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Abstract

Limbal epithelial stem cells are required for the maintenance and repair of the cornea epithelial surface. The
difficulty in obtaining human corneal tissue for research purposes means that animal models for studying the
corneal and limbal epithelium are extremely useful. In particular, in organ culture systems, animal models can
enable the study of limbal epithelial stem cells in the context of their native niche. The similarities of the porcine
limbal microanatomy and stem cell marker expression make it an attractive model, however, functional analysis
of the limbal epithelial cell population is needed to validate the use of the tissue. Single cell clonal analysis
revealed that holoclone-generating cells were enriched in the limbus as compared with the central cornea
(38.3% vs 8.3%) and that label-retaining cells were also enriched in the limbus and compared with the central
cornea (44.716.4 vs 4.7£1.5). Furthermore, it was demonstrated that in a 3D-printed organ culture system,
porcine tissue was capable of maintaining and healing the corneal epithelium. Ki67 staining of corneal sections
revealed a proliferative response in the limbal basal epithelium that subsequently resolved, in response to central
epithelial wounding. Therefore, the authors present a comprehensively validated model system which will be a
powerful tool in studying the interactions between limbal niche factors and limbal epithelial stem cell fate.



1. INTRODUCTION

1.1 The epithelium is the outermost layer of the cornea and its integrity is a key determinant of corneal function.
In humans it is widely accepted that corneal epithelium is maintained by a population of unipotent epithelial
stem cells (Limbal epithelial stem cells, LESCs) concentrated in the limbal stem cell niche, located at the
corneoscleral junction (Dziasko et al., 2014; Dziasko and Daniels, 2016; Pellegrini et al., 1999; Shortt et al.,
2007; Thoft and Friend, 1983). A greater understanding of the factors involved in regulating stem cell fate is
necessary for further development of treatments within this field; both to enhance the efficacy of ex vivo LESC
expansion, and in revealing new therapeutic strategies based around reconstructing the niche (Yazdanpanah et
al., 2019).

To further understand the role of the limbal niche microenvironment and the contribution of individual niche
factors to the regulation of LESC fate, it is important to progress from 2D in vitro studies, to being able to study
these cells in a 3D tissue context. One challenge is the difficulty in obtaining suitable numbers of whole human
corneas of sufficient quality, in which the relationship between these factors and LESC function can be studied.
Therefore, animal models of the human cornea and limbus are invaluable in providing insights into LESC
biology.

Seminal lineage tracing studies in vivo in mice have been important in furthering our understanding of LESC
behaviour in homeostasis and under wounding conditions (Amitai-Lange et al., 2015; Di Girolamo et al., 2015;
Dora et al., 2015). However, the ethical and practical considerations that come with using live animals mean
that there is increasing interest in developing ex vivo models. With these models, cells can be studied in their
whole-tissue context, whilst sidestepping the many technical challenges of in vivo studies (Stepp et al., 2014).
This approach also incorporates the principles of Replacement, Reduction, and Refinement in animal research,
first outlined by Russell and Burch in 1959 (Tannenbaum and Bennett, 2015).

Accordingly, while organ culture systems have been used to study the behaviour of the corneal epithelium in
research-donated human eyes (Chang et al., 2008; Saghizadeh et al., 2010), there are also many examples of
corneal tissue from animals being used instead, including from dogs (Proietto et al., 2017), cows (Foreman et
al., 1996; Zhao et al., 2006) and pigs (Barrera et al., 2018; Notara et al., 2011). An important consideration in
such investigations is whether the corneal epithelial cell biology of other species is suitably similar to that of
humans.

While the mouse is well-suited for in vivo studies, there are significant differences between the human and
murine limbus (Li et al., 2017). One in particular is the lack of limbal crypt structures that are believed to
represent a key aspect of the human limbal niche (Dziasko et al., 2014). In contrast, the porcine ocular surface
has been shown to have a great deal of similarity with the human ocular surface (Crespo-Moral et al., 2020) and
indeed limbal interpalisade crypt structures have been demonstrated in porcine tissue (Notara et al., 2011;
Grieve et al., 2015; Patruno et al., 2017). Additionally, studies have demonstrated a functional compatibility
between human and porcine epithelial tissue (Notara et al., 2011). However, the authors believe that further
investigations, including single cell clonal analysis and label-retention studies, are important to further validate
the suitability of this tissue as a model for studying LESC behaviour.

This article presents work that has been carried out to further validate the porcine cornea as a suitable model for
studying limbal stem cell behaviour, and the subsequent development of an ex vivo organ culture model in
which the behaviour of the limbal epithelium can be studied in response to central corneal epithelial damage.

