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ABSTRACT 

Aniridia related keratopathy (ARK), caused by PAX6 haploinsufficiency, leads to corneal 

opacification and sight loss. ARK is still an unmet clinical need, as treatments are not 

always available or successful. Therefore, it is essential to clarify the biological 

mechanisms behind ARK to develop new efficient clinical treatments.  

It was hypothesized that aniridic corneal stromal cells are affected and contribute to the 

development of ARK. To test this hypothesis, stromal cells were isolated from central 

human aniridic corneas and compared to normal corneal stromal cells isolated from 

healthy donors. Cells were cultured in 2D and in 3D tissue equivalent culture models to 

identify ARK-associated features. 

For the first time, aniridic and normal corneal stromal cells were successfully cultured 

and expanded in vitro. Unexpectedly, aniridic and normal corneal stromal cells showed 

similar phenotype in 2D. They presented similar stem cell-like characteristics when 

cultured in 2% FBS containing media and showed the potential to differentiate into 

keratocyte-like cells when differentiated in serum-free medium. Aniridic corneal stromal 

cells showed reduced proliferation capacity when cultured both in 2D and in 3D. 

Moreover, when cultured inside the 3D tissue equivalent, aniridic corneal stromal cells 

showed different morphology and distinct spatial distribution when compared to normal 

cells. RNA sequencing data showed major differences between aniridic and normal 

corneal stromal cells transcriptomes (with 153 differentially expressed genes being 

identified), with significant differences in expression levels of genes involved in several 

biological processes, including matrix remodelling. Real-Time qPCR and ELISA 

confirmed lower expression and secretion levels of MMP1 and MMP2 (proteins involved 

on matrix remodelling) by aniridic corneal stromal cells when compared to their normal 

counterparts.  

In conclusion, it was demonstrated for the first time that aniridic corneal stromal cells can 

be successfully cultured in 2D and 3D environments. The differences observed between 

aniridic and normal corneal stromal cell phenotypes in vitro, suggest that aniridic corneal 

stromal cells have impaired functionality in vivo and therefore might contribute to the 

development of ARK.  
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IMPACT STATEMENT 

The cornea is our window to the world and its transparency is essential for vision. Corneal 

transparency can be compromised by several congenital disorders, including aniridia, 

that is caused by mutations in the PAX6 gene and affects different parts of the eye. The 

most severe consequence of aniridia is the so-called aniridia related keratopathy (ARK). 

ARK is a rare condition that starts to affect individuals from their teenage years and can 

progress, leading to corneal opacification and sight loss. For these patients, ARK 

represents a significant clinical problem, as effective treatments are not always available.  

Superficial keratectomy, penetrating keratoplasty and experimental cultured LESC 

therapy may be used for the treatment of ARK corneas with high levels of opacification. 

However, there are different reasons why these treatments are not always available or 

successful: there is a shortage of corneal donors for transplantation worldwide and 

aniridic patients present variable responses and high levels of scarring following surgery. 

In order to develop new therapeutic approaches, it is of crucial importance to better 

understand the biological mechanisms driving ARK. 

For the first time, we showed that human ARK-derived corneal stromal cells can be 

successfully cultured and expanded in vitro, and that they present phenotypical 

differences to normal cells. These results are the platform for future studies to carry on 

the in vitro characterisation of this condition. Moreover, the results presented in this 

thesis provide further understanding on the mechanisms behind ARK. We provided 

additional evidence that suggests a stromal involvement during the progression of ARK, 

which adds to the current body of research on this condition.  

Our results not only have an impact in academia but will also be of utmost interest for 

the patient community. The hypothesis that ARK derived corneal stromal stem cells 

might contribute to the development of ARK, opens a new window for using them as a 

novel therapeutic target. In a tangible example, an ongoing clinical trial in our laboratory 

aims to replace both the epithelium and the stroma in ARK patients with healthy cells 

cultured in a tissue engineering approach. This is a great advancement, and the results 

here presented provide evidence supporting the success of this reconstructive therapy.  

Lastly, it is noteworthy that aniridia is a rare disease with a motivated and engaging 

patient network. We recently presented this work to the patient community, who are 

eager on updates on the most recent advances in aniridia research. In the near future, 

this work might also be used in platforms such as Aniridia Network UK to raise awareness 

for this condition, and to bridge the knowledge gap between the research community and 

the public.   
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In conclusion, our research will impact the research community in the short term, by 

going a step forward to the understanding of the mechanisms behind ARK. In the long 

term, it will hopefully have a clinical use, by providing the ground work to develop new 

therapeutic strategies.  
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 CHAPTER 1: INTRODUCTION 

The cornea is the clear central part of the eye, providing our window to the world. Its 

unique transparent properties are essential for vision. Currently, 285 million people are 

visually impaired worldwide, with corneal opacity being a major cause of blindness, as 

stated by the World Health Organisation. A small portion of the population affected by 

corneal opacities (1:40000 ï 1:100000 of total population) suffer from a genetic disorder 

called aniridia [1, 2], which not only affects corneal transparency but can also involve iris 

hypoplasia, cataracts, and glaucoma, amongst other eye conditions [3]. Aniridia related 

keratopathy (ARK) is a progressive manifestation that threatens the integrity of the 

cornea in aniridic patients and the mechanisms involved are not yet fully understood. It 

is therefore of crucial importance to firstly understand the biology behind of the healthy 

and aniridic cornea to then work on finding possible treatments for ARK. The project 

presented herein aims to model the aniridic and healthy corneal stroma in vitro, 

recapitulating their biological microenvironment, and to identify any possible differences 

between the cells that populate those stromas.  

1.1 The ocular surface: The cornea  

The human ocular surface is composed of the central cornea, the peripheral conjunctiva, 

and the corneoscleral limbus (Figure 1.1). The limbus function is twofold; 1) it acts as a 

physical barrier, preventing the conjunctival epithelium from encroaching over the 

cornea, and 2) harbours stem cells for corneal regeneration [4-6].  

 

Figure 1.1. The ocular surface. The cornea is the transparent surface on the front of the eye, 

surrounded by the limbus and the neighbouring sclera.   

 Overview  

The cornea is a specialized transparent avascular structure that provides two-thirds of 

the eyeôs refractive power. Its central part is approximately 500Õm thick, and it is 

composed of five layers, the epithelium (outermost layer), the Bowmanôs layer, the 
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stroma, the Descemetôs membrane and the endothelium (innermost layer) (Figure 1.2) 

[7]. The epithelium, the stroma, and the endothelium are cellular layers, each populated 

by a different type of cells, while the others are structural layers mainly made of collagen. 

For the purpose of this work, the stroma will be described in detail in the following 

sections.  

Corneal transparency is partly granted by the avascular nature of the cornea. As it 

contains no blood vessels it is nourished by the diffusion of nutrients from the overlying 

aqueous humour that fills the anterior chamber and by the limbal rich vasculature [8].  

 

Figure 1.2. The structural layers of the cornea. The cornea is composed of three cellular layers, 

namely epithelium, stroma, and endothelium, separated by the Bowmanôs layer and the 

Descemetôs membrane, respectively. Haematoxylin and Eosin image of a cross section of the 

human cornea. 

 Corneal epithelium  

The corneal epithelium is the outermost layer of the cornea. Since it is in contact with the 

external environment, the corneal epithelium serves as a first barrier against injury, 

protecting the eye from external insults. The ability of the epithelium to eliminate external 
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pathogens is provided by the epithelial cells [9] and the high density of tight junctions 

that connect them [10]. In the central part of the cornea, the epithelium is composed of 

six or seven layers of non-keratinized, stratified and squamous epithelial cells  with a 

total thickness of approximately 52ɛm [11].  

A directional process of cell differentiation takes place in the epithelium, with the cells in 

the lower layers being the least differentiated and the cells on the surface being in the 

latest stages of differentiation. The innermost layer of the epithelium consists of columnar 

basal cells that gradually proliferate and differentiate into wing cells, which migrate to the 

layers above. These continue to differentiate and migrate from the suprabasal layers to 

the surface of the epithelium. These cells in the last step of differentiation are called 

squamous cells and are in direct contact with the external environment [12]. Squamous 

cells are constantly shed into the tear pool, providing a clear necessity for the epithelium 

to regenerate its cells to maintain the homoeostasis and functionality of the entire layer. 

 Limbal stem cell niche  

The capacity of the epithelium to self-renew is provided by a stem cell population situated 

at the limbus [13] (Figure 1.3). The limbus is the narrow border between the cornea and 

the conjunctiva, it starts at the termination of Bowmanôs layer and is approximately 

1.5mm wide. The limbus is composed of an epithelial, stromal, and endothelial layer, and 

Descemetôs membrane.  

The corneal epithelial progenitor cells, commonly referred to as limbal epithelial stem 

cells (LESC) are situated in a very specialised niche within the limbal crypts of the 

Palisades of Vogt [14] (Figure 1.3). The limbal niche provides the LESC with optimal 

conditions to maintain their capacity for differentiation and self-renewal. LESC are 

situated near another reservoir of stem cells from the stroma [14],  melanocytes [15] and 

blood vessels. Following asymmetric cell division, LESC daughter transient amplifying 

cells terminally differentiate into corneal epithelial cells (Figure 1.3) [16]. 
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Figure 1.3. Schematic representation of the structure of the cornea and the limbus (not to 

scale). The limbus is populated by the limbal epithelial stem cells (LESC) and the corneal stromal 

stem cells (CSSC). The black arrow indicates the direction of stem cell differentiation from the 

limbus towards the central cornea. The central corneal epithelium consists of different layers of 

epithelial cells derived from the LESC population.  

 Corneal endothelium  

The endothelium consists of a single layer of hexagonal shaped endothelial cells that do 

not proliferate in healthy conditions and rest on the Descemetôs membrane (Figure 1.2) 

[17]. Their main function is to secrete the collagen that constitutes Descemetôs 

membrane and to control the passage of fluid and nutrients from the aqueous humour to 

maintain the appropriate stromal hydration and homoeostasis preventing corneal 

oedema.  
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 Corneal stroma  

The stroma is the middle cellular layer of the cornea, situated between the Bowmanôs 

layer and the Descemetôs membrane. It is an avascular structure with a very specialized 

organization (Figure 1.2). With 500ɛm, it is the thickest layer of the cornea, comprising 

nearly 90% of it [18].  It is populated by the keratocytes that reside within highly organised 

collagen type I lamellae. The following sections will focus on stroma biogenesis and 

mantaince, its transparent properties and wound healing processes.  

1.1.5.1 Stroma during development ï embryogenesis  

The human eye starts to develop at the end of the 3rd week of gestation as a pair of two 

small optic grooves on each side of the forebrain. The optic grooves will eventually close, 

becoming the optic vesicles which thereafter invaginate to form a double-layered 

structure called the optic cup. The optic vesicles will contact the surface ectoderm 

triggering the necessary changes for further eye development, in which PAX6 plays a 

central role on initiating and controlling. Further differentiation and mechanical 

rearrangement of cells gives rise to the fully developed eye [19, 20]. 

Different germ layers form different areas of the eye: the neural tube ectoderm gives rise 

to the optic nerve, retina, iris, ciliary body epithelia, and some of the vitreous humour. 

Surface ectoderm gives rise to the lens, the corneal and conjunctival epithelium, the 

eyelids, and the lacrimal apparatus. The remaining ocular structures, including the 

corneal stroma, are formed from the mesenchyme.   

Corneal stroma development and collagen fibrillogenesis was firstly studied using the 

embryonic chick as a developmental model [21, 22]. Later studies on mouse, rabbit, and, 

primate cornea showed that the mammalian cornea presents several differences but 

maintained the same general phases during its development [23, 24]. Stromal 

development consists of two stages. Firstly, the primary stromal collagenous matrix is 

secreted by ectodermal cells, which will later differentiate into corneal epithelium. The 

secreted matrix constitutes the foundations for the second stage, in which mesenchymal 

cells migrate from the periphery and infiltrate the stroma. A wave of mesenchymal cells 

derived from neural crest cells infiltrate the primary stroma and later become keratocytes. 

These cells show a rounded fibroblastic morphology during the migration phase and later 

change acquiring a flattened shape typical of keratocytes in the mature cornea. They will 

then continue to synthesise the bulk of the stromal matrix in a very organised manner 

[22].  
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The morphogenetics of the stroma is divided into three main non-aqueous constituents: 

cells, collagens, and proteoglycans.  

1.1.5.1.1 Stromal cells  

Studied for the first time in the chick cornea, the infiltration of neural crest cells in the 

stroma was shown to come in two waves [21, 22]. A first wave of cells migrate to the 

posterior stroma and acquire a flattened shape, which will condense to form the 

endothelium. A second wave of cells known as keratoblasts infiltrate the stroma, staying 

between the epithelium and the endothelium. These continue to proliferate and later 

differentiate into keratocytes. In rodents, the infiltration of neural crest-derived cells into 

the stroma exhibited one single influx, which differentiate in both endothelial cells and 

keratocytes [23]. Keratocytes present slower rates of proliferation and start to synthesise 

high levels of collagen type I, V and VI, and proteoglycans, shaping the stromal ECM [8, 

23, 25]. ECM deposition by keratocytes creates space and generates cell-separating 

lamellae [26]. Keratocytes maintain strong associations with the assembled collagen 

bundles through a range of elongated cytoplasmic protrusions (~30µm). These are 

essential and dictate the orientation of the process of collagen assembly into lamellae 

[27]. Cells and collagen bundles distribute ortogonally across the cornea, presenting 

approximately 90 degree angles between each other [27]. They also maintain gap-

junction mediated cell-cell connections with neighbouring keratocytes, creating a 

network across the corneal stroma [28]. 

1.1.5.1.2 Collagen  

Collagen is synthesised, secreted and organised into fibrils in a tissue-specific manner. 

This proccess, also known as fibrillogenesis, is infuenced by a variety of factors, such as 

the types of collagen present and the interactions between these and proteoglycans, 

which will be explained in detail in the next section (1.1.5.1.3) [29]. Collagen fibrils in the 

cornea are narrow, of uniform diameter and are distributed in a specific range of 

distances from their adjacent fibrils. 

One of the first studies to target the speciallised collagen fibrillogenesis in the cornea 

was done by Birk et al. on the chicken embryo [29]. They found that corneal collagen 

fibrils are heterotypic, i.e. composed of different types of collagen. Its main structural 

component is type I collagen, but unlike many other tissues composed of type I collagen, 

the cornea is enriched in collagen type V. These combination of different types of 

collagens, with a high ratio of collagen V, allows the collagen fibrils to be specially narrow 

(~25nm) and uniform. The regulation of the precise narrow collagen fibril diameter in the 
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cornea is modulated by the interaction of type V collagen with type I collagen [29]. The 

same results were found in the mammalian cornea, when heterozygous mice mutant for 

the Col5Ŭ1 gene showed an increased diameter of the collagen fibrils and a decrease in 

the amount of fibrillogenesis [30, 31]. The monotony of narrow fibril size is essential to 

achieve optical transparency [32]. 

Collagen fibrills are arranged in parallel and are surrounded by proteoglycans, which 

confer unique water-holding properties. Finally, collagen fibrils are organised in lamellae, 

which are arranged orthogonally, in a very organised structure that guarantees 

transparency by allowing the free passage of light [33].   

1.1.5.1.3 Proteoglyca ns 

Proteoglycans belong to a family of ECM proteins that play essential roles on corneal 

stroma development and maintenance [34]. Proteoglycan structure consists of a core 

protein with a variable number of sulfated glycosaminoglican side chains. The core 

protein interacts with the collagen fibrils, and the glycosaminoglycan side chains occupy 

the space between collagen fibrils. Thus, they regulate the hydrophylicity and the 

swelling properties of the cornea, the size of collagen fibrils and their spatial distribution 

[35, 36]. 

Extensive research on the proteoglycan composition of the cornea during development 

has been performed using the chick cornea as a developmental model. However, less 

extensive research has also focused on the mammalian cornea [34]. The secondary 

stroma formed during development already contains different glycosaminoglycans such 

as heparan sulfate, keratan sulfate and chondroitin sulphate, some of which specifically 

interact with regions of the collagen fibrils.  

Four proteoglycans are present in the corneal stroma: lumican, keratocan, mimecan and 

decorin [37]. The first three present keratan sulfate glycosaminoglycan side chains, 

whereas the latter presents dermatan sulfate. From these, keratocan and lumican are 

are members of the small leucine-rich proteoglycan family, which present high number 

of Leucine aminoacid repetitions and constitute, after collagen, the most abundant 

biological material in the stroma [38]. They are the earliest markers of keratocyte 

differentiation from neural crest cells, as they start being expressed around 12 hours 

after neural crest cell invasion [25].  

Lumican core protein is extensively expressed by mesenchymal cells in many connective 

tissues during embryonic development and adulthood. During mouse development, 

lumican starts to be expressed at around day 7 post-coitus in different tissues, including 
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in the intraocular lens, cartilage, heart, lungs, and  cornea [39, 40]. However, further 

modifications of the lumican core protein with keratan sulphate were only observed in 

the murine cornea at around day 10 postnatally, after eye opening [41]. Lumican with 

kertan sulphate modifications is an essential component to maintain corneal 

transparency [42]. Lumican null mice have shown stromal structural defects, including 

collagen fibrils with increased diameter, wider fibril agreggates, unorganised lamellae, 

and reduced stromal thickness compared to their wild-type counterparts [42]. Taken 

together, these observations suggest that lumican is essential to maintain the normal 

corneal transparency and stromal structure.  

Keratocan is expressed in the cornea and eyelids forming tissues during mouse 

embryonic development, however is more selectively expressed in the corneal tissue of 

the adult mouse [43]. In the developing mouse, keratocan is expressed by the periocular 

mesenchymal cells that migrate towards the central cornea and its expression is then 

gradually restricted to the keratocytes [39]. Mutations of the KERA gene in humans are 

associated with the cornea plana phenotype, which results in lower vision acuity due to 

the flattening of the cornea [44]. In mice, mutations of the Kera gene also result in thinner 

stroma with wider collagen fibrils, and less organised collagen lattice models than in the 

wild-type counterparts [45]. Despite having similar functions on the collagen fibrils 

arrangemnts, lumican and keratocan do not alleviate the phenotypes of each others null 

mice, suggesting that they bind to different regions of the collagen fibrils [45]. These 

results show that keratocan is also an essential component of the corneal stroma helping 

maintaining corneal hydration and appropriate collagen fibrillogenesis to guarantee its 

transparency.  

As previously mentioned, corneal proteoglycans also regulate collagen fibril diameter 

[22, 36]. It was demonstrated by Birk and Lande that collagen fibrillogenesis in vitro is 

retarded by the presence of corneal proteoglycans, resulting in significantly thinner 

collagen fibrils, when compared to those in the absence of proteoglycans [46]. 

Interestingly, when comparing the effect of proteoglycans from the cornea and from the 

neighbouring fibrillar tissue - sclera, the first were three times more effective at slowing 

the rate of fibrillogenesis when compared to the latter [46]. Rada et al. identified the core 

proteins of decorin and lumican as the agents slowing down fibrillogenesis [36]. These 

findings were confirmed in mutant mice defficient for lumican and decorin that presented 

opacification of the cornea [42, 47].  

Sumarizing, lumican and keratocan are the earliest markers of keratocyte differentiation 

and closely regulate the diameter of collagen fibrils on corneal stroma. 
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1.1.5.2 Theoretical basis of corneal transparency  

The cornea provides two-thirds of the eyeôs refractive power and its transparency is a 

matter of great interest, since it is essential to allow the free passage of light to the back 

of the eye. As previously mentioned, different factors regulate transparency and multiple 

studies have tried to tackle and identify them [33, 48, 49]. During the nineteenth century, 

a consensus was raised that the cornea needed to be optically homogeneous, with all 

its components having a uniform refractive index, to be transparent. However, one 

century ago, it was postulated that the transparency of the cornea is mainly regulated 

from the arrangement of the constituents of the stroma, since it accounts for 90% of its 

thickness [50]. In 1957, a novel theory was developed by Maurice in London, which 

proved previous theories of optical uniformity wrong [48]. In a thorough paper, Maurice 

firstly described the optical structure of the stroma, including its geometric form, 

dimensions, and refractive index. The arrangement proposed consisted of collagen fibrils 

of uniform diameter distributed on a perfect hexagonal lattice. Secondly, how the 

transmission of light across them and their interactions is the basis of its transparency. 

When the light hits the ordered stromal collagen fibrils, it produces secondary light rays 

interfering in a way that eliminates light scattering in all directions except forwards [48]. 

Later, it was discovered that the fibrils do not need to be positioned in perfect hexagonal 

lattice for these interactions to happen. It is sufficient for all the fibrils to have the same 

diameter and be positioned in a constrained and periodic distance between adjacent 

fibres for these interactions to happen [33, 50].  

To explain corneal transparency, focus has historically been put on the collagen fibrils 

arrangement and the presence of cells within the stroma has been broadly ignored. This 

is usually justified as keratocytes are sparsely distributed and are thin and flat in the 

location of the passing light [48]. However, Jester and colleagues more recently 

postulated that keratocytes contain cytoplasmic molecules that act like crystallins. They 

have the ability to absorb UV light but also to change the refractive index of the cell 

cytoplasm to eliminate light scattering arising from the cells [49]. The crystalline 

candidates in the mammalian cornea are the aldehyde dehydrogenase 1 (ALDH1), the 

aldehyde dehydrogenase 3 (ALDH3), and the transketolase (TKT) [49].  

Finally, as previously mentioned, it has been shown that proteoglycans also indirectly 

affect corneal transparency by regulating collagen fibril [42]. For instance, lumican 

deficient mice presented corneas with abnormally thick and disorganised collagen fibrils 

and showed a threefold increase in backscattered light [42].    
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1.1.5.3 Stroma during adulthood  

Unlike the self-renewing epithelium, the maintenance of the stroma during adulthood is 

not based on a cycle of cell death and renewal. The stroma is populated by keratocytes, 

which reside between the collagen lamellae structures. They have an elongated and 

dendritic morphology, forming a network of connections between them. Keratocytes in 

healthy conditions are quiescent and only proliferate in the event of an injury or abnormal 

conditions [51]. In 1999 it was postulated that there is no cell turnover in the stroma, that 

keratocytes are quiescent, form a network by contact against each other, and are 

resistant to antigens and to stimuli [8]. Zieske et al. showed that keratocytes are uniformly 

distributed throughout the stroma, and there is less than 1 proliferating cell per mm3 [52].  

Keratocytes obtain their nutrients from the aqueous humour, which are diffused through 

the endothelium. Signalling interactions between epithelium and stroma are also present 

during homeostasis. For instance, it has been hypothesise that low levels of IL-1 

expression by epithelial cells cause negative apoptotic and chemotactic effects on the 

adjacent keratocytes [53].  

Similar to the LESC population, a population of progenitor cells residing in the human 

limbal stroma has been recently described [54]. These cells are situated underneath the 

Palisades of Vogt in close proximity with LESC (Figure 1.3). Known as corneal stromal 

stem cells (CSSC) they were firstly identified and described in the human corneal stroma 

in 2005 by Du and colleagues [54]. Using human corneas from deceased donors they 

isolated a side population of cells with clonal growth ability that express ABCG2, a typical 

stem cell marker [54]. CSSC are broadly described as adult mesenchymal stem cells 

(MSC), that express the characteristic MSC markers (CD90 and CD73) when cultured in 

vitro [55]. CD90 and CD73 belong to a family of cell surface glycoproteins that are 

expressed in adult stem cells. CD90 has also been found to be expressed in fibroblasts, 

brain cells, and activated endothelial cells, where it plays a role in inflammation, wound 

healing, cell-cell and cell-matrix adhesion, and in growth and differentiation of stem cells 

[56]. CSSC also express PAX6, a transcription factor involved in the regulation of eye 

development (addressed in detail in section 1.2.3.2) [57]. CSSC are thought to be the 

progenitors of keratocytes, since when cultured in vitro in low mitogen media they 

upregulated the expression of keratan sulphate and ALDH3A1, and obtained a dendritic 

morphology, all characteristic features of keratocytes [57].  

CSSC are thought to be derived from the neural crest cells during embryonic formation 

of the cornea [58]. During development they do not migrate to the central cornea but 

instead remain in the limbus in close proximity to the LESC, suggesting that there are 
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interactions between both layers of the cornea [59]. Together these results suggest that 

there is a population of stem cells that reside in the limbal stroma which may be the 

progenitors of the mature keratocytes. 

1.1.5.4 Stroma during wound healing  

Briefly, following injury, the keratocytes in the wounded area undergo apoptosis 

(programmed cell death). This is followed by an influx of keratocytes that have been 

activated and differentiated into myofibroblasts to the wounded region. These 

differentiated cells contract and secrete a fibrous matrix that differs from the healthy 

stromal extracellular matrix. It is not organised and results in scar tissue [60]. Corneal 

stroma scarring is difficult to solve without transplantation, and it is not only fruit of an 

event of injury but can also be caused by chronic conditions, such as aniridia and Lattice 

dystrophy. Aniridic patients easily develop high levels of stromal scarring in response to 

the recurrent corneal surgeries [61]. 

The process of corneal wound healing involves constant interactions between the 

epithelium and the stroma (extensively reviewed in [62]). Even though this project 

focuses on the corneal stroma, it is impossible to dissociate the events that occur in this 

layer from what occurs in the epithelium.  

1.1.5.4.1 Keratocyte apoptosis  

Keratocyte apoptosis is the first event after corneal injury, whether this affects the stroma 

or only the epithelium [62]. Loss of keratocytes after epithelial wounding was firstly 

described in mouse in 1988 by Nakayasu [63] and it was later attributed to apoptotic 

processes [64]. It is thought to have been originated as a mechanism to prevent the rapid 

spread of viral infections from the epithelium to the underlying stroma [65] therefore 

preventing further corneal inflammation and loss of transparency. This process has 

gained more attention in the past two decades with the increasing popularity of refractive 

surgery [65], as it triggers the same response [65]. The apoptosis is thought to be 

triggered by the release of unusually higher levels of Interleukin-1 (IL-1) by the epithelial 

cells in response to cell death or injury [64]. Apoptosis in keratocytes is mediated through 

the Fas system activated by IL-1 [66], and ultimately by the apoptotic regulatory 

molecules Bcl-2 and Bax [66]. Wilson et al. hypothesised that IL-1 reach lethal levels and 

causes apoptosis only on the nearby keratocytes and promote the release of hepatocyte 

(HGF) and keratinocyte (KGF) growth factors by the keratocytes situated farther from the 

wound [64]. Controlled regulation of the apoptotic response in keratocytes is essential to 

prevent states of chronic apoptosis and further complications such as keratoconus [67].  
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1.1.5.4.2 Keratocyte differentiation into proliferating and migrating fibroblasts  

In the second phase of stromal wound healing (following keratocyte apoptosis), 

keratocytes adjacent to the area of cell apoptosis start proliferating and migrate to 

repopulate the wounded stroma [52]. Zieske et al. using rat models, showed the 

presence of proliferating Ki67-positive cells at the edges of the wound at 24 hours after 

injury, with increasing proliferative cell numbers peaking after 44 hours [52]. Ki67 levels 

did not return to normal basal levels until 7 days after wounding. As previously explained, 

keratocytes are mainly quiescent in the cornea, but become activated and acquire a 

fibroblastic migrative phenotype upon injury. Fini et al. showed that during differentiation 

and proliferation cell size and organelle content increases and cells acquire typical 

fibroblastic characteristics including fusiform shapes and multiple nucleoli [68]. In her 

study, Fini observed the migration of fibroblasts to the wounded area as early as 6 hours 

after injury [8]. Different factors have been suggested to activate the keratocytes, these 

include the previously mentioned IL-1, platelet-derived growth factor (PDGF), bone 

morphogenetic proteins 2 (BMP2) and 4 (BMP4), all released from the epithelium [69].  

It is thought that during this phase, activated fibroblasts and epithelial cells secrete high 

levels of pro-inflammatory molecules, that create an influx of inflammatory cells into the 

stroma, including dendritic cells, macrophages, and lymphocytes [70]. To date, it is still 

not fully understood the mechanism by which inflammatory cells are recruited to the 

cornea. These inflammatory cells produce cytokines and chemokines that mediate the 

inflammatory response and prevent further damage from infections and environmental 

insults. Some of these molecules secreted by fibroblasts and immune cells are regulators 

not only of the inflammatory response but also of the remodelling process [71]. For 

instance, tumour necrosis factor Ŭ (TNF-Ŭ) secreted by macrophages has been shown 

to be essential to regulate the expression of pro-fibrotic molecules and thus, required to 

supress excessive scarring of the cornea during remodelling [71].  

Keratocyte activation and differentiation into a repairing phenotype also involves the 

reorganisation of the actin cytoskeleton, with cells developing stress fibres and additional 

focal adhesion points [68]. These activated cells start expressing a new myriad of genes 

to repair and remodel the surrounding ECM. These include the cell-matrix adhesion 

integrinŬ5, fibronectin, fibronectin receptor, and matrix metalloproteinases (MMPs). 

Additionally, they stop expressing the associated-keratocyte proteins that allow to 

maintain corneal transparency, such as the crystallin ALDH1A1 [49, 68]. They also 

secrete higher amounts of chondroitin sulphate, a glycosaminoglycan upregulated during 

corneal stromal development [34]. In vitro, the repairing phenotype is easily promoted by 

culturing keratocytes in the presence of serum [8]. The activated fibroblasts acquire the 
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ability to express IL-1Ŭ, which works as an autocrine loop, initiating the expression of 

MMPs.  

As previously mentioned, MMPs are rapidly expressed and activated by the repairing 

fibroblasts during tissue remodelling [72]. This process has been observed in many 

different tissues, including the cornea [73]. MMPs are secreted in a latent form (pro-

MMPs) and need to be cleaved by either serine proteases or other MMPs to be 

catalytically active [74]. A wide range of growth factors and cytokines can 

transcriptionally activate expression of the MMPs, such as epidermal growth factor 

(EGF), HGF, fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), 

TNFŬ, transforming growth factor  ̡ (TGF )̡, KGF, interleukins (such as IL-1), and 

interferons [8, 72]. MMP activity is also regulated by tissue inhibitors of MMPs (named 

TIMPs). MMPs allow cell migration by degrading the surrounding ECM or by modifying 

cellular adhesive properties. Interestingly, during this fibroblast migration process to the 

wounded site, Petroll et al. observed a high correlation between the pattern of fibroblast 

and collagen lamellae alignment, suggesting that intrastromal migration is guided by cell-

matrix contact that facilitates wound repopulation [75].  

Repairing fibroblasts in the cornea secrete high levels of MMPs, in order to remodel the 

surrounding ECM and to migrate towards the wounded area. As previously mentioned, 

IL-1 is one of the MMP regulators, which acts in an autocrine loop through the NFk  ̡

pathway to promote the secretion of MMPs by fibroblasts [8]. In the healthy cornea, there 

is no expression of MMP1 and MMP3, however MMP2 is expressed at very low levels 

[8, 76]. MMP1, MMP2 and MMP3 are upregulated and activated in the repairing corneal 

stroma, allowing cell migration and subsequent wound contraction [77]. MMP1, also 

known as interstitial collagenase, acts mainly on cleaving collagen type I, and to less 

extent collagen type II and type III. It is the first MMP to act upon corneal wound healing, 

by making a single site-specific cleavage on the triple helix of collagen type I. The 

fragments of collagen released are thermally unstable and are denatured at 37°C. 

MMP2, also known as gelatinase A, has gelatinolytic activity, degrading the collagen 

fragments that result from MMP1 cleavage [77]. MMP3, also known as stromelysin 1, is 

mostly responsible for proteoglycan degradation. Abnormal MMP expression and 

secretion profiles contribute to many pathological ocular conditions, including diabetic 

retinopathy [78].   

Repair tissue is slowly remodelled to the normal healthy stromal ECM, by the keratocytes 

and the repairing fibroblasts. However, few repairing fibroblasts can eventually 
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differentiate into myofibroblasts during the contraction phase of the corneal wound 

healing [8].  

1.1.5.4.3 Myofibroblasts differentiation  

In penetrating injuries that reach the stroma, some repairing fibroblasts can acquire a 

myofibroblastic-like phenotype, developing a putative contractile complex composed of 

intracellular F-actin stress fibres that contain alpha smooth muscle actin (ŬSMA), Ŭ-

actinin, desmin, vimentin, myosin, and high-affinity fibronectin receptor [79]. 

Myofibroblasts acquire the capacity to contract the wound, and deposit unorganised 

ECM with different compositions than the normal healthy corneal stromal ECM. They 

secrete collagen type I and type III, the latter of which is typical from fibrotic tissue [80]. 

Moreover, in vitro investigations have shown that the matrix released by the 

myofibroblasts has lower levels of keratocan and lumican, proteoglycans with keratan 

sulphate, than the normal stromal ECM [8, 80]. Instead, they secrete higher levels of 

fibronectin and dermatan sulphate proteoglycans (namely biglycan), characteristic 

proteoglycans of fibrotic tissue [80].  

Different factors regulate the process of myofibroblast activation, these include 

lysophosphatidic acid (LPA) and TGF .̡ LPA mediates the cytoskeletal remodelling 

associated with myofibroblastic phenotype, by activating the GTP-binding proteins Ras 

and Rho [81]. Activated Rho acts by assembling focal adhesion proteins and stress 

fibres. TGF  ̡ is also a modulator of the fibroblast-myofibroblast transition [79, 80]. 

Addition of TGF  ̡ in rabbit corneal fibroblasts cultures in vitro induces further 

myofibroblast differentiation [79]. Moreover, PDGF and FGF2 are also regulators of the 

fibroblast-myofibroblast transition [82].  

Apart from the differences in ECM composition secreted by myofibroblasts, the cellular 

changes of the activation of keratocytes and their differentiation into myofibroblasts are 

also a plausible reason for loss of corneal transparency. The change in cytoplasmic 

content (consequence of keratocyte-myofibroblast transition) might alter their refractive 

index and increase the light scattering [83]. In a recent study, Gardner et al. showed that 

in vitro quiescent bovine keratocytes had a refractive index of 1.381±0.004, which 

matches the surrounding stromal matrix. Interestingly, the refractive index dropped to 

1.365±0.003 after their activation, leading to a mismatch with the stromal ECM 

contributing to light scattering and loss of transparency [83].     

After matrix remodelling and wound closure, few of the myofibroblasts eventually die by 

apoptosis, but a small population differentiate into scar keratocytes, which still express 
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MMPs [8]. It has been shown that IL-1, together with TGFʲΣ are important in the 

regulation of myofibroblast survival. The decrease of TGF  ̡levels in the stroma, probably 

due to the restore of the basement membrane, triggers myofibroblast apoptosis through 

IL-1 activation [84]. Myofibroblast apoptosis and subsequent stroma repopulation by 

keratocytes is a key event to reduce the stromal opacity caused by the abnormal ECM 

secreted by the myofibroblasts [85].  

Figure 1.4 shows a schematic representation of all these processes and their regulatory 

proteins. 

 

Figure 1.4. Schematic representation of corneal epithelium and stromal wound healing. 

