
 1 

Localisation  of corneal epithelial 
progenitors and characterization of 
cell -cell interactions in the human 

limbal stem cell niche  
 

A thesis submitted for the degree of Doctor of Philosophy (PhD) 

University College London  (UCL) 2015  

 

Marc A. Dziasko 

Supervised by  

Professor Julie T. Daniels, PhD FSB 

Mr Stephen J. Tuft MA MChir MD FRCOphth 

 

Division of ORBIT (Ocular Biology and Therapeutics)  

UCL Institute of Ophthalmology, 11 -43 Bath Street, London, EC1V 9EL 

  



 2 

Declaration  

I, Marc Alexandre Dziasko confirm that the work presented in this thesis is my 

own. Where information has been derived from other sources, I confirm that this 

has been referenced in the thesis. 

 

Name: Marc Alexandre DZIASKO 

Signature: 

Date: 18/09/2015   



 3 

Abstract  

The cornea, the transparent tissue located at the front of the eye, is a highly 

specialized tissue that transmits and refracts light onto the retina. Maintenance 

of the corneal epithelium relies on a population of limbal epithelial stem cells 

(LESCs) that maintain transparency of the ocular surface that is essential for 

vision. Despite great advances in our understanding of ocular stem cell biology 

over the last decade, the exact location of the LESC niche remains unclear. 

After observing a high population of basal epithelial cells expressing stem cell 

markers within the previously identified limbal crypts (LC), the first aim of this 

study was to demonstrate by in vitro clonal analysis that these structures 

provide a niche for the resident LESCs. High-resolution transmission electron 

microscopy has been further used to image the basal epithelial layer at the 

limbus. Cells with morphology consistent with stem cells were present within 

the basal layer of the limbal crypts but not within the basal layer of non-crypt 

limbal biopsies. Moreover, LESCs appeared proximal to limbal stromal cell 

extensions that suggested a possible route for direct cell-to-cell interaction. 

These observations were further confirmed by serial block-face scanning 

electron microscopy that revealed, for the first time, direct epithelial-stromal 

interactions in the LESC niche whereas limbal melanocytes maintained the LESC 

apically. In order to assess the role of limbal melanocytes (hLM) as niche cells for 

the maintenance of LESC, a novel co-culture system was developed in which hLM 

were used as a feeder layer for the expansion of limbal epithelial cells in vitro. 

Interestingly, hLM had the ability to support the clonal growth of LECs that 

maintained stem cell-like characteristics in 2D and 3D tissue equivalents. Taken 
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together, these observations suggest an important role for melanocytes as niche 

cells in the native human limbal crypts.  
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Chapter 1: General Introduction   
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1.1 Stem cells 
 

 

1.1.1 General introduction to stem cells 
 
The concept of organ regeneration has been mentioned for the first time by the 

ancient Greeks in the myth of Prometheus. Prometheus transgressed the law of 

the ancient gods by introducing fire and knowledge to human beings. As a 

punishment, Zeus chained the titan to Mount Caucasus where an eagle preyed on 

his liver, which was regenerated as fast as it was devoured 

(http://www.ancient.eu/Prometheus/ ).  

Stem cells are undifferentiated cells that are present during throughout the 

embryonic and adult stages of life. Stem cells present two major characteristics: 

i) the ability to self-renew, and ii) to differentiate into one or several cell types 

(also termed potency). Stem cells are found in multicellular organisms and can 

be classified upon their differentiation potential or their tissue of origin.   

 
1.1.2 Stem cells and 7ÁÄÄÉÎÇÔÏÎȭÓ ÌÁÎÄÓÃÁÐÅ 

 
Stem cell potency can be illustrated by 7ÁÄÄÉÎÇÔÏÎȭÓ ÅÐÉÇÅÎÅÔÉÃ ÌÁÎÄÓÃÁÐÅ 

(figure 1.1) (Hendry & Little, 2012).  In this model, the ball at the top of the 

mount represents the stem cell with the highest potential. This landscape has a 

direction: once the ball begins its descent, it cannot roll back up. This direction 

illustrate s the stem cell differentiation. The ball has the ability to descend into a 

multitude of pathways that reflects the ability of pluri /multi potent stem cells to 

differentiate into a multitude of lineages. Every single basin where the ball could 

potentially stop corresponds to a state of potency. The further the ball descends, 
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the more stem cell potency becomes limited until finally it becomes a terminally 

differentiated cell at the bottom of the mount.  

 

Adapted from Hendry et al. 2012 Kidney international  
 
 

 

Figure 1.1 3ÔÅÍ ÃÅÌÌÓ ÉÎ ÔÈÅ ÃÏÎÔÅØÔ ÏÆ 7ÁÄÄÉÎÇÔÏÎȭÓ ÌÁÎÄÓÃÁÐÅ 
 

7ÁÄÄÉÎÇÔÏÎȭÓ ÅÐÉÇÅÎÅÔÉÃ ÌÁÎÄÓÃÁÐÅ ÃÁÎ ÂÅ ÕÓÅÄ ÔÏ ÉÌÌÕÓÔÒÁÔÅ ÓÔÅÍ ÃÅÌÌ 

specification and differentiation. The cell at the top of the mount has the 

highest potential and can eng age into multiple path s or lineages. The 

landscape is directional and once the cell engages into a path, it cannot roll 

back up to the top. The cell can stop in various basins, which correspond to 

the available pathways of differentiation. The cell progres sively continues 

its descent until the bottom of the mount where it becomes highly 

specialized and terminally differentiated.  Adapted from Hendry et al. 2012 Kidney 

international 
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1.1.3 Totipotent stem cells 

 
Stem cells can be classified according to their potency that corresponds to the 

range of lineages into which they have the ability to differentiate (figure 1.2). 

Totipotent stem cells, also called omnipotent stem cells, are the most 

undifferentiated cells found in the first stage of the development. In human 

development, the fertilized oocyte or zygote and cells resulting from the two first 

cell divisions are totipotent. These tot ipotent cells will further differentiate into 

both all the extraembryonic and embryonic tissues. 

 

 

Figure 1.2 Classification of mammalian s tem cells according to  

their potency  
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Totipotent stem c ells have the highest potency  and are the origin of both 

embryonic and extra embryonic tissues. Pluripotent stem cells are either 

embryonic cells of the blastocyst or artif icially induced. These cells have 

the potential to generate the cells of the 3 germ layers. Multipotent stem 

cells have the potential to generate multiple cell lineages within an organ. 

Oligopotent stem cells have a limited  ability to generate the differen t 

lineages within a specific tissue , such as conjunctival stem cells of the 

ocular surface that are progenitors for both goblet and conjunctival 

epithelial cells. Unipotent stem cells still have the potential to self renew 

but can only differentiate into o ne type of daughter cell. Recently, it has 

been shown that LESC of murine ocular surface also had the ability to 

generate conjunctival goblet cells if put in the appropriate environment. 

Oligopotency of LESC has been shown in pigs but no data supporting th is 

concept in human has as yet been presented  (Majo et al., 2008).  

