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ABSTRACT

Purpose: Single cell (sc) analyses of key embryonic, fetal and adult stages were performed to generate a
comprehensive single cell atlas of all the corneal and adjacent conjunctival cell types from development to
adulthood.

Methods: Four human adult and seventeen embryonic and fetal corneas from 10 to 21 post conception week
(PCW) specimens were dissociated to single cells and subjected to scRNA- and/or ATAC-Seq using the 10x Ge-
nomics platform. These were embedded using Uniform Manifold Approximation and Projection (UMAP) and
clustered using Seurat graph-based clustering. Cluster identification was performed based on marker gene
expression, bioinformatic data mining and immunofluorescence (IF) analysis. RNA interference, IF, colony
forming efficiency and clonal assays were performed on cultured limbal epithelial cells (LECs).

Resuits: scRNA-Seq analysis of 21,343 cells from four adult human corneas and adjacent conjunctivas revealed
the presence of 21 cell clusters, representing the progenitor and differentiated cells in all layers of cornea and
conjunctiva as well as immune cells, melanocytes, fibroblasts, and blood/lymphatic vessels. A small cell cluster
with high expression of limbal progenitor cell (LPC) markers was identified and shown via pseudotime analysis
to give rise to five other cell types representing all the subtypes of differentiated limbal and corneal epithelial
cells. A novel putative LPCs surface marker, GPHA2, expressed on the surface of 0.41% =+ 0.21 of the cultured
LECs, was identified, based on predominant expression in the limbal crypts of adult and developing cornea and
RNAI validation in cultured LECs. Combining scRNA- and ATAC-Seq analyses, we identified multiple upstream
regulators for LPCs and demonstrated a close interaction between the immune cells and limbal progenitor cells.
RNA-Seq analysis indicated the loss of GPHA2 expression and acquisition of proliferative limbal basal epithelial
cell markers during ex vivo LEC expansion, independently of the culture method used. Extending the single cell
analyses to keratoconus, we were able to reveal activation of collagenase in the corneal stroma and a reduced
pool of limbal suprabasal cells as two key changes underlying the disease phenotype. Single cell RNA-Seq of
89,897 cells obtained from embryonic and fetal cornea indicated that during development, the conjunctival
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epithelium is the first to be specified from the ocular surface epithelium, followed by the corneal epithelium and
the establishment of LPCs, which predate the formation of limbal niche by a few weeks.

Conclusions: Our scRNA-and ATAC-Seq data of developing and adult cornea in steady state and disease conditions
provide a unique resource for defining genes/pathways that can lead to improvement in ex vivo LPCs expansion,
stem cell differentiation methods and better understanding and treatment of ocular surface disorders.

Key findings

scRNA-Seq of adult human cornea and conjunctiva reveals the
signature of various ocular surface cell populations

scRNA-Seq of human developing cornea identifies stage-specific
definitions of corneal epithelial, stromal, and endothelial layers
scRNA-Seq analysis results in identification of novel putative
markers for LPCs (GPHA2)

Combined scRNA- and ATAC-Seq analyses reveal key transcriptional
networks in LPCs and close interactions with immune cells
Expansion of limbal epithelium results in downregulation of GPHA2
and acquisition of proliferative limbal basal epithelial cell markers
scRNA-Seq of keratoconus corneas reveals activation of collagenase
in the corneal stroma and a reduced pool of limbal suprabasal cells
o All scRNA-Seq data are available for interactive queries via the cell
browser: http://retinalstemcellresearch.co.uk/CorneaCellAtlas

Introduction

Cornea is the transparent front part of the eye, which together with
the lens focuses the light onto retina for visual processing [1]. Corneal
blindness is the 2nd main cause of blindness worldwide accounting for
23 million people, adding a huge burden to health care resources [2-4].
Often the only treatment is surgical transplantation of donor cornea, a
therapeutic option that has been in practice for more than a century. In
Europe, over 40,000 blind people are waiting for corneal transplant
every year [5]. This worldwide shortage of corneas results in about 10
million untreated patients globally and 1.5 million new cases of blind-
ness annually [4].

Despite efforts to develop corneal substitutes, surgery with alloge-
neic donor tissue from cadavers has remained the gold standard for more
than a century [1]. Transplantation of limbal stem cells (LSCs) and
closely related epithelial cells have been used for corneal cell replace-
ment therapies [6,7]. However, these clinical techniques only address
epithelial regeneration, and not restoration of a dysfunctional corneal
stroma or endothelium. Clearly, there is an unmet need for the design of
new smart biomaterials and stem cell therapies to create a whole cornea
that is indistinguishable from the original native tissue and fulfills the
natural functions of a transparent cornea. This can be achieved by un-
derstanding the physical and cellular structure of the tissue under
normal steady state and disease conditions.

The cornea is comprised of five layers: the outermost epithelium,
Bowman’s layer, the stroma, the Descemet’s membrane and the endo-
thelium [8]. The stratified epithelium covers the outermost surface of
the cornea and is divided from stroma by Bowman’s layer, a smooth,
acellular layer made up of collagen fibrils and proteoglycans, which
helps the cornea to maintain its shape. There is high corneal epithelial
cell turnover due to blinking as well as physical and chemical environ-
mental insults. The renewal of corneal epithelium is sustained by the
limbal stem cells (LSCs), which are located at the Palisades of Vogt at the
limbal region that marks the transition zone between clear cornea and
conjunctiva [9].

The corneal stroma occupies 90% of the corneal thickness [10]. The
stroma is composed of water, proteoglycans, and collagen fibrils, ar-
ranged in lamellae to reduce light scattering and enable corneal trans-
parency. The stroma is populated by scarcely distributed keratocytes,
which secrete the collagens and proteoglycans, in addition to a small
population of corneal stromal stem cells (CSSCs), which are localized in
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the anterior peripheral (limbal) stroma near to LSCs. CSSCs display
properties of mesenchymal stem cells, including clonal growth, multi-
potent differentiation, expression of stem cell-specific markers, ability to
divide extensively in vitro and to generate adult keratocytes [11]. Gen-
esis of corneal endothelium begins when periocular neural crest cells
migrate between the presumptive corneal epithelium and lens vesicle
and undergo a mesenchymal-to-endothelial transition to form a mono-
layer that occupies the posterior surface of the cornea [12]. A major
function of corneal endothelium is to maintain corneal transparency by
regulating corneal hydration. The corneal endothelium comprises a
single layer of closely interdigitating hexagonal cells, which secrete the
Descemet membrane, a cell-free matrix that mostly consists of collagens.
Unlike the corneal epithelial cells, endothelial cells in humans are not
endogenously renewed or replaced during a lifetime and their cell
density declines at an average of approximately 0.6% per year in normal
corneas throughout human life [13].

To better understand the complexity of human ocular surface, we
performed single cell (sc) analyses of human cornea and adjacent con-
junctiva during human development and in adulthood, in steady state
and disease conditions. A similar approach was applied to the ocular
anterior segment in mouse, leading to identification of a novel marker
for stem and early transit amplifying cells, TXNIP [14]. While this work
was under review, two studies reported the single cell transcriptomic
analysis of human limbal basal epithelium [15] and murine corneal
non-myelinating Schwann cells [16]. Our study complements and ex-
pands these published data by providing a comprehensive single cell
atlas of the whole developing and adult human cornea and adjacent
conjunctiva that defines their development, limbal progenitor cells and
their interactions with immune cells.

Results

SCRNA-seq of adult human cornea and adjacent conjunctiva reveals the
presence of progenitor and differentiated cells in the epithelial, stromal,
and endothelial layers

Human adult cornea and the adjacent conjunctiva were excised from
four deceased donor eyes (51, 74, 77 and 83 years old) and dissociated
to single cells. Approximately 10,000 cells were captured from each
sample using the 10x Chromium Single Cell 3’ Library & Gel Bead Kit
(version 3). 21,343 cells were obtained from the four adult corneas after
data integration and doublet cell exclusion. These were embedded using
Uniform Manifold Approximation and Projection (UMAP) and clustered
using Seurat graph-based clustering, which revealed the presence of 21
cell clusters (Fig. 1A). Cluster identification was performed based on
marker genes (Figure S1, Table S1), bioinformatic data mining and
immunohistochemical (IF) analysis.

Identification of epithelial cell populations

Clusters 0 and 6 displayed high expression of Keratin 13 (KRT13) and
19 (KRT19) [17,18] as well as SI00A8 and S100A9 [19], which pointed
to conjunctival cell fates (Fig. 1B and Figure S2A). Differential gene
expression analysis indicated higher expression of KRT6A, KRT14 and
KRT15 in cell cluster O compared to cell cluster 6 (Figure S2B), sug-
gestive of a basal conjunctival epithelium, which was confirmed by IF
(Figure S2C). Cluster 6 displayed higher expression of Mucin 4 (MUC4)
and 1 (MUC1) as well as KRT4, indicative of a superficial conjunctival
epithelium, which was also corroborated by IF (Figure S2C).
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Cell clusters 1, 2, 4, 5, 7 and 10 displayed high expression of keratin
12 (KRT12), whose expression is associated with corneal and limbal
epithelium [20] (Fig. 1B). Cell cluster 1 displayed high expression of gap
junction protein beta 6 (GJB2), which is associated with a basal corneal
epithelial phenotype [21]. HES1 and HES5, whose expression is confined
to the basal and immediate suprabasal corneal epithelium [22], were
also highly expressed in cluster 1 (Table S1) and thus we defined cluster
1 as corneal basal epithelial cells. Clusters 2, 5 and 7 displayed high
expression of KRT24, whose expression is found in the suprabasal (also
known as wing cells) and the superficial layers of corneal epithelium.
Amphiregulin (AREG) was the most highly expressed gene in cluster 2
(Figure S1, S3A). Its expression was confined to the most superficial part
of corneal epithelium, (Figure S3B), leading to definition of this cluster
as corneal superficial epithelium. Differential gene expression analysis
indicated LYPD2 to be highly expressed in cluster 5 (Figure S3A); hence,
IF with antibody raised against LYPD2 was carried out revealing low
expression in the corneal epithelium (Figure S3C), but high expression in
the limbal superficial epithelium, defining cluster 5 as limbal superficial
epithelium (Figure S3C’). High expression of KRT3 and KRT12 with
KRT24 in cell cluster 7 indicates a central cornea suprabasal or super-
ficial epithelial cell fate. IF analysis revealed KRT3 immunostaining in
the suprabasal cells and its absence from the very flat squamous cells at
the corneal superficial epithelium (Fig. S3D); hence, this cluster was
defined as corneal suprabasal epithelial cells.

Cluster 4, 9 and 10 were transcriptionally similar to each other
(Figure S1); thus we performed differential gene expression and violin
plot analyses, which revealed expression of KRT14 and TP63 in all three
clusters; however KRT15, a limbal progenitor marker [23,24] was
highly expressed in clusters 9 and 4 but not in cluster 10 (Figs. S4A-D).
Through the differential gene expression analysis (Figure S4A), we were
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able to identify a unique marker for cluster 10, CPVL, which was not
expressed in the other epithelial clusters (Fig. S5A). CPVL immuno-
positive cells were found in the limbal stroma next to the KRT15+ limbal
basal epithelial cells, with a small minority co-expressing ANp63
(Figs. S5B-D). This cluster also showed high expression of PAX6
(Table S1), a transcription factor expressed in the limbal niche cells in
the stroma [25], whose function is to maintain the phenotype of neural
crest progenitors. In view of this, we speculated that cluster 10 may
represent the limbal neural crest derived progenitors (LNCPs). IF anal-
ysis revealed a large overlap in expression between the neural crest
marker, MITF and the cluster 10 specific marker, CPVL (Figure S5E, E’),
confirming the LNCPs nature of this cell population.