Upon injury, an increase in the levels of IL-1 leads to keratocyte apoptosis at the site of injury (1), 

this is followed by keratocyte proliferation, migration, and differentiation into repairing fibroblasts 

(2). The repairing fibroblasts secrete high levels of MMP1, MMP2, and MMP3 to remodel the 

stromal matrix (3). A small population of the repairing fibroblasts can differentiate into 

myofibroblasts, which release an abnormal ECM that leads to corneal scaring (4). The wounded 

cornea will show irregular ECM, higher opacity, which contributes to light scattering and visual 

loss (5).  
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1.2 Aniridia  

 Overview  

The transparency of the cornea is compromised by several diseases including aniridia. 

Aniridia is a congenital disorder with a prevalence of 1:40000 to 1:100000 and no 

influence of gender or ethnic group known to date [1, 2]. In 90% of the patients, it is 

caused by a PAX6 haploinsufficiency. PAX6 is the master regulator of eye development 

and it is of crucial importance on the development of a fully functional eye [86, 87]. This 

is the reason behind the affectation of different parts of the eye in aniridic patients. 

Aniridia-like features can also be caused by mutations in FOXC1 [88], PITX2 [88], 

CYP1B1 [89], FOXD3 [90] and TRIM44 [91]. Aniridia can occur alone as an ocular 

disorder or together with an affectation of the brain, the kidney, and the genitourinary 

tract as part of the WAGR syndrome (Wilms tumour, Aniridia, Genitourinary anomalies 

and Retardation) [92]. 

The name aniridia (coming from the Greek ñNo-irisò) indicates that this condition is 

always characterised by a total or partial iris hypoplasia. However, patients can also 

suffer from cataracts, glaucoma, nystagmus, foveal hypoplasia, and corneal 

opacifications [93]. Although the iris hypoplasia is what gives the name to the disorder, 

it is not the most sight-threatening condition that patients with aniridia experience. 

Corneal opacification and vascularisation are significant causes of visual loss, and they 

are included under the term aniridia related keratopathy (ARK).  

 Genetics  

1.2.2.1 Paired box 6 gene structure  

The paired box 6 gene (PAX6) is located on the short arm of chromosome 11, at the 

11p13 band [94]. It was cloned during the search for the gene responsible for the WAGR 

syndrome [95]. However, mutations in PAX6 alone are not responsible for WAGR 

syndrome, but only when they appear in conjunction with mutations in the neighbouring 

gene WT1 [96]. PAX6 is a highly conserved gene between species, with 100% identity 

in the coding region between human PAX6 and murine Pax6, and with the DNA binding 

domains being 90% identical with the homologous Drosophila gene Toy [97]. PAX6 in 

humans is composed of 13 exons that expand over 22kb (Figure 1.5). PAX6 has two 

alternative splicing sites, one of which creates a transcript with an additional 5a exon, 

consisting of 14 amino acids, which has different activation sites [98]. The predominant 

form of PAX6 in the eye is the one without the 5a exon. 
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Figure 1.5. Schematic representation of the paired box 6 gene ( PAX6) and the Paired box 

protein Pax -6 (PAX6). PAX6 is located at the 11p13, and it is adjacent to WT1, BDNF, and ELP4 

(not shown). PAX6 is transcribed from the reverse chain and has 13 exons over 22kb. It translates 

into PAX6 transcription factor that has four functional regions: paired domain (PRD), linker region, 

homeodomain (HD), and Proline, Serine, Threonine rich region (PST).   

1.2.2.2 Described mutations in aniridia  

Currently (last updated in 2018), in the Human PAX6 Allelic Variant Database, there are 

491 unique DNA variants reported in a total of 1067 individuals. Two-thirds of PAX6 

mutations are familial and follow an autosomal dominant inheritance, and the remaning 

are de novo mutations [99]. When the PAX6 mutations include deletions in the WT1 

gene, there is a high risk that the person affected develops WAGR syndrome, presenting 

Wilmôs tumour, mental retardation, genitourinary problems, and aniridia [96]. 

Substitutions, deletions or insertions of DNA nucleobases are the causes for PAX6 

mutations. Arising from these changes, there are mainly three different kinds of possible 

variants: Premature termination codons (PTC), C-terminal extensions (CTE) and 

missense mutations, as summarised in Table 1.1. Chromosomal rearrangements or 

deletions of an entire copy of PAX6 can also be the cause for aniridia, but they are less 

common than the previously mentioned [100].  

The majority of the mutations recorded until now result in PTC and are caused by either 

non-sense or frame-shifts mutations. As suggested by its name, these types of mutations 

mean that the transcription is shortened over the expected location of the termination 

codon. PTC mutations in PAX6 are evenly distributed along the whole gene, except for 
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the 3ô distal region, where none have been described. Since there are no differences in 

the phenotypes regardless of the location of PTC mutation in the PAX6 gene, it is 

hypothesised that these are not translated into truncated proteins, but instead result in 

the degradation of the modified mRNA by the nonsense-mediated decay (NMD) [101].   

CTE are caused by frame-shifts or missense mutations that result in a run-on mutation, 

meaning that the translation is extended over the expected location of the termination 

codon. Hypothetically, longer proteins with an extended C-terminal region would arise 

from these mutations. NMD would not act in these cases, but as they cause the same 

aniridic phenotypes as the PTC mutations, there might be a loss-of-function of PAX6 with 

the addition of an extra peptide in the C-terminal region [102].  

Finally, missense mutations that cause aniridia are mainly located in the Paired-box 

domain [102, 103]. It is believed that these mutations translate into a PAX6 protein with 

a different amino acid than the wild-type PAX6, which might cause a change in its 

structure and result in impaired function. However, this protein might still retain some of 

its functionality. There are also missense mutations described in the PAX6 gene that do 

not cause aniridia, but other phenotypes such as isolated foveal hypoplasia, optic nerve 

defects or iris hypoplasia [104].  
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Table 1.1. Classification and definition of the three main types of mutations in PAX6. The 

most common example for each of them and its frequency are shown. Table adapted from [105] 

Type of 

mutation  

Premature 

termination codons 

(PTC) 

C-terminal 

extensions (CTE)  

Missense mutations  

Definition  Creates a stop codon 

in the open reading 

frame 

Changes the stop 

codon to an amino 

acid codon 

Changes one amino 

acid codon to another 

in the open reading 

frame 

Most frequent 

mutation  

p.(Arg240*) p.(*423Leufsext*1

08)  

p.(Gly51Arg)  

Frequency  5.9% 3.1% 0.31% 

Exon  9 13 5 

Change in 

codon  

Arg(cga) > Ter(uga) Ter(uua) > 

Leu(uua) 

Gly(gga) > Arg(aga) 

Reference  Kondo-Saitoh, A [106] Chao, L.Y [107] Henderson, R.A[108] 

1.2.2.3 Genotype -phenotype  correlation  

As previously mentioned, aniridic patients present a broad range of phenotypes, from 

mild partial iris hypoplasia to effects on lens and cornea, among others. The great variety 

of phenotypes hinders to elucidate the biological mechanisms behind aniridia. Some 

studies have tried to find a relation between the aniridia phenotype and genotype, such 

as the extent of affected iris or presence of ARK, with different PAX6 heterozygote 

variants. Although some claim to find a relation between particular types of mutations 

and their effect (reviewed in [103, 109]), most of the studies conclude that no apparent 

link exists [110, 111]. 

Nonetheless, it is clear that mutant homozygous and compound heterozygous patients 

for PAX6 (when two or more heterogeneous recessive alleles at a particular locus are found) 

have the most severe phenotypes and usually die during embryonic development. To 

date, five cases of compound heterozygosis have been described [112], however only in 

two of the cases the foetuses survived and were born with no [113] or small eyes [114] 

and other brain defects.  

https://en.wikipedia.org/wiki/Recessive
https://en.wikipedia.org/wiki/Alleles
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In 2000, Duncan et al. suggested that the most common PAX6 mutations (truncations in 

the C-terminal region), which result in PTC, yielded a negative effect and caused more 

severe phenotypes than the other variants [115]. An in vitro study demonstrated that 

truncated PAX6 in the C-terminal half had a dominant negative effect on the wild-type 

protein [116]. However, in 2005 Tzoulaki and colleagues reviewed and compared all the 

mutations described in PAX6 in association with their phenotypes and concluded that 

PTC mutations simply cause loss-of-function and create a null allele. They hypothesised 

that Non mediated decay (NMD) acts to degrade all mRNAs that differ from the wild type 

being the major mechanism by which PAX6 PTC mutated alleles do not produce protein. 

Therefore, aniridia would be a result of a true haploinsufficiency which would reject the 

idea of a link between the genotype and phenotype in these cases [102]. Liu and 

colleagues confirmed this hypothesis by finding that the PAX6 mRNA levels dropped 

about 50% in patients with PTC, independently of the type and location of the mutations, 

compared to healthy people [117]. If PTC mutations had a gain-of-function or a negative 

effect, it would be expected to see different effects depending on the region mutated, 

with more severe effects when the mutation was located in the DNA-binding domain. In 

line with this hypothesis, a study with 30 patients showed that despite having truncating 

mutations, high inter- and intra-familial phenotypic variability, from milder to severe 

affectations was observed [110].  

In a recent study, Yokoi and colleagues clinically analysed five families and 16 sporadic 

cases of aniridia. They compared the mutations found in each instance with the 

phenotype of the eyes, but no obvious correlation was identified between the genotype 

and phenotype. They suggested that PAX6 acts in an extremely complicated network of 

proteins with many other factors influencing its function during eye development. 

However, they concluded that the PAX6 regulation, resulting from both paternal and 

maternal alleles, is similar in both eyes, which turns into the same phenotype in both 

eyes of each patient [111].  

However, it is accepted that missense mutations are not as severe as PTC or CTE. In 

2009, forty-three individuals with aniridia were clinically analysed, and their variants were 

identified. All mutations caused variable panocular malformation, including iris 

hypoplasia, foveal hypoplasia, nystagmus, cataracts, and corneal abnormalities. 

Missense mutations were found to cause milder phenotypes than PTC and CTE, which 

caused severe visual loss [103]. In these cases, NMD does not degrade all the mutated 

mRNAs, and the produced PAX6 proteins may retain some, but not all, functionality. 

When these mutations affect the DNA binding domain of PAX6, they result in more 
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severe phenotypes, including foveal hypoplasia, marked iris anomalies, and severe 

visual impairment [103]. 

 PAX6 transcription factor  

1.2.3.1 Protein structure  

PAX6 gene encodes for the Paired box protein Pax-6 (PAX6), a highly conserved 

transcription factor mainly involved in developmental processes, namely of the eye, 

spinal cord, brain, and pancreas [118]. By binding to the specific DNA site, it regulates 

the rate of DNA transcription to mRNA. The protein consists of 422 amino acids with 

three different functional regions (Figure 1.5). The first of the DNA binding domains, 

which is the Paired domain (PD), is located at the N-terminal region. As shown in the X-

ray structure (Figure 1.6A), the PD in itself comprises two DNA-binding subdomains, N-

terminal and C-terminal (purple structures in Figure 1.6A) [119]. A 79 amino acids long 

linker joins the PD with the homeodomain (HD), which is the second DNA binding domain 

(Figure 1.6B). Finally, at the C-terminal region of PAX6, there is a Proline, Serine, and 

Threonine-rich domain, which has a transactivational function [113]. 
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Figure 1.6. Paired box protein Pax -6 structure. (A) X-ray structure of the paired domain of 

PAX6 transcription factor binding to the DNA double-helix (PDB accession code: 6PAX, 2.50 Å 

resolution [119]). The protein backbone, with a high content of Ŭ helix structures (pink) and two ɓ 

sheets (yellow), is binding to the DNA helix (red and blue). (B) X-ray structure of the Engrailed 2 

homeodomain, homologous to the HD in PAX6 (PDB accession code: 1HDD, 2.8Å resolution) 

[120]. 

1.2.3.2 PAX6 role in eye and corneal development  

PAX6 transcription factor is essential for the embryonic development of the eye, nose, 

pituitary gland, pancreas, and central nervous system [121-124]. PAX6 is usually 

referred to as the master control gene of eye development. In Drosophila melanogaster, 

its targeted expression (induction) was sufficient to induce the formation of ectopic eye 

structures in the antennae, legs, and wings [125]. In the eye, Pax6 is involved in the 

development of the cornea, lens, iris, ciliary body and retina [87]. Homozygous mice that 

have a null mutation in both the Pax6 alleles (Pax6-/-), do not develop eyes, or an 

A) 

B) 
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olfactory system, and die soon after birth, therefore they are not a suitable model to study 

the role of Pax6 in eye development [86]. Instead, the role of Pax6 on eye development 

has been mainly evaluated using mice chimeras with a combination of Pax6+/+ and Pax6-

/-, and heterozygous animal models that have mutations in one of the copies of the gene, 

such as Pax6+/- mouse models [121, 126]. The next sections will focus on the importance 

of PAX6 during the development of the corneal epithelium and stroma. 

It is well documented that Pax6 plays a role in the development of the corneal epithelium 

[126]. Li et al. showed that, in chick eye development, Pax6 is firstly produced in the 

head ectoderm that will form the lens placode, which in turn will give rise to the intraocular 

lens and corneal epithelium [127]. In mice embryos, the production of Pax6 is required 

between E10.5 and E16.5 for the correct development of the corneal epithelium [126]. 

However, it is known that some events of corneal epithelial development, such as 

differentiation, stratification, and migration, occur postnatally [128]. Pax6+/- epithelial cells 

showed abnormal patterns of clonal growth and migration compared to their wild-type 

counterparts [129], suggesting that Pax6 is also crucial for epithelium growth and 

centripetal migration during postnatal development. Interestingly, the cornea of Pax6-

overexpressing mice developed normally during the embryonic stage. However, a failure 

on the cornea postnatal growth was observed, resulting in a micro cornea with fewer 

epithelial cell layers in these mice [130]. Altogether, these observations advocate for the 

need of a specific Pax6 dosage for the correct postnatal corneal development.  

The studies of the role of Pax6 on eye development had focused primarily on the 

ectoderm-derived layers (including the corneal epithelium). However, there is strong 

evidence that Pax6 is also essential for the morphogenesis of tissues populated by 

neural crest-derived cells, such as the corneal stroma [131]. Supporting this hypothesis, 

Collinson et al. showed weak expression of Pax6 in corneal stroma between E10.5 and 

E16.5. Additionally, using mice chimeras for Pax6, they also found that functional Pax6 

is an autonomous requirement for the development of the corneal stroma (i.e. expressed 

by the cells populating this tissue) [126]. Kanakubo et al. observed a thicker stroma with 

irregular lamellae in the adult Pax6+/- mouse engineered with GFP-labelled neural crest-

derived cells, compared to the wild type [131]. However, they did not find expression of 

Pax6 in the GFP-labelled cells in the corneal stroma of Pax6+/- mice throughout 

embryonic development, suggesting that the regulation of Pax6 expression in other 

corneal layers (most likely in the corneal epithelium) is also critical for the correct 

development of the corneal stroma [131]. Whether Pax6 expression during stromal 

formation is an autonomous (necessarily expressed in the neural-crest derived cells) or 
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a non-autonomous requirement (expressed by the epithelium) is still unclear. However, 

there is a consensus that Pax6 is also a regulator of the development of this layer.  

1.2.3.3 PAX6 role on corneal homeostasis  

In the cornea, Pax6 is not only required during morphogenesis, but is also essential 

during the maintenance of this tissue in adulthood [20, 132]. Pax6 is expressed in both 

limbal and corneal epithelium (by the limbal and corneal epithelial cells, respectively) 

[133], and different studies have shown that knocking down Pax6 in these cells results 

in a disruption of corneal homeostasis [133-135]. Ouyang et al. showed that loss of PAX6 

in primary human limbal epithelial stem cells downregulated the expression of corneal 

epithelial markers (keratin 3 and keratin 12), inducing differentiation towards a skin-like 

phenotype with upregulation of epidermis markers (keratin 1 and keratin 10) [133]. 

Similar observations were also made by Li et al. [136] and by a different team using the 

CRISPR-Cas9 system to knock down PAX6 in primary human central corneal epithelial 

cells [134]. They showed a downregulation of keratin 3, keratin 12, and ALDH3A1, a 

corneal crystalline, which also resulted in loss of corneal identity and a gain of skin-like 

phenotype [134]. Studies using the heterozygous Pax6+/- mouse model were also crucial 

in elucidating the involvement of Pax6 in corneal epithelium maintenance and wound 

healing [132, 137]. Pax6 is essential to maintain the correct cellular adhesion in the 

corneal epithelium, as Pax6+/- mice showed large gaps between epithelial cells and 

change in the appearance of the hemi desmosomes (structures involved on cell-matrix 

adhesion), which may impair cell adhesion [132]. Sivak et al. showed that Pax6 is highly 

expressed in the migrating front of epithelial cells after injury, regulating the expression 

of Mmp9 and allowing wound closure [138]. Consistent results linked the reduction of 

Pax6 dosage with wound healing delays, caused by defective calcium signalling in 

Pax6+/- epithelial cells [139]. All these studies corroborate the hypothesis that PAX6 is 

essential for maintaining corneal epithelium homeostasis throughout adulthood.  

In the postnatal stroma, PAX6 is only expressed by the CSSC but not by the 

differentiated keratocytes [55, 57]. As explained in detail in section 1.1.5.1.1, CSSC 

account for 3-4% of the total cell population of the stroma and are stem cells located in 

the limbal stroma in close proximity to the LESC [54]. It has been demonstrated that the 

loss of PAX6 in CSSC results in their differentiation into keratocyte phenotypes [55, 57]. 

Despite being currently used as a marker for CSSC, there is not enough information 

available on the role of PAX6 in adult corneal stroma homeostasis. 
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 Aniridia related keratopathy  

1.2.4.1 Clinical features  

As previously mentioned, aniridia related keratopathy (ARK) is a progressive 

manifestation that threatens the integrity of the cornea in aniridic patients. 

Around 90% of aniridic patients suffer from ARK [140, 141]. Unlike the congenital iris 

hypoplasia and cataracts, which are affected since birth, aniridic patients are born with  

transparent corneas [142]. Although their corneas are normal during childhood, they 

gradually begin to lose their transparency in adolescence, worsening with ageing [140, 

141]. Symptoms of ARK start with a thickening of the peripheral corneal epithelium and 

the appearance of a superficial vascularised pannus over the cornea (Figure 1.7). It was 

hypothesised by Nishida and Tseng that the pannus appearance was due to a limbal 

epithelial stem cell deficiency (LESCD) [3, 143]. However, currently it is not clear if this 

process is due to congenital abnormalities of the LESC, problems in their regulation, a 

decrease in their number overtime or a combination of different factors. More recent 

studies have shown that not only LESC, but also differentiated corneal epithelial cells 

and even corneal stromal cells might be affected [137, 144]. 

Early features of ARK show a weak epithelium with recurrent erosions, epithelial defects 

and opacity, which leads to pain, photophobia, and decreased visual acuity [142]. ARK 

patients at this stage already present severe visual impairment [142]. Following limbal 

damage, the corneal surface is encroached by the neighbouring conjunctival epithelium, 

which may result in chronic inflammation. Inflammation on the ocular surface causes 

painful symptoms such as photophobia, foreign body sensation and burning. 

Inflammation also leads to the formation of a superficial pannus, initially located on the 

periphery of the cornea, which eventually covers the central cornea (Figure 1.7). This is 

followed by the formation of a thicker pannus, resulting in stromal scarring, fibrosis, and 

vascularisation [140, 145].    

 

Figure 1.7. Aniridic cornea presenting ARK. Severe corneal vascularisation and opacification 

is observed. Image adapted from Secker, G.A. and Daniels, J.T. [145] 
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Histological studies have shown the presence of vascularised structures, goblet and 

conjunctival cells in the epithelium of corneas with ARK [3]. Goblet cells are mucin 

producing cells that only reside scattered on conjunctival epithelium [146]. Consistent 

with the observations from Nishida et al.  [3], a recent study using in vivo confocal 

microscopy also observed that patients with ARK have degraded palisades of Vogt, 

where the LESC reside [147]. These patients also presented increased corneal 

thickness, inflammatory cell invasion, and reduced density of sub basal nerves. 

Increased corneal thickness in ARK patients has been widely reported, with a study 

showing an average corneal thickness of 600µm, instead of the normal 500µm [148]. 

In addition, ARK patients develop severe stromal scarring and fibrosis overtime. They 

also respond very poorly to corneal transplants and surgery, which triggers scarring very 

easily and abnormal wound healing [149]. Currently, the mechanisms behind these 

processes are unknown. We, therefore, aim to enlighten some of these processes by 

assessing the behaviour of aniridic corneal stromal cells in vitro. 

1.2.4.2 Diagnosis  

There is not a clinical procedure to diagnose ARK as a condition. Instead, the clinical 

features are diagnosed by different methods and a clinical output is established. For 

instance, epithelial defects are assessed by fluorescein, and corneal ulcers and 

vascularisation by slit lamp examination. If corneal pannus is present, optical coherence 

tomography of the anterior segment can be used to investigate the depth of the opacity.  

In cases of uncertainty, impression cytology of the corneal surface can also be 

performed. In this technique, a cellulose acetate filter is pressed onto the corneal surface 

under topical anaesthesia and subjected to histological and immunohistological analysis 

to assess if the surrounding conjunctival epithelial cells have migrate onto the corneal 

surface [150]. However, this procedure is highly invasive and should only be performed 

in very specific cases.  

In vivo confocal microscopy, has emerged as a promising tool to assess the extent of 

corneal damage [151]. This technique does not require the removal of corneal epithelial 

cells but requires physical contact between the imaging probe and the ocular surface. It 

can distinguish between the bright well-defined membrane corneal epithelial cells from 

the hyper-reflective conjunctival epithelial cells and goblet cells [151]. 

1.2.4.3 Treatment  

Given the wide variety of aniridia phenotypes, the best approach for treatment would be 

to target the genetic defects. However, this option is still utopic. Currently, there is no 
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specific treatment for aniridia, only treatments to alleviate symptoms and manifestations. 

It is advised to take simple measures, such as regular eye examination and use of 

correcting spectacles during young age. Due to iris underdevelopment, there is no 

regulatory mechanism by which the eye can regulate light entrance, so it is also 

recommended to use tinted or photochromic glasses to reduce light sensitivity [142]. 

Several therapeutic approaches have been used to meliorate some of aniridia-

associated manifestations. These include lubricant drops, ointments solutions, and 

autologous serum drops (when artificial lubricants are not suitable) to target dry eye; 

contact lenses in more severe cases to maintain the ocular surface moist and hydrated 

[142]. 

Currently, a very promising Phase II clinical trial for aniridia is taking place in Canada 

and the United States using Ataluren, and it is expected to finish in 2022. Ataluren is a 

nonsense mutation suppressor that would manipulate the PAX6 dosage, thus the aniridic 

eyes would restore their normal amounts of this transcription factor [152]. However, as 

previously mentioned, aniridia is caused by a broad range of mutations, which makes 

this treatment only suitable for patients who have a nonsense mutation in one of the 

PAX6 alleles. Ataluren is an already approved drug in the European Union to treat 

Duchenne muscular dystrophy [153]. 

ARK-associated abnormalities on the cornea are difficult to treat. Aniridic patients easily 

trigger high levels of corneal scarring, so it is not advisable to treat ARK patients with 

anything other than lubricants and mucolytic solutions, unless the vision is completely 

compromised. When severe visual loss due to the corneal opacification is diagnosed, 

penetrating keratoplasty, superficial keratectomy, or LESC transplant may be used as 

therapeutic approaches [154]. However, none of these treatments are 100% successful. 

The responses from the patients are highly variable and usually do not completely solve 

the problem [149].  

1.2.4.4 Study of Aniridia related keratopathy (ARK)  

1.2.4.4.1 ARK in humans  

In 1983, Margo and colleagues histologically studied eyes from aniridic children and 

found different abnormalities across the different parts of the eye [155]. Namely, in the 

cornea they found vascular pannus beneath the epithelium and, in one of the cases, 

severe stromal vascularisation. Where the pannus was present, there was a delicate 

fibro vascular tissue with few inflammatory cells replacing the Bowmanôs layer. In some 
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cases, the vascular pannus was only found in the peripheral cornea rather than in the 

central cornea, therefore not causing ARK [155]. 

The first study of ARK in vivo with aniridic patients was published in 1995 and reported 

superficial corneal opacification and vascularisation. They also found that the palisades 

of Vogt, where the LESC usually reside, were absent at the limbus, and goblet cells, 

normally found in the conjunctiva, were present in the peripheral cornea. These findings 

provided evidence that LESCD is a feature of ARK [3]. One year later, another study was 

published with more evidence for a link between ARK and LESCD [156]. The authors 

studied sections from aniridic and healthy donor eyes and observed a reduced 

expression of typical corneal epithelial keratin 3 and 12, invasion of blood vessels from 

the neighbour conjunctiva to the central cornea, and limbal epithelial hyperplasia of the 

diseased tissue. The acquisition conjunctival characteristics in detriment of corneal 

epithelial phenotype are indicators of LESCD involvement.   

Three patients with ARK were evaluated using in vivo confocal microscopy by Le and 

colleagues, who suggested that the morphological changes of the limbus and the cornea 

are highly dependent on the severity of the disease [157]. The patient with severe ARK 

did not have subbasal nerve cells, structured wing nor basal cells, and showed goblet 

cells present in the central cornea. No palisades of Vogt could either be found. The 

patient with moderate ARK also had abnormal structure of wing and basal epithelial cells, 

absence of nerves, and presented lower epithelial and stromal cell density. The third 

patient presented mild features, which included prominent nuclei in the basal cells, 

reduced nerve density, and abnormal palisades of Vogt. Another study published later in 

the same year gave further evidence supporting the same hypothesis [158]. The 

investigators also concluded that corneal abnormalities, such as absence of palisades 

of Vogt, increased corneal thickness, absence of nerves, presence of inflammatory cells 

in the cornea, and lower density of basal epithelial cells increase with the severity of ARK 

[158].   

Several studies using human corneal sections have also demonstrated that the corneal 

epithelium is affected by ARK. In 2008, Li et al. conducted a histological study with 

patients who suffer from ocular surface diseases, including one patient with aniridia 

[159]. They used aniridic epithelial tissue to study PAX6 and keratin expression and 

observed a decrease on PAX6 and keratin 12 expression levels and an increase on 

keratin 10 levels, a marker of epidermis differentiation. Supporting the results from Li et 

al. the epithelium of five different ARK corneas showed decreased expression of PAX6 

and increased expression of keratin 13, a marker of corneal conjunctivalisation [160]. 

Together, these results suggest that PAX6 regulation is essential on maintaining the 
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corneal phenotype and its loss of expression results in loss of corneal identity in 

detriment of different types of epithelia (skin [159] and conjunctiva [160]). Vicente et al. 

recently evaluated the corneal epithelium of five different ARK patients, submitted to 

different types of keratoplasty surgeries. Regardless of the type of surgery, all corneas 

showed irregular epithelium, disruption of epithelial basement membrane, loss of the 

orderly pattern of collagen lamellae, and absence of collagen type I expression [161]. 

Interestingly, KI67 expression was upregulated in the basal cells of the central corneal 

epithelium of ARK samples compared to the normal corneas, suggesting an ongoing cell 

proliferation perhaps associated with the continuous epithelial remodelling [161].  

Recent corneal histological studies have shown that the stroma is also affected by ARK. 

Vicente et al. showed irregular pattern of collagen lamellae in all ARK corneal stromal 

sections, and absence of collagen type I in the anterior stroma [161].  An altered  ECM 

composition was also observed in the ARK stroma, with increased expression of the 

fibrotic markers tenascin-C, fibronectin, vimentin, and Ŭ-SMA, helping to explain the loss 

of corneal transparency and vision in ARK patients [161]. The increased production of Ŭ-

SMA suggests the presence of myofibroblasts and scarring. It should  be noted that these 

studies used corneas at advanced stages of ARK, some of which underwent LESC 

transplantation, therefore it was not surprising to find high levels of stromal scarring [161]. 

Moreover, Vicente et al. were the first to study signalling pathways involved in the 

development of ARK. They found decreased detection of Notch1 signalling pathway, 

increased detection of Wnt/ɓ-catenin, SHH, and mTOR signalling pathway in the whole 

epithelium and stroma of the ARK corneas, compared to the normal healthy corneas 

[160]. Differences in expression of markers from these signalling pathways was seen 

both in the epithelium and the anterior stroma, where the pannus was present, 

suggesting the possibility of a crosstalk between the two layers.  

1.2.4.4.2 Pax6 haploinsufficiency in Small eye mouse model  

In 1967, Roberts described for the first time a mutant mouse with smaller eyes than 

normal mice. The mutation was shown to be dominant and, due to the resulting 

phenotype, it was named Small eye (Sey) [162]. Later, in 1991, Hill and colleagues found 

that the gene mutated in Sey mice was also the transcription factor Pax6, homologous 

to the human PAX6 that is mutated in aniridic patients [163]. Heterozygous mice for Pax6 

with the Sey mutation will be referred to as Pax6+/- (Figure 1.8). Since the discovery of 

the Sey mouse model and its link to the homologous PAX6 in humans, numerous studies 

have been conducted in an attempt to compare their corneas to those of the wild-type 

mice and ultimately to model human ARK. 
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Figure 1.8. Images of the eyes of a wild type mouse ( Pax6+/+) and a Sey mouse ( Pax6+/-). 

Image adapted from Secker, G.A. and Daniels J.T. [145]. 

The majority of studies using the Pax6+/- mouse model, focused on the corneal 

epithelium. In 2003 Davis et al. used Pax6+/- mouse model to show that Pax6 is not only 

important during the embryonic development of the cornea but also during its 

maintenance in adulthood. They observed abnormalities in the central corneal epithelium 

of the Pax6+/- mice, presenting aberrant cell adhesion with dysfunctional desmosomes 

(structures specialized on cell to cell adhesion) and lower levels of keratin12, a 

suggested marker for differentiated corneal epithelial cells [164].  

Similarly, the Pax6+/- mouse was the key to understand that ARK is not solely due to a 

LESCD. Differentiated corneal epithelial cells of Pax6+/- heterozygous mice had 

abnormal migration, proliferation, and differentiation abilities, suggesting central corneal 

epithelium abnormalities in Pax6+/- corneas [129, 165]. Supporting results were found by 

Douvaras et al. who described a loss of corneal homoeostasis in the adult Pax6+/- mice. 

The basal to suprabasal cell movement in these mutants is quicker than in wild-type, 

which results in an excessive cell turnover and thus, high cell loss. This unstable 

homoeostasis results in a progressive corneal deterioration that resembles aniridic 

corneas [144]. Furthermore, two studies by Ou and colleagues point to a chronic wound 

state exacerbated by the oxidative stress in Pax6+/- corneas, which contributes to their 

disrupted homoeostasis. Unwounded corneal epithelial cells in the Pax6+/- mouse have 

abnormal morphology, cell junctions, and interaction with the cytoskeleton. They also 

show impaired production of actin, keratin 12, and desmoplakin. These cellular changes 

are similar to those observed during wound healing, suggesting that these corneas might 

be in a permanent wound state. Moreover, with ageing the stroma and epithelium 

become opaquer, resembling the events of ARK [166, 167]. Taken together, these 
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observations corroborated the hypothesis of epithelial impairment on Pax6+/- mice, 

regardless of the involvement of LESC. 

In contrast, there have been limited studies addressing the corneal stroma of Pax6+/- 

mice. In 2003, Ramaesh and colleagues studied fetal, young, and adult corneas of 

Pax6+/- mice and observed that prenatal stroma appeared irregular, thicker, and 

hypercellular compared to wild-type [168]. Similar results were found in the adult Pax6+/- 

corneas, where the stroma also appeared thicker with irregular collagen alignment, 

particularly in the central cornea [168]. Taken together, these observations suggested 

that the stroma is also affected in ARK. Later, the same group showed that corneal would 

healing was impaired in Pax6+/-mice, including defects in both the stroma and the 

epithelium [137]. They compared the process of wound healing in Pax6+/- and wild-type 

mice, and found an increased apoptosis rate of corneal stromal cells in Pax6+/- mice 

during corneal wound healing, also suggesting a stromal involvement in impaired wound 

healing in ARK corneas [137]. Mort et al. also corroborated this hypothesis by showing 

highly vacuolated keratocytes (typical feature of apoptotic cells) in the Pax6+/- stroma 

compared to wild-type keratocytes [169]. They also reported higher number of nerve 

cells innervating the stroma of the Pax6+/- mice. These three studies suggested that the 

stroma is involved in the progressive deterioration of the cornea in aniridic patients, 

however further studies are required to unravel the mechanisms behind this processes.  

Only one report has addressed the corneal endothelium in the Pax6+/- mouse model, 

however it presented scarce results. Being part of a wider study of the three corneal 

layers, Mort et al. reported that Pax6+/- endothelial cells had irregular shape and 

undefined edges compared to the typical hexagonal shape found in WT endothelium. 

Similarly to the stroma cells, Pax6+/- endothelial cells were also more vacuolated than 

wild-type and had a more irregular surface [169].  

1.2.4.4.3 In vitro  modelling of ARK with human cells  

Aiming to understand the role of PAX6 in the human cornea, there have been several 

attempts to knock down PAX6, and its related genes, on human derived corneal cell lines 

[170, 171]. In one of these studies,  PAX6 knockout in LESC induced cell differentiation 

towards a skin-like phenotype  with increased expression of   epidermis-specific keratins 

(keratin 10) [136], suggesting that PAX6 may have regulatory control on LESC lineage. 

In a recent fascinating study, Roux et al. created for the first time a cellular model of 

PAX6 haploinsufficiency by using the CRISPR/Cas9 system to produce a PAX6 

nonsense mutation (c.687 G > T) [172]. Further characterisation of these cells in vitro 

showed reduced cell proliferation, migration and adhesion capacities, making this 
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CRISPR/Cas9 model suitable for studying ARK and testing novel therapeutic 

approaches [172].  

In vitro culture of primary ARK-derived epithelial cells was firstly attempted by Li et al. 

but resulted unsuccessful, with limited and not conclusive results [159]. More recently, 

Latta et al. successfully isolated and cultured aniridic epithelial cells obtained from limbal 

biopsies of two ARK patients [173]. These cells confirmed the lower PAX6 protein levels 

and reduced expression of keratin 3 and 12 when compared to healthy cells, indicating 

an altered differentiation state of aniridic limbal epithelial cells [173]. In a follow up study, 

they compared these results with the expression profiles of PAX6-knockdown primary 

limbal epithelial cells, and confirmed the reduction of keratin 3 and 12 [135]. In addition, 

they observed a downregulation of ALDH1A1 both in the patients and in PAX6 

knockdown epithelial cells, suggesting that PAX6 is a regulator of this protein.  

However, to the best of our knowledge, there are no reported studies using stromal cells 

from aniridic patients. 
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HYPOTHESIS  

ñPAX6 haploinsufficient corneal stromal cells play a role in the development of ARKò 

AIMS AND OBJECTIVES  

The main aim of this thesis was to characterise aniridic and normal corneal stromal cells 

and to identify differences in their phenotype and functionality. To accomplish so, the 

work was divided into 4 different chapters with the following objectives:  

1. To culture and characterise normal corneal stromal cells in 2D.   Cells 

isolated from the central cornea of normal donors were expanded in vitro and 

prompted to differentiate towards a keratocyte-like phenotype. Their phenotype 

was compared to that of the well characterised limbal stromal cells. The studies 

in Chapter 3 investigate this aim. 