In assessing the suitability of this porcine model, the key hypothesis was that as in human tissue, cells with a
stem cell phenotype are enriched within the limbus. This was investigated with respect to the microanatomy of
the porcine limbus as well as its staining profile of key LESC markers. Furthermore, reflecting many of the
early studies in human tissue, clonal analysis and label-retention studies of the corneal and limbal epithelium
were also performed. The results confirm the similarities in the limbal epithelial phenotype between humans and
pigs.

Building on many of the organ culture models that already exist, 3D printed scaffolds were used to refine a
practical and easy-to-maintain system. Key objectives were preservation of the multi-layered epithelium and
limbal microanatomy; a consistent and conserved regenerative response to epithelial damage; evidence of the



requirement for an intact limbal niche for epithelial function; and evidence of a limbal proliferative response to
central corneal epithelial debridement.



2. MATERIALS AND METHODS

2.1 Corneal tissue

Human limbal tissue was obtained from three donors and used for sectioning. All experiments were approved
through the Moorfields Biobank Internal Ethics Committee (10/H0106/57-2011ETR10) and carried out
according to the tenets of the Declaration of Helsinki.

Eyes from 6-8-month-old pigs were purchased as redundant tissue from Humphreys & Sons (Blixes farm,
Chelmsford, United Kingdom). Eyes were collected within 1 hour of extraction and transported to the lab on ice
and processed immediately. Excess muscle, connective tissue, and conjunctiva were removed before the cornea
was separated from the globe, with a small rim of scleral tissue remaining. Anterior chamber structures were
separated from the corneoscleral rim (CSR), which was then washed: two minutes in 2% (v/v) Povidone-lodine
solution, one minute in 1% (v/v) Antibiotic-Antimycotic solution (ABAM; Sigma-Aldrich, Dorset, UK), and
one minute in phosphate-buffered-saline (PBS).

2.2 Visualising corneal sections

Corneas were bisected along the horizontal meridian and submerged in OCT (optimal cutting temperature)
compound in cryomolds before being frozen in liquid nitrogen. Cryosections, of 8-10um thickness, were cut
from the resulting blocks using a Leica CM 1850 cryostat (Leica microsystems, Milton Keynes, UK) and
transferred onto superfrost plus microslides (Fisher Scientific, Loughborough, UK). Slides were left to dry
before being stored at -20°C.

For visualising the anatomy, sections were fixed in 4% (v/v) paraformaldehyde (PFA) before being stained with
haematoxylin and eosin using an automated staining machine (Leica ST5010 Autostainer XL, Wetzlar,
Germany). Sections were imaged using a Nikon Eclipse TS100 inverted microscope (Nikon Instruments Europe
B.V., Surrey, UK).

For immunofluorescence, frozen sections were fixed with 4% PFA for 10 minutes. Slides were washed three
times with PBS. If the epitope was located intracellularly, cells were permeabilised with 0.5% (v/v) Triton X-
100 in PBS for 7 minutes at room temperature. Slides were then washed three times with PBS once more.
Tissue was blocked for 75 minutes in PBS supplemented with 5% (v/v) goat serum. Sections were then
incubated with the primary antibody in PBS with 5% goat serum, in a moistened chamber, overnight at 4°C.
Antibodies were used against p63 (1:100, orb11214, Biorbyt, Cambridge, UK), cytokeratin 3 (1:200, CBL218,
Merck Millipore UK, Watford, UK), and cytokeratin 15 (1:100, sc-47697, Santacruz, Texas, US).

For negative controls, IgG of the appropriate species, isotype, and concentration were added instead of the
primary antibody for negative controls. Sections were then washed three time with PBS and incubated with the
appropriate secondary antibody or counterstained with FITC conjugated phalloidin (1:500) in PBS with 5% goat
serum for one hour at room temperature. Slides were again washed three times with PBS and mounted using
Vectashield medium with DAPI (Vector laboratories Ltd. Peterborough, UK) and coverslipped.

Confocal images were captured using a Zeiss 710 confocal microscope (Carl Zeiss, Hertfordshire, UK). Images
were captured at either 10X or 40X magnification with water immersion lenses, with an averaging of 16 scans.
In order to balance the colours, generate overlays, and incorporate scale bars, images were processed using
Image J.

2.3 Cell culture

The corneoscleral rim was dissected to generate four arrow shaped segments, each including central and
peripheral cornea, limbus and scleral tissue. Limbal and central corneal tissue was transferred to a solution
containing 1.2 U/mL dispase II (Roche Diagnostics GmbH, Mannheim, Germany) in corneal epithelial culture
medium (CECM) overnight at 4°C. Following digestion, epithelial sheets were separated from the pieces of
tissue and were treated with 0.25% (v/v) TE-EDTA (Life Technologies, Paisley, UK) in PBS at 37°C for 25-30
minutes, with regular agitation of the mixture to generate a single cell suspension, a result which was confirmed
on microscopic examination.