 

 

1.1.4 Pluripotent stem cells 
 

The blastocyst is as a structure appearing later in human development (5-6 days 

after fertilization). The blastocyst is composed by the trophoblast that will form 

the placenta and the inner cell mass that will form the three primary germ layers 

(ectoderm, mesoderm, endoderm). Cells composing the inner cell mass are 

pluripotent and commonly called embryonic stem cells (ESCs). These cells are 

maintained in an undifferentiated state and are identified by the expression of 

transcription factors such as NANOG, Sox2 Oct4 and Rex-1 (Hambiliki et al., 

2012). Undifferentiated ESCs can be expanded in vitro in specific culture 

conditions involving a feeder layer of mouse irradiated embryonic fibroblasts, or 

in a culture medium containing the leukemia inhibitory factor cytokine LIF 

(Evans & Kaufman, 1981; Williams et al., 1988).  
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1.1.5 Multipotent stem cells 
 

Multipotent stem cells are found in adult tissues and have the ability to 

differentiate into multiple lineages within a given organ. Mesenchymal stem cells 

(MSCs) are a typical example. These cells were originally identified in the bone 

marrow stroma but are also present in a multitude of adult organs such as the 

heart muscle, the adipose tissue or the corneal stroma (Beltrami et al., 2003; 

Friedenstein, et al., 1976; Polisetty et al., 2008; Zuk et al., 2002). MSCs adhere to 

culture plates and they express specific markers such as CD73, CD90 and CD105 

(Dominici et al., 2006). Additionally, these cells exhibit the ability to generate 

colonies in culture and have the potential to differentiate into osteogenic, 

chondrogenic and adipogenic lineages upon specific culture conditions (Hass, 

Kasper, Böhm, & Jacobs, 2011). It has recently been shown that mesenchymal 

stem cells of the limbal stroma have the ability to transdifferentiate into corneal 

epithelial cells that express E-Cadherin and cytokeratins such as CK3, CK12 and 

CK15 (Katikireddy  et al., 2013). Hematopoietic stem cells are another example of 

multipotency. These cells, located in the bone marrow, are at the top of the 

hematopoietic hierarchy and give rise to both lymphoid and myeloid lineages.  

 

1.1.6 Oligopotent stem cells 

 

Oligopotent stem cells still present self-renewal properties but can only follow 

limited lineages (generally 2) within a specific tissue. Pellegrini et al. 1999, 

demonstrated the existence of a common oligopotent progenitor for both 
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conjunctival keratinocytes and goblet cells in the human ocular surface 

(Pellegrini et al., 1999). Later, Majo et al. 2008 demonstrated the presence of 

oligopotent keratinocytes that were distributed over the entire porcine ocular 

surface that were able to generate both corneal and conjunctival colonies (Majo 

et al., 2008). 

 

1.1.7 Unipotent stem cells 
 

Unipotent stem cells still possess self-renewal properties but can only 

differentiate into a specific cell type and form a single lineage. LESCs of the 

human cornea are an example of unipotency.  

Classification of human stem cells upon their potency is summarized in figure 

1.2. 

 
1.1.8 Induced pluripotent stem cells (iPS) 

 

Induced pluripotent stem cells (iPS) cells are somatic cells that have been 

reprogrammed into an embryonic state. iPS cells are technically considered to be 

pluripotent and can generate progeny of the three primary germ layers. This 

phenomenon occurs when a defined set of embryonic transcription factors are 

reactivated in the adult cells. Yamanaka et al. 2006, were the first to describe the 

procedure using mouse fibroblasts.  Introduction of the retroviral -mediated 

transcription factors OCT3/4, Sox2, Myc and Klf4 restored pluripotency of 

terminally differentiated adult cells (Takahashi & Yamanaka, 2006).  Because 

human iPS cells can be directly derived from a ÐÁÔÉÅÎÔȭÓ Ï×Î ÃÅÌÌÓȟ É03 ÃÅÌÌÓ ÃÏÕÌÄ 
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potentially be used to generate cells for tissue specific cell therapies, drug 

screening or for developing human disease models. The reprogramming 

procedure has been further optimized and applied to other murine (liver and 

stomach) and human adult cells (Aoi et al., 2008; Okita et al., 2007; Takahashi et 

al., 2007). The use of retroviral vectors to introduce reprogramming factors, the 

use of the oncogene Myc and the need to use a selection marker to identify the 

reprogrammed cells are the main technical challenges that would need to be 

overcome prior using iPS cells for cellular therapies. Nevertheless, success of iPS 

based cell therapy has already been reported for the treatment of sickle cell 

anemia in mice demonstrating the great potential for human iPS based cell 

therapies in the future (Hanna et al., 2007). 

 
 

1.2 The ocular surface, ultrastructure  and 
function  
 

 

The transparent cornea, located at the front of the eyeball, is our window to the 

world. It is a highly specialized tissue that refracts and transmits light through 

the lens and onto the retina.  The ocular surface comprises the transparent 

cornea, the opaque conjunctiva and a transition area at the interface called the 

limbus (Figure 1.3A). All three regions are covered by a multilayered squamous 

and stratified epithelium that plays a crucial role in the prevention of pathogen 

entry, fluid loss and resistance to injury . The epithelium of the ocular surface is 

supported by a connective tissue that conducts nutrients and contains elements 

of the immune system.  
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1.2.1 The cornea 
 
 

a) Corneal epithelium 
 

The cornea is composed of five distinct layers for a central thickness of 

approximately 0.5mm (Figure 1.3). This includes the non-keratinised and 

stratified epithelium at the surface, which is a dynamic and physical barrier 

preventing the entry of pathogens into the eye and protecting the inner tissues. 

The corneal epithelium is composed of 5 to 7 layers of epithelial cells comprising 

a single layer of columnar basal cells, intermediate suprabasal cells and 

superficial squamous cells making a total thickness of 50-52mm. The basal layer 

consists of a single layer of columnar epithelial cells attached to the underlying 

basement membrane by hemidesmosomes.  These cells are involved in the 

generation of new suprabasal cells but also in the secretion of matrix molecules 

important for the maintenance of the underlying epithelial basement membrane 

and stroma. The suprabasal cells are derived from the inner basal cells and 

present wing-like extensions, rarely undergo division and migrate to the 

epithelial surface to terminally differentiate  into superficial squamous cells. 

These superficial squames express extensive microvilli increasing the cell 

surface area and contain mucins that facilitate the association with the tear film 

(Pajoohesh-Ganji & Stepp, 2005). The superficial cell layer possesses an 

important junctional complex consisting of tight junctions binding the cells at 

their lateral borders preventing the entrance of pathogens and the movement of 

substances from the tear film into the intercellular space of the epithelium. 

Corneal epithelial cells have the ability to store glucose as glycogen (Thoft & 
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Friend, 1977). However, the corneal epithelial metabolism mostly relies on 

glucose, vitamin and amino acids provided by diffusion from the aqueous humor. 

As the cornea is avascular oxygen for metabolism comes from the tear film and 

aqueous humor. 

 
 
 

Figure 1.3 Ultrastruct ure of the human ocular surface   
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A. Human whole cornea (lef t) and diagram representing the anterior 

segment of the human eye (right). Blue: Conjunctiva; Red: Limbus; Green: 

Central cornea. Dashed circle: limbus.  

B. HE histological  cross section illustrating the ultrastructure of the central 

human cornea. Scale bar: 50mm. 

 

b) Corneal stroma 
 

The collagenous and acellular "Ï×ÍÁÎȭÓ ÌÁÙÅÒ ÓÅÐÁÒÁÔÅÓ ÔÈÅ ÅÐÉÔÈÅÌÉÕÍ ÆÒÏÍ ÔÈÅ 

underlying ÈÉÇÈÌÙ ÏÒÇÁÎÉÚÅÄ ÓÔÒÏÍÁȟ ×ÈÉÃÈ ÁÃÃÏÕÎÔÓ ÆÏÒ ωπϷ ÏÆ ÔÈÅ ÃÏÒÎÅÁȭÓ 

total thickness (Figure 1.3B). Rigidity of the anterior stroma is important in 

maintaining curvature of the tissue, which is essential for accurate refraction of 

light (Müller et al., 2001). The collagen molecules composing the collagen fibrils 

of the corneal stroma are mainly composed by heterodimeric chains of collagen I 

and V. The abundance of collagen V that has the particularity to retain a large N-

terminal lobe, regulates, by steric hindrance, the diameter of the collagen fibrils 

(Birk  et al., 1990). Small 25-30nm diameter collagen fibrils associated to keratan, 

dermatan and chondroitin sulfate proteoglycans form regular lamellae with an 

orthogonal arrangement that maintain the corneal transparency (Hassell & Birk, 

2010). Neural crest-derived fibroblast-like cells called keratocytes, containing 

numerous lamellapodia and synthetizing the local extracellular matrix, also 

populate the corneal stroma. Stromal keratocytes comprise approximately 3% to 

20% of the corneal stromal volume and produce crystalline proteins that reduce 

light scattering, an important requirement for corneal transparency (Jester et al., 

1999; Young et al., 2014). 

 
c) Corneal endothelium 
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The corneal endothelium is located on the posterior corneal surface and is 

separated from the corneal stroma by a basement membrane ÃÁÌÌÅÄ $ÅÓÃÅÍÅÔȭÓ 

membrane (Figure 1.3B). The corneal endothelium is 4-6mm thick and composed 

of a single layer of 20mm wide hexagonal endothelial cells ranging in density 

from 2300 and 3400 cells/mm2 in adults and connected by tight junctions (Yee 

et al. 1985). Endothelial cells are not thought to undergo cell division after birth. 

