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Abstract

It is widely accepted that the surface epithelium of the cornea is maintained by a
population of stem cells that resides in the corneoscleral limbus. However, the
extracellular matrix and surrounding cells that maintain this stem cell population

and constute the niche of these cells are not fully understood.

The aim of this thesis was to further characterise the extracellular matrix,
specifically the chondroitin sulphate/dermatan sulphate distribution, and cellular
components of the limbal epithelialestn cell niche using a porcine model. This was
done using immunohistochemistry, transmission electron microscopy, scanning
electron microscopy and creating 3D tissue reconstructions via seriaHaloek
scanning electron microscopy (SBFSEM) aray Xhicrecomputed tomography
(microCT).

This thesis was the first to investigate using microCT to image the limbal/corneal
epithelium and found the porcine cornea has one or more continuous limbal
troughs that span across all limbal quadrants, as opposed to sisgiete limbal
crypts as found in humans. These elongated projections of the limbal epithelium
into the stroma contain basal epithelial cells positive for the putative limbal stem

cell markers cytokeratin 19 and ABCB5.

The stroma immediately subjacent tioe limbal trough is rich in the chondroitin
sulphate sulphation motifs recognised by antibodies 6C3 and 3B3(+), as well as
hyaluronic acidThe distribution of sulphated proteoglycans varies between the
stroma and epithelial basement membranes of the @oe central cornea versus

the limbus.

SBFSEM reconstructions demonstrate directodll contact between stromal niche
cells and limbal basal epithelial cells in the porcine cornea, the third mammalian

species to show this.

This thesis has shown marked differences in the limbal stem cell niche of the

porcine eye from the human, but also confirming some shared characteristics. The



newly identified limbal trough forms part of this niche, playing host to putative
stem cells, whee forms of chondroitin sulphate are in close proximity to these cells
and stromalepithelial cell interaction exists. These factors may play a role in stem
cell maintenancen vivoin the porcine cornea and also could have uses in the

culturing of limbaktem cells and future niche reconstruction.
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1 Introduction

The cornea is the anterianost aspect of the eyglobe and is the primary

refracting surface of the eyé-jgurel.l); it is essential to maintaining vision and the
correct functioning of the eyéRemington 2012)The cornea, along with the sclera,
also contributes to the tough outer tunic of the eye that provides structure and
protection from external injury to the interior eye, as well providing a barrier to
infection (Dawsoret al.2011; Di Girolamo 2011Thus, any dysfunctions or
diseases that affect the cornea need to be treated appropriately to ensure that
ocular function is maintained, as corneal transparency and regularity are vital for

this.

Conjunctiva
Ciliary body Lens

Choroid

Optic nerve
Cornea

Not to scale

Figurel.1- Diagram of the anatomy of the eye and cornea.
The cornea is situated at the anterior apex of the eyeball and is continuthugheiconjunctiva and
sclera.

The transparencygf the cornea is, in part, due to its avascularity; except for at the
transition zone between the cornea and the conjunctive limbus Figurel.l)
(Langley and Ledford208B) ! v SIF NI & (K2dzZaKi 2y GKS

was found not to be the case, was that all the components of the coraga bqual
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refractive indicegSmith 1969)Other theories then focused on light scattering
through the cornea and the constructive and destructive interference of this
scatter. It is thought that no sideays scattering of light occurs within the corneal
stroma due to it being eliminated by destructive interferer{téaurice 1957; Hart
and Farrell 1969; Benedek 197The spacingf the collagen fibrils within the
stroma is essential to this. However, the stroma does not form a perfectly regular

lattice and this is most likely not required for corneal transparency (see below).

The thickness of the physiological human cornea rafges 540700 um and it is
composed of five layers, which each serve different functions, yet contribute to the

main functions of the corne@Dawsoret al.2011) These layers, from anterior to

posterior, are: the epithelium, Bowm&nad f @ SNE GKS adNRYFIXZ 5S5Sa0SYy

and the endothelium.

1.1 Corneal anatomy

1.1.1 Epithelium

¢KS O2NYySIf SLAGKSE Adzy GKS O2N¥YySIQa Yz2ai

in 57 layersRamoset al. 2015) It is a stratified, nofkeratinised, squamous
epithelium and is itself comprised of three layefgurel.2) (Langley and Ledford
2008; DelMonte and Kim 2011)

Tight junction

Superficial cells

Wing cells

Basal cells

Hemidesmosome

Figurel.2- The cellular layers of the corneal epithelium.
The morphology of epithelial cells differs amongstttiree layers, which are the superficial layer,
the wing cell layer, and the basal cell layerpiranterior to posterior.
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The superficial layer is2 cells thick and consists of flattened cells with apical
microvilli, which allow for an increased contact area with the tear (DalMonte
and Kim 2011)There are tight junctions between these superficial cells that create
a very effetive barrier to tear film components and also pathogens. Beneath this is

a layer of several wing/suprabasal cells.

The basal layer is a single layer of columnar ¢eksnington 2012)it is only these
basal cells that undergo mitosis in the ceadtcornea and they then migrate

upwards, transforming into wing cells and, subsequently, into squamous cells.
These cells are firmly adhered to their basement membrane by hemidesmosomes

(DelMonte and Kim 2011)

Like other epithelia, the surface cells of the cornea are constantly being sloughed
away. Thus, the epithelium maintains a population of stywling em cells to
continually replenish the tissue, widely believed to be located at the corneoscleral
transition zone, within the basal limbal epitheliui@otsarelist al. 1989) These

basal cells migrate centripetally, giving rise to daughter cells that move towards the
epithelial surf@e, becoming more differentiated and losing their proliferative
potential as they do s(Beebe and Masters 199d)he X, Y, Z hypothesis, for
maintenance of the corneal epithelium under normal conditions, wat firgposed

by Thoft and Friend (1983The three components involved in epithelial
maintenance are: the vertical proliferation of basal cells (X), the centripetal
migration of limbal cells (Y) and the desquamationugfesficial cells (Z). In order to
sustain a normal, functional epithelium, the X and Y components combined must

equal the Z component.

112 . 246YlFyQa 1 &SN
. 26Y1LyQa f1@SNIJ A& Iy | OStftdzZ F NJfF&@SNI oS,

membrane and the stroma, coissing of collagen fibrils in an interwoven, dense
sheet(Wilson and Hong 2000; Birk 20@E)gurel.3). The fibrils are of uniform

diameter, about 22 nm, and originate from the epithelium during development

(Dawsoret al.2011p . 2gYIlI yQ&a f I &@SNJ A& Yz2aidte O2YLN
and VI(Marshallet al. 1991b,a) The thickness of this layer isl pum(Komai and

Ushiki 1991)
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contributes to maintaining the corneal otature, or that it protects the posterior

cornea from the spread of infections originating in the epithelium by acting as an
acellular barrie(Wilson and Hong 2000) . 2 ¢ Y| Y Q a-redehedatB/dland & y 2y
damage to it will often lead to the formation of scar tissue from the stroma-or in

filling with epithelial cell§Remington 2012)

USRS, A 1 < AENE &
Figurel.3- Scanning electron microscopy images of the
epitheliald dzZNF I OS 2F . 26Yl yQa f
Collagen fibrils forna dense, interwoven layer in both
KdzYly 6! 0 YR NI}IO6oOoAG o6.0
Adapted fromHayashi et al. (2002yith permission from th
copyright holder.

1.1.3 Stroma

The stroma accounts for a large proportion of the total corneal thickness
(approximately 9@0) and the human cornea consists of Z8D lamellae of

collagen fibril{Langley and Ledfd 2008) The collagen fibrils are arranged parallel
to each other within each lamella and run from limbus to limbus, spanning the

entire width of the cornegRemington 2012)with consistent diameters of 250



nm (Hassell and Birk 2010)he fibrils in each lamellave a different orientation

to those in adjacent lamellaavith a preference for a superido-inferior or nasal
to-temporal orientation in the human central owea(Meeket al. 1987) There are
also thought to be collagen fibrils at the limbus/peripheral cornea that run
circumferentially or tangentially to the limbyblewton and Meek 1998; Meek and
Boote 2004) The most prevalent type of collagen in the stroma is type I, with type

V also associated with the fibriBirket al. 1986)

The anterior stromdnas a slightly different structure to the posterior, in that the
lamellae are thinneg 0.2-1.2 um compared to 02.5 pum¢ and some are
interwoven(Komai and Ushiki 1991 the posterior twathirds of the stroma,

lamellae do not interweave, which results in a less rigid structure. Komai and Ushiki
also demonstrated keratocytes located between the lamellae. Flattened cells that
join with each other via long pseudopodia, keratt@syproduce collagen and
components of the extracellular matrix (EC{Remington 2012)These cells are
believed to contain corneal crystallins that cause them to have a similar refractive
index to the surrounding matrix in order to contribute ¢orneal transparency

(Jester 2008)The stromal ECM consists of many different substances and
proteoglycans (PGs) are amongst some of the most important components
(discussed in more detail belo@lassell and Birk 2010 brief, these molecules

keep the collagen fibrils arranged in a specific structural and spatial arrangement.
CKA&d Ad 0SftASYSR G2 0SS QAadlrt G2 GKS O2Ny.
long as the separation of éhcollagen fibrils is less than half the wavelength of

visible light, then all sideways scattering of light will destructively interfere and only

forward light will be transmitted, as reviewed Meek and Knupp (2015)

Elastic fibres also form part of the human corneal stroma. These have been found in
the posterior peripheral stroma, forming an annulus in the limbus that is shieet
(KammalLorgeret al.2010; Lewi®t al.2016) with fibres that extend into the

peripheral corneglLewiset al.2016; Feneckt al.2018) This elastic fibre network

is continwous with that in the trabecular meshwo(keneclet al.2018)

It was reported in 2013 that there is a sixth, previgusndefined layer of the
O2NY S 2dzaid | yiSNAZNae(iaP20BP A OSYWZEORA[ VE S B



described as a thin layer of acellular collagen that was sometimes found to remain

GG OKSR (2 5Sa0SYSiQa YSYoNryS 6KSy AlG ot &
AGNRYI o0& GKS aoA3 0 dzo oriordameliaSkeritygpladtydzS R dzNA y 3
However, it was quickly refuted that this is a distinct corneal layer and is suggested

to merely be the posteriemost lamellae of the stromé@VicKeeet al.2014) Further

investigations added to this controversy and the piiérg opinion, at present, is

GKFG GKSNBE ARS Q@S RS HIksteystQlli20 BBNIdIStzEr

Schrehardet al.2015)

114 55580SYSiQa YSYOoNIyS

5S & 0SYSiQais thepanoltiiatg |8yer of the cornea, posterior to the

stroma. As the basement membrane of the endothelium, it is the endothelial cells

that secrete this layer and it is composed of anterior and posterior sections

(DelMonte and Kim 2011Yhe former is secreted during uterodevelopment and

the latter after birth. The posterior section, therefore, grows tionously

throughout lifeg increasing from 3 um to 2030 um(Kaji 2002) Again, this layer is

mostly composed of collagen, predominantly type VIl with some tyfgdyooret

al. 1986; Fitctet al. 1990y 5530SYSGQa YSYONIYS A& INNFy3S
hexagonal array of nenollagenous nodes and collagenous filamgdtskus 1956;

Kapooret al. 1986)

1.1.5 Endothelium

The endothelium is the internal layer of the cornea, in contact with the aqueous

humour (Remington 2012)it is a single layer of polygonal cells, with80% being

hexagonal. fiere are numerous gap junctions and tight junctions between

SYR2GUKSt AT OStftaz odzi Ad A& adihrdd 02y aiRSNED
the subsequent osmosis of watefrom the aqueous humour into the stroma. This

is a necessary movement gtat nutrients can be supplied to the cornea. However,

surplus water needs to be removed to maintain the correct hydration of the stroma

¢ approximately 78% water contejfGerosket al. 1985)

This precise hydration is facilitated by the endothelial pump mechanism
(Remington 2012)ons, such as sodium and potassium, are removed from the

stroma via endothelial cell membrane ion channels and pumped into the anterior



chamber. The altered concentration gradient then draws water from the stroma
into the aqueous humour. In a healthy cemn the net movement of water is zero
(Bonanno 2012)If the stroma becomes excessively hydrated, oedema and a loss of

fransparency can occur.

Corneal endothelial cells are nanitotic and, therefore, the main repair
mechanism for endothelial cell lossle migration and expansion of remaining
cells to cover these aregRemington 2012)Thus, endothelial cell density
decreases with age, with an annual rate of loss of between-0.8% being

reported (Boune et al. 1997; Hollingswortlet al.2001) Endothelial cell density has
been reported as between 308000 cells/mrd for children and 1002000
cells/mn? at 80 years of agéRemington 2012)However, it has been suggested
that for endothelial pump function to be impaired, cell density needs to fall below
1000 cells/mmM (Wilson and Ropekall 1982)

1.1.6 The limbus

As aforementioned, the transition area between the peripheral cornea and the

sclera is termed the limbus. Here, the epithelial cell layeriases in thickness to

10mMH OStf tFI&8SNE IyYRf{fdONBR2FOOSEVATNER
central cornegFeng and Simpson 2008he limbal epithelium is where the stem

cells that replenish the corneal epithelium are believed to reside, which is discussed

in more detail in seatin 1.2.2 The limbal epithelium then transitions into the
conjunctival epithelium peripherally and the limbal stroma into the scleral stroma

(Van Buskirk 1989; Remington 2012)

The regularlyarranged lamellae of collagen found in the cornea gradually transition
into the much less organised structure of the sclera {&emington 2012and, as
mentioned in sectiorl.1.3 there are collagen fibrils that run circumferentiadly
creating an annulus of collagerand tangentially within the stroma at the limbus
(Meek and Boote 2004)n the bovine corneal stroma, cadjen fibril diameter was
found to be relatively constant from the centre to the corneolimbal transition but
then increased significantly peripheral to tliidoet al. 2014) A similar situation

was earlier identified in the human corn€Borcherdinget al. 1975)



26YFyQa &SN GS ®ymingtbn2&la)demarcatingti®e t A Y 0 dza
anterior boundary of the limbus on the external side of tlesue. The internal
02dzy RI NB A4 RSTAYSR la GKS LRAYyl 6KSNB 55308
trabecular meshworkVan Buskirk 1989 he posterior boundary is more difficult
to define due to the gradual transition of the collagen structure, however,
pathologists define it aa line that runs from the scleral spur directly outwards to
the surface of the eye glob&igurel.4) ¢ though there are varying definitions of
the extent of the limbugVan Buskirk 1989)

Corneolimbal

junction Comeal epithalium

¥ Bowman's membrane
Limboscleral

1un'ct>0n \.\“‘““s Stroma
| ;- Descomet’s membrane
Conjunctival A comeal edothelium
epithelivm

Figurel.4- Diagram of the anatomy of the limbus.

The definition of the posterior limbal boundary here is just one
several possible demarcatiosdapted fromGonzalez et al. (201
with permission from the copyright holder

The limbus is also vascularised, unlike the cletaty transparent cornea. This
vascular network supplies the limbus and the peripheral cornea with nutrients,
which is thought to be key to the function of the limbus as the site of the epithelial

stem cellgBoulton and Albon 2004; Chehal.2004)

1.1.7 Porcine corneal anabay

The porcine eye has often been used as an experimental model for
ophthalmological research due to its similarities to the human (@w&zEderraet

al. 2005; Johanssoet al.2010; Notaraet al.2011; Grieveet al.2015; Liret al.
2018) as has the eye of mipigs(Liuet al.2009; Islarnet al.2018) However, there

are differences that may need to be considered when using a porcine model.



When considering the porcine cornea, itifirst of allg thicker than its human
counterpart. The porcine cornea has been measured as $AMBum and 877 + 14
um inex vivoexperiments(Jayet al. 2008; Sancheet al.2011) suggesting that it is
almost twice as thick as the human cornea. Yet, ultrasound pachymetry on live
porcine eyes has given an average thickness of 666 um (rangeds34m)(Faber
et al.2008) with the difference betweein vivoandex vivomost likely due to post
mortem corneal swellingRegakt a. (2019)found an even greater corneal
thickness for the porcine eyem ® 1 0 p ubtherauthows acknowledge this

is likely due to swelling after storage in saline.

The epithelium of the porcine cornea consists dfBlayers of cellfHayashet al.

2002; Patruncet al.2017) approximately double the amount of the human corneal
epithelium, and consists of the santhree epithelial cell types in the same

positional layout as the human eyéayet al. 2008; Patrunaet al.2017) The

thickness of the porcine central corneal epithelium has been measured as 184.4 +
M ¢ @ y(Hayashet al.2002)F Y R T p ® T T(Abbariet & @00.8)ir» different

studies.

¢K2dzZaK a42YS addzRASA KI @S NBLR NI(Buetal. 24 Y1l y
2011; Zhangt al.2019) several sources all state that it lacksststructure or that

it could not be detected and the porcine cornea consists of just four layers
(Merindanoetal.H n n v T { @t dl. B3y RaBuyidt al.2017) The porcine

corneal stoma comprises most of the thickness of the cornea and is well

@ a0dzZ  NAASR 4 GKS fAYOodzaE FyR 55a0SYSi:

similar to other speciefPatrunoet al.2017) including humans.

1.2 Limbal epithelial stem cells

A stem cell is a primitive, undifferentiated cell that has unlimited grovdteptial
and the ability to seffenew, whilst also being able to differentiate into specialised
cell typeg(Reyaet al.2001) In mammals, stem cells are mostly found in two
different forms: embryonic stem cells that are found in the inner cell mass of a

blastocyst and are pluripotent (can differentiate into all cell types derived from the



three primary germdyers)(Evans and Kaufman 198ahd adult stem cells that are
located within bodily tissues and are multipotent or unipot¢Rauklinet al.2011)

It is now also possible to reprogram adult, differentiated cells into a pluripotent
state using four factors, eating induced pluripotent stem (iPS) céllekahashi and
Yamanaka 2006Adult, or somatic, stem cells are responsible for the repair and
maintenance of the tissue in which they are fouihiorrison and Spradling 2008)
and they can generally only differentiate into cell types that come from the same

organ that the stem cell population is located(@astreMuiiozledo 2013)

Stem cells go through the procesischanging from a slowycling cell, with
unlimited proliferative ability, to a transient amplifying cell (TAC) then to a
terminally differentiated cel{Lehreret al. 1998) In general, adult stem cells
undergo asymmetric cell division, producing two different daughter cells; one
remains as a stem cell whilst the other becomes a TAC, as revievigatdlinget

al. (2001)

In the corneal epithelium, it is these TACs, which cycle quickly, that then migrate
centripetally across the corneal surface. As they dg thisy undergo several

rounds of replication, with peripheral TACs capable of multiple rounds of division
and central ones potentially only capable of one more division before becoming
fully differentiated(Lehreret al. 1998) During wound healing, the epithelium can
employ three different approaches to produce the increased number of terminally
differentiated cells required: lipnduce more stem cells to divide and to cycle more
rapidly, 2) induce all TACs to utilise their full proliferative potential before

terminally differentiating, and 3) reducing the cell cycling time of the TACs.