Epithelial cells were seeded on growth arrested 3T3s (3T3s; a gift from Prof. Fiona Watt, Cancer Research, UK)
and maintained in corneal epithelial cell culture medium (CECM) containing a 1:1 ratio of DMEM high
glucose: F12, 10% (v/v) fetal bovine serum, epidermal growth factor (EGF) (10ng/mL) (Life Technologies,



Paisley, UK), adenine (0.18 mM), transferrin (Spug/mL), T3 (2nM), cholera toxin (0.1nM), hydrocortisone
(0.4pg/mL), insulin (Spg/mL), 1% Antibiotic-Antimycotic (v/v) (Sigma-Aldrich, Dorset, UK). CECM media
was changed three times a week, and co-cultures were maintained at 37°C in an incubator with 5% COz in air.
Cells were counted, 3T3 confluency assessed, and epithelial cell morphology was monitored using an inverted

phase contrast microscope (Nikon Eclipse TS100 inverted phase contrast microscope, Nikon Instruments
Europe B.V., Surrey, UK)

2.4 Clonal analysis

1500 epithelial cells derived from limbal or central corneal epithelial sheets were seeded on a layer of growth
arrested 3T3s in 55cm? culture plates and cultured for up to seven days. Once microscopic colonies could be
identified five colonies were randomly and independently selected for clonal transfer. Culture media was
aspirated, and each plate was washed with PBS. Polystyrene cloning cylinders (8mm) (Sigma-Aldrich, Dorset
UK) were dipped in sterile vacuum grease (Sigma-Aldrich, Dorset UK) and attached to the plate surface
surrounding each of the randomly selected colonies. Subsequently, 0.5% TE-EDTA (Life Technologies, Paisley,
UK) was added to the cloning cylinder for two minutes at 37°C to detach the epithelial cells which were then
transferred to another 55cm? culture plate with a layer of growth arrested 3T3s; these were referred to as
“indicator plates”. 5 primary cultures were taken from each of the central and limbal epithelium of each eye. 4
Clones isolated at random were then transferred to indicator plates to be cultured for 12 days on 3T3s.

Cells were cultured on indicator plates for 12 days. After 12 days, plates were fixed with 4% PFA, before being
stained with 1% Rhodamine B. Plates were then rinsed with dH20 (deionised water). In accordance with the
methods outlined by Barrandon and Green (Barrandon and Green, 1987), plates were then classified as
holoclones, meroclones, or paraclones, depending on the proportion of colonies on the plate that were aborted
(terminally differentiated). For assessment, colonies on plates were examined microscopically using an inverted
phase contrast microscope (Nikon Eclipse TS100 inverted phase contrast microscope, Nikon Instruments
Europe B.V., Surrey, UK).

The results of clonal analysis of cells from the central corneal and limbal epithelium were expressed in a 3x2
contingency table and statistical significance was assessed using the Freeman-Halton extension of Fisher’s exact
probability test.

2.5 Organ culture of corneas

A scaffold for the corneoscleral rims (CSRs) was developed by modifying a standard 6-well tissue culture plate.
A platform was designed using the free online tool, Tinkercad (www.tinkercad.com), and 3D-printed in
autoclavable Nylon SLS (Selective laser sintering) (Digits2Widgets, London, UK). The platform consisted of a
flat circular base, with four protruding pegs. Once autoclaved, platforms were attached to the plates using a
cyanoacrylate glue, and the overall scaffold was left under UV light for one hour before use.

Once washed, the CSRs were inverted in a corneal viewing chamber (Bausch & Lomb UK, Surrey, UK). An
agar mixture, containing 1.5% (w/v) agar in DMEM with 1% ABAM, was prepared and sterilised before being
warmed to liquid state and added to fill the CSR concavity and left to set, in order to maintain the anterior
chamber shape. Once set, the CSR filled with agar was attached to the scaffold and tethered by the pegs of the
platform (figure 2.1).

For the first two days, CSRs were fed with an antibiotic fortified culture medium containing a 1:1 ratio of
DMEM high glucose: F12, 10% (v/v) fetal bovine serum, adenine (0.18 mM), transferrin (Spg/mL), T3 (2nM),
cholera toxin (0.1nM), hydrocortisone (0.4pg/mL), insulin (Spug/mL), 10% Antibiotic-Antimycotic (v/v)
(Sigma-Aldrich, Dorset, UK).

Subsequently, corneas were fed with an sustained cultured medium containing a 1:1 ratio of DMEM high
glucose: F12, 10% (v/v) fetal bovine serum, adenine (0.18 mM), transferrin (Spug/mL), T3 (2nM), cholera toxin
(0.1nM), hydrocortisone (0.4pg/mL), insulin (Spg/mL), 1% Antibiotic-Antimycotic (v/v) (Sigma-Aldrich,
Dorset, UK). The use of DMEM in the organ culture of corneal epithelium was in accordance with its use in
previously published organ culture systems (Proietto et al., 2017). Medium was added dropwise daily to each
well up to the level of the limbus. Organ cultured corneas were incubated at 37°C and 5% COz inside an
incubator on a 3D orbital rotating shaker (Grant Instruments, Cambridge, United Kingdom) at 24 cycles/min.