Cluster 4 displayed similar KRT15 expression to cluster 9; however,
this cluster was characterised by lower KRT14 and TP63 expression
(Table S1). This cluster also expressed the differentiation marker con-
nexin 43 (GJA1, Figure S4E) [26] as well as the tight junction trans-
membrane Claudin 1 (CLDN1) and 4 (CLDN4), which are present
throughout the cell layers of corneal and conjunctival epithelium [27],
suggesting that the cells in this cluster are distinct from the limbal
progenitor cells (LPCs). A dual plot gene expression heatmap showed the
highest co-expression of KRT15 and CLDN4 in cell cluster 4 and to a
lesser extent in cluster 0 (Figure S6A). IF with both antibodies showed
the highest co-expression of these two markers in the suprabasal cells of
the limbal crypt (Figure S6B), defining this cluster as limbal suprabasal
cells.

Cluster 9 showed an interesting transcriptional profile, exhibiting
high expression of putative LPC markers including CXCL14, CEBPD,
TP63, S100A2 and the more recently discovered marker, TXNIP [14]
(Table S1), defining this cluster as LPCs. We selected cluster 9 to be at
the start of the tree position in our pseudotime analysis and showed that
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Fig. 1. scRNA-Seq analysis of adult human cornea and conjuctiva (see also Figures S1-512 and Table S1). A) Microphotograph of adult human ocular surface before
scRNA-Seq analysis (left panel) and UMAPs of each adult human cornea and conjunctiva (middle panel). Following data integration and analysis, an integrated
UMAP revealing the presence of 21 cell clusters was generated (right panel); B) Violin plots showing the presence of key markers for stem, progenitor and differ-

entiated cells in the epithelial, stromal, and endothelial compartments.

Abbreviations for panel 1A: BV - blood vessels, CB — corneal basal epithelium, CS - corneal superficial epithelium, CSB — corneal suprabasal epithelial cells, CjB —
conjunctival basal epithelium, CjS — conjunctival superficial epithelium, CE-corneal endothelium, CSK — corneal stroma keratocytes, CSSCs — corneal stromal stem

cells, FCEC - fibroblastic corneal endothelial cells, IC1 - immune cells 1, IC2 —

immune cells 2, LF - limbal fibroblasts, LSB — limbal suprabasal epithelial cells, LSK —
limbal stroma keratocytes, LNCPs — limbal neural crest progenitors, LPCs —limbal progenitor cells, LS — limbal superficial epithelium, LV —

lymphatic vessels, Mel -

melanocytes, RBC — red blood cells, Additional abbreviations for panel 1B: Conj— conjunctival Ep-epithelium, Fib-fibroblasts, End-endothelial.
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these cells gave rise to the differentiated corneal and limbal epithelial
cell clusters in accordance with its LPCs definition above (Figure S7).

Identification of fibroblasts and stromal cell populations

Fibulin 1 (FBLN1), which forms part of the extracellular matrix
(ECM) that regulates the LSCs niche [28], was highly expressed in
clusters 8 and 16 (Fig. 1). IF analysis, showed clear and high FBLN1
expression under the limbal crypts (Figure S8A-C); however, this was
not localised to the keratocytes marked by CD34 expression
(Figure S8B), hence, we defined cluster 8 as limbal fibroblasts. Cluster
16 displayed high expression of collagen 1 Al (COL1AI1) and A2
(COL1A2) genes, which are known to be expressed in the corneal stroma
[29], but more importantly this cluster also showed high expression of
collagen 3A1 (COL3A1) (Table S1), whose expression is found in limbal
stroma [28]. A differential gene expression analysis between clusters 8
and 16, identified Osteoglycin (OGN) to be predominantly expressed in
cluster 16 (Figure S8D, E). IF analysis (Figure S8F-H) showed a clear and
distinct expression of OGN in the limbal, but not central cornea, hence
we defined cluster 16 as limbal stromal keratocytes.

High expression of Keratocan (KERA), encoding the keratan sulfate
proteoglycan that is involved in corneal transparency [30], was found in
cluster 3 and 12 (Fig. 1B, S1). Differential gene expression analysis
revealed Matrix Metallopeptidase 3 (MMP3) expression in cluster 3, but
not 12 (Figure S9A). IF localised the MMP3 immunopositive cells to the
stroma of peripheral and central cornea (Figure S9B-D). All the
MMP3-immunostained cells also showed expression of CD105
(Figure S9E, E’), a marker of CSSCs [31], leading us to define cluster 3 as
CSSCs. Since Keratocan and Lumican (LUM), were amongst the top ten
expressed genes in cluster 12, we performed IF for Lumican, showing a
clear “stacked arrangement” typical of keratocytes, which secrete the
stroma extracellular matrix (Figure S9F). In view of these data we
assigned cluster 12 as central stroma keratocytes.

Identification of immune cells

Clusters 15 and 17 were distinguished by the high expression of
chemokine ligands (CCL3 in cluster 15 and CCL5 in cluster 17) and were
defined as immune cells I and II respectively (Fig. 1, S1). Nonetheless
both populations seem to have a mixed immune cell phenotype; hence,
to get better insights into cell fate of these two clusters, further sub-
clustering was performed (Figure S10A), revealing the presence of
monocyte derived macrophages and dendritic cells, two subtypes of CD8
T cells and two subtypes of macrophages (Table S2, Figure S10B-G),
consistent with innate cell immune profiling in cornea and conjunctiva
[32,33].

Identification of endothelial cell populations

High expression of Transgelin (TAGLN, also known as SM22aq;
Fig. 1B) and Actin Alpha 2 (ACTAZ; Figure S1) were found in cluster 13.
Both markers are associated with endothelial to mesenchymal transi-
tion, which occurs during ex vivo expansion of corneal endothelial cells
[34], resulting in acquisition of a fibroblast cell phenotype [34]. Damage
to the corneal endothelium in rabbits results in infiltration of leukocytes
and loss of endothelial cells, which triggers morphological changes of
surrounding endothelial cells and decreased collagen IV synthesis
coupled to increased synthesis of collagens I and III [35]. High levels of
collagen I and III gene expression were observed, suggesting that cluster
13 represents modulated corneal endothelial cells, which have acquired
a fibroblast phenotype; hence this population was assigned as fibro-
blastic corneal endothelial cells (FCECs). IF indicated a small number of
the FCECs to be present in the stroma of limbal and peripheral cornea
(Figure S11A, B).

Clusters 11, 18 and 20 displayed high expression of the atypical
chemokine receptor (ACKRI1, also known as DARC, Fig. 1B), whose
expression is found on the endothelial cells of capillary and post-
capillary venules [36]. Differential gene expression analysis
(Figure S11C) identified CDH19, CCL21 & LYVE1 and POSTN to be
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predominantly expressed in clusters 20, 18 and 11 respectively. IF
revealed the presence of CDH19 immunopositive cells in the corneal
endothelium (Figure S11D-G) and POSTN immunopositive cells in the
blood vessels (Figure S11H), leading us to define clusters 20 and 11 as
corneal endothelium and blood vessels, respectively. Cluster 18 was
defined as lymphatic vessels based on CCL21 and LYVE1 expression. IF
indicated CCL21 immunopositive cells to be in the limbal and
conjunctival region (Figure S11I).

Identification of red blood cells and melanocytes

Cluster 14 showed high expression Hemoglobin Subunit Alpha 1
(HBA1) and other genes present in red blood cells (Fig. 1B, S1): these
were located under the conjunctival epithelium (Figure S12A) and the
limbal crypts (Figure S12B). Cluster 19 showed a high expression of
pigmented cell markers including TYRP1, PMEL, MLANA, MITF and TYR
(Figs. 1B and S1), which led us to define this cluster as melanocytes. IF
revealed the presence of MLANA and MITF double immunopositive cells
under the limbal crypts (Fig. S12D). MLANA immunopositive cells were
also found scattered in the limbal epithelium, corroborating previous
findings of pigmented LSCs [37].

In summary, our scRNA-Seq data combined with IF analysis reveals
the presence of progenitor and differentiated cells in all the layers of
cornea and adjacent conjunctiva as well as the accessory cells. An
interactive cell browser enabling users to view these data and perform
interactive queries can be found at: http://retinalstemcellresearch.co.
uk/CorneaCellAtlas/.

SCRNA-seq analysis reveals novel markers for LPCs

The scRNA-Seq analysis revealed an interesting LPC cluster in the
limbal epithelium (cluster 9). To identify LPCs specific markers, we
investigated which of the 119 highly expressed markers of cluster 9
(Table S1) was absent or expressed at low levels in the other corneal
epithelial cell clusters. Five markers namely GPHA2, CASP14, MMP10,
MMPI1 and AC093496.1 (Lnc-XPC-2) were highly and predominantly
expressed in cluster 9 (Fig. 2A). IF showed strong and predominant
GPHA2 expression in the limbal crypt overlapping with KRT15 expres-
sion (Fig. 2B-D, H, 1), whilst MMP1 and MMP10 immunostaining was
observed in the limbal (Fig. 2D, K, M) as well as in the corneal and/or
conjunctival epithelium (Fig. 2J, L, O, P), hence the latter two markers
cannot represent LPCs. A few GPHA2 immunopositive cells within the
limbal crypts, which were characterised by ANp63, p27 and CEBP§
expression (Fig. 2E-G), were also immunopositive for Ki67 (Fig. 2C,
white arrow), indicating that most of GPHA2+ cells within the crypts are
quiescent. Biomart bioconductor R package was used to annotate
differentially expressed genes in cluster 9 with GO terms. GPHA2
(glycoprotein hormone subunit alpha 2) was annotated by GO to be
located on the “cell surface”. Because of its predominant expression in
the limbal crypts and cell surface location GPHA2 was selected for
further investigations detailed in the rest of this section.

Subsequently, we investigated the expression of GPHA2 on ex vivo
expanded limbal epithelial cells (LECs). GPHA2 was present in a few
cells clustered together in the middle of or periphery of colonies marked
by KRT15 and ANp63 expression (Fig. 3A and B). All the GPHA2 cells
were Ki67*1; however not all Ki67" cells were GPHA2™ (Fig. 3C). The
same was also true for co-staining with ANp63, which was observed
throughout the colonies with very few GPHA2+ANp63+ cells present
(Fig. 3B) in a cluster like pattern. In accordance, flow cytometric anal-
ysis indicated 0.41% + 0.21 (n = 7) of cultured LECs to display cell
surface expression of GPHAZ2. In accordance with GPHA2’s expression in
LPCs, a significant reduction in expression was observed upon air-liquid
interface induced differentiation of LECs (Fig. 3D). Flow activated cell
sorting of GPHA2" and GPHAZ2™ cells followed by qRT-PCR analysis
indicated a significantly higher expression of GPHA2 and KRT15 in the
GPHA2" cells. Moreover, GPHA2™ cells were distinguished by their
ability to generate holoclones at the expense of meroclones and
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paraclones (Fig. 3E).