The limbal epithelial stem cells (LESCs)péen stated to be unipotent, only
differentiating to produce corneal epithelial cells. However, it has been suggested
that they are multipotent(Ferrariset al. 2000)or can be induced to become
multipotent (Zhaoet al.2002; 2008hb) This means that they retain the potential to
differentiate into several different, yet very similar, cell types though not as many
as totipotent or pluripotentstem cell§Pauklinet al.2011) It appears that LESCs

remain unipotent in their physiological vivoenvironment.

10



The initial hypothesis regarding replenishment of the corneal epithelium was
conjunctival transdifferentiation, in that the conjunctiva was the source of the
corneal epithelium due to its epithelial cells crossing the limbus then acquiring a
comeal morphologyShapircet al. 1981) However, despite this prompting the use
of conjunctival transplantation for several years to treat corneal epithelial defects,
it was found that this \&s not an appropriate treatment due to conjunctival
epithelium being incompatible with the corneal surfa@esaiet al. 1990) It has

since been refuted by marsources that the conjunctiva replenishes the corneal

epithelium(Schermeeet al. 1986; Kruset al. 1990; Cheret al. 1994; Dua 1998)

As aforementioned, it izvidely accepted that stem cells for the replenishment of
the corneal epithelium are only located at the limbus in humans, but an opposing
theory has emerged stating that there are also stem cells throughout the central
cornea in other specigdMajo et al.2008) Another theory has also argued that
there are no stem cells within the corneal or limbal epithelia and that its
homeostatic maintenance is entirely via the proliferation of cells from a

G IASNXAYI (A ASaddad and Faria-Bdusa 80&However, a review by
Westet al. (2015)demonstrates the large body of evidence that is incompatible

with this theory and, thus, it will not be discussed further.

Majo et al. (2008)based their corneal epithelial stem cell hypothesis on mice
experiments and stated that during normal homeostasis, the epithelium is solely
maintained by central corneal stem cells and LESCs are only agtdwiag wound
healing. When limbal epithelium was transplanted, they found that it only migrated
onto the host corneal surface if the host corneal epithelium was damaged. They
also found that transplanting corneal epithelium could lead to full re

epithelialisation of the corneal surface.

Again, there is a body of evidence that goes against this theory and supports the
limbus as the sole location of epithelial stem cells (discussed bélgastet al.
(2015)have suggested that the opposing theories could work together if corneal
epithelial stem cells areot slowcycling or if central basal epithelial cells have a
latent proliferative potential that is activated if LESCs are unable to maintain the

epithelium. However, these are only speculations. It is also vague as to whether

11



al 220a 0 KS 2 Napplyioall speSiésAltIIgES mdt niatzh with many of the
experimental findings involving human corneas and the LESC hypothesis has

prevailed when considering the human corneal epithelium.

A mathematical model designed to assess the centripetal migraticorokal

epithelial cells (discussed in sectibi2.3.2) | f 42 aaSaaSR 6KSGHKSNI aal
fSIF1{F3AS¢ FNRY GKS tAYodza O2dz R 200dzNJ ' yR | OC
(Loboet al.2016) It was theorised that a small proportion of the time LESCs may

undergo symmetric cell division to produce two daughter stem cells, but only one

remains within the limbus, whilst the other is pushed into the corneal epithelium.

The now corneal epithelial stem cell would still migrate centrally as the other

corneal cells do and could accumulate within the central cornea. The model

demonstrated that ths could be a possibility, but still demonstrates that stem cells

would be located mainly within the limbus.

During simple limbal epithelial transplantation (SLET), amniotic membrane is
grafted onto the corneal surface and then thin limbal biopsies argepain top of

this, in the central cornea, away from the visual §8angwaret al.2012) This has
been found to lead to potential epithelial stem cells being established in the central
cornea, however, this is usually next to retained amniotic membi&asuet al.

2016) Thus, it is not certain whether the stem cells would persist in the central
cornea without this graft that promotes and maintains the LESC phendgfgeng

et al.1998; Cheret al. 2015)

1.2.1 Stem cell niche

The specific site whin a tissue in which adult stem cells are located is termed the
stem cell niche, as first proposed by Schof{@l@78,1983) A stem cell niche can be
described as a protective, anatomical, and functional location of the stem cells,
consisting of both other tissue cells and ECM components, that sustains them and
promotes their proliferation and selenewalin vivo(Spradlinget al. 2001; Scadden
2006) The asymmetric division of a stem cell results in the daughter stem cell
remaining within the niche to matain its stem phenotype, whilst the daughter TAC

loses contact with the stem cell niche and begins the process of differentiation, due

12



to now being exposed to a different extracellular environment. This then facilitates

seltrenewal and proliferation rgzectively.

The limbus represents a good location for the corneal epithelial stem cell niche, as
it is a site that can provide protection against ultraviolet light and has a well
developed vascular network for nutrient supgavanger and Evensen 1971;
Goldberg and Bron 1982 would be very difficult to maintain aatle stem cell

niche within the central cornea, due to the lack of diversity and blood supply in the
surrounding environment and the proven centripetal movement of basal cells
(Westet al. 2015) as well as greater exposure to the external environment. This
further strengthens the theory of the limbus as the reservdithe epithelial stem

cells.

1.2.2 The limbal stem cell niche

The limbal epithelial stem cell niche in humans is believed to be specifically within
structures termed limbal crypts (LCs) or limbal epithelial crypts (LECs), which are
projections of epithelial tiage in between fibrovascular ridges in the underlying
stroma called Palisades of Vagshown inFigurel.5 (Shorttet al. 2007; Grievest

al. 2015) There are also focal stromal projections (FSPs), which are spurs of stroma
that extend between the cryptdhe increased surface area and closetact

between the limbal epithelium and stroma are important as it is believed that cells
and the ECM of the stroma are key regulators of the LESCs and progenitor cells, as
has been suggested by othd&tepp and Zieske 2005; Schlotsshrehardet al.

2007)

Palisades of Vogt are radial, papil#de= protrusions of the limbal stroma, with a

distinct vasculature, that project upwards into the epitheliybavanger and

Evensen 1971; Goldberg and Bron 1982)ey are approximately 1 mmwng and

are distributed circumferentially along the superior and inferior limbus; the
interpalisade regions contain thickened epithelium that has come to be described

as the LCs etc. It was Davanger and Evensen that first proposed the Palisades as the
site of the LESC population, citing the pigmentation of the ridges and the spreading

of this pigment centrally in response to epithelial injury.

13



Figurel.5- Tangential section across the human limbus showlimgbal crypts.
Tangential sections of human limbal tissue demonstrate limbal crypts (LC) in be
upward spurs of stromal tissue termed Palisades of Vogt (POV). Epi = epitheliu
stroma, scale bar = 50 um. Sourbeiasko et al. (2014yith permissiorunder the
creative commons uséicense (https://creavecommons.org/licenses/by/4.0/)

There are some discrepancies and ambiguity in the literature as to whether the
Palisades of Vogt are the areas of thickened epithelium or the filscar stromal
papillae.Parket al. (2015)refer to the epithelial structurs as the Palisades, whilst
in2 2f TF QA& (Broyet all BOY7§ contradictory descriptions of the Palisades
are offered in different chapters. The majority consensus appears to be that the
Palisades are the fibrovascular stromal struesiand the thickened epithelium
between the Palisades constitutes the interpalisade tigésvanger and Evensen
1971; Goldberg and Bron 1982; Townsend 1991; Sko#t. 2007; Dziasket al.
2014; Grieveet al.2015; Espandagt al.2017)and, thus, this is the nomenclature

that will be used for the purpose of this thesis.

Duaet al.(2005)were the first to name the epithelial structures, which they termed
LECs. Theseere described as solid cords of epithelial cells that extended either
peripherally into the conjunctival stroma or circumferentially into the limbal stroma
from the interpalisadal epithelial tissu€ifurel.6). On aveage, six of these
structures were found per eye, though there is no detail of their positioning around

the limbal circumference.
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Figurel.6- Immunohistology image of the human limbus shing a
peripherally-oriented limbal epithelial crypt (LEC)

There is stronger staining for a putative stem cell marker witheé LEC. Epi =
epithelium. Adapted fronbua et al. (2005)ith permission from the copyrighi
holder.

Shorttet al. (2007)did not find any LE{ke structures in their examination of the
human limbal stem cell niche but did define the tatuctures they believe

constitute the niche. LCs were defined as the epithelial invaginations into the
underlying limbal stroma, as shownHkigurel.5, with the Palisades of Vogt forming

the lateral walls of the crypts. It was noted thtaey are similar to the rete pegs of

the epidermis. From this point on, LECs and LCs will be referred to together as LCs.
FSPs were then found at the corneal end of LCs. These were described akkinger
upward projections of the stromd{gurel.7), distinct from the crypts, containing a

central blood vessel and densely surrounded by basal cells of a smaller size.

Shorttet al. (2007)found several key things upon more detailed examination of the
characteristics of the human lival stem cell niche. The underlying stromal

vasculature was in close association with LCs, which presents an excellent source of
VdziNASyida FyR O2dzZ R fa2 LINPOARS IANRGUOK
maintaining the LESC population. LCs vpeegerentially located in the superior

and inferior quadrants of the limbus, matching the finding&oldberg and Bron
(1982)concerning the Palistes. They also noted that the putative LESCs lined the

sides and bases of the crypts ands mentioned above surrounded the FSPs,

putting the LESCs in close proximity to the underlying stroma. A simplified
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illustration of the proposed structure of thexbal stem cell niche can be seen

within the inset ofFigurel.l.

Figurel.7- Immunofluorescence image of human
limbus demonstrating focal stromal projections
(FSPs).

FSPs represent small, focal protrusions of the limbi
stroma and thecells directly adherent to these
structures demonstrate a stefike morphobgy. Scale
ol NJ I' Apaptedfryhdhortt et al. (2007yith
permission of the copyright holder

1.2.2.1 Porcine model of the limbstem cell niche

The porcine limbus has been investigated previously to see whether it can be used

as a model for the human limbuNotaraet al. (2011)studied the anatomy of the

porcine limbus in detail anGrieveet al. (2015)compared the porcine limbus with

human and murine tissud€?atrunoet al.(2017)examined the limbal structures of

several different mammalian species, including pigs. All three studies found

invaginations of limbal epithelium into the underlying stroma, but not all agreed

that these representedt G NHzS ¢ [/ &0 NHzOGdzZNBad® DNASGS |yR b
whether the cryptlike structures are found around the entire limbal circumference

or are just located superiorly and inferiorly, as in the human eye. What all of these

studies did agree upon wasahporcine LCs/invaginations of epithelium into

dzy RSNX @8Ay3 &A0NRBYlI O2yGlAySR OStta LRaAAGAGS 7
marker), with Notaraetal.l t 82 y2GAy 3 ol al t cdBakaANBaaA2y 27F |
epithelium marker that is associated wighlimbal epithelial progenitor cell

phenotype.

Colonyforming efficiency the ability of a single cell to replicate and produce a

colony of cellg was also found to be significantly higher for cells taken from
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& dzLIJS NR 2 Nk A-NWF GRIA 2 NA 8 DIND 2B AP NRpRNAICK ¢ay 2 Y
nasal/temporal areas and the central corn@¥otaraet al.2011) This was

compared again more recently, and it was again shown that epithelial cells from the
limbus have much greater clonal capacity than cells from the central c¢Beeed

Safi and Daniels 202Mlowever, Grievet al. still found that colonyforming

efficiency was significantly greater in human limbal cells than porcine cells.

Interspecies differences in the locations of potehstem/progenitor cell

populations in the corneal epithelium have been observed and it has been indicated

that oligopotent stem cells may be found throughout the porcine basal corneal

epithelium, as well as the limbiMajo et al. 2008) Thisstudy found that colonies

could be produced from single cells throughout the corneal epithelium, suggesting

stem cells are not exclusive to the limbus in porcine eyes. Howlse¢araet al.

(2011)found that central corneal cells had the lowest colgoyming efficiency and

thiswas significgd i f @ t 26 SNJ GKI Yy KS -NWB¥Kdzt (F N2BA (@l A2yFS
limbus. It has been pointed out, in response to Maj@lQa ©2NJ = GKFG | ye
corneal stem cells cannot be slasycling as they are not detected in label retention
experimentsandth i al 22 Q&4 20KSNJ NBadzZ t6a R2 y2i Yl
support of the limbal location of corneal epithelial stem cé8snet al. 2010) It

does not seem to be in doubt that the mammalian corneal surface contains limbal

stem cells; however, it may be the case that some spegiesluding the pig;

maintain a stem cell population within the corneal epithelium as well.

1.2.3 Evidence for the limbal location of corneal stem cells

1.2.3.1 Cell morphology

Small populations of limbal basal epithelial cells with a high nucleus to cytoplasm
ratio and a smaller, rounder morplogy have been observed along the sides and
bases of LCs, as well as adhered to FSRanet al. 2004; Shortet al. 2007,

Dziaskeet al.2014) These cells are significantly different, in the attributes
mentioned above, to both immediately adjacent suprabasal cells and limbal basal

cells from outside the LCs.
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The smallest keratinocytes in the epidermis demonstrate the highest clonogenicity
and, potentially, represent the stem cell populatiddomancet al. (2003)have

shown that the smallest cells of the corneal epithelium are found in the basal limbal
epithelium and believe that this phenotype could represent the LESCs. However,
not allbasal cells in LCs demonstrate this morphology, with the majority still having

a columnar shapéziaskeet al.2014)

1.2.3.2 Centripetal migration

The known centripetal movement of epithelial cells also supports the limbal
localisation of the stem cells. As mentioned abdvayanger and Evensen (1971)
noted the movement of pigment from the limbus of a guinea pig eye to an area of
epithelium that had been experimentally wounded 24 hours earlidey then
hypothesised that this supports the idea of a migrating cell population, based at the
limbus.Kinoshitaet al. (1981)then demonstrated that host epithelium mabbit

eyes that had undergone lamellar keratoplasty would mix with donor epithelium on
the graft over time. However, no mixing occurred in areas peripheral to the-graft
host boundary, suggesting it was only host epithelial cells that were migrating and

that they were doing so in a centripetal direction.

Buck (1985)vent further than this and measured the amount of centripetal

Y2OBSYSY(G Ay Y2dzaS O2NyShraod .& aiuldd22Ay3¢e (K
with India ink, the movement of ink incorporated into the epithelium in relation to

the static stromal tattoo could be observed. Centripetal movement was found in

Y2ad O2NySra IyR I YSIYy YAINIGAZ2Y RAaGlIyOS 2
recorded. It was atsbriefly demonstrated that conjunctival epithelial cells did not

migrate over the limbus.

A lineagetracing experiment byAmitarLangeet al. (2014)demonstrated radial

limbal streaks of epithelial cells that grew towards the ca@ingentre of murine

eyes. This was shown to be the case under normal, homeostatic conditions as well

as after corneal wounding. They found an average limbal streak development rate

2T MHNn B CPH >YKRIE | FGSNI AaSOSNB g2dzy RAy3Ix C

under normal conditions.
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Using the same K14CreERBafetti mice as the previous study and mathematical
modelling,Loboet al. (2016)have given further impetus to the idea of centripetal
migration of corneal epithelial csll The model demonstrated radial streaks of cells
from a common source LESC that looked remarkably similar to the limbal streaks in
the confetti mouse Figurel.8). This was shown to occur without any external

stimuli; the process was driven just by limiting stem cells to a limbal location, TACs
having a limited replication capacity, and movement being stimulated by

population pressure. This suggests that during homeostasis no extrinsic factors are
needed for centripetamigration to occur, though external factors are likely still to

be involved during wound healing and inflammation etc.

2.0 16 1.2

Figurel.8- A comparison of a mathematical model of the centripetal migration of corneal
epithelial cells and the limbal streaks present in the confetti mouse cornea.

[ 202 $atheindticai@addel oflimbal epithelial cell migration shows remarkable similarity t
the limbal epithelial streaks that appear in thedl4CreERT@nfetti mouse, without any external
stimuli required.Adapted from Lobo et al. (2016) with permission untier creative commons use
license (https://creativecommons.org/licenses/by/4.0/).

1.2.3.3 Wound healing of the epithelium

When investigating wound healing of rabbit corneal epithelittiang and Tseng
(1991)demonstrated that wound healing in eyes that had the limbal epithelium
completely removed was significantly delayed. They also found that conjunctival
cells had spread onto the cornea and vascularisation occur/@sWithin the

corneal basal epithelium were able to maintain a relatively normal epithelium for at
least six months, but impairment of wound healing was believed to demonstrate

that the stem cell population had been removed with the limbal epithelium.
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Work carried out on rabbits with partial limbal removal showed that consecutive

6 mm epithelial wounds could heal fairly normally, due to the remaining LESC
population, and the initial limbal wounds healed rapi@fBhen and Tsend20)
However, after one large wound, covering most of the remaining central
epithelium, healing was significantly delayedompared to corneas with an intact
limbusc¢ from the eighthday postwounding and conjunctival epithelial cells

started to covetthe cornea. It was believed that the large wound almost completely
depleted the remaining TAC population and the remaining stem cells could not

produce enough TACs to meet the healing demands.

Limbal grafts have been demonstrated to be effective treatrsdot severe ocular

surface disorders, such as chemical or thermal burns, that destroy all of the corneal

FYR fAYOlIf SLAGKSE AdzYye® DN} Fia 2F fAYOlLE GAaa
contralateral, uninjured eyes resulted in very good clinical results it af se

patients that underwent this procedur@enyon and Tseng 198%) was then later

shown that limbal pithelial cells could be cultureid vitrofrom small limbal

OA2LIAASA FTNRBY LI GASYydaqQ dzzAyedz2NBR SeSa IyR 0
successful autologous grafts that form clear and structwsdiynd epithelium

(Pellegriniet al. 1997)

Initial surgical treatment for epithelial damage was through transplantation of
grafts of conjunctival tissue on to the cornealfsce(Thoft 1977) based on the
theory of conjunctival transdifferentiation mentioned above. However, a
comparison study of conjunctival and limbal autograft transplantatioi $giet al.
(1990)demonstrated the superiority of the latter technique, which produced a new
ocular surface epithelium with a corneal phenotype. The former technique was
shown to form a conjunctival epithelium overdltorneal stroma, with no

transdifferentiation observed.