2. To culture and characterise aniridic corneal stromal cells in 2D.  Cells 

isolated from the stroma of ARK corneas were expanded in vitro, genotyped and 

prompted to differentiate towards a keratocyte-like phenotype. Their phenotype 

was compared to that of normal corneal stromal cells. The studies in Chapter 4 

address this aim. 

3. To compare the phenotype of aniridic and n ormal corneal stromal cells 

inside a collagen -based 3D tissue equivalent (RAFT TE). Cells were cultured 

inside a RAFT TE and were characterised regarding their proliferation, spatial 

distribution inside the matrix, morphology and gene expression. The studies in 

Chapter 5 investigate this aim. 

4. To compare the expression and secretion levels of matrix 

metalloproteinases between aniridic and normal corneal stromal cells 

inside the RAFT TE. The studies in Chapter 6 assess this aim. 
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 CHAPTER 2: GENERAL MATERIALS AND METHODS  

2.1 Isolation  and culture of primary human corneal stromal cells  

 Isolation  protocol  for corneal stromal cells  

Whole corneas kept in organ culture media for a maximum of four weeks [174] were 

obtained from Moorfields Eye Bank and maintained in accordance with routine eye 

banking procedures. Tissues were used with ethics approval (10/H0106/57-11ETR10). 

Donor information is presented in each specific results chapter. Normal corneal stromal 

cells were harvested from whole corneas using a similar method to that described by Du 

et al. 2005 [54]. Briefly, whole corneas were washed 3 times for 10 minutes in DMEM/F12 

(Gibco®) supplemented with 1% Penicillin-Streptomycin (P/S) (Gibco®), before 

removing the central corneal button with an 8mm trephine. The peripheral limbal rim was 

separated and used for isolation of limbal stromal cells. Corneal stromal cells were 

isolated from the central corneal button as shown in Figure 2.1. The corneal button was 

cut into four strips with a scalpel (Figure 2.1B). Using fine scissors and forceps, the 

anterior cornea (approximate depth of 250µm) containing the epithelium and the anterior 

stroma was separated from the rest of the cornea and cut into small pieces (roughly 

1mm2) with a scalpel (Figure 2.1C and D). These were pooled together and digested 

overnight in 0.5mg/mL collagenase (Sigma-Aldrich) in DMEM/F12 at 37°C (Figure 2.1E). 

The remaining pieces of tissue were dissociated by repeated pipetting and the resulting 

solution was centrifuged at 1500xg for 5 minutes, resuspended in culture medium and 

plated in a 100mm2 TC-treated tissue culture plate (Corning®). 
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Figure 2.1. Corne al stromal cell isolation from the central cornea. First, the whole corneal 

button (A) was cut into four strips (B). The upper part of each strip, containing the epithelium and 

the anterior stroma, was then cut and separated from the posterior stroma with fine scissors (C, 

D). The strips obtained were cut into small pieces and incubated in collagenase overnight (E). 

Finally, the cells were plated on a culture dish and cultured in culture medium (F). Scale bar = 

300ɛm 

Corneal stromal stem cell medium (CSSCM) was used to culture cornea stromal cells, 

unless specified otherwise. Modified from the medium described by Jiang et al. 2002 

[175], CSSCM consists of 200mL of MCDB (Sigma-Aldrich), 300mL of 1g/L low-glucose 

DMEM (Gibco®), supplemented with: 1% (V/V) P/S, 2% (V/V) foetal bovine serum (FBS) 

(Gibco®), 10ng/mL epidermal growth factor (Sigma-Aldrich), 10ng/mL platelet-derived 

growth factor (R&D Systems), 1mg/mL AlbuMaxI (GibcoÈ), 120ɛM L-ascorbic acid 2-

phosphate (Sigma-Aldrich), 10nM dexamethasone (Sigma-Aldrich), 0.1 % (V/V) insulin-

transferin-selenium (Gibco®) and 100ng/mL cholera toxin (Sigma-Aldrich).  

Corneal stromal cells were separated from epithelial cells by selective trypsinisation with 

TrypLETM Express (Gibco®). The plates were washed once with sterile phosphate buffer 

saline DPBS (1X) (Gibco®) treated with 1mL of TrypLE Express for 1 minute at room 

temperature [176], gently tapped on the side and 9mL of CSSCM were added. The cell 

suspension was then seeded in a T75-cm2 tissue culture flask (NuncTM). Cells were kept 

in a humidified incubator at 37°C with 5%CO2 in air.  
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 Culture  and maintenance of corneal stromal cells  

Cells from primary cultures were regularly monitored under a phase contrast microscope 

(Eclipse TS100, Nikon) and were passaged before reaching 60% confluence. To 

passage cells, the culture flasks were washed once with DPBS and treated with 

TrypLETM Express for 2 minutes before adding CSSCM. Cells in P1 were seeded on T75-

cm2 tissue culture flasks and from P2 onwards cells were plated on T175-cm2 (NuncTM), 

T225-cm2 (NuncTM) or T500-cm2 (NuncTM). Cells were always passaged before reaching 

60% confluence to prevent premature differentiation (triggered by cell confluence [174]) 

and were re-seeded again at an approximate density of 20% of surface area. 

 Cryopreservation  and storage of corneal stromal cells  

Corneal stromal cells from each donor were cryopreserved and stored in liquid nitrogen 

(-196ºC) at P3 or P4 until further use. Cells were passaged as previously explained 

(section 2.1.2) and the cell solution was centrifuged at 1500xg for 5 minutes. The 

supernatant was removed, and the resulting cell pellet resuspended in cryopreservation 

medium consisting of 70% CSSCM, 20% FBS and 10% dimethyl sulfoxide (DMSO) 

(Sigma-Aldrich). The new cell suspension (~200000cells/mL) was aliquoted into 1mL 

cryogenic vials (Corning®). From each T175-cm2 flask at 60% confluence enough cells 

for one vial were obtained. These were placed in a Mr. Frosty (Corning®) 

cryopreservation vessel in a -80°C freezer to attain a cooling rate of approximately -1°C 

per minute. Following temporary storage at -80°C for up to three days the cells were 

transferred to liquid nitrogen (-196°C).  

Cells were recovered by fast thawing at 37°C of the vials. CSSCM was added dropwise 

to the cell solution and plated. The medium was replaced with fresh CSSCM after 24 

hours.  

2.2 Gene expression  

 RNA extraction  from cells in 2D  

RNA was extracted from cells cultured on tissue culture plastic (2D) using RNeasy micro 

kit (Qiagen) as per manufacturerôs instructions. The cell suspension was centrifuged for 

5 minutes at 1000xg, the supernatant removed, and the resulting cell pellet resuspended 

in 350ɛL of RLT buffer (provided with the kit) supplemented with 10ɛL/mL of ɓ-

mercaptoethanol (Sigma-Aldrich). Cell lysates were stored at -80°C until all the lysates 

from the different conditions were obtained. For further processing, lysates were quickly 

thawed at 37°C. They were then loaded into a QIAshredder column (Qiagen) and 
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completely homogenised for 2 minutes by centrifugation at 13000xg. The homogenised 

cell lysate was mixed with an equal volume of 70% EtOH (Fisher Scientific) and placed 

in a RNeasy column (provided with the kit). By centrifuging for 30 seconds at 10000xg, 

the nucleic acid bound to the column polymer and the flow through was discarded. The 

column was then washed once with 350ɛL of the RW1 washing buffer (provided in the 

kit) and centrifuged for 30 seconds at 10000xg. DNA removal was achieved by using the 

RNase free DNase kit (Qiagen). Briefly, 70ɛL of RDD buffer supplemented with 10ɛL of 

DNase enzyme were loaded onto the column and incubated for 10 minutes at room 

temperature to degrade the genomic DNA. The column was then washed once more 

with 350ɛL of RW1 buffer and twice with 500ɛL of RPE buffer (provided with the kit). 

After air-drying by 5 min centrifugation at 13000xg, the RNA was eluted in 50ɛL of RNase 

free water (provided with the kit).  

 Assessment  of RNA purity and integrity  

The concentration and purity of the RNA was assessed using a Nanodrop 

spectrophotometer (ThermoFisher ScientificTM) capable of measuring the absorbance of 

small amounts (~1µL) of solutions across a wide range of wavelengths. RNA has a peak 

of absorbance at 260nm and by applying the Beer Lambert law; the nanodrop calculates 

its concentration. 260/280 and 260/230 absorbance ratios are indications of the RNA 

purity. The ideal 260/280 ratio of a pure RNA solution is ~2.0. Values lower than that are 

an indication of protein contamination in the sample. 260/230 ratios are indications of the 

presence of any remnants from the isolation process, such as phenols and guanidinium 

isothiocyanate.  

The integrity of the RNA was assessed by running a control RT-PCR with a 

housekeeping gene (ɓ -actin), to ensure that the target could be amplified, and the RNA 

was not degraded. The RT-PCR reaction was done in a two-step fashion. Firstly, total 

cDNA was synthesised as explained in the next section (2.2.3). Secondly, Go Taq® G2 

Green Master Mix (Promega) was used for the amplification of the ɓ-actin region as per 

manufacturerôs instructions. Briefly, a mixture of 10ɛL of Go TaqÈ Green Master Mix, 

1ɛL of forward primer (Sigma-Aldrich), 1ɛL of reverse primer (10ɛM), 3ɛL of cDNA 

template (50-100ng/ɛL) and 5ɛL of molecular grade water (ThermoFisher ScientificTM) 

was prepared in a 0.2mL PCR reaction tube (Starlab) for each sample. The tubes were 

briefly centrifuged and placed into the thermal cycler (MasterCycler Gradient, 

Eppendorf). The running program was the following: 95°C for 2 minutes, 35 cycles of 

94°C for 1 minute, 54°C for 1 minute, 72°C for 1 minute and finally 5 minutes at 72°C.  
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The sequence of the primers used was: ɓ-actin forward: CCAACCGCGAGAAGATGA, 

ɓ-actin reverse: CCAGAGGCGTACAGGGATAG.  

When the RT-PCR reaction was finished, the products were visualized on an agarose 

gel. A 2% agarose gel was prepared by adding 2g of agarose (Promega) in 100mL of 1X 

TAE buffer (ThermoFisher ScientificTM). The mixture was boiled in the microwave and 

5ɛL of SafeViewTM Classic (abm) was added to it before casting the gel. When the gel 

was set, 5ɛL of 100bp DNA ladder (Promega) and 15ɛL of sample were loaded and run 

for 45 minutes at 100V in running buffer (1X TAE with 5% (v/v) SafeViewTM Classic). The 

gel was then imaged in a chemiDocTM XRS (Bio-Rad).  

 Reverse  transcription  

All RNA samples from all donors and conditions that had to be compared by qPCR were 

brought to the same RNA concentration by diluting them with molecular grade water. 

cDNA was synthesised with the QuantiTect Reverse Transcription kit (Qiagen) as per 

manufacturerôs instructions. The first step of genomic DNA removal was performed by 

adding 2ɛL of gDNA wipe-out buffer to 12ɛL of RNA solution and incubating it at 42°C 

for 2 minutes. A mixture of 1ɛL RT primer mix, 4ɛL buffer and 1ɛL reverse transcriptase 

was added to the 14ɛL RNA solution, making a total volume of 20ɛL. The resulting 

solution was then incubated for 30 minutes at 42°C to activate the transcriptase and 

synthesise the cDNA, followed by 3 minutes at 95°C to stop the reaction. cDNA was then 

stored at -20°C until further use.  

 Real-time qPCR  

The first step was to find a suitable endogenous control to use as reference for all the 

experiments. This control gene had to maintain constant expression across all samples 

regardless of the different experimental conditions. A TaqmanTM Array for Human 

Endogenous Control (Applied BiosystemsTM) was used for this purpose. The array had 

a 96-well plate format, consisting of 32 potential endogenous control genes in triplicate, 

where three different samples could be tested. Limbal, central and aniridic corneal 

stromal cells cultured at low density in CSSCM were tested. Each well contained dried 

Taqman Ê assay for a gene. A mix of 10ɛL of Gene Expression Master Mix (Applied 

BiosystemsTM) and 10ɛL of cDNA (5ng/ɛL) template was added to perform the qPCR 

reaction. The plate was then covered with MicroAmp® Optical Adhesive Film (Applied 

BiosystemsTM) and centrifuged for 1 minute at 1000xg to bring the solution to the bottom 

of the wells. The thermal cycling conditions were set in the QuantStudioTM 6 Flex Real-
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Time PCR System (Applied BiosystemsTM) as following: 2 minutes at 50°C, 10 minutes 

at 95°C and 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. 

qPCR was used to measure gene expression of the genes shown in Table 2.1, and was 

performed as follows. In a MicroAmp® Optical 96well Reaction Plate (Applied 

BiosystemsTM), 10µL of Gene Expression Master Mix, 4 µL nuclease-free water, 1 µL of 

Taqman Ê assay (Table 2.1, Applied BiosystemsTM) and 5 µL of template cDNA (5ng/µL) 

were added to each well. The plate was then covered with MicroAmp® Optical Adhesive 

Film and centrifuged for 1 minute at 1000g before placing it in the QuantStudioTM 6 Flex 

Real-Time PCR System. The thermal cycling conditions were set to 2 minutes at 50°C, 

10 minutes at 95°C and 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. qPCR 

data was stored and exported in an Excel file. Data was analysed using ȹȹCt method 

[177]. 
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Table 2.1. List of Taqman Ê assays used for Real Time qPCR. Abbreviations: CD: cluster of 

differentiation, KERA: Keratocan; LUM: Lumican; ALDH1A1: aldehyde dehydrogenase 1 family 

member A1, ŬSMA: Alpha-smooth muscle actin; TP53: Tumour protein p53, BCL2: B-cell 

lymphoma, MMP: matrix metalloproteinases, RPL37A: Ribosomal Protein L37A. 

 Taqman Ê assay ID 

(Applied Biosystems TM) 

Putative Corneal stromal stem cell markers   

 PAX6 Hs01088114_m1 

 CD90 (gene: THY1) Hs00174816_m1 

 CD73 (gene: NT5E) Hs00159686_m1 

Keratocyte markers   

 KERA Hs00559942_m1 

 LUM Hs00929860_m1 

 ALDH1A1 Hs00946916_m1 

Fibrosis markers   

 ŬSMA (gene: ACTA2) Hs00909449_m1 

Proliferation and apoptosis related markers   

 KI67 (gene: MKI67) Hs01032443_m1 

 TP53 Hs01034249_m1 

 BAX Hs00180269_m1 

 BCL2 Hs00608023_m1 

Matrix remodelling markers   

 MMP1 Hs00899658_m1 

 MMP2 Hs01548727_m1 

Endogenous control   

 RPL37A Hs01102345_m1 

2.3 Western  blot  

 Protein  extraction  

Cells were extracted from a T175-cm2 tissue culture flask. After TrypLE ExpressTM 

dissociation the cell pellet was obtained and washed once with iced cold DPBS. The new 

suspension was centrifuged for 5 minutes at 1000xg and the supernatant was discarded. 

The remaining pellet was resuspended in RIPA Lysis and Extraction buffer (Thermo 

ScientificTM) with 1% (V/V) HaltTM Protease Inhibitor Cocktail (Thermo ScientificTM). The 

resulting solution was then incubated on ice on a rocker for 15 minutes and centrifuged 
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at 13000xg for 15 minutes. The supernatant was transferred to a new eppendorf 

(Eppendorf) and stored at -20°C until further use.  

 Protein  quantification  

A PierceTM BCA Protein Assay Kit (ThermoFisher ScientificTM) was used to quantify the 

total amount of protein in the cell lysates. The Bicinchroninic acid (BCA) assay relies on 

the capacity of the proteins to reduce the Cu2+ ion to Cu1+ in an alkaline environment 

combined with its colorimetric detection by bicinchroninic acid. In the first step, cupric 

ions form a blue chelate complex with amino acids (Biuret reaction). In the second step, 

the bicinchroninic acid reacts with this complex, forming a strong purple coloured product 

that has a peak of absorbance at 562nm. The higher concentration of protein present, 

the higher absorbance will be detected at 562nm.  

A diluted series of Albumin (BSA, provided with the kit) standards were prepared in RIPA 

buffer with concentrations ranging from 2000ɛg/mL to 25ɛg/mL. A blank sample with 

0ɛg/mL was also included. Samples were thawed at room temperature, briefly vortexed 

and centrifuged for 5 minutes at 13000xg. Working reagent was prepared by mixing 50 

parts of BCA Reagent A with 1 part of BCA Reagent B. In a 96 well-plate (NuncTM), 25ɛL 

of standard or sample and 200ɛL of working reagent were added to each well. The plate 

was incubated for 30 minutes at 37°C and the absorbance was measured at 562nm 

under a microplate reader (Tecan Saphire).  

 Electrophoresis  

All samples were diluted in water to the same concentration prior loading. 19.5ɛL of 

protein solution were added to 7.5ɛL of NuPAGEÈ LDS sample buffer (InvitrogenÊ) and 

supplemented with 3ɛL of NuPAGEÈ Sample reducing agent (InvitrogenÊ). The 

resulting solution was briefly vortexed, centrifuged, and boiled at 100oC for 10 minutes. 

While samples were boiling, 800mL of 1X running buffer was prepared from a stock of 

20X NuPAGEÈ MOPS SDS running buffer (Life TechnologiesÊ). NuPAGE Bis-Tris 10% 

(W/V) polyacrylamide mini gels of 1.5mm thickness were used. The white strip of a gel 

was removed, and the gel was secured on a XCell SureLockÊ Mini-Cell tank. 200mL of 

running buffer supplemented with 500µL of NuPAGE® Antioxidant (Invitrogen 

Invitrogen) were added to the inner chamber and the combs were carefully removed. 

The remaining running buffer was added to the outer chamber. Samples were briefly 

vortexed and centrifuged before being loaded to the gel. 10ÕL of PageRulerÊPlus 

Prestained Protein Ladder (ThermoFisher ScientificTM) and 30µL of each sample were 

loaded. The gel was run at 200V for 50 minutes.  
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 Immunoblot ting   

Wet (tank) transfer was used to transfer the proteins from the gels to the membranes. 

Transfer buffer was prepared by adding 40mL of 20X NuPAGE® Transfer Buffer stock 

solution (Life TechnologiesTM), 760mL of distilled water, and 120mL of methanol. A pre-

cut InvitrolonTM PVDF membrane (Life TechnologiesTM) was separated from the filter 

papers that sandwiched it, and was activated in 100% ethanol for 2 minutes, washed in 

distilled water and placed in transfer buffer. The filter papers were directly placed in 

transfer buffer. Sponge pads (8) were also soaked in transfer buffer. After completion of 

electrophoresis the gel was removed from the cassette. The gel knife was inserted in the 

gaps of the 3 bonded sides of the gel case and pushed down and up, separating the two 

plates. The gel remained attached to only one of the plates and the wells were removed. 

The membrane was then placed on top of the gel and covered with a filter paper, always 

soaked in transfer buffer. The sandwich was removed from the plate and covered with 

another filter paper. The transfer sandwich was prepared as shown in Figure 2.2 inside 

the XCell IIÊ Blot Module and placed inside the tank. 

 

Figure 2.2. Schematic representation of the sandwich blot, from the Cathode core ( -) to the 

Anode core (+).  

The Blot module and the outer chamber of the tank were filled with transfer buffer. The 

transfer was run for 90 minutes at 35V.  

The necessary buffers were prepared for the next step of the Western blot. 10X TBS was 

prepared by adding 60.55g of Tris Base (Sigma-Aldrich) and 85.2g of NaCl (Sigma-

Aldrich) to 500mL of deionised water. The pH of the resulting solution was adjusted to 

7.6 with concentrated HCl (Fisher) and the volume was made up to 1L with deionised 

water. 1X TBS-T was prepared by adding 100 mL from the stock solution of 10X TBS, 

900mL distilled water and 1mL Tween-20 (Sigma-Aldrich). The blocking solution was 
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prepared by adding 2.5g of skimmed milk to 50mL of 1X TBS-T to a final concentration 

of 5% (W/V). 

The membrane was then blocked in blocking solution for 1 hour at room temperature on 

the rocker and incubated with the primary antibody in blocking solution at 4°C overnight 

(Table 2.2). 

Table 2.2 List of primary antibodies used for Western blot. Abbreviations: CD: Cluster of 

differentiation, KERA: Keratocan; LUM: Lumican; ŬSMA: Alpha-smooth muscle actin; GAPDH: 

Glyceraldehyde 3-phosphate dehydrogenase. 

Antibody  Host  Manufacturer  Dilution  Protein  

CD90 Rabbit Abcam (ab133350) 1/1000 30µg 

CD73 Rabbit Abcam (ab133582) 1/800 30µg 

KERA Rabbit Abcam (ab113115) 1/400 30µg 

LUM Rabbit Abcam (ab168348) 1/1000 30µg 

ŬSMA Rabbit Abcam (ab5694) 1/400 30µg 

GAPDH Rabbit Abcam (ab9485) 1/3000 30µg 

 

The membrane was then washed three times with TBS-T for 5 minutes and incubated 

with the secondary antibody (Anti-rabbit IgG, HRP-linked Antibody) (Cell Signalling 

Technology) diluted 1:2000 in blocking solution for 1 hour at room temperature on the 

rocker. After washing three times with TBS-T for 5 minutes, the membrane was 

incubated for 5 minutes with Immobilon® Crescendo Western HRP Substrate (Merck 

Millipore), and visualised in a chemiDocTM XRS (Bio-Rad). The images were quantified 

using ImageLab 5.0 software. 

Membranes were stained with three primary antibodies binding to proteins with different 

molecular weights: whether CD90 (18kDA), CD73 (63kDA) and ŬSMA (42kDA) or LUM 

(46kDA), KERA (40kDA) and GAPDH (36kDA). Membranes were stained for each 

antibody separately and no membrane striping or cutting up was necessary. 

 Western  blot quantification  

The immunoblots were scanned using a Chemidoc (chemiDoc Ê XRS+, Bio-Rad) and 

quantified using ImageLab 5.0 Software. Briefly, images were analysed using the 

Analysis Tool Box for lane and band detection. Individual bands were manually selected 

for better sensitivity. The region of interest around the band was selected and kept 

constant for all bands. The total volume intensity (arbitrary units) was assessed and 

compared against the total intensity of GAPDH band for the according sample. 
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2.4 Immunocytochemistry  

Samples in 2D and 3D were fixed for 10 minutes and 30 minutes in 4% 

Paraformaldehyde in DPBS, respectively. They were then stained following a protocol 

described by Kureshi et al. with small modifications [55]. Briefly, samples were incubated 

for 10 minutes in 0.25% (V/V) Triton-X 100 in DPBS to permeabilise the cell membranes. 

They were then incubated for 1 hour in 5% (V/V) goat serum in DPBS to block and 

prevent unspecific staining. Samples were then incubated with primary antibody (See 

chapters accordingly) in 2% (V/V) goat serum in DPBS O/N at 4°C. The next day, they 

were washed 3 times in fresh DPBS for 5 minutes. Samples were then incubated for 1 

hour at room temperature in the dark with a secondary antibody and Phalloidin 418 

(Sigma-Aldrich) (1:1000) in DPBS. After 3 washes with DPBS, they were mounted in 

VECTASHIELD mounting medium with DAPI (Vector Laboratories) and visualised under 

a confocal microscope (LSM 700, Zeiss). 
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 CHAPTER 3: NORMAL CORNEAL  AND LIMBAL  STROMAL 

CELLS HAVE SIMILAR PHENOTYPICAL CHARACTERISTICS 

3.1 Introduction  

The main aim of this thesis was to study corneal stromal cells isolated from aniridic 

patients. However, corneal surgery is not often recommended to aniridia patients, so this 

tissue is invaluable and difficult to obtain. Furthermore, only the central corneas from 

aniridic eyes (not the limbal region), are discarded when patients undergo surgery. 

Occasionally this redundant tissue became available for the research presented in this 

thesis. Therefore, it was necessary to first optimise the isolation and culture of corneal 

stromal cells from normal donor corneas because historically, these cells, as in vivo, 

proliferate very rarely in vitro [35, 79]. This chapter presents the novel culture and then 

characterisation of normal corneal stromal cells.  

In the native cornea, the stroma is populated by quiescent keratocytes [22] that only 

proliferate and differentiate following injury [178] and disease [179]. Because of their 

non-proliferative nature, keratocytes have proven to be a challenging cell source for in 

vitro studies when trying to maintain their native phenotype [35, 79]. This can be 

achieved by isolating and culturing the keratocytes directly in serum-free medium 

conditions, but as one would expect, low cell numbers are usually obtained [35, 79]. 

Therefore, there have been many attempts to isolate and expand keratocytes in vitro by 

culturing them under different conditions [180-187]. There is a wide range of studies that, 

although all use cells isolated from the corneal stroma, describe different cell 

characteristics in vitro by modifying the culture conditions [35, 180-187]. Because of the 

myriad of phenotypes in vitro, authors refer to the corneal stromal cells by different 

names [22, 35, 79, 178-187], making their nomenclature sometimes confusing. The cells 

used in this chapter will be referred to as corneal stromal cells or limbal stromal cells, 

depending on their original anatomical location in vivo (cornea and limbus, respectively). 

In addition, they will be named normal indicating that were isolated from non-diseased 

donors. This is because in the next chapters, focus will be placed on aniridic corneal 

stromal cells.   

Several studies have aimed to identify the optimal conditions to isolate and culture 

corneal stromal cells while maintaining the keratocyte phenotype [180, 182, 183, 188]. 

As previously mentioned, culturing corneal stromal cells directly in serum-free medium 

achieves this aim, but not enough numbers are obtained to perform extensive 

experiments [35, 79]. Thus, corneal stromal cells have been isolated and cultured for a 
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small period of time in the presence of serum, allowing their numbers to expand, before 

placing them in a specific keratocyte culture medium [180, 182, 183, 188]. Their 

keratocyte phenotype is then assessed by cell proliferation, morphology, expression of 

typical keratocyte markers (KERA, LUM, ALDH) and absence of myofibroblast markers 

(ŬSMA). Interestingly, after prior exposure to serum containing medium, corneal stromal 

cells could only partially recover their keratocyte phenotype when subsequently cultured 

under serum-free conditions [180, 183]. While the cells successfully regained 

quiescence, dendritic morphology, they only gained low expression of lumican and 

keratocan [180, 183], and no expression of ALDH [183]. Therefore, serum-free medium 

has been supplemented with different molecules and growth factors to better promote 

the keratocyte phenotype in vitro [180, 182]. For instance, L-Ascorbic acid 2 phosphate 

(A2P) stabilises collagen production, promotes higher expression and secretion of 

keratocan and lumican [180, 189]. Another example is insulin, which stimulates 

keratocyte proliferation over a period of 6 days while maintaining high expression of 

ALDH3A1 and keratocan, as well as dendritic morphology [184]. Finally, basic fibroblast 

growth factor (FGF) has been reported to increase cell proliferation and expression of 

keratan sulphates proteoglycans by keratocytes while maintaining the dendritic 

morphology and inhibiting the expression of ŬSMA [79, 186]. Therefore, in the work here 

presented a keratocyte differentiation medium (KDM) consisting of a serum-free medium 

containing A2P, L-glutamine supplements and FGF was used to prompt corneal and 

limbal stromal cells towards a keratocyte phenotype. This medium has been successfully 

used for the same purpose in previously published studies [54, 174].   

Serum-containing medium is also widely used to culture corneal stromal cells in vitro but, 

perhaps confusingly, these are then usually referred to as corneal fibroblasts [35, 185]. 

Corneal fibroblasts may be defined as activated keratocytes, that in the presence of 

serum, proliferate and acquire an elongated spindle-shape morphology [35, 186], 

resembling the phenotype of activated keratocytes during wound healing in vivo [190]. 

High cell numbers were achieved by culturing corneal stromal cells in serum containing 

medium, however their phenotype significantly differs from the native keratocytes [185]. 

Corneal fibroblasts show downregulated expression of keratocyte markers, namely 

keratocan and ALDH3A1 [185]. Also, the proteoglycans secreted to the medium are 

different when compared to keratocytes, with a reduced expression of keratan sulphate 

and an increase in dermatan sulphates proteoglycans [185]. Interestingly, a study from 

1996 showed that the presence of serum alone was sufficient to induce the expression 

of ŬSMA, a myofibroblast marker, in a small population of the fibroblasts [79]. However, 

most of the studies where corneal fibroblasts were cultured in the presence of serum, 
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did not report the expression of this marker [35, 185, 186, 191]. Instead, it is commonly 

accepted that a myofibroblast phenotype is easily promoted in vitro by supplementing 

the cell culture medium with TGFɓ, regardless of the presence or absence of serum [79, 

80, 180]. Together, these results suggest that different culture conditions are triggering 

agents to modulate cell behaviour.  

Strikingly, a recent study reported that central corneal stromal cells cultured in 10% 

serum-containing medium could display features of mesenchymal stem cells (MSC) 

including expression of the MSC markers (CD90, CD73 and CD105), and the capability 

to differentiate into cells of apparently three different lineages (osteocytes, chondrocytes, 

and adipocytes) [187]. This data is surprising because the presence of corneal stromal 

stem cells (CSSC) had only been previously described in the limbus [54]. Although the 

mentioned study does not prove the presence of MSC in the central cornea, it does show 

the multifaceted capacities of central corneal stromal cells to acquire different 

phenotypes when cultured in vitro. Despite presenting stem cell-like properties, these 

cells acquired a fibroblastic morphology [187]. This is perhaps surprising because CSSC 

have been previously thought to present a typical small and square-like morphology 

(typical feature of stem cells). It was also thought that the loss of this morphology and 

acquisition of an elongation of the cell body was a result of cell differentiation [174]. 

Given the reported potential for stromal cells to change proliferative capability, in the 

present study it was attempted to culture corneal stromal cells using conditions based 

on those previously used to successfully propagate CSSC in vitro [54]. On the one hand, 

as previously mentioned, culturing central stromal cells in keratocyte differentiation 

medium (KDM) could maintain a relatively quiescent phenotype, similar to that found in 

vivo [79, 186]. However, these conditions may not provide sufficient cells with which to 

perform experiments. On the other hand, using culture medium supplemented with 10% 

serum generally promotes cells to become fibroblastic with limited potential to recover 

their native phenotype [183, 192]. In contrast, corneal stroma stem cell medium 

(CSSCM) has only 2% serum and is supplemented with epithelial growth factor (EGF) 

and platelet derived growth factor (PDGF) [174]. CSSC have been routinely isolated from 

the limbus and cultured in vitro in CSSCM, where they can divide extensively for up to 

100 population doublings [54]. CSSC have been often described as MSC, expressing 

typical MSC markers (CD90, CD73) and PAX6, a marker of ocular development [57, 

193]. They have the ability to differentiate into keratocytes in vivo, as well as in vitro [57]. 

For instance, CSSC cultured in 2D in KDM for 3 weeks acquired a dendritic morphology 

and upregulated expression of KERA, LUM and ALDH1A1, suggesting the acquisition of 

a keratocyte phenotype [174]. Hence, CSSCM can promote proliferation of CSSC in vitro 
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without inducing fibroblast and myofibroblast differentiation but maintaining their stem-

like features instead [54, 57, 174]. With this in mind, it was hypothesised that CSSCM 

might also promote cell proliferation of central stromal cells without inducing fibroblast or 

myofibroblast differentiation.  

As previously mentioned, after culture and expansion in CSSCM, CSSC can be 

differentiated into keratocyte-like cells in vitro by culturing them in KDM [174, 194]. KDM 

is absent of serum, which therefore reduces cell proliferation [35], supplemented with 

A2P, which promotes collagen production [189], and FGF. FGF is a growth factor that 

exerts its function through binding to transmembrane tyrosine kinase receptors and 

signalling mainly through RAS/MAP kinase pathway [195]. FGF has been shown to 

modulate proliferation, migration, differentiation and angiogenesis of different  cell types 

in vitro [195], including keratocytes [186]. Specifically, FGF promoted keratocyte 

proliferation and increased mRNA levels of keratan sulphate proteoglycan core proteins 

(lumican and particularly, keratocan) [186]. In another study, FGF was capable of 

reverting the expression of ŬSMA by myofibroblasts that had previously been induced 

by serum and TGFɓ [79]. Moreover, keratocytes derived from CSSC cultured on highly 

aligned fibrous substrate made from poly(ester urethane) urea with FGF-containing KDM 

secreted highly aligned collagen fibrils compared to those cultured on KDM depleted of 

FGF [196]. Hence, to better identify a putative mechanism for the regulation of CSSC 

differentiation into stromal cells with a keratocyte-like phenotype in vitro, two different 

conditions were studied; KDM with or without FGF.  

In this chapter, normal corneal stromal cells were first isolated and cultured in KDM or 

CSSCM to find which of these culture media better supported their growth. The 

phenotype of normal corneal stromal cells when cultured in CSSCM was then studied 

and compared to normal limbal stromal cells (also referred in the literature as CSSC) 

cultured in the same conditions. Finally, both corneal and limbal stromal cells were 

prompted towards a keratocyte phenotype in KDM, to assess whether they successfully 

differentiated into keratocyte-like cells.  
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3.2 Hypotheses and aims  

The hypotheses tested in this chapter are the following:  

1. Corneal stromal cells isolated and cultured as keratocytes in KDM do not yield 

sufficient cell numbers from individual donors for experimentation.  

2. CSSCM promotes corneal stromal cell proliferation in vitro. 

3. Corneal and limbal stromal cells maintain different phenotypes even when 

cultured under the same conditions. 

4. FGF is an essential regulator of corneal and limbal stromal cell differentiation into 

keratocytes in vitro. 

Hence, the overarching aim of Chapter 3 was to determine to what extent normal corneal 

stromal cells, compared with limbal stromal cells (putative CSSC), share phenotypic 

characteristics and differentiation potential. 

3.3 Materials and m ethods  

 Assessment of KDM and CSSCM as media to culture and expand 

normal corneal stromal cells   

3.3.1.1 Corneal stromal cell isolation  

To determine the optimal culture conditions, three central corneas from normal donors 

were kindly gifted by Fondazione Banca Degli Occhi del Veneto-Onlus with the 

appropriate research consent and used according to the ethics (10/H0106/57-11ETR10). 

Donor details can be found in Table 3.1. For the detailed protocol of cell isolation see 

section 2.1.1 in Chapter 2. After isolation, half of the cells from each cornea was 

resuspended in 5mL KDM and the other half was resuspended in 5mL CSSCM.  

Table 3.1. Donor information. Age, gender, retrieval time post-mortem and storage time are 

shown. 

Tissue ID  Age  

(years)  

Gender  Retrieval time post -

mortem  (hours)  

Storage time 

(days)  

Donor 1  61 Male 16h 25m 17  

Donor 2  72 Male 10h 0m 19  

Donor 3  70 Male 20h 32m 15  
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3.3.1.2 Corneal stromal cell culture in Keratocyte differentiation medium  (KDM)  

KDM composition can be found in Table 3.2. Three T25-cm2 flasks (NuncTM) were coated 

by adding 0.5mL of fibronectin FNC Coating mix®, (AthenaES) for 30 seconds at room 

temperature. FNC was removed and the cell suspensions in KDM were added. The 

flasks were then placed in a tissue culture incubator at 37ºC and 5% CO2 in air. The 

cells were kept in culture for 22 days and medium was refreshed three times a week. 

