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ARTICLE INFO ABSTRACT

Keywords: Purpose: Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2

SARS-CoV2 (SARS-CoV2). While the ocular surface is considered one of the major SARS-CoV2 transmission routes, the

CQVID-19 specific cellular tropism of SARS-CoV2 is not fully understood. In the current study, we evaluated the expression

];\l(r:rg;al stem cells and regulation of two SARS-CoV2 viral entry proteins, TMPRSS2 and ACE2, in human ocular epithelial cells and

TMPRSS2 stem cells.

PAX6 Methods: TMPRSS2 and ACE2 expression in ABCB5-positive limbal stem cells (LSCs) were assessed by RNAseq,
flow cytometry and immunohistochemistry. PAX6, TMPRSS2, and ACE2 mRNA expression values were obtained
from the GSE135455 and DRA002960 RNA-seq datasets. siRNA-mediated PAX6 knockdown (KD) was performed
in limbal and conjunctival epithelial cells. TMPRSS2 and ACE2 expression in the PAX6 KD cells was analyzed by
qRT-PCR and Western blot.

Results: We found that ABCB5-positive LSCs express high levels of TMPRSS2 and ACE2 compared to ABCB5-
negative limbal epithelial cells. Mechanistically, gene knockout and overexpression models revealed that the
eye transcription factor PAX6 negatively regulates TMPRSS2 expression. Therefore, low levels of PAX6 in
ABCBS5-positive LSCs promote TMPRSS2 expression, and high levels of TMPRSS2 and ACE2 expression by LSCs
indicate enhanced susceptibility to SARS-CoV2 infection in this stem cell population.

Conclusions: Our study points to a need for COVID-19 testing of LSCs derived from donor corneas before
transplantation to patients with limbal stem cell deficiency. Furthermore, our findings suggest that expandable
human ABCB5+ LSC cultures might represent a relevant novel model system for studying cellular SARS-CoV2
viral entry mechanisms and evaluating related targeting strategies.

Novel coronavirus disease-2019 (COVID-19) is caused by infection symptoms such as conjunctivitis, ocular pain, and dry eye, and 16.7% of
with severe acute respiratory syndrome coronavirus 2 (SARS-CoV2), those patients had RT-PCR-detectable SARS-CoV2 transcripts [1]. Eye
with over 200 million people already affected worldwide. A recent protection by goggles or face shields can reduce the risk of SARS-CoV2
report revealed that 11.2% of COVID-19 patients presented with ocular infection [2], underlining the significance of the ocular surface as a

Abbreviations: COVID19, coronavirus disease 2019; SARS-CoV2, severe acute respiratory syndrome coronavirus 2; LSC, limbal stem cell; ABCB5, ATP-binding
cassette subfamily B member 5; LSCD, limbal stem cell deficiency; CK3, Cytokeratin 3; CK12, Cytokeratin 12; CLU, Clusterin; ALDH3A1, Aldehyde dehydrogenase 3
family member Al; AR, androgen receptor; pAb, polyclonal antibody; FSC, forward scatter; SSC, side scatter; A, area; W, width; H, height.
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pathway to viral entry. While being recognized as a route of SARS-CoV2
infectivity, the ocular surface’s cellular constituents implicated in
SARS-CoV2 tropism, and a potential involvement of the LSC compart-
ment, are currently not fully understood [3].

In the course of human infection, SARS-CoV-2 cellular entry depends
on binding of the viral spike (S) protein to the human cellular receptor
ACE2 and on subsequent S protein priming by the cellular protease
TMPRSS2 [4]. Recent single-cell RNA-sequencing analyses (sScRNA-seq)
revealed similarly high expression of ACE2 mRNA in all ocular epithelial
cells, whereas TMPRSS2 mRNA transcripts were detected at low levels
only in the conjunctival epithelium [5]. Similar results were reported by
Collin et al. who found, using scRNA-Seq analyses of human adult
cornea and conjunctiva, ACE2 and TMPRSS2 co-expression in limbus,
peripheral cornea and superficial conjunctival epithelium [6]. In a
further study, in situ immunostaining demonstrated ACE2 protein
expression localized to superficial ocular epithelial cells, while
TMPRSS2 was detected in all epithelial layers, with significantly
enhanced expression in cells located at the border of the cornea and
conjunctiva, i.e., the limbus [7]. Subsequently, Eriksen et al. showed
that the limbus is most susceptible to SARS-CoV-2 infection among
various ocular cell types [8]. Despite these observations, it has remained
unknown to date whether SARS-CoV-2 entry proteins are expressed
homogeneously among all limbal epithelial cell types or whether
expression favors a specific cellular sub-population.