RNA interference (RNAIi) was carried out to assess the role of GPHA2
in LECs clonogenecity and cell fate determination (Fig. 3F). Morpho-
logical and qRT-PCR analysis showed the presence of large, elongated
cells in the GPHAZ2 siRNA group (data not shown), indicative of differ-
entiation onset, corroborated by a significant decrease in expression of
KRT15 and the increase in expression of the differentiation markers,
KRT3 and KRT12 (Fig. 3F). Colony forming efficiency (CFE) assays
indicated a huge reduction in the GPHA2 siRNA group (Fig. 3G).

Taken together, this set of experiments suggests that GPHA2 posi-
tively controls the undifferentiated state of human LPCs, and that this
new marker can be used to identify human LPCs.

Combined scRNA-Seq and ATAC-Seq analysis reveals key transcriptional
networks in LPCs and close interactions with immune cells

Four human adult cornea/conjunctiva samples were subjected to
scATAC-Seq analysis. Approximately 10,000 cells were captured using
the 10x Genomics Chromium Single Cell ATAC Library & Gel Bead Kit
(version 1). Following QC, 10,625 cells were obtained after data inte-
gration. All the predicted RNA-Seq clusters were also found in ATAC-Seq
analysis except for cluster 20, which may be due to the very low cell

numbers present in this cluster (Figure S13). Interestingly, the LPCs cell
cluster was distinct in the UMAP plot from the other epithelial clusters.
To analyse these in more detail, 7618 epithelial cells were selected
(Fig. 4A) and differential accessibility analysis of the LPCs (cluster 9,
Table S3) versus the rest of the corneal and conjunctival epithelial cell
clusters was performed. This analysis identified differentially accessible
(DA) peaks overlapping with promoters (—1000bp, +100bp) and distal
or intergenic regions of any transcription start site (Table S3). Amongst
the top accessible promoters in LPCs were those of KRT14 and CASP14
(Fig. 4B and C), both highly expressed in this cluster (Figure S4C, 2A).
Amongst the less accessible promoters in the LPCs cluster 9, we identi-
fied MUC22 (Fig. 4D), which is highly expressed in the corneal and
limbal superficial epithelial clusters (Fig. 1A), but not in LPCs.

The JEME database [38] was used to link the differentially accessible
peaks to the enhancer regions for LPCs (cluster 9) and limbal suprabasal
cells (cluster 4). The EDHI locus, containing a distal enhancer of the
LPCs marker, GPHA2, was identified as being more accessible in cluster
9 (Fig. 4E), in accordance with its putative function in maintaining LPCs
undifferentiated state and self-renewal. Transcription factor (TF) bind-
ing motifs enrichment was performed using Signac (Table S3). It is of
interest to note that binding factor motifs for the putative LPCs and
progenitor markers, such as TP63 and CEBPD, were enriched in the LPCs
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Fig. 3. GPHA2 supports LPC undifferentiated state in vitro. A-C) Expression of GPHA2 and overlap with KRT15, ANp63 and Ki67 respectively in ex vivo expanded
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**p < .001, ***p < .001, ****p < .0001.

cluster (Table S3).

To identify TF networks governing the LPCs cluster the upstream
regulator tool in IPA was used, combined with overlay analysis of DA
peaks, enhancers, and TF binding motifs. This analysis revealed
enhanced activation of 23 upstream regulators in LPCs compared to the
rest of epithelial clusters (Table S4). Fourteen out of the 23 upstream
regulators represent pro-inflammatory cytokines (TNF, IL1, IL6, IL17A,
IFN¥ and OSM), pro-inflammatory cell surface receptors (TREM1), in-
ducers of proinflammatory cytokine expression (AP1) and regulators of
inflammatory response (NFkp, RELA, CSF2, PI3K, ERK1/2, and F2).
Importantly, 6 of these regulators (TNF, IL1B, IFN¥ OSM, TREM1, CSF2)
show the highest expression in immune cell clusters 15 and 17
(Figure S14), whilst a further regulator (IL6) is predominantly expressed
in immune cells and limbal fibroblasts (data not shown). Importantly,
CellPhoneDB [39], revealed multiple significant interactions between
LPCs (cluster 9) and immune cells (clusters 15 and 17, Table S5). To
validate these findings, LECs were cultured in the presence of TNFa (10
ng/ml), IL6 (10 ng/ml) and IL1f (10 ng/ml) for 7 days with daily media
changes. Cell counts indicated a significant decrease in cell number
upon TNFa and IL1f treatment, corroborating published work impli-
cating these two immune regulators in apoptosis of LECs [40]
(Figure S15A). Quantitative RT-PCR and flow cytometric analysis indi-
cated a significant increase in expression of GPHA2 and TP63 expression
only in the TNFa« treated group (Figure S15B). The increase in GPHA2
expression was also corroborated by flow cytometric analysis
(Figure S15C). Together these data suggest that TNFa treatment group
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most likely induces the apoptosis of differentiated corneal epithelial
cells, thus mimicking a central cornea defect [41], which in turn stim-
ulates the proliferation of LPCs. This hypothesis is corroborated by
clonal assays, which revealed a significant increase in the number of
holoclones at the expense of meroclones in the TNFa treated group. A
significant increase in paraclones was observed in IL1f treated LECs
(Figure S15D). Together these findings suggest an important role for
pro-inflammatory cytokines produced by the immune cells in the regu-
lation of LPCs transcriptional profile, corroborating previous reports
showing that supplementation of LECs cultures with pro-inflammatory
factors can impact directly on the expression of putative LPCs markers
and their colony-forming efficiency and size [28,40,42,43].

Amongst the upstream regulators, we also found several growth
factors, namely EGF, BDNF and FGF2 (Table S4). Addition of EGF has
become a standard media requisite for the expansion of LECs, with EGF
addition stimulating proliferation [44], colony growth under serum free
conditions [45] and inhibiting the expression of differentiation markers
[46]. EGFR is present in LPCs [47] (Table S5) and its inhibition has been
shown to affect epithelial cell proliferation during corneal wound
healing [48]. Although a direct role for FGF2 in LPC expansion has not
been proven, FGFR2 is essential for corneal epithelial cell proliferation
and differentiation [49]. Similarly, the nerve growth factor BDNF, may
influence LPCs, via promotion of corneal innervation [50]. One of the
BDNF receptors, the low affinity nerve growth factor receptor, p75, is
differentially expressed in LPCs and downregulated during LECs differ-
entiation [51]. Impairment of trigeminal innervation, which provides
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Fig. 4. scATAC-Seq of adult human cornea and conjuctiva (see also Figure S13, Table S3). A) UMAP of adult human cornea and conjunctiva epithelial clusters and
limbal neural crest progenitors; B-E) Schematic single cell chromatin accessibility of KRT14 (B), CASP14 (C), MUC22 (D) and EHD1 (containing a distal enhancer for

GPHA2) (E) in the human cornea and conjunctiva epithelial clusters and LNCPs.

trophic support to the cornea results in neurotrophic keratitis, a
degenerative disease characterized by corneal sensitivity reduction,
spontaneous epithelium breakdown, and impairment of corneal healing
[52]. The presence of BDNF as an upstream regulator in LPCs may
therefore underline the close interaction between LPCs and corneal
nerves, contributing to the maintenance of corneal epithelial surface
integrity and consequently ocular surface homeostasis.

It is interesting to note that pro and anti-angiogenic factors including
Coagulation Factor 2 (Thrombin), VEGF and PDGF BB were found as
upstream regulators of LPCs. While VEGF and PDGF BB are pro-
angiogenic factors [53], thrombin itself can activate thrombospondins
1 and 2 (TSP-1 and TSP-2), which are expressed in the cornea and
contribute to its avascularity [54]. Collectively, these data suggest a
balanced action of pro-and anti-angiogenic regulators in LPCs to
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maintain an avascular state in the corneal epithelium. LECs expansion ex vivo and limbal dysplasia in vivo result in downregulation
of GPHAZ2 expression

Ex vivo expansion of LECs is widely used for treatment of patients

with LSCD either by single cell disassociation of limbal rings and plating
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Fig. 5. scRNA-Seq of ex vivo expanded human LECs and comparison to adult human cornea and conjunctiva (see also Figure S16 and Table S6). A) UMAP of ex vivo
expanded LECs integrated with the four adult human cornea/conjunctiva samples shown in Fig. 1A, revealing the presence of three additional cell clusters found in
the ex vivo expanded LECs. Although all cluster annotations are the same as in Fig. 1A, during the integration process the original 18 and 11 were combined in the
integrated cluster 11; B) Cell cycle distribution of additional clusters 1-3; C) Comparative heatmap showing differentially expressed genes between the three
additional clusters found in the ex vivo expanded LECs.
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on mitotically inactivated 3T3 fibroblasts or explant outgrowth on a
substrate such as human amniotic membrane (HAM) [55]. Although
these techniques are widely used clinically, it is not known whether the
ex vivo expanded LECs resemble the LPCs in vivo or if either technique is
superior. To address these questions, we obtained one limbal ring from
an 80-year-old living female (exenteration procedure), which we ana-
lysed by scRNA-Seq before and after ex vivo expansion on 3T3 feeders
and HAM. 14,897 cells were obtained after filtering and QC steps. To
facilitate cell cluster annotations, this dataset was integrated with the
four adult human cornea/conjunctival datasets using integration
methods developed by Stuart et al. [56], which are designed to over-
come batch effects and identify shared cell identities across different
experiments, whilst preserving the identity of cells that are unique to a
specific cluster. We identified three additional clusters in the ex vivo
expanded LECs (Fig. 5A and Table S6), all of which were characterised
by a high percentage of cells in S and/or G2/M phase of the cell cycle
(Fig. 5B) and high expression of Ki67 and PCNA, indicative of their
proliferative nature (Table S6).

Differential gene expression analysis identified several markers
associated with limbal basal epithelium, including ITGA6 [57], ITGB1
and VIM [58] in the additional cluster 1, defining it as cultured basal
limbal epithelium (Fig. 5C). Keratin 13 was the most highly expressed
marker in the additional cluster 2 (Table S7). Published studies in the
field have shown expression of KRT13 in the suprabasal limbal epithe-
lium, for this reason we defined this cluster as cultured suprabasal

& & & & F
§ o &
& o o o o

¢ s o ¢ &

& & L & &
— .
o
P
st0082
s
ost
st
HMGB2| Identity
voezc e
st
b Sdionaiciiters
ocn| Expre
M| -
009
s
cuond
s
Py
saens
o
o
o
coun

GPHA2

oxeug

SERPINBI|

CTNNALL

ALDH3AL

The Ocular Surface 21 (2021) 279-298

limbal epithelium [59]. KRT13 is also a marker of conjunctival epithe-
lium and we cannot fully dismiss that this cell cluster may represent a
mixture of suprabasal limbal epithelium and cultured conjunctival
epithelium, as limbal ring dissections can often include a small rim of
surrounding conjunctiva. The additional cluster 3 was characterised by
high expression of markers of mitosis in addition to epithelial progenitor
markers KRT14 and KRT15 and was therefore annotated as mitotic
epithelial progenitors. A correlation analysis was performed by taking
the average gene expression of each cluster for the top 2000 highly
variable genes used in the clustering analysis. This analysis indicated the
additional cluster 1 to be more like the LPSs cluster 9 (correlation co-
efficient = 0.91), whilst the additional cluster 2 was similar to both
limbal suprabasal cell cluster 4 and LPCs cluster 9 (correlation coeffi-
cient 0.93 and 0.92 respectively).