Cells were daily visualised under a phase contrast microscope to monitor their 

confluence levels and images were taken every 7 days.  

Table 3.2. KDM composition adapted from Kureshi et al. [174] . Abbreviations FGF: basic 

fibroblast growth factor, KDM: keratocyte differentiation medium. 

Component  KDM-FGF 

Advanced DMEM Low glucose (Gibco®) 500mL 

Recombinant human FGF (Gibco®) 10ng/mL 

L-Ascorbic Acid 2-phosphate sesquimagnesium salt hydrate 

(Sigma-Aldrich) 

0,1mM 

GlutaMAXTM 1 (100X) (Gibco®) 1X 

Penicillin-Streptomycin (Gibco®) 100ug/mL 

3.3.1.3 Corneal stromal cell culture in Corneal stromal stem cell medium 

(CSSCM) 

Cell suspensions in CSSCM were seeded in three pre-coated T25-cm2 flasks and placed 

in a tissue culture incubator at 37 ºC and 5% CO2 in air. Medium was refreshed three 

times a week and cells were daily observed under a phase-contrast microscope to 

monitor their confluence. Cells were maintained and passaged as explained in section 

2.1.2 of Chapter 2.  

3.3.1.4 Total cell number and population doubling  

To measure the ability of corneal stromal cells to expand when cultured in KDM or in 

CSSCM, cells were counted after each trypsinisation. After the first trypsinisation all cells 

were seeded into a T75-cm2 flask for Passage 1. For Passage 2 all cells were transferred 

into a T175-cm2. In the subsequent passages only 40000 cells were then seeded in a 

T175-cm2 flask and the rest discarded. This process was repeated until Passage 9 for 

cells cultured in CSSCM. Cells cultured in KDM showed high levels of cell death.  
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To represent the results, a graph with the total cell number over time was plotted. The 

total cell number was calculated by extrapolation.  

To calculate the population doubling time, the cell number data points from the linear 

growth phase were used, and applied to the following equation:  

Equation 1 ï Population doubling time.   tf = last time point, ti = initial time point, xf = cell number 

at last time point, xi = cell number at initial time point  
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 Characterisation of normal corneal and limbal stromal cells  cultured  

in CSSCM 

3.3.2.1 Donor information  

Table 3.3 - Donor information. Age, gender, and storage time are shown. Abbreviations NC: 

Normal corneal stromal cells, NL: Normal limbal stromal cells. 

Tissue ID  Age (years)  Eye Storage time (days)  

NC1 54 Right 26 

NC2 46 Right 29 

NC3 84 Right 19 

NC4 63 Left 20 

NL1 63 Left 30 

NL2 36 Right 20 

NL3 84 Right 28 

NL4 46 Left 29 

3.3.2.2 Isolation of normal limbal stromal cells  

Normal limbal stromal cells (NL) were obtained from limbal rims as described by Du et 

al [54] with few modifications. The whole corneas were washed and trephined as 

described in section 2.1.1. Limbal rims were then processed for isolation of NL as shown 

in Figure 3.1. Briefly, the remaining scleral tissue was removed, leaving a 2mm wide 

limbal ring. A thin layer of limbal surface of approximately 100ɛm depth was cut away 

from the remaining stroma using fine scissors and cut into small pieces (roughly 1mm2). 

These were further processed, cultured and passaged as in section 2.1.2. 
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Figure 3.1. Isolation of NL from the limbal rims . The limbal rim (A) was cut in half and the 

sclera removed (B). The anterior part of each strip, containing the epithelium and the anterior 

stroma, was then cut and separated from the posterior stroma with fine scissors (C, D). The strips 

were then cut into small pieces and incubated in collagenase overnight (E). Finally, the cells were 

plated on a culture dish and cultured in CSSCM in tissue culture incubator at 37ºC and 5% CO2. 

(F). Scale bar = 300ɛm 

3.3.2.3 Cell proliferation - Total DNA  

Total DNA quantitation kit (Sigma-Aldrich) was used to measure cell proliferation. This 

assay uses bisBenzamide H 33258 (Hoechst 33258), a fluorescent dye that is excited at 

360 nm and emits a peak of fluorescence at 460nm. When bound to the AT rich regions 

of the double-stranded DNA, the fluorescence emitted is enhanced.  

Cells were seeded at a density of 3000 cells/well on 12 well-plates (NuncTM) and cultured 

in a tissue culture incubator at 37°C and 5% CO2 in air. Three technical replicates for 

three biological replicates were prepared for each cell population (NC, NL). Total DNA 

was assessed at day 3, 5, and 7 according to manufacturerôs instructions. Briefly, cells 

were washed once with 1mL of DPBS and 800ɛL of sterile water were added to each 

well. Cells were then lysed with a series of three 60min:60min freeze-thaw cycles at -

80°C and 30°C. A standard curve was prepared with different DNA concentrations 

ranging from 10ɛg/mL to 0.165ɛg/mL. Standards (100ɛL) or samples (100ɛL) were 

added to a black 96 well-plate with flat bottom in duplicate (Corning®). Three extra wells 

were filled with 100ɛL of sample buffer to be used as a blank. Hoechst dye (100ɛL of a 

4 ɛg/mL solution) was added to each well and fluorescence was read under a microplate 

reader (Tecan Saphire). The excitation wavelength was set at 360nm and emission at 
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460nm. The results were obtained in an Excel file, where the standard curve was drawn 

and the DNA concentrations were calculated. 

At each time point, pictures were taken under a phase contrast microscope (Eclipse 

TS100, Nikon). 

3.3.2.4 Real time qPCR and Western blot of NC and NL  

The expression of putative CSSC markers (PAX6, CD90, CD73), keratocyte markers 

(KERA, LUM, ALDH1A1), proliferation (KI67), and apoptosis (TP53) markers were 

measured in NC and NL cultured in CSSCM.  

Positive controls used in Real time qPCR included corneal epithelial stem cells (ECs) for 

PAX6, MSC for CD90 and CD73 and fresh central cornea for ALDH1A1, KERA and LUM.  

Gene expression in NC, NL and MSC was normalized to ECs levels of expression. 

Statistical analysis could only be performed between NL and NC, as MSC and ECs data 

was obtained from only one biological replicate. 

3.3.2.4.1 RNA extraction from MSC and ECs  

The same preparation used to isolate limbal stromal (section 3.3.2.2) was also used to 

culture corneal epithelial cells. After plating the cell suspension, some epithelial colonies 

appeared in P0. These were left to grow in CSSCM for 7-10 days and RNA was extracted 

as explained in section 2.2.1. An RNA extract from MSC was kindly donated from Rita 

Pinho (using the same before mentioned protocol).  

3.3.2.4.2 RNA extraction  from whole corneas  

The fresh central cornea was placed in RNA later (Qiagen) and processed as fresh as 

possible. Briefly, it was cut into small pieces (1mm2), placed in a 1,5mL eppendorf tube 

with 350ɛL of lysis buffer from the RNeasy mini kit and kept on ice. The sample was then 

sonicated for 1 minute at an amplitude of 23ɛm, until the tissue had been slightly 

dissociated. The tissue was left on a shaker on ice for 10 minutes to remove the foam 

produced during sonication. To help with the tissue homogenization, a disposable pellet 

pestle was used to grind the remaining corneal tissue after sonication in the same 

Eppendorf tube. The sample was centrifuged for 5 minutes at 13000xg and the 

supernatant was added to a Qiashredder column. From this point onwards, the RNA 

extraction was performed as explained in section 2.2.2. 
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 Differentiation of normal corneal and limbal stromal cells  into 

keratocyte -like cells  in KDM  

3.3.3.1 Cell culture conditions  

To characterise the potential for differentiation of the NC and NL cells, these were 

differentiated towards a keratocyte-like phenotype was attempted using an adaptation of 

the protocol described by Du et al. [54]. NC and NL were passaged and counted before 

being seeded at a density of 1000cells/cm2 in a FNC coated T175-cm2 flask (NuncTM) in 

CSSCM and in 4-well chamber slides (VWR). Three hours later when the cells were 

attached, the flasks and slides were washed once with DPBS and then the medium was 

changed to KDM. Cells were kept for 3 weeks in tissue culture incubator at 37ºC and 5% 

CO2 in air and the medium refreshed three times a week. To assess the importance of 

FGF for the guided differentiation of NC and NL into keratocytes-like cells; these were 

either cultured in KDM supplemented with FGF (10ng/mL) or in FGF-depleted KDM. For 

each donor, three flasks and one chamber slide were seeded for keratocyte 

differentiation in KDM-FGF+ and three more in KDM-FGF-. 

As a control, NC and NL cells were also cultured to confluence in CSSCM to allow 

spontaneous cell density-mediated differentiation [174]. NC and NL were seeded at a 

density of 1000cells/cm2 in a T175-cm2 flask in CSSCM. Cells were cultured without 

being passaged for 5 days, and the medium refreshed at day 2. 

NC and NL seeded at a density of 1000cells/cm2 in a T175-cm2 flask in CSSCM for only 

24 hours will be addressed as basal conditions.  

The following nomenclature and abbreviations will be used in the Results section.                 

i = 1,2,3 refers to the time point in weeks when cells were collected, and F+/- refers for 

the presence or absence of FGF in KDM. A schematic representation of the cell culture 

conditions is found in Table 3.4. 

Normal corneal stromal cells ï NC 

Normal corneal stromal keratocyte-like cells ï NCKiF+, NCKiF- 

Normal corneal stroma spontaneously differentiated cells ï NCSD 

Normal limbal stromal cells - NL,  

Normal limbal stromal keratocyte-like cells NLKiF+, NLKiF- 

Normal limbal stroma spontaneously differentiated cells ï NLSD 
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Table 3.4. ï Culture conditions for NC and NL in CSSCM and KDM. Abbreviations CSSCM: 

corneal stromal stem cell medium, KDM: keratocyte differentiation medium, NC: Normal corneal 

stromal cells, NL: Normal limbal stromal cells, NCKiF: Normal corneal stromal keratocyte-like 

cells, NCSD: Normal corneal stroma spontaneously differentiated cells, NLKiF: Normal limbal 

stromal keratocyte-like cells, NLSD: Normal limbal stroma spontaneously differentiated cells. 

Cell culture  

medium  

Time (days)  

1 é 5 ... 7 é 14 é 21 

CSSCM  NC 

NL 

 NCSD 

NLSD 

      

KDM FGF+     NCK1F+ 

NLK1F+ 

 NCK2F+ 

NLK2F+ 

 NCK3F+ 

NLK3F+ 

FGF-     NCK1F- 

NLK1F- 

 NCK2F- 

NLK2F- 

 NCK3F- 

NLK3F- 

3.3.3.2 Gene expression  

A total of 175000 NC and NL were used for RNA extraction. The whole flask of NCK, 

NLK, NCSD and NLSD was used to isolate RNA from these conditions. Photographs 

were taken of the cells in culture before being trypsinised and counted. Further cell 

lysis, RNA extraction and Real time qPCR were performed as explained in section2.2. 

qPCR was performed to assess the changes in gene expression when NC and NL 

were cultured in different media. Firstly, the expression of CSSC markers (CD90, 

CD73, and PAX6) was studied. Secondly, to assess the ability of NL and NC to 

successfully differentiate into keratocytes, expression levels of keratocyte markers 

(KERA, LUM, and ALDH1A1) were studied. Expression of ŬSMA was also measured 

to confirm that the cells were not differentiating into myofibroblasts. Finally, 

expression of proliferation (MKI67) and apoptosis (TP53, BAX, BCL2) markers was 

also assessed. 

3.3.3.3 Protein production  

The same culture settings stated in section 3.3.3.2. were used for protein extraction. 

Further cells lysis, protein quantification and western blotting were per formed as 

explained in section 2.3.  



82 

 

Western blotting was performed to assess the changes in protein expression when 

NC and NL were cultured in different media. The production of CSSC markers (CD90 

and CD73), keratocyte markers (KERA and LUM) and myofibroblast marker (ŬSMA) 

was studied.  

3.3.3.4 Immunocytochemistry  

A total of 4 chamber slides for each central (NC, NCK3F-, NCK3F+, NCSD) and limbal 

samples (NL, NLK3F-, NLK3F+, NLSD) were used for immunocytochemistry. The culture 

medium was aspirated, and the chamber slides were washed once with DPBS and fixed 

for 10 minutes in 4% (V/V) PFA in DPBS. Chambers were then washed 3 times with 

fresh DPBS for 5 minutes and stained as explained in section 2.4) 

The assembly of ŬSMA was assessed with the polyclonal rabbit anti-ŬSMA primary 

antibody (Table 2.2) at a concentration of 1:100. A normal rabbit polyclonal IgG control 

(Cell signalling) was used as a negative control at the same concentration as the primary 

antibody. Secondary antibody used was Alexa Fluor ® 555 goat anti-rabbit (Life 

Technologies) at a concentration 1:500. A positive control for ŬSMA expression was 

prepared using a similar protocol described by Funderburgh et al. [80]. Briefly, NC were 

cultured for 3 days in DMEM containing 10% (V/V) FBS, 1% (V/V) P/S, and 10ng/mL of 

TGFɓ to differentiate into myofibroblasts. All reagents were all provided by Sigma-

Aldrich, unless otherwise specified. These were then stained as previously explained.  

3.4 Results  

 Assessment of KDM and CSSCM as media to cult ure and expand 

normal corneal stromal cell s 

When cultured in CSSCM, a higher number of corneal stromal cells attached to the tissue 

culture plate 1 day after seeding, when compared to KDM (Figure 3.2). A higher number 

of dead floating cells could also be seen in the KDM flasks. The density of cells in 

CSSCM rapidly increased over the following days and at day 3 cells had reached 

confluence and had to be passaged. On the other hand, cells in KDM did not divide and 

were not able to be passaged. At day 15 density of cells was still higher in CSSCM than 

in KDM (Figure 3.2). The morphology of corneal stromal cells is similar when these are 

cultured in KDM or in CSSCM. A high percentage of cells show a small cellular body and 

high nucleus to cytoplasm ratio (Figure 3.2, black arrows). In KDM some cells present a 

dendritic morphology with small protrusions from the cell body (Figure 3.2, white arrow). 
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Cells cultured in CSSCM grew exponentially and reached the linear growth phase at day 

22 (Figure 3.3). At that time the total number of cells ranged between 1x109 ï 4x109. A 

variability between the growth rate of cells isolated from the different donors can be 

appreciated (Figure 3.3). The calculated cell doubling time was 24 (±5) hours. Cells 

cultured in KDM did not divide since the time of plating, so a growth curve could not be 

presented.  

 

Figure 3.2. Representative images of cells isolated from the central cornea and plated in 

KDM or CSSCM at day 1 and day 15. Cells with dendritic morphology (white arrows) and with 

high nucleus to cytoplasm ratio (black arrows) were observed. Scale bars = 300µm. Abbreviations 

CSSCM: corneal stromal stem cell medium, KDM: keratocyte differentiation medium. 
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Figure 3.3. Growth curve of  corneal stromal cells cultured in CSSCM. Each colour represents 

a biological donor and the black line represents the median. Cell doubling time was 24 (±5) hours. 

Corneal stromal cells did not grow in KDM. Abbreviations CSSCM: corneal stromal stem cell 

medium, KDM: keratocyte differentiation medium. 

Summary of results:  

¶ Corneal stromal cells do not proliferate when cultured in KDM.  

¶ Between 1x109-4x109 corneal stromal cells were obtained after 22 days of 

corneal stromal cell culture in CSSCM. The population doubling time was 24 (±5) 

hours).  
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 Normal corneal and limbal stromal cells  present similar phenotype 

when cultured in CSSCM  

3.4.2.1 NC and NL  are successfully isolated and expanded in vitro  

NC and NL were successfully isolated from corneal buttons and limbal rims, respectively. 

Cells attached to the culture plates and started proliferating within 24 hours after plating. 

Multiple healthy epithelial colonies were observed in the plates with cells isolated from 

the limbal rims (Figure 3.4, black arrow), whereas only few and small colonies were 

appreciated in the plates from corneal stroma isolations (Figure 3.4, red arrow). Stromal 

cells were present in both cultures (Figure 3.4, white arrows). Stromal cells were 

successfully trypsinised from the plates, leaving behind the epithelial colonies, as the 

former detach easier from the tissue culture surface.  

 

Figure 3.4. Representative images of NC and NL at P0 cultured in CSSCM . Black and red 

arrows point to corneal epithelial cell colonies and white arrows point to stromal cells. Scale bars 

= 300µm 

At passage 0, defined as cells being plated immediately after isolation, stromal cells 

cultures appeared to be a mixed population, with cells presenting a wide variety of 

morphologies (Figure 3.4). However, as the cells were passaged, a morphologically 

uniform population prevailed (Figure 3.5). Between passages 3 and 5, most cells 

presented a small, almost square-like cell body with a high nucleus to cytoplasm ratio 

(Figure 3.5, white arrows). A few cells cultured in the same conditions acquired a more 

elongated morphology (Figure 3.5, black arrows). No differences in cell morphology were 

observed between NC and NL nor between any of the donors (Figure 3.5).  
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Figure 3.5. Representative images of NC and NL cultured in CSSCM.  Images were taken 

between passages 3 and 5. Most cells were small with a square-like morphology and with high 

nucleus to cytoplasm ratio (white arrows). A small portion of the cells presented more elongated 

bodies (black arrows). Images were taken under a phase contrast microscope. n=3. Scale bars 

=300µm. Abbreviations NC: Normal corneal stromal cells, NL: Normal limbal stromal cells. 

3.4.2.2 NC and NL have similar proliferation capacity when cultured in 2D in 

CSSCM 

NC and NL were cultured in CSSCM over 7 days in a 12 well-plate and observed under 

a phase contrast microscope (Figure 3.6). At day 3, cells were relatively sparse and most 

of them maintained the small square-like morphology described in section 3.4.2.1. As 
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cells divided and became more confluent, they elongated and became more spindle 

shaped (Figure 3.6A). 

Quantification of total DNA at day 3, day 5 and day 7, confirmed that there were no 

significant differences in the proliferation capacity between NC and NL (Figure 3.6B, 

p>0.05). Both NC and NL multiplied by a factor of 6 the amount of DNA present in the 

wells between day 3 and day 7 (p<0.001). NC and NL did not show contact inhibition 

from day 5 to day 7, with the amount of DNA doubling in that time period (Figure 3.6). 
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Figure 3.6. Proliferation of NC and NL cultured in CSSCM over a period of 7 days.                  

(A) Representative images of the cells in culture at 3, 5 and 7 days. Scale bars= 300µm.                  

(B) Quantification of cell proliferation measured by total DNA. Data shows the mean ± SD, n=3. 

Two-way repeated measurements ANOVA was used for statistical analysis. ***<0.001. 

Abbreviations NC: Normal corneal stromal cells, NL: Normal limbal stromal cells. 

B) 

A) 
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3.4.2.3 NC and NL show similar  profile of  gene expression in tested markers  

There were no significant differences in PAX6, CD90 and CD73 gene expression levels 

between NC and NL (Figure 3.7A, p>0.05). Expression levels of PAX6 in NC and NL 

were very low, with Real Time qPCR Ct values appearing after 34-36 cycles (Table 

A.8.1). NC and NL had higher expression values of CD90 and CD73 than PAX6. 

Noteworthy, NC, NL, and MSC showed similar gene expression levels of the MSC 

associated makers (CD90 and CD73).  

There were no significant differences in KERA, LUM and ALDH1A1 gene expression 

levels between NC and NL (Figure 3.7B, p>0.05). KERA was not expressed in any of the 

conditions (Black arrow in Figure 3.7B). LUM and ALDH1A1 were expressed in lower 

levels in NC and NL than in ECs. 

No statistically significant differences were found in KI67 (proliferation marker) and TP53 

(apoptosis marker) gene expression levels between NC and NL (Figure 3.7C, p>0.05).  
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Figure 3.7. Relative gene expression levels of (A) putative CSSC markers ( PAX6, CD90, 

CD73), (B) keratocyte markers ( KERA, LUMI, ALDH1A1 ), and (C) prolifera tion ( KI67) and 

apoptosis markers ( TP53) in MSC, NC and NL. Data is represented as the median of the 

obtained data points for each condition, n=1 for ECs and MSC, n=3 biological replicates for NC 

and NL. Dashed line represents the gene expression of ECs, to which the other conditions are 

compared to. Arrow represents gene expression not detected. Abbreviations MSC: Mesenchymal 

stem cells NC: Normal corneal stromal cells, NL: Normal limbal stromal cells. 
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A 

3.4.2.4 NC and NL show  similar  profile of  protein production in tested markers  

To confirm and compare the results obtained in the previous section, the production of 

selected proteins was tested using Western blotting. The putative CSSC markers that 

were highly expressed at the mRNA level, CD90 and CD73, were chosen. There was a 

visible trend of lower CD90 and CD73 expression by NL, although not statistically 

significant (Figure 3.8, p>0.05).  
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Figure 3.8. Protein production  levels of putative  CSSC markers (CD90 and CD73) by  NC 

and NL. (A) Densitometry quantification of each protein normalized against the expression of 

GAPDH. Data is represented as the median of n=3 biological replicates. Mann Whitney test, 

p>0.05 (not significant). (B) Western blots representative of the 3 donors. Abbreviations NC: 

Normal corneal stromal cells, NL: Normal limbal stromal cells A.U. arbitrary units. 

A) 

B) 
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Summary of results:  

¶ NC and NL were successfully isolated and cultured in CSSCM. 

¶ NC and NL did not show differences in morphology when cultured in CSSCM.  

¶ NC and NL showed similar proliferation capacity in culture. 

¶ There were no significant differences in gene and protein expression of tested 

putative CSSC, keratocyte and proliferation markers between NC and NL 

cultured in CSSCM. 

¶ When cultured in CSSCM NC and NL showed a gene expression profile similar 

to MSC. 

 Normal  corneal and limbal stromal cells have a similar capacity to 

differentiate into keratocytes -like cells  in KDM  

3.4.3.1 NC and NL change their morphology during keratocyte differentiation  

NC and NL cultured sparsely in CSSCM prior to any differentiation process had the same 

appearance as previously described in section 3.4.2.1. Cells left in CSSCM for further 5 

days without being passaged (NCSD and NLSD), started proliferating, reaching 90% 

confluence and changed their morphology (Figure 3.9A). Moreover, they lost their 

square-like shape and acquired an elongated, polarized body, forming unorganized 

networks.  

As shown in Figure 3.9B, NCK and NLK also became elongated. However, the number 

of cells was much lower when compared to NCSD and NLSD. Interestingly, there was 

an apparent difference in cell behaviour between NCK and NLK when they were treated 

in the presence or absence of FGF. NCK and NLK cultured without FGF attained higher 

numbers of cells, especially at week 2 and 3, and presented thinner bodies than NCK 

and NLK cultured in FGF, respectively. NCK and NLK cultured in FGF depleted KDM 

showed high cell alignment at week 3. A proportion of NCK and NLK cultured in FGF 

presented a bright body, at week 1 and 2. These cells had broader bodies compared to 

cells treated in the absence of FGF. 

No apparent differences in cell morphology between central and limbal cells in any of the 

studied conditions could be appreciated.  
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Figure 3.9. Representative images of NC and NL cultured under different conditions. (A) 

Images of cells cultured in CSSCM at day 1 and day 5. (B) Images of cells differentiating into 

keratocyte-like cells during a period of 3 weeks using KDM supplemented or depleted of FGF. 

Scale bars = 300 µm. Abbreviations CSSCM: corneal stromal stem cell medium, KDM: keratocyte 

differentiation medium, NC: Normal corneal stromal cells, NL: Normal limbal stromal cells, NCSD: 

Normal corneal stroma spontaneously differentiated cells, NLSD: Normal limbal stroma 

spontaneously differentiated cells, NCKiF: Normal corneal stromal keratocyte-like cells, NLKiF: 

Normal limbal stromal keratocyte-like cells. 

3.4.3.2 NC and NL change their gene expression and protein production p rofile s 

under conditions shown to promote keratocyte differentiation  

NC and NL seeded at a density of 1000cells/cm2 in a T175-cm2 flask in CSSCM for only 

24 hours will be addressed as basal conditions (i.e. the phenotype that was used to start 

the keratocyte or spontaneous differentiation).  

A) 

B) 



   

93 

 

3.4.3.2.1 Gene expression profiling of CSSC markers during directed 

differe ntiation of NC and NL towards a keratocyte phenotype  

Expression of CD90 was upregulated during keratocyte differentiation 

As shown in Figure 3.10A, when prompted to differentiate towards a keratocyte 

phenotype, normal corneal stromal cells (NCK) showed a significant increase (p<0.05) 

in CD90 expression. This remained true regardless of the presence or absence of FGF 

in the differentiating medium KDM (Figure 3.10A). The same trends were found for 

normal limbal stromal cells (NLK; Figure 3.10B).  

However, neither corneal nor limbal stromal cells allowed to spontaneously differentiate 

when cultured in CSSCM for 5 days (NCSD, NLSD) showed an increase in CD90 

expression.  

Expression of CD73 did not change during keratocyte differentiation 

As shown in Figure 3.10C, expression levels of CD73 did not significantly change when 

normal corneal stromal cells were differentiated towards a keratocyte phenotype (NCK). 

This remained true regardless of the presence or absence of FGF. In contrast, CD73 

was upregulated when limbal corneal stromal cells were differentiated in KDM in the 

presence of FGF for 3 weeks but did not significantly change in the other KDM conditions 

(NLK; Figure 3.10D). However, the trend of CD73 expression fold-change was very 

similar between NCK and NLK. Noteworthy, the Fold-change of CD73 (approximately 

2X-Fold change) upregulation was much lower than that of CD90 (approximately 10X-

Fold change).  

Additionally, neither aniridic nor normal corneal stromal cells that were allowed to 

spontaneously differentiate in CSSCM (NCSD, NLSD) showed any change in expression 

levels of CD73 (Figure 3.10C, Figure 3.10D). 

Expression of PAX6 was very low across all conditions during keratocyte differentiation 

Levels of PAX6 expression were very low in all conditions. Ct values for NC and NL were 

found around 30-35 cycles (Table A.8.2). In all keratocyte like (NCK, NLK) and 

spontaneously differentiated (NCSD, NLSD) cells the expression of PAX6 was even 

lower than in the basal conditions or not detected. This could suggest that PAX6 

expression was downregulated in these conditions, but as the expression at the basal 

condition was so low, no graphs were prepared, and statistical analysis could not be 

done. 
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Figure 3.10. Relative gene expression levels of putative CSSC markers ( CD90 and CD73) 

by corneal (A, C) and limbal (B, D) stromal cells under different culture conditions as 

assessed by Real -Time qPCR. Results are shown for NC and NL cultured in KDM supplemented 

or depleted of FGF at different time points (NCKi and NLKi, respectively. i= 1, 2 or 3 weeks) and 

in CSSCM after 5 days (NCSD and NLSD, respectively). Dashed line represents the gene 

expression for the basal conditions NC and NL. Data is represented as median ± 5-95 percentile, 

n=4 biological replicates. Kruskal-Wallis test followed by Dunnôs post hoc test was performed. 

*indicates degree of significance against the initial condition. *p<0.05, **p<0.01. Abbreviations 

NC: Normal corneal stromal cells, NL: Normal limbal stromal cells, NCSD Normal corneal stroma 

spontaneously differentiated cells, NLSD Normal limbal stroma spontaneously differentiated cells. 

A) B) 

C) D) 
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3.4.3.2.2 Protein production profiling of CSSC markers during directed 

differentiation of NC and NL towards a keratocyte phenotype  

Production of CD90 was upregulated during keratocyte differentiation 

Western blot data confirmed the results obtained by Real Time qPCR. As shown in 

Figure 3.11A, when prompted to a keratocyte phenotype, corneal stromal cells (NCK) 

significantly upregulated (p<0.05) production of CD90 protein. This was only true when 

NCK were cultured in KDM without FGF. The exact same trends were observed when 

limbal stromal cells (NLK, Figure 3.11B).  Interestingly, there was no significant 

upregulation of CD90 when NCK or NLK were cultured in KDM the presence of FGF, 

although real time qPCR showed differently. As shown in the WB membranes, an 

upregulation of CD90 production could also be observed when NCK and NLK were 

cultured in the presence of FGF. However, in the densitometry quantification, this 

upregulation was not significant.  

In addition, there were no significant differences in CD90 production when corneal and 

limbal stromal cells were allowed to spontaneously differentiate in CSSCM (NCSD, 

NLSD, respectively). (Figure 3.11A, Figure 3.11B, p<0.05).  

Production of CD73 did not change during keratocyte differentiation 

As shown in Figure 3.11C, production of CD73 did not change significantly when corneal 

stromal cells were differentiated towards a keratocyte phenotype (NCK). This remained 

true regardless of the presence or absence of FGF. The same trends were shown for 

limbal stromal cells (NLK; Figure 3.11D). No changes in CD73 production were observed 

when normal or limbal stromal cells were allowed to spontaneously differentiate in 

CSSCM (NCSD, NLSD) (Figure 3.11C, Figure 3.11D).  
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Figure 3.11. Production  levels of putative CSSC markers (CD90 and CD73) by corneal (A, 

C) and limbal (B, D) stromal cells under different culture conditions as assessed by 

Western blot. Results are shown for the basal condition NC and NL, for NC and NL cultured for 

3 weeks in KDM supplemented (NCK3F+, NLK3F+, respectively) or depleted of FGF (NCK3F-, 

NLK3F-, respectively), and for NC and NL cultured for 5 days in CSSCM (NCSD and NLSD, 

respectively). Graphs showing the densitometry quantification normalised to GAPDH. Data is 

represented as the median of n=3 biological replicates. Kruskal-Wallis test followed by Dunnôs 

post hoc test was performed. *indicates degree of significance against the basal condition. 

*p<0.05. Abbreviations NC: Normal corneal stromal cells, NL: Normal limbal stromal cells, NCSD 

Normal corneal stroma spontaneously differentiated cells, NLSD Normal limbal stroma 

spontaneously differentiated cells. 

A) B) 

C) D) 
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3.4.3.2.3 Gene expression profiling of keratocyte markers during directed 

differentiation of NC and NL towards a keratocyte p henotype  

Expression of LUM was upregulated during keratocyte differentiation 

As shown in Figure 3.12A, when prompted to differentiate towards a keratocyte 

phenotype, corneal stromal cells (NCK) showed a significant increase (over 1000X Fold 

increase, p<0.05) in LUM expression. This remained true whether NCK were 

differentiated in the presence or absence of FGF (Figure 3.12A). The same trends were 

found for limbal stromal cells (NLK; Figure 3.12B). A very clear trend shows that LUM 

gene expression gradually increased with time in NCK and NLK (Figure 3.12).  

However, neither corneal nor limbal stromal cells that were allowed to spontaneously 

differentiate when cultured in CSSCM for 5 days (NCSD, NLSD) showed an increase in 

LUM expression. 

Expression of KERA was upregulated during keratocyte differentiation 

As shown in Figure 3.12C, when prompted to differentiate towards a keratocyte 

phenotype, corneal stromal cells (NCK) significantly upregulated KERA expression (over 

100X Fold increase, p<0.05). This remained true both when NCK were differentiated in 

KDM in the presence or absence of FGF. The same trends were found for limbal stromal 

cells (NLK; Figure 3.12D). A very clear trend shows that KERA gene expression 

gradually increased with time in NCK and NLK (Figure 3.12C, Figure 3.12D).  

However, neither corneal nor limbal stromal cells that were allowed to spontaneously 

differentiate when cultured in CSSCM for 5 days (NCSD, NLSD) showed an increase in 

KERA expression.  

Expression of ALDH1A1 did not significantly change during keratocyte differentiation 

As shown in Figure 3.12E, expression levels of ALDH1A1 did not significantly change 

when corneal stromal cells (NCK) were differentiated towards a keratocyte phenotype. 

The same trends were found for limbal stromal cells (NLK; Figure 3.12D). However, the 

same trend of upregulation seen in LUM and KERA could also appreciated for ALDH1A1 

in both NCK and NLK, particularly at week 2 and 3. 

Additionally, neither corneal nor limbal stromal cells that were allowed to spontaneously 

differentiate in CSSCM (NCSD, NLSD) showed any change in expression levels of 

ALDH1A1 (Figure 3.12E, Figure 3.12F). 
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Figure 3.12. Relative gene expression levels of keratocyte markers ( LUM, KERA  and 

ALDH1A1 ) in corneal (A, C, E) and limbal (B, D, F) stromal cells under different culture 

conditions as assessed by Real -Time qPCR. Results are shown for NC and NL cultured in 

KDM supplemented or depleted of FGF at different time points (NCKi and NLKi, respectively. i= 

1, 2 or 3 weeks) and in CSSCM after 5 days (NCSD and NLSD, respectively). Dashed line 

represents the gene expression for the basal conditions NC and NL. Data is represented as 

median ± 5-95 percentile, n=4 biological replicates. Kruskal-Wallis test followed by Dunnôs post 

hoc test was performed. *indicates degree of significance against the initial condition. *p<0.05, 

**p<0.01. Abbreviations NC: Normal corneal stromal cells, NL: Normal limbal stromal cells, NCSD 

Normal corneal stroma spontaneously differentiated cells, NLSD Normal limbal stroma 

spontaneously differentiated cells. 

A) B) 

C) D) 

E) F) 
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3.4.3.2.4 Protein production profiling of keratocyte markers during directed 

differentiation of NC and NL towards a keratocyte phenotype  

Production of LUM was not upregulated during keratocyte differentiation 

Interestingly, the LUM protein production was not consistent with the Real-time qPCR 

results. As shown in Figure 3.13A, when prompted towards a keratocyte phenotype, 

corneal stromal cells (NCK) did not significantly change LUM production, compared to 

the basal conditions. This remained true regardless of the presence or absence of FGF. 

The same trend was observed in limbal stromal cells (NLK, Figure 3.13B).  

Seemingly, neither corneal nor limbal stromal cells that were allowed to spontaneously 

differentiate when cultured in CSSCM for 5 days (NCSD, NLSD) showed an increase in 

LUM production.  

Production of KERA was not significantly upregulated during keratocyte differentiation 

Corneal stromal cells prompted to differentiate to a keratocyte phenotype (NCK), showed 

an upregulation of KERA production, as indicated by more intense bands in the western 

blot membranes (Figure 3.13A). However, this upregulation was not statistically 

significant (p>0.05). The same trend could be observed in limbal stromal cells (Figure 

3.13B).  

However, neither corneal nor limbal stromal cells that were allowed to spontaneously 

differentiate when cultured in CSSCM for 5 days (NCSD, NLSD) showed an increase in 

KERA production.  
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Figure 3.13. Production  levels of keratocyte markers (LUM and KERA) by corneal (A, C) 

and limbal (B, D) stromal cells under different culture conditions as assessed by Western 

blot. Results are shown for the basal condition NC and NL, for NC and NL cultured for 3 weeks 

in KDM supplemented (NCK3F+, NLK3F+, respectively) or depleted of FGF (NCK3F-, NLK3F-, 

respectively), and for NC and NL cultured for 5 days in CSSCM (NCSD and NLSD, respectively). 