A recent investigation has shown that wound healing of an annular epithelial
wound is predominantly due to limbal/peripheral corneal cells and not cells from
the central cornea in the moug@arket al.2019) This also confirmed that
centripetal migration of epithelial cells is much greater than centrifugal during

wound healing.
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1.2.3.4 Presence of labettainingcells

As epithelial stem cells are slesycling and divide infrequently in their quiescent
state, they will retain certain labels for prolonged periods after initial labelling.
Cotsarelist al. (1989)verified the existence of labektaining cells in the basal
limbal epithelium of mice by labelling wittH-thymidine. No corneal epithelial cells
were found to retain the label and it was also shown that wounding or applying a
tumour promotor to the cornea stimulated the LESCs to proliferate. The results of

Zhaoet al. (2008a)supported the finding of labeletaining cells at the limbus.

Label retention was assessed in the ocular surface of theGFEZBK5tTA transgenic
mouse, which expresses green fluorasicprotein (GFP) throughout the ocular
surface epithelia until chased with doxycycline, which causes the label to dilute by
50% with every cell divisigirarfittet al. 2015) At 28 days chase, almost the entire
limbal epithelium was still labelled, demonstrating a quiescent cell population here.
By 56 days chase, the number of labethining cells had greatly reduced at the
limbus,with only 3% of limbal epithelial cells still exhibiting label. No lae&lining
cells were observed in the corneal epithelium. The authors suggested that this
NEBYFAYAYy3 o2 NBLINS&ASYGISR (GKS aiNHZSE adaSy
presented bySartajet al. (2017)

Though it is not possible to carry out labelaetion experimentsn vivq this has

been done with orgastultured pig corneaéSeyedSafi and Daniels 2020)\fter

four weeks in culture, a larger number of lafvetaining céls were found within the
porcine limbus than the central cornea: 44.7 £ 6.4 vs 4.7 £ 1.5 respectively. Label
retention investigations in organultured human corneas demonstrated label
retaining cells in the limbal epithelium that expressed several pugatESC

markers(Figueiraet al. 2007)

1.2.3.5 In vitro growth characteristics

It was demostrated in the Eighties that peripheral human corneal epithelial cells
grow better in culture than central cells do; then subsequently that limbal epithelial
cells grow better than peripheral corneal cdEbatoet al. 1987,1988) Cultured
peripheral cells had significantly higher mitotic ratesl larger outgrowth sizes

than central cells and, also, reached confluence within 14 days whereas the central
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cells did not and had begun to die off. Limbal epithelial cells demonstrated a
significantly quicker doubling time than peripheral cells andrthitic rate was
also considerably higher. This greater proliferative potential of limbal cells was a

meaningful boost to the newly proposed limbal stem cell theory at the time.

Clonal analysis of single cells cultured from limbal and central corneaképith
further revealed this loss of clonogenic ability towards the centre and suggested
that the cornea mostly consists of TA@egllegriniet al. 1999) Central corneal cell
did not form colonies though some peripheral cells did, but these could not be
serially cultivated. The cells from limbal colonies were then characterised (based on
the characterisation of epidermal progenitor cells) as holoclone, paraclone or
merocloneg representing a potential stem cell with high proliferative capacity, a
TAC with limited proliferative capacity that produces a terminally differentiated
colony, or an intermediary cell respectivéBarrandon and Green 1987)1 of 58
limbal clones formed were judged to be holoclone, with eight being classed as
paraclone and the remainder as meroclofiRellegriniet al. 1999) demonstrating a

population of cdls with stem characteristics here.

Dziaskeetal.(2014)4 221 GKA A FdzNHKSNJ 6& O2NMIOKKY 3 OSft f
FYR ©OWRYII NAOK:¢ fAYOlFE FNBlFad ¢KSe F2dzyR GKI
of holoclones was produced by cells from therio@ limbusg 17.74% compared to

1.61% from the noseryptrich limbus. The L@ch limbus also produced a

significantly lower proportion of paraclones (38.71% compared to 56.45%), which

showed the higher proliferative capacity of cells from these regions. Similar findings

were also found when comparing the tweportedly different regions of the

porcine limbus, as mentioned abo{otaraet al.2011) A more recent study has

shown the greater proportion of holoclones produced by cells from the porcine

limbus (38.3%) compared to the central cornea (8.@8éyedSafi and Daniels

2020)

1.2.3.6 Putative stem cell markers

One of the issues when trying to identify the limbal stem cell niche is the lack of a
specific stem cell marker for epithelial cglGhenet al.2004) An issue with many

markers is their progressive downregulation in early progenitor ¢Hitssaet al.
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2012) resulting in them being present in both LESCs and early Ha®@sver,
many putative markers have been suggested and several are expressed at the basal

limbus.

Pellegriniet al. (2001)stated that the transcription factor fbwas expressed

specifically by putative LESCs and not the TACs that derive from them. Holiever,
lorioetal.(2005)F 2 dzy R G KI G AG g1 & 2 dzésiexpedsedlinA &2 F 2 N.
the limbal basal epithelium of undamaged corneas and this is more likely the

candidate for a LESpecific marker. p63 and its isoforms are commonly used when

assessing LES@spithaet al. 2008; Leviet al.2013; Grieveet al. 2015)

ABCG2, an ATiiinding cassette transporter, is considered a general stem cell
marker(Zhouet al.2001)and has been shown to be expressed in limbal basal
epithelial cell{Chenet al.2004; Duaet al.2005) HoweverWatanabeet al. (20049

found that ABCG2 is not exclusively expressed by the basal limbal epithelial cells,
with some suprabasal staining observed as well. Another member of this family of
transporters, ABCB5, has been identified as a regulator of differentiation and can be
used as a putative stem cell mark@&ranket al.2003) Ksandeeet al. (2014)
demonstrated that ABCB5 maintained LESCs in their quiescent state in mice, and
was present in populations of labedtaA Y A y 3 OSft f & A yposditeOS | YR
human basal limbal epithelial cells. More specifically, it marked cells adjacent to the
Palisades of Vogt and the proportion of ABGBSitive cells was much lower in

eyes from limbal stem cetleficient patientsABCB5 has now become a very
promising candidate for a LES@ecific marker, immunofluorescence images for
GKA& YR Llobiguelldy oS &aSSy Ay

A- B--

Figurel.9- Immunofluorescence staining of the rabbit limbus with putative LESC markers.
./ .p FYR Llkoh 0620K adlAy Y2NB adNey3te i
olalt OStftad { OFft S LietaN@RUl7viph/permission uhdBrithediréatiRe F
commons uselicense (https://ceativecommons.org/licenses/by/4.0/)
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Vimentin is an intermediate filament and is believed to be a markéatef

progenitor cells and mesenchymal céligaskaet al.2007; SchlétzeBchrehardet

al. 2007) Vimentin has been found to label basal epithelial cells that are located at

the anterior end of the limbus, wére it transitions into the peripheral cornea

(Lauwerynset al. 1993; SchlétzeBchrehardt and Kruse 2005; Schiét&ehrehardt

etal.2007) whichisi KS LINP L2 aSR YAINI GA2Yy NRdziS 2F (KS
intermediate filament has also been noted as a marker of epitheiedenchymal

transition (EMT)Zeisberg and Neilson 2009)

Another two important markers for assessing the corneal epithelium are the
corneaspecific differentiation markers, cytokeratins 3 and 12 (K3/K12). It was
Schermetet al.(1986)who first specifically suggested that corneal epithlestem

cells are located in the basal limbal epithelium, based on the observation that K3
was found throughout the full thickness of the corneal epithelium and was present
in the suprabasal limbal epithelium, but not the basal limbal epithelium. Thig sam
staining pattern was also later observed for KlLRiet al. 1993; Wuet al. 1994)

This lack of staining at the basal limbus confirms that these epithelial cells are less
differentiated than are those throughout the rest of the cornea and limbus. K19 is
suggested to be a marker of skin stem cells and has been used to identify these cells
in hair folliclegMichelet al. 1996) It has also been suggested as a potential marker
of the LESO¥aspeet al. 1988)but, again, it is not specific to the stem cell
population(Chenet al.2004).

Many other markers have been used when assessing LESCs; just some of those
Ay Of dahdlased nestin, connexin 43 and numerous integfMatic et al. 1997;
Chenet al.2004; SchlétzeBSchrehardet al.2007) However, many of these are not
exclusive ¢ the basal limbal epitheliurgor even to the cornea. Thus, a distinct
LESC marker remains elusive and, usually, several markers are used in unison to

attempt to identify LESCs.

1.2.4 Limbal stem cell deficiency

Another key indicator that the limbusand morespecifically the L€is the site of
the limbal stem cell niche is that the crypt structures appear to be absent in human

eyes affected by Limbal Stem Cell Deficiency (LSGDixtet al. (2007)usedin vivo
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confocal microscopy and neither LCs nor FSPs could be detected in any of the eight
patients with the deficiencyLagaliet al. (2013)found that progression of stem cell
deficiency affected the morpholggof the limbus; LCs may be significantly damaged

if present or could be lacking entirely.

LSCD often arises due to external influences that destroy the LESCs and the niche.
These can include chemical or thermal injury, contact lens wear, medications, and
latrogenic trauma; amongst othergHolland and Schwartz 1997; Schwartz and
Holland 1998; Chan and Holland 2013; Boébal.2017) The deficiency can also

arise from pathologies or congenital conditions such as anifiishidaet al.

1995) with a congenital lack of stem cells or an inadequate niche environment for
the maintenance of the stem cells being proposed as the aetidiegyaestet al.

2005) Autoimmune conditions, such as Stevaafinson syndrome and ocular
pemphigoid, are difficulto-treat causes of LSCD that are swgjgd to cause the
deficiency via promotion of LESC apoptosis through inflammatory fa@iatsh

and Dana 2009)This list of possible LSCD causes is not exhaustive.

The main symptoms people with LSCD often present with are reduced vision and
photophobia(Espanat al.2002; Ramat al. 2010; Chan and Holland 2013)

Varying degrees of discomfort, from itching/irritation to pain, may also be reported
(Pathaket al.2013) Recurrent epithelial erosions, and their asisded symptoms,

are also reported by LSCD suffer&fsry often conjunctivalisation occurs,
conjunctival epithelium growing over the corneal surfgeliang and Tseng 1991)
and this then leads to the issues mamted abovegShorttet al. 2007) and loss of
transparency of the cornea. This again refutes the idea of conjunctival

transdifferentiation.

Limbal transplants can be performed to treat LSCD, using either autografts or
allografts(Kenyon and Tseng 1982 d, as aforementioned, grafts cultured from
LESCs can also be used succesgRelfegriniet al. 1997) Another development
has been the use of amniotic membrane as a transplant material that allows a
functional corneal epithelium to grow over the membrane and repopulate the
corneal surfac€Kim and Tseng 1995 his has then been developed further by

either transplanting a limbal allograft along with the amniotic membréahsenget
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al. 1998)or by culturing autologous epithelial cells on to the membrane and

grafting both togethel(Tsaiet al. 2000) both demonstrating good clinical results.

More recent developments of surgical treatment of LSCD include trying to revitalise
the stemcell niche. Solid plateleich plasma has been incorporated into an
allogeneic limbal epithelial transplant, as it is a good source of growth factors that
aid tissue regeneration, with promising initial resuyl#dvaradeVillacortaet al.

2020) The transplantation of bone marrederived mesenchymal stem cells

(MSCs) instead of cultured limbal epithelial cells has recently been shown to be as
effective as limbal epithelial transplaCalongeet al.2019) The mechanism of

repair after MSC transplant is still not fully understood but could Ive/é1SCs
transdifferentiating into corneal epithelial cellRohaineaet al.2014; Harkiret al.

2015; SancheAbarcaet al.2015) migrating into the injured tissue and modtitey

the immune response/inflammatioOmotoet al. 2014; Galindet al.2017) or by

stimulating remaining LESC#olanet al. 2015; Galindet al.2017)

1.3 Extracellular matrix in stem cell niches

It is now widely believed that the ECM has a highly regulatory role in stem cell
niches. As aforementioned, a stem cell niche is not just where the stem cells are
located, it is a specific environmeat cells and ECM components that maintains

the stem cell population. The ECM helps maintain a niche by modulating cell
adhesion and through regulation of cell signallqigcluding via celtell

interactions and chemical signalli@@rdonez and Di Girolamo 201®)itial thinking
seemed to favour that stem cell niches were maintained just by the interaction of
stem cells with surrounding cells, however, new evidence emerged demonstrating

the importance of tle ECM in niche maintenance, as reviewedsbgdden (2006)

A range of paracrine factors, secreted by niche cells, which affect stem cell
behaviour has been identified Drosophilanodels. Decapentaplegic, a BMP2/4
homologue, maintains germline sterelts and stimulates cell division in the ovaries
(Xie and Spradling 1998)ingless maintains intestinal stem cells in a-satewal

state and Hedgehog then stimulates these cellsittetentiate (Takashimaet al.
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2008) Some of these factors have also been identified as regulators of mammalian
adult stem cells: Wnt (a Wingless homologue) retgdaneurogenesis in the adult
hippocampus and stimulates thdee novoformation of hair follicles after injury in

adult mice(Lie et al. 2005; Itoet al.2007) Hedgehog is also important in the
regulation of neural precursor cellRalmaet al.2004) These are just a small

sample of the many paracrine factors that have been implicated in stem cell niches.

Another interesting possibility, when it comes to ECM regulation of
stem/progenitor cell populationss whether the mechanics of the matigsuch as

the stiffness of the EClglmodulate cell phenotype in addition to the chemical
composition. It has been shown that 3T3 fibroblasts will preferentially migrate from
a softer substrate to a stiffer one, inprocess termed durotaxid.oet al. 2000;

[ T 2L32dz 2a |y R. ThelstiffiveSsyo2th@ indlerlying supstrate can also
impact other cell behaviours, such as proliferation and differentiation, as shown in
anin vitroexperiment using human epidermal celWanget al.2012) A stiff
substratestimulated migration and proliferation but inhibited differentiation.
Contradictory findings were found with 3T3 fibroblasts grown on polyacrylamide
substrates, cells migrated more on softer gels, but the effect of stiffness on cell

behaviour was still n@able (Pelham and Wang 1997)

Stiffness of the underlying substrate, similarly, does affect stem cell behaviour.
MSCs, which have multilineage potential, respond to the stiffnessenétljacent
matrix in directing cell lineageas shown in am vitro model (Engleret al. 2006)
Increasingly stiffer polyaciamide gels that mimicked brain, muscle and
collagenous bone tissue elasticity were found to be neurogenic, myogenic, and
osteogenic, respectively. This could be seen in the morphology of the MSCs
cultured on each gel, the RNA profiles, and in cytosketetakers. In another
study, murine muscle stem cells retained stemness; including the ability to self
renew, improved viability and inhibition of differentiation; when cultured on a
softer substrate that mimicked the stiffness of muscle tisg@gbertet al.2010) In
fact, these stem cells could be implanted into damaged muscle and would engraft

and even lochse themselves to their nativie situniche.
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Evidence has been gathered suggesting the importance of the ECM in the stem cell
niches of a range of tissues. In skeletal muscle, the stem cells are adjacent to the
basal lamina of the ECM and numerous conmgrus influence them. For example,
collagen VI regulates seknewal and maintains quiescenfldrciuoloet al.2013)
whilst laminin and pohky-lysine may aid differentiation and maturatigBoonenet

al. 2009) TenascifC, by interacting with other signalling pathways, influences the
developmental programme of neural stem cdl&arcionet al.2004) Wanget al.
(2013)found that MSCs taken from trabecular bone differentiated into endothelial
cells when cultured in EGNth conditions, with laminin being a key driver. This is,
again, just a small agple of the vast array of ECM components and proteins that
can constitute and regulate a stem cell niche. However, little is still known about

the composition of the limbal stem cell niche.

1.3.1 Limbal basement membrane and stromal extracellular matrix

The stifness of the underlying stromal ECM has been shown to influence epithelial
cell fate. Limbal epithelial cells demonstrate increased growth capacity and greater
differentiation (as indicated by K3 staining) when cultured on stiffer, compressed
collagen gelshan on uncompresse@oneset al.2012) This was demonstrated

further bothin vitroandex vivoby assessing the expression of “dgsociated

protein (Yap) in basal epithelial celiRosteret a. 2014) Yap is retained in the
cytoplasm when cells are stimulated by a soft subst{@tepontet al.2011) LESCs
expanded on stiffer collagen gels expressed more nuclear Yap, whereas there was
more cytoplasmic Yap staining on softer délgsteret al.2014) Inex vivobovine
corneas, there was significantly more cytoplasmic Yap in limbal basal epithelial cells
and more nuclear in corneal basal cells. Tisrectly suggests that the limbal ECM

is less stiff than the corneal ECM and it was suggested that underlying ECM stiffness

might drive epithelial cell differentiation and the centripetal migration of cells.

A novel microscope was developed to assesdbtbmechanical properties of the
cornea using Brillouin scatterirfgepertet al. 2016) This technique can assess the
relative stiffness of corneal tissue and has shown that there is indeed a difference in
stiffness between the human limbal and corneal strognaith the limbal stroma

being softer, as previously hypothesised. The same has been found in the rabbit
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cornea, where it has also been shown that the stiffness can be reduced via
collagenase treatment and that treatment then resulted in a softer central cornea
that supported the growth of epithelial cells that expressed putative stem cell

markers(Connonret al.2017)

Further influence of the stroma over the fate of the overlying epithelium has been
demonstrated using another ralthinodel (Espanaet al.2003) Using dispase 1l to
dissociate intact epithelial sheets from rabbit cornea and limbus, the resultant
sheets were then recombined with either corneal or limbal stroma. It was seen that
corneal epithelium became less differgated and apoptosis was reduced when it
was placed upon limbal stroma, whilst limbal epithelium became more
differentiated and apoptosis was increased when it was placed onto corneal
stroma. Thus, these results suggested that the stromal composition,herdfore

the ECM composition here, was different between the limbus and cogiveigh the

former creating an environment that favours stemness.

AsEspanatalQd G SOKYyAljdzS F2NJ Aaz2fldAy3a SLIAGKST
basement membrane, they did not lieve that the basement membrane had a

significant effect on the modulation of the limbal and corneal epithelia. However,

in-depth studies have examined the composition of the limbal basement

membrane and demonstrated variations that could implicate ittémscell niche

regulation of the LESCs.