LECs culture on 3T3 feeders and HAM generated similar percentages
of basal and suprabasal limbal epithelial cells and mitotic progenitors
(Figure S16A). Differential gene expression analysis was used to
compare ex vivo expanded cultured basal limbal cells (additional cluster
1) to LPCs in vivo (Figure S16B), revealing a significant decrease in the
expression of LPCs markers (Table S7) including GPHA2, TXNIP and
CEBPD, corroborating the presence of very few GPHA2 cells in ex vivo
cultured LECs (Fig. 3A). In addition a significant upregulation of
markers associated with highly proliferative basal epithelial cells (e.g.
S100A2, S100A10) [19] was observed (Table S7 and Figure S16B).

To investigate if a similar phenomenon occurs during dysregulation
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Fig. 6. Expansion of LECs in vivo leads to loss of GPHA2 expression and acquisition of markers associated with proliferative limbal basal epithelial cells (see also
Figures S17, S18 and Table S8). A) Representative photo showing a human cornea with a limbal dysplasia; B) UMAP of limbal dysplasia sample integrated with ex
vivo expanded LECs (Fig. 5A) and the four adult human cornea/conjunctival samples (Fig. 1A) showing the presence of six additional clusters in the cornea with
limbal dysplasia. Although all cluster annotations are the same as in Fig. 1A, during the integration process the original cluster 7 was combined with original cluster 2
in the integrated cluster 6 and clusters 18 and 11 were combined in the integrated cluster 11; C) Comparative heatmap showing the differentially expressed genes
between the six additional clusters found in the cornea with limbal dysplasia; D) Comparative heatmap showing differentially expressed genes between LPCs (cluster
9) and the proliferative basal limbal epithelium I-III corresponding to additional clusters 1, 3, 5 in the cornea with limbal dysplasia.
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of LPCs growth in vivo, we focused on scRNA sequencing of an adult
cornea (deceased male 80 years old) with a visible limbal growth/
dysplasia protruding from the limbus towards the nasal conjunctiva
(Fig. 6A). The scRNA-Seq subset obtained from the cornea with limbal
dysplasia was integrated with the adult cornea and conjunctiva and

A
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cultured LEC subsets as described above (Fig. 6B), resulting in the
identification of six additional clusters (Table S8), five of which were
present in both the cornea with limbal dysplasia and cultured LECs
(Figure S17).

The additional cluster 6, which is specific to the cornea sample with
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Fig. 7. scRNA-Seq of keratoconus samples (see also Figures 519, S20 and Tables S9-S12). A) UMAP of central cornea samples obtained from two patients with
keratoconus and one unaffected subject integrated with the four adult human cornea/conjunctiva samples shown in Fig. 1A. Although all cluster annotations are the
same as in Fig. 1A, during the integration process the original, cluster 19 and cluster 20 matched just one cluster in the integrated clustering (shown as cluster 19), as
did cluster 15 and 17 (shown as cluster 15); B) Comparative analysis between the unaffected and keratoconus cornea showing the percentage of cells in each cluster.
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limbal dysplasia, displayed high expression of SAAI1, a marker of
pancreatic ductal adenocarcinoma tumor stroma primarily composed of
cancer-associated fibroblasts [60] (Table S8). SAA1 is also expressed in
the corneal fibroblasts and corneal keratocytes and shown to be upre-
gulated in inflammation mediated neovascularization [61]. This cluster
also displayed high expression of other fibroblast and keratocytes
markers including VIM, FN1, COLA1A2, TIMP2 (Fig. 6C and
Figure S18C) and for this reason was defined as activated fibroblastic
stroma cluster.

The proliferation markers, PCNA and Ki67 were highly expressed in
additional clusters 1-5, indicating their proliferative nature
(Figure S18A). Cell Cycle analysis corroborated these findings
(Figure S18B) showing a considerable percentage of cells in the S and/or
G2/M phases of the cell cycle. Differential gene expression analysis
indicated high expression of proliferative epithelial basal cell markers
(KRT14, KRT15, S100A2 etc.) in the additional clusters 1-5
(Figure S18C). Additional cluster 4 showed high KRT13 expression, a
marker of suprabasal limbal epithelium [59] (Fig. 6C) and thus was
defined as proliferative suprabasal limbal epithelium. Cluster 2 con-
tained more than 95% of cells in mitosis and was defined as mitotic
epithelial progenitors. The additional clusters 1,3 and 5 were defined as
proliferative basal limbal epithelium I-III in view of their cell cycle
characteristics and high expression of proliferative epithelial basal cell
markers (S100A2) (Fig. 6C). Similarly, to ex vivo expanded LECs, the
additional clusters 1, 3 and 5 showed a downregulation of GPHA2 and
TXNIP (Fig. 6D), indicating that limbal dysplasia in vivo also results in
downregulation of some of the typical LPCs markers.

scRNA-seq of keratoconus corneas reveals activation of collagenase in the
corneal stroma and a reduced pool of limbal suprabasal cells

To validate the applications of single cell sequencing as a platform
for gaining molecular insights into disease pathology we focused on
keratoconus, an asymmetric, progressive disease in which the cornea
becomes conical in shape. The aetiology of keratoconus is not fully
understood although current knowledge postulates that this is a final
common pathway for several diseases, which are underlined by genetic
predisposition triggered by environmental factors [62]. To gain insights
into disease pathology we performed scRNA-Seq of central cornea
samples obtained from two keratoconus patients (18 and 43-year-old
males) at the time of corneal transplantation and one cadaveric unaf-
fected female adult subject (80 years old). After filtering and QC steps,
2641 cells were obtained. This dataset was integrated with the adult
cornea/conjunctiva dataset using the same integration methods as
above (Fig. 7A), resulting in identification of a new additional cluster of
central stroma keratocytes (Table S9), which was present in the central
cornea of both unaffected subject and keratoconus patients. Following
the data integration, the percentage of cells in each cluster was
compared between the two keratoconus patients and the central cornea
unaffected subject (Fig. 7B), revealing a noticeable decrease in limbal
suprabasal cells (cluster 4) and an increase in cluster 12 (corneal stroma
keratocytes) in the keratoconus central cornea samples.

Irregular arrangement, enlargement and reduction in corneal basal
epithelial cell density of keratoconus patients is known [63]. In addition,
loss of corneal stromal architecture is a key feature of keratoconus
affected corneas. In view of this and the changes noted in cluster 12, we
performed differential gene expression analysis for this cluster between
the unaffected subject and keratoconus patients (Figure S19A,B,
Table S10), which indicated a significant downregulation of genes
involved in collagen biogenesis (COL8A1, COL6A3, COL5A2), pro-
teoglycans (KERA), genes involved in WNT signalling pathway (WNT5A,
DKK2, SFRP1), serine protease inhibitors (SERPINA5, SERPINE2),
mitochondrial genes (MT-CO1,MT-ND1), cytokeratins (KRT5, KRT14),
cytokines (JL32) and members of the TGFp (TGFpI) family known to be
involved in collagen-cell interaction in keratoconus stroma samples,
corroborating previously published data [62-65]. In contrast, we

289

The Ocular Surface 21 (2021) 279-298

noticed a significant upregulation of genes involved in ECM degradation
(TIMP3, TIMP2), cell death (ANXA1), oxidative stress defence and
detoxification (ALDH3A1), epithelial to mesenchymal transition (VIM,
TWIST1) and FOS and JUN oncogenic transcription factors (FOS, FOXB,
JUNB, JUND) (Fig. S19B).

The top canonical pathways that were most significant to keratoco-
nus stroma were EIF2 and mTor signalling, oxidative phosphorylation,
and mitochondrial dysfunction (Table S11). Interestingly these top
pathways have been associated with keratoconus pathogenesis through
proteomic studies of corneal stroma obtained from affected patients
[64-67], providing a validation benchmark for our single cell studies.
Using IPA, we identified activated upstream regulators with the most
significant for Keratoconus being collagenase (Table S12). The increase
in collagenase activity, which has been biochemically confirmed in
keratoconus stroma, is of great interest as it has been shown that this
enzyme cleaves collagen molecules into fragments, which are processed
by gelatinase (also activated in keratoconus stroma) and cathepsin for
degradation, corroborating the observed decrease in collagen in the
corneal stroma of keratoconus patients. Together our scRNA-Seq studies
support the original hypothesis of Kao et al. that the decrease in collagen
and stromal thinning in keratoconus is due to an increase in collagenase
activity [68]; therefore keratoconus may represent a collagenolytic
disease. The loss and degradation of stromal collagen may allow other
cell types to repopulate the corneal stroma in keratoconus patients.
Based on the significant increase in expression of TWIST1, a key tran-
scription factor driving epithelial to mesenchymal transition and VIM, a
key marker of mesenchymal cells, we speculate that the non-resident
stromal repopulating cells may be of mesenchymal origin.

The typical presentation of keratoconus has both stromal and central
epithelial thinning [63]; however the underlying cause for the epithelial
thinning is not known. Given the decrease in percentage of cells
observed in the limbal suprabasal cell cluster 4 in keratoconus patients
(Fig. 7B), we performed a differential gene expression analysis for this
cluster between the unaffected subject and keratoconus patients
(Figure 520, Table S10), revealing a significant decrease in LPC (KRT14,
KRT15, TXNIP) as well as a significant increase in expression of differ-
entiated corneal epithelial cell markers (AREG, KRT3, HES1) in kera-
toconus samples. Together these data suggest that in keratoconus
patients, the limbal suprabasal cells differentiate towards corneal
suprabasal and/or superficial epithelial cells, depleting the pool of
migratory limbal suprabasal cells that can repopulate the central corneal
epithelium. Given previous interactions between immune and limbal
suprabasal cells described earlier and the dominance of inflammatory
driven signalling pathways in limbal suprabasal cells in keratoconus
patients (Table S11), it may be possible that these changes are driven by
inflammatory processes, also observed in tears of keratoconus patients
[69].

scRNA-seq of human developing cornea reveals stage-specific definitions of
corneal epithelial, stromal, and endothelial layers

To understand the molecular events that lead to specification of stem
and progenitor cells in the epithelial, stromal, and endothelial layers of
the cornea, we performed scRNA-Seq analysis on seventeen human
corneas dissected from karyotypically normal 10-21 post conception
week (PCW) specimens. Following filtering and QC, 89,897 cells were
analysed. High expression of typical epithelial, stromal and endothelial
cell markers was not detectable at the very early stages of corneal
development [70,71]; hence, we relied on published evidence of
developmental tissue markers contributing to the corneal layer devel-
opment (neural crest, periocular mesenchyme, mesoderm) and the
transfer label function from Seurat to project cell annotations from the
adult cornea into the developmental samples. All the scRNA-Seq data are
deposited in the interactive cell browser http://retinalstemcellresearch.
co.uk/CorneaCellAtlas/.