Graphs showing the densitometry quantification normalised to GAPDH. Data is represented as 

the median of n=3 biological replicates. Kruskal-Wallis test followed by Dunnôs post hoc test was 

performed. *indicates degree of significance against the basal condition. *p<0.05. Abbreviations 

NC: Normal corneal stromal cells, NL: Normal limbal stromal cells, NCSD Normal corneal stroma 

spontaneously differentiated cells, NLSD Normal limbal stroma spontaneously differentiated cells. 

A) B) 

C) D) 
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3.4.3.2.5 Gene expression and protein production profiling of myofibroblast 

markers during directed differentiation of NC and NL towards a 

keratocyte phenotype  

Expression of ŬSMA is upregulated during keratocyte differentiation 

As shown in Figure 3.14A, when prompted to differentiate towards a keratocyte 

phenotype, corneal stromal cells (NCK) showed a significant increase (around 10X-Fold 

change p<0.05) in ŬSMA expression compared to the basal condition. This was true 

regardless of the presence or absence of FGF. The same trends were found for limbal 

stromal cells (NLK; Figure 3.14B).  

In contrast, neither corneal nor limbal stromal cells that were allowed to spontaneously 

differentiate when cultured in CSSCM for 5 days (NCSD, NLSD) showed an increase in 

ŬSMA expression (Figure 3.14A, Figure 3.14B).  
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Figure 3.14. Relative gene expression levels of the fibrosis marker ŬSMA (ACTA2 ) in 

corneal (A) and limbal (B) stromal cells under different culture conditions as assessed by 

Real-Time qPCR. Results are shown for NC and NL cultured in KDM supplemented or depleted 

of FGF at different time points (NCKi and NLKi, respectively. i= 1, 2 or 3 weeks) and in CSSCM 

after 5 days (NCSD and NLSD, respectively). Dashed line represents the gene expression for the 

basal conditions NC and NL. Data is represented as median ± 5-95 percentile, n=4 biological 

replicates. Kruskal-Wallis test followed by Dunnôs post hoc test was performed. *indicates degree 

of significance against the initial condition. *p<0.05. Abbreviations NC: Normal corneal stromal 

cells, NL: Normal limbal stromal cells, NCSD Normal corneal stroma spontaneously differentiated 

cells, NLSD Normal limbal stroma spontaneously differentiated cells. 

A) B) 
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Production of ŬSMA was significantly upregulated during keratocyte differentiation 

Results of ŬSMA protein production obtained by Western blot were consistent with those 

of Real Time qPCR. Corneal stromal cells that differentiated to a keratocyte phenotype 

(NCK), showed a significant upregulation of ŬSMA production (Figure 3.15A). This was 

true only when NCK were differentiated in KDM in the absence of FGF. The same trend 

could be observed in limbal stromal cells (Figure 3.15B).  

When central and limbal stromal cells were allowed to spontaneously differentiate in 

CSSCM (NCSD, NLSD) there was no significant differences observed, compared to the 

basal conditions (Figure 3.15A, Figure 3.15B).  

Immunofluorescence showed that ŬSMA was produced by the majority of central and 

limbal corneal stromal cells, indicated by diffused red staining in Figure 3.16. However, 

only a small proportion of cells that were prompted towards a keratocyte phenotype (NCK 

and NLK), had assembled ŬSMA into stress fibres. This remained true regardless of the 

presence or absence of FGF. IgG negative controls did not show staining (Appendix, 

Figure A.8.3). No differences were observed between limbal and central corneal stromal 

cells regarding their production and assembly of ŬSMA.  
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Figure 3.15. Production levels of the fibrosis marker ŬSMA by corneal (A) and limbal (B) 

stromal cells under different culture conditions as assessed by Western blot. Results are 

shown for the basal condition NC and NL, for NC and NL cultured for 3 weeks in KDM 

supplemented (NCK3F+, NLK3F+, respectively) or depleted of FGF (NCK3F-, NLK3F-, 

respectively), and for NC and NL cultured for 5 days in CSSCM (NCSD and NLSD, respectively). 

Graphs showing the densitometry quantification normalised to GAPDH. Data is represented as 

the median of n=3 biological replicates. Kruskal-Wallis test followed by Dunnôs post hoc test was 

performed. *indicates degree of significance against the basal condition. *p<0.05. Abbreviations 

NC: Normal corneal stromal cells, NL: Normal limbal stromal cells, NCSD Normal corneal stroma 

spontaneously differentiated cells, NLSD Normal limbal stroma spontaneously differentiated cells. 

  

A) B) 
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Figure 3.16. Production and assembly of ŬSMA by corneal  and limbal stromal cells, as 

assessed by immunofluorescence. Red: Anti-ŬSMA, Green: Phalloidin, Blue: DAPI. Scale 

bars: 300µm. Abbreviations NC: Normal corneal stromal cells, NL: Normal limbal stromal cells, 

NCK3F Normal corneal stromal keratocyte-like cells, NLK3F: Normal limbal stromal keratocyte-

like cells, NCSD Normal corneal stroma spontaneously differentiated cells, NLSD Normal limbal 

stroma spontaneously differentiated cells. 
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3.4.3.2.6 Gene expression profiling of  the proliferation marker KI67 during 

directed differentiation of NC and NL towards a keratocyte phenotype  

Expression of KI67 is downregulated during keratocyte differentiation  

As shown in Figure 3.17C, the expression levels of KI67 were significantly 

downregulated when corneal stromal cells were differentiated towards a keratocyte 

phenotype (NCK) (100X- and 1000X-Fold Decrease, p<0.05). This remained true 

regardless of the presence or absence of FGF. The same trends could be observed for 

limbal stromal cells (NLK; Figure 3.17B).  

KI67 expression did not significantly change when corneal or limbal stromal cells were 

allowed to spontaneously differentiate for 5 days in CSSCM (NCSD, NLSD).  
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Figure 3.17. Relative gene expression levels of KI67 in corneal (A) and limbal (B) stromal 

cells under different culture conditions as assessed by Real -Time qPCR. Results are shown 

for NC and NL cultured in KDM supplemented or depleted of FGF at different time points (NCKi 

and NLKi, respectively. i= 1, 2 or 3 weeks) and in CSSCM after 5 days (NCSD and NLSD, 

respectively). Dashed line represents the gene expression for the basal conditions NC and NL. 

Data is represented as median ± 5-95 percentile, n=4 biological replicates. Kruskal-Wallis test 

followed by Dunnôs post hoc test was performed. *indicates degree of significance against the 

initial condition. *p<0.05, **p<0.01. Abbreviations NC: Normal corneal stromal cells, NL: Normal 

limbal stromal cells, NCSD Normal corneal stroma spontaneously differentiated cells, NLSD 

Normal limbal stroma spontaneously differentiated cells. 

The protein expression levels of KI67 was not assessed to confirm the Real-Time qPCR 

results as a decline in cell proliferation could clearly be seen just by direct observation 

under the microscope. This is reflected in Figure 3.9B in all NCK and NLK conditions, 

compared to NCSD and NLSD.  

A) B) 
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3.4.3.2.7 The expression profiling of apoptosis markers d uring directed 

differentiation of  NC and NL towards a keratocyte phenotype   

Expression of TP53 was significantly upregulated during keratocyte differentiation 

As shown in Figure 3.18A, when prompted to differentiate towards a keratocyte 

phenotype, corneal stromal cells (NCK) showed a significant increase (over 5X Fold 

increase, p<0.05) in TP53 expression. This remained true whether NCK were 

differentiated in the presence or absence of FGF (Figure 3.18A). The same trends were 

found for limbal corneal stromal cells (NLK; Figure 3.18B).  

However, neither corneal nor limbal stromal cells that were allowed to spontaneously 

differentiate when cultured in CSSCM for 5 days (NCSD, NLSD) showed an increase in 

TP53 expression (Figure 3.18A, Figure 3.18B).  

Expression of BAX did not change during keratocyte differentiation 

The expression levels of BAX did not change across any of the conditions in corneal nor 

limbal stromal cells (p>0.05, Figure 3.18C and Figure 3.18D). 

Expression of BCL2 did not change during keratocyte differentiation 

BCL2 gene expression levels were significantly downregulated when corneal stromal 

cells were differentiated towards a keratocyte phenotype in the presence of FGF (NCK, 

Figure 3.18A). However, when limbal corneal stromal cells were differentiated towards a 

keratocyte phenotype BCL2 was not significantly downregulated (Figure 3.18B).  

In addition, BCL2 expression did not significantly change when normal or limbal corneal 

stromal cells were allowed to spontaneously differentiate in CSSCM (NCSD, NLSD).   
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Figure 3.18. Relative gene expression levels of apoptosis markers ( TP53, BAX , and BCL2 ) 

in cor neal (A, C, E) and limbal (B, D, F) stromal cells under different culture conditions as 

assessed by Real -Time qPCR. Results are shown for NC and NL cultured in KDM supplemented 

or depleted of FGF at different time points (NCKi and NLKi, respectively. i= 1, 2 or 3 weeks) and 

in CSSCM after 5 days (NCSD and NLSD, respectively). Dashed line represents the gene 

expression for the basal conditions NC and NL. Data is represented as median ± 5-95 percentile, 

n=4 biological replicates. Kruskal-Wallis test followed by Dunnôs post hoc test was performed. 

*indicates degree of significance against the initial condition. *p<0.05, **p<0.01. Abbreviations 

NC: Normal corneal stromal cells, NL: Normal limbal stromal cells, NCSD Normal corneal stroma 

spontaneously differentiated cells, NLSD Normal limbal stroma spontaneously differentiated cells. 

A) B) 

C) D) 

E) F) 
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Summary of results:  

¶ Corneal and limbal stromal cells cultured in KDM and allowed to spontaneously 

differentiate in CSSCM acquired an elongated spindle shaped morphology.  

¶ Corneal and limbal stromal cells cultured in KDM proliferated less than when 

cultured in CSSCM. 

¶ The morphology of corneal and limbal stromal cells was different after 

differentiation in KDM for 3 weeks, regardless of the presence or absence of FGF. 

¶ Corneal and limbal stroma cells cultured in KDM have different gene expression 

profiles than when cultured in CSSCM: 

o Expression levels of CD90, KERA, LUM, ŬSMA and TP53 were 

upregulated. 

o Expression levels of KI67 were downregulated. 

¶ Corneal and limbal stroma cells cultured in KDM without FGF have a different 

protein expression profile than when cultured in CSSCM: 

o Expression levels of CD90, ŬSMA were upregulated. 

¶ Corneal and limbal stroma cells cultured confluent in CSSCM have a similar 

expression profile for the genes tested to when cultured sparsely in the same 

medium.  

  



   

109 

 

3.5 Discussion  

Data presented in this chapter showed that corneal stromal cells were successfully 

expanded in CSSCM whereas they remained quiescent in KDM. Unexpectedly, corneal 

and limbal stromal cells cultured in CSSCM presented similar phenotype and both could 

be differentiated into keratocyte-like cells.  

 Normal c orneal stromal cells were successfully  expanded in CSSCM  

Due to tissue shortage, the first aim of this chapter was to determine if it would be 

possible to sufficiently expand the number of stromal cells isolated from central corneas. 

Supporting the 1st hypothesis, KDM was revealed not to be a suitable culture medium to 

do so, as these cultures showed no proliferation, consistent with previously published 

results [35, 79]. KDM is a serum-free medium suitable for keratocytes culture if one aims 

to maintain their native phenotype [194]. In contrast, and supporting the 2nd hypothesis, 

the results here presented showed that corneal stromal cells cultured in CSSCM 

proliferate and expand in number (approximately 22 population doublings while still in 

the exponential phase of growth). Similar results have been reported in limbal stromal 

stem cells cultured in CSSCM, which have been grown for up to 100 population 

doublings [54].  

Corneal stromal cells showed a small square-like morphology both when cultured in 

CSSCM and in KDM, which resembles the stem cell morphology found in corneal stromal 

stem cells (CSSC) cultured in CSSCM [174]. A small cell population cultured in KDM 

presented a dendritic morphology with small protrusions, representative of cultured 

keratocytes [185]. However, these cells did not form any network, a feature seen in 

keratocytes in vitro [35, 185] and in vivo [197], likely due to the low cell density at the 

time of seeding and the subsequent low proliferative potential. Corneal stromal cells 

cultured in CSSCM attached to the tissue culture plate, with some cells presenting 

spindle shaped cell bodies, similar to corneal fibroblasts cultured in 10% FBS-containing 

media [79, 183]. After passaging and expanding the cells in CSSCM, the majority lost 

the fibroblastic morphology and acquired a small square-like body. These observations 

suggest that CSSCM is a suitable medium to expand corneal stromal cells in vitro. In 

conclusion, results here supported the hypotheses that KDM was not a suitable culture 

medium to yield enough cell numbers and that CSSCM promoted corneal stromal cell 

proliferation.  
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 Normal corneal and limbal stromal cells  have similar phenotypes 

when cultured in CSSCM  

Unexpectedly, the results here presented rejected the 3rd hypothesis that corneal and 

limbal corneal stromal cells present different phenotype even when cultured in the same 

conditions. Namely, there were no significant differences between the phenotypes of 

central corneal (NC) and limbal (NL) stromal cells cultured in CSSCM at low density. 

Different populations of cells are thought to reside in the central cornea and the limbus 

in vivo. Corneal stromal stem cells (CSSC) have been reported to be present in the 

limbus (here referred to as NL) [54, 57] while the central corneal stroma is populated by 

keratocytes [22]. Interestingly, both NC and NL cultured in CSSCM presented the same 

small square-like morphology with high nucleus to cytoplasm ratio, which is a feature of 

CSSC [174]. Previously, CSSC were isolated from the limbal stroma as a side population 

that expressed stem cell related markers (PAX6, CD90, CD73) and also exhibited 

multipotent differentiation potential [54, 174]. Despite not being expressed in 

keratocytes, PAX6 is a marker of eye development and therefore it identifies ocular 

progenitor cells [57]. In the data here presented, Real-Time qPCR results showed that 

NC and NL had very low PAX6 expression. However, it has been previously reported 

that PAX6 expression in CSSC decreases with cell passaging [198] (and personal 

communication by Martha Funderburgh, ARVO Meeting 2019). In this project, gene 

expression of NC and NL was tested at passages 5-7 and therefore PAX6 expression 

could have already decreased to undetectable values. CD90 and CD73 belong to the list 

of genes whose expression is a minimal requirement for cells to be considered as MSC 

[199]. CD90 and CD73 were expressed by NC and NL at a similar level as control MSC 

suggesting that these two cell populations may share MSC features under the conditions 

tested. 

NC and NL did not express KERA and had low expression of LUM and ALDH1A1. 

Supporting studies also showed low expression of typical keratocyte markers in CSSC 

in vitro [54]. The expression of KI67 was higher in NC and NL than in MSC and ECs. 

However, only one MSC and ECs cell line was used for this study so conclusions cannot 

be drawn from this comparison. Medium supplemented with FBS and ITS has previously 

been shown to promote proliferation of corneal stromal cells [180], which supports the 

results found herein. Nevertheless, it is interesting that NC and NL have similar 

proliferation rates, both demonstrated by total DNA and by KI67 expression.  High 

proliferation is typical of stem cells when cultured in vitro [54], and as previously 

explained a stem cell population has been described in the limbus (where NL are derived 

from), but not in the central cornea (where NC are derived from). NC and NL presenting 
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the same proliferation capacity does not support the hypothesis that NC and NL behave 

differently when cultured in CSSCM.  

In a recent study, Sidney and colleagues isolated and cultured keratocytes (from central 

cornea) in M199 supplemented with 20% FBS, a medium used to culture MSC. They 

also found an increase in cell proliferation, upregulation of CD90 and CD73 and a 

downregulation of KERA [181]. This is consistent with the results presented herein and 

with the hypothesis that central corneal stromal cells can be expanded in vitro when 

cultured in a suitable media. Cells cultured in such conditions express the putative MSC 

markers and do not express typical keratocyte markers. This shift in phenotype 

suggested that corneal stromal cells acquire stem cell-like properties when cultured in 

CSSM and that they present a very plastic behaviour in vitro. Therefore, the next step 

was to assess if they can be reverted to a keratocyte phenotype.  

 Normal corneal and  limbal stromal cells share similar ability to 

differentiate into keratocyte -like cells  

Unexpectedly, and not supporting our hypothesis, both central and limbal stromal cells 

had the same ability to differentiate into keratocyte-like cells. When cultured in KDM or 

left to reach confluence in CSSCM, NC and NL acquired an elongated morphology. Other 

studies suggest that cells can acquire either a dendritic [183] or a spindle-shaped [180, 

181] morphology when cultured in the serum-free medium supplemented with FGF-3, 

TGFɓ3 and retinoic acid. In the presence of PDGF-BB, cells have shown an even longer 

spindle shaped morphology [180]. The latter results are consistent with the data 

presented here, in which cells acquire an elongated morphology when cultured to 

confluence in CSSCM that contains PDGF. Moreover, there were apparent differences 

in cell morphology and density between NCK and NLK when cultured with FGF or without 

FGF. Controversially, two published studies suggested that serum-free medium 

supplemented with FGF promotes a more fibroblastic morphology [180, 184], whereas 

another claimed that FGF does not alter cell morphology [79]. In the results here 

presented, KDM without FGF promoted a more elongated fibroblastic morphology. 

Although, the main differences arose from cell density. Unexpectedly, the microscopy 

images showed that normal and limbal stromal cells differentiated towards a keratocyte 

phenotype in the absence of FGF had higher cell density than when FGF was present 

suggesting that the former proliferated more. However, no differences in KI67 gene 

expression were observed when cells were cultured in the presence or absence of FGF. 

Interestingly, FGF has been previously shown to promote proliferation of keratocytes 
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[184, 186], nevertheless the results here presented suggest that in these conditions it 

did not affect cell proliferation.  

It has been previously reported that when CSSC differentiate into keratocytes, they lose 

their progenitor markers expression, namely PAX6, CD90 and CD73 [57]. PAX6 was 

expressed at a very low level in the basal conditions when corneal and limbal stromal 

cells were cultured in CSSCM (NC and NL, respectively). Therefore, no statistical 

analysis comparing NC and NL with NCK and NLK cultured in KDM could be performed. 

Unexpectedly, CD90 was upregulated in NCK and NLK at all time points and its 

expression increased overtime. Similar results have been reported in recent studies, in 

which corneal stromal cells have been expanded in serum containing medium and later 

differentiated into keratocytes-like cells [180, 181]. Instead of being downregulated, 

CD90 maintained its expression across all serum-free treated cells, suggesting that they 

only achieved a partial keratocyte differentiation [181]. Apart from being a MSC marker, 

CD90 has also been shown to be expressed in corneal fibroblasts and myofibroblasts 

[200], which suggests that some cells might be differentiating into myofibroblasts in our 

cultures. Similar results were shown for CD73, which was not downregulated when NC 

and NL were differentiated into keratocyte-like cells, instead, its expression did not 

change across conditions. At the mRNA level, CD73 was significantly upregulated in 

NLK3 but the same was not shown at the protein level. Fernandez-Perez and Ahearne 

have also shown higher CD73 gene expression in serum-deprived cells when compared 

to those cultured in serum and PDGF containing media [180], although the differences 

did not appear statistically significant (p>0.05). 

Keratocan gene and protein expression was highly upregulated in NCK and NLK, both 

in the presence and absence of FGF, suggesting that cells were differentiating into 

keratocytes [57, 185]. Keratocan was not upregulated in NCSD and NLSD, consistent 

with results that show no expression of keratocan in cells cultured in serum [180]. 

Lumican on the other hand, was upregulated at the mRNA level but the same was not 

observed at the protein level. Lumican regulates the expression of keratocan at the 

transcriptional level [201]. Blocking lumican at the mRNA level decreased the expression 

of keratocan, and adding a lumican-expressing mini gene was able to restore the 

expression of keratocan [201]. In the present study, lumican mRNA was upregulated in 

NCK and NLK, which could be acting to activate the expression of keratocan, hence this 

could be why the mRNA levels were maintained at high levels. However, lumican protein 

might have already been synthesised and secreted into the medium by NCK and NLK, 

lowering the levels of intracellular lumican to be detected in the Western blot. Although 

a trend could be observed, ALDH1A1 was not significantly upregulated in NCK and NLK, 
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consistent with results showed by Barryhill et al in which ALDH expression could not be 

restored after expansion of corneal stromal cells in serum [183]. Upregulation of lumican 

and keratocan suggest that NCK and NLK were acquiring a keratocyte phenotype.  

Unexpectedly, gene and protein expression of ŬSMA was also upregulated in NCK and 

NLK when compared to NC and NL. Published results differ regarding the expression of 

ŬSMA in cells cultured serum-free or in the presence of serum. Beales et al reported that 

cells cultured in serum-free medium downregulate ŬSMA and serum-containing medium 

promoted ŬSMA upregulation [79], whereas Fernandez-Perez et al showed the opposite 

[180]. In both studies FGF was shown to inhibit the expression of ŬSMA [79, 180]. The 

same results were not observed here at the mRNA level. No differences in ŬSMA gene 

expression between NCK and NLK cultured with or without FGF were appreciated. 

However, at the protein level, expression of ŬSMA was only significantly upregulated 

when corneal and limbal stromal cells were differentiated in KDM without FGF, consistent 

with studies showing that FGF inhibits ŬSMA expression [79].  

It is likely that the NCK and NLK cultures represented a heterogeneous population of 

cells with regards to their different stages of differentiation (keratocyte-like cells, 

fibroblasts and myofibroblasts). Thus, the keratocyte-like cells upregulated the 

expression of keratocan and lumican and downregulated MKI67, while other cells that 

were progressing towards a fibroblast or myofibroblast phenotype upregulated ŬSMA 

and CD90. This is consistent with other published studies in which a small percentage 

of cells in serum-free medium express ŬSMA, while the majority remain negative [181]. 

Immunocytochemistry results here presented supported this hypothesis, by showing that 

only a small proportion of the corneal stromal cells prompted towards a keratocyte 

phenotype (NCK and NLK) were actually assembling the ŬSMA into stress fibres. These 

cells would have possibly differentiated into myofibroblasts, while the remaining would 

still retain their keratocyte-like phenotype. These results support the idea that corneal 

stromal cells cultured for 3 weeks in KDM might constitute a population of cells at 

different stages of differentiation. 

Both NCK and NLK cultured in KDM with or without FGF upregulated at the 

transcriptional level CD90, KERA, LUM and ŬSMA and downregulated KI67. At the 

protein level, NCK and NLK cultured in FGF depleted KDM upregulated significantly 

CD90 and ŬSMA, even though an upregulation of KERA was also clearly seen by looking 

at the Western blot images. On the contrary, NCK and NLK cultured in KDM with FGF 

did not upregulate any marker significantly, but a higher expression of CD90 and KERA 

was also appreciated, when compared to NC and NL. This suggests that there were not 
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major differences between the ability of cells treated in the presence or absence of this 

growth factor to differentiate into keratocytes, due to the upregulation of KERA and 

downregulation of MKI67 in both conditions. However, there might be a difference in the 

differentiation of fibroblasts and myofibroblasts, since CD90 and ŬSMA were more 

upregulated in NCK and NLK cultured in FGF depleted KDM. This is consistent with 

previous results that showed a reduction in myofibroblast differentiation when cells are 

cultured in FGF [79]. These results support the hypothesis that FGF is an essential 

regulator of the keratocyte differentiation process. 

In the present work, despite cells being seeded at the same density for treatment with 

KDM supplemented or depleted of FGF, the cell density after 1 week of culture appeared 

different. It has already been reported that cell density is another modulator of cell 

phenotype [202]. Masur and colleagues showed that fibroblasts seeded at low density 

easily differentiated into myofibroblasts, increasing their expression of ŬSMA and TGFɓ. 

However, when these enriched myofibroblasts cultures were seeded again at high 

density the expression of ŬSMA was lost within 3 days [202]. It is difficult to directly 

compare our data with that in the published literature, regarding the influence of FGF on 

cell behaviour, because many other confounding factors such as cell density and the 

presence of serum vary between studies. 

 Are there stem cells in the central cornea?  

Similar to results shown here, in which corneal stromal cells share some CSSC-like 

characteristics, such as expression of CD90, CD73 and the ability to differentiate into 

keratocytes, recent reports have described a population of stem cells in the central 

corneal stroma. Furthermore, these cells have been attributed with MSC properties [58, 

181, 187, 203]. Some of these studies claim that their results support the hypothesis that 

there is a population of MSC also located in the central corneal stroma and not only in 

the limbus [58, 187]. However, during the last decade, there has been a call for caution 

when using the term mesenchymal stem cells. The term MSC was coined more than 25 

years ago to describe a population of cells isolated from bone marrow or periosteum that 

could be expanded in vitro while maintaining the ability to differentiate into a variety of 

mesodermal lineages. However, the term MSC has been exponentially used in the 

regenerative medicine field, regardless of cells presenting this multipotential capacity in 

vitro [204]. The fact that MSC include the term ñstem cellsò has allowed business to 

exploit MSC in some questionable stem-cell treatments. Caplan suggested changing the 

term mesenchymal stem cells to medicinal stem cells, implying that they have 

regenerative potential in vivo [205]. Whether the cells used herein should be called MSC 
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or not will depend on further in vitro characterisation and on which application they will 

be used.  

Nevertheless, there exists a discussion on how the culture medium may be able to 

change the phenotype of the cells in vitro. It could be that by isolating differentiated 

keratocytes and culturing them in CSSCM, which was first described for CSSC, results 

in driving the cells back to a more undifferentiated phenotype in vitro. This ability of a 

culture medium, different to the one used here, could change the phenotype of corneal 

or limbal stromal cells was already discussed by Sidney and colleagues [206]. They also 

showed that by changing the culture medium, they could promote stem-cell like 

characteristics in corneal stromal cells, concluding that the culture conditions can easily 

modulate the corneal stromal cells phenotype [206]. 

Regardless of what is the nature of the cells isolated, whether they were stem cells in 

vivo or whether the in vitro culture conditions afforded them a degree of plasticity, the 

aim of this study was fulfilled. A novel protocol was developed to expand corneal stromal 

cells in vitro without becoming fibroblastic, while maintaining the ability to differentiate 

into keratocyte-like cells. Importantly, the results indicated that enough cells for 

subsequent in vitro studies could be obtained. In the next chapter a similar study was 

performed to determine if the method would be suitable for the culture of corneal stromal 

cells from aniridia patient tissue. 
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 CHAPTER 4: ANIRIDIC AND NORMAL CORNEAL STROMAL 

CELLS HAVE SIMILAR PHENOTYPICAL CHARACTERISTICS 

WHEN CULTURED IN 2D 

4.1 Introduction  

The first studies that attempted to identify the mechanisms behind ARK development 

attributed this condition to a limbal epithelial stem cell deficiency (LESCD) [3, 143]. These 

reported the absence of palisades of Vogt in ARK limbus, where the limbal epithelial 

stem cells reside, as the possible cause for ARK [3]. It was then suggested that in LESCD 

the limbus cannot functionally serve as the barrier to segregate the cornea from the 

surrounding conjunctiva. This is followed by an incursion of the neighbouring conjunctiva 

onto the cornea, resulting in corneal opacification and vascularisation [3, 143]. 

Thereafter, other published evidence has suggested that LESCD is not the solely cause 

of ARK. Dysregulation of the differentiated corneal epithelium or of the stroma have also 

been hypothesised to play a role in the progress of this condition [129, 144, 161, 166, 

207, 208].  

In a recent review, Ihnatko and colleagues integrated an updated version of the genetic, 

morphologic, and molecular findings in human and animal model ARK corneas, with the 

studies published from 2003 to 2015 [209]. However, most of these studies focused on 

the involvement of the epithelium in ARK. In this layer, even though 60-70% of the normal 

Pax6 protein levels are kept unaltered, severe forms of ARK arise from heterozygous 

Pax6+/- gene transcription in mouse models [139]. Many other manifestations affect the 

corneal epithelium of ARK corneas, including altered protein profile expression, 

transparency, cell adhesion, migration, and morphology [129, 165]. However, for the 

purpose of this thesis, the focus will be placed on the evidence that supports the 

involvement of the stromal cells in the development of ARK. 

Scarce evidence supports the hypothesis that the stroma might also be affected in ARK, 

and those that do are mainly based on in vivo or ex vivo observations in human corneas 

[161, 207, 210] and in murine models [169, 208, 211]. The aniridic stroma appears to be 

thicker and less regular than the normal corneal stroma, observations made in both 

humans and Pax6+/- mice  corneas [161, 210, 211]. Additionally, the anterior stromal 

pannus in human ARK corneas presents strucutral changes compared to the healthy 

stroma, with modified ECM composition [161]. On the one hand, a downregulation of 

collagen type I was observed, which would help explain the loss of transparency in ARK 

corneas. On the other hand, an upregulation of fibronectin, vimentin and ŬSMA, proteins 
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involved in corneal wound healing and scarring,  was also observed [161]. These results 

suggested that the anterior stromal pannus in ARK migh present alterations in the wound 

healing capacity, remaining in a state of on-going wound healing and fibrosis [161]. 

Supporting results showed higher levels of aniridic stromal cell apoptosis in an ex vivo 

model of wound healing in adult mice corneas [208]. Finally, keratocytes presented large 

intracellular vacuoles in Pax6+/- mice corneas [169], what may be a sign of cell death 

[212]. These results show that the stroma is affected during ARK. However, studies on 

the human aniridic cornea focus mainly on the dysregulation of ECM, rather than on the 

cells themselves [161, 210]. The presented study aims to fill this gap by assessing the 

behaviour of human aniridic corneal stromal cells in vitro. 

To the best of our knowledge, there are no reported in vitro studies investigating the 

properties of primary corneal stromal cells extracted and cultured from patients with ARK. 

Therefore, it is currently unknown if they differ in any way from their non-diseased 

counterparts. The only evidence of cultured corneal stromal cells with a PAX6 mutation 

is a conference abstract in which Secker and colleagues reported the successful culture 

of murine Pax6+/- corneal fibroblasts [213]. However, these fibroblasts were cultured in 

DMEM supplemented with 10% FBS, and as discussed previously, the effect of the 

culture medium modulates cell phenotype. In addition, murine corneas differ significantly 

from human [214]. For example, the corneal stroma in mouse only contributes to 70% of 

the total corneal thickness, compared to 90% in humans, suggesting that the events 

happening in mouse model are not always comparable to those of humans [214].  

In the previous chapter, CSSCM was successfully used to culture and expand normal 

central corneal stromal cells in vitro. Additionally, cells cultured in CSSCM presented 

some stem-like characteristics and maintained their ability to differentiate back into 

keratocyte-like cells. The next step was to establish whether the same results could be 

achieved using aniridic corneal stromal cells. Therefore, in this chapter human aniridic 

corneal stromal cells were extracted, culture, and expanded in CSSCM. These cells were 

then further characterised and compared to their non-diseased counterparts. Taking into 

account the changes observed elsewhere on aniridic epithelium and stroma [129, 161, 

165, 208, 211], differences between aniridic and normal corneal stromal cells regardig 

their proliferation and migration capacities, differentiation potential, and apoptosis were 

assessed.  
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4.2 Hypotheses and aims  

The hypotheses tested in this chapter were the following:  

1. ñAniridic and normal corneal stromal cells have different phenotypes when 

cultured in CSSCM in vitro.ò 

2. ñAniridic corneal stromal cells differentiate less readily into keratocyte-like cells in 

vitro, compared to normal corneal stromal cells.ò 

3. ñFGF is an essential regulator of the normal and aniridic corneal stromal cell 

differentiation into keratocyte-like cells in vitro.ò 

Hence, the overarching aim of Chapter 4 was to characterise aniridic corneal stromal 

cells cultured in CSSCM and compare their phenotype, differentiation potential, and 

apoptosis rate with those of normal corneal stromal cells.  

4.3 Materials and methods  

 Patient demographics  

Cadaveric donor corneas and live patient aniridic samples were obtained from Moorfields 

Eye Hospital (UK) with ethics approval (10/H0106/57-11ETR10) and appropriate 

research consent. Cadaveric donor corneas were stored in organ culture medium until 

dissection to isolate corneal stromal cells. Aniridic samples were promptly collected and 

stored temporarily in DPBS and processed as soon as received.  

In this study, four aniridic samples and four control normal corneal buttons were used. 

Detailed donor information can be found on Table 4.1.  
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Table 4.1. Donor information.  Age, eye of retrieval, type of surgery, storage time, and sample 

ID is shown. Abbreviations AC: aniridic corneal stromal cells, NC: normal corneal stromal cells, 

NA: not applicable.  

Condition  Age 

(years)  
Eye Type of surgery  

Storage 

(days)  
Sample ID  

Aniridia  

54 Left Superficial keratectomy 1 AC1 

63 - Superficial keratectomy 1 AC2 

56 Left 
Keratoprosthesis ï 

corneal button 
2 AC3 

58 - 
Keratoprosthesis ï 

corneal button 
1 AC4 

Normal  

54 Right NA 26 NC1 

46 Right NA 29 NC3 

84 Right NA 19 NC2 

63 Left NA 20 NC4 

 

Patient clinical history was obtained from Moorfields Eye Hospital, Table 4.2. Two 

patients had previous corneal graft transplantation, and published evidence showed that 

donor stromal cells can remain in the graft for up to 30 years [215]. To obtain more 

information on the cells populating the cornea of the aniridic patients at the time of 

sample collection and to confirm that the cells being used were patient specific, 

genotyping was performed both from patient blood and their isolated corneal cells. 

Aniridic samples were processed and used as soon as received from surgery. Aniridic 

corneal stromal cells (AC) were isolated, cultured, and passaged as described in section 

2.1 in Chapter 2. 
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Table 4.2. Information about clinical history of surgeries of aniridic patients. Graft date, 

tissue type, eye grafted and graft gender are included. No information for donor A4 could be 

obtained. Abbreviations NA: not applicable, NK: not known. 

Patient  Graft date  Tissue type  Eye grafted  Graft gender  

A1 
08/05/2013 Cornea Right Male 

23/12/2015 Cornea Left Male 

A2 NA None NA NA 

A3 

12/04/2000 Cornea Unknown Male 

27/03/2002 Sclera Unknown Male 

02/03/2005 Cornea Left Female 

21/01/2009 Cornea Left Male 

04/09/2013 Cornea Left Female 

A4 NK NK NK NK 

 

 Genotyping of PAX6 gene in aniridic corneal stromal cells  

4.3.2.1 DNA extraction of aniridic corneal stromal cells  

Aniridic corneal stromal cells cultured in CSSCM, were trypsinised as in section 2.1.2, 

centrifuged and the pellet was resuspended in 150ɛL of lysis buffer, provided in the kit. 