Blazejewskat al. (2009)have demonstrated that culturing murine hair follicle stem
cells in a limbuspecific environment can cause them to transdifferentiate into
corneal epithelial cells. It was specifically a microenvironment similar to the limbus,
rather than the cornea, thiawas needed to induce this change. This
microenvironment was replicated by obtaining culture media conditioned by limbal
and corneal fibroblastg as well as 3T3 fibroblasts which were used as a coqtrol
and by incorporating laminid, which is an impognt component of ocular surface
basement membrane&SchlotzerSchrehardet al. 2007) This again demonstrated

the considerable influence the ECM/basement membrane environment of the

limbus hagover directing cell fate.
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It has recently been shown that a decellularised matrix produced by human corneal
fibroblasts can be used for ocular surface reconstrucf{Mertschet al.2020) The

matrix produced was muHayered and similar to the corneal stromal ECM. It
supported the growth of LESCs and a stem phenotype was maintained. Though it is
yet to be tested in humans, it is a good candaltdr delivering LESC transplants to

the eye as it contains the required cornspecific matrix and has reduced

immunogenicity.

Using an array of different monoclonal antibodi8gshlétzerSchrehardet al.

(2007)assessed the composition of the limbal stromal ECM and epithelial basement

membrane. Type IV collagen, emportant component of all basement membranes,

Oty 6S 02YLRASR 2 fSadbek &t 1905)amdBStEey & 1 OKI Ay a
Schrehardet al.found that therewasmore m 'y R hw O2f I ASy L+ Ay
basement membrane than in the corneal, a finding agreed upon by others

(Ljubimovet al. 1995) It was also found that the corneal basement membrane

O2y il Aya Y2NB ho O2fftl3Sy L+ AYy 020K 2F GKSa
is not understood, but it is suggested to play a role in adhesion of potential LESCs

and pomoting differentiation into an epithelial cell lingiet al. 2005; Ahmacet al.

20070 ¢ KS RAFFSNBYOS Ay (KS TFdzyOlAz2y 2F RATFTFSI
Type XVI collagen is also one that appears to only be present in the limbal, and not

the corneal, epithelial basement membra(®chlétzerSchrehardet al. 2007)

Vitronectin is a glycoprotein that is localised either within the limbathegtial
basement membrane or directly subjacent to it but is not found within the central
cornea of human eyeSchlétzerSchrehardet al. 2007; Echevarriat al.2011)
Echevarriat al.also found vitronectin within the basement membranef the
epithelia of the hair follicle outer root sheath and the crypts of the small intestine,
both epithelia that are host to stem cell populations. The colmryning efficiency

of putative LESCs was demonstrated to be increased with the addition of a
vitronectin coating and a higher number of holoclones were foritiechevarriaet

al. 2011) These results suggest the presence of vitronectin in, or subjacent to, the

limbal basement membrane maydeed play a role in stem cell niche maintenance.
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It is interesting to note that some basement membrane components, individual to

the limbal area, seem to aggregate at the base of LCs atwtabse with putative

stem cells based on marker express{&chlotzeiSchrehardet al. 2007) These

Ay Of dzRS fF YAYAY ! asdnC..Inate imbdstantenidrto LGSR G Sy
suggested to be the migration route of TACs, other components are found such as
chondroitin sulphate, versican, type XVI collagen. Significantly, the ECM/basement
membrane components found here are noted to have &aat on cellular changes,
including proliferation and migration, via interactions with signalling

molecules/cascades.

Gesteireet al. (2017)have demonstrated that the ECM of the murine limbal stem
cell niche is rich in the glycosaminoglycan hyaluronic acid(gea)below). Using

HA synthase knockout models, they showed that the loss of these synthases could
lead to LSCD and that a change in the distribution of HA led to a change in the
distribution of LESCs. They proposed that HA helps maintain the stem cell
phenotype in the cornea. This is not the first investigation to examine
glycosaminoglycans in relation to stem cell niches; in fact, they have become an

area of interest in this field.

1.4 Glycosaminoglycans

1.4.1 Structure

Glycosaminoglycans (GAGS) are extremelgrdezmolecules comprised of a long
sugar chain made of repeating disaccharides, which themselves consist of a
hexosamine unit alternating with a uronic acid or galact(@@aterson 2012)The
hexosamine unit can be either&tetylglucosamine (GIcNAc) orddetyt
galactosamine (GalNAc) and the uronic acid can be either iduronic acid (IdUA) or
glucuronic acid (GIcA). There are four differgmtes of GAG: hyaluronic acid (HA),
heparin/heparan sulphate (Hep/HS), keratan sulphate (KS) and chondroitin
sulphate/dermatan sulphate (CS/D®Jhen a GAG is attached to a core protein,
this is then termed a proteoglycan (PG). One or more GAG chains\aertly
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bind to the core protein of a PG and they can be found both intracellularly or

extracellularly, as well as on cell membraifésghtet al. 1991)

HA consists of GIcNAc alternating with GIcA and is the only GAG that is never
sulphated and does not bind to a protein cdfezzo 200Q)KS is different in that its
structure is formed by galactose alternating with GIcNAc and does not involve a
uronic acid component. Hep/HS consists dfi@i uronic acid alternating with

GIcNAc. The structure of CS/DS is discussed below.

There is a vast number of possible GAG configurag@nmsmings 2009)

Considering just CS/DS, it is estimated there are as many&thééretical variants

of a 50 disaccharidng chain, based on 16 possible disaccharide var{&@ssson

et al.2020) One of the reasons for this is that the amount of sulphation of the
hydroxyl groups of the disaccharide, and which hydroxyl group the sulphated
groups attach tocan varyHayeset al.2011) The sulphation, as well as other
components of the structures, give GAGs a strong negative charge. This makes the
molecules very hydrophilic and gives them the ability to bind to many positively

charged molecules within cells and the E(@aterson 2012)

1.4.1.1 Chondroitin sulphate and dermatan sulphate

CS consists of GalNAc and GIcA, however, some of the GIcA can be converted into
IdUA and wherthis occurs it is then known as DS8ightet al. 1991) Simplified
diagrams of on®f many possible structures of CS and DS heptasaccharides are
shown inFigurel.10. The individual monosaccharides can be sulphated in various
positions(Caterson 2012)GalNAc can be sulphated at either theod 6-hydroxyl

groups, or both in CS chains, and the uronic acids can be sulphated at the 2

hydroxyl group. The glycosidic bonds from the urodiciaR I NB i wmXo f Ay &

FNRY DIFfb! O (I6zea®2000) m>Zn fAYy ] a
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Chondroitin sulphate (CS)

| | ‘
Linkage region

I:‘ Glucuronic acid
I:‘ Iduronic acid

Dermatan sulphate (DS) () N-acetyl-Galactosamine

? @ 2., 4-or 6-sulphation

v

Linkage region

Figurel.10- Diagram representing the structures of chondroitin sulphate (CS) and dermatan
sulphate (DS) polysaccharides.

CS and DS both contairaldetytgalactosamine, but different uronic acids. This allows them to fc
hybrid chains cortining both types of glycosaminoglycan. The tetrasaccharide linkage region,
consisting of xylosgalactosegalactoseglucuronic acid, binds the glycosaminoglycan to a core
protein via a glycosidic bond between the xylose and a serine residue on the pidtgihet al.
1991)

1.4.1.2 Biosynthesis of CS/DS

The biosynthesis of CS/DS and Hep/HSnsdg the same way, with the formation

of the tetrasaccharide linkage region. Two different xyldsyhsferases begin this
process by transferring a xylose residue from bilBse onto the hydroxyl group

of a specific serine residue in the core protefrad®G. Two galactose residues are
then added from UDfgalactose and, finally, a GIcA residue added from-GA
completes the linkage region. These additions are all completed by distinct gtycosyl
transferasegHascalkt al. 1991; lozzo 2000; Caterson 2012

Chain elongation then occurs withd alternate addition of GaINAc and GIcA by
further distinct glycosytransferases, which is when the biosynthetic pathways for
CS/DS and Hep/HS diverge. Further modification occurs when some of the GIcA
residues are converted into IdUA by DS epimera$ablél.1), thus forming DS
disaccharides from CS disaccharides. Sulphate groups are also added to the
disaccharides in various positions by numerous sulphotransferases, also shown in
Tablel.1. These modifications are believed to occur during or slightly after chain

elongation.
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sulphotransferase
(C6ST2)

Enzyme Action of enzyme
Chondroitin4- Adds sulphate residue tolydroxyl group of GalNAc in CS
sulphotransferasel chains
(C4ST1)
Chondroitin4- Adds sulphate residue toydroxyl group of GalNAc in DS
sulphotransferase chains
(C4ST2)
Chondroitin4- Adds sulphate residue toydroxyl group of GalNAc in CS
sulphotransferase3 chains
(C4ST3)
Dermatan4- Adds sulphate residue tolydroxyl group of GalNAc in DS
sulphotransferasel chains
(D4ST1)
Chondroitin6- Adds sulphate residue toldydroxyl group of GalNAc in CS
sulphotransferasel chains
(C6ST1)
Chondroitin6- Adds sulphate residue tolydroxyl grogp of GalNAc in CS

chains

N-acetytgalactosamine
4-sulphate 60
sulphotransferase

Adds sulphate residue tolydroxyl group of an already 4
sulphated GalNAc in CS chains

(GalNAC4ST)

Uronyk2-O- Adds sulphate residue tot2ydroxyl group of either uronic
sulphotransferase acid in CS/DS chains

(UST/CS2ST)

DS epimerasé Converts GIcA to IdUA beforeGtsulphation of GalNAc has
(DSepil) occurred

DS epimeras@ Converts GIcA to IdUA beforeGtsulphation of GalNAc has
(DSep2) occurred

Tablel.1- A list of some of the enzymes involved in CS and DS biosyntfesierson 2012)In
particular, those involved in sulphation.

The biosynthesis of GAGs occurs intracellularly, mostly within the Golgi/trans Golgi
compartments. The core protein is formed in the rough endoplasmic reticulum and
is then transferred to the Golgi for the addition oEtiGAG chains. The completed
PGs are then transported to where they are needed: stored in secretory granules
for later secretion, embedded in the plasma membrane or secreted into the ECM

(Hascdlet al.1991; lozzo 2000)

1.4.2 Functions

Though it is strongly believed that PGs have a role in maintaining the transparency
of the corneal stroma, PGs have functions in many different cellular processes and
these functions can be enacted by either the fgia itself, the GAG side chain or

both together(Tiedemanret al.2005) PGs have the ability to bind many different
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molecules/entities, inclding growth factors, morphogens, cytokines, and
chemokinegNajjamet al. 1997; Kawashimat al.2002; Bacet al.2004; Yan and Lin

2009) Through binding to these different molecules, PGs can then influence

biological processes. There are three proposed actions when a PGaihds

ANRBGOGK FFEOU2NY MO SYyKFEYOAYIAKAYAGAFGAY3I O
action of the factor due to the PG binding and slowly releasing it; 3) inhibition of the
ANRPSGK FILOG2NRa | OlAz2y o6& LINGBoeIgNHAy 3 Al

Thus, GAGs and PGs can play both structural and functional roles within a tissue.

Some examples of the influence of PGs include the dependence of vascular
endothelial growth factor (VEGF) on heparin to bind to its receptor, in order to
initiate angiogenesis and the proliferation of endothelial céBgayGorenet al.

1992) Heparinbinding EGHike growth factor interacting with HS PGs on the cell
surface of smooth muscle cells is also essential for stimulating the migration of
these cell{Higashiyamat al. 1993) Cell adhesion, both to the ECM and to other
cells, is also influenced by PGs/GAGasuse mammary epithelial cells were found
to attach to the ECM via cell surface PGs that acted as receptors for ECM
componentgSaunders and Bernfield 198&nd macrophages and fibroblasts have
been shown to aggregate via HA receptors with HA moleautessbridging the
receptors on adjacent cel(§&reenet al. 1988) These are specific examples of
functions within specific tissues, the influence of GAGs is widespread throughout
the bodyand the effects of this have particular importance in the development and

regeneration of tissues.

1.4.3 GAGs/PGs regulating stem cells

PGs, particularly HS PGs, have been shown to be key players in stem cell niche
regulation and with embryonic stem ce(lsraushaaet al.2013) A study on
haematopoietic stem cells found that HS PGs were important in the maintenance of
long-term culture-initiating cells(Guptaet al. 1998) In particular, it was thought

that larger, more highly sulphated HS PGs were responsible for this. Another study,
on mouse bone marrowlerived MSCs, also demonstrated the impact HS PGs have

on stem cell selfenewal and proliferatiorfChenget al. 2014)
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The HS PGs syndeeamand syndecad have been shown to bexpressed

exclusively by quiescent satellite cells (the stem cells of skeletal muscle) in adult
muscle tissue and these PGs have important roles in the maintenance, activation
and proliferation of these cell&ornelisoret al.2001) Thein vitro proliferation

and differentiation of bovine muscle cellss also found to be considerably higher
when a mixture of GAGs was added to an enaetiminircollagen culture
substrate(Rgnninget al. 2013) However, it cannot be determined from this which

GAGs were having the most influence on cell behaviour.

CS/DS has also become the subject of much interest concerning its role in stem cell
niches and the functioning of stem cells. Embryonic stem cells in mice are
dependent on CS to develop and function propé€ityimikaweaet al.2014) This
investigation found that pluripotency could not Ipeaintained without CS and that

CS was needed to initiate differentiation.

When investigating sections of telencephalon tissue of embryonic mouse brains,
and neural cells in culturégaet al. (2006)found a significant presence of CS
around these cells. Fibroblast growth factor (FX3#nediated cell proliferatn of

the stem cells was stimulated by different types of commercially produced CS and
telencephalonderived CS also produced this effect. Furthermoseyigoandin

vitro investigations of neural precursor cells 8ykoet al. (2007)corroborated the
regulatory role of CS. The reduction of CS by chondroitinase digestion led to a
decline in both cell proliferation and differentiation in cultured murine neural cells

as well as sectionsf forebrain.

Karuset al.(2012)took this further and found that the sulphation of CS is an
important regulator of spinal cord neural precursor cells. Progression of the cell
cycle, proliferation and maturation were all afted in mouse neural cells that
were treated with sodium chlorata vitro, which reduced the sulphation of CS

GAGs.

When examining thén vitro differentiation of MSCs into cartilage cells in 3D
hydrogel scaffolds designed to mimic the native cartilag@r@nment, the addition

of CS enhanced chondrogene@iarghesest al.2008) This was believed to be due
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to creating a microenvironment that was more similar to the watniche. The cells
in the CS hydrogel also exhibited lower rates of proliferation and started producing

cartilage ECM components, unlike MSCs cultured without CS.

1.4.4 GAGs in the cornea

GAGs have been studied extensively in the central cornea, but not as
comprehensively at the limbus. Howevdorcherdinget al. (1975)examined GAG
distribution across the full width of the human cornea and made sevetelasting
observations. KS was found to be the main GAG in the central cornea, but its
concentration dropped sharply when transitioning from central to peripheral

cornea and from corneolimbus to sclerolimbus. CS and DS were then found to be
more prominentin the peripheral cornea and limbudoet al.(2014)also

examined PG distribution in bovine corneas. The distribution ohd®& PGs was
uniform across both the depth and width of the cornea and CS was only detected in

the peripheral cornea and at the limbus, like in the human eye.

Despite Heet al. finding no change in PG distribution with increasing stromal depth,
thereisy’ a2Ha8I[y¥ G(KS2NB (KIFG adz33asada Y{ A&
oxygen conditions. Therefore, more KS is expected in the less crghgrosterior
cornea(Scott and Haigh 1988bjue to the majority of corneal oxygenation coming

from the atmosphere via the anterior surface. This effect is only thought to be

prevalent in thicker corneas of larger species, where it has been noted in cows, rats

and rabbits(Bettelheim and Goetz 1976; Scott and Haigh 1988liyine corneas,

which are sufficiently thin and do not demonstrate such variation in oxygen

conditions, have KS only in very low levels and the KS present is alllfghated

(Scott and Haigh 1988b; Youeigal. 2005)

Though Borcherdingt al.reported that it is KS and chondroitin that are dominant

in the central cornea, it is usually stated that KS and DS are the most prominent
GAGs her¢Scott and Haigh 1988a; 10z¥898; Lewi®t al.2010) In particular,

these two GAG chains are bound to PGs in a family known as small {eahine
proteoglycans (SLRR&)zzo 1998)Some of the most abundant SLRPs in the cornea
include decorin, lumican, keratocan, biglycan and mimecan. One role of these PGs

is the hydration of the corneal stroma, with the negative charge of GAGs due to
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their sulphation beingsiaSR a4 GKS YIFAY RNAGSNI 2F (KS

(Hedbys 1961)This function, along with maintaining collagen fibril spacing, is

thought to play a keyole in maintaining corneal transparency.

From the numerous studies of PGs in the central cornea, it is well known that they
are closely associated to the collagen fibrils of the stro&svaguchet al.(1991)
compared the PG distribution in normal and keratoconic human central corneal
stromas using cuprolinic blue staining and found that PG filaments ran transversely
to the collagen fibrilg a finding agreed upon byleeket al. (1989) Studies

creating 3D reconstructions of bovine and mouse corneas using electron
tomography demonstrated that the collagen fibrils of the corneal stroma were in a
NEIdzf | NKSEIAS22RR2t ¢ | NNI yaISYSyid FyR GKI
more fibrils, whilst KS PGs occupied the interfibril sgaesviset al. 2010; Parfittet

al. 2010) Some CS PG filaments woulsbarun parallel to the fibrils, as well as

angles to them that approacheatthogonal. Despite the irregularity of the PGs, it is
still thought that they maintain the regular spacing of collagen fibrils that is

essential to the transparency of the tiss(Maurice 1962; Benedek 1971)ewis

and Parfitt both propose that two opposing, yet balanced, forces are created by the
corneal PGs. The attractive force, induced by the thermal motion of the PGs, causes
a retraction of the molecule and brings the core proteins attached to different

fibrils closer together. The repulsive force is due to the anionic nature of GAGs
attracting positively charged ions and water molecules to the interfibril space,
inducing a swelling pressure between fibrils. Padital. also suggested that it is
specificallyundersulphated KS that is responsible for the attractive force and large

CS/DS PGs for the repulsive in mouse corneas.