In the instance of suspected infection, the affected cornea was disposed of along with any other tissue in the
same 6-well plate scaffold.

2.6 Wounding of organ culture corneas

Excess moisture was removed from the surface of the corneas using absorbent spears, or towels. A blunted 8mm
trephine was gently applied to the central surface of the cornea to demarcate a wound area and under the
microscope a blunted crescent blade (REF) or hockey stick tool was used to debride the epithelium within the
marked area (figure 3.3C).

Epithelial wound size was monitored by staining corneas with 2% ‘Minims’ fluorescein dye (Bausch & Lomb
UK, Surrey, UK). Media was aspirated from the wells, and the corneal surface was moistened with PBS, before
a drop of fluorescein was added to the surface. 2-300mL of PBS was then added to the surface to disperse the
dye. Corneas were illuminated using a Fiber-Lite MI-150 illuminator (Dolan-Jenner Industries, Boxborough
MA, USA), and imaged with a camera phone, with time stamps on the photos to help track the rates of healing.
Following this, the CSR was washed with media, and fresh media was once again added up to the level of the
limbus.

Due to heterogeneity in epithelial integrity of eyes following transport and processing, a validation step was
included before wounding studies. A central epithelial wound was created in the tissues at the time of being put
in organ culture. Corneas were followed until the epithelial surface had healed, as indicated by the lack of
surface fluorescein staining. Any corneas where the surface failed to heal was discarded from future wounding
studies. Once healed, all corneas were left to stabilise for two days to achieve a consistnet baseline.
Subsequently, another 8mm epithelial wound was created and wounded corneas were frozen for sectioning at 3,
6,12, 18 ,24 36 ,48 ,72, and 168-hour time points.

2.7 Label retention studies

Organ cultured corneas were incubated for 72 hours with added BrdU at a concentration of 10uM. The media
was changed daily and at the end of this period the corneas were washed three times in PBS. The corneas were
subsequently maintained in normal culture medium and cultured for either 24 hours, or 4 weeks before being
frozen for sectioning. Sections were stained using a rat monoclonal antibody against BrdU (1:100, ab6326,
Abcam, Cambridge, UK). In addition to the staining protocol described above, following the permeabilization
step, a DNA denaturing step was included wherein slides were incubated with 2N HCI for 60 minutes at 37°C,
before being washed three times with PBS. Sections were visualised as described above.

2.8 Scanning electron microscopy

Following either debridement of the limbal and corneal epithelium, or debridement as well as treatment with 1M
N-heptanol for 120s, corneas were fixed overnight at 4°C in Karnovsky’s medium, containing 2.5%
gluteraldehyde, 1% paraformaldehyde, 80mM cacodylate buffer, and 20mM NaOH. Samples were washed three
times for 5 minutes each with a wash buffer containing 1M sodium cacodylate. A 2% aqueous osmium tetroxide
treatment was performed for 2 hours, followed by five 5-minute washes with ddH20. Samples were then dried
serially at room temperature with 50%, 70%, 90% ethanol for 15 minutes each, and then 100% ethanol and
100% methanol twice each for 30 minutes, and finally 100% Hexamethyldisilazane once for 30 minutes, and
once more overnight. At room temperature, 100% conductive silver paint was applied and left to dry overnight.
Finally, gold/palladium sputter coating was applied to 1.5-1.7nM (Cressington 108 auto sputter coater, Watford,
UK). Samples were imaged using a Zeiss Sigma VP field emission scanning electron microscope (Carl Zesiss,
Hertfordshire, UK).



3. RESULTS

3.1 Porcine limbal epithelial phenotype

Fresh porcine corneas (n=3) were frozen and sectioned to examine the ultrastructure of the epithelium.
Haematoxylin and Eosin staining of sections from the superior, nasal, inferior, and temporal regions of the
limbus revealed that deep invaginations of the limbal epithelium, analogous to the limbal interpalisade crypts
found in human limbal tissue, were present in sections from all regions (figure 3.14)

Sections were also stained to establish the distribution of cells expressing markers associated with an LESC
phenotype. Cells in the basal layer of the limbus, exclusively, were positive for expression of p63 and
cytokeratin 15 (CK15). These cells were also negative for the expression of a marker of epithelial
differentiation, cytokeratin 3 (CK3). This pattern was compared with that observed in human tissue and was
found to be conserved (figure 3.1B/C).