Cultured stromal cell lysates from each aniridic sample were stored at -20°C until DNA 

was extracted. Genomic DNA purification was performed using the Wizard® SV Genomic 

DNA Purification System (Promega) as per manufacturer instructions. Briefly, the lysate 

was transferred to a Wizard SV Minicolumn assembly and spun for 3 minutes at 

13000xg. The flow-through was discarded and 650ɛL of Column Wash Solution was 

added to the Minicolumn, centrifuged for 1 minute at 13000xg and the flow-through 

discarded. This washing step was repeated three times for a total of four washes. After 

the last wash, the Minicolumn was centrifuged for 2 minutes at 13000xg to dry the binding 

matrix. The Minicolumn was placed into a new, labelled 1.5mL microcentrifuge tube and 

250ɛL of Nuclease-Free Water were added on top and incubated for 10 minutes. The 

Minicolumn/tube assembly was placed into the centrifuge and spun for 1 minute at 

13000xg to elute the DNA. To remove copurified RNA, 2ɛL of RNase A Solution was 

added to the solution and incubated for 5 minutes, before storing the DNA at -20°C.  
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Concentration and purity of DNA were then analysed with the Nanodrop System 

(ThermoFisher Scientific). Nucleic acids have a peak of absorbance at 260 nm, from 

which, using the Beerôs Lambert law, their concentration can be calculated. Values of 

the ratio of absorbance at 260/280 and 260/230 indicate if any present contaminants 

absorb at 280 nm (proteins) or 230 nm (phenols and salts) and are an indication of the 

purity of the DNA. 

4.3.2.2 RT- PCR  

The coding exons of the PAX6 gene (exon 4- exon 13) were each amplified as single 

PCR products. Additionally, exon 2 and the conserved Simo enhancer element were also 

studied given that some aniridia causing mutations had been previously found in this 

location [216]. Primers used for the PCR reactions can be seen in Table 4.3 [217]. All 

regions were amplified with GoTaq ® Polymerase (Promega) except exon 4 that was 

amplified with Kapa Robust polymerase (Sigma-Aldrich). 

For amplification with GoTaq È Polymerase, the following mixture was prepared: 6.25ɛL 

of 2X GoTaq È Green Master Mix, 0.5ɛL of forward primer (10ɛM), 0.5ɛL of reverse 

primer (10ɛM), 4.25ɛL of water and 1ɛL of template DNA (50-100ng/ɛL). The resulting 

mixture was then placed in the Thermocycler and programmed as follows: 95°C for 2 

minutes, 35 cycles of 95°C for 30 seconds, annealing temperature for 30 seconds and 

72°C for 30 seconds, and finally 72°C for 5 minutes. 

For amplification with KAPA Robust polymerase, the following mixture was prepared: 

6.25ɛL of 2X KapaRobustTM, 0.625ɛL of forward primer (10ɛM), 0.625ɛL of reverse 

primer (10ɛM), 0.625ɛL DMSO, 3.375ɛL of water and 1ɛL of template DNA (50-

100ng/ɛL). The resulting mixture was then placed in the Thermocycler and programmed 

as follows: 95°C for 5 minutes, 35 cycles of 95°C for 15 seconds, annealing temperature 

for 15 seconds and 72°C for 30 seconds, and finally 72°C for 10 minutes. 
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Table 4.3. Primers used for RT-PCR [217] . Sequence, annealing temperature and amplicon 

size is shown. Abbreviations bp: base pair. 

Primer name  Primer sequence  
Annealing 

temperature (°C)  

Amplicon size 

(bp) 

PAX6-Simo-f tgtttacgatgtagaatagaagattgc 
60 695 

PAX6-Simo-r agaagaagaatttagttttatgggact 

PAX6-Exon2-f  
60  

PAX6-Exon2-r  

PAX6-Exon4-f tgtaggggaaacaga 
55 491 

PAX6-Exon4-r atcgagaagagccaagcaaa 

PAX6-Exon5-f ctggtggtcctgttgtcctt 
60 446 

PAX6-Exon5-r atgaagagagggcgttgaga 

PAX6-Exon6-f gggctacaaatgtaattttaagaa 
60 509 

PAX6-Exon6-r agagagggtgggaggaggta 

PAX6-Exon7-f gagctgagatgggtgactg 
63 300 

PAX6-Exon7-r gagagtaggggacaggcaaa 

PAX6-Exon8-f tcaggtaactaacatcgca 
55 719 

PAX6-Exon8-r gttgactgtacttggaagaa 

PAX6-Exon9-f aggtgggaaccagtttgatg 
60 311 

PAX6-Exon9-r catggcagcagagcatttag 

PAX6-Exon10-f gctaaatgctctgctgccat 
60 329 

PAX6-Exon10-r agagtgagagtcagagcccg 

PAX6-Exon11-f ccgggctctgactctcact 
60 221 

PAX6-Exon11-r gccactcctcacttctctgg 

PAX6-Exon12-f gaggcttgatacataggc 
55 452 

PAX6-Exon12-r ccataagaccaggagatt 

PAX6-Exon13-f tccatgtctgtttctcaaagg 
60 220 

PAX6-Exon13-r tcaactgttgtgtccccatag 

4.3.2.3 Gel electrophoresis of PCR products  

A 2% agarose gel was prepared by adding 3g of agarose powder to a conical flask with 

150mL of 1X TAE. The mixture was microwaved for periods of 30 seconds until the 

powder was dissolved. When the mixture was slightly cooled 7.5ɛL of SafeView were 

added before pouring into a gel mould. When the gel was set after approximately 30 
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minutes, the gel was loaded with 7.5ɛL of 2-log ladder and 4ɛL of PCR product. The gel 

was then run for 45 minutes at 100V.  

4.3.2.4 Purification of PCR products  

A volume of 90ɛL of water was added onto the 8ɛL remaining PCR product. The diluted 

samples were then loaded into a 96-well Millipore plate (Merck Millipore) and placed on 

a vacuum pump (Merck Millipore). Once dry, the membranes were washed with 40ɛL of 

water. The dried PCR products were resuspended in 25ɛL of water; the plate was sealed 

and shaken for 10 minutes using a vortex. The purified PCR products were placed in 

labelled 0,5mL eppendorf.  

4.3.2.5 Sanger sequencing  

PCR products were sent to Source BioScience © (Nottingham, UK) to be sequenced by 

the Sanger Sequencing Service and results were received within a working day in .ab1 

and .seq formats.  

4.3.2.6 Sequence analysis  

Sequences were analysed with Benching, a free-access online data management 

platform and images were finalised with BioEdit. Sequences were aligned with the 

Clustal Omega or MAFFT algorithms to the human genome, and variants found were 

annotated against the NM_000280 PAX6 transcript following the HGVS sequence 

variant nomenclature (http://varnomen.hgvs.org).  

 Characterisation of aniridic and normal corneal stromal cells in 

CSSCM 

4.3.3.1 Gene expression  ï Real t ime qPCR 

RNA extraction, assessment of RNA purity and integrity, reverse transcription and Real-

time qPCR were all performed as described in section 3.3.2.4 in Chapter 3.  

As explained in the previous chapter, MSC were used as positive controls for CD90 and 

CD73. In the same way, ECs were used as positive controls for PAX6. These two types 

of cells were included in the Real-Time qPCR experiments, to compare their phenotype 

against AC and NC.  

4.3.3.2 Protein production - Western b lot  

Protein extraction, quantification, electrophoresis, immunoblotting, and densitometry 

quantification were all performed as described in section 3.3.2.4 in Chapter 3.  
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4.3.3.3 Cell migration towards a chemoattractant  

Corning® Transwell® polycarbonate membrane cell culture inserts (Corning® Costar) of 

6.5mm diameter with an 8ɛm membrane pore size were used to assess corneal stromal 

cells migration. Cells have the ability to migrate through the porous membrane towards 

a chemoattractant (chemotaxis). Chemotaxis towards cytokines in vivo or foetal bovine 

serum, the latter was used in the present study, has been shown elsewhere [218]. 

As previously described by Justus et al [218], cells were seeded on top of the inserts at 

a density of 30120 cells/cm2 (9000 cells/insert) in serum-free medium DMEM (High 

glucose, GlutaMAXTM, Gibco®) supplemented with 1%P/S (Gibco®) and incubated for 4 

hours at 37°C to allow to attach. CSSCM supplemented with 10% FBS was then added 

to the lower chamber and cells were let to migrate for 24 hours through the porous 

membrane as shown in Figure 4.1.  

After washing once with DPBS, cells were fixed with 100% iced cold methanol for 10 

minutes and stained with Harrisô haematoxylin for 30 minutes followed by 3 more washes 

with DPBS. Cells remaining on top of the membrane that had not migrated were removed 

by scraping with a cotton bud. Five viewpoints of the membranes were imaged under a 

contrast phase microscope (Eclipse TS100, Nikon). Three aniridic and three normal 

donors were used for this experiment, with three technical replicates respectively. All the 

inserts were imaged in the same way, obtaining pictures from the same five regions (top, 

bottom, right, left, middle). Images were analysed using Fiji ImageJ 1.49s software to 

allow counting of the migrating cells.  

 

Figure 4.1. Representation of the transwell migration assay. Cells were first seeded on the 

upper chamber of the transwell and then allowed to migrate through the porous membrane 

towards a chemoattractant (FBS) added to the lower chamber. 

4.3.3.4 Collagen gel c ontraction assay  

Collagen gel contraction assay was performed to assess the differences in contraction 

capacity between the AC and NC. This is a simplified model to study the contractile 

profile of the cells that populate the gels [219]. The assay was performed with a few 

24h 4h 
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modifications of a published protocol [220]. Briefly, a mix of 1 mL of rat-tail type 1 collagen 

(First Link), 120ɛL of minimum essential medium (MEM) 10X (Gibco®), 100ɛL of sodium 

hydroxide 1X (Sigma-Aldrich) and 120ɛL of cell solution (25000 cells/gel) was prepared 

(sufficient for 8 gels) and kept on ice for 30 minutes. An extra volume of gel solution 

prepared without cells was prepared to act as a control.  

Of the mixture, 150ɛL were added to each well of a 48 well plate to make 4 gels per 

condition (aniridia, normal and cell-free negative control) and left to polymerise at 37ºC 

for 30 minutes. Fresh CSSCM was then added to all the wells, and the edges of the gels 

gently released with a pipette tip to allow matrix contraction. Images of all the gels were 

taken with a digital camera (Canon) against a white light source (Hancocks) at the 

following time points: day 0, 1, 2, 3, 4 and 7. Images were then analysed using Fiji ImageJ 

1.49s software, and the area of the gels measured and plotted as a percentage of day 

0. 

 Differentiation of aniridic and normal corneal stromal cells into 

keratocyte -like cells  in KDM  

AC and NC cells were cultured in KDM to characterise their potential to differentiate into 

keratocyte-like cells in vitro. Briefly, AC and NC were seeded (1000cells/ cm2) into T175-

cm2 flasks and 4-well chamber slides and cultured in KDM depleted or supplemented 

with FGF for a period of 1, 2 and 3 weeks. At these time points, the RNA and protein 

were extracted for further analysis.  

As a control, AC and NC cells were cultured to confluence in CSSCM to promote cell 

density-induced differentiation without a specific guided differentiation protocol [221]. 

Briefly, AC and NC were also seeded (1000cells/ cm2) into a T175-cm2 flask and 4-well 

chamber slide and cultured in CSSCM for 5 days. Medium was refreshed at day 2.  

AC and NC seeded into (1000cells/ cm2) into a T175-cm2 flask and cultured in CSSCM 

for only 24 hours will be addressed as basal conditions.  

A detailed protocol of the different cell culture conditions can be found in section 3.3.3.1 

in Chapter 3.  
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The following nomenclature and abbreviations will be used in the Results section.  i = 

1,2,3 refers to the time point in weeks when cells were collected, and F+/- refers for the 

presence or absence of FGF in KDM. A schematic representation of the cell culture 

conditions is found in Table 4.4. 

Aniridic corneal stromal cells - AC  

Aniridic corneal stromal keratocyte-like cells ACKiF+, ACKiF- 

Aniridic corneal stroma spontaneously differentiated cells ï ACSD 

Normal corneal stromal cells ï NC 

Normal corneal stromal keratocyte-like cells ï NCKiF+, NCKiF- 

Normal corneal stroma spontaneously differentiated cells ï NCSD 

Table 4.4. Culture conditions for AC and NC  in CSSCM and KDM. Abbreviations CSSCM: 

corneal stromal stem cell medium, KDM: keratocyte differentiation medium, AC: Aniridic corneal 

stromal cells, NC: Normal corneal stromal cells, ACKiF: Aniridic corneal stromal keratocyte-like 

cells, ACSD: Aniridic corneal stroma spontaneously differentiated cells, NCKiF: Normal corneal 

stromal keratocyte-like cells, NCSD: Normal corneal stroma spontaneously differentiated cells. 

Cell culture  

medium  

Time (days)  

1 é 5 ... 7 é 14 é 21 

CSSCM  AC 

NC 

 ACSD 

NCSD 

      

KDM FGF+     ACK1F+ 

NCK1F+ 

 ACK2F+ 

NCK2F+ 

 ACK3F+ 

NCK3F+ 

FGF-     ACK1F- 

NCK1F- 

 ACK2F- 

NCK2F- 

 ACK3F- 

NCK3F- 

 

To characterise AC and NC cultured in different conditions, a myriad of markers was 

assessed by Real Time qPCR, Western blot, and immunocytochemistry. These included 

CSSC (CD90, CD73, PAX6), keratocyte (KERA, LUM, ALDH1A1), myofibroblast 

(ŬSMA), proliferation (KI67) and apoptosis markers (TP53, BAX, BCL2).  

4.3.4.1 Gene expression  ï Real-Time qPCR  

Real-time qPCR was performed as described in section 3.3.3.2 in Chapter 3. 
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4.3.4.2 Western blot  

Western blot was performed as described in section 3.3.3.3 in Chapter 3. 

4.3.4.3 Immunocytochemistry  

Immunocytochemistry was performed as described in section 3.3.3.4 in Chapter 3. 

 Statistical analyses  

Three biological repeats were used for each condition (aniridia and normal) for all of the 

experiments presented in this chapter, except for Real Time qPCR in which 4 biological 

repeats could be used. This was due to donor tissue availability at the time of the 

experiments.  

4.4 Results  

 Genetic variants found in the aniridic samples  

Two different types of mutations were found in the four aniridic samples here used (two 

run-on and two PTC mutations). Each pair (blood: corneal cell) showed the same PAX6 

mutation, confirming that isolated cells were patient specific and not derived from the 

previously transplanted donor graft.  

A run-on mutation was identified in the stop codon of Exon 13 for Aniridia 1 cells (AC1) 

(Figure 4.2). The codon TAA of the DNA is a stop codon that would be transcribed into 

UAA in the mRNA sequence and results in stopping protein translation. In this sample, 

the TAA codon is mutated into TTA that translates into the amino acid Leucine instead 

of a stop codon. This results in prolongation of protein synthesis after its presumed 

stopping point.  
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Aniridia sample 1  

 

Figure 4.2. Representation of the last part of Exon 13 sequence in Aniridia 1 sample 

compared to a control sample. In one of the copies of the PAX6 gene of Aniridia sample 1, the 

A nucleotide is mutated into a T, and the codon translates into a Leucine instead of a stop codon. 

Imaging and genotyping of Aniridia sample 1 was performed in house by Dr Alice Davidson.  

In the sequence obtained from the genotyping of Aniridia 2 cells (AC2), a premature stop 

mutation was identified in Exon 8 in one of the copies of the PAX6 gene (Figure 4.3). In 

healthy individuals the codon at that position is GGA, which translates to Glycine, 

however in this patient it was mutated to a stop codon TGA. This results in a premature 

termination of the translation of the protein.  

 

 

 

 

 

 

 

 

 

Patient sample: Het NM_000280: c. 1268A>T; p.*423Leuext*?  
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Aniridia sample 2  

 

Figure 4.3. Representation of a portion of Exon 8 sequence in Aniridia 2 compared to a 

control sample. The codon GGA that would translate into a glycine is mutated to a stop codon 

TGA resulting in a premature stop of protein translation.  

In the sequence obtained from Aniridia 3 cells (AC3), a deletion of two nucleotides in 

Exon 7 in one of the two copies of the PAX6 gene was seen. The nucleotides 375 and 

376 (G and A, respectively) were deleted, so where healthy individuals would have the 

codon AGA (Arginine), patient 3 has the codon AGT that would translate into a Serine. 

Since the two nucleotides are deleted, a frameshift of the rest of the sequence will occur, 

and the protein continues to be synthesised with incorrect amino acids until a premature 

stop codon is found at Exon 7 (Figure 4.4).   

 

 

* 

Patient sample: Het  NM_000280: c.580G>T; p.(Gly194*) 

Control sample: Wild-type sequence 
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Aniridia sample 3

 

Figure 4.4. Representation of a portion of the Exon 7 sequence in Aniridia sample 3 

compared to a cont rol sample. The nucleotides 375 and 376 in Aniridia sample 3 were deleted, 

changing the codon AGA (arginine) into an AGT codon (serine). This results in a frameshift of the 

protein that would eventually have a premature stop in Exon 7.   

Aniridia 4 cells (AC4) presented the same Run-on mutation as AC1, and a graphic 

representation can be found in Figure 4.2.  

To summarize, three different mutations were found amongst the four aniridic samples 

provided (Table 4.5).  

Table 4.5. Overview  of the three mutations identified in the four aniridic samples used for 

this study. Names of the mutations are annotated against the Ensembl entry NM_000280, (c. 

annotated against cDNA, p. annotated against protein). 

 

Sample  Mutation  Exon  Type of 

mutation  

Cause of the 

mutation  

Aniridia 1  c. 1268A>T; p.*423Leuext*? 13 Run on mutation Substitution 

Aniridia 2  c.580G>T; p.(Gly194*) 8 Premature stop Substitution 

Aniridia 3  c.375_376del; 

p.(Arg125Serfs*7) 

7 Premature stop Deletion 

Aniridia 4  c. 1268A>T; p.*423Leuext*? 13 Run on mutation Substitution 

Patient sample: Het NM_000280: c.375_376del; p.(Arg125Serfs*7)  

Control sample: Wild-type sequence 

* 
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 Aniridic and normal corneal stromal cells  present similar phenotype 

when cultured in CSSCM  

4.4.2.1 AC and NC  can be successfully isolated and expanded  

Stromal cells were successfully isolated from aniridic and normal corneal buttons. Within 

24 hours of plating, attached cells were readily observed. Few small epithelial cell 

colonies were observed in the normal cultures. However, no epithelial cell colonies were 

seen in the aniridic cultures. Corneal stromal cultures appeared initially to be a mixed 

population with cells presenting different morphologies: cuboidal (white arrows, Figure 

4.5), elongated and dendritic (Figure 4.5). 

 

Figure 4.5. Representative images of cultures at P0 isolated from aniridic and normal 

central corneas. White arrows point to square-like shaped stromal cells. Scale bars = 300 µm 

As cells were passaged, a more uniform population prevailed. Most of the cells in culture 

after passage 3 showed a small square-like morphology with a high nucleus-cytoplasm 

ratio, as shown in Figure 4.6 (white arrows). A small proportion of cells acquired a more 

elongated morphology (black arrows, Figure 4.6). No evident differences in morphology 

were seen between aniridic (AC) and normal (NC) stromal cells or between any of the 

aniridic samples when cells were cultured in CSSCM. 
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Figure 4.6. Representative images of AC and NC cultured in CSSCM. Images were taken 

between passages 3 and 5. Most cells were small with almost square-like morphology with high 

nucleus to cytoplasm ratio (white arrows). A small portion of the cells presented with more 

elongated bodies (black arrows). Images were taken under a phase contrast microscope. n=3. 

Scale bars =300µm. Abbreviations AC: aniridic corneal stromal cells, NC: normal corneal stromal 

cells. 
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4.4.2.2 AC have lower p roliferation capacity than NC when cultured in CSSCM  

AC and NC were cultured over a period of 7 days in CSSCM (Figure 4.7). At day 3, cells 

showed 30-50% confluence and the majority maintained the small square-like 

morphology described in section 3.4.2.1. As the cells divided and became more 

confluent, their morphology changed, acquiring an elongated, spindle shaped 

appearance (Figure 4.7A). AC density at day 7 was lower than NC, suggesting that the 

former proliferated less. A few AC appeared to have wider cell bodies and formed an 

unorganised network, possibly resembling a more differentiated phenotype. 

Quantification of the total DNA harvested at days 3, 5, and 7, confirmed that AC had 

lower proliferation capacity than NC (Figure 4.7B). While DNA amount significantly 

increased on NC from day 3 to day 7 (p<0.001), AC samples did not show any significant 

differences over time. The initial cell seeding density was identical between AC and NC, 

however at day 5 and 7 there was a significant difference in the amount of DNA between 

AC and NC (p<0.001), suggesting lower AC cell numbers.  
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Figure 4.7. Proliferation of AC and NC in CSSCM over 7 days. (A) Representative images of 

cells in culture at day 3, 5 and 7. Scale bars= 300µm. (B) Cell proliferation assessed by total DNA 

quantification. Data shows the mean ± standard deviation, n=3. Repeated measurements ANOVA 

were used for statistical analysis. Abbreviations AC: aniridic corneal stromal cells, NC: normal 

corneal stromal cells. 

4.4.2.3 AC and NC show a similar patte rn of tested gene expression.  

No significant differences in PAX6, CD90 and CD73 gene expression levels were found 

between AC and NC (Figure 4.8A, p>0.05). Expression levels of PAX6 in AC and NC 

were found to be very low, with Ct values appearing after 34-36 cycles (Appendix, Table 

A.8.1). Interestingly, in one of the aniridic cell lines, AC1, there was no detected 

B) 

A) 
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expression of PAX6 (Table A.8.1). CD90 and CD73 gene expression levels were similar 

between AC and NC, as well as in MSC (p>0.05). 

No significant differences in KERA, LUM and ALDH1A1 gene expression levels were 

found between AC and NC (Figure 4.8B, p>0.05). KERA gene expression was not 

detected in any of the conditions (Black arrow in Figure 4.8B). Although not significant, 

ALDH1A1 was less expressed in AC than in NC.  

No statistically significant differences in KI67 (proliferation marker) and TP53 (apoptosis 

marker) gene expression levels were found between AC and NC (Figure 4.8C, p>0.05) 

when cultured at low density in CSSCM.  
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A) 

B) 

C) 
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Figure 4.8. Relative gene expression levels of (A) CSSC markers ( PAX6, CD90, CD73), (B) 

keratocyte markers ( KERA , LUM, ALDH1A1 ), and (C) proliferation and apoptosis markers 

(KI67, TP53, respectively) i n MSC, AC and NC. Data is represented as the median of the 

obtained data points for each condition, n=1 for ECs and MSC, n=3 biological replicates for AC 

and NC. Dashed line represents the gene expression of ECs, to which the other conditions are 

compared to. Arrow represents gene expression not detected. Abbreviations AC: aniridic corneal 

stromal cells, NC: normal corneal stromal cells, MSC: mesenchymal stem cells. 
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A 

4.4.2.4 AC and NC show a similar pattern of tested protein production  

CD90 and CD73, the putative CSSC markers expressed at mRNA level, were chosen to 

confirm their protein production levels by Western blot. Similar to the Real Time qPCR 

results, no statistically significant differences in CD90 and CD73 protein production 

between AC and NC were found (Figure 4.9, p>0.05). When the data from the donors 

was plotted separately, high donor to donor variability was observed, mostly in CD90 

production profile (Figure 4.9A).  
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Figure 4.9. Protein production levels of putative CSSC markers (CD90 and CD73) in AC and 

NC. (A) Densitometry quantification of each protein normalized against the expression of GAPDH. 

Data is represented as the mean of n=3 biological replicates. Mann Whitney test, p>0.05 (not 

significant). (B) Western blot representative of the 3 donors. Abbreviations AC: aniridic corneal 

stromal cells, NC: normal corneal stromal cells. 

A) 

B) 
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B) 

4.4.2.5 AC and NC show similar migration capacity  

When data from the three aniridic and normal donors were plotted together, the number 

of cells that migrated through the membrane towards the chemoattractant was not 

significantly different between the two groups (p>0.05). An average of 300 normal cells 

migrated through the porous membrane compared to a mean of 350 aniridic cells (Figure 

4.10A). Individual analysis of the results for each of the aniridic donors as shown in 

Figure 4.10B, demonstrated a higher biological variability as evidenced by the higher 

discrepancy in the number of migrating cells. When comparing individually the results 

from the three different aniridic donors with normal, there were no significant differences 

between NC and AC1 and AC3 (p>0.05). However, AC2 cells migrated more than NC 

cells (p<0.05, Figure 4.10B). 
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Figure 4.10. Graphic representation of the number of cells that migrated per well in each 

condition. (A) Data is represented as the mean of n=3 biological replicates ± standard deviation. 

(B) AC is separated by donor; data is represented as the mean of each donor separately ± 

standard deviation (n=3 technical replicates for each donor) NC is represented as in (A). Kruskal-

Wallis test followed by Dunnôs post hoc test was performed *p<0.05. Abbreviations AC: aniridic 

corneal stromal cells, NC: normal corneal stromal cells. 

4.4.2.6 AC and NC have similar ability to contract a collagen gel  

Gels populated by AC or NC were allowed to contract over a period of 7 days (Figure 

4.11A). The gels without cells that were used as negative controls did not contract, 

whereas the gels populated with AC and NC contracted approximately 80% over this 

time period. No significant differences between gel contraction rates of aniridic and 

normal cells were appreciated (Figure 4.11B). 

Results were also plotted for each aniridic donor separately (Figure 4.11C). No 

significant differences were found in the contraction ability of any the three aniridic 

donors compared between themselves nor with the normal cells.  

A) 
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B) 

C) 
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Figure 4.11. Contraction of gels populated with NC, AC and without cells over a period of 

7 days. (A) Representative pictures of gels at 6 different time points. Dashed line marks the area 

of the gel. (B) Contraction is indicated as a % of the starting area from time 0, i.e. 0% not 

contracted and 100% complete contraction. The data represents the mean of all three donors 

pooled for each condition (n=3 technical replicates for each donor). Error bars represent the 

standard deviation. p>0.05 between AC and NC at each time point. (C) Contraction of gels 

populated with NC, AC and without cells measured over a period of 7 days. NC is represented as 

in A). For AC, each line represents the mean of each donor separately (n=3 technical replicates 

for each donor). Error bars represent the standard deviation. p>0.05 between AC1, AC2, AC3 

and NC. Abbreviations AC: aniridic corneal stromal cells, NC: normal corneal stromal cells, 

A) 
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Summary of results : 

When cultured in CSSCM: 

¶ AC and NC were successfully isolated and cultured. 

¶ AC and NC did not show differences in morphology.  

¶ AC showed lower proliferation capacity than NC. 

¶ There were no significant differences in gene and protein expression of putative 

CSSC, keratocyte and proliferation markers between AC and NC. 

¶ AC and NC showed a gene expression profile similar to MSC. 

¶ AC had similar average migration capacity to NC, with a high donor to donor 

variability. 

¶ AC and NC had similar ability to contract collagen gels. 

 Aniridic and normal corneal stromal cells  have similar  capacity to 

differentiate into keratocytes -like cells  in KDM  

Images and graphics containing data obtained for normal corneal stromal cells are also 

included in this chapter for ease of results interpretation ï aniridic versus normal corneal 

stromal cells. However, their data and trends were thoroughly explained in the previous 

chapter. 

4.4.3.1 AC and NC change their morphology during keratocyte differentiation  

AC and NC cultured sparsely in CSSCM prior to any differentiation process had the same 

appearance as previously described in section 3.4.2.1. When cells were left in CSSCM 

for further 5 days without being passaged (ACSD and NCSD), they proliferated and 

changed morphology to a more elongated, spindle shape (Figure 4.12A). There was a 

visible difference in cell confluence between NCSD and ACSD, with the latter condition 

showing lower levels of cell density. 

As shown in Figure 4.12B, ACK and NCK also became elongated over time. However, 

the number of cells was much lower when compared to ACSD and NCSD. Interestingly, 

there were apparent differences in cell behaviour between ACK and NCK when they 

were treated in the presence or absence of FGF. AC and NC prompted to differentiated 

towards a keratocyte phenotype in KDM with no FGF presented higher numbers of cells, 

particularly at week 2 and 3, and presented thinner bodies when compared to ACK and 

NCK cultured in the presence of FGF. A proportion of ACK and NCK cultured with FGF 
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presented a bright body at week 1 and 2, with thicker bodies when compared to those 

cultured in KDM without FGF.  

 

Figure 4.12. Representative images of AC and NC cultured under different conditions. (A) 

Pictures of cells cultured in CSSCM at day 1 and day 5. (B) Images of cells differentiating into 

keratocyte-like cells during a period of 3 weeks using KDM supplemented or depleted of FGF. 

Scale bars = 300µm. Abbreviations AC: aniridic corneal stromal cells, NC: normal corneal stromal 

cells, ACKiF aniridic corneal stromal keratocyte-like cells, NCKiF normal corneal stromal 

keratocyte-like cells. 

  

A) 

B) 
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4.4.3.2 AC and NC change their gene expression and protein production patterns 

under different culture conditions to promote keratocyte differentiation  

AC and NC seeded at a density of 1000cells/cm2 in a T175-cm2 flask in CSSCM for only 

24 hours were addressed as basal conditions (i.e. the phenotype that was used to start 

the keratocyte or spontaneous differentiation).  

4.4.3.2.1 Gene expression profiling of putative CSSC markers during directed 

differentiation of AC and NC tow ards a keratocyte phenotype  

Expression of CD90 was upregulated during keratocyte differentiation 

As shown in Figure 4.13A, when prompted to differentiate towards a keratocyte 

phenotype in KDM supplemented with FGF, aniridic corneal stromal cells (ACK) showed 

a significant increase (p<0.05) in CD90 expression. However, this upregulation was not 

significant when ACK were differentiated in KDM supplemented with FGF (Figure 4.13A). 

The same trends were found for normal corneal stromal cells (NCK; Figure 4.13B). 

However, NCK significantly upregulated CD90 both when differentiated in the presence 

and absence of FGF.  

In contrast, neither aniridic nor normal corneal stromal cells allowed to spontaneously 

differentiate when cultured in CSSCM for 5 days (ACSD, NCSD) showed an increase in 

CD90 expression.  

Expression of CD73 did not change during keratocyte differentiation 

As shown in Figure 4.13C, expression levels of CD73 did not significantly change when 

aniridic corneal stromal cells were differentiated towards a keratocyte phenotype (ACK). 

This remained true regardless of the presence or absence of FGF. The same trends 

were found for normal corneal stromal cells (NCK; Figure 4.13D).  

Additionally, neither aniridic nor normal corneal stromal cells that were allowed to 

spontaneously differentiate in CSSCM (ACSD, NCSD) showed any change in 

expression levels of CD73 (Figure 3.10C, Figure 4.13D). 

Expression of PAX6 was very low across all conditions during keratocyte differentiation 

PAX6 expression was very low expressed by all the different cell phenotypes. Ct values 

of PAX6 in undifferentiated NC cultured in CSSCM (basal conditions) were found around 

34-35 cycles in three of the donors and higher than 40 in the other one. Ct values of 

PAX6 in undifferentiated AC were found around 37 in three of the donors and higher than 

40 in the other one (Table A.8.2). When AC and NC were prompted to a keratocyte 
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phenotype (ACK, NCK) or spontaneously differentiated in CSSCM (ACSD, NCSD), 

expression of PAX6 was even lower than in the basal conditions or not detected (Ct 

values higher than 40), suggesting that PAX6 expression might be downregulated when 

cells are cultured in KDM. However, since the expression at the basal conditions was so 

low, no graphs were prepared, and statistical analysis could not be done. 
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Figure 4.13. Relative gene expression levels of putative CSSC markers ( CD90 and CD73) 

by aniridic (A, C) and normal corneal (B, D) stromal cells under different culture conditions. 

Results are shown for AC and NC cultured in KDM supplemented or depleted of FGF at different 

time points (ACKi and NCKi, respectively. i= 1, 2 or 3 weeks) and in CSSCM after 5 days (ACSD 

and NCSD, respectively). Dashed line represents the gene expression for the basal condition AC 

or NC. Data is represented as median ± 5-95 percentile, n=4 biological replicates. Kruskal-Wallis 

test followed by Dunnôs post hoc test was performed. *indicates degree of significance against 

the basal condition (i.e. the phenotype from which they were differentiated). *p<0.05, **p<0.01. 

Abbreviations AC: aniridic corneal stromal cells, NC: normal corneal stromal cells. 

A) B) 

C) D) 
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4.4.3.2.2 Protein product ion profiling of putative CSSC markers during directed 

differentiation of AC and NC towards a keratocyte phenotype  

Production of CD90 was upregulated during keratocyte differentiation 

Western blot data confirmed the results obtained by Real-Time qPCR. As shown in 

Figure 4.14A, when prompted to a keratocyte phenotype, aniridic corneal stromal cells 

(ACK) significantly upregulated (p<0.05) production of CD90 protein. In the same way 

than in the mRNA expression, this was only true when ACK were cultured in KDM without 

FGF. The same trends were observed when normal corneal stromal cells (NCK) were 

differentiated towards a keratocyte phenotype. NCK significantly upregulated (p<0.05) 

CD90 production when cultured in KDM for 3 weeks without FGF (Figure 4.14B). 

Interestingly, there was no significant upregulation of CD90 when NCK were cultured in 

the presence of FGF, although real time qPCR showed differently. As shown in the WB 

membranes, an upregulation of CD90 production could also be observed when ACK and 

NCK were cultured in the presence of FGF. However, in the densitometry quantification, 

this upregulation was not significant.  

In addition, there were no significant differences in CD90 production when aniridic and 

normal corneal stromal cells were allowed to spontaneously differentiate in CSSCM 

(ACSD, NCSD, respectively).  

Production of CD73 did not change during keratocyte differentiation 

As shown in Figure 4.14C, production of CD73 did not change significantly when aniridic 

corneal stromal cells were differentiated towards a keratocyte phenotype (ACK). This 

remained true regardless of the presence or absence of FGF. The same trends were 

shown for normal corneal stromal cells (NCK; Figure 4.14D). 

However, when comparing aniridic corneal stromal cells that were allowed to 

spontaneously differentiate in CSSCM (ACSD) with the basal condition (AC), a 

significant downregulation (p<0.05) of CD73 was observed (Figure 4.14C).  
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Figure 4.14. Production levels of putative CSSC markers (CD90 and CD73) by aniridic (A, 

C) and normal (B, D) corneal stromal cells under different culture conditions as assessed 

by Western blot. Results are shown for the basal condition AC and NC, for AC and NC cultured 

for 3 weeks in KDM supplemented (ACK3F+, NCK3F+, respectively) or depleted of FGF (ACK3F-

, NCK3F-, respectively), and for AC and NC cultured for 5 days in CSSCM (ACSD and NCSD, 

respectively). The graphs show the densitometry quantification for each marker normalised to 

GAPDH. Data is represented as the mean of n=3 biological replicates. Kruskal-Wallis test 

followed by Dunnôs post hoc test was performed. *indicates degree of significance against the 

basal condition. *p<0.05. Abbreviations AC: aniridic corneal stromal cells, NC: normal corneal 

stromal cells. 

A) B) 

C) D) 
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4.4.3.2.3 Gene expression profiling of keratocyte markers during directed 

differentiation of AC and NC towards a keratocyte phenotype  

Expression of LUM was upregulated during keratocyte differentiation 

As shown in Figure 4.15A, when prompted to differentiate towards a keratocyte 

phenotype, aniridic corneal stromal cells (ACK) showed a significant increase (over 

1000X Fold increase, p<0.05) in LUM expression. This remained true whether ACK were 

differentiated in the presence or absence of FGF (Figure 4.15A). The same trends were 

found for normal corneal stromal cells (NCK; Figure 4.15B). A very clear trend shows 

that LUM gene expression gradually increased with time in ACK and NCK (Figure 4.15).  