For this reason, the number of endothelial cells gradually decreases with age. 

Endothelial cells have, however, in the absence of disease, the ability to spread 

and extend their surface allowing the maintenance of a confluent monolayer of 

ÃÅÌÌÓ ÏÎ ÔÈÅ $ÅÓÃÅÍÅÔȭÓ ÍÅÍÂÒÁÎÅ after injury . The human corneal endothelium 

acts as a physical barrier and a pump preserving the corneal stroma in a 

relatively dehydrated state, which is essential to prevent corneal edema and 

maintain the corneal transparency (Joyce, 2003). Corneal endothelial cells also 

pump nutrients from the aqueous humor to the corneal stroma providing 

nourishment to the corneal keratocytes. 

 

1.2.2 The limbus 
 

Anatomically, the limbus corresponds to the transition area located at the 

interface between the transparent central cornea and the opaque conjunctiva 

and sclera. The limbus is a 1mm wide ring of tissue demarcated on the corneal 

ÓÉÄÅ ÂÙ ÔÈÅ ÔÅÒÍÉÎÁÔÉÏÎ ÏÆ ÔÈÅ "Ï×ÍÁÎȭs layer. The limbus comprises a non-

keratinizing multilayered stratified epithelium and the subjacent highly 

innervated and vascularized stroma. It has specific characteristics. 

 
 

a) Limbal epithelium 
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The limbal epithelium is composed of 7 to 10 layers of epithelial cells and is thus 

the thickest epithelium of the ocular surface. Cells populating the superficial 

layer of the limbal epithelium highly express microvilli on their  apical surface 

and tight junctions on the lateral sides. Basal cells of the limbal epithelium 

appear smaller and less columnar than basal cells of the corneal epithelium. It is 

generally accepted that a subpopulation of these basal cells corresponds to 

limbal epithelial stem cells (LESCs) that continuously regenerate the ocular 

surface. Unlike the central cornea, Langherans cells ɀ the antigen presenting cells 

of the ocular surface - and melanocytes are also observed within the limbal 

epithelium.  

b) Limbal stroma 
 
The limbal connective tissue underlying the limbal epithelium is more loosely 

and irregularly arranged than the stroma of the central cornea. The limbal 

stroma is highly vascularized and contains capillaries, small arterioles, venules 

and lymphatic vessels reflecting the important metabolism of cells populating 

this area. A mixed population of limbal stromal cells including mast cells, 

macrophages, lymphocytes, nerves and fibroblast-like elongated cells also 

populates the limbal stroma.  Some of these stromal cells are believed to interact 

with basal limbal epithelial cells (LECs) located on the other side of the basement 

membrane and are therefore considered as a part of the LESC niche.  

 
1.2.3 Structure and functions of the conjunctiva 
 
The conjunctiva is a non-keratinizing squamous epithelium several cell layers 

thick that forms the mucous membrane lining the inside of the eyelids and 
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anterior  sclera. The main function of this tissue is to support the tear film and to 

prevent the entrance of microbes into the eye. The conjunctival epithelium lies 

on a highly vascularized stroma and can be divided in three distinct zones 

(Pellegrini et al., 1999): The bulbar conjunctiva that extends from the peripheral 

limbus and covers the sclera of the ocular globe, the forniceal conjunctiva 

localized in the fornix, the palpebral conjunctiva located between the forniceal 

and the skin of the eye lid. Pellegrini et al. 1999, demonstrated the ability of a 

sub-population of forniceal and bulbar conjunctival epithelial cells to generate 

holoclones in vitro by single cell clonal analysis (Pellegrini et al., 1999). 

Conjunctival stem cells appear to be uniformly distributed within the bulbar and 

forniceal areas and it has been proposed that conjunctival terminally 

differentiated keratinocytes and mucin-producing goblet cells are derived from a 

common transient-amplifying progenitor late in the differentiation process. 

Goblet cells of the conjunctival epithelium are interspersed between the 

keratinocytes and are highly concentrated within the medial forniceal and 

palpebral regions ɉ6ÕÊËÏÖÉç et al., 2002). These cells are specialized in the 

synthesis and release of the gel-forming mucin MUC5AC. Due to high-

glycosylation during the maturation process in the Golgi apparatus, mucins are 

negatively charged and associate with the divalent cation Ca2+ in order to be 

packaged efficiently. Once released, negatively charged mucins move easily over 

the ocular surface because of repulsion with the glycocalix localised at the 

surface of epithelial cells.  
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1.3 Limbal epithelial stem cells  

1.3.1 General properties 
 

Historically, several studies have provided evidence of a stem cell niche within 

the corneal limbus. Cotsarelis et al, 1989 revealed the existence of a 

subpopulation of basal epithelial cells that were located in the periphery 

(limbus) of the murine cornea (Cotsarelis, et al., 1989). H3-thymidine labeling 

showed these cells had slow cycling properties (quiescence) and could be 

stimulated upon injury. Cells with such properties could not be detected in the 

central corneal epithelium. Additionally, Schermer et al, 1986 demonstrated that 

basic 64kDa keratin (Cytokeratin 3), a marker of advanced corneal epithelial cell 

differentiation , is expressed in all corneal epithelial layers except the basal layer 

of the limbus (Schermer et al., 1986). Furthermore, it has been suggested that 

limbal basal epithelial cells have a much higher proliferative potential in culture 

than peripheral corneal epithelial cells (Ebato et al., 1988). Pellegrini et al. 1999 

evaluated the clonogenic ability of single epithelial cells isolated from different 

areas of the human ocular surface. They showed that single epithelial cells 

isolated from superior, inferior, nasal and temporal regions of the limbus were 

able to generate holoclones in vitro confirming the limbus as a niche for human 

LESCs whereas no holoclone generation could be observed when cells were 

isolated from the central cornea (Pellegrini et al., 1999).  

 

a) Morphological aspects 

 
Chen et al. 2004 compared the morphology of basal corneal epithelial cells with  

the basal cells of the limbal epithelium. High-resolution transmission electron 
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microscopy revealed that cells from the limbal basal epithelium were the 

smallest and had the highest nucleus/cytoplasm (NC) ratio. Moreover, the 

smallest cells with the highest N/C ratio were also positive for the expression of 

stem cell markers such as p63, ABCG2, integrin a9 and b1 (Chen et al., 2004). 

Additionally, Arpitha et al. 2005 investigated the morphological characteristics 

of epithelial cells isolated from the central cornea, the peripheral cornea and the 

limbus in vitro. They observed that about 5% of the smallest cells were 

specifically isolated from the limbus and that they had the highest N/C ratio. 