Corneal PGs also have an effect on the formation of collagen fibrila.\Atno
investigation demonstrated that collagen fibrils formiedthe presence of lumican

(a KS PG) were significantly thinner than those formed without lunfiRadaet al.
1993) Decorin (a DS PG) also resulted in thinner fibrils and the investigators found
that the effects on fibrillogenesis resided in the cpreteins, not the GAG chains.
However, a knockout mouse model demonstrated normal corneal collagen packing

and fibril sizes in decorinull mice(Danielsoret al. 1997) whilst lumicaranull mice
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presented abnormally shaped, sizand organised fibrils and corneal clouding
(Chakravartet al. 1998; Quantoclet al.2001) This suggests lumican plays a larger
role in corneal collagen fibrillogenesis than decorin does. Additionally, mice lacking
keratocan, another KS PG, demonstrate much larger collagen fibril diameters that
are arranged further apart and less regularly than in wild type cor(leagt al.

2003; Meelket al.2003) In a dual decorin/biglycan knockout modghanget al.
(2009)showed that knocking out each PG individually did nohgeastromal

collagen fibril structure. Decorin was found to be more important for fibrillogenesis
than biglycan, as decormull mice demonstrated a compensatory increase in
biglycan, whilst the decorinull/biglycannull mice showed significantly disrugte

collagen fibril formation.

The distribution of HA in the murine cornea has also been investigated and has
been found to be almost exclusively within the limbus and not the peripheral or
central cornegGesteiraet al.2017) This is true even after epithelial injury;
however,HA can be found in the central cornea of HA synthase knockout mice after

injury.

1.5 Celicell interactions

The other aspect of a stem cell niche is the influence of other cell types on
regulating the stem cell population. It has been proposed in a revigtveof

literature that LESCs can potentially receive signals from six different cell types: the
corneal and conjunctival epithelia, corneal stromal cells, conjunctival stromal cells,
and the endothelial and smooth muscle cells of the episcleral vascul¢g@tepp

and Zieske 2005Yhough the LESCs are not in direct contact with all of these cell

lines, there are still numerous sourcef potential celcell contact.

1.5.1 Corneal stromal cells

As mentioned in sectioh.1.3 the corneal stroma contains keratocyteflattened
fibroblastlike cells. However, there is also a population of stem cellsmitie
limbal stroma that are proposed to be MSCs. MSCs are multipotent stem cells,

derived from the mesoderm, that can be found in skeletal muscle, bone marrow
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and adipose tissug®enniset al. 1999; Williamset al. 1999; Zulet al.2001) In

2005, Dravidat al.identified a population of limbal stromal cells that possessed
transdifferentiation potential for several different cell lind2olisettyet al. (2008)

then compared human limbal stromal cells to human bone marrow MSCs and found
that they were extremely similar in morphology, proliferative capacity, surface
marker expression and muitieage differentiation potentiat suggesting that

these cells are indeed MSCs. They also hypothesised that these cells form a

component of the LESC niche.

Chenet al.(2011)isolated human LESCs by using collagenase, which kept the
basement membrane intact. This resulted in niche cells fronstt@maalso being
harvested via this technique. Through this, and subsequent st(diest al. 2012)

this group found that the putative LESCs were closely associated to these
underlying cells from the stroma, which expressed a range of stem cedensar

and demonstrated that they support and enhance thevitrogrowth of LESCs. They
then showed that these stromal cells expressed MSC markers and suggested that
they were MSCs that form part of the limbal stem cell niflhet al.2012) Further
studies have also shown that limbal MSCs can be used to efficiently support the
culturing of LESQs vitro (Branchet al.2012; Nakatset al.2014; Kureshet al.

2015) All of this collectively demonstrates the highly regulatory role that MSCs play

in maintaining the limbal stem cell niche.

It has been shown that the putative LESCs and stromal cells are inagy cl
proximity to each otheg LJF NIif @ RdzS (G2 . 2¢6YlyQa &SN iSNY.
corneolimbal transition. However, it has been shown that there is an even closer

association than thi€Chenet al. (2004)noted invaginations into the litval

basement membrane from the basal epithelial cells, which they commented made

for an excellent route for obtaining nutrients, by bringing the putative LESCs closer

to the ECM of the stroma. Howevédziaskaet al. (2014)have shown that there are

actual breaks in the basement membrane of the human limbal stem cell niche,

allowing direct celcell interactions between the limbal epithelium and stroma.

Using serial blockace scanning electron microscopy (SBFSEM), 3D reconstructions

of the LC were created and direct contact between a putative LESC and a stromal
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cell was demonstrad (Dziaskeet al. 2014) Stromal cells were elongated and
extended processes towards the basement membrane and a focal, direct contact
was observed between a large stromal cell and a basal epithelial cell. This
connection was only observed within th€s. Significant staining for MSC markers
was observed in a subpopulation of limbal stromal cells subjacent to the LCs.
However, the investigators did suggest that these C@8d CD10%positive cells

may be situated deeper in the stroma than the stromallsthat are interacting

with the basal epithelial cells.

These stromal cebpithelial cell interactions have also been observed in the rabbit
limbus(Yamadaet al.2015)(Figurel.11). Mesenchymal cells in the stroma
extended long processes that went through discontinuations in the basement
membrane to contact basal epithelial cells, with some even extending some
distance in between adjacent épelial cells. With no positive staining for putative
MSC markers, it cannot be assumed that these stromal cells are MSCs. 3D
reconstructions confirmed these direct interactions between the two cells types,
showing that two mammalian species both poss#ss phenomenon in their

putative limbal stem cell niches.
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Figurel.11- Direct contact between an epithelial cell and a stromal cell in the rabbit
limbus.

Multiple process from stromal cells (A, arrowheaelstend towards lobed protrusions «
basal epithelial cells (A, arrow). A discontinuity in the basement membrane allows
stromal and epithelial cells to come into direct contact (B, arrowhead) in the limbus
epithelial cell, M = mesenchymal stronda8f t ® { OF S oF NAR 6! 0
Yamada et al. (2() with permissionunder the creative commons user license
(https://creativecommons.org/licenses/bgc-nd/3.0/).

1.5.2 Limbal melanocytes

As mentioned above, the Palisades of Vogt contain melanin pigmertiigaet al.
(2005)characterised the limbal melanocytes that are responsible for this. Limbal
melanocytes are found within the basal layer of the limbal epithelium, with the
pigment preferentially situated apically within the cell, closer to tloelar surface.

It is only the melanocytes that produce melanin at the limbus, as in the skin, and
Higaet al. (2005)suggested a melanocyte to kp8sitive epithelial cell ratio of
approximately 1:10. The melanocytes exhibit a dendritic molping extending to
multiple epithelial cells to which they appear to be closely associ@ewhskeet al.
(2014)observed directcelD St f Ay iSNI OGAzya |G ol alf
with limbal melanocytes. These limbal melanocytes support the growth of lWESCs

vitro and maintain the stem cell phenotygBziaskat al.2015)

Earlier work byHayashet al. (2007) demonstrated that subsets of both putative
LESCs and limbal melanocytes expresadiherin in the humafimbal stem cell
niche. The authors hypothesised that LESCs acadNerinpositive melanocytes

interact with each other via dadherin and that this subset of limbal melanocytes
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acts as niche cells in the limbus. A more recent study of cell adhesionutesdec

within the limbal stem cell niche contradicts HayashalQad FAYRAY 3a& 3> & dz33
that N- and Rcadherins mediate putative LERESC interactions and thatdhd R

cadherins mediate LES@klanocyte interactiongPolisettiet al. 2016) Hayashet

al. did not observe any-adherin in the limbal or corneal epithelium and E

cadherin was observed throughout the corneal epithelium, but only in the

suprabasal limbal epithelial layetdigaet al. (2013)did not observe Ncadherin

postive epithelial cells in association with melanocytes either, also contradicting

Hayashet al. However, all the studies do agree that limbal melanocytes certainly

seem to be important niche cells within the corneal limbal stem cell niche.

1.5.3 Epithelialmeserthymal transition

Epitheliatmesenchymal transition (EMT) can be described as the process of an
epithelial cell undergoing biochemical and phenotypical changes to become a
mesenchymal ce(Kalluri and Weinberg 2009y he changes observed inde
changing from an apicdiasally polarised cell to an elongated, frantback
leadingedge polarised cell; lack of intercellular adhesions; increased ECM
production; increased individual motility and irregularity in shape and composition
(Leeet al.2006; Kalluri and Weinberg 2009)he reverse process can also occur,

known as mesenchymabpithelial transition.

The need for EMT has been discussed in a series of review afficlegueet al.

2009; Kalluri 2009; Zeisberg and Neilson 20B9)T is essential during

embryogenesis, in particular for producing the primary mesenchyme. EMT is also
required for producing the mesenchymal cells and fibroblasts that are needed

during tissue repair, wound healing and bisis. However, metastasis of epithelial
cancers is also reliant on EMT, producing invasive, migratory cells that can then
establish a secondary tumour elsewhere in the body. Thus, EMT is indispensable for
the correct development and maintenance of an orggam but is also involved in

the most serious of pathologies.

There are various markers thean be used to determine whether EMT has taken
place. Ecadherin levels decrease during EMT and in the resultant mesenchymal

cells. It is thought that the reductioof Ecadherin and the adherence complexes
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they form may stimulate EM{Behrenset al. 1989; Viemincket al. 1991; Katcet
al. 1995) i -catenin is a protein that links cadherins to the cytoskeleton and is
normally found attached to the cell membrane of epithelial cells aokmigratory
tumour cells(Brabletzet al. 1998) However, during EMT, thecatenin dissociates
from cadherins and is then localised within the cytoplasm oleugcof the newly
formed mesenchymal cells-catenin also acts as a transcription fadtgrforming
complexes with Lymphoid Enhancer FaetdiLEFR) that then activate genes
necessary for initiating EMMediciet al. 2006) thus also explaining the nuclear

location of this protein in transitioned cells.

Cytoskeletal markers of EMT include Fibrobkstcific proteinl (FSF) and
vimentin¢ whichhas been mentioned above. F&Mas been shown to promote
the early stages of EMT in fibroblast formati@kadaet al. 1997)and, also,
metastatic development of carcinomas in a murine mggeleet al. 2003)
Vimentin is a more uncertain markef EMT, as it is not found solely in
mesenchymal cell®ellagiet al. 1983; Commet al. 2004; SchlétzeSchrehardt
and Kruse 2005)t appears that vimentin is a suitable marker for EMT during
metastasis and gastrulatigiBurdsalket al. 1993; Fléchomt al. 2004; Yangt al.
2004; Sarricet al. 2008) but cannot be reliably used as a marker for EMT during
fibrosis(Witzgallet al. 1994; Zeisberg and Neilson 2009)

EMT can be stimulated in tHenbal epithelium by air exposure in amvitro model

(Kawakiteet al.2005p & ! ANJ ft AFGAYIEé 2F NIOGOoAG fAYODIE SE
invasion by limbal basal epithelial cells and changes associated with EMT (such as a

reduction in Ecadherin anl nuclear relocation df-catenin) were observed in some

basal epithelial cells situated at the invading tip. Some-p@sitive cells were

found subjacent to the invading tips, within the limbal stroma, suggesting that

some limbal epithelial progenitarells had undergone EMT. The authors suggested

EMT could play a role in corneal wound healing and the choice of whether

regeneration or fibrosis is triggered in LESCs.

A followrup study to this suggested that EMT is involved in the pathogenesis of
human perygium, in particular, due to the activation of thecatenin pathway

(Katoet al. 2007) Several changes associated with EMT were observed in epithelial
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cells at the leading edge of pterygia and, again, invasion of basal epithelial cells into
the stroma was observed. EMT is also believed to be involved in subepithelial
fibrosisthat occurs due to LSCD, with similar observations to EatbQ a

investigation foundKawashimaet al. 2010)

When examining the putative limbal stem cell populations in the murine ocular
surface Parfitt et al. (2015)were surprised to find a very small number of label
retaining cells within the limbal stroma that had potentially migrated from the
epithelium, based on keratin 5 staining. The authors believe this supports the
notion of EMT at the limbus and, suggests it may be occuming/a These
findings also appear to support KawakitzalQ & (i @R0®Rth&Rlimbal epithelial

stem/progenitor cells undergo EMT.

More recently, using a transgenic mouse model, it has been shown thpp&lk

like factor 4 (KLF4) is a strong mediator of corneal epithelial homeostasis and a
suppressor of EM{ITiwariet al.2017) Ablation of KLF4 resulted in altered gene
expression that favoured EMT in corneal epithelial cells. This also affected wound
healing, with experimentally indied wounds closing more quickly in the KLF4
deficient mice but failing to repithelialise correctly after seven days. Thus, EMT
does appear to be a process that occurs in the corneal epithefiwivg though it

may be mostly associated with pathologydamot corneal homeostasis.

1.6 Xray micreacomputed tomography

X-ray computed tomography is a technigue widely used clinically, but it lacks the
resolution to observe finer structures and to examine smaller anifirédédsworth
and Thornton 2002; Ivanishlai al.2017) However, Xay micrecomputed
tomography (microCT) was deloped to remedy this gap in utility. This technique
can be used on much smaller samptdsom hundreds of microns to several

centimetresc to get micronlevel resolutiord [ S a 1 étlal@2@#8)] A

In this technique, just as with the clinical applicatiorra}(s are passed through the
specimen being examined to gather 3D information about it. An electronic detector

placed directly opposit the Xray source measures the attenuation values of the X
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ray beam as it passes through a crssstion of the specime(Seeram 2016)The

X-ray source is then rotated around the specimen and the attenuation values are

processed by a computer to generate 2D image slices that can be used to form 3D

volumes. MicroCT works along the same principles as clinical CT but has greatly

increased resolution for use on much smaller specimens. In microCT, the sample is
NRGFGSR 0@ I FNIOGUA2Y 2F | RSIAINBS (GKNRdAzZAK wmy
section whilsthe Xray source and detector remain stationary, in contrast to

clinical CT which involves a risgaped gantry rotating around the patient to collect

the imagegSeeram 2016)

The advantages of this technique include it being-destructive and able to be
used on unstained/unprocessed samp(esd T O1 &t #.2018; Mittoneet al.

2018) However, as soft tissues do not attenuatea¥s as much as harder or
mineralised tissues, staining procedures can be applied to soft tissue samples to
improve the image contrast. In addition, as mentioned above, this technique
collects 30nformation, meaning that crossections and surface images can be

acquired. Measurements can then be carried out on the resultant data sets.

X-ray microCT will be used in this thesis to create 3D reconstructions of the porcine
limbus in an attempt to detenine its structure. Analyses can then be applied to

determine some characteristics of this area, including of the LCs.

1.7 Electron microscopy

As the name states, electron microscopy utilises electrons instead of light in order
to image the structures undenvestigation. The advantage of this is it allows for
much higher resolution than light microscopy. Image resolution is dependent on
the wavelength of the light or electron beam used. As the wavelength range of
visible light is approximately 40000 nm, tte resolution of light microscopy cannot
go below this range. Electrons have a much shorter wavelength than visible light,

which results in better resolution and the ability to image much smaller structures.

Low contrast was initially an issue with electmoicroscopy. This can be countered

with the use of staining with heavy metdldallet al. 1945; Watson 1958xuch as
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uranium or tungsten, amongst others. These make the sample more electron
dense, increasing the interaction of the structures with the electron beam and

producing greater contrast.

There are two main types of electron microscopy: transmission electrizroscopy
(TEM) and scanning electron microscopy (SEM). During TEM, an electron beam is
passed through a thin section (approximately 100 nm) of the specimen to be
examined; electromagnets act as condensing lenses to focus the beam. It is then
the elections that have been transmitted through the sample that are collected to

form the image.

SEM was developed after TEM and involves raster scanning the electron beam

across the surface of a specimen and then collecting the backscattered and

secondary electros from the surface to form the image. Classically, the magnifying

L2 6SN) 2F {9a ¢l a y20 Ia KAIK & ¢9ax o0 dz
RAYSYyaArzylfté adza2NFIFOS AYIF3ISas ¢gKSNB RSLIK
modification of SEM called seriabbk-face SEM (SBFSEM) has been developed that
allows the creation of 3D reconstructions of samples at high magnificéDienk

and Horstmann 2004 he electron beam is rastaicanned across the surface of a
specimenren blog then an inchamber, automated ultramicrotome removes a

section from the top of the block and the newdyeated blockface is raster

scanned Figurel.12). This is done repeatedly, gathering a large dataset of many

images a set distance apart (usuallyBID nm) that can then be combined to

create a 3D reconstruction. All of the electron microscopy techniques discussed

here will e used in this thesis.
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Figurel.12- A representation of the mechanism of serial bletdce scanning electron microscop
The electron beam is rastscanned across the blotkce of anen blocsample and the baek
scattered electrons are collected to form an image. The diamond knife of-thamber
ultramicrotome then removes a section of set thickness and the newly exblosédace is then
rasterscanned by the electron beam to create another image. This is done repeatedly to gatr
dataset of potentially hundreds of images to then create a thtiseensional reconstruction of the
sample.

1.8 Aims and hypotheses

It is wellknown that GAGs are abundant within the cornea and their distributions
vary with eccentricity, and there is ample support that GAGs exhibit modulatory
effects on stem cell populations. Due to the limited knowledge of the ECM
composition of the limbal stercell niche, these factors have motivated the

research that will be conducted in this thesis.
The aims of the experimentation described in this thesis are:

1. To further assess the anatomy of the porcine limbus and determine where
LCs/Ldike structures are lcated and how suitable a model porcine tissue is
for the human cornea.

2. To determine what the distribution of CS is in the porcine limbal stem cell
niche and to assess whether there are differences between the
superior/inferior and the nasal/temporal quadngs of the limbus.

3. To examine the ultrastructure of the porcine limbal stem cell niche and
determine whether ceitell interactions are present, looking for regional

variations around the limbal circumference.
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The hypotheses of this thesis are:

1. 3D tissuaeconstructions can be used to determine the distribution of
LCs/Ldike structures around the porcine limbus and give further support to
one of the opposing theories about LC location in porcine tissue.

2. CS will be present in association with the putast#em cell niche and the
distribution of different sulphation motifs will vary between the
superior/inferior and nasal/temporal quadrants of the porcine limbus (if a
regional variation in the location of LCs is found), as well as varying along
the width ofthe limbal area in a sclerolimbus to corneolimbus direction.

3. Celkcell interactions between basal limbal epithelial cells and surrounding
niche cells will be present in supposed stem-deh areas of the porcine

limbus, with stromal MSCs potentially oived.

To address these aims and hypotheses, assessment of the ultrastructure of the
porcine limbal stem cell niche will be carried out at both high and low resolution,
assessing the localisation of CS and CS PGs and forming 3D reconstructions of the

tisste to investigate ceitell interactions and crypt distribution.