However, neither aniridic nor normal corneal stromal cells that were allowed to 

spontaneously differentiate when cultured in CSSCM for 5 days (ACSD, NCSD) showed 

an increase in LUM expression.  

Expression of KERA was upregulated during keratocyte differentiation 

As shown in Figure 4.15C, when prompted to differentiate towards a keratocyte 

phenotype, aniridic corneal stromal cells (ACK) did not show a significant increase in 

KERA expression. However, a trend could be appreciated in which KERA expression 

increased over time in ACK. In contrast, normal corneal stromal cells differentiated 

towards a keratocyte phenotype (NCK) showed a significant upregulation (100X-Fold 

increase, p<0.05) of KERA expression (Figure 4.15B). This remained true both when 

NCK were differentiated in KDM in the presence or absence of FGF. 

However, neither aniridic nor normal corneal stromal cells that were allowed to 

spontaneously differentiate when cultured in CSSCM for 5 days (ACSD, NCSD) showed 

an increase in KERA expression.  

Expression of ALDH1A1 did not significantly change during keratocyte differentiation 

As shown in Figure 4.15E, expression levels of ALDH1A1 did not significantly change 

when aniridic corneal stromal cells (ACK) were differentiated towards a keratocyte 

phenotype. The same trends were found for normal corneal stromal cells (NCK; Figure 

4.15D). However, the same trend of upregulation seen in LUM and KERA could also 

appreciated for ALDH1A1 in both ACK and NCK, particularly at week 2 and 3. 

Additionally, neither aniridic nor normal corneal stromal cells that were allowed to 

spontaneously differentiate in CSSCM (ACSD, NCSD) showed any change in 

expression levels of ALDH1A1 (Figure 4.15E, Figure 4.15F).  
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Figure 4.15. Relative gene expression levels of keratocyte markers ( LUM, KERA  and 

ALDH1A1 ) in aniridic (A, C, E) and normal (B, D, F) corneal stromal cells under different 

culture conditions.  Results are shown for AC and NC cultured in KDM supplemented or depleted 

of FGF at different time points (ACKi and NCKi, respectively. i= 1, 2 or 3 weeks) and in CSSCM 

after 5 days (ACSD and NCSD, respectively). Dashed line represents the gene expression for the 

basal condition AC or NC. Data is represented as median ± 5-95 percentile, n=4 biological 

replicates. Kruskal-Wallis test followed by Dunnôs post hoc test was performed. *indicates degree 

of significance against the basal condition. *p<0.05, **p<0.01. Abbreviations AC: aniridic corneal 

stromal cells, NC: normal corneal stromal cells. 

A) B) 

C) D) 

E) F) 
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4.4.3.2.4 Prot ein production profiling of keratocyte markers during directed 

differentiation of AC and NC towards a keratocyte phenotype  

Production of LUM was not upregulated during keratocyte differentiation 

Surprisingly, the LUM protein production profile did not follow the same trend observed 

at RNA level. As shown in Figure 4.16A, when prompted towards a keratocyte 

phenotype, aniridic corneal stromal cells (ACK) seemingly downregulated LUM, 

compared to the basal conditions AC. However, these differences were not statistically 

significant in the densitometry (p>0.05) (Figure 4.16A). In normal cells, a similar trend 

could be observed (Figure 4.16B). No significant changes in production of LUM could be 

observed when normal corneal stromal cells were differentiated to a keratocyte 

phenotype (NCK; Figure 4.16B).  

Seemingly, neither aniridic nor normal corneal stromal cells that were allowed to 

spontaneously differentiate when cultured in CSSCM for 5 days (ACSD, NCSD) showed 

an increase in LUM production.  

Production of KERA was not significantly upregulated during keratocyte differentiation 

Aniridic corneal stromal cells that differentiated to a keratocyte phenotype (ACK), 

showed an upregulation of KERA production, as indicated by more intense bands in the 

western blot membranes (Figure 4.16A). However, this upregulation was not statistically 

significant (p>0.05). The same trend could be observed in normal corneal stromal cells 

(Figure 4.16B).  

However, neither aniridic nor normal corneal stromal cells that were allowed to 

spontaneously differentiate when cultured in CSSCM for 5 days (ACSD, NCSD) showed 

an increase in KERA production. 
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Figure 4.16. Production  levels of keratocyte markers (LUM and KERA) by aniridic (A and 

C) and normal (B and D) corneal stromal cells under different culture conditions as 

assessed by Western blot. Results are shown for the basal condition AC and NC, for AC and 

NC cultured for 3 weeks in KDM supplemented (ACK3F+, NCK3F+, respectively) or depleted of 

FGF (ACK3F-, NCK3F-, respectively), and for AC and NC cultured for 5 days in CSSCM (ACSD 

and NCSD, respectively). Graphs showing the densitometry quantification normalised to GAPDH. 

Data is represented as the mean of n=3 biological replicates. Kruskal-Wallis test followed by 

Dunnôs post hoc test was performed. *indicates degree of significance against the basal condition. 

A) B) 

C) D) 
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4.4.3.2.5 Gene expression and protein production profiling of myofibroblast  

markers during directed differentiation of AC and NC towards a 

keratocyte phenotype  

Expression of ŬSMA is upregulated during keratocyte differentiation 

As shown in Figure 4.17A, when prompted to differentiate towards a keratocyte 

phenotype in KDM supplemented with FGF, aniridic corneal stromal cells (ACK) showed 

a significant increase (p<0.05) in ŬSMA expression. However, this upregulation was not 

significant when ACK were differentiated in KDM supplemented with FGF (Figure 4.17A). 

The same trends were found for normal corneal stromal cells (NCK; Figure 4.17B). 

However, NCK significantly upregulated ŬSMA both when differentiated in the presence 

and absence of FGF.  

In contrast, neither aniridic nor normal corneal stromal cells that were allowed to 

spontaneously differentiate when cultured in CSSCM for 5 days (ACSD, NCSD) showed 

an increase in ŬSMA expression.  
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Figure 4.17. Relative gene expression levels of the fibrosis marker ŬSMA (ACTA2 ) in 

aniridic (A) and normal (B) corneal stromal cells under different culture conditions. Results 

are shown for AC and NC cultured in KDM supplemented or depleted of FGF at different time 

points (ACKi and NCKi, respectively. i= 1, 2 or 3 weeks) and in CSSCM after 5 days (ACSD and 

NCSD, respectively). Dashed line represents the gene expression for the basal condition AC or 

NC. Data is represented as median ± 5-95 percentile, n=4 biological replicates. Kruskal-Wallis 

test followed by Dunnôs post hoc test was performed. *indicates degree of significance against 

the basal condition. *p<0.05. Abbreviations AC: aniridic corneal stromal cells, NC: normal corneal 

stromal cells, 

A) B) 
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ŬSMA  
(42 kDa) 

GAPDH  
(36 kDa) 

Production of ŬSMA was significantly upregulated during keratocyte differentiation 

Results obtained by Western blot were consistent with Real Time qPCR results. Aniridic 

corneal stromal cells that differentiated to a keratocyte phenotype (ACK), showed an 

upregulation of ŬSMA production, as indicated by more intense bands in the western blot 

membranes (Figure 4.18A). However, this upregulation was not statistically significant 

(p>0.05). The same trend could be observed in normal corneal stromal cells (Figure 

4.18B), but in this case the upregulation of ŬSMA was significant when normal corneal 

stromal cells were differentiated to a keratocyte phenotype in KDM without FGF (Figure 

4.18B).  

When aniridic and normal corneal stromal cells were allowed to spontaneously 

differentiate in CSSCM (ACSD, NCSD) there was no significant differences observed, 

compared to the basal conditions (Figure 4.18).  
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Figure 4.18. Production levels of the fibrosis marker ŬSMA by aniridic (A) and normal (B) 

corneal stromal cells under different culture conditions as assessed by Western blot. 

Results are shown for the basal condition AC and NC, for AC and NC cultured for 3 weeks in 

KDM supplemented (ACK3F+, NCK3F+, respectively) or depleted of FGF (ACK3F-, NCK3F-, 

respectively), and for AC and NC cultured for 5 days in CSSCM (ACSD and NCSD, respectively). 

Graphs showing the densitometry quantification normalised to GAPDH. Data is represented as 

the mean of n=3 biological replicates. Kruskal-Wallis test followed by Dunnôs post hoc test was 

performed. *indicates degree of significance against the basal condition. *p<0.05. Abbreviations 

AC: aniridic corneal stromal cells, NC: normal corneal stromal cells. 

 

A) B) 
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Immunofluorescence showed that ŬSMA was produced by the majority of aniridic and 

normal corneal stromal cells, indicated by diffused red staining in Figure 4.19. However, 

only a small proportion of cells that were prompted towards a keratocyte phenotype (ACK 

and NCK), showed assembly of ŬSMA into stress fibres. This remained true regardless 

of the presence or absence of FGF. Interestingly, although densitometry of Western blot 

did not show a significant upregulation of ŬSMA in aniridic cells differentiated to 

keratocytes (ACK), immunofluorescence showed a proportion of cells producing and 

assembling ŬSMA into stress fibres. IgG negative controls did not show staining 

(Appendix, Figure A.8.3). 
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Figure 4.19 - Production and assembly of ŬSMA by aniridic and normal corneal stromal 

cells, as assessed by immunofluorescence. Red: Anti-ŬSMA, Green: Phalloidin, Blue: DAPI. 

Scale bars: 300µm. Abbreviations NC: AC: Aniridic corneal stromal cells, Normal corneal stromal 

cells, ACK3F: Aniridic corneal stromal keratocyte-like cells, NCK3F: Normal corneal stromal 

keratocyte-like cells, ACSD: Aniridic corneal stroma spontaneously differentiated cells, NCSD: 

Normal corneal stroma spontaneously differentiated cells. 

4.4.3.2.6 Gene expression profiling of proliferation marker KI67 during directed 

differentiation of AC and NC towards a keratocyte phenotype  

Expression of KI67 is downregulated during keratocyte differentiation  

As shown in Figure 4.20C, the expression levels of KI67 were significantly 

downregulated (100X- and 1000X-Fold Decrease, p<0.05) when aniridic corneal stromal 

cells were differentiated towards a keratocyte phenotype (ACK). This remained true 
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regardless of the presence or absence of FGF. The same trends could be observed for 

normal corneal stromal cells (NCK; Figure 4.20B).  

KI67 expression did not significantly change when aniridic or normal corneal stromal 

cells were allowed to spontaneously differentiate for 5 days in CSSCM (ACSD, NCSD). 

Interestingly, ACSD showed significantly lower KI67 expression than NCSD, confirming 

that aniridic cells had lower proliferation capacity when grown for 5 days without 

passaging in CSSCM (to induce their spontaneous differentiation), Figure 4.20C.  
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Figure 4.20. Relative gene expression levels of KI67 (gene: MKI67) in aniridic (A and C) and 

normal (B and C) corneal stromal cells under different culture conditions. Results are shown 

for AC and NC cultured in KDM supplemented or depleted of FGF at different time points (ACKi 

and NCKi, respectively. i= 1, 2 or 3 weeks) and in CSSCM after 5 days (ACSD and NCSD, 

respectively). Dashed line represents the gene expression for the basal conditions AC (A) and 

NC (B) and NCSD (C). Data is represented as median ± 5-95 percentile, n=4 biological replicates. 

Kruskal-Wallis test followed by Dunnôs post hoc test was performed. *indicates degree of 

significance against the basal condition. *p<0.05, **p<0.01. Abbreviations AC: aniridic corneal 

stromal cells, NC: normal corneal stromal cells.  

A) B) 

C) 
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KI67 protein expression levels were not assessed by Western blot as a decline in cell 

proliferation in all ACK and NCK conditions could clearly be seen by observing them 

under the microscope (Figure 4.12B).  

4.4.3.2.7 Gene expression profiling of apoptosis markers during directed 

differentiation of AC and NC towards a keratocyte phenotype  

Expression of TP53 was significantly upregulated during keratocyte differentiation 

As shown in Figure 4.21A, when prompted to differentiate towards a keratocyte 

phenotype, aniridic corneal stromal cells (ACK) showed a significant increase (over 5X 

Fold increase, p<0.05) in TP53 expression. This remained true whether ACK were 

differentiated in the presence or absence of FGF (Figure 4.21A). The same trends were 

found for normal corneal stromal cells (NCK; Figure 4.21B).  

However, neither aniridic nor normal corneal stromal cells that were allowed to 

spontaneously differentiate when cultured in CSSCM for 5 days (ACSD, NCSD) showed 

an increase in TP53 expression.  

Expression of BAX did not change during keratocyte differentiation 

The expression levels of BAX did not change across any of the conditions in aniridic nor 

normal corneal stromal cells (p>0.05, Figure 4.21C and Figure 4.21D). 

Expression of BCL2 did not change during keratocyte differentiation 

BCL2 gene expression levels were significantly downregulated (4X-Fold decrease, 

p<0.05) when aniridic corneal stromal cells were allowed to spontaneously differentiate 

in CSSCM (ACSD) when compared to the basal conditions (Figure 4.21E). 

In addition, BCL2 was also downregulated when normal corneal stromal cells were 

differentiated towards a keratocyte phenotype (NCK1) in the presence of FGF (5X-Fold 

decrease, p<0.05).  
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Figure 4.21. Relative gene expression levels of apoptosis markers ( TP53, BAX  and BCL2 ) 

in aniridic (A, C, and E) and normal (B, D, and F) corneal stromal cells under different 

culture conditions. Results are shown for AC and NC cultured in KDM supplemented or depleted 

of FGF at different time points (ACKi and NCKi, respectively. i= 1, 2 or 3 weeks) and in CSSCM 

after 5 days (ACSD and NCSD, respectively). Dashed line represents the gene expression for the 

basal condition AC or NC. Data is represented as median ± 5-95 percentile, n=4 biological 

replicates. Kruskal-Wallis test followed by Dunnôs post hoc test was performed. *indicates degree 

of significance against the basal condition. *p<0.05, **p<0.01. Abbreviations AC: aniridic corneal 

stromal cells, NC: normal corneal stromal cells. 

A) B) 

C) D) 

E) F) 
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Summary of results:  

¶ ACK, NCK, ACSD and NCSD acquired an elongated spindle shaped morphology 

over time.  

¶ ACK and NCK have lower proliferative capacity than AC, NC, ACSD and NCSD.  

¶ ACSD have lower proliferative capacity than NCSD. 

¶ ACK and NCK acquired an elongated spindle shaped morphology after 

differentiation for 3 weeks in the presence or absence of FGF.  

¶ ACK and NCK have different gene expression patterns when compared to their 

basal conditions (i.e. the phenotype from which they were differentiated). AC and 

NC, respectively: 

o Gene expression levels of CD90, KERA, LUM, ŬSMA and TP53 are 

upregulated in ACK and NCK. 

o Gene expression levels of KI67 was downregulated in ACK and NCK. 

¶ ACK and NCK have different protein production patterns when compared to their 

basal conditions from AC and NC, respectively: 

o CD90, KERA, and ŬSMA protein levels are upregulated in ACK and NCK. 

¶ ACSD and NCSD have gene expression profiles similar to AC and NC.  
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4.5  Discussion  

In the previous chapter, it was shown that CSSCM is a suitable medium to culture and 

expand central corneal stromal cells. These exhibited stem-like characteristics and 

maintain their ability to differentiate back into keratocyte-like cells. Corneal stromal cells 

from ARK patients have never been isolated and cultured in vitro previously. The aim of 

this chapter was primarily to establish whether corneal stromal cells isolated from ARK 

corneas could be successfully cultured in vitro in CSSCM and; secondly to assess 

whether aniridic corneal stromal cells can be also differentiated towards a keratocyte-

like phenotype.   

 Implications of obtaining ARK samples for corneal stromal cell 

isolation  

Aniridic cells were effectively isolated and cultured from fresh post-surgical samples. For 

in vitro modelling of ARK, CSSC isolated from the limbus would have been the optimal 

cell source to study this disorder, since at least in the healthy cornea they express PAX6 

[57]. However, it was not possible to safely obtain a limbal biopsy because ARK patients 

are prone to aberrant wound healing and scarring during surgery and manipulation [154]. 

Hence, redundant central buttons from aniridic patients, for whom surgery had become 

necessary, were utilised for this project. This is the reason why so few human ARK tissue 

samples are available for research, despite Moorfields Eye Hospital having the largest 

patient cohort in the UK and possibly Europe. To the best of our knowledge, there has 

not been any previous study using human aniridic corneal stromal cells, which brings 

novelty and originality to the project.  

Some of the aniridic patients whose corneas were used in this study had already had 

previous surgeries and transplants. A concern for this study was that normal cells from 

previous donor grafts might have been still populating the tissue samples harvested from 

the aniridic patients. Upon transplantation donor epithelial cells are promptly replaced by 

the host cells within days [215]. However, very different results have been observed 

regarding allogenic stromal and endothelial cells. These have been found in the graft 

even 30 years after transplantation. However, there is high variability in the occurrence 

of stromal cells remaining in the graft, with the rate ranging from 4 to 95%, 30 years 

postransplanation [215]. If donor cells had been populating the grafts used for this study, 

cells without the PAX6 mutation could have been used inadvertently. However, 

genotyping performed from the aniridic corneal cells in culture revealed that they had the 

PAX6 mutation, matching the one found in the patientsô blood, suggesting that the cells 

used were patient specific.  
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 Pathogenicity of the PAX6 variants found in the aniridic samples  

Three PAX6 variants were found in the open reading frame of the gene in all four aniridic 

patients used in the present work. AC1 and AC4 had a CTE mutation and AC2 and AC3 

had PTC mutations (substitution and frame-shift, respectively). The three different 

mutations found here have been already described and related to aniridic phenotypes in 

the literature, which adds evidence that they are pathogenic mutations. Back in 1999, 

Baum and colleagues published a mutation report where they described for the first time 

the run-on mutation found in AC1 and AC4 [222]. It was a change on the stop codon, 

caused either by an insertion of a T or a transversion from an A to a T, producing an 

extended protein. Since then, the same mutation has been described in more articles 

[223]. In 2006, Hever and colleagues published an article with new mutations they had 

found in their patient screenings. They also described the mutation found in AC2, in 

which a G is mutated to a T, resulting in an amino acid change from Glycine to a 

premature termination codon. They suggest that non-mediated decay system will act in 

this case and probably there will not be protein synthesis [224]. Interestingly, this is the 

same mutation that was described in the Sey mouse model (Gly208*; NP_001231127.1) 

[163]. Finally in 1998, Love and colleagues described the mutation found in AS3 as the 

deletion of two bases in exon 7, an A and a G at position 735-736, produced a stop codon 

seven codons later, truncating the protein in the paired domain [225]. 

Hingorani et al. previously attempted to find a correlation between genotype and 

phenotype in aniridia, but their study included in a wide range of clinical observations in 

a cohort of 43 patients [226]. Correlations between the mutation variant and stromal cell 

behaviour in vitro would be of the upmost interest to be established. However, insufficient 

ARK donor samples are available to yet have representative numbers of each mutation. 

 Aniridic corneal stromal cells  have low er proliferation c apacity, but 

otherwise present  the same phenotype as normal corneal stromal 

cells  when cultured in CSSCM  

In the results here presented, aniridic corneal stromal cells were successfully isolated 

and cultured in vitro for the first time. The propagation of these cells opens new and 

exciting possibilities for modelling ARK in vitro by using primary cells. Here, cells were 

cultured in CSSCM for a number of different reasons, as described in detail in Chapter 

3. Keratocytes in the native corneal stroma do not express PAX6, on the other hand, 

their originating progenitor cells in the limbal stroma do express this marker [57]. Since 

aniridia is caused by PAX6 mutations, culturing the cells isolated from the central stroma 

in CSSCM might drive them towards more primitive states resembling those of CSSC 
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cells, where PAX6 is involved in modulating the cell phenotype [57]. Alternatively, aniridic 

keratocytes, derived from CSSC with PAX6 mutations, could somehow retain functional 

changes that were pre-determined earlier in their PAX6 expressing development stage. 

Aniridic corneal tissue affected by ARK and removed during surgery has usually 

undergone conjunctivalisation. This is a result of an impairment in limbal function and 

leads to a migration of conjunctival epithelium and its blood vessels onto the cornea 

[227]. It is therefore plausible that stromal cells from the conjunctiva were also isolated 

and expanded together with the corneal stromal cells. However, currently there is no 

known way to avoid this. Similarly, epithelial cells may have also been present in the 

primary cultures, however, these were easily be removed using selective trypsinisation 

[221]. 

4.5.3.1 AC and NC show  similar morphologie s and expression profiles of putative 

CSSC, keratocyte, and apoptosis  markers   

Similar to NC, aniridic cells presented a small square-like shape and similar passaging 

frequency requirements when cultured in CSSCM at low density. Both NC and AC 

showed very low expression of PAX6 and, strikingly, in some aniridic donors PAX6 was 

even undetectable. However, AC and NC were used for testing gene expression at 

passage 5 (to obtain sufficient cell numbers for experiments), and it is known that the 

expression of PAX6 is lost with passaging [198]. Interestingly, AC and NC expressed 

similar levels of the putative CSSC markers, CD90 and CD73, both at mRNA and protein 

level, suggesting that PAX6 is not involved in regulating the expression of these two 

markers. When NC and AC were cultured in CSSCM at low density, no differences in 

expression were observed in the remaining tested markers (LUM, KERA, ALDH1A1, 

KI67, and TP53), suggesting that AC and NC have a similar capacity to expand and 

acquire the stem cell-like properties reported for CSSC. 

4.5.3.2 AC have lower proliferation capacity than NC  

Aniridic corneal stromal cells had lower proliferation capacity than normal cells when 

cultured for 7 days in CSSCM. These results are consistent with numerous articles 

published that support the involvement of PAX6 in the regulation of the cell cycle and 

proliferation [130, 144, 165, 228]. Ramaesh and Douvaras showed that in the Pax6+/- 

mouse model, corneal epithelial cells presented increased proliferation and higher cell 

turnover compared to wild-type controls, resulting in abnormal corneal homeostasis [144, 

165]. In a different approach, overexpression of Pax6 resulted in increased [130] or 

reduced [228] proliferation in genetically engineered mouse or rabbit corneal epithelial 
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cells, respectively. The contradiction in these results is maybe due to different Pax6 

dosage (haploinsufficiency vs overexpression), different animal models, and 

experimental settings. However, they all suggest that PAX6 plays a role in determining 

the corneal epithelia dynamics [130, 228]. PAX6 has also been shown to modulate 

proliferation in other cell types such as retinoblastoma [229], retinal progenitors [230], 

cerebral cortical cells [231] and colorectal cancer cells [232]. Interestingly, Hsieh and 

colleagues found highly variable PAX6 expression levels during different stages of the 

cell cycle and in different stages of retinal cell differentiation, suggesting that the dosage 

of PAX6 and its involvement in deciding cell dynamics is a complex process [230]. 

Importantly, it is noteworthy that epithelial cells have a different proliferation profile than 

stromal cells in the native cornea. Peripheral corneal epithelial cells constantly proliferate 

to repopulate the central cornea when the cells are shed by desquamation [233], 

whereas stromal cells remain quiescent until the event of an injury [22, 51]. This may 

help to explain why results obtained from corneal stromal cells might not directly correlate 

with epithelial cell behaviour. There are only a restricted number of studies that look into 

the numbers and proliferation of stromal cells in Pax6 haploinsufficient models [157, 

211]. Ramaesh et al. in described a hypercellular stroma prenatally in the Pax6+/- mouse 

model [211]. Others showed lower density of stromal cells in human aniridic corneas in 

vivo [157]. Results published herein are, to the best of our knowledge, the first specific 

evidence of PAX6 involvement in regulating the proliferation of human corneal stromal 

cells, in vitro. However, in these experimental settings the cells are in a proliferative state, 

growing in the presence of serum in vitro, and therefore the results do not necessarily 

reflect how keratocytes would behave in the native stroma. However, the results here 

present are a first indication that AC have some functionality impairment compared to 

NC.  

4.5.3.3 AC and NC show  similar migra tion capacities  

Aniridic and normal corneal stromal cells did not present significant differences in their 

migration capacity, as measured by the chemotactic transwell assay. These results are 

perhaps surprising as there has been extensive research showing that Pax6 

haploinsufficient corneal epithelial cells have delayed migration ability [129, 130, 139, 

234]. Collinson and colleagues found that the centripetal migration of corneal epithelial 

cells was diverted and delayed in an in vivo wound healing model of the Pax6+/- mouse 

model [129]. In a later article, they suggested that the centripetal migration of the 

epithelim is directed by contact mediated cues from the underlying stroma. In the Pax6+/- 

mice, epithelial cells fail to read these cues and so the migration is impaired [234]. 

However, peripherial epithelial cells in healthy corneas are constantly migrating 
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centripetally to replace cells desquamated in the central cornea, and maintain the 

epithelium homeostasis [233]. On the contrary, stromal cells only migrate in the event of 

an injury that affects this layer [62]. It is possible that using a different chemoatractant or 

an alternative colony dispersion assay, i.e. where the extent of cell migration is away 

from a previously confined confluent area, may have revealed different results [235]. 

Interestingly, when the results were evaluated for each aniridic donor separately, AC2 

migrated significantly more than NC (p<0.05). No further comment can be made due to 

the low number of donor tissues, however these results are an indication that different 

PAX6 mutations might have an effect on cell migration. 

4.5.3.4 AC and NC show  similar collagen contraction capacities  

Corneas presenting ARK usually develop scarring at some point during the lifespan of 

the aniridic patients [61]. The collagen matrix contraction assay has been previously 

used as a measure of cell ability to re-organise ECM (as an in vitro surrogate of the 

contractile phase of scarring) [236]. Surprisingly, when collagen contraction capacity was 

assessed for AC and NC in vitro there were no significant differences between them nor 

between the three aniridic donors with different PAX6 variants. These results might 

suggest that there are no differences in scarring abilities between the two cell 

populations, in the conditions tested. However, these results are unexpected because 

ARK corneas are prone to scarring [154], and previous studies have shown a high 

presence of myofibroblasts in their stroma [161]. It would be expected that a higher 

number of contractile myofibroblasts would increase the rate of collagen gel contraction.  

However, the results of the migration and collagen contraction revealed high donor to 

donor variability. This may have contributed to the lack of significant differences found 

between aniridic and normal cells when the results for all the donors in each condition 

are pooled together. This variability could be due to multiple factors, such as the different 

mutations in the aniridic cells, intrinsinc donor to donor variation which is often seen in 

cultures derived from ónormalô subjects, different cell cycle stage or differentiation state 

of the stromal cells, and experimental settings. The latter were controlled as far as 

possible to maximise experimental reproducibility. 

In conclusion, AC and NC cultured sparsely in 2D in CSSCM did not show differences in 

morphology, gene expression, migration and contraction capacity. However, AC 

presented lower proliferation capacity when grown to confluece for a period of one week 

in CSSCM . These last results supported the hypothesis that AC and NC have a different 

phenotype when cultured in vitro in CSSCM.  
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 Aniridic and normal corneal stromal cells  showed similar capacity to 

differentiate into keratocyte -like cells  

As discussed in the previous chapter, NC cultured in KDM for 3 weeks, with or without 

FGF, showed upregulation of keratocyte markers. Interestingly, aniridic corneal stromal 

cells showed the same ability, suggesting that they may be capable of reverting back to 

a more quiescent keratocyte-like phenotype (as opposed to the presumed wound healing 

phenotype of the pannus). This similarity does not support the hypothesis that aniridic 

cells differentiate less readily to a keratocyte phenotype. These results are perhaps 

surprising because some previously published evidence pointed to differences in the 

aniridic stromal cells when compared to normal corneal stromal cells in vivo (keratocyte 

phenotype) [161]. In a recent study, Vicente et al. showed abnormalities in the structure 

of the anterior stroma with a presence of a subepithelial pannus in all tested aniridic 

samples [161]. In this region, keratocytes were strongly labelled with antibodies against 

vimentin and ŬSMA, markers that are upregulated in myofibroblasts during wound 

healing [237] and consistent with the high stromal scarring observed in aniridic patients 

[238]. However, the posterior stroma of the same aniridic samples was unaffected and 

presented the same structure and staining than the normal stroma [161]. This suggest 

that cells extracted from different regions of aniridic stroma have different behaviours 

with distinct protein expression profiles. In their study, the size of the subepithelial 

pannus varied between aniridic donors [161], which suggests that depending on the 

severity of the phenotype, the isolated corneal stromal cells might present different 

phenotypes. Despite being extracted from the anterior stroma, the aniridic cells used in 

the present study showed the same phenotypical characteristics than their normal non-

diseased counterparts. When cultured in CSSCM, aniridic cells showed stem-cell like 

properties, and when differentiated for 3 weeks in KDM they showed a healthy 

keratocyte-like phenotype; high expression of keratocyte markers and expression of 

ŬSMA to similar levels of those of healthy keratocytes. Taken together, these 

observations suggest that (i) aniridic cells cultured in CSSCM can acquire a CSSC 

phenotype and (ii) can revert to a keratocyte-like phenotype when cultured in KDM for 

three weeks.  

Aniridic cells cultured in KDM did not significantly upregulate ALDH1A1 expression. 

Nevertheless, normal cells neither upregulated this marker when they were prompted to 

differentiate towards a keratocyte phenotype. Interestingly, previously published results 

showed a downregulation of this marker in aniridic corneal epithelial cells [135]. Since 

ALDH1A1 is a corneal crystalline that helps maintain the transparency of the cornea [49], 
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its downregulation in ARK epithelium might help understanding the corneal opacification 

on aniridic patients [135].  

Both aniridic and normal stromal cells signifcantly upregulated TP53 when cultured in 

KDM for 2 and 3 weeks, suggesting that keratocyte-like cells are more apoptotic. 

However, TP53 is a gene involved in many other different cellular processes and the 

upregulation of this marker alone is not sufficient to make this affirmation [239]. Cell 

apoptosis is regulated by TP53 in conjunction with other genes, such as BAX and BCL. 

The first is an proapoptotic and the second an antiapoptotic gene [240]. The trends of 

BAX (upregulation) and BCL2 (downregulation) were mirrored in keratocyte-like cells, 

suggesting that the cells cultured in KDM are more apoptotic. Nevertheless, the 

upregulation of BAX or downregulation of BCL2 was not statistically significant in the 

majority of the conditions in either aniridia or normal. On the other hand, it is noteworthy 

that the aniridic stromal cells grown for 5 days in CSSCM (ACSD) had a significant 

downregulation of the anti-apoptotic marker BCL2, suggesting that they might also be 

more susceptible to apoptosis. These results are consistent with the study by Ramaesh 

and colleagues in which a higher and abnormal apoptosis rate was observed in aniridic 

stromal cells during wound healing in a Pax6+/- mouse model.  

Interestingly, there were not major differences between when AC were prompted towards 

a keratocyte phenotye in KDM (ACK) with FGF or without FGF. The only difference was 

a significantly higher production of CD90 when ACK were cultured in the absence of 

FGF. However, this was not accompanied with a significant increase in production of 

ŬSMA, which would suggest a shift towards a myofibroblast phenotype. These results 

do not support the hypothesis that FGF is an essential growth factor to drive the 

differentiation of AC towards a keratocyt phenotype.  

Results presented here were obtained from cells cultured in 2D, however, as it has 

previously been demonstrated, spatiotemporal features of a 2D environment profoundly 

affect cell behaviour [241]. In the native cornea, stromal cells produce high amounts of 

ECM [242]. Matrix deposition in 2D may be limited by the availabitility of space which 

may lead to hypertrophic phenotyopes as demonstrated in chondrocytes [243]. 

Therefore, the data presented in this chapter will be followed by an investigation of 

aniridic stromal cell behaviuor in 3D.  

In conclusion, aniridic corneal stromal cells were sucessfully isolated from patient 

samples and when cultured sparsely in CSSCM did not present differences compared to 

the normal controls. They also presented the ability to differenciate into keratocyte-like 

cells in vitro, feature that was extensibly discussed in the previous chapter. However, 
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when cultured confluent in CSSCM, aniridic cells had lower proliferation capacity and 

showed downregulation of an antiapoptotic marker. This evidence, consistent with other 

published studies [244], supports the hypothesis that PAX6 might be involved in the 

regulation of cell proliferation and apoptosis in human corneal stromal cells. 
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 CHAPTER 5: A NIRIDIC AND NORMAL CORNEAL STROMAL 

CELLS PRESENT DIFFERENCES IN PROLIFERATION, 

DISTRIBUTION AND GENE EXPRESSION WHEN CULTURED 

INSIDE THE RAFT TE 

5.1 Introduction  

In vivo, cells are found in complex settings including extracellular matrix proteins and 

autocrine, paracrine and endocrine signalling factors that provide essential information 

about their surroundings. It is well recognised that the extracellular microenvironment 

influences cell phenotype and controls a wide range of biological processes (reviewed in 

[245]). For instance, ECM modulates patterns of cell migration [246]. Cells within a matrix 

need to overcome its resistance to be able to migrate, either by changing cell shape or 

by remodelling the matrix [246]. ECM also regulates gene expression, as shown in rabbit 

keratocytes that upregulated the keratocyte marker ALDH1A1 and downregulated the 

fibrotic marker ŬSMA when cultured in a 3D collagen sponge in vitro, compared to a 2D 

culture [241]. During development, the mechanical interactions between corneal stromal 

cells and the early deposited stromal ECM strongly regulate keratocyte behaviour, 

modulating cell alignment and morphology [247]. Similar results have also been 

observed in vitro, where corneal fibroblast spreading, morphology and alignment was 

influenced by the mechanical properties of the surrounding ECM [248].   

Experiments performed in vitro in two-dimensional (2D) tissue culture can provide some 

insight into cell behaviour. However, such 2D conditions may have limited physiological 

relevance regarding human cell function [249]. 3D tissue equivalents can be constructed 

from a wide variety of different materials with tuneable features. These include a range 

of polymers, copolymers solutions, and collagens gels [250]. From these, collagen gels 

have many advantageous properties as they are biocompatible, are naturally remodelled 

by the cells, cause low immunogenic response and are inexpensive to obtain [251]. 

