vaccines threatens the progress made so
far [7]. The CDC and WHO have classified the new variants either as
variants of concern (VOCs) or variants of interest (VOIs) [48]. The VOCs
include lineages such as B.1.1.7 (201/501Y.V1 variant), P.1 (20J/501Y.
V3 variant), B.1.351 (20H/501Y.V2 variant), and B.1.617.2 [48,70].
These VOCs have been found highly infectious and transmissible [7].
One of the unique aspects of our study is the comparative analysis of
infectivity of hCECs challenged with parental and beta (B.1.351) VOC of
SARS-CoV-2. The B.1.351 strain was first detected in the Eastern Cape
province of South Africa and harbors multiple mutations in the spike,
NSP3, NSP5, NSP6, and NSP12 proteins [8]. Our data showed that
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hCECs are highly permissive to beta strain as compared to the original
parental strain. The increased infectivity of beta strain could be due to
higher affinity binding of its spike proteins to entry receptors (ACE2,
CD147, TMPRSS2, Axl, and NRP1) widely expressed on hCECs. Alter-
natively, the viral genome of beta strain replicates faster than the
parental strain. The underlying mechanisms of differential infectivity of
beta strain need further investigation. Moreover, beta strain infected
hCECs exhibited marked induction of antiviral and inflammatory
response even at a low MOIL. These results indicate an increased prob-
ability of potential transmission of VOCs via the ocular surface.
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In summary, we demonstrate that SARS-CoV-2 can efficiently infect
human conjunctival epithelial cells and elicit an innate antiviral
response. Moreover, our study is the first to report that the beta variant
of SARS-CoV-2 has increased tropism towards hCECs. While our
knowledge of SARS-CoV-2 pathobiology continues to evolve, our current
understanding of the key molecular and cellular interactions involved in
SARS-CoV-2 infection at the ocular surface is limited. Thus, further
studies are needed to 1) evaluate the differential susceptibility of ocular
surface parts including the cornea and conjunctiva to other more prev-
alent VOCs such as delta variant, and 2) to determine the mechanisms
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underlying increased inflammatory response during VOCs infection.
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