49



50



2 General Methods

2.1 Orienting porcine corneas

All porcine eyes used for experimentation in this thesis came from the same
abattoir (W.T. Maddock, Kembery Meats, Maesteg, UK). The eyes were enucleated
within a few hours after death; they were then stored and transported on ice. The
pigs were not scaldkafter death; a procedure often included to facilitate removal

of hair before the carcass is butchered, but which may interfere with planned
immunolocalisation studies by destroying sensitive epitopes. Upon receipt of the

eyes, they were all oriented ugrthe same procedure.

It is known that the horizontal diameter of the porcine cornea is larger than the
vertical diameter(Sancheet al.2011; Abharet al.2018)(Figure2.1). This

difference is gproximately 2 mm and is noticeable to the naked @ygure2.2).

This is how each eye was initially oriented, then each diameter was measured with
a ruler to confirm which diameter was longer and this was then takdre the
horizontal meridianFor most of the investigations in this thesis, the opposite sides
of the same meridian were groep together¢ nasal/temporal (N/T) for the

horizontal meridian and superior/inferior (S/1) for the vertical meridigand then

the two meridians were compared to each other.

4 »
A 1 4

Figure2.1- Diagram representing the dimensions of the porcine cornea.

All corneas observed during the investigations in this thesis had a noticeable
difference in the horizontal aneertical diameters of the cornea. (Not to scale).
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Figure2.2- An enucleated porcine eye.

The cornea is not round, as in humans, but noticeably
with a longer horizontal diameter than vertical. The rec
arrow indicates a side of the limbus (either nasal or
temporal) that has much steeper curvature.

2.2 Electron microscopy

2.2.1 Resin embedding

The process for embedding samples in resin was the same for TEM and SBFSEM.
After the initial processing for the respectitechniques, the tissue segments were
dehydrated by immersing in ethanol; first 70% then 90% (both 1 x 15 mins),
followed by 100% (2 x 15 mins). After this, the tissue segments were transferred to

propylene oxide (Agar Scientific Ltd, Stansted, UK) (2winis).

The tissue was then placed into a 1:1 mixture of Araldite resin, without benzyl
dimethylamine (BDMA) accelerator (Appendix 2.6), and propylene oxide for at least
one hour. After this, the tissue was placed in six changes of Araldite resin without
BDOMA accelerator, for several hours at a time in each change of resin. The tissue
samples were then placed in six changes of Araldite resin with the BDMA
accelerator, again for several hours at a time. The segments were then placed into
embedding moulds witlmew Araldite resin and were put into an oven agBdor at

least 24 hours to polymerise.
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2.3 Immunohistochemistry

Porcine eyes were sourced and orientated in the manner mentioned in settlon
Corneoscleral discs were removed from whole eye globes and these discs then had

four segments dissected: two S/I segments and two Ngneents Figure2.3).

~5mm

~5mm

Figure2.3- lllustration demonstrating howtissue was dissected for immunohistochemistry.
Fultthickness sections were taken and some corneal/scleral tissue was removed to leave
approximately 34 mm of tissue either side of the limbus. Blue area = cornea, white area = sc
(Not to scale).

The limbal segmentsere washed in phosphate buffered saline (PBS) (Appendix
3.1) for 1 hour and then cryoprotected by immersing in 30% sucrose solution for
approximately 15 mins. The tissue wasnhfrozen in optimal cutting temperature
(OCT) embedding compound (Fisher Scientific UK Ltd, Loughborough, UK). Frozen
tissue blocks were stored e80°C until used for immunolocalisatidine frozen

blocks were mounted on cryostat chucks with OCT compaunmtifurther frozen.
Sectionsof 1% 1 >Y @ SNB Odzi -2428 Jengdding radid) deEtigng | |
showing scleral, limbal and corneal tissue that were then collected on Superfrost
Plus microscope slides (Fisher Scientific UK Ltd, Loughborough, &Kgclibns

were then rehydrated in PBS with 0.1% Tween 20 for 10 mins andpexific

staining was blocked with PBS with 0.1% Tween 20 and 1% bovine serum albumin
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(BSA) for 2 hours (Appendix 3.2). The sections were incubated at 4°C overnight with
primaryantibodies diluted in PBS/Tween. Primary antibody details can be found in

the relevant experimental chapters.

Control sections for the primary antibodies were incubated with the relevant
mouse or rabbit immunoglobulins (1:1000), sourced from Vector Laboest
(Peterborough, UK) and Fisher Scientific UK Ltd (Loughborough, UK), instead of
primary antibody. Negative controls for the secondary antibodies were incubated

with PBS/Tween without any primary antibody.

The sections were washed with PBS/Tween a5 mins) and then sections

were incubated with the relevant secondary antibodies (details in the relevant
experimental chapters) for 1 hour at room temperature. The slides were washed in
PBS/Tween (3 x 5 mins) again and, finally, the sections weretatbunder glass

O2@SNJ af ALJA dza A y-@am@ihazphe®ylindole BNM) (Sighd K n Q> ¢
Aldrich Company Ltd, Gillingham, UK) for cell nucleus staining. Images were

obtained using epifluorescence microscopy with an Olympus BX61 microscope and
cellSes Dimension imaging software (Olympus UK & Ireland, Soutbet®ka,

UK).
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3 Localising the Palisades of Vogt and limbal crypts in porcine

limbal tissue using-d&y micrecomputed tomography

3.1 Introduction

As mentioned in the introductiorthe LESCs are believed to reside in LCs or LECs in
human eyegDuaet al.2005; Shorteet al.2007) These crypt structures are
preferentially located in the superior and inferior quadrants of the limbus and are
notably absent/damaged in people suffering from L$SHbrttet al. 2007; Lagalet

al. 2013) However, there is disagreement as to whether the porcine limbus has
thesestructures and, if they are present, where they are located around the limbal

circumference.

Patrunoet al. (2017)examined the dorséemporal quadrant of the porcine limbus

and stated that though there is certainly an invagination of the limbal epithelium

into the underlying stroma, which contaiS R {piisitve cells, that this was not a
GUNHzS [/ é®d b2 &ALISOATAO NBFraz2y | LIISIFNRER G2
assertion that the epithelial invaginations do not represent true LCs is at odds with
Notaraet al.(2011)and Grieveet al.(2015) whose detailed aminations of the

porcine limbal stem cell niche led them to believe that these were analogous to

human LCs and supported this by demonstrating putative stem cell markers present

within these areas.

These two studies did not agree on where these LCs leersted around the limbal
circumference, howevelNotaraet al. (2011)found that Palisade of Vogand LC

like structures were located in the superior and inferior sections of the porcine
limbus, with noncrypt areas at the nasal and temporal sides, much like in human
tissue. In contrastGrieveet al. (2015)found that the crypts were distributed more
evenly around the entire circumference of the porcine limbus. These are the two
most indepth assessments of the porcine limbal crypt location; thus, it is

interesting that they poduced contradictory findings.
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In this investigation, Xay microCT will be used to image the entire porcine
corneoscleral disc, creating a 3D reconstruction of the tissue, which will then allow
assessment of the distribution of LCs/Palisades of Vidwtuse of either osmium

or phosphotungstic acid contrasting, which are expected to increase-thg X
attenuation of the corneal epithelium and stroma respectively, will be compared to
uncontrasted tissue to determine the optimal tissue preparation methad fo

visualising the epithelium.

Due to the contradictory data already available, it is difficult to form a hypothesis
about where LCs will be located around the porcine limbus. However, the aim is to
provide more supporting data for one of the opposing theer with the hypothesis

for this investigation being that 3D reconstructions can be used to determine the

location and characteristics of the LCs.

3.2 Materials and Methods

3.2.1 Sample preparation

Eight porcine eyes were sourced from a local abattoir, transpastette, and then
refrigerated immediately prior to dissection. Corneoscleral discs were manually
dissected, after being oriented as in section 2.2, with a notch being cut into the
sclera to mark the vertical meridian, and were fixed in 4% PFA in 0.05M PB
(Appendix 1.1) for 24 hours at 4°C. As part of the method refinement for this
experiment, two corneas each were prepared in three different ways, described
below. These were then examined to see which provided the best contrast for the
X-ray microCT imagg. The remaining two corneoscleral rims were then prepared

in the method that provided optimum contrast for use in the full scans.

3.2.1.1 Unstained corneas

After initial fixation, two corneas were stored in 0.5% PFA in 0.01 M PBS (Appendix
M®H U | G days./TheEdnddsdefaldi®is were then dehydrated in ethanol: 2

hours in 30% ethanol, followed by 2 hours in 50% ethanol and then 2 hours in 70%

SliKlIy2td bSEGEI GKS NAY&A 6SNB (N}yaFSNNBR

until used for imaging.
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3.2.1.2 Phoghotungstic acigtained corneas

After initial fixation, two corneas were dehydrated in ethanol: 2 hours in 30%

ethanol, followed by 2 hours in 50% ethanol and then overnight in 70% ethanol at

ne/ ® ¢KS O2N})yS2a0f SNIf N Y dhotungtidtBcidi KSy (G NJ
(PTA) in 70% ethanol (Appendix 1.3) for four days at room temperature on a

rotator. The tissue was then washed in 70% ethanol (1 x 1 hour) and then stored in

Mmang: SGKFEy2f |G ne/ dzyGdAf dzaSR F2NJ AYI IA

3.2.1.3 Osmium tetroxidstained corneas

After initial fixation, two corneas were transferred to 0.5% PFA in 0.01 M PBS and
d02NBR |4 ne/ F2NI 2yS RIFIeédd ¢KS GAadaadsS o1
and then transferred to 1% osmium tetroxide in PBS (Appendix 1.4) for four days on

a rotator in afume hood. The corneoscleral rims were washed in PBS again for 15

mins and were then dehydrated in ethanol: 2 hours in 30% ethanol, followed by 2

hours in 50% ethanol and then 2 hours in 70% ethanol. Finally, the rims were

transferred to 100% ethanoland2 NS R Ay GKA& G ne/ dzylAft

3.2.2 Xray micrecomputed tomography

3.2.2.1 Pilot scans
For these scans,-6 mm long strips of fullhickness superior/inferior limbal tissue
were dissected from one of the prepared corneas for each staining metrigdre

3.1). These limbal segments were then inserted into 1 ml pipette tips filled with 100%
ethanol and sealed at both ends using Blu TRostik Ltd, Stafford, UKFigure

3.2). The tssue segments were gently pushed down into the pipette tip to ensure

they were securely in place and would not move as the samples were rotated.
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Figure3.1- Diagram demonstrating where limbal samplegere taken
for pilot scans.

A notch was cut into the sclera to mark the vertical meridian and t
limbal segments were therefore dissected from either the superior
inferior limbus. Not to scale.

100% ethanol

1 ml pipette tip

Specimen

Figure3.2- Mounting system for a segment of porcine limbus for microCT.
A plastic pipette tip was chosen as it is virtualaXtransparent.

The pipette tip was then placed into a polystyestube of the appropriate diameter
so that the pipette tip was held securely in a vertical positieigre3.3). The
polystyrene tube was then mounted into a brass holder and the holder was secured

into the microCTmaging chamber.
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Figure3.3- Scanning set up for a porcine limbal segment within the imaging
chamber of the Bruker microCT.

The pipette tip is in the centre of the polystyrene tube, which is also virkedly
transparent, and allows the sample to be mounted in the brass holder whilst
keeping the sample upright.

Imaging of each sample was carried out using a Br8kgScan 1272 microCT

scanner (Bruker microCT, Kontich, Belgium) under the following setsiogrce

voltage 80 kV, source current 125 pA, 1 mm thick aluminium filter applied, image
pixel size 19 um, two frames averaging, samples rotated through 180° in 0.5° steps.
Each scan took approximately 15 minutes. A second scan of the unstained sample
was performed at the following settings, as the previous settings were not

optimised for an unstained, soft tissue: source voltage 50 kV, source current 200
HA, no aluminium filter applied, image pixel size 19 ym, two frames averaging,
samples rotated throuig 180° in 0.5° steps. Finally, a higisolution scan of the
osmium tetroxidestained sample was performed, after it was deemed to provide

the best contrast, under the following settings: source voltage 80 kV, source current
125 pA, 1 mm thick aluminiumtér applied, image pixel size 11 um, three frames
averaging, samples rotated through 180° in 0.2° steps. All microCT scans were

~

OF NNASR 2dzii 6& 5NJ5IF@GAR 2AffAlFYa G /I NR.

The Xray images collected for each sample w#ren transferred to NRecon

software (Bruker microCT, Kontich, Belgium) to create a 3D reconstruction of the
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sample. The 3D reconstructions were then opened in the programme CTVox
(Bruker microCT, Kontich, Belgium) to assess the samples and to carry out

transformations to best visualise the epithelium and the LCs.

3.2.2.2 Full corneoscleral disc scans

Visual inspection of the pilot scans revealed that osmium tetroxide provided the
best contrast and, thus, the two remaining corneoscleral rims were stained as
discused in sectior8.2.1.3 This resulted in three corneoscleral discs for full
imaging.

The corneoscleral rims were placed into 20 ml syringes (Terumo UK Ltd., Bagshot,
UK), epithelial side upwards, that were sealed visth Tac®at the tip and cling

film at the top and were filled with 100% ethan&ligure3.4A). The gradations on
the syringes were removed with acetone (Fisher Scientific UK Ltd, Loughborough,
UK). They were again gled so that they were secure and would not move as the

samples were rotated. The syringes were then placed into a brass holder that was
filled with more Blu Taé®(Figure3.4B) to hold the syringe securely in place and

ensure the syringe tip was sealed and would not leak.
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Cling film

100% ethanol

Specimen

Blu Tack-

corneoscleral disc for microCT.
Thecorneoscleral disc was placed, epithelial side up, in a 20 ml syringe which was
right diameter to hold the disc firmly in place (A). To ensure the syringe could be m
within the microCT upright, watertight, and capable of being manoeuvred fulias

secured with more Blu TdBkwithin the brass holder (B).
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The scans were then carried out at the following settings: source voltage 80 kV,
source current 125 pA, 1 mm thick aluminium filter applied, image pixel size 9 pm,

three framesaveraging, samples rotated through 180° in 0.2° steps. Each scan took

approximately 1.5 hours. These scans, again, were carried out by Dr David Williams.

As with the pilot scans, the-pdy images were then transferred to NRecon software
to create a 3D reauwstruction of each cornea. CTVox was then used to assess the
samples and to carry out transformations that had been determined the best to

view the tissue when assessing the pilot scan data.

3.3 Results

3.3.1 Osmium tetroxide vs. PTA vs. no staining

The pilot scansevealed that osmium tetroxide staining provided the best contrast
of the corneal/limbal epithelium, including being able to see a protrusion of
epithelium where LCs would be expecté&tigure3.5A, B). PTA staining als
contrasted the epithelium well, but this blended with contrasting of the stroma
which led to the limbal epithelium being indistinguishable from the stroRigure
3.5C). The pilot scan of the unstained cornea, perfednat the same settings as the
stained samples, resulted in the limbal sample being virtually indistinguishable from
the surrounding mediaHigure3.6A) and, thus, no 3D reconstruction was made for
this image set. Thecan of the unstained cornea under more optimised settings did
result in better distinction of the sample from its surrounding media, but none of
the features of the sample could be distinguished and the surrounding media were

also highly visibleHigure3.5D).
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Figure3.5- Crosssections of limbal segments obtained via microCT under different staining
conditions.

A and B are from a sample stained wittmium tetroxide, with B obtained at higher resolution. -
epithelium appears as a bright, white strip and a limbal protrusion of epithelium into the unde
stroma is visible (red arrows). C shows the sample stained with phosphotungstic acid;Hbkusp
is also a bright, white strip but blends into the limbal and scleral stromas. The unstained corr
barely distinguishable from the surrounding media, even under more optimised scanning cor
(D). Scale bar =500 pm.
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Figure3.6- X-ray images of limbal segments with and without additional staining.

Without any staining (A), the limbal segment (within red, dashed oval) is virtually indistinguisk
from the surrounding ethanoWWhereas with osmium tetroxide staining, the limbal segment can
easily seen (B).

The highresolution scan of the osmium tetroxietained sample, which provided
the best differentiation of the epithelium, was selected for further examination of
the 3D reconstruction. Transformation functions were applied to the
reconstructions, which are settings that can be customised to assign colours/levels
of opacity to different greyscale values in order to enhance the features of the
specimen being assessed. A4mmade transformation function designed to enhance
the visualisation of soft tissues was used first and led to the epithelium being
enhanced as a dark blue voluntédure3.7). Again, a limbal epithelium protrusion
isclearly visibleRigure3.7, red arrow). Interestingly, what can be seen in the cross
section throughout the tissue (supplementary video 1) is that this protrusion of
epithelium seemed to be one continuous structurégure3.8 shows a diagram to
demonstrate the orientation of the tissue in supplementary video 1, in which a
radial section of the limbus is showRhough it did undulate slightly, there did not
appear to be any stromaigsue, reminiscent of the Palisades of Vogt, which
separated out smaller, distinct limbal crypts. The limbal epithelial protrusion did
seem to disappear and merge into the rest of the limbal epithelium as the end of

the tissue block is reached.

Supplementey video 1MicroCT 3D reconstruction of a section of pig limbus stained with osmium
tetroxide to demonstrate a continuous limbal crjige structure(dark blueXhat is present along
most of the limbal circumference. The view presented here is a radssisection, with sclera to the
left and cornea to the right. As the cressction moves through the tissue, it is doing so along the

limbal circumferencehttps://figshare.com/s/Oeddcc5935d2b7843a
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Figure3.7- 3D reconstruction of a porcine limbal sample obtained via microCT.

A transformation function designed to enhance the visualisation of soft tissues leads to the lin
epithelium appearin@s a dark blue volume, whilst the stroma appears as a lighter blue and ye
An area of thickened limbal epithelium can be seen as an area of the dark blue volume protru
into the underlying stromal volume (red arrow).

Direction of movement
through tissue block

Epithelium

Cornea Stroma
—

— ~ —Endothelium

Figure3.8- A diagram demonstrating the orientation of the tissue presented in supplementary
video 1.

The video presents a cressction of the limbus, centred on the projection of limbal epithelium."
is a radial crossection, wih the sclerolimbus to the left and the corneolimbus to the right. The
movement through the tissue is along the limbal circumference.
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The soft tissue transformation function was altered so that all but the deepest blue
volumes appeared transparent. Thisoduced a transformation function that

isolated the epitheliumKigure3.9A). When the tissue reconstruction was flipped
upsidedown, so that the basal epithelial surface was facing upwards, a continuous
ridge ofepithelium that correlates to the limbal protrusion seen in crgsstion

could clearly be seerr{gure3.9B, between the red linesT.his can also be seen in
supplementary video 2. Again, there are no indentationshia tryptlike structure

that would suggest the presence of Palisades of Vogt and multiple, distinct limbal

crypts.