scRNA-Seq analysis indicated that at 10 PCW, a large cluster of
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neural crest cells was identified alongside a smaller cluster of meso-
dermal and proliferating progenitors (Fig. 8), showing high expression
of IGFBP5/PITX2/FOXC2 [72], PITX1 and Ki67 respectively (Table S13).
In accordance, IF revealed the presence of Ki67" proliferating cells
throughout the layers of developing cornea and conjunctiva
(Figure S21A, B) as well as widespread expression of neural crest
marker, FOXC2 (Figure S21C, D). At this stage of development, the
limbus was distinguished by a thicker epithelium (2-3 cell layers)
compared to corneal and conjunctival epithelium, which were mostly 1
cell layer thick (Figure S21E, F). The expression of putative LSCs/pro-
genitor marker, ANp63 was observed throughout the basal epithelium of
the ocular surface. KRT15 was expressed throughout the ocular surface
epithelium in a patchy fashion with strong expression in the limbal area
(Figure S21 E, F). Two epithelial cell clusters (cluster 2 and 3) were
identified by the scRNA-Seq analysis and defined as corneal and
conjunctival epithelium based on expression of KRT3/12 and KRT13/7
respectively (Fig. 8). The corneal epithelial cell cluster 2 was charac-
terised by high expression of several cytokeratins (17, 18, 19, 8), mucins
(15, 16, 20) and Metallothioneins (MT2A, MT1X) (Table S13). Scattered
MT2A immunopositive cells could indeed be observed in the corneal,
limbal and conjunctival epithelium (Figure S21G, H). Despite the
expression of KRT3 and KRT12 transcripts in the corneal epithelial cell
cluster 2, very few KRT3 and KRT12 immunopositive cells could be
found by IF in the limbal region (Figure S21I, J). In contrast, strong
expression of KRT13 was observed in the conjunctival and limbal region
and few superficial cells of central cornea epithelium (Figure S21K, L),
indicating an earlier specification of conjunctival epithelium and a pe-
ripheral to central wave of epithelial differentiation, as suggested earlier
by Davies et al. [70]. The stromal cell clusters (keratocytes) were easily
identified by the high expression of keratocyte markers, TGFBI and
THBS]1 as well as the expression extracellular matrix components (KERA,
LUM, various collagen chains) secreted by the corneal stromal kerato-
cytes (Table S13) [73], which were also detectable by IF in the central
cornea and limbal stroma (Figure S21M, N). The endothelial cluster was
distinct from the others and expressed high levels of several genes found
in developing endothelial cells including KDR, MSX1, BMP2 and
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COL4A2.

A much higher complexity was observed at 12 PCW, where the
number of detected cell clusters reached 23 (Table S13). In addition to
neural crest cell and mesodermal clusters, a higher complexity of corneal
stromal populations was observed with increased cellularity (Fig. 8)
alongside increased complexity of fibroblast cell clusters. The conjunc-
tival epithelium (cluster 21) defined by KRT13 and KRT7 expression
formed the smaller of the two epithelial clusters (Fig. 8). IF analysis
revealed strong expression of KRT13 in the conjunctival and limbal
epithelium and some superficial cells of the central cornea
(Figure S22A). The corneal epithelium cluster 7 displayed high expres-
sion of KRT15, KRT14, TP63 and PAX6, although KRT15 and ANp63
immunopositive cells were found throughout the ocular surface
epithelium (Figure S22C, D), corroborating previously published data
[70]. KRT12 immunopositive cells were observed in the limbal and
corneal epithelium, whilst KRT3 was expressed in the superficial limbal
epithelial cells (Figure S22E-G), indicating a more progressed stage of
corneal epithelial differentiation and specification compared to 10 PCW.
Three clusters of proliferating cells were also identified, indicative of
ongoing cellular proliferation and corneal immaturity and consistent
with Ki67 immunostaining throughout the corneal and conjunctiva
(Figure S22A, B). scRNA-Seq analysis also revealed the presence of
melanocytes, red blood cells, corneal nerves, and immune cells (Fig. 8,
Table S13). At this stage of development, corneal endothelium and
endothelial progenitor cells were present alongside two additional
clusters representing the blood and lymphatic vessels (Fig. 8B). In
accordance, CDH19 and TAGLN immunopositivity could be strongly
observed in the developing corneal endothelium (Figure S22H).

The 13-14 PCW was very similar to 12 PCW in terms of cluster
identity and the presence of accessory cells types (Fig. 8), although much
less Ki67 immunoreactivity was observed (Figure S23A-C). At this stage
of development, the corneal epithelium (cluster 6) defined by the
expression of KRT12 continued to show high expression of CXCL14,
KRT15, KRT14, KRT19, KRT15, TP63 and secreted WNT family mem-
bers (WNT6A, WNT10A, WNT4, WNT7B, WNT2B) (Table S13). KRT13
was strongly expressed in the conjunctival and limbal epithelium and in
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Fig. 8. scRNA-Seq of embryonic and fetal cornea and conjunctiva from 10 to 21 PCW with cluster annotations (see also Table S13 and Figures S21-526).
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few cells of the superficial corneal epithelium (Figure S23A-C), whilst
ANp63 and KRT15 were expressed throughout the ocular surface
epithelium (Figure S23D, E). KRT12 immunopositive cells were found in
both limbal and corneal epithelium (Figure S23F, G), whilst KRT3
immunopositive cells were detected in the superficial limbal epithelium
and in a few cells of the superficial corneal epithelium (Figure S23H, I).

Single cell RNA-Seq analysis of 16 PCW specimens indicated that the
neural crest and mesodermal cell clusters were no longer detectable,
suggesting their migration and differentiation to corneal stromal and
endothelial cell layers was largely completed (Fig. 8). Two major dif-
ferences were seen compared to 10-14 PCW. Firstly, the detection of a
cell cluster (6) with high expression of Nidogen (Table S13), which may
suggest the development of the corneal epithelial basement membrane,
corroborating histological observations of a thin Bowman’s layer in 15
PCW specimens [70]. Secondly, in addition to the well-defined corneal
(cluster 7) and conjunctival epithelium (cluster 12), a cluster of prolif-
erating epithelial progenitors (cluster 18) and limbal stem/progenitor
cells (cluster 10) with high expression of KRT15, KRT17, KRT19, PAX6
and WNT4, WNT10A and WNT6 expression was present, suggesting the
establishment of limbal and/or progenitor cells and corroborating pre-
vious scanning electron microscopy studies, revealing a clear demarca-
tion of limbal epithelium containing CK15 immunopositive cells
between the smooth cornea and conjunctiva at 16 and 17 PCW fetal
specimens [70]. In accordance with scRNA-Seq findings, IF analysis
revealed the presence of GPHA2 immunopositive cells in the limbal
region and few cells of the corneal epithelium (Figure S24A, B) as well as
the presence of limbal crypt-like structures with basal KRT15 and
ANp63 expression and superficial KRT13 staining (Figure S24C-F).
KRT3 was expressed in very few cells of the limbal epithelium with the
majority of immunopositive cells localised to the corneal epithelium (as
in the adult cornea), indicating a more advanced stage of corneal
epithelium differentiation compared to 14 PCW (Figure S24G, H).
KRT12 expression at this stage of development was confined to the
corneal epithelium and few cells at the limbal region (Figure S241, L).

The 17th and 18th week of development were characterised by very
similar cell clusters to 16 PCW, however, there was increased cellularity
of corneal and conjunctival epithelium compared to the other develop-
mental stages (Fig. 8). The GPHA2 immunopositive cells were found in
the limbal and corneal epithelium (Figure S25A-C), whilst KRT3 and
KRT12 immunopositive cells were in the limbal and corneal epithelium
(Figure S25D-G). KRT15 and ANp63 expression was observed
throughout the ocular surface epithelium (Figure S25F-I); however, in
contrast to the earlier development stages, KRT13 expression became
restricted to the conjunctival and limbal epithelium (Figure S25J, K),
indicating a better demarcation of the peripheral epithelium. Notwith-
standing, the continuous expression of KRT15 throughout the ocular
surface epithelium as well as GPHA2 in both limbal and corneal regions,
suggests however that the boundary between the limbal and corneal
epithelium has not been fully defined yet.

At 20-21 PCW, 4 epithelial clusters were detected comprising the
corneal and conjunctival epithelium and proliferating epithelial pro-
genitors and limbal stem/progenitor cells (Fig. 8). The immunohisto-
chemical expression of key limbal stem and corneal and conjunctival
epithelial markers remained much the same as in 18 PCW (Figure S26A-
J) with strong GPHA2 expression in the limbal epithelium but less so in
the corneal epithelium and KRT3/12 and KRT13 restricted to corneal
and conjunctival epithelium respectively as well as the limbal epithe-
lium. In accordance with the establishment of limbal stem/progenitor
cells, clusters of limbal fibroblasts and stroma were identified (Fig. 8)
and validated by IF (Figure S26K, L), suggesting the formation of a
specialised limbal niche to support their self-renewal and differentia-
tion. At this stage of development, an increase in fibroblast type and
cellularity was observed. In addition, a defined cluster of myofibroblasts
was identified (Fig. 8). The myofibroblast’s key role is the restoration of
corneal integrity because of their ability to secrete extracellular matrix,
contribute to wound repair and adhesion capability to the surrounding
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substrates. In adults, development of corneal myofibroblasts is noticed
after surgery and is considered as a pathological response to injury.
Their presence at the midgestation stage may suggest a “beneficial” role
in response to apoptosis that cornea is thought to undergo during
morphogenesis, resulting in specification of the limbal ridge [70]. We
were able to detect for the first time during corneal development, the
FCECs cluster, which is characterised by the expression of markers
involved in endothelial to mesenchymal transition, a process known to
occur during ex vivo expansion of corneal endothelial cells or in response
to inflammation. The identification of FCECs during midgestation may
be linked to the extensive proliferation of endothelial progenitor cells
during corneal morphogenesis.

In summary, our scRNA-Seq analysis of human developing corneas
identifies stage-specific definitions of corneal epithelium, stromal and
endothelial layers as well as the accessory cell types involved in main-
tenance of the limbal progenitor cells.

Discussion

Advances in single cell sequencing technologies have enabled
detailed studies of tissues and organs during human development and in
adulthood [74]. We report here a comprehensive scRNA-Seq analysis of
human cornea and conjunctiva encompassing 10-21 PCW and adult
samples, providing a detailed map of corneal layer development and cell
differentiation. We have used this analysis to identify new markers for
LPCs in vivo, characterise the changes they undergo during cellular
expansion and uncover the transcriptional networks and upstream reg-
ulators that maintain LPCs potency. Deposition of our data in open ac-
cess databases and provision of an interactive cell browser provides a
unique opportunity for other researchers to expand this analysis and get
new insights on all corneal and conjunctival cell populations and their
development.