To identify slow-cycling cells within the tissue, porcine corneas (n=3) were organ-cultured for 4 weeks
following 72h of culture in media containing 10uM BrdU. At the end of the chase period, corneas were frozen
and sectioned, and stained with anti-BrdU antibody. The frequency of label-retaining cells was statistically
significantly higher in the limbus as compared with the central cornea (44.7+6.4 in the limbal sections vs
4.7+1.5 in the central cornea (n=3, P<0.05)) (figure 3.1D).

The clonal capacity of epithelial cells from the limbus and central cornea was compared through single cell
clonal analysis. The colonies on each indicator plate represents the progeny of a single clone that has been
serially passaged. Each plate was classified as a holoclone, meroclone, or paraclone, according to the proportion
of terminal colonies that were identified (Barrandon and Green, 1987).

Paired limbal and central samples were compared from three different eyes, with 20 indicator plates being
generated from the limbal and central epithelial cells of each eye (figure 3.2). Of the 60 indicator plates derived
from central epithelial clones, 5 (8.3%) were classified as holoclones, 53 (88.3%) as meroclones, and 2 (3.3%)
as paraclones. Of the 60 indicator plates derived from limbal epithelial clones, 23 (38.3%) were classified as
holoclones, 33 (55%) as meroclones, and 4 (6.7%) as paraclones. The association between the corneal and
limbal results was assessed using the Freeman-Halton extension of Fisher’s exact probability test (Lydersen et
al., 2007). The two outcomes were found to be statistically significantly different at the 0.001% level
(P<0.0001).

3.2 Limbal epithelial function and phenotype under organ culture conditions

Eyes were collected and processed within hours of enucleation and an 8mm epithelial wound was created on the
surface of the cornea. Following dissection of extra-corneal tissues, and washing of the corneoscleral rims, the
tissues were kept in culture for 7-12 days (pre-treatment phase), during which time they regenerated a multi-
layered corneal epithelium. Corneas that did not demonstrate regeneration of the epithelial surface were
excluded from subsequent experiments.

Under these conditions the crypt-like structures in the limbal epithelium were preserved, as were the limbal
expression patterns of p63, CK15, and CK3 in the limbus. (figure 3.3B). The only difference observed was that,
unlike in non-cultured tissue, p63-positive cells were also present in the basal layer of the corneal epithelium.
Following the pre-treatment phase, an 8mm in diameter region of the central corneal epithelium was again
debrided. The wound area was confirmed with fluorescein staining, and closure of the wound was monitored
regularly every 24h. Sections of healing corneas revealed that following wounding, an initial monolayer of
epithelium was formed, followed later by stratification (figure 3.3D). In a series of 6 wounded corneas, the
wound area detectable by fluorescein staining had healed completely by the 72h timepoint. In addition, it was
observed that the corneas were capable of healing multiple sequential wounds at a consistent rate (figure 3.4).
The role of an intact limbal niche in this model was also investigated. Epithelium was completely debrided from
the entire cornea and limbus of two corneas, and one of them was subsequently subjected to N-heptanol
treatment. SEM images of each condition were generated, revealing that following debridement of the limbus
the interpalisade crypt structures were preserved whereas in corneas treated with N-heptanol this microanatomy
was lost (figure 3.54). The same conditions (debridement vs debridement and N-heptanol) were applied to 8
corneas, and 4 of each condition were cultured for 5 days. Epithelium grew towards the centre from the limbus



in the debridement-only corneas, but in the debridement-with-N-heptanol corneas, there was no detectable re-
epithelialisation (figure 3.5B)

3.3 Limbal epithelial response to central corneal epithelial wounding

In order to assess whether a limbal proliferative response to wounding was present in this model, corneas were
frozen and sectioned at a series of time points after wounding (3h,12h, 24h, 48h, 72h, and 1 week after
wounding). Sections were stained for Ki67 expression to see if there was a detectable increase in the number of
proliferative cells in the limbus under wounding condition (figure 3.64). Three corneas were sampled at each
time point, and a total of 65 different limbal sections were stained. Ki67-nuclear positive epithelial cells in the
limbus were counted and recorded as proportion of total epithelial cells in the limbal section (as determined by
DAPI staining) (figure 3.6B). A one-way ANOVA found the changes in the proportion of proliferating cells to
be statistically significant at the 5% level. A clear increase in the proportion of Ki67-positive cells can be
observed at 24 hours and 48 hours, and this proportion returned to baseline levels by 1 week.



4. DISCUSSION

A key objective of this study was to provide evidence that stem cells are located in the limbus of the porcine
cornea. In doing so, this supports the use of an ex vivo model to study the behaviour of LESCs in this system.
While it has been suggested that corneal epithelial stem cells may exist throughout the cornea and ocular surface
(Majo et al., 2008), this conclusion and the results on which it is based has been widely challenged and found to
be incompatible with the wider literature (Sun et al., 2010). Multiple lineage tracing models in mice have been
developed in order to track the contribution of LESCs to epithelial maintenance. Two independent groups used
confetti mouse models, in which K14+ epithelial cells, shown to be enriched in the limbus, were tracked in mice
over a period of months (Amitai-Lange et al., 2015; Di Girolamo et al., 2015). In both instances it was
abundantly clear that from the resulting streaks extending from the limbus to the centre, that the epithelial
surface is derived primarily from progenitors in the limbus.