The corneal limbus contains stem cells capable of regenerating the
entire corneal epithelium, known as limbal stem cells (LSCs) [9]. We
recently described ATP-binding cassette subfamily B member 5 (ABCB5)
as a first molecular marker suitable for the prospective isolation of LSCs
[10]. Transplantation of ABCB5-positive LSCs [10-16] was hereby
shown in pre-clinical studies to result in long-term corneal restoration in
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the setting of limbal stem cell deficiency (LSCD) [10]. As a result of this
discovery, an interventional, open-label, phase I/Ila human clinical trial
has recently been initiated, which investigates the safety and efficacy of
allogeneic ABCB5-positive LSCs for LSCD therapy [17]. Because
long-term quiescent ABCB5-positive LSCs in healthy individuals might
represent a site of viral entry and a cellular reservoir for clinically
observed viral persistence upon SARS-CoV-2 infection, and because
ABCB5-positive LSCs represent a stem cell population already in use for
experimental transplantation in human clinical trials, we herein sought
to examine whether they expressed host viral entry proteins, a prereq-
uisite for potentially rendering this stem cell compartment susceptible to
SARS-CoV-2 cellular tropism.

As a master regulator of eye development, the PAX6 transcription
factor is essential for the formation of the surface ectoderm-derived
ocular epithelial tissues of the cornea and conjunctiva, where it in-
duces the expression of several tissue-specific proteins such as Cyto-
keratin 3 (CK3), Cytokeratin 12 (CK12), Clusterin (CLU) and Aldehyde
dehydrogenase 3 family member A1 (ALDH3A1) [18-21]. The two main
PAX6 isoforms, PAX6-a and PAX6-b, are distinguished by an additional
exon 5a present in isoform b [22-24]. PAX6-b specifically induces the
differentiation marker CK12 in corneal epithelial cells [20]. Because
PAX6 induces LSC differentiation, we further hypothesized that it might
negatively regulate host viral entry protein expression.

In the current study, we evaluated the expression of two SARS-CoV2
viral entry proteins, TMPRSS2 and ACE2, in human ABCB5-positive
LSCs and in more differentiated ocular epithelial cells. First, using
RNA sequencing (RNA-seq) analyses of purified ABCB5-positive LSCs
and ABCB5-negative limbal epithelial cells isolated as reported previ-
ously [10,25] by flow cytometry from n = 4 human donors (Supple-
mentary Fig. 1A), we found that TMPRSS2 transcripts were significantly

Fig. 1. Enhanced TMPRSS2 and ACE2 expression by
ABCB5-positive LSCs. (A) Logs normalized counts of
TMPRSS2 and ACE2 expression by ABCB5-positive
LSCs and ABCB5-negative limbal epithelial cells (n
= 4, ** adjusted p < 0.01). (B) Flow cytometry
analysis of TMPRSS2 expression by ABCB5-positive
LSCs and ABCB5-negative limbal epithelial cells. Bar
graph represents relative TMPRSS2 expression (mean
+ SD; n = 6, *p < 0.05). Data were analyzed using the
paired-t test. (C) Flow cytometry analysis of ACE2
expression by ABCB5-positive LSCs and ABCB5-
negative limbal epithelial cells. Bar graph represents
relative ACE2 expression (mean + SD; n = 6, *p <
0.05). Data were analyzed using the paired-t test. (D)
Representative immunostaining analysis of ABCB5
(green) and TMPRSS2 and ACE2 (red) expression in
the limbus. Nuclei stained with Hoechst 33,342
(blue). Scale bar: 20 pm. (E) Representative immu-
nostaining analysis of p63 (green) and TMPRSS2 and
ACE2 (red) expression in the limbus. Nuclei stained
with Hoechst 33,342 (blue). Scale bar: 20 pm. (F)
Representative Western blot analyses of PAX®6,
TMPRSS2 and ACE2 in limbal epithelial cells sub-
jected to PAX6 si-RNA knockdown (KD) (n = 6). (G)
Isoforms-specific PAX6 mRNA expression by ABCB5-
positive LSCs vs. ABCB5-negative limbal epithelial
cells shown as log, normalized counts. (H) Repre-
sentative immunostaining analysis of p63 (green) and
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enriched in ABCB5-positive LSCs (p = 0.0038) (Fig. 1A). ACE2 mRNA
expression was nominally higher in this cell population (Fig. 1A).
Consistent with RNA-seq results, flow cytometry analyses revealed that
TMPRSS2 (Fig. 1B) and ACE2 (Fig. 1C) proteins were expressed at
significantly higher levels by ABCB5-positive LSCs compared to
ABCB5-negative limbal epithelial cells (p = 0.0161 and p = 0.0440,
respectively). Inmunostaining analyses of human corneas showed high
expression of TMPRSS2 and ACE2 in ABCB5-positive LSCs (Fig. 1D).
TMPRSS2 and ACE2 were also co-expressed with another LSC marker,
p63 (Fig. 1E) [26]. These findings demonstrate that amongst limbal
epithelial cells, LSCs possess a specific molecular phenotype character-
ized by TMPRSS2 and ACE2 overexpression, consistent with enhanced
susceptibility to SARS-CoV2 cellular tropism.