Moreover, these observations were correlated with elevated expression of p63 

confirming the morphological characteristics of limbal epithelial progenitors 

(Arpitha  et al., 2005). 

 
b) Positive and negative stem cell markers 
 
Label-retaining experiments and in vitro assessment of LECs proliferative 

capacity designated the limbus as the site of the LESC niche. Following these 

observations, there has been an extensive search for a marker for LESC. Although 

no single reliable LESC marker has been identified, a few proteins seem to be 

specifically expressed in the limbal basal epithelial layer where LESC are 

believed to be located. Putative LESC markers can be either positive (expressed 

by the LESC) or negative (not expressed) (Table 1.1).  
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Table 1.1 Expression of putative positive and negative stem cell 

markers in human central corn eal and limbal epithelium   

+++: high expression, ++: moderate expression; +: weak expression; +/ -: 

very weak expression; -: no expression  

 

ABCG2: Hematopoietic stem cells can be identified by flow cytometry as they 

ÄÉÓÐÌÁÙ ÌÏ× (ÏÅÃÈÓÔ ÓÔÁÉÎÉÎÇ ÁÎÄ ÈÁÖÅ ÂÅÅÎ ÔÈÕÓ ÄÅÆÉÎÅÄ ÁÓ Á ȰÓÉÄÅ ÐÏÐÕÌÁÔÉÏÎȱ 

(SP) (Goodell et al., 1996). This property has been attributed to the ATP binding 

cassette subtype G2, which is a multidrug resistance transporter having the 

ability to effectively efflux Hoechst molecules from dyed cells. Zhou et al. 2001, 

proposed that expression of ABCG2 is a conserved feature of stem cells from a 

 
Central cornea Limbus 

Basal Suprabasal Basal Suprabasal 

Positive markers 

ABCG2 - - +++ +/ - 

p63 - - +++ +/ - 

Bmi -1 - - + ++ 

Frz7 - - +++ +/ - 

ABCB5 - - +++ +/ - 

N-cadherin  - - + - 

Integrin a9 - - +++ +/ - 

Integrin b1 +++ ++ +++ +/ - 

Notch-1 - - ++ + 

Negative markers 

Connexin 43  + +++ - +++ 

Involucrin  + +++ - +++ 

Integrin a6 ++ + - ++ 
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wide variety of sources and tissues (Zhou et al., 2001). In the human ocular 

surface, ABCG2 positive cells are concentrated within the limbal basal epithelial 

layer (Chen et al., 2004). Later, Budak et al. 2005, observed clusters of ABCG2 

positive epithelial cells localized within the limbus and the conjunctiva. ABCG2 

positive cells display clonogenic capacities and resistance to phorbol-induced 

cell differentiation suggesting ABCG2 identifies undifferentiated LECs (Budak, et 

al., 2005).  

p63:  p63 belongs to the p53 family of transcription factors. The role of p63 has 

been defined using a p63 -/ - knockout mice model.  Whereas p53 plays a role in 

tumor suppression, p63 -/ - mice are characterized by the absence of stratified 

epithelia (Mills et al., 1999). Pellegrini et al. 2001, demonstrated by single cell 

clonal analysis that p63 was abundantly expressed by epithelial cells that were 

also able to generate holoclones in vitro. On the other hand, weak expression of 

p63 was associated with meroclones whereas no expression of p63 was 

observed in cells generating paraclones (Pellegrini et al., 2001).  

N-cadherin: Higa et al, 2009, observed that N-cahderin was expressed in 

clusters of basal epithelial cells. In vitro, N-cad positive (+ve) cells were localized 

at the edge of the colonies where there was direct contact with 3T3 feeder 

fibroblasts. Moreover, N-cad +ve limbal epithelial cells were also positive for 

other stem cell markers such as CK15 and had the greatest proliferative  potential 

in culture (Higa et al., 2009).  

Cytokeratins: Cytokeratins compose a complex intracellular network of 

intermediate filaments in epithelial cells (Watt, 1989). Cytokeratins are divided 

into two subfamilies, acidic and basic. One member of each family forms the 

dimeric pair that is necessary for the formation of one filament. Humans possess 
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a total of 54 keratin genes. Cytokeratin expression patterns are highly tissue 

specific. Within a tissue, their distribution profile defines the degree of 

differentiation of the epithelium. In the human ocular surface, cytokeratin (CK) 3 

and CK12 are specific markers for corneal epithelial cell differentiation and are 

expressed by all the layers of the central cornea and the superficial layers of the 

limbus (Chen, Mui, Kao, Liu, & Tseng, 1994; Schermer et al., 1986). CK15, which 

is considered as a positive marker for stem cells of the hair follicle, is also 

expressed by cells of the human and murine ocular surface. CK15 is expressed by 

basal cells of the conjunctiva but not by cells of the central corneal epithelium. In 

the limbus, CK15 expression was observed in both basal and supra-basal 

epithelial layers (Yoshida et al., 2006). CK14 is a positive marker for epidermal 

progenitors. It has been observed that CK14 was also expressed by highly 

proliferative LECs in vitro suggesting CK14 as a positive marker for LESCs and 

transient amplifying cells (TACs) (Figueira, Di Girolamo, Coroneo, & Wakefield, 

2007). Cytokeratin 19 (CK19) is expressed by basal and suprabasal cells of the 

conjunctival epithelium. CK19 is also strongly expressed by basal cells of the 

limbus and has been suggested as a positive marker of LESCs (Yoshida et al., 

2006). Chen et al. 2004, however reported that CK19 was also expressed by 

basal and suprabasal cells of the central corneal epithelium (Chen et al., 2004). 

The cytokeratin distribution profile of the human ocular surface is summarized 

in table 1.2. 
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Central cornea 
 

Limbus Conjunctiva 

B SB B SB B SB 
CK3 ++ ++ - + - - 

CK12 ++ ++ - + - - 
CK14 + + +++ ++ ++ +++ 
CK15 - - +++ ++ - +++ 
CK19 + + +++ ++ +++ ++ 
 

Table 1.2 Cytokeratin expression prof ile of the human ocular 

surface   

B: basal epithelial layer; SB: suprabasal epithelial layers.  

+++ Highly expressed, ++ Moderately expressed, + Weakly expressed, - No 

expression.  

 

Integrins: Integrins are heterodimeric transmembrane glycoproteins involved 

in adhesion of epithelial cells to the underlying basement membrane and 

extracellular matrix. Integrin heterodimers consist of a and b subunits.  Integrins 

b1 and a6 have been shown in epithelial stem cells of the human hair follicle 

(Jones & Watt, 1993). Immunohistochemical studies identified expression of 

several integrin subunits in the human cornea. Integrin b1 was abundantly 

expressed by cells from limbal and central corneal epithelium with a higher level 

in limbal basal cells. Integrin a9 was also detected at the surface of limbal basal 

cells, but not in suprabasal or cells from the central corneal epithelium. In 

contrast, integrin  a6 was weakly expressed by cells from the limbal basal 

epithelium and is thus considered as a negative marker for the limbal 

progenitors ( Chen et al., 2004). In 2013, Ordonez et al. identified integrins avb5 
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as new LESC marker. Integrin avb3 or b5 specifically binds vitronectin, a 

glycoprotein of the limbal basement membrane. It has been shown that integrin 

avb3/5 positive cells, that represent 4% of the total limbal epithelium, co-

localized with N-cadherin and CK15 positive limbal basal cells. Moreover, 

integrin avb3/5 positive cells had the greatest proliferative potential in culture 

suggesting these cells as good candidates for limbal stem/progenitor cells 

(Ordonez, et al., 2013). 