Functional analysis of the epithelial cells in the cornea and limbus began with single cell clonal analysis of cells
from each region. The only previous published clonal analysis of the procine corneal epithelium of which the
authors are aware was performed by (Majo et al., 2008), however, the authors only reported that holoclones had
been identified in corneal and conjunctival populations, with no comparison to the clonal capacity of the limbal
epithelium. In this study it was observed that holoclones are clearly enriched in the porcine limbal epithelium as
compared with the cornea (proportion of clones classified as holoclones, 38.3% (limbus) vs. 8.3% (cornea)).
The concentration of holoclones in the limbus is consistent with studies perfomed using human tissue (Pellegrini
et al., 1999). In particular there is evidence that the proportion of holoclones is higher specifically within regions
of the limbus with limbal crypts (Dziasko et al., 2014). However, since there is evidence that limbal crypts are
present in all regions of the porcine limbus (Grieve et al., 2015), and our own results reflect this (figure 3.14),
the cells used for clonal analysis were taken from all regions of the limbus.

Notably, in human studies, holoclones have not been identified in the central cornea. However, both in this
study and others (Majo et al., 2008), holoclones are shown to exist in the central cornea of the pig. While this
may relate to species differences, an important factor may be the relative freshness of porcine tissue that can be
obtained (within hours of death) as compared with human tissue that often has to be stored for days, or longer,
before cells can be isolated. Furthermore, the tissue used in these experiments was from young pigs, whereas
even fresh human tissue used for research may come from relatively much older donors, in whom the
stem/progenitor cell population may be reduced. As such, freshly isolated porcine epithelial cells may retain a
greater overall growth capacity in vitro. In tissue from mice it has also been shown that central corneal explants
were able to generate confluent epithelial cell cultures (Li et al., 2017). Therefore, it would seem likely that a
population of cells may exist within the central cornea with a significant growth potential, perhaps representing
transient amplifying cells or their immediate progeny.

In addition to proliferative capacity, a key stem cell property is an ability to divide slowly under resting
conditions. Label retention studies have been performed on organ cultured human corneas (Figueira et al.,
2007), and in vivo with mice (Li et al., 2017). In human tissue using BrdU, label-retaining epithelial cells were
found in the limbus and were shown to also express putative LESC markers. In mice, however, no statistically
significant difference in the frequency of label retaining cells in the limbus and cornea was observed. The results
presented here align more with the results seen in humans, with roughly 10 times as many label-retaining cells
(44.7£6.4 vs. 4.7£1.5) cells being identified in limbal sections. This result is supported by gene expression
studies of the porcine limbal side population, in which the molecular signature identified a phenotype
characterised by slow cycling and low metabolic activity (Akinci et al., 2009).

The presence of holoclone generating cells within the central cornea may reflect the findings in other self-
renewing tissues, which suggest that multiple populations of stem cells may exist (Arwert et al., 2012; Tian et
al., 2011). However, the absence of a unifying marker or assay identifying LESCs is a significant and currently
unresolved challenge within the field and as such, the presence of holoclones alone cannot confirm the presence
of epithelial stem cells in the central cornea. Therefore, the results of all of the studies presented here must be
taken together. The exclusive expression of putative LESC markers (p63 and CK15) in the porcine limbal
epithelium, (in agreement with results presented by (Notara et al., 2011)) in addition to the results of the clonal



analysis and label retention studies strongly supports the view that LESCs exist, and are enriched in the porcine
limbal epithelium. This strongly mirrors the studies of human tissue, and the authors conclude that porcine
tissue therefore represents a suitable and useful model for studying the behaviour of human LESCs.

Researchers have been taking advantage of the ease with which corneal tissue can be maintained under organ
culture conditions for decades. The corneal organ culture models that have been previously developed have been
very valuable in many studies and have been of enormous help for other researchers wishing to develop their
own models. Importantly, it is clear that different groups have approached this problem in a range of ways, and
this ultimately reflects the investigative objectives. For example, in groups wishing to perform studies on, or
involving, the endothelial surface of the cornea, more complex culture systems have been developed in which
the epithelium and endothelium are independently and constantly fed and irrigated (Zhao et al).

For studies in which the focus is primarily on the behaviour of the epithelial surface simpler models have been
used. The earliest models dealt with the issue of maintaining the anterior chamber structure by filling the
concavity with an agar mixture (Foreman et al., 1996). While much of the design has remained unchanged,
other interventions have been introduced including rocking of the tissue in culture to intermittently expose the
tissue to air and liquid environments. This has been shown to lead to improvements in corneal morphology, and
the duration for which corneas can be kept in culture (Deshpande et al., 2015; Richard et al., 1991).