Given the importance of the eye transcription factor PAX6 in
orchestrating ocular gene expression, we hypothesized that PAX6 might
play a role in regulating SARS-CoV2 entry protein expression by human
limbal epithelial cells. To test this hypothesis, utilizing publicly avail-
able RNA-seq results (GSE135455) [27], we first examined the corre-
lation between PAX6, TMPRSS2, and ACE2 mRNA expression in
conjunctival swabs collected from 48 human patients. The analyses
revealed a moderate negative correlation between PAX6 and TMPRSS2
mRNA expression (r = —0.58, p = 2e-5), while no significant correlation
was observed between PAX6 and ACE2 expression (r = —0.26, p =
0.074) (Supplementary Fig. 1B). Of note, a positive correlation was also
observed between TMPRSS2 and ACE2 expression (r = 0.5, p = 0.00034)
(Supplementary Fig. 1B). Next, utilizing an RNA-seq data set from one of
our previously published studies (DRA002960) [20], we examined
whether forced overexpression of either PAX6-a or PAX6-b in oral
mucosal epithelial cells, which do not normally express these molecules
at baseline, regulates TMPRSS2 and ACE2 transcript levels. We found
that overexpression of PAX6-b resulted in a significant reduction of
TMPRSS2 levels (p < 0.0001), while no significant effect was exerted by
overexpression of the PAX6-a isoform (p = 0.5993) (Supplementary
Fig. 1C). In contrast, ACE2 mRNA levels were not affected by forced
overexpression of either PAX6-a or PAX6-b (p = 0.3102 and p = 0.4804,
respectively) (Supplementary Fig. 1C).

To further interrogate a potential role of PAX6 in regulating
TMPRSS2 and ACE2 expression in ocular surface epithelial cells, we
examined the effects of PAX6 knockdown in cultured primary human
limbal epithelial cells and in the immortalized conjunctival epithelial
cell line ConjEp-1/p53DD/cdk4R/TERT [28]. Significant knockdown of
PAX6 expression was demonstrated in both cell types by five employed
distinct siRNAs (Fig. 1F and Supplementary Fig. 1D). Inhibition of PAX6
hereby resulted in the induction of TMPRSS2, indicating that PAX6
serves as a negative regulator of TMPRSS2 expression in ocular surface
epithelial cells (Fig. 1F and Supplementary Fig. 1D). In contrast, ACE2
expression was not consistently altered by PAX6 knockdown. Intrigu-
ingly, we also found that ABCB5-positive LSCs expressed reduced
PAX6-a (ENST00000241001) and PAX6-b (ENST00000419022) mRNA
transcripts compared to ABCB5-negative limbal epithelial cells
(Fig. 1G). Similarly, lower levels of PAX6 were detected in p63-positive
LSCs by immunostaining (Fig. 1H). Using the ChIP sequencing data
obtained from limbal epithelial cell cultures (GSE156273) [29], we
identified several PAX6 binding sites upstream of TMPRSS2 (Supple-
mentary Fig. 1E). These findings suggest that PAX6 directly suppresses
TMPRSS2 expression in more differentiated limbal epithelial cells, and
that lower levels of TMPRSS2-inhibitory PAX6 expression by more
primitive ABCB5-positive cells or p63-positive cells might be responsible
for higher levels of TMPRSS2 expression by these LSCs.

Thus, our study identifies high expression levels of the host SARS-
CoV2 viral entry proteins TMPRSS2 and ACE2 by human LSCs,
demonstrating a specific molecular phenotype of this cell population
suggestive of enhanced susceptibility to SARS-CoV2 cellular tropism.
Moreover, we show that PAX6 negatively regulates TMIPRSS2 expression
in more differentiated ocular epithelial tissues, providing one potential
explanation for enhanced TMPRSS2 expression by the PAX6 low-
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expressing LSC compartment.