Connexin 43: Gap junctions are formed by four-pass transmembrane proteins 

called connexins. Connexins form connexons that together constitute a 

communicating channel between cells allowing the diffusion of low molecular 

weight metabolites and synchrony within a cell population. Connexin 43 is 

abundantly expressed by cells populating the central cornea. In contrast, 

connexin 43 expression is absent at the limbal basal epithelial layer suggesting 

the later as a marker of cell differentiation (Matic et al., 1997). However, in 2007 

Shanmuganathan et al. reported that basal cells from the limbal epithelial crypts, 

that they believed correspond to a niche for LESC, were highly positive for the 

expression of Cx43. The authors suggested Cx43 as a positive marker for stem 

cells of the human ocular surface (Shanmuganathan et al., 2007).  

Bmi -1: Barbaro et al. 2007, demonstrated co-localisation of the CCAAT 

enhancer-binding protein (C/EBPd) with the oncogene Bmi1 in 10% of limbal 

basal epithelial cells that are able to generate holoclones in culture and that are 

mitotically quiescent during normal corneal maintenance (Barbaro et al., 2007). 

Frizzled7 : It has recently been observed that Wnt signaling receptor, Frizzled 7 

(Fz7), was co-localized with limbal basal cell clusters that were positive for the 

expression of stem cell markers such as N-cadherin and p63a in the native niche. 
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Moreover, when Fz7 was knockdown in human LECs in vitro, the expression of 

the stem cell markers ABCG2 and DNp63a was significantly decreased 

suggesting the importance of Wnt signaling in the maintenance of the 

undifferentiated state and Fz7 as a marker of limbal stem/progenitors cells (Mei 

et al., 2014). 

ABCB5: Recently, Ksander et al. observed that LECs positive for the expression 

of the ATP-binding cassette, sub-family B, member 5 (ABCB5) isolated from 

murine or human corneas were able to fully restore the cornea after Algerbrush 

II induced LSCD in NSG (NOD scid gamma) recipient mice. Murine ABCB5 +ve 

cells presented slow cycling properties as shown by BrdU label retaining and 

were also p63a positive (Ksander et al., 2014). Furthermore, ABCB5 expression 

appears to be frequently reduced in limbal biopsies of patients affected by limbal 

stem cell deficiency (LSCD). Taken together, these observations strongly suggest 

ABCB5 identifies mammalian limbal epithelial stem/progenitor cells and would 

thus be a promising marker for future LESC isolation and investigation. 

Notch-1: It has been reported that Notch family members play a role in 

maintaining stem cells in hematopoietic and neural stem cells 

microenvironments (Varnum-Finney et al., 2000). Notch 1 plays a crucial role in 

controlling the cell fate during development through cell-to-cell interactions 

(Artavanis-Tsakonas et al., 1999). In the human ocular surface, Thomas et al. 

2007 observed clusters of limbal basal epithelial cells mainly located within the 

palisades of Vogt (POV) that were positive for Notch-1 staining. Moreover, 

Notch-1 positive cells co-expressed ABCG2 suggesting that Notch-1 could be a 

possible marker for stem cells of the limbal basal epithelium (Thomas et al., 

2007).  
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While no single marker for LESCs has been identified yet, a combination of 

different positive and negative markers is the best available method to identify 

limbal epithelial stem/progenitor cells in vitro and in vivo.  

 

 

1.4 Stem cell niches 
 

 

1.4.1 Background 
 

Ȱ4ÈÅ ÃÅÌÌÕÌÁÒ ÅÎÖÉÒÏÎÍÅÎÔ ×ÈÉÃÈ ÒÅÔÁÉÎÓ ÔÈÅ ÓÔÅÍ ÃÅÌÌ ) ÓÈÁÌÌ ÃÁÌÌ Á ÓÔÅÍ ÃÅÌÌ ȬÎÉÃÈÅȭ 

ȱȢ 2Ȣ 3ÃÈÏÆÉÅÌÄ υύϋόȢ 

Stem cells are characterized by their self-renewal properties and their ability to 

differentiate into a specific lineage or into several types of cells. Adult stem cells 

are found in specific areas of an organ. This specific anatomical location is 

ÃÏÍÍÏÎÌÙ ÎÁÍÅÄ ÔÈÅ ȰÓÔÅÍ ÃÅÌÌ ÎÉÃÈÅȱȢ 2Ȣ 3ÃÈÏÆÉÅÌÄȟ ρωχψ ÆÉÒÓÔ ÐÒÏÐÏÓÅÄ ÔÈÅ 

concept of a stem cell niche by describing hematopoietic stem cells in the bone 

marrow (Schofield, 1978). The niche can be considered as a specific and highly 

regulated unit of tissue or the microenvironment surrounding the stem cell. One 

piece of evidence supporting the importance of the niche in the control of the 

stem cell fate is attributed to Thomson et al. 1998. In their experiments, the 

authors isolated ESCs from murine blastocysts that they reintroduced into adult 

SCID (severe combined immunodeficiency) animals. Stem cells out of their native 

microenvironment generated multiple tumors called teratomas that contained 

multiple cell types from all three embryonic germ layers (Thomson et al., 1998). 

These observations highlighted the importance of the microenvironment and its 

impact on the stem cell behavior. The niche is not limited to anatomical 
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architecture. It also consists of a unique microenvironment involving multiple 

physicochemical factors summarized in figure 1.4. Direct interactions between 

stem cells and the surrounding niche cells appear to be crucial for maintaining 

the stem cell properties and for prevention of the differentiation process (figure 

1.4A). The importance of these interactions has been clearly identified from 

studies on Drosophila germ stem cells (GSCs). In the female fly, GSCs are directly 

attached to the cap cells located at the anterior end of the ovariole. When GSCs 

divide, one of the daughter cell moves away from the cap and enters into the 

differentiation process. The other daughter cell remains in association with cap 

cells through DE-cadherin cell adhesion molecules. In this model, loss of E-

cadherin expression results in detachment of the GSC from the cap cell and 

generates premature differentiation and loss of the germinal stem cell 

population (Song & Xie, 2002).  Soluble mediators including cytokines and 

growth factors also influence stem cell behavior in the niche (figure 1.4B). The 

latter can be secreted by the stem cell (autocrine) or by the niche cells in 

proximity (paracrine). For example, multiple signaling pathways are involved in 

the continuous maintenance of intestinal stem cells in the niche. The interaction 

between the intestinal epithelial stem cell and the niche cell (mesenchymal cell) 

is mediated by soluble factors (cytokines or growth factors) from the Wnt, Shh, 

BMP and notch families that control mitosis, motility and stem cell 

differentiation (Scoville et al., 2008; Yeung, et al., 2011). In vitro or in vivo, cells 

are also exposed to mechanical forces generated by their surrounding 

environment. These external forces resulting from the compression exerted by 

neighboring cells and the local extracellular matrix (ECM) influence the stem cell 

behavior. Saha et al. 2008 observed that neural stem cells grown on hydrogels 
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with a stiffness comparable to the normal brain were more likely to generate 

neurons in vitro whereas harder matrices promoted glial differentiation  (Saha et 

al., 2008).  

 

The extracellular matrix (ECM) is a dynamic microenvironment surrounding the 

stem cell in vivo and plays an important role in maintaining the undifferentiated 

stem cell phenotype (figure 1.4D). The extracellular matrix and stem cell 

interactions can be mediated by receptors such as integrins. Integrins are 

heterodimeric transmembrane receptors connecting the extracellular matrix 

(laminins, tenascin, fibronectin, collagen) to the intracellular cytoskeleton. In the 

hematopoietic stem cell (HSC) niche, integrin a9 binds with high affinity the ECM 

protein tenascin-C and such interaction promotes HSC proliferation (Nakamura-

Ishizu et al., 2012). Physicochemical aspects of the stem cell niche seem to be 

also involved in the control of stem cell fate (figure 1.4E). It has been reported 

that the level of oxygen to which stem cells are exposed could also promote self-

renewal or differentiation. Wang et al. 2006, have indeed observed that the 

generation of murine ESC lines established from blastocysts was more likely to 

be successful and cells were more likely to express stem cell markers such as 

Nanog and Oct-4 when cultured under 5% O2 compared to the 20% O2 that is 

commonly used (Wang et al., 2006).  
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Figure 1.4 General concept and composition of the stem cell 

niche 

A. Direct cell -cell interaction. B. Interaction mediated by soluble factors 

released by the stem cell itself (autocrine), niche cells in the vicinity 

(paracrine) or supplied by blood vessels (endocrine). C. Mechanical forces 

and rigidity of the local microenvironment can influence stem cell behavior 

in the niche. D. Interaction with the local extra -cellular matrix. E. 