In the organ culture system used here, the corneoscleral rims were filled with agar, and also kept on an orbital
3D-rotating shaker within the incubator. However, an additional feature, 3D-printed platforms, were introduced
to help keep the cornea/agar complex in a single position. It was observed that if the cornea/agar complex slid
around too much in the well, there was an increased likelihood that the cornea would detach from the agar and
compromise the model. By attaching the agar to the pegs on the platform, the tissue was kept in a single position
in the well over long periods, despite the constant movement on the rotating platform.

With respect to the media used in this study, the use of serum should certainly be considered when interpreting
the results. Fetal bovine serum is a nutritionally dense additive which may have wide ranging effects on
transcription and cell behaviour. It has been demonstrated that while serum-containing media didn’t
significantly alter wound healing rates, its addition resulted in a much improved cellular morphology (Proietto
et al., 2017). Since one of the outcomes of this study was assessing the profile of putative LESC marker
expression in tissue following organ culture, it was considered to be important to include serum in the media to
support the normal cellular microstructure.

Early observations with the organ culture system presented here demonstrated that if corneas were wounded at
the same time as being put into culture, there was a great deal of variation in re-epithelialisation, with a small
proportion of corneas failing to regenerate the epithelial surface. In response, a pre-treatment phase was
implemented to exclude corneas that did not demonstrate regeneration of the epithelial surface to confirm a
conserved baseline function of the tissues. The advantage of this preliminary step can be clearly observed in the
consistent and replicable rates of epithelial wound healing that were observed.

The authors appreciate that a more representative picture of the in vivo tissue physiology would be preserved if
the time spend in culture is minimised. Changes following enucleation and organ culture of the corneoscleral
rim include the loss of a functional neurovascular supply. Studies with mouse corneas has shown that sub-basal
and deeper stromal nerves begins to disassemble a matter of hours after enucleation and organ culture (Stepp et
al., 2014). The integrity of nerve fibres to be important for sensing certain stimuli, leading to the release of
essential neurotrophins for corneal homeostasis and wound healing (Pal-Ghosh et al., 2017). Additionally, the
loss of blood flow through the limbal vessels prevents the contribution of humoral components like immune
cells and other factors that may play roles in mediating corneal wound healing, as well as a preservation of a
functional stem cell population (Ljubimov and Saghizadeh, 2015).

Despite these limitations, with the organ culture model presented here, we have observed that both the limbal
crypt microarchitecture and the pattern of staining for CK 15 and epithelial differentiation marker CK3 are
maintained. The only difference seen in the organ culture corneas was the fact that in addition to expression in
the basal limbus, p63 was found to be expressed in basal cells of the central corneal epithelium. This
observation is consistent with previous observations in ‘activated’ human corneal tissue (D1 lorio et al., 2005). It
may also reflect changes in the stiffness of the central corneal tissue, which becomes softer under organ culture



conditions due to swelling (Gouveia et al., 2019). The label retention studies which were carried out over four
weeks in organ cultured corneas demonstrate an intact ability of limbal epithelial cells to divide slowly, a
hallmark of progenitor cell function. These also support the idea that there is preservation of the phenotype of
the basal limbal epithelium in which LESCs are believed to reside.

Furthermore, in this model we observed that there was an increase in the proportion of Ki67-positive cells in the
limbus following central corneal wounding. The increase was most evident at 24- and 48-hours following
wounding, and this appeared to resolve to baseline by 1-week post-wounding. Together with evidence of the
requirement for an intact niche for epithelial regeneration, as demonstrated by the failure of all N-heptanol
treated tissues to re-epithelialise at all, this strongly supports the functionality and necessity for an intact limbal
niche in this model.

The time delay in this response would appear to be consistent with observations in human organ culture corneal
wounding studies, where in the first 12 hours following wound creation, no proliferative response in detected
(Chang et al., 2008). Since there is closure of the wound in this model preceding the proliferative response seen
in the limbus, it is thought that a limbal-independent phase of wound healing, where central corneal epithelial
cells at the wound edge spread and migrate to cover the surface, is present. The choice of a large 8mm epithelial
wound was made in order to stimulate a limbal response, as studies have suggested that perhaps there is no
limbal involvement in the close of relatively smaller central wounds (Amitai-Lange et al., 2015; Majo et al.,
2008).

5. CONCLUSION

The results shown here build on our current understanding of the porcine corneal epithelial phenotype and its
suitability as a model of the human corneal epithelium. Furthermore, we demonstrate that a simple organ culture
method, that preserves limbal epithelial phenotype can be used for studies of the role of the limbus in corneal
epithelial wound healing. Critically, the presence of key niche factors in this 3D tissue make it a practical and
powerful tool for gaining further insight into the factors that regulate LESC fate and allow us to further
contextualise results from studying cellular behaviour in 2D in vitro systems.