While in previous study of oral mucosa [20], both PAX6-a and
PAX6-b could negatively regulate TMPRSS2 expression, PAX6-b exerted
more pronounced effects. Since we found PAX6-b levels to be signifi-
cantly reduced in ABCB5-positive LSCs, the relative scarcity of this
isoform in this cell population provides a possible explanation for high
TMPRSS2 expression by LSCs. While ACE2 was also enriched in LSCs, we
did not find any evidence for its direct transcriptional regulation by
PAX6, suggesting involvement of additional molecular mechanisms that
require further investigation.

The presence of several PAX6 binding sites upstream of the TMPRSS2
gene suggests the possibility of inhibitory PAX6/TMPRSS2 gene in-
teractions. While PAX®6 is primarily known as a transcriptional activator
of expression of several ocular surface proteins [18-21], the role of
PAX6 as a direct transcriptional repressor is less well understood [30].
However, a recent study of murine neural development revealed that
Pax6 is capable of functioning as a direct repressor of transcription
through co-occupancy with the H3K4 demethylase KDM5C, resulting in
decreased H3K4me3 levels [30]. Consistent with this study, we also
observed reduced H3K4me3 levels in the majority of PAX6 binding sites
upstream of TMPRSS2 (Supplementary Fig. 1E).

Our findings of negative regulation of the SARS-CoV2 viral entry-
related protein TMPRSS2 by PAX6, and of preferential expression of
viral entry-related proteins by human LSCs, have several important
implications: First, to date only androgen receptor (AR)-mediated
transcriptional activation had been identified as a molecular mechanism
of TMPRSS2 induction, in the context of prostate cancer [31,32].
Therefore, our finding of negative regulation of TMPRSS2 expression by
PAX6 identifies a novel mechanism of viral entry protein regulation that
now warrants further investigation for potential therapeutic target-
ability in the development of novel COVID-19 preventive or therapeutic
treatment strategies, through drug-activated, PAX6-mediated TMPRSS2
inhibition [33]. For example, the FGF8/FGFR signaling axis represents a
key inhibitor of PAX6 activation, and conversely, FGF8/FGFR signaling
blockade activates PAX6 expression [34]. Of note, specific FGFR in-
hibitors with predicted capacity to activate PAX6 and hence, based on
the herein presented results, to inhibit TMPRSS2 expression, are already
available and clinically approved for the therapy of other disease in-
dications [35].

Second, the presence of several PAX6 binding sites upstream of the
TMPRSS2 gene suggests direct inhibitory PAX6/TMPRSS2 gene in-
teractions, a possibility with relevance for potentially cell-protective
mechanisms of resistance to SARS-CoV2 tropism of additional devel-
opmental and adult PAX6-expressing tissues (such as, for example, the
brain [36]), and for potentially enhanced susceptibility to SARS-CoV2
tropism of individuals suffering from genetic syndromes associated
with impaired PAX6 function (such as, for example, Aniridia and Gil-
lespie syndrome [37]). Our findings warrant further investigation of
such potential vulnerabilities.

Third, because quiescent ABCB5-positive LSCs are long-lived in
healthy humans and undergo lower levels of cell turnover than more
differentiated corneal cells, their potentially increased susceptibility to
SARS-CoV2 infection implies that they might also represent a reservoir
for prolonged SARS-CoV2 persistence. This possibility warrants specific
attention in the care of patients afflicted by COVID-19-associated eye
disease as a possible cause of disease persistence or recurrence. More-
over, because autologous p63-positive LSC-containing donor grafts are
in clinical use and because allogeneic ABCB5-positive LSCs are currently
also undergoing clinical evaluation in an interventional, open-label,
phase I/Ila human clinical trial for safety and efficacy in LSCD therapy
[17], our findings highlight a need for specific screening of living limbal
graft donors, cadaveric donors, and banked donor tissue for known or
occult SARS-CoV2 infection, in order to ensure that only SARS-CoV2 free
cells are utilized in the clinical setting to prevent virus spread to graft
recipients.

Finally, our finding that human ABCB5-positive LSCs express high



Y. Sasamoto et al.

levels of SARS-CoV2 viral entry-related proteins suggests that in vitro-
expandable human ABCB5-positive LSCs cultures represent an estab-
lished [17] and relevant novel model system for the study of cellular
SARS-CoV2 viral entry mechanisms and the pharmaceutical evaluation
of related developmental targeting strategies.
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