Physicochemica l features of the loc al micro environment can influence the 

stem cell self -renewal and differentiation . 

 
1.4.2 Human limbal epithelial stem cell niche 
 
In mammals, epithelial stem cell niches have been successfully identified within 

the bulge of the hair follicle (Cotsarelis et al., 1990), the base of the crypt in the 

small intestine (Booth & Potten, 2000), the terminal bronchioles of the epithelial 
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airway (Giangreco et al., 2002) and within the limbus of the human cornea 

(Cotsarelis et al., 1989).  

 

a) #ÏÒÎÅÁÌ ÅÐÉÔÈÅÌÉÁÌ ÈÏÍÅÏÓÔÁÓÉÓȡ 4ÈÏÆÔ ÁÎÄ &ÒÉÅÎÄȭÓ 89: ÈÙÐÏÔÈÅÓÉÓ 

 
Surface epithelia are constantly renewed throughout life. Whereas the human 

epidermis is regenerated approximately every month, it has been proposed that 

the half life of corneal epithelial replacement is about 9 weeks and that the whole 

corneal epithelium is renewed every 9 to 12 months (Sharma & Coles, 1989; 

Wagoner, 1997). Maintenance of the corneal epithelium is essential for vision 

and relies on LESCs located in the basal region of the limbus at the corneoscleral 

junction. LESCs have capacity for asymmetric division. Cells of the outer layers of 

the corneal epithelium are shed from the surface of the eye into the tear film and 

are continuously replenished by cells moving centripetally from the limbus 

(Figure 1.5).  
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Figure 1.5 The human limbal s tem cell niche  

LESCs reside in the basal layer of the limbal epithelium. Daughter transi ent 

amplifying cells  (TACs) divide and migrate centripetally towards the 

central cornea where they differentiate  and slough from the ocular surface. 

The highly vascular ized limbal niche is also populated with other cell types 

including stromal fibroblast -like cells and melanocytes.  

 

In 4ÈÏÆÔ ÁÎÄ &ÒÉÅÎÄȭÓ ÍÏÄÅÌȟ ÔÈÅ ÅÐÉÔÈÅÌÉÁÌ ȰÃÅÌÌ ÍÁÓÓȱ ÉÓ maintained by three 

independent phenomena in which X describes the proliferation of the basal 

epithelial cells, Y the centripetal movement of the limbal (peripheral) cells and Z, 

cells shedding from the ocular surface representing the normal loss of cells 

(figure 1.6) (Thoft & Friend, 1983). LESCs self renew but also generate daughter 

TACs that have great proliferative potential. Transient amplifying cells migrate 

centripetally toward the central corneal epithelium. Once in the suprabasal 

layers, the TACs progressively become more differentiated, move vertically and 
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eventually become post-mitotic terminally differentiated cells and shed from the 

ocular surface (figure 1.6A).  

 

b) New model of the corneal epithelial homeostasis. 
 
In 2008, Majo et al. demonstrated that central corneal epithelial cells of mice and 

pigs contained cells exhibiting stem cell properties. Using the murine model, they 

observed that the transplant of a central corneal biopsy was sufficient to 

reconstruct the entire corneal epithelium of recipient mice in which portions of 

the limbus were excised. They also showed that cells from the central cornea 

were sufficient to maintain normal corneal homeostasis and that stem cells 

located at the limbus were only solicited after significant corneal damage or 

injury. Furthermore, the authors observed that porcine central corneal epithelial 

cells had the ability to generate holoclones in vitro. They finally concluded that 

corneal stem cells are distributed throughout the entire ocular surface in 

mammals and proposed a new model in which the limbus is a zone of 

equilibrium where stem cells extending from both conjunctival and central 

corneal epithelia are confronted in a mechanism reminiscent of tectonic plates 

(Majo et al., 2008) (figure 1.6B). 
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Figure 1.6 Corneal epithelial maintenance  defined by two 

opposi ng models  

A. Thoft  ÁÎÄ &ÒÉÅÎÄȭÓ 89: ÈÙÐÏÔÈÅÓÉÓ ÏÆ ÃÏÒÎÅÁÌ ÍÁÉÎÔÅÎÁÎÃÅȢ )Î ÔÈÉÓ ÍÏÄÅÌȟ 

the corneal epithelial mass is maintained by three inter -related  

phenomena in which X corresponds to the proliferation of basal epithelial 

cells, Y the centripetal migration of peripheral cells, and Z cells shedding 

off the ocular surface.  

B. The model described by Majo et al. implies the existence of stem cells 

within the central cornea that are sufficient to maintain normal tissue 

homeostasis. The limbus is proposed as a zone of confronta tion between 

two opposite forces (white arrows) generated by the expansion of stem 

cells from both conjunctival and central corneal epithelia.  
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c) Cellular and molecular aspects of the limbal stem cell niche 
 

The limbal stroma plays a critical role in down-regulating epithelial 

differentiation. Understanding the biology of the limbal stem cell niche is for this 

reason as important as understanding the biology of epithelial stem cell itself.. 

Espana et al. 2003, showed in the rabbit, that transplantation of epithelial sheets 

isolated from the central cornea onto the limbal stroma resulted in the loss of 

expression of the negative stem cell markers CK3 and connexin 43 normally 

present in the basal epithelial layer of the central cornea (Espana et al., 2003). 

Furthermore evidence of trans-differentiation of corneal epithelial cells into 

epithelial cells expressing markers of the hair follicle has also been suggested 

(Pearton et al., 2005). In this study, recombination of mouse embryonic dermis 

and rabbit central corneal epithelial cells has been performed. As a consequence, 

the authors observed repression of the transcription factor PAX6 in corneal 

epithelial cells responsible for the upregulation of critical signaling pathways 

such as Wnt, b-catenin and Lef-1. In addition, corneal cytokeratins 3 and 12 were 

progressively replaced by the skin cytokeratins, CK5 and CK14. These findings 

directly support the notion that the stem cell microenvironment is essential for 

the control and maintenance of the epithelial stem cell population. 

 
 

Role of the extracellular matrix  
 
The ECM composing the limbal stroma presents some unique features and is 

believed to be essential in maintaining limbal stem/progenitors in the niche. 

Ljubimov et al. 1995 observed heterogeneity in the composition of the epithelial 

basement membrane of the limbus and the central cornea. The basement 
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membrane of the central corneal epithelium was found to contain type IV 

collagen a3 and a5 chains whereas the limbal epithelium contained a1 and a2 

collagen IV and a2, b2 laminin chains. Later, Shlötzer-Schrehardt et al. 2007, 

analyzed topographical variations of the basement membrane of the ocular 

surface by immunohistochemistry. Interestingly, the basement membrane of the 

limbal epithelium presented a patchy immunoreactivity for laminin g3 chain, 

BM40/SPARC and tenascin C, which co-localized with ABCG2, p63, K19 positive 

and CK3, connexin 43, desmoglein, integrin a2 negative basal epithelial cell 

clusters. Vitronectin is a glycoprotein that is highly expressed within the limbal 

basement membrane but not in the central cornea or the conjunctiva. Echevarria 

et al. 2011, reported that limbal epithelial cells expanded on vitronectin-coated 

plates generated large holoclone like colonies and presented a higher colony 

forming efficiency than cells expanded on non-coated plates suggesting a 

potential role of vitronectin in supporting LESCs in the native niche.  