During development, the eye is constructed from three sources of
embryonic precursors: neuroectoderm, surface ectoderm and periocular
mesenchyme [72]. The periocular mesenchyme receives cells from both
the neural crest and mesoderm and contributes to multiple mature cell
lineages including the corneal endothelium and stroma. Accordingly,
our scRNA-Seq showed a large presence of neural crest and mesoderm
cells at 10 PCW: these decreased significantly at 12 PCW, coinciding
with the expansion of the stromal compartment (keratocytes) and the
emergence of blood vessels, melanocytes, and corneal nerves. The
corneal epithelium itself is formed from bilateral interactions between
the neural ectoderm-derived optic vesicles and the cranial ectoderm
[12]. Morphological and ultrastructural studies have shown a segrega-
tion between epithelial and stromal cells as early as 6.5 PCW; however, a
detailed understanding of conjunctival, corneal and limbal epithelium
specification until now is lacking. Our combined scRNA-Seq and IF an-
alyses suggest a peripheral to central mode of differentiation with con-
juctival epithelium being specified first, followed by gradual definition
of corneal epithelium between 12 and 16 PCW and the establishment of
limbal stem/progenitor cells at 16 PCW. The later establishment of
limbal stem/progenitor cells could be due to the lack of limbal niche,
which is essential for their maintenance. Although some elements of the
niche (e.g. corneal nerves, melanocytes, blood vessels) are present from
12 PCW, the limbal stroma and fibroblasts, that are essential for the
generation of necessary ECM and paracrine factor secretion, only
become visible at midgestation (20-21 PCW).

Similarly, the corneal endothelium and blood and lymphatic vessels
are present as early 12 PCW, with a source of endothelial progenitors
established at 16 PCW. Although the endothelial progenitors were pre-
sent until midgestation, we were unable to locate a similar cluster in
adult cornea, which coincides with the inability of corneal endothelium
to regenerate [75]. It is of interest to note the presence of a different
population in adult cornea, identified as FCECs, which are thought to
participate in endothelial wound healing under pathological conditions.
The FCECs are typical not only of the adult stage, as our single cell
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analysis also uncovered their presence at midgestation (20-21 PCW)
alongside the endothelial progenitor cell cluster. Together these data
suggest the establishment of a “reserve endothelial” population at
midgestation that may contribute to endothelial wound healing once the
endothelial progenitors are no longer present (as in the adult cornea).
The corneal stroma keratocytes expand from 10 to 18 PCW before
consolidating into two clusters at midgestation stages. Their develop-
ment is associated with high expression of key stroma markers including
lumican, keratocan and various collagen chains, necessary for the
structural integrity of the corneal stroma. The presence of multiple
keratocyte clusters can be explained by various states of maturation and
proliferation in this compartment as well as their location either at the
center or periphery of the cornea. Future studies employing high-
resolution spatial transcriptomics-based techniques, should enable
detailed localisation of these clusters and their developmental matura-
tion. Literature precedence suggests the presence of CSSCs, which are
believed to be of neural crest lineage and able to divide extensively in
vitro and to generate adult keratocytes [11]. We were able to identify
proliferating progenitors throughout corneal development, however the
high expression of cell cycle markers did mask any lineage markers, for
this reason we are unsure whether they comprise the CSSCs. Nonethe-
less, we can detect CSSCs in the adult cornea as a separate cluster
associated with high expression of matrix metalloproteinase MMP3 and
CD105. There have been extensive discussions in the literature whether
CSSCs are bone marrow or neural crest derived. We were unable to
observe expression of neural crest markers (MITF, PAX6, SOX9 etc.) in
the CSSCs cluster; however, our analysis did uncover a population of
neural crest progenitors (LNCPs) located next to limbal basal epithe-
lium, expressing neural crest markers (PAX6, MITF) and appreciable
levels of Ki67. Together these findings suggest that CSSCs and LNCPs are
two different cell populations, with the first most likely to contribute to
the stroma regeneration and the second to the maintenance of LSCs.
The renewal of corneal epithelium is critically reliant on limbal stem
and progenitor cells. Loss of LSCs results in limbal stem cell deficiency
(LSCD) characterised by corneal neovascularization, chronic inflam-
mation stromal scarring, corneal opacity and loss of vision [76].
Transplantation of autologous ex vivo expanded limbal stem and pro-
genitor cells from a healthy contralateral eye onto the patient’s damaged
eye is an established treatment for patients with total/severe unilateral
LSCD [7,77]. The frequency of stem and progenitor cells in the trans-
planted cell population is a key success factor for restoration of vision
[78]; hence identification, quantitation and enrichment of limbal stem
and progenitor cells prior to transplantation is an important and yet
unmet area for research. Several putative limbal stem and progenitor
cells markers have been identified including ANp63, ABCG2, ABCB5,
C/EBPo, Bmil, Notch-1 amongst others [79,80]. To identify novel LPCs
markers, we took an unbiased approach by identifying highly expressed
marker genes found in LPCs relative to other epithelial clusters. We
found five new genes not previously associated with LPCs, namely
GPHA2, CASP14, MMP10, MMP1 and AC093496.1 (Lnc-XPC-2). Two of
these markers, namely MMP10 and MMP1 were also expressed in the
conjunctival and central corneal epithelium and thus cannot represent
LPC markers, whilst GPHA2, a cell surface marker was predominantly
expressed in the limbal crypts, overlapping in expression with KRT15
and ANp63. A minority of GPHA2+ expressed Ki67, indicating that the
majority of the GPHA2 immunopositive cells in the crypt are quiescent.
Our IF analysis also showed a strong and abundant limbal crypt specific
expression of GPHA2, which resonates well with recent finding in the
field, indicating that stem/progenitor cells in the mouse corneal and skin
epithelium as well as esophagus and gut epithelium are abundant and
follow stochastic rules and neutral drift dynamics, dictated by neutral
competition between clones and the tight spatial boundary of the stem
cell niche [81-84]. Downregulation of GPHA2 using RNAi significantly
reduced colony forming efficiency and induced cell differentiation,
indicating an important role for GPHA2 in maintaining undifferentiated
state of human LPCs. The enrichment of GPHA2+ cells by flow activated
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cell sorting combined with clonal assays, indicated a significant
enrichment in holoclones, further supporting the data obtained from
RNAI studies and validating GPHA2 as a cell surface marker for LPCs.
Importantly, GPHA2 was expressed in the limbal epithelium from 16
PCW of human development, a time window, which corresponds with
the first detection of LSCs/progenitor cells by scRNA-Seq analysis. It is of
interest to note that a recent pre-print describing scRNA-Seq and clonal
dynamics in mouse cornea, has also identified Gpha2 as a marker of
quiescent LSCs [84], with similar expression pattern in the limbal crypt.
GPHA2 is a glycoprotein hormone, which together with a second
glycoprotein hormone p5 (GPHBS5) forms the corticotroph-derived
glycoprotein (CGH). Transgenic mice overexpression GPHA2 or
GPHBS have been generated and studied mostly in the context of thyroid
function and morphology [85]. Whilst, GPHA2 transgenic mice do not
show overt abnormalities, the GPHB5 developed proptosis or bulging
eyes, which can be a consequence of trauma or swelling of surrounding
tissue and may be of interest to follow up in the context of potential role
for these glycoprotein hormones in limbal stem and progenitor cell
biology and wound healing.

Given the importance of ex vivo LECs expansion for LSCD treatment,
we used scRNA-Seq to compare cells before and after ex vivo expansion
under two different culture conditions: 3T3 feeders and HAM. Although
no significant differences were observed between the two expansion
methods, the ex vivo LECs showed a significant downregulation of the
LPCs marker identified in this study (GPHA2) and acquisition of markers
associated with proliferative basal limbal epithelial cells. The same
phenomenon was observed in limbal dysplasia in vivo, suggesting that
this change in transcriptional profile could be due to several events
including stimulation of proliferation as well as the incomplete repli-
cation of limbal niche under ex vivo culture conditions.

Our integrated single cell analysis revealed very close and well-
balanced interactions between LPCs and progenitor cells with the im-
mune cells, blood cells and corneal nerves. The interactions between the
LPCs with immune cells were mimicked under in vitro culture conditions
by supplementation of culture media with low concentration of in-
flammatory cytokines for a short window of time, one of which (TNFa)
resulted in an increase in GPHA2 expression and holoclone forming
cells. The limitation of this approach rests with the simplified nature of
the experiment where single cytokines are added, which does not
consider the more complex cytokine milieu of human limbus in vivo
either in steady state conditions or increased inflammation such as in the
case of LSCD. Despite this, the positive interactions between LPCs and
inflammatory marker expression resonate closely with the recent find-
ings from Altschuler et al. indicating loss of LSCs quiescence and delayed
wound healing in mice lacking T cells [84]. Together these data suggest
the need for a complete replication of the limbal niche during ex vivo
propagation methods to fully support LPCs survival, self-renewal, and
potency before clinical cell-based interventions. An interesting obser-
vation is that ex vivo expanded LECs with the current methods (HAM or
3T3 feeders) confer an overall 75% clinical success rate in cultured LECs
transplantation. This suggests that ex vivo expanded LECs may regain
their gene expression profile akin to LPCs upon re-establishing in-
teractions with the limbal niche in vivo.

Finally, we were also interested to validate the application of single
cell sequencing as a platform for gaining insights into corneal diseases.
We focused on keratoconus, a corneal disorder characterized by pro-
gressive thinning and changes in the shape of the cornea, which affects
approximately 1 in 2000 individuals worldwide. To date there have
been several proteomic studies of corneal stroma from affected patients
[64-67], revealing EIF2 and mTor signalling, oxidative phosphoryla-
tion, and mitochondrial dysfunction to be at the heart of molecular
changes in these patients. These same pathways were identified from the
scRNA-Seq of only two patients and one unaffected subject. These
findings when validated in a larger number of patients, may have
important implications for future treatment of these patients.

In summary, the single cell analyses described herein provides a
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comprehensive cell type specific information for all the cells and layers
found in the adult human cornea, limbus, and surrounding conjunctiva.
By expanding this analysis for the first time to the developmental cornea
and conjunctiva samples obtained from 10 to 21 PCW, we were able to
determine the stage specific definitions of conjunctival, corneal and
progenitor epithelial cells populations, establishment of the limbal niche
as well as segregation of stroma and endothelium and their associated
progenitor cell subpopulations. Importantly we identified a new puta-
tive LPCs surface marker, GPHA2 with important function in main-
taining undifferentiated state of human LPCs. Our results also provide an
excellent platform for using scRNA-Seq to compare the ex vivo expanded
LECs to their native counterparts and comparing two different widely
used cell expansion methods. Analysis of these datasets indicated that
culture methods do not account for the transcriptional differences
observed between the expanded limbal epithelial cells and LPCs in vivo.
The very close interactions between LPCs and the different elements of
the niche (immune cells, blood cells, corneal nerves, limbal fibroblasts
and stroma) bring to the forefront the importance of limbal niche in
maintaining the LPCs potency. Overall, the data presented herein,
showcase the ability of scRNA- and ATAC-Seq to assess multiple datasets
from the developmental and adult cornea, particularly the limbus under
normal and disease states in a comprehensive manner, revealing genes/
pathways that could lead to improvement in ex vivo expansion methods
for cell-based replacement therapies for corneal disease and repair of the
limbal niche before or as part of clinical interventions.

Materials and methods
Human tissue donation

Adult human eyes and corneal-scleral rings were donated for
research following informed consent. All tissue was provided by NHS
Blood and Transplant Tissue and Eye Services or the Newcastle and
Sunderland NHS Trust following ethical approval (18/YH/04/20).
Human tissue was handled according to the tenets of the Declaration of
Helsinki and informed consent was obtained for research use of all
human tissue from the next of kin of all deceased donors, or patient
themselves, who were undergoing exenteration procedures.