Supplementary video MicroCT 3D reconstruction of the basal surface of the limbal epithelium of an
osmium tetroxidestained segment of pome limbus, demonstrating a continuougge ofthickened
limbal epitheliumthat is present along most of the limbal circumference.

https://figshare.com/s/1d315d7b2ed26e1fc810
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Figure3.9- A view of the isolated epithelium of a porcine limbal 3D reconstruction obtained via
microCT.

The soft tissue transformation function was adjusted to isolate the epithelium and, once agair
limbal epithelialprotrusion can be seen (A, red arrow). When the reconstruction is turned upsit
down, it can be seen that this protrusion is one continuous structure (B, between red lines). T
there are undulations in this structure, there are no gaps within it thaild/suggest Palisade of
Vogtlike structures. Dashed red lines indicate where the protrusion appears to diminish.
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3.3.2 Limbal epithelial architecture

Reconstructions from a full corneoscleral disc stained with osmium tetroxide are
presented below. Itan be seen that the epithelium was contrasted very well and a
structure similar to a LC could easily be distinguished in greyscale and with
transformations Figure3.10). With the soft tissue transformation functiorpplied,

the epithelium appears as a dark blue volume agkigyre3.10B) and a downward
protrusion of the epithelium, reminiscent of a LC, could be seen in almost all areas
of the limbus when viewed in cros&ction (sipplementary video 3). This was a
continuous structure, with no Palisades of Vogt or ridges of stromal tissue visible,
but with some slight variations in the prominence of the crypt. There were some
areas where the invagination seemed to recede, such 22-87 seconds in
supplementary video 3. This corresponds to the N/T area of the limbus shown in
Figure3.13B. Additionally, there were sometimes one or more smaller chyet
structures posterior to the main, continug crypt that would emergd=(gure3.11,
supplementary video 3). These appeared to be focal projections of epithelium and

not continuous structures around the full limbal circumference.

The isolated epitheliunransformation function Figure3.10C) allowed for
visualisation of the full limbal circumference to determine the location of the
protrusion of epithelial tissue. Once the tissue reconstruction was flipped upside
down, with the basal epithelial surface facing upwards once more, a continuous
ridge of limbal epithelial tissue could be seen aroundftiiecircumference (Figures
3.12 and 3.1B This ridge was present in both of the S/I quadrants and the N/T
guadrants, withno breaks in the epithelial ridge that would suggest Palisades of
Vogt seen anywhere. However, as mentioned above, the ridge did recede along a
considerable length of one of the N/T quadrarfsyure3.13B, between ydbw
arrows). There is also a large break in the continuous ridge in one of the S/I
guadrants Figure3.12B), where much of the surrounding epithelium also appears
to be missing. There are undulations in the profilelaf tidge, as was seen in the
pilot scan. It should be noted that the regular, parallel lines across the
reconstructions in Figures 3.5BAd 313are artefacts of the reconstruction process

and are not features of the tissue. Supplementary video 4 presefii®ver of the
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limbal epithelium, demonstrating the singular, continuous nature of this epithelial

protrusion.

Supplementary video 34icroCT 3D reconstruction of an osmium tetroxétiined porcine
corneoscleral disc demonstratingadial crosssectionshowing acontinuous limbatrypt like
structure found around almost the entire circumference of the limbus. There are also smaller,
secondary crypts that emerge posterior to the main, annular crypt.
https://figshare.com/s/77047f0a9f525a6ad592

Supplementary video MicroCT 3D reconstruction of an osmium tetroxstiined porcine
corneoscleral disc demonstrating the basal surface of the limbal epithelium. Here, a continuous
limbakcrypt like struture can be found around almost the entire circumference of the limbus.
https://figshare.com/s/586a295227a141e49ch9
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Figure3.10- 3Dreconstruction of a porcine corneoscleral disc obtained via microt
under different transformation functions.

Under greyscale conditions (A), the corneal and limbal epithelia appear as a bri
white strip again. With the soft tissue transformation (B)g epithelium can be seer
with much greater contrast and it was also possible to isolate the epithelium age
Red circles indicate the structure reminiscent of a limbal crypt in opposite quadr



Figure3.11-The presence of smaller, secondary crypts within the limbal epithelium posterior tc
main, larger crypt.

Posterior to the main, continuous crypt (red arrow) smaller crypts would sometimes emerge (
arrows). These sendary crypts were not continuous and would quickly recede, being only a fe
microns in width.
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Figure3.12- Views of the basal surface of the isolated epithelium of superior and inferior
guadrants.

A continuous ridge of epithelium can be seen in both the superior and inferior limbus (betweel
lines). There are no distinct breaks in the ridges that would suggest the presence of Palisade:
The large gap in the epithelium in B is potentiallg tmdamage during processing. As mentione:
section 2.2, a distinction cannot be made as to which quadrant is the superior or inferior.
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Figure3.13- Views of the basal surface of the isolategithelium of nasal and temporal quadrant
A continuous ridge of epithelium can also be seen in both the nasal and temporal limbus (bet
red lines). The appearance is similar to the superior and inferior limbus, with no suggestion of
Palisades of VogHowever, in the horizontal quadrant shown in B, the crypt structure is less
prominent and potentially has completely regressed between the yellow arrows. As mentione:
section 2.2, a distinction cannot be made as to which quadrant is the nasal orr&@mpo
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After pilot scans revealed the superiority of osmium tetroxide staining for
visualising the epithelium, two more corneas were stained to examine alongside
the previously stained cornea discussed above. However, these samples proved to
be suboptimal. The tferences between the three corneoscleral discs can be seen
in Figure3.14.

The second cornedigure3.14B, E) appeared to have lost much of its epithelium,
as identified by the al®ce of blue across the corneal surface when compared to
the first and third corneasHigure3.14A, D and C, F respectively). The third cornea
also demonstrates a partial loss of epithelium. Both the secéiglie3.14E) and

third corneas Figure3.14F) had much stronger attenuation of therys within the
sclera, as indicated by the dark blue appearance of the sclera. These circumstances
led toit being much more difficult to visualise the basal surface of the epithelium
with the isolated epithelium transformation functiofrigures 3.15 and 3.),6due to

a lack of visible epithelium or being unable to separate the scleral volume from the
epithelium. However, it did appear that a limbal cryljte structure could be
discerned around various quadrants of the limbus in these two samples
(supplementary videos 5 and 6). When this structure could be seen, it once again

appeared to be a continuous struge, without interspersed Palisades.

Much of the limbal epithelium posterior to the {ike structure has been lost in

these two samples. However, at certain points in supplementary videos 5 and 6,
smaller focal crypts can be seen posterior to the mairtioolwus crypt, as was

seen in the first sample. Again, these do not appear to be particularly large and are

not continuous around the full limbal circumference.

Supplementary video MicroCT 3D reconstruction of an osmium tetrosétlEined porcine
corneoscleral disc demonstrating a radial section showing a potential continuous-tingpalike
structure. This is much less prominent than in supplementary video 3 due to a partidldpgbelial
tissue and the much stronger attenuation efa¥s seen in the subjacent stroma, as demonstrated by

the darker shade of blue hefgttps://figshare.com/s/0171f33846898aa2f409

Supplematary video 6MicroCT 3D reconstruction of an osmium tetrogtiined porcine
corneoscleral disc demonstrating a radial section showing a potential continuous-tingpalike
structure. As with the cornea shown in supplementary video 5, this is magcpri@minent due to the

same reasons discussed abavips://figshare.com/s/67de498fbef059472330
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Figure3.14- A comparative view of three porcine corneoscleral discs imaged via microCT.

En face views of the thresgilised corneas (A, C) show the lack of epithelium in the second cornea (B) and a moderate amount of loss in the third cornea (C), as
demonstrated by a lack of dark blue coloration. This lack of epithetan also be seen in a cressctionof the seond cornea (E). Cressctions also reveal the much
stronger Xray attenuation generated in the scleras of the second (E) and third (F) specimens, when compared to the first (D).
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The continuous limbal epithelial protrusion can also be seen to some extent
Figures 3.15 and 3.1B6or the second cornea, this continuous protrusion of
epithelium can be distinguished most successfully in one of the N/T quadrants
(Figure3.15C). There is a thin strip of limbal epitheliumilvis around almost the
entire limbal circumference, but this does not necessarily mean this all correlates to
a continuous limbal crypt. Similarly, for the third cornea, a continuous strip of
limbal epithelium can be seen around the full circumfererféigre3.16). There

was some residual scleral volume in most quadrants. However, there did seem to
be a continuous epithelial protrusion in all quadrants, except for one S/I quadrant
where most of the epithelium had beeadt (Figure3.16D),once as much of the
scleral volume as possible was removed. Supplementary videos 7 and 8 present
flyovers of the basal epithelial surface for the second and third corneas

respectively.

Supplementaryideo 7:MicroCT 3D reconstruction of the basal epithelial surface of an osmium
tetroxide-stained porcine corneoscleral disc. The presence of a continuous-timpilike structure

is much more difficult to discern here than in supplementary video 4odoes of much of the limbal
epithelial tissue. However, a ridge of thickened epithelium along the limbal circumference can be

seen in multiple areasittps://figshare.com/s/c63c4de55f73a0f86516

Supplementary video 84icroCT 3D reconstruction of the basal epithelial surface of an osmium
tetroxide-stained porcine corneoscleral disc. As in supplementary video 7, a continuouscliypbal
like structure is present in multiple areas, but is oftéficult to discern. This is again due to loss of
much of the limbal epithelial tissue and also due to remaining scleral volume that sometimes

obscures the view of the limbal epitheliunttps://figshare.com/s/e18e3d9194084c18d681
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Figure3.15- The isolated limbal epithelium of the second examined cornea.

A continuous limbal epithelial protrusion (white arrows) can potentially be seen in the
superior/inferior quadrants (A and D) and also in one of the nasal/temporal quadrants (B). The
protrusion can be seen most clearly in the nasal/temporal quadrant shown in C.
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Figure3.16- The isolatedimbal epithelium of the third examined cornea.

A section of a continuous limbal epithelial protrusfasite arrows)can be seen best most
quadrants (A, B, C), thouglome residual sclera volume sometimes obscures the view of this. |
of the epithelium is lost in one superior/inferior quadrant (D).
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3.4 Discussion

3.4.1 MicroCT of ocular tissues

This investigation has revealed that microCT can be used on ocular tissue to

visualise the corneal epithelium and to assess the limbal architecture. The method
refinement and pilot scans in this investigation revealed that osmium tetroxide

contrasting is i far the best method of preparation to allow visualisation of the

corneal epithelium. This result was expected based on previous findings by

[ Sai Oétal.paip)when investigating microCT imaging of whole porcine eye

3t 20Sad® ¢KSe F2dzyR GKIFI{G O2yGNYadAy3d gAGK
solution was the best for contrasting ocular tissues with osmium tetroxmde, i

particular, contrasting the epithelium most effectively.

The reason that osmium tetroxide provides the best contrast of the epithelium is
most likely due to its characteristic of binding to lipids and staining cell membranes
(Seligmaret al. 1966; Riemersma 1968As the epithelium is an entirely cellular
stratum, it would hae bound large amounts of the reagent and, therefore,
generated the greatest attenuation of therdys. Though the stroma does also have
a cellular component, keratocytes are widespread throughout this layer and do not
comprise the bulk of its compositiofihis then generates a large contrast

differential between these two corneal layers. In contrast, PTA acts as a positive
stain of proteingSilverman and Glick 1969 particular of collage(Watson

1958) The hypothesis was that this would lead to higla)X attenuation within the
corneal stroma during the current investigation, creating a higftrest with the
lesserstained epithelium. However, this was not the outcome as the epithelium

also took up much of the PTA staining.

Osmium tetroxide contrasting has also been used to improve the contrast of human
ocular tissue during microCT investigati¢dannet al.2011)[ S &l Oédtal.Zz& 1 A
(2018)alsoused PTA and iodine as contrasting agents and note that all contrasting
methods improved the visibility of ocular tissues above unstained tissue. Another
microCT investigation on porcine tissue demonstrated how iodine staining can

improve contras{Enderset al.2017) however, they did not examine the cornea.
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The current investigation has clearly demonstrated that unstained corneas cannot

be used to examine the epithelium via microCT.

Highresolution examinations of otar tissue have also been done via microCT
without staining in combination with phase contrast imag{@pudrillieret al.

2016; Ivanishket al.2017; Liwet al.2018; Mittoneet al. 2018) Fine details of

ocular structures were revealeglincluding the lamina cribrosa, retina, and ciliary
body ¢ despite the lack of staining. The species examined included rats, rabbits, pigs
and monkeys, and it has been suggesteat this technique could potentially be

used forin vivoexperiments in futurglvanishkaet al.2017) However, the scans

did involve thousands of images at very high resolution, took up to several hours
and required synchrotron facilities to achieve the necessamgy>eam coherency.
Thus, it appears that contrasting agents are still necessary for detailed visualisation

of soft tissues with more widely available microCT equipment.

3.4.2 Limbal epithelial architecture

As aforementioned, two comprehensive studies produced contradictory findings
about the location of LCs in the porcine cornea and the current investigation has
revealedgreatly differing results to both of these studies. The findings presented
here revealed that a L:like structure can be found in all quadrants of the porcine
limbus, similar to the assertion by Griestal. (2015) rather than preferentially in

the superior and inferior quadrastas stated by Notaret al.(2011) However, the
OdzNNB y i Ay @S zdrtairdylare Ao iy d@reemBds it 2Brigvie and
associates, as the reported morphology of these limbal epithelial structures differs

considerably.

Both Grieve and Notara state that the porcine limbus includes multiple, distinct LCs
separated by stromal pcesses similar to Palisades of Vogt, as seen in human
tissue. No similar features were found during microCT investigation. A protrusion of
epithelium similar to a LC was seen in almost all areas of the porcine limbus, which
was continuous, and no breakere seen in this that would suggest the presence

of Palisades. Sometimes the LC would regress, with the epithelium becoming the
same thickness at the limbus as in the peripheral cornea, but these areas without

an apparent LC were too large to be analogtmBalisades of Vogt. The previous
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investigations both used higtesolution microscopy techniques that led to the
investigators stating they had observed Palisades of Vogt. The possibility must be
considered that the resolution used in the current inveatign was too low to

discern these stromal ridges. However, if pigs have a similar average palisade width
as humans of approximately 40 ((@oldberg and Bron 1982; Townsend 19%4¢
resolution should have been sufficient to detect these structur@sesent. Neither

of the studies on porcine tissue provided measurements of the dimensions of the

stromal palisades.

Another possible reason why previous investigators have identified what they
believe are LCs/Palisades of Vogt could be due to the mihimeaging. As
mentioned in the results, there are slight undulations in the profile of the base of
the limbal troughlf the imaging plane used in previous investigations was at the
level of the base of the trough, then this could give rise to the apgreae of
repeated ridges of stromal tissuleat separate protrusions of limbal epithelium.
Without volume imaging or additional imaging at more superficial planes, these

small undulations could easily be mistaken for Palisades of Vogt.

As shown here, therare smaller protrusions of limbal epithelium posterior to the
main, large, continuous crypt. These are present in both meridians, concurring with
an investigation byseyedSafi and Daniels (202@yhere these ancillary crypts were
clearly demonstrated in all four limbal quadrants. Additional posterior crypts may
be more similar to LCs observed in the human eye. They do not appear to be
continuous structuresiather they are distinct invaginations of limbal epithelium

that are several microns wide. However, they do not appear as regularly as human
LCs, with large gaps between these secondary crypts in the porcine limbus that,

again, are not analogous to the Raldes of Vogt.

Interestingly, whilst Grieve and associates stated both humans and pigs possess LCs,
they also found that mice have a continual depression of the limbal epithelium

similar to that observed in the porcine cornea with microCT. They refea¢aid

G8LS 2F a0GNH2OGdz2NE a | afAYolf GNRBJIAKE O
lead to the proposal that the porcine limbus also possesses a limbal trough. The

porcine limbus does not have Palisades of Vogt or a series of regularly repeating
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narrow protrusions of epithelium into the underlying stroma, but a continuous
protrusion that spans almost the entire limbal circumference similar to the limbal
trough described in the mouse cornea. The data presented here have shown that
this limbal traugh does regress at points, thus it cannot be said that the trough is a
full ring. It may also be possible that the trough regresses in more than one area

and, therefore, that a porcine eye may contain more than one limbal trough.

Further investigations ithis thesis will examine whether the porcine limbal trough
functions in a similar way to the human LCs, in that it is the site of LESCs. The fact
that there are not smaller, protective structures like LCs does not preclude the
limbal trough from hosting population of putative LESUSrieveet al. (2015)
demonstrated theLINE & Sy O $osBive celldonidhin the limbal trough of the
mouse, and rabbit eyes do not have I(Ggpson 1989ut the limbal epithelium is

still believed to play host to a LESC populafidimoshitaet al. 1981; Huang and

Tseng 1991, let al.2017)

3.4.3 Limitations

The major limitation of this investigation is the quality of the scans from the second
and third corneas. Though the presence of a limbal treliiggh structure can

potentially be discerned in these scans, it is certainly not as distinct as inghe fi
scan. Thus, the full nature of the porcine limbal trough cannot be accurately

determined and how the trough may vary between individuals is also not known.

The reason these scans were not of as good quality as the first scan is believed to
be due to tre amount of time these samples were in storage before being stained
with osmium and imaged. Due to restrictions imposed during the Ct¥id

pandemic, these corneas were stored in 0.5% PFA for several months before they
were stained. The first cornea wasrmarsed in 0.5% PFA for only one day before
being stained. This may have led to more degradation of the epithelium under
conditions of longerm storage in dilute monoaldehyde fixative; however, the
reasons for greater uptake of osmium by the sclera in ¢hgsecimens is not

known.
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Two human corneas, sourced from NHS Blood and Transplant Eye Banks, were also
processed for microCT imaging. These specimens were contrasted with osmium
tetroxide using the same method as the porcine eyes. They were transgipimed

eyes, meaning they had been stored in organ culture medium for more than 28

days. Once scanned, it was found that the epithelium was almost completely absent
for both specimens and no LCs could then be discerned. This loss of epithelium was
expecteddue to the length of time in storage, but also demonstrated the difficulty

in preserving the corneal epithelium and how it is necessary for viewing the limbal

epithelial architecture with microCT after osmium contrasting.