 
Soluble factors and signaling pathways  
 
LESCs communicate with their microenvironment in order to maintain self-

renewal and direct cell fate. Different studies have shown that the cross-talk 

between LESCs and the surrounding niche cells involving paracrine factors and 

their receptors is crucial for maintenance of the stem cell phenotype.  These 

include: 

- Wnt canonical signaling pathway  

The wnt signal transduction pathway regulates crucial aspects of cell fate such as 

migration, proliferation, differentiation and polarity. Wnt signaling plays a 

critical role in early stages of the embryonic development but also has a role in 
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the adult. Wnt are secreted glycoproteins that bind to the N-terminal extra 

cellular domain of the Frizzled (Fz) receptor family. Wnt binding to its receptor 

stimulates several intra-cellular transduction cascades including the Wnt/b-

catenin canonical pathway. Upon activation, b-catenin is released by its 

inhibitory complex, accumulates and eventually translocates into the nucleus 

where it activates specific target genes. The Wnt signaling pathway has been 

demonstrated to be an important factor in various types of stem cells niches 

regulating stem cell proliferation and differentiation. In the intestinal stem cell 

niche, Wnt ligands are released by the myofibroblasts underlying the crypts 

where the epithelial stem cells reside. It has been observed that inhibition of Wnt 

signaling in this niche reduces proliferation of intestinal epithelial cells and 

induces loss of the crypts (Chen et al. 2011., ; Pinto et al., 2003). In the human 

ocular surface, Wnt2, Wnt6, Wnt11, Wnt16b are specific to the limbus where the 

LESC/progenitors are believed to reside. Moreover, nuclear localization of b-

catenin has been observed in only a very small subset of basal cells at the limbus. 

In vitro , activation of wnt/b-catenin signaling increased the potential of LECs to 

generate secondary colonies that also maintained a stem cell phenotype as 

shown by high expression of ABCG2 and DNp63a (Nakatsu et al., 2011). Taking 

together, these findings strongly suggest that Wnt signaling is present in the 

human ocular surface and plays a potential role in regulation of 

LSCs/progenitors. Recently, it has been observed that Fz7 was preferably 

expressed by cells from the limbal basal epithelium and was co-localized with N-

cadherin and p63a positive clusters.  In vitro , when Fz7 was knocked down in 

LECs, the expression of the stem cell markers ABCG2 and DNp63a was reduced 
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significantly confirming the role of Fz7 in maintenance of the undifferentiated 

state of LESCs/progenitors (Mei et al., 2014).  

- Stat3 and IL6 signaling pathway  

In the human limbal crypts, limbal stromal fibroblast-like cells are localized 

immediately beneath the limbal epithelium in close proximity to the 

LESC/progenitors. In order to identify potential paracrine factors of 

epithelial/stromal interaction, Notara et al. developed an in vitro model of the 

limbal stem cell niche in which limbal fibroblasts were co-cultured with limbal 

epithelial cells in a serum free culture system. In this model, limbal fibroblasts 

were able to support expansion of LECs that maintained stem cell characteristics 

with the ability to generate large holoclone like colonies, a high secondary colony 

forming efficiency and the expression of stem cell markers such as p63a and 

ABCG2. Interestingly, it has been shown that Il6 expression was induced by LECs 

when co-cultured wit h limbal fibroblasts but decreased with LECs 

differentiation. In the native niche, immunohistochemistry revealed clusters of 

limbal epithelial cells and underlying stromal cells that were both positive for 

IL6, suggesting IL6 could potentially be involved in stromal/ epithelial cell 

interaction in vivo. IL6 also induced Stat3 time dependent phosphorylation. 

When IL6 and Stat3 were separately inhibited, the secondary colony forming 

efficiency of LECs was considerably reduced confirming involvement of the IL6 

Stat3 signaling pathway in maintenance of progenitor-like characteristics of 

LECs in vitro (Notara, Shortt, Galatowicz, Calder, & Daniels, 2010).  
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Cell-to-cell interaction  

The limbal stroma is a complex environment that is highly vascularized, 

innervated but also populated by a mix of poorly characterized stromal cells. It is 

generally accepted that cells form the limbal stroma could have a potential role 

in the maintenance of LESC and are thus considered as important elements of the 

stem cell niche.  In 2011, Chen et al. observed that epithelial cells isolated 

following collagenase digestion of human limbal biopsies maintained interaction 

with  limbal stromal cells in culture. Interestingly, epithelial cells interacting with 

stromal cells in vitro were highly positive for the expression of stem cell markers 

such as p63a, had a small size and were able to generate large holoclone-like 

epithelial colonies. Moreover, epithelial cells isolated after collagenase digestion, 

which preserved the close interaction with the stromal cells, had the greatest 

potential to generate secondary colonies when reseeded and co-cultured on 

3T3s compared to epithelial cells isolated with Dispase. Taking together, these 

observations suggest that epithelial-stromal cell interactions are an important 

factor for the maintenance of LESCs characteristics (Chen et al., 2011). In a 

further study, it has been shown that the attraction of PCK-/vimentin+ 

mesenchymal cells by PCK+/vimentinɀ limbal epithelial cells in vitro was 

mediated by SDF-1 and CXCR4 signaling and promoted sphere growth in 

matrigel. Interestingly, SDF-1 was highly expressed by limbal basal epithelial 

cells whereas limbal stromal cells located immediately beneath the limbal 

epithelium mostly expressed CXCR4 (Xie et al., 2011) .  The authors suggested 

that the close contact between limbal epithelial and limbal stromal cells in the 

native niche is facilitated by SDF-1 CXCR4 signaling and that such interaction 

would support LESC ÆÕÎÃÔÉÏÎ ÁÓ ÏÂÓÅÒÖÅÄ ÄÕÒÉÎÇ ÔÈÅ ȰÈÏÍÉÎÇȱ ÐÈÅÎÏÍÅnon of 
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stem cells in other niches (Belmadani et al., 2005; Mazzinghi et al., 2008; Otsuru 

et al., 2008).  

Melanocytes are neural crest-derived cells that have been intensively studied in 

the skin where they reside within the basal layer of the interfollicular epidermis 

and within the bulge of the hair follicle (Yamaguchi et al., 2007). To protect 

against ultraviolet radiation, melanocytes contain a specific organelle, the 

melanosome that contains melanin granules, a pigment that is delivered to the 

surrounding keratinocytes. Interestingly, melanocytes also localize within the 

limbal and conjunctival epithelium but are absent from the central cornea, 

possibly to preserve an optimal transparency of the tissue. It has been reported 

that in the human ocular surface, the ratio of melanocytes to CK19+ve limbal 

epithelial cells was about 1:10, which is approximately 3-fold higher than the 

average melanin unit of the skin (Hadley & Quevedo, 1966; Higa et al., 2005). 