Corneas from adults aged 51, 74, 77, 83 and 86 years old were used
for the scRNA- and ATAC- analyses. Cell cluster validation by immu-
nofluorescence (IF) was performed on four additional corneas obtained
from adult donors aged 80, 82, 88 and 88 years old. Flow activated cell
sorting, air liquid interface differentiations and RNAi experiments were
performed on ex vivo expanded LECs from three different donors aged
78- and 80-years old undergoing exenteration procedures. Similarly,
comparison of ex vivo expanded LECs on 3T3 feeders and HAM to LPCs in
vivo was performed using a cornea obtained from an 80-year-old female,
following an exenteration procedure. The cornea with limbal dysplasia
was obtained from a deceased 80-year-old male, whilst corneas used for
the keratoconus study were from 18 to 43-year-old males; these were
compared to a cornea of an 80-year-old unaffected female subject. The
inflammatory cytokine study was performed on ex vivo expanded LECs
obtained from two 80-year-old and one 78-year-old donor, who had
undergone exenteration procedures.

The human fetal material was provided by the Joint MRC/Wellcome
Trust (MR/R006237/1) Human Developmental Biology Resource [86]
under ethics permission 08/H0906/21 + 5 issued by the North
East-Newcastle and North Tyneside 1 Research Ethics Committee.
Seventeen samples obtained from 10 to 21 PCW terminations with no
apparent abnormalities were used for the scRNA-Seq. Representative
corneal specimens were selected for IF analysis: this included triplicate
specimens from 10, 12, 14, 16, 18 and 21 PCW.

Single cell sequencing

Cornea-conjunctival tissue was excised from donated eyes and
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dissociated to single cells using a multi tissue dissociation kit (Miltenyi
Biotec). Dissociation time varied from 15 to 45 min depending on the
age of the tissue. The gentleMACS Dissociator (Miltenyi Biotec) was used
to aid dissociation of the adult tissue. Cell count and viability were
monitored using a Tali Image-Based Cytometer and Viability Kit
(Thermo Fisher Scientific).

For scRNA-Seq cells were captured and libraries generated using the
Chromium Single Cell 3’ Library & Gel Bead Kit, version 3 (10x Geno-
mics). sScRNA-Seq libraries were sequenced to 50,000 reads per cell on
an Illumina NovaSeq 6000.

For scATAC-Seq a nuclei preparation from the dissociated cells was
performed following recommendations from 10x Genomics. The subse-
quent nuclei were captured, and sequencing libraries generated using
the Chromium Single Cell ATAC Library & Gel Bead Kit, version 1 (10x
Genomics). scATAC-Seq libraries were sequenced to 25,000 reads per
nucleus on an Illumina NovaSeq 6000.

Analysis of single cell RNA sequencing

Quality control

The sequenced samples were de-multiplexed and aligned to human
reference genome GRCh38 before being quantified using CellRanger
version 3.01. Quality control filtering was applied to remove any cells
where fewer than 1000 reads or 500 genes or greater than 15% mito-
chondrial reads. Diagnostic plots were used to determine the most
appropriate thresholds for our data. DoubletFinder was used to predict
doublets in the data, which were then filtered.

Normalisation and batch correction

The Seurat R package (version 3.1.3) was used to normalise indi-
vidual experiments using the “LogNormalize” method. The Seurat
standard integrated analysis approach was used to overcome batch ef-
fects and combine samples from the developmental and adult samples
[56]. Firstly, we selected a subset of 2000 genes, which were highly
variable using the “FindVariableFeatures”. We then chose the first 30
principle components, which were used for integration. A combined
dataset was created by finding anchors between the individual datasets
to create a batch corrected expression matrix.

Cluster analysis and differential expression analysis

The corrected datasets were then clustered using a graph-based
clustering. We used Clustree to assess the stability of clusters from a
resolution of 0.2-1 and determined that a resolution 0.6 gave the highest
number of stable clusters with cells from each donor represented in each
cluster. The FindMarkers function identified markers for each cluster.
Cell types were then assigned to these clusters and annotated using these
genes lists. Cluster identity was validated using IF. The clustering results
were visualised using uniform manifold approximation and projection
(UMAP).

Label transfer and integration of datasets with adult samples

Integrated cluster analysis, described above, was performed on the
following groups of developmental samples: 10PCW, 12PCW, 13-
14PCW, 16PCW, 17-18PCW, 20-21 PCW. The adult dataset was used
as a reference to predict cell identities in the developmental data using
the Seurat “TransferData” function.

To compare the patient samples and LPCs with the adult cells we
chose to integrate the datasets directly using methods developed by
Stuart et al. [56] this was done to compare cells in non-overlapping
populations to understand the cellular composition of the samples.
This method allows comparison of cells within a shared space, as well as
cells, which are unique to a specific tissue. We performed cluster anal-
ysis on the integrated datasets and then matched the original cluster
labels from the adult data to clusters obtained within the integrated
datasets. We then ran the dimension reduction steps on the integrated
datasets to produce the UMAP. To aid interpretability we used the same
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colour scheme as the adult dataset.

Pseudotime trajectory analysis

Cells within the epithelial clusters 1, 2, 4, 5, 7 and 9 from the adult
datasets were selected for pseudotime analysis. The Harmony batch
correction method, which uses soft clustering to overcome over-
discretisation was used to remove batch effects between donors. A tra-
jectory and ordering of cells were inferred using Monocle 3.

Network analysis

The gene lists were analysed using the upstream regulator function
from QIAGEN Ingenuity Pathway Analysis (QIAGEN IPA). CellPhoneDB
was used to predict interacting cells across clusters. The analysis was
performed using the clusters identified by Seurat.

Analysis of single cell ATAC sequencing
Peak detection and selection

CellRanger ATAC (version 1.2) was used to identify accessible re-
gions from scATAC-Seq sequencing files. The cellranger-atac agrr
module was used to create a set of shared peaks present across all four
samples.

Quality control

The samples were then analysed with Signac version 0.2.4 along with
Seurat. The percentage of reads in peaks, number of reads in percentage
of reads in peaks per cell, percentage mapping to ENCODE blacklist,
nucleosome signal and TSS enrichment was calculated. The data was
filtered using thresholds to remove cells where the number of fragments
within peaks was less than 1000 or greater than 50000, or with a
blacklist ration of greater than 5% or a nucleosome signal of greater than
10 and a TTS enrichment of greater than 2.

Normalisation, batch correction and label transfer

Term frequency-inverse document frequency (TF-IDF) normalisation
was applied to the data. 10000 peaks were chosen, which were close to
the highly variable genes detected in scRNA-Seq data. Singular value
decomposition (SVD) was then run on the TD-IDF matrix, using the
selected peaks. UMAP clustering was used to visualise the data in 2D. A
gene activity matrix was calculated in the scATAC-Seq dataset, using the
closest genes to the peaks. Seurat was then used to perform clustering
analysis on each sample and transfer the cell type labels from the scRNA-
Seq to the scATAC-Seq data. Seurat integration methods were applied to
the data peak accessibility to overcome donor effects and combine the
four scATAC-Seq datasets.

Differential accessibility, classification of peaks and motif analysis

Logistic regression (LR) was used to identify differential accessible
peaks between the different cell types. Peaks were linked to promoters
using annotation from the Cellranger ATAC pipeline. The JEME data-
base (https://www.nature.com/articles/ng.3950) was used to predict
peaks in enhancer regions and the JASPAR 2020 database was used to
look for the presence of motifs in differentially accessible peaks. Signac
was used to create “pseudo-bulk” accessibility tracks by grouping cells
by cell type within promoter/enhancer regions of key genes.

Adult and developmental human cornea and conjunctiva IF

The adult and developmental eyes were fixed in 4% PFA overnight
followed by three washes in phosphate-buffered saline (PBS), incubated
overnight in 30% sucrose/PBS, embedded in optimum cutting temper-
ature (OCT) embedding matrix (Cellpath) and frozen at —20 °C. 10 pm
cryostat sections were collected using a Leica Cm1860 cryostat (Leica).
Cryosections were air-dried, washed several times in PBS and incubated
in blocking solution (10% normal goat serum, 0.3% Triton-X-100 in
PBS) for 1 h at room temperature. Slides were incubated with the
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appropriate primary antibody overnight at 4 °C (Table S14). After
rinsing with PBS, sections were incubated with the secondary antibody
for 2 h at RT. Alexa Fluor 488 and 546 secondary antibodies (Invitrogen-
Molecular Probes) were used at a 1:1000 dilution. Negative controls
were carried out by omitting the primary antibody. Afterwards, sections
were washed three times in PBS and mounted with Vectashield (Vector
Laboratories) containing 10 pg/ml Hoechst 33342 (Life Technologies)
for counterstaining nuclei. All details of antibody purchase and con-
centrations are provided in Table S14.

Human limbal explant culture

Adult human limbal tissue was obtained from the surplus cornea-
scleral rings remaining from cornea-scleral buttons provided by
NHSBT for full thickness corneal grafts (penetrating keratoplasty) pro-
cedures, or exenteration procedures performed by NuTH Hospitals NHS
Foundation Trust. The human amniotic membrane (HAM) was obtained
from placentas donated during elective caesarean section deliveries and
supplied by NHSBT. HAM is processed, mounted on nitrocellulose paper
and frozen at —80 °C in 50% glycerol/Hanks solution and supplied as
individual 3 cm? units.

LEC culture was performed by preparing the epithelial medium,
HAM construct and limbal biopsy preparation and placement onto the
HAM. Epithelial medium was prepared to the following composition:
66.75% Low Glucose Dulbecco’s Modified Eagle Medium (DMEM),
22.25% Ham’s F12 medium (Gibco), Human Serum AB 10%, hydro-
cortisone 0.4 pg/ml, insulin 5 pg/ml, triiodothyronine 1.4 ng/nl,
adenine 24 pg/ml, cholera toxin 8.4 ng/ml and EGF 10 ng/ml (Sigma
Aldrich), then sterile filtered via 0.2p filter (ThermoFisher Scientific).
Three separate aliquots of the resultant media were further supple-
mented with 1% penicillin/streptomycin (Gibco). The HAM was
defrosted at room temperature and washed twice by submersing the
tissue in Dulbecco’s Phosphate Buffered Saline (DPBS), (Gibco), sup-
plemented with 1% penicillin/streptomycin. Subsequently, the tissue
was washed a third time in 1% penicillin/streptomycin supplemented
epithelial medium. Two 24 mm? glass coverslips were prepared as per
the HAM washing procedure, in separate wells to the HAM. One glass
coverslip was carefully placed onto the lid of a sterile 6 well plate using
sterile forceps and a drop of 1% penicillin/streptomycin supplemented
epithelial medium added.