Moreover, type I collagen gels are suitable to use in cornea research since this protein 

represents the principal structural element in vivo [21, 22]. Non-compressed hyper-

hydrated collagen gels are a suitable platform to culture corneal stromal cells, however 

due to their high water content, they are inherently weak, and their mechanical properties 

highly differ from those of the cornea [252, 253]. Brown et al. developed a method for 

using a 3D compressed type I collagen gel with strong mechanical properties as a 

substrate for cell culture [251]. From then on, these compressed collagen gels have been 

extensively used in our laboratory to culture different types of cells, including corneal 
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endothelial cells [254], limbal epithelial stem cells [253], limbal fibroblasts [191, 255] and 

CSSC [55, 256]. The majority of studies using the various corneal stromal cell 

phenotypes (limbal fibroblasts and CSSC) aim to assess their supportive role in the 

coculture of epithelial cells [55, 191]. In the limbal niche, CSSC are in close proximity to 

the LESC, therefore these two cell types have been cocultured in the compressed 

collagen gels to study their interactions [55]. However, Shojaati et al. recently showed 

that compressed collagen gels are suitable delivery vehicles to culture CSSC alone 

without epithelial cells. In their study they transplanted the CSSC populated tissue 

equivalent into a mouse corneal wound healing model, reducing visible scarring and 

suppressing the expression of fibrotic markers [256]. A brief characterisation of CSSC 

cultured in the compressed collagen gels for 13 days showed that they maintained their 

expression of the CSSC-associated markers CD73 and CD90, but did not express the 

myofibroblast marker ŬSMA [55, 191]. These data is encouraging because expression 

of ŬSMA would suggest a shift towards a scarring phenotype [79], which is not desired 

if the final goal is to transplant the CSSC [256]. Taken together, these studies showed 

that limbal stromal cells can be successfully embedded within the compressed collagen 

gel and remained viable for at least 2 to 3 weeks, making it a suitable matrix to culture 

and study cells in vitro. Hence in this chapter, aniridic and normal corneal stromal cells 

were further characterised within a compressed collagen type I gel, in an attempt to 

mimic aspects of the natural in vivo microenvironment. 

The preparation process of making compressed collagen gels has evolved over time. 

The first compressed collagen gels produced by Levis et al. in 2010 consisted of 

neutralised hyper-hydrated collagen gels compressed between nylon mesh backed with 

filter paper. Water content inside the hydrogel was reduced by applying a load on top of 

the gels [253]. Since then, the compression process has been modified to improve 

reproducibility and tunability of the compressed collagen gels, and to make the process 

more compatible with Good Manufacturing Practice (features required to meet the 

regulations to be used for human therapy). In 2013, a new standardised approach was 

developed by Levis and colleagues in collaboration with TAP Biosystems (now 

Sartorius). The hyper-hydrated collagen gels were confined inside tissue culture plate 

wells and sterile absorbers were place on top to compress them by removal of water 

[257]. The compressed collagen gels fabricated using this new process were termed 

Real Architecture for 3D Tissues (RAFT), here referred as RAFT tissue equivalents 

(RAFT TE). RAFT TE may be suitable for two different applications; (i) to be used as a 

matrix to support cell therapy, and (ii) for disease modelling in vitro (the focus of this 

thesis).  
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To the best of our knowledge, RAFT TE have not previously been used to culture stromal 

cells isolated from central cornea (normal or diseased). Furthermore, human aniridic 

corneal stromal cells have never been cultured in RAFT TE either, to enable their 

properties to be studied. During this project, RAFT TE were used for the first time as a 

simple model to mimic the stromal environment of normal versus aniridic cornea. As it 

was unknown whether aniridic corneal stromal cells could even be propagated in vitro, 

the first step was to culture and characterise cells in 2D, as described in the previous 

chapter. Encouraging results showed that aniridic corneal stromal cells could be 

expanded and cultured in vitro. Differences in proliferation were found between aniridic 

and normal corneal stromal cells, but surprisingly, the other phenotypical characteristics 

tested did not show significant differences between both cell types. In this chapter aniridic 

cells were further characterised in RAFT TE and compared to normal controls. CSSC, 

keratocyte and fibrosis markers studied in the previous chapter were assessed, to find 

possible differential expression driven by the 3D environment. Also, because of the 

published evidence supporting differences in apoptosis and proliferation in aniridic 

corneal stromal cells in vivo, these parameters were studied in the cells in RAFT [169, 

208, 211]. Additionally, a comparison of aniridic and normal stromal cell transcriptomes 

was performed using RNA sequencing analysis. As far as we are aware, this is the first 

time that next generation sequencing has been used to study human aniridic corneal 

stromal cells.  

5.2 Hypotheses and aims  

The hypotheses tested in this chapter were the following:  

1. Viable aniridic and normal corneal stromal cells can be cultured and maintained 

inside RAFT TE. 

2. Aniridic and normal corneal stromal cells have different phenotypical 

characteristics when cultured inside the RAFT TE. 

3. Aniridic and normal corneal stromal cells present differences in their 

transcriptomes.   

Hence, the overarching aim of Chapter 5 was to culture and characterise aniridic and 

normal corneal stromal cells inside the RAFT TE, by assessing morphology, rates of 

proliferation, susceptibility to apoptosis, and gene expression profile. 
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5.3 Materials and Methods  

 Real Architecture for 3D Tissue  

RAFT tissue equivalents (RAFT TE) were prepared to culture stromal cells in an attempt 

to mimic their residing conditions in the native tissue. Preparation of the gels was 

performed following a protocol described by Levis et al. with modifications [258] (Figure 

5.1). Briefly, a mixture containing 0,9mL MEM 10X, 7,4mL rat-tail collagen type 1 

(2.05mg/mL in 0,6% acetic acid, First link, UK), 0,546mL neutralising solution (TAP 

Biosystems) and 0,377mL cells suspended in CSSCM was prepared by mixing according 

to the order indicated. A total number of 140000 cells/gel was used. The mixture was 

prepared and then left on ice for 30 minutes to allow elimination of air bubbles. A total 

volume of 2.4mL was added to each well of a 24 well plate (Greiner Bio-One) and the 

plate was incubated at 37°C for 30 minutes inside a plate heater (TAP Biosystems) to 

allow collagen polymerisation. UV pre-sterilised absorbers were then added on top of 

the gels and left for 15 minutes at 37°C to compress the gels through removal of water. 

When the absorbers were removed, 1.5mL of CSSCM was added.  

Figure 5.1. Schematic representation of the RAFT TE manufacturing process. From left to 

right, a mixture of medium, collagen, neutralising solution and cells was added to the wells and 

left to polymerise for 30 min at 37°C. The gel was then compressed by removing the excess of 

water with a sterile absorber. When the absorber was removed, fresh medium was added to the 

wells. Abbreviations: RAFT TE: Real Architecture for 3D tissue equivalent.  

 Experiment design ï Donor demographics  

Aniridic and normal corneal stromal cells from eight different donors (four for each 

condition) were cultured inside the RAFT TE for three weeks. Donor information can be 
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found in Chapter 4, Table 3.1. A total of three RAFT TE were prepared for each donor. 

Additional RAFT TE without cells were used as negative controls.  

 Metabolic activity ï PrestoBlue ®  

At the end of a 3-week time course, stromal cell metabolic activity within RAFT TE was 

measured by the PrestoBlueÈ assay (Thermo Fisher Scientific) as per manufacturerôs 

instructions. Briefly, 250ɛL PrestoBlue® reagent diluted in 10% (V/V) CSSCM was 

added to each RAFT TE containing well. The same volume of PrestoBlue® reagent was 

added to two extra wells without RAFT TE and used as a blank. The plate was then 

incubated for 15 minutes at 37°C in the dark. Two technical replicates were measured 

from each RAFT TE and blank well, by transferring 100ɛL/well of the solution into two 

wells of a black flat bottom 96-well plate (NuncÊ). Fluorescence was red in a microplate 

reader (Excitation wavelength: 560nm, Emission wavelength: 590nm).  

 Real-Time qPCR  

5.3.4.1 RNA isolation from cells inside the RAFT TE  

At the end point (3 weeks), the culture medium was removed from the wells and 500µL 

of TRIzolÈ reagent (InvitrogenÊ) were added directly on top of the RAFT TE. The 

resulting solution was incubated at room temperature for 30 minutes and occasionally 

pipetted up and down to dissolve the RAFT TE. The solution was then transferred into a 

1,5mL Eppendorf and any remains of the RAFT TE were dissolved by vortex. Chloroform 

(100µL) was added to the previous resulting solution and mixed by strongly handshaking 

the eppendorf for 15 seconds. The resulting solution was then centrifuged at 11000 rpm 

for 5 minutes to allow its separation in three different phases. The clear phase on top, 

containing the RNA, the pink phase at the bottom containing the proteins and the 

interphase containing the DNA and cell waste. The maximum possible volume (roughly 

500µL) was taken from the aqueous phase, without disturbing the other phases, and 

transferred into a labelled new eppendorf. Isopropanol (half volume of the obtained clear 

phase) was added and mixed by inverting 3 times. The resulting solution was incubated 

overnight at -20°C to allow the RNA to precipitate. On the following day, the solution was 

added into a RNeasy Mini Spin Columns and processed as described in Chapter 2 

section 2.2.1. 

5.3.4.2 cDNA synthesis and Real Time qPCR  

Further steps for cDNA synthesis and Real Time qPCR were performed as previously 

explained in section 2.2.3 in Chapter 2. Primers used are shown in Table 2.1.  
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 Cell characterisation  

5.3.5.1 Live/Dead viability analysis  

After 3 weeks of culture the RAFT TE were washed once with DPBS to remove any 

serum remaining and a straight strip was cut in the centre of the RAFT TE to be used for 

Live/Dead analysis. The two remaining pieces of the RAFT TE were fixed for later 

immunocytochemistry. 

The LIVE/DEAD® Viability/Cytotoxicity Kit (InvitrogenTM) relies on plasma membrane 

integrity and esterase activity of the cells to determine their viability. It is based on the 

detection of either the dye calcein or ethidium homodimer. Calcein is retained 

intracellularly if the cells are alive, enhancing its green fluorescence, whereas ethidium 

homodimer enters the cells if the membrane is compromised and enhances its red 

fluorescence when bound to nucleic acids (information retrieved from manufacturerôs 

datasheet).  

 

Figure 5.2. Schematic representation of the protocol for Live/Dead analysis. A strip of the 

RAFT TE was cut with a scalpel to be tested. A small piece was cut and incubated for 30 minutes 

in 70% methanol and used as a positive control for cell death. Both pieces were then stained and 

imaged. White squares represent areas that were imaged: for each stripe 9 pictures at 3 different 

depths were taken, from both edges and central part of the RAFT TE. Abbreviations: RAFT TE: 

Real Architecture for 3D tissue equivalent.   

A dead cell control was prepared by fixing the cells for 30 minutes with 70% methanol. 

The Live/Dead assay reagents were removed from the freezer and warmed at room 

temperature before use. The working solution was prepared by adding 20ɛL of EthD-1 

and 5ɛL of Calcein to 10mL of DPBS. In a 12 well plate, 500ɛL of working solution was 

added to each well with a RAFT TE strap or the dead cell control and incubated for 45 

minutes at room temperature in the dark. The resulting samples were then transferred 
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and mounted on microscope slides with Live/Dead working solution and the coverslips 

were secured with nail polish.  

The samples were imaged under the Zeiss LSM 710 confocal microscope. Images were 

taken at three different depths, (top, middle and bottom) at three different areas of the 

RAFT TE, namely the two sides and the middle (Figure 5.2). 

5.3.5.2 Immuno cytochemistry  

After three weeks of culture, the RAFT TE were washed once with DPBS and fixed by 

adding 400µL of 4% (V/V) PFA in DPBS. They were then washed 3 times for 5 minutes 

in DPBS, and finally stored in DPBS at 4°C until further use. 

After fixation, the RAFT TE were stained following a protocol described by Kureshi et al. 

with small modifications [55]. Briefly, RAFT TE were incubated for 10 minutes in 0.25% 

(V/V) Triton-X 100 in DPBS to permeabilise the cell membranes. They were then 

incubated for 1 hour in 5% (V/V) goat serum in DPBS to block and prevent unspecific 

staining. Samples were then incubated for 1 hour at room temperature in the dark with 

Phalloidin 418 (Sigma-Aldrich) (1:1000) in DPBS. After 3 washes with DPBS, they were 

mounted in Vectashield mounting medium with DAPI (Vector Laboratories) and 

visualised under a confocal microscope (Zeiss LSM 700). 

5.3.5.3 Quantification of cell alignment and circularity  

Three biological donors were used for AC and NC, respectively, to calculate cell 

alignment and circularity. For each RAFT TE, five different image fields were obtained 

under the confocal microscope. The confocal images were processed in Fiji ImageJ 

1.49s software. Shape descriptors (area, perimeter and position) were calculated from 

different image fields of each RAFT TE. Briefly, all cells in the imaged field were manually 

traced around their membrane borders, and the following parameters were recorded: 

area, perimeter and orientation angle. To obtain the orientation angle of each cell, 

ImageJ fits the cell into an oval and records the position angle of its longest axis.   

Cell circularity was calculated using the following formula:  

Equation 2 ï Cell circularity.  

ὅὭὶὧόὰὥὶὭὸώτ “
ὃὶὩὥ

ὖὩὶὭάὩὸὩὶ
 

Circularity = 1 for a perfect circle. Circularity < 1 for elongated bodies.  
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To calculate cell alignment, a line was drawn on the direction in which the majority of 

cells were aligned, and its angle was recorded and compared to the position angles for 

each cell. These were sorted into bins of 10° displacements. The percentage of cells that 

fell into each of these bins was plotted. Cell with 0° would be perfectly aligned, and 90° 

would be perpendicular. Cell populations with a random orientation should have an 

average 45° angle [259]. 

5.3.5.4 Scanning Electron Microscopy  

I would like to acknowledge Miss. Rita Pinho for her help during the preparation, 

processing, and analysis of SEM samples. At 3 weeks, RAFT TE were fixed with 4% 

(V/V) PFA in DPBS for 30 minutes and washed three times with DPBS for five minutes. 

They were then placed in a 1:1 water and osmium solution with rotation for 2 hours to 

enhance the contrast of cells, as osmium binds preferently to unsaturated bonds in the 

lipid bilayers. Subsequently, they were washed three times with water and dehydrated in 

a series of ethanol concentrations (V/V) in distilled water (50%, 70%, 90%, and 100%) 

for 10 minutes in each, followed by a final wash in 100% ethanol for 10 minutes. The 

samples were then dried using the critical point drying method by which they are placed 

in 100% ethanol inside the appropriate holder and go through a series of liquid CO2 

immersion to remove the ethanol and dry. Finally, the samples were gold sputter coated 

(5nm, Bal-Tec) and imaged under a field-emission scanning electron microscope (Zeiss) 

at 3kV or 5kV. 

 RNA sequencing  

RNA was isolated from aniridic (AC1, AC2, AC3) and normal (NC1, NC2, NC3) corneal 

stromal cells cultured in RAFT TE for 3 weeks as previously described in section 5.3.4.1. 

Sample quality was also assessed using Nanodrop. The samples were then sent to 

GENEWIZ Ltd for RNA sequencing. Sample requirements were the following: RNA 

concentration Ó 50ng/ɛL and Quantity Ó 2ɛg. Sample quality control was assessed again 

at GENEWIZ Ltd, by measuring the RNA integrity number (RIN).  

RNA sequencing was performed by GENEWIZ Ltd. The first step of library preparation 

was performed via polyA selection, to enrich the mRNA. This was followed by cDNA 

synthesis and sequencing. Sequencing configuration was as follows, HiSeq, 2x150bp 

configuration, single index, per lane. Data quality assessments were then performed to 

examine the distribution of read counts in the libraries from the different samples and to 

assess the similarity between the different samples. Sequence reads were trimmed to 

remove possible adapter sequences and nucleotides with poor quality using 

Trimmomatic v.0.36. The trimmed reads were then mapped to the Homo sapiens 
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GRCh38 reference genome available on ENSEMBL using the STAR aligner v.2.5.2b, 

which incorporates splice junctions to help align the entire read sequence. Unique gene 

hit counts that fall within exon regions were calculated by using featureCounts from the 

Subread package v.1.5.2. The data extracted from the gene hit counts was used for 

downstream differential expression analysis between conditions. The comparison of 

gene expression was performed using DESeq2, and the Wald test was used to generate 

p-values and log2 fold changes. Genes with an adjusted p-value < 0.05 and absolute 

log2 fold change > 1 were called as differentially expressed genes, for each of the 

comparisons. Finally, significantly differentially expressed genes were clustered by their 

gene ontology and the enrichment of gene ontology terms was tested using Fisher exact 

test (GeneSCF v1.1-p2). The goa_human GO list was used to cluster the set of genes 

based on their biological processes. Finally, to estimate the expression levels of 

alternatively spliced transcripts, the splice variant hit counts were extracted from the 

RNA-seq reads mapped to genome, using DEXSeq.  

GENEWIZ Ltd provided the following documents:  

- Raw data 

o Raw data in fastq format 

- Aligned data 

o Alignment file in bam format 

- Hit-counts 

o Unique gene hit counts for each sample 

- Differential gene expression analysis results 

o Raw gene hit counts of all different samples used for comparison 

o Normalised gene hit counts of all samples used for comparison 

o Rlog transformed gene hit counts of all samples used for comparison 

o Log2 fold change and adjusted p-value table 

o Log2 fold change and adjusted p-value table for significant differentially 

expressed genes (DEGs) 

- GO enrichment analysis results 

o GO enrichment analysis table  

- Differential splicing analysis results 

o DEXSeqReport 

GENEWIZ Ltd the documents presented above from three different comparisons of the 

RNA sequencing data: (i) NC (all donors) compared against AC (all donors), (ii) NC (all 

donors) against AC1 (donor with CTE mutation), and (iii) NC (all donors) against 

AC2/AC3 (donors with PTC mutation).  
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The graphs for RNA sequencing data visualisation used herein were made using RStudio 

[260]. Scripts used to create the Volcano plots, Venn diagrams, Heatmaps, and Gene 

Ontology graphs can be found in the Appendix.  

A list of the 50 most significant DEGs can be found in the Appendix (Table A.8.4, Table 

A.8.5, and Table A.8.6), for the three different comparisons. 

 Statistical analyse s 

Excel (Microsoft) was used to organise and study the data and Graphpad Prism 

(GraphPad) was used to perform statistical analysis and to plot the graphs.  

Three technical replicates (three independent RAFT TE populated by cells) were used 

for each biological replicate (n=3), giving a total sample size of 9. Only in Real Time 

qPCR data, an extra biological replicate was used (total n=4), as a new donor became 

available before performing these experiments.  

After confirming that the dataset followed a normal distribution, one-way ANOVA was 

used to analyse metabolic activity data measured by PrestoBlue®, where n=3 technical 

replicates for each n=3 biological replicates were used. This was followed by Bonferroniôs 

multiple comparisons test.  

After confirming that the datasets followed a normal distribution, unpaired student t-test 

was used to analyse gene expression values of all genes, when comparing all AC pooled 

together against NC. When results were shown for all different aniridic samples 

individually, non-parametric Mann-Whitney test was performed as the normality of the 

data set could not be assessed, due to the small sample size (n=3).  

Unpaired student t-test was also used to analyse cell circularity data, after confirming 

that the data set followed a normal distribution.  

Statistical analysis used in the RNA sequencing results are specified in section 5.3.6.  

5.4 Results  

 Aniridic corneal stromal cells  have lower prolifer ation capacity than 

normal corneal stromal cells  

Both AC and NC showed significantly higher metabolic activity than the acellular RAFT 

TE (p<0.001) (Figure 5.3A). Interestingly, AC showed significantly lower metabolic 

activity than NC when cultured inside RAFT TE (p<0.001) (Figure 5.3A).  

Additionally, proliferation capacity was assessed by studying the gene expression levels 

of the proliferation marker KI67 by qPCR. AC showed significantly downregulated levels 



   

177 

 

of KI67 expression compared to NC (7X Fold decrease, p<0.001), suggesting lower 

proliferation capacity (Figure 5.3B). However, the results appeared to vary depending on 

the aniridic donor, therefore KI67 relative gene expression was also plotted individually 

for each aniridic donor (Figure 5.3C). Interestingly, AC1 and AC4 showed significant 

lower levels of Ki67 compared to NC (220-320-Fold Decrease, respectively p<0.05), 

whereas AC2 and AC3 did not show significant differences.  
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Figure 5.3. Proliferation capacity  of AC and NC when cultured in  RAFT TE for 3 weeks in 

CSSCM. A) PrestoBlue® results normalised to a RAFT TE without cells (100%). B) Relative gene 

expression of KI67 in AC, compared to NC. C) Relative gene expression of KI67 in the different 

aniridic donors plotted individually compared to NC. Dashed line represents gene expression in 

NC. Data is represented as the (A) mean ± standard deviation, (B) Median with 5-95 percentile 

n=12, (C) Median of n=3 technical replicates for each donor. Statistical analysis performed were 

(A) One-way ANOVA, (B) student t-test and (C) Mann-Whitney test against NC. *p<0.05, 

***p<0.001. Abbreviations: A.U. arbitrary units, NC: normal corneal stromal cells, AC: aniridic 

corneal stromal cells. 
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 Aniridic and normal co rneal stromal cells  do not show differences in 

apoptosis  

AC and NC did not show significant differences in apoptosis. The expression levels of 

the tested apoptotic genes, namely TP53, BAX and BCL2, was similar between AC and 

NC (Figure 5.4).  

 

Figure 5.4. Relative gene expression levels of apoptosis markers (TP53, BAX and BCL2) 

by AC compared to the control NC. Dashed line represents the gene expression for the control 

NC. Data is represented as median ± 5-95 percentile, n=4 biological replicates. Student t-test was 

performed for AC against NC for each marker. Abbreviations: NC: normal corneal stromal cells, 

AC: aniridic corneal stromal cells. 

Further investigation of apoptosis was performed using the Live/Dead cell assay. No 

apparent differences between AC and NC were observed (Figure 5.5). AC and NC 

cultured for 3 weeks in the RAFT TE and fed with CSSCM, showed a majority of cells 

stained green marker, suggesting that these were alive. A small proportion of red cells 

can be seen in some of the image fields, but no apparent differences can be observed 

between AC and NC, nor between any of the RAFT TE areas or slices (Figure 5.5). A 

positive control of dead cells in RAFT TE (treated with methanol) only showed red marker 

staining, ensuring that the assay was working correctly. 
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Figure 5.5. Representative images of Live/Dead analysis of AC and NC cultured in the RAFT 

TE for 3 weeks in CSSCM. Each panel of 9 pictures represents the top, middle and bottom slices 

(rows) of three different areas or the RAFT TE (columns). Cells stained for green marker suggest 

alive cells and the red suggest dead cells. Scale bars= 300µm. Abbreviations: NC: normal corneal 

stromal cells, AC: aniridic corneal stromal cells. 
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 Aniridic corneal stromal cells  have a different spatial distribution 

than normal corneal stromal cells in  RAFT TE 

Each panel of 6 images (A and B) in Figure 5.6, shows images of cells taken at 6 different 

depths of the RAFT TE, as indicated with white font. Specific depths were obtained with 

the Z-stack tool on the confocal microscope. AC and NC created different levels of 

organisation across all depths of the RAFT TE.  Despite being evenly seeded inside the 

RAFT TE during the manufacturing process, it was evident that some of the cells 

migrated towards the surface (Figure 5.6). Higher number of cells can be observed on 

the top slice of the RAFT TE, both in AC and NC.  

RAFT TE were also imaged under the scanning electron microscope to assess how cells 

distributed themselves on the surface (Figure 5.7). Interestingly, the distribution of AC 

and NC inside and on the surface of the RAFT TE appeared to be different after 3 weeks 

in culture. NC appeared to align to each other (Figure 5.6, Figure 5.7 white arrows) 

whereas AC, particularly AC1 and AC2, appeared to be sparse and randomly distributed 

along the RAFT TE surface (Figure 5.6, Figure 5.7). Cell alignment was also observed 

between AC3 (Figure 5.7). Morphology appeared more consistent across NC populating 

the RAFT TE. In contrast, AC presented a wider variety of morphologies, some with an 

elongated and thin shape (Red triangle, Figure 5.7) while others displayed larger cell 

bodies (white triangle, Figure 5.7).  

From the images presented in Figure 5.6 and Figure 5.7, a clear difference in cell number 

populating the RAFT TE could also be observed, with NC showing a higher cell density 

compared to AC, confirming the previous proliferation results. In Figure 5.7, NC were 

seen to form a monolayer on the surface of the RAFT TE. However, it must be pointed 

out that the cells inside the RAFT TE are not homogenously distributed throughout the 

whole area of the gel, with higher cell number being presented on the top layers of the 

RAFT TE, Figure 5.6 and Figure 5.7. 
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Figure 5.6. Distribution of AC (A) and NC (B) inside the RAFT TE after three weeks in culture 

in CSSCM. Images of AC1 and NC1, representative of all donors. Images were taken under the 

confocal microscope with the Z-Stack tool. Each panel of 6 images shows slices of the RAFT TE 

at the depths indicated in white font. Blue stains for DAPI (nuclei) and red stains for Phalloidin 

(actin filaments). Scale bar = 250 µm. Abbreviations: NC: normal corneal stromal cells, AC: 

aniridic corneal stromal cells. 

A) 

B) 
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Figure 5.7. Distribution of AC and NC on the RAFT TE surface at 3 weeks culture in CSSCM. 

Scale bars are 100ɛm. White arrows indicate the direction of cell alignment. White triangle 

indicates cells with wide cell bodies. Red triangles indicate elongated and thin cells. 

Abbreviations: NC: normal corneal stromal cells, AC: aniridic corneal stromal cells.  
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 Normal corneal stromal cells  present higher alignment than aniridic 

corneal stromal cells  

When cultured inside RAFT TE for 3 weeks in CSSCM, AC appeared less uniformly 

aligned than NC (Figure 5.8). In each image field a line was drawn in the direction where 

the majority of the cells were aligned (Figure 5.8A). Around 70% of NC aligned into the 

same direction (<10° angular displacement). In contrast, only around 40% of AC aligned 

into the same direction, and around 25% with an angular displacement of 10 to 20 

degrees. 

 

 

Figure 5.8. Alignment of AC and NC between themselves when cultured for 3 weeks inside 

RAFT TE in CSSCM . (A) Representative images of different fields in RAFT TE populated with 

AC and NC. Arrows indicate the direction of cell alignment. Scale bars= 250µm. (B) Percentage 

of AC and NC that align into the same 10° angular displacement range. Data is represented as 

number of aligned cells as a percentage of the total number of cells. Abbreviations: NC: normal 

corneal stromal cells, AC: aniridic corneal stromal cells. 
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 Aniridic corneal stromal cells  present a high er degree of circularity 

than normal corneal stromal cells  in RAFT TE  

To further characterize differences in cell morphology inside the RAFT TE circularity of 

AC and NC was also quantified. Circularity is defined as a ratio of the cell short axis over 

its long axis with a value close to 0 indicating an elongated cell whilst a value of 1 

suggests a perfectly spherical cell. AC presented a wider and higher circular morphology 

compared to NC (Figure 5.9A). Quantification of cell circularity confirmed the 

observations; AC circularity had an average score of 0.30, significantly higher than the 

one observed for NC which was around 0.1 (p<0.001) (Figure 5.9B). 

 

 

Figure 5.9. Circularity of AC and NC cultured inside RAFT TE for 3 weeks in CSSCM. A) 

Representative images of AC and NC surrounded by a yellow stroke delimiting their perimeter. 

Scale bar = 300µm. B) Quantification of cell circularity. Five different fields were imaged in each 

RAFT TE for a total of n=3 biological replicates. Perimeter and area of the cells was measured 

using ImageJ tools to calculate cell circularity. Results are represented as the mean ± standard 

deviation. ***p<0.001. Abbreviations: A.U. arbitrary units, NC: normal corneal stromal cells, AC: 

aniridic corneal stromal cells. 
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 Aniridic corneal stromal cells show  higher expression levels of 

tested CSSC markers than NC, and similar gene expression profiles 

for keratocyte and myof ibroblast markers compared to normal 

corneal stromal cells   

AC expressed significantly higher levels of the CSSC markers CD90 and CD73 (2- and 

1.5-Fold-Increase, respectively), compared to NC (p<0.05). PAX6 expression was not 

found in neither AC nor NC after 3 weeks in culture inside the RAFT TE in CSSCM 

(Figure 5.10A).  

Moreover, AC and NC showed similar gene expression levels of keratocyte markers 

(LUM and ALDH1A1) and the myofibroblast marker ŬSMA. KERA expression was not 

detected in either AC or NC (Figure 5.10B,  Figure 5.10C).  
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Figure 5.10. Relative gene expression levels of (A) putative CSSC markers ( CD90 and 

CD73), (B) keratocyte markers ( KERA , LUM, ALDH1A1 ) and (C) the myofibroblast marker 

(ŬSMA) by AC and NC cultured in RAFT TE for 3 weeks in CSSCM. Dashed line represents 

the gene expression for the control condition, NC. Data is represented as median ± 5-95 

percentile, n=4 biological replicates. Student T-test was performed. *indicates degree of 

significance against the control condition NC. *p<0.05. Abbreviations: NC: normal corneal stromal 

cells, AC: aniridic corneal stromal cells, KERA: keratocan, LUM: lumican, ŬSMA: alpha smooth 

muscle actin 

A) 

B) C) 
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 Aniridic corneal stromal cells  show  differences in total gene 

expression profile compared to normal corneal stromal cells  

As shown by RNA sequencing, AC significantly upregulated 42 genes and 

downregulated 111 compared to NC, when cultured inside the RAFT TE in CSSCM for 

3 weeks (Figure 5.11A). These results were obtained by comparing the data from all 

three aniridic donors (AC1, AC2, AC3) against all the three normal donors (NC1, NC2, 

NC3).  

A total of 153 genes were statistically differentially expressed (fold change higher than 2 

and adjusted p value lower than 0.05) between AC and NC (Figure 5.11 A). The Volcano 

plots shows a quick visual identification of genes with large-magnitude changes, which 

were also statistically significant, shown as red dots (downregulated) and blue dots 

(upregulated) (Figure 5.11B). The top of the plot (higher statistical significance) and the 

extreme left or right (strongly down and upregulated, respectively) were the two regions 

of interest. The top five differentially expressed genes (DEGs) were GABRA2, 

TMEM200B, FGF10, CLCA2, and CHI3L1; the first four were found to be downregulated 

in AC, with CHI3L1 upregulated in AC. The top 30 DEGs were plotted in a heatmap and 

clustered according to their similarities in expression levels (Figure 5.11C). The 

dendrogram on the left-hand side of the heatmap enabled identification of genes that 

were similarly expressed across donors. The dendrogram on top shows which cells 

isolated from different donors were more similar between each other in terms of gene 

expression levels. As expected, the three NC donors were clustered together and AC2 

and AC3 were also clustered together. Interestingly, AC1, which has a different mutation 

to AC2 and AC3, was not grouped within the same cluster as the other aniridic donors. 

Therefore, all RNA sequencing results were also plotted by comparing AC1 against NC 

(Figure 5.12) and AC2/3 against NC, in an attempt to find any mutation specific 

differences (Figure 5.13).  
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Figure 5.11. RNA sequencing results comparing AC against NC . (A) Venn diagram showing 

the number of differentially expressed genes (padj<0.05). (B) Volcano plot displaying differentially 

expressed genes between AC and NC. The Y-axis corresponds to the mean expression value of 

log 10 (p-value), and the X-axis displays the log2 fold change, AC vs. NC. (C) Heatmap showing 

the top 30 DEGs with lower padj value. The expression level is represented as normalised read 

counts per gene (TPM). Samples were hierarchically clustered using Spearmanôs rank 

correlation. Abbreviations: NC: normal corneal stromal cells, AC: aniridic corneal stromal cells. 

A) B) 

C) 
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When AC1 alone was compared against NC, the number of statistically DEGs was higher 

than when comparing all aniridic donors against NC. AC1 showed 284 significantly 

upregulated genes and 428 significantly downregulated genes (Figure 5.12A). The 

difference in the number of statistically DEGs can also be visualised in the Volcano plots 

in Figure 5.11B and Figure 5.12B. In addition to the difference in the number of DEGs, 

differences in their expression levels were also appreciated. The y axis scale on the later 

graph reaches 40, which indicates a p-adj value of around 10-40, whereas in the 

comparison of all aniridic donors pooled together, the highest p-adj values reach 

approximately 10-10. Taken together, these observations suggested that both DEG 

number and expression levels were different, with greater differences being observed on 

AC1 versus NC. The top 30 DEGs with lowest p-adj values were selected and plotted in 

the heat map of Figure 5.12C. Out of the 30 DEGs, only 2 common genes, CHI3L1 and 

SCUBE1, were found in both comparisons (AC versus NC and AC1 versus NC) The 

remaining 28 genes were different between the two comparisons.  

On the other hand, when AC2 and AC3 were compared together against NC, the number 

of statistically DEGs was lower than when comparing all aniridic donors together against 

NC. AC2 and AC3 showed 18 significantly upregulated genes and 67 significantly 

downregulated genes (Figure 5.13A). Consistently, the volcano plot shown in Figure 

5.13B shows a reduced number of coloured dots, representing statistically DEGs. The 

top 30 DEGs with lowest p-adj values were selected and plotted in Figure 5.13C. From 

the top 30 DEGs, 15 were commonly found between this comparison (AC2/AC3 versus 

NC) and the comparison with all donors pooled together (AC versus NC).  
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Figure 5.12. RNA sequencing results comparing AC1 against NC. (A) Venn diagram showing 

the number of differentially expressed genes (padj<0.05). (B) Volcano plot displaying differentially 

expressed genes between AC and NC. The Y-axis corresponds to the mean expression value of 

log 10 (p-value) and the X-axis displays the log2 fold change, AC vs. NC. (C) Heatmap showing 

the top 30 DEGs with lower padj value. The expression level is represented as normalised read 

counts per gene (TPM). Samples were hierarchically clustered using Spearmanôs rank 

correlation. Abbreviations: NC: normal corneal stromal cells, AC: aniridic corneal stromal cells. 

A) B) 

C) 



190 

 

  

 

Figure 5.13. RNA sequencing results comparing AC2 and AC3 against NC. (A) Venn diagram 

showing the number of differentially expressed genes (padj<0.05). (B) Volcano plot displaying 

differentially expressed genes between AC and NC. The Y-axis corresponds to the mean 

expression value of log 10 (p-value), and the X-axis displays the log2 fold change, AC vs. NC. 

(C) Heatmap showing the top 30 DEGs with lower padj value. The expression level is represented 

as normalised read counts per gene (TPM). Samples were hierarchically clustered using 

Spearmanôs rank correlation. Abbreviations: NC: normal corneal stromal cells, AC: aniridic 

corneal stromal cells. 

A) B) 

C) 
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To classify the DEGs between AC and NC by biological processes, Genewiz provided 

excel tables with the results of gene ontology (GO) enrichment analysis. From the excel 

tables, graphs were created in Rstudio. Results revealed 474 significantly 

overrepresented GO terms (padj<0.05) between AC and NC. These were organised 

according to their significance. The top 30 most significant were plotted in Figure 5.14.  

 

Figure 5.14. Gene ontology analysis of significant differentially expressed genes (DEGs) 

between AC and NC. Assigned gene ontology terms were used to classify functions of DEGs 

based on biological process. The plots show significantly enriched GO terms, ordered from the 

most to less significant, top to bottom. Abbreviations: NC: normal corneal stromal cells, AC: 

aniridic corneal stromal cells. 

The same GO analysis was performed to compare the DEGs between AC1 and NC. As 

expected, due to the higher number of DEGs, there was also a higher number of 

statistically significant overrepresented GO terms. Specifically, there were 491 significant 

GO terms. The top 30 more significantly overrepresented GO terms are shown in Figure 

5.15. Out of 30, 10 identified GO terms were found in both comparisons AC1 versus NC 

and AC versus NC. Namely: angiogenesis (GO:0001525), inflammatory response 






















































































































