6. FIGURES
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Figure 2.1

(A) A small platform was designed and 3D-printed in autoclavable material (nylon), and was attached to
the bottom of sterile 6-well plates with cyanoacrylate glue (B) Once washed, corneoscleral rims were
inverted and filled with warmed liquid agar mixture which was left to set (C) A schematic of the organ
culture system in which the agar filled corneoscleral rim was tethered to the well via the pegs sticking up
from the 3D printed platform. This stabilised the tissue when kept on the orbital shaker within the
incubator, preventing it from separating from the agar. Medium was filled to the level of the limbus, and
the rotation motion allowed it to wash over the surface of the cornea to substitute the action of the tear
film (D) Three eyes in the organ culture system on a single modified 6-well plate.
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Figure 3.1

(A) Limbal interpalisade crypt-like structures were identified in all quadrants of the porcine cornea (B)
Immunofluorescence staining revealed that p63 and cytokeratin 15 were expressed in the basal layers of
the limbus, and not the central cornea, while cytokeratin 3 was expressed in the suprabasal and
superficial layers of the limbus, and throughout the entire corneal epithelium (C) Comparison of the
staining patters of the human and porcine limbus, with the expression patterns of p63, cytokeratin 15,
and cytokeratin 3 being conserved (D) Label-retaining cells staining for BdrU after a 4 week chase period
are primarily found in the limbus. Dotted line indicates junction between the epithelium and stroma.
Scalebar = 50um. n=3.
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Figure 3.2

(A) The proportion of holoclones, meroclones, and paraclones identified in the 60 clones taken from
either the central or corneal epithelium of three different pigs. A significantly higher number of
holoclones were identified in the limbal region as compared with the central corneal epithelium (B)
Images detailing the typical appearance of colonies found on plates identified as holoclones, meroclones,
or paraclones based on the proportion of terminal colonies. Holoclones show a typically large size, smooth
rounded edge and small cells throughout. Scalebar = 500um
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Figure 3.3

(A) Under organ culture conditions, H&E staining shows the preservation of a multi-layered epithelium
(B) Immunofluorescence staining demonstrating that p63 and cytokeratin 15 staining of the basal layer of
the limbus, and cytokeratin 3 staining of the suprabasal and superficial layers is preserved under organ
culture conditions (C) Epithelial wounds were created using an 8mm diameter trephine to demarcate the
wound area, and the debridement was performed using a paediatric crescent and hockey stick tool. An
8mm wound area was selected to ensure a limbal response to the epithelial injury (D) H&E staining was
performed to confirm the selective removal of the epithelium following debridement, and an intact
basement membrane. Sections of healing tissues were also stained demonstrating a growing monolayer of
epithelium in the wound healing response, which was later followed by stratification (E) The size of the
wound was monitored by measuring the size of the stained area as a proportion of the total corneal area
in each image using ImageJ software. Scalebar= 50um
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(A) The rate of closure of an 8mm epithelial wound in 5 different organ cultured eyes. The greatest
variation was seen in the first 24 hours, but the time courses converge by 48 hours, and all eyes have
completely resurfaced by 72 hours (B) A single eye was wounded (8mm) on three consecutive occasions
and the time course of wound healing was observed to be consistent each time (C) An example of the
typical size of the staining area in an eye following the creation of a central epithelial wound over 72
hours. Where error bars are not visible on graphs, SEM was too small to register on this size of image.
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Figure 3.5

(A) SEM images (1000X magnification) of the limbus following either debridement alone, or debridement
followed by 120s of treatment with 1M N-heptanol. In the debridement only tissue, the interpalisade crypt
structures are clearly intact. Following treatment with N-heptanol, there is a loss of the crypt-like
microarchitecture, and a “burned” appearance (B) In the eyes on the left, the entire surface of the cornea
and the limbus was debrided, and within 5 days, epithelium regenerated from the limbus towards the
centre. In the eyes on the right, the entire corneal and limbal surface was debrided, followed by selective
treatment of the limbus with N-heptanol soaked paper (cut out into a ring) for 120s. In the latter tissue,
there was no evidence of epithelial regeneration across the entire ocular surface. (n=4).
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Figure 3.6

Following the creation of an 8mm central epithelial wound, eyes were frozen and sectioned at different
time points (A) Side by side of the Ki67 staining pattern in the limbal section of unwounded tissue, and
limbal tissue frozen at 24h post-wounding. Dotted line indicates junction between the epithelium and
stroma (B) Sections taken from tissue (n=3 at each time point) at a range of time points, up to one week
were stained for Ki67, and the proportion of all epithelial cells as stained with DAPI that were nuclear
positive for Ki67 were counted. Scalebar= 50um
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