The HAM was carefully separated from the nitrocellulose paper with
sterile forceps and stretched over the coverslip, avoiding air bubbles,
and ensuring the epithelial side of the HAM was facing up, verified by
brief application of a cellulose eye spear to the HAM. The overhanging
edges of the HAM were trimmed using a sterile scalpel leaving approx-
imately 1 mm overlap on each side. The second glass coverslip was
placed on the edge of the 6 well plate lid and a drop of media added. The
HAM/coverslip was carefully lifted using the edge of a sterile scalpel
blade and sterile forceps then the edges were tucked under the coverslip.
The HAM was secured by placement on top of the second coverslip,
avoiding air bubbles between the coverslips and ensuring that the HAM
remains flat and in situ throughout the culture process. The HAM
construct was placed into a well of a fresh sterile 6 well plate with a drop
of media underneath the construct, preventing air bubbles. Finally, the
HAM was covered in the epithelial culture medium supplemented with
1% penicillin/streptomycin.

The limbal biopsies were prepared from the human cornea-scleral
rings, dissected to 2 mm? consisting of approximately 1 mm? periph-
eral cornea and 1 mm? adjacent cornea, ensuring all the cornea-scleral
limbus was included. Due to the manual dissection, small rims of sur-
rounding conjunctiva were also present in the dissected limbal rings.
The stromal side remained in place. Each biopsy was placed at the centre
of the prepared HAM, the spent epithelial medium removed prior to
biopsy attachment. After an interlude of 2 min, 1% penicillin/strepto-
mycin supplemented epithelial medium with was added slowly to each
culture to ensure the explant was covered in medium without causing it
to detach from the HAM. The cultures were fed with antibiotic-free
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epithelial medium on the third day and then every other day thereafter.
Cultures were terminated when outgrowth reached approximately 90%
confluence over the HAM. All cultures were performed under identical
conditions and incubated in a tissue culture incubator at 37°C humidi-
fied with 5% CO»,

Human limbal epithelial cell culture on 3T3-J2 feeder layers

Adult human limbal tissue was obtained from the surplus cornea-
scleral rings with informed consent as described above.

Twenty-four hours before LEC isolation from cornea-scleral tissue,
mitotically inactivated 3T3-J2 (Karafast, USA) mouse fibroblasts were
suspended in high-glucose DMEM supplemented with bovine calf serum
(10%) (Hyclone, USA) and penicillin/streptomycin (1%) (Thermo Fisher
Scientific, USA) and plated in a 9.6 cm? tissue culture well at the final
density of 2.4 x 10* cells per cm? as previously described [87]. The 3T3
cell suspension was placed in a tissue culture incubator at 37 °C over-
night to allow the establishment of a 3T3 feeder layer. On the following
day, LECs were harvested from cadaveric cornea-scleral rims as previ-
ously described [88]. The deeper layers of the cornea-scleral rings were
dissected away together with excess sclera leaving a ring containing
approximately 2 mm of peripheral cornea and 2 mm of adjacent con-
junctiva. The remaining tissue containing limbal epithelium was then
cut into smaller 1 mm? pieces. The LECs were isolated from these pieces
using serial trypsinization with 0.05% trypsin-EDTA solution (Thermo
Fisher Scientific, USA). After 20 min incubation in a tissue culture
incubator, the resulting cell suspension was removed from the limbal
pieces and epithelial medium was added to this suspension. The cell
suspension was centrifuged for 3 min at 1000 rpm in Heraeus Megafuge
16R Centrifuge (Thermo Fisher Scientific, USA), the supernatant
removed and the remaining cell pellet re-suspended in epithelial me-
dium containing 3:1 mixture of low-glucose DMEM:F12 supplemented
with fetal calf serum 10%, penicillin/streptomycin 1% (all Thermo
Fisher Scientific, USA), hydrocortisone 0.4 pg/ml, insulin 5 pg/ml,
triiodothyronine 1.4 ng/ml, adenine 24 pg/ml, cholera toxin 8.4 ng/ml
and EGF 10 ng/ml (all Sigma-Aldrich, UK). The trypsinization and
centrifugation process was repeated a further three times using the same
limbal tissue and the same centrifuge settings. The resulting cell sus-
pensions were pooled together. Cells were counted and assessed for
viability using trypan blue exclusion and a haemocytometer. 30,000
viable LECs in epithelial medium were added to one 9.6 cm? tissue
culture well containing the growth arrested 3T3 fibroblasts and placed
in a tissue culture incubator at 37 °C with a humidified atmosphere
containing 5% CO,. The medium was exchanged on the third culture day
and every other day thereafter. Several days after, cell colonies with
typical morphology started to appear and were cultured until they
became sub-confluent. Following this 3T3 feeder cells were detached
and removed using 0.02% EDTA (Lonza, Switzerland), sub-confluent
primary cultures were dissociated with 0.5% trypsin-EDTA (Santa
Cruz, USA) to single cell suspension and passaged at a density of 6 x 10°
cells/cm.” For serial propagation, cells were passaged and cultured as
above, always at the stage of sub-confluence, until they reached passage
3.

Air liquid interface differentiations

Air liquid interface differentiations were performed by harvesting
cultured human limbal epithelial cells as described above. 200,000 LECs
were plated on Matrigel coated 24-well plate cell culture inserts (Thin-
Certs™, Greiner bio-one). Once confluent, the apical medium was
removed, and the cells were fed from the basal chamber with epithelial
medium up to one month.

Human LECs culture with proinflammatory cytokines

LECs were plated on mitotically inactivated 3T3 at density of 3 x 10°
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cells/cm?2. The day after, LECs media was supplemented with IL6, TNFa
or IL1p, all at concentration of 10 ng/ml. Daily media changes were
performed and LECs were harvested at day 7.

Human LECs siRNA transfection

Human LECs from 3 different donors were grown on 3T3 feeder layer
in complete epithelial medium supplemented with EGF, adenine,
cholera toxin, hydrocortisone, insulin, and triiodothyronine. A day
before transfection, LECs (150 x 103) were re-seeded in 12-well plate
without feeders to increase transfection efficiency in EpiGrow Human
Ocular Basal Medium. The day after re-seeding cells were transfected
with either GPHA2 (HSS153169), or TFPI2 (HSS111884) Human Stealth
siRNAs and Stealth RNAi siRNA Negative Control Lo GC using Lip-
ofectamine™ RNAiMAX Transfection Reagent (ThermoFisher Scientific)
according to the manufacturer’s protocol. After 48 h incubation with
siRNA, cells we re-seeded into 6 well plates for colony forming efficiency
and clonal assays and cultured on 3T3 feeders for 14 days. The rest of the
cells were used for qRT-PCR.

Colony forming efficiency (CFE) assay for human LECs

Mitotically inactivated 3T3-J2 mouse embryonic fibroblasts (Kera-
fast, USA) were suspended in complete medium containing: high-
glucose DMEM (89%), FBS (10%) and penicillin/streptomycin (1%)
and plated in a 9.6 cm? tissue culture well at a final density of 2.4 x 10*
cells per cm? and placed in a tissue culture incubator overnight to allow
the establishment of a 3T3 feeder layer. The following day, 500 or 1000
viable LECs were plated onto the prepared 3T3 feeder cells together with
2 ml of epithelial medium. The CFE culture was then placed in the tissue
culture incubator and the epithelial medium was changed on the third
day and then every second day thereafter with regular microscopic ex-
amination (Eclipse TS100, Nikon, Japan) for the presence of colonies.
The CFE was measured on the 12th day of the culture. This was per-
formed by removal of the epithelial medium followed by two brief
washes with PBS. The culture was then fixed with 3.7% formaldehyde
(VWR International, UK) in PBS for 10 min at room temperature. Next,
the formaldehyde solution was removed, and the culture was irrigated
with PBS. The colonies were then stained by incubation with 1%
Rhodamine B (Sigma-Aldrich) in methanol for 10 min at room temper-
ature. Following staining, the colonies were counted under dissecting
microscope (SMZ645, Nikon, Japan). The CFE was calculated using the
formula: number of colonies formed/number of cells plated x 100.

Clonal assays for human LECs

Clonal analysis was performed by plating 1000 cells on 10-cm dishes
for 10-12 days. When colonies became visible, 15-20 randomly selected
colonies were individually trypsinised and transferred to fresh mitoti-
cally inactivated 3T3 fibroblasts in complete epithelial media. The plates
were fixed and stained with Rhodamine B after 12-14 days. The clonal
type was determined by (1) the morphology and size of colonies and (2)
the percentage of aborted colonies. Colonies that gave rise to <5% of
aborted colonies were scored a holoclones [89].

If of human LECs

Cultured LECs were fixed for 15 min in 4% PFA. A blocking step was
performed by incubation in antibody diluent containing 1% bovine
serum albumin (Sigma-Aldrich) with 5% normal goat serum (Thermo
Fisher Scientific) for 30 min prior to staining. Permeabilization with
0.2% Triton X-100 in PBS was performed prior to staining with anti-
bodies for internal cell markers. Cells were incubated with the appro-
priate primary antibodies (Table S14) at 4 °C overnight and further
incubated with secondary antibodies for 1 h at room temperature.
Following this, cells were washed and then mounted in Vectashield anti-
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fading media containing Hoechst (Vector Laboratories, UK). All details
of antibody providers and concentrations are provided in Table S14.

Image acquisition and processing

Adult and developmental eye sections and cultured LECs were
viewed on a Zeiss Axio ImagerZ2 equipped with Apotome 2 and Zen
2012 blue software (Zeiss, Germany). Objectives lens used were EC Plan
Neofluar 20x/0.5 Ph2 and EC Plan Apochromat 63x/1.4 Ph3. Series of
XZ optical sections (<1 pm thick) were taken at 1.0 pm steps throughout
the depth of the section. Final images are presented as a maximum
projection and adjusted for brightness and contrast using the Zen
software.

Flow cytometric analysis and cell sorting

LECs were harvested as described above. 1 x 10° single cells were
resuspended in 100 pl FACS buffer (PBS supplemented with 5% FBS) and
stained by incubation with 5 pl GPHA2 antibody (Santa Cruz, sc-390194
AF488) for 30 min at 4 °C in the dark. The cells were washed twice with
PBS before resuspension in 1 ml FACS buffer for FACS experiment on a
BD Fortessa Flow Cytometer. At least 20,000 cells were analysed in each
run and data were analysed with FACSDiva software (BD Biosciences).
Flow activated cell sorting was performed on a BD FACSAria.

Quantitative reverse transcriptase polymerase chain reaction (qQRT- PCR)

RNA was extracted from cultured LECs using the ReliaPrep RNA Cell
Miniprep System (Promega). cDNA was then synthesised using the
GoScript Reverse Transcription System as per the manufacturer’s pro-
tocol. qPCR was then performed using Go-Taqg qPCR Master Mix
(Promega) and was composed of 5 pl GoTag, 0.5 pl forward primer, 0.5
pl reverse primer, 0.5 pl template cDNA, 3.4 pul RNAse-free water and
0.1 pl CXR. All reactions were analysed on a QuantStudio™ 7 Flex Real
Time PCR System (ThermoFisher Scientific) according to the manufac-
turer’s instructions. A standard, 40-cycle qPCR was performed for each
sample. The primer sequences used for qRT-PCR are listed in Table S15.
The data was analysed using the 2-*2°* method.

Data availability

All single cell data are deposited in the Gene Expression Omnibus
under the accession number GSE155683. All scRNA-Seq datasets can be
assessed and visualised through the interactive cell browser can be
found in http://retinalstemcellresearch.co.uk/CorneaCellAtlas.
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