The disadvantage of using alreastyucleated porcine eyes, with no extraocular
muscles attached, is that a distinction cannot be made between superior and
inferior or between nasal and temporal. Anecdotal advice from members of the
research group suggested that the nasal and temporal sifidse porcine cornea

could be distinguished based on the shape of the cornea. The porcine cornea is not
I a@YYSUONROIE St A LIKSILISREIOwWnAFEgUrd?.$ Nhe2 @ | f
advice from research groupembers was that the more steeply curved eiiglre

2.2, red arrow) was the temporal side of the cornea. However, an investigation by
Faberetal.(2008)2 y f A @S LIA3IAQ SeSa AyOfdzZRSa |
suggets this steeply curved end is the nasal side. Due to this contradiction, it was
decided not to distinguish between the opposite sides of each meridian and to
group the two sides together as superior/inferior (S/I) and nasal/temporal (N/T)

and to look for dfferences between the two meridianas mentioned in section 2.1

in all of the investigations in this thesis due to the known differences in the human
cornea(Goldberg and Bron 1982; Shoettal.2007)

This experiment was also subject to time constraints. More detailed; high
resolution scans are possible with micro@d@wever, these increase the length of
time taken to complete the scans. The scan times were optimised in this
investigation to provide sufficient resolution, whilst also taking an appropriate
length of time. Even greater resolution can be achieved, ban sienes would
increase significantly, which was not possible in the current investigation.

Increasing the resolution of the scans may reveal whether the porcine limbus does
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possess Palisades, which are significantly narrower than the human counterpart,

that were not detectable at the current resolution.

3.4.4 Conclusions

This investigation has shown microCT can be used as an effective tool for visualising
the corneal epithelium when paired with the staining agent osmium tetroxide. This
has allowed for the visuightion of the architecture of the porcine limbal

epithelium, revealing that the porcine corneaaynot have Palisades of Vogt or

LCs, but a continuous limbal trough that is present in all quadrants. Throughout the
rest of this thesis, this structure wilke referred to as the limbal trough wherever a
protrusion of the limbal epithelium is seen in the porcine cornea. Other studies

have revealed labelling of putative stem cell markers within this protrusion of
epithelium, suggesting it may still be the sitethe porcine LESCs. This will be

examined further during this thesis.

Future work that could come from this investigation include higher resolution scans
of the porcine corea and to assess the limbal architecture of the human cornea. It
will be interesting to see how the LCs appear in a tissue where they are known to

be present and compare this to the porcine results.
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4 Visualising proteoglycans in the porcine corneal limbirg

cupromeronic blue staining

4.1 Introduction

The distribution and role of PGs in the central cornea have been investigated
extensively(Scott and Haigh 1988a; Sawagustal. 1991; Miilleret al. 2004;
Parfitt et al.2010) It is widely agreed that within the central corne&4are
associated with the collagen fibrils of the stroma and maintain the regular

arrangement of the fibrils that facilitates the transparency of the tissue.

The distribution of PGs at the corneal limbus has not been examined in detail at

high resolutionBorcherdinget al. (1975)examined which GAGs are present with
increasing eccentricity from the central cornea using electrophoresidaret al.
(2014)have also investigated the distribution of KS and CS throughout the bovine
cornea. However, neither of these examined the microstructure of theusnb

though they showed the presence of CS and DS here. As aforementioned, CS/DS has
been implicated in stem cell niches, including the limbal stem cell riisi@wvorth

et al.2021) as has heparan sulphat@uptaet al. 1998; Hayeet al.2008) Thus,
potentially, this change in thEeG/GAG profile may fulfil a role in providing a matrix

composition that favoursnaintenance of the stem cell phenotype

Many of the investigations into the central corneal PGs have used cuprolinic or
cupromeronic blue dye to visualise the PGs during transmission electron

microscopy. However, it does not appear that this has ever loleee specifically

at the limbus. Cuprolinic/cupromeronic blue dyes are coppased phthalocyanin

like dyes that are cationic and, therefore, attracted to the negative charges of

sulphated GAG molecul¢Scott 1972; Holst and Powley 199%)Jhen used in a
GONRGAOIE StSOUNRtedsS O2yOSYyiGNIGA2YEéS (K
specificity, staining very little of other polyanions in the tis§Beott 1985)This is

due tocationsin the salt solutiorcompeting with the dye molecules for binding

sites on the polyaniofFigure4.1). As the concentration of cations in the solution
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increases, there is n@ gradual change in the balemof stained polyanion vs.
unstained polyanion, but rather a sharp, critical-cfit. Above a certain
concentration, no dye molecules will bind to the desired polyanion, as all binding

sites will be occupied by electrolyte cations instead (Figure 4.1B).

Figure4.1 - Diagram representing the competition between dy
Y2t SOdA Sa yR St SOUNRE&dsS O
St SOUNRfEilS O2yOSyiaNY GAZ2YE D
In (A), four cationic dye molecules (red circles) are bound to 1
negatively charged binding sites on the polyariiothe absence
of any electrolyte cations. In (B), adding cations (dashed red
circles) to the solution introduces competition between these
the dye molecules for binding sites on the substrate. Above &
certain concentration, only electrolyte cationsdito the
polyanion, resulting in no staining of the substrate with the dy
Adapted from Scott (1985).

Depending on how negatively charged the substrate is, the critical elgigrol
concentration needed to block any dye binding increases. Therefotie a certain

cation concentration, the binding of dye to any substrates that are less negatively
charged than the desired substrate can be blocked (Scott 1985). KS and CS are more

negatively charged than HS and HA; thus, with the correct critical electrolyte
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concentration the binding of cuprolinic/cupromeronic blue dyes can be limited to
the KS and CS PGs as well as hepHhim.addition of anions to the salt solution

then allows moe dye molecules to bind to the desired substrate by occupying
GKNBES 2F (KS Re&(Sathlo8pgFidaid 2)i heyerelegtdyte arfiodsS &
can then be replaced with heavy metal ions, such as tungsten, to enhance the dye

a4 GKS&aS INB o60SGGSNI aOlF GGSNBNER 2F St SOGNJ

Figure4.2- Diagram representing how anions in the salt solutir

can increase the amount of stain bound to the desired

polyanion.

In (A, the four positive charges of one molecule of dye bind t

four negative chargesn thepolyanion. However, in {Badding

anions(blue circles)o the salt solution allows these to occupy

GKNBS 2F (GKS Y2t SOdzA SQa Lk2a

molecules ca bind to the polyanion. Adapted fro8tott (1980)
This study aims to localise the PGs in the porcine corneal limbus, using
cupromeronic blue dye, and to examine the limbal ultrastructure to determine if
this differs from the central cornea. The hypothesis is that CS/DS PGs will be
present at the limbushi close association to the limbal epithelial basement
membrane, with a different distribution than the central cornea due to collagen

fibrils being less rigidly organised here and transparency being less important.
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Differences are not expected in PG p®filetween the S/I limbus and the N/T

limbus due to the findings of the previous chapter.

Some of the findings in this chapter were published in an articlddopmondet al.

(2020)

4.2 Materials and Methods

4.2.1 Preparation of tissue samples

Sixteen porcine eyes were sourced from a local abattoir, transported on ice, and
refrigerated immediately prior to dissection. Firstly, the eyes wetented as
indicated in section 2.2 and corneoscleral discs were manually dissected from
whole eye globes. The endothelium of the 13 corneas used for transmission
electron microscopy was removed via mechanical scraping with a scalpel blade in
order to faciitate penetration of the cupromeronic blue dye. Limbal tissue
segments were then taken from four positions, at the assumed 3, 6, 9 and 12

2 Q0f 2 O] Figired.3), &rid 2l50& cedtral corneal section to use assitive
control. Thus, two limbal segments per eye were taken from the S/l quadrants and

two from the N/T quadrants.

~5mm

Figure4.3- Diagram demonstrating limbal tissue dissection.

Limbal segments approximatelyndm longg with approximately Inm of scleral and corneal tissue
either side of théimbus¢ weremanually dissected, alongith a similarly sized central corneal
segment. Blue area = cornea, white area = sclera. (Not to scale).
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4.2.2 Chondroitinase ABC digestion

To remove the CS/DS PGs, some corneas were treated with chondroitinase ABC.
Another set was incubated with enmyg buffer without chondroitinase ABC as a

control and the rest were left untreated so that all PGs wereitefiitu

Corneal/limbal segments from eight porcine corneas, dissected as above, were
fixed in 4% PFA in single strength Tris/sodium acetate b(vfénout bovine serum
albumin (BSA), pH 7.2) (Appendix 2.1) for 10 mins. They were then rinsed in
Tris/sodium acetate buffer for 2 x 5mins. The samples from four eyes were
incubated in 2 units/ml chondroitinase ABC (Appendix 2.3) at 37°C for
approximatelyl6 hours. The remaining four eyes were incubated in just
Tris/sodium acetate buffer with 0.02% BSA, pH 8 (Appendix 2.2), including 1:100
protease inhibitor cocktail, at 37°C for approximately 16 hours as a control. The
tissue segments were then washedTiris/sodium acetate buffer for 2 x 5 mins,
followed by 2 x 5 mins washing in 25 mM sodium acetate buffer (pH 5.7) with 0.1 M
MgCh (Appendix 2.4).

4.2.3 Transmission Electron Microscopy

The procedure to stain the PGs is based on that describ&toit (1980)The

tissue segments were stained with cupromeronicblRieé S 4§ I G ONRGA Ol ¢
O2yOSyidNI GA2Yyéd | FGSNI GKS (GA&aadsS 61 a SEO.
was immediately fixed in a solution of 2.5% glutaraldehyde in 25 mM sodium

acetate buffer (pH 5.7) with 0.1 M Mg@ind 0.05% cupromeronic blueel

(Appendix 2.4), at room temperature on a rotator for approximately 36 hours.

Then, segments were washed with singteength sodium acetate buffer without
cupromeronic dye or glutaraldehyde (3 x 5 mins). Next, the segments were washed

in aqueous 0.5% skium tungstate (3 x 5 mins) followed by 0.5% sodium tungstate

in 50% ethanol (1 x 15 mins) (Appendix 2.5). The tissue was then dehydrated and

embedded in Araldite resin as described in section 2.3.1.

Tissue sections were cut from the polymerised blocksgiaiReichergung Ultracut
E microtome (Reichert Inc, Depew, USA). The blocks were trimmed using razor
blades so that only a small region of interest, usually the area adjacent and

subjacent to the limbal trough, was sectioned. Several gmisectionsof 300nm
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were cut first and stained with toluidine blue. These were then assessed on a light
microscope to check thquality of tissue processing and select appropriate regions
of interest Ultrathin sections of 100 nm were then cut and colleateduncoaed

G300 copper electron microscopy grids (Gilder Grids, GranthamFluKlly, the
sections were contrasted by staining with saturated aqueous uranyl acetate (UA)
for 12 minutes and were then assessed and imaged with a Jeol 1010 transmission

electron micoscope (Jeol (UK) Ltd, Welwyn Garden City, UK).

4.2.4 Scanning Electron Microscopy

The tissue segments from three corneas, dissected as above and including a central
corneal segment, were prepared for imaging with SEM. One end bflialbal

segment was cut off, as shownhigure4.4, and processed with the main segment.

All segments were fixed in 2.5% glutaraldehyde/2% PFA in 0.1 M sodium cacodylate
buffer (pH 7.2) (Appendix 2.7) fapproximately 16 hours at room temperature.

They were then washed in 0.1 M sodium cacodylate buffer (3 x 10 mins).

—

—)

I = ="m
IH0D0Zm

Figure4.4- A diagram of the limbal segments used for scanning electron microscopy.
One end of each limbal segment was cut fithie main segment and then rotated so that one of tt
side surfaces was facingpwards to then be imaged

Cell maceration was then carried out by immersing the tissue in 10% aqueous
sodium hydroxide over five days, at room temperature, with Glianges of

solution. Next, they were washed in distilled water over approximately 24 hours at
room temperature, with three changes of water in that period, followed by
immersing in aqueous 2% tannic acid (Appendix 2.8) for 6 hours. The tissue
segments weravashed in distilled water again (3 x 30 mins) and then immersed in

aqueous 1% osmium tetroxide (Appendix 2.8) for 2 hours.

The tissue was washed in distilled water again (3 x 5 mins), then dehydrated in an
ethanol series: starting with 70% then 90% (batk 30 mins), then 100% (2 x 30
mins). The dehydrated tissue was dried using hexametisylazane (HMDS) (Alfa
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Aesar, Heysham, UK). The tissue segments were immersed in a 1:1 solution of 100%
ethanol and HMDS for 1 hour, followed by 2 x 1 hour in 100% $MDe tissue
segments were then left in fresh HMDS in a desiccator in a fume hood until all the

liquid had evaporated.

Finally, the dried tissue segments were mounted on 12.5 mm aluminium stubs, with

the epithelial side up for the main segments and witle tutoff segments on their

sides so that the crossection was facing upwardBigure4.4), using LefC carbon

cement (Agar Scientific Ltd, Stansted, UK). The samples were then spdted

with ~15 nm of golepalladium using a Bicad SC500 sputter coater (BRad

Laboratories Ltd, Watford, UK) with argon as the sputtering gas. The samples were
imaged using a Zeiss Sigma HD field emission gun SEM (Carl Zeiss Ltd, Cambridge,

UK) with the accelerating voltage setgo { + | YR G KS | LISNI dzZNB & A
for the first eye were collected by Dr Duncan Muir, and by myself for the second

and third eyes.

The orientation of collagen fibrils in the SEM images was assessed using the ImageJ
plugA Yy & CA @duBabutke? & 20£4) Three distinct areas in the limbal

samples were quantified: peripheral cornea, a transition zone and the limbal

annulus of collagen. The images analysed with Fdwilivere acquired at 10,000x
magnification.One image was used from each of the three aforementioned areas in

all four limbal sites from the three eyes, and four images of different areas from the

central cornea of each eye. The same five set regionderesst were analysed in

each image, resulting in 60 values generated for each distinct area (central cornea,
peripheral cornea, transition zone and limbal annulus). The means were calculated
TNRY (GKS&S @l tdzSa | yR {Tesdzias tfidipermadyforR S LISY R

compare the averages.
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4.3 Results

Light microscopy images demonstrate the areas of tissue that were subsequently
sampled for TEM imaging. The limbal trough was observed in all limbal tissue
samples Figure4.5) ¢ though it varied in appearance, usually being more
prominent and defined in S/l segments. As expected, no noticeable protrusions of
the epithelium were visible in the central cornea; the epithelium was generally of

uniform thickness and number of lags across the width of the sectioRigure4.6).

Stroma

Figure4.5- The presence of the limbal trough around the porciimabus.

A section of the limbal trough (circled¥asind in all limbal tissue sections, thouijlvaries in its
appearance and prominenc8one areasof the nasal/temporal samples, in particular,Jea much
less pronouncettough (dashed circle). Epi = epithelium.
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Stroma

Figure4.6- The central corneal epithelium lacking a limbal
trough.

Though there arsome variations in the thickness of the centr
corneal epitheliumit lacksany prominent protrusionsas would
be expected. Epi = epithelium.

The TEM results presented here are from one cornea each for untreated,
chondroitinasedigested, and enzyme control conditions, following numerous
attempts to optimise the experimental protocol. The first three untegtorneas

and the first chondroitinaseligested and enzyme control corneas were stained

with a new source of cupromeronic blue dye which was found to be of dubious
quality immediately. It did not stairhe PGs as expected; all PGs appeared to have
collapsed in all samples and no filamentous PGs were visible. The second
chondroitinasedigested and enzyme control corneas were not fixed before enzyme
incubation, resulting in total degradation of corneal stiure and, thus, these

samples were also abandoned.

Chondroitinase AB@reatment appeared to have been ineffectiggoresumably
because of lack of enzyme activifpn the third chondroitinasedigested cornea
and so this sample, as well as the accompanying enzyme control and untreated
corneas, were again abandondtionsequently, the enzyme incubation time was
increasedrom four hours to approximately 16 hours and theseneas, in addition

to the accompanying untreated cornea, produced the results presented below.
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4.3.1 Distribution of CS and KS PGs

4.3.1.1 Anterior stromal collagen lamellae

Electron micrographs taken of the central corneal stroma of the undigested cornea
showed that the cupromeronic blue dye had stained CS and KS PGs as expected
(Figure4.7). The periodic banding pattern of the collagen fibrils was not clearly
evident in these sections; however, vast amounts of PGs were seeciassbowith

the fibrils in both transverse and longitudinal lamell&eyQre4.7B, C).

PG filaments were of varying lengths, with some appearing to span the gap
between adjacent collagen fibrils and some appearing tdgaimore than one

fibril. The PGs also displayed varying orientations; both perpendicular and parallel
alignments, in relation to collagen fibrils, can be seen as well as oblique

orientations.
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Figure4.7- Anterior

, stromal collagen
lamellae of the central

{ cornea.

A: Collagen lamellae of
the porcine cornea
demonstratea quast
orthogonal arrangemen
of adjacent lamellae.
Vast amounts of
proteoglycans (darker
filaments crossing and i
. between collagen fibrils
white arrows) can be
seen in association with
the collagen fibrils. B:
Longitudiral collagen
fibrils demonstrate large
amounts of
proteoglycans both
running alongside and ¢
angles to the fibrils. C: |
| transverse section,
proteoglycans bridge th
gaps between collagen
fibrils, connecting with
two or more fibrils. LS
longitudinal setion, TS
# transverse section.
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Abundant PGs, associated with collagen fibrils within the stroma, were alsarseen
limbal sectims (Figures 4.8 and 4.RAdjacent lamellae still appeared to hayeast
orthogonal orientations in relation to each other and the positioning of attached
PGs to longitudinal collagen fibrils seemed to have a very regular D pésod

some areas (Figas 4.8A and 4A8). There did not appear to be any considerable
difference in the PG profiles between the S/I limbal areas or the N/T areas. Equally,
there were no significant differences between the two S/l areas sampled or the N/T

areas respectively.

Figure4.8- Anterior stromal collagen fibrils of théi dzLJS NA 2 Nk A Y F SNRA 2 NJ £ A
A lamellar structure, like that of the central cornea, can still be found at the limbus. However,

arrangement of PGs along collagen fibrils seems more rebatar with some areas demonstratil
D periodicity (A, white arkes). The appearance that sorR&sare within collagen fibrils (B most

likely an artefact due to potential oblique sectioning of the 100 nm thick sections
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