This high population of melanocytes and the significance of a pigmented limbus 

still remain poorly understood. In addition to a protective role against UV 

radiation (Shimmura et al. 1996; Doutch et al. 2012), an emerging concept 

suggests that melanocytes could also potentially interact and maintain LESCs in 

the niche. In 2007, Hayashi et al. presented evidence that N-cadherin was 

expressed by a sub-population of melanocytes and limbal epithelial cells that 

were also positive for the expression of stem cell markers such as p63, Bmi-1, 

CK15 and ABCG2. Therefore, the authors suggested that LESCs could directly 

interact with melanocytes through N-cadherin homotypic adhesion and that 

such an interaction would maintain the slow cycling properties and stem cell 

characteristics of LESC in their niche (Hayashi et al., 2007).  Homotypic N-

cadherin cell-to-cell adhesion has been further investigated in vitro. 
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Interestingly, N-cadherin positive limbal epithelial cells in culture concentrate at 

the periphery of the epithelial colony, in close proximity to the 3T3 feeder 

fibroblasts whereas N-cadherin ɀve cells are more likely located in the middle 

and present a more differentiated phenotype. In order to determine weather N-

cadherin was functionally required to maintain progenitor cells, 3T3 cells 

transfected with N-cadherin siRNA were used as feeders for the expansion of 

limbal epithelial cells. When compared to untransfected 3T3s, limbal epithelial 

ÃÅÌÌÓ ÃÕÌÔÕÒÅÄ ×ÉÔÈ Ȱ.-ÃÁÄÈÅÒÉÎ ÌÏ×Ȱ σ4σÓ ÇÅÎÅÒÁÔÅÄ ÓÍÁÌÌÅÒ ÅÐÉÔÈÅÌÉÁÌ ÃÏÌÏÎÉÅÓ 

with significantly lower secondary colony forming potential. Taken together, 

these data demonstrate the requirement of N-cadherin in preserving the limbal 

epithelial phenotype in vitro suggesting a functional role for N-cadherin and the 

importance of direct cell-to-cell interaction in the native limbal stem cell niche.  

 

d) Anatomical features of the LESC niche 
 

 
Palisades of Vogt (POV) 

 
The palisades is a term first used by Vogt to describe radial striae observed at 

the limbus. Despite considerable variations from one individual to the other, the 

limbal palisades usually measure between 0.5 and 0.9 mm in length (Graves, 

1934; Townsend 1991) and are most frequently observed at the upper and 

lower limbal arcs (Goldberg & Bron, 1982). The palisades are easily identified in 

pigmented individuals because of a concentration of melanin-containing cells 

lining the interpalisade ridges. However, Goldberg and Bron 1982, reported that 

in some lightly pigmented individuals, limbal palisades could not observed.  The 

authors also reported that the distribution of the palisades from one eye to the 
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other is symmetrical in the same individual. These structures appear more 

prominent in young individuals and become more discrete with age (Zheng & Xu, 

2008). The shape of the palisades is also very varied: Golberg and Bron 

described them as long and narrow rectangles that sometimes appear as tiny 

circles and ovals. Histologically, the interpalisades appear as thick grooves filled 

by epithelial cells and correspond to the limbal crypts that will be discussed 

further in this chapter (Shortt et al., 2007). The palisades are highly populated by 

a radially oriented vascular complex. It has been proposed that the palisade 

vessels supply the metabolic needs of the large amount of epithelial cells 

populating the interpalisade grooves. 

 
Limbal epithelial crypts  

In 2005, Dua et al. described for the first time a novel anatomical structure of the 

human limbus that they named the ȰÌÉÍÂÁÌ ÅÐÉÔÈÅÌÉÁÌ ÃÒÙÐÔȱ and proposed it as a 

stem cell niche for the limbal epithelial progenitors.  Five human cadaveric 

corneas aged between 17 and 75 years old were histologically serially sectioned 

and this unique anatomical structure was identified at the limbus of all 

specimens studied. Limbal epithelial crypts extended from the peripheral 

aspects of an interpalisade rete ridge and further extended into the conjunctival 

stroma as a solid chord of cells measuring up to 120 mm in length (Figure 1.7A 

and B). Immunohistochemical analysis revealed that all cells populating the 

limbal epithelial crypts were highly +ve for the expression of the stem cell 

marker ABCG2 (Dua, 2005). In 2007, Shanmuganathan et al. further 

characterized the anatomy of the LEC in the human eye. Among 8 human corneo-

scleral rims analyzed, 74 limbal epithelial crypts were identified with an 
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occurrence that varied between donors ranging from 4 to 13 per cornea.  The 

limbal epithelial crypts varied in size and seemed to be uniformly distributed 

around the corneal circumference. For this reason, these observations do not 

correlate with the distributi on of the POV that are mainly present within the 

superior and inferior segments of the limbus.  Immunohistochemistry revealed 

that cells populating the limbal epithelial crypts were mainly CK3 ɀve, Ck19 +ve, 

CK14 +ve, CD34 ɀve, Vimentin +ve, p63 +ve and connexin 43 (Cx43) +ve. 

Interestingly epithelial cells populating these structures expressed Cx43 that is 

believed to be a negative marker for LESCs whereas limbal areas devoid of these 

structures appeared Cx43 -ve (Shanmuganathan et al., 2007). They finally 

concluded that Cx43 could potentially be a marker for the real LESCs as other 

studies reported involvement of connexin43 in stromal support in the 

hematopoietic stem cell niche (Cancelas et al., 2000). 

 
Limbal crypts  
 
Limbal crypts (LCs) are another structure of the human limbus that has been 

proposed to be a niche for LESCs of the ocular surface. The following section will 

only discuss the morphological aspects of these structures as their functional 

properties as a stem cell niche will be covered in detail in the chapter 3 of this 

thesis.  

In 2007, Shortt et al. characterized the interpalisadal grooves observed by 

'ÏÌÄÂÅÒÇ ÁÎÄ "ÒÏÎ ÔÈÁÔ ÔÈÅÙ ÎÁÍÅÄ ȰÌÉÍÂÁÌ ÃÒÙÐÔÓȱȢ  LCs have been described by 

ÔÈÅ ÁÕÔÈÏÒÓ ÁÓ Ȱ$ÉÓÔÉÎÃÔ ÉÎÖÁÇÉÎÁÔÉÏÎÓ ÏÆ ÅÐÉÔÈÅÌÉÁÌ ÃÅÌÌÓ extending from the 

peripheral corneal epithelium ÉÎÔÏ ÔÈÅ ÃÏÒÎÅÁÌ ÌÉÍÂÁÌ ÓÔÒÏÍÁȱȢ 4ÈÅÓÅ ÓÔÒÕÃÔÕÒÅÓ 

are similar to the rete pegs of the epidermis and correspond to downward 
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projections of the limbal epithelium into the limbal stroma (Figure 1.7 C and D). 

High-resolution microscopy including scanning electron microscopy (SEM) 

analysis on decellularized corneal limbal biopsies revealed the manner in which 

the limbal stroma encloses the limbal crypts laterally. Immunohistochemistry 

highlighted the presence of a complex vascular plexus that is intimately 

associated with the LCs. The limbal stroma that surrounds the LCs is also highly 

vascularized and contains a high population of stromal cells. Similarly to the 

limbal palisades, LCs seem to be predominantly located in the superior and 

inferior limbal quadrants and could not be observed in the horizontal meridian 

of all individuals studied (Shortt et al., 2007).  

 
Focal stromal projections  

 
Focal stromal projections (FSPs) have been described as finger-like projections 

of the limbal stroma into the limbal epithelium containing a central blood vessel. 

Unlike the LCs describing grooves extending radially through the limbus, FSPs 

correspond to a focal protrusion of the limbal stroma into the limbal epithelium 

(Figure 1.7 E and F). The authors observed that basal epithelial cells directly 

adherent to FSPs were significantly smaller in diameter and had a higher 

nucleus/cytoplasm ratio when compared to suprabasal cells immediately 

adjacent to them (Shortt et al., 2007).  
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Figure 1.7. Anatomical features of the human limbal epithelium.  

A. Limbal epithelial crypts appear as large extension of the limbal 

epithelium into the conjunctival stroma. Serial sectioning (B) reveals 

limbal epithelial crypts (labeled LEC)  detach from the limbus as a solid 
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chord of epithelial cells as previously described by Dua et al. Note the 

presence of limbal crypts (LC) in the vicinity of the limbal epithelial crypt . 

C and D. En face section of focal stromal projections (C) and tangential 

section of l imbal crypts  (D) described by Shortt et al.  

E. 3D model of the limba l stem cell niche highlighting FSP and LC 

ultrastructure  (Molvaer et al., 2013). 

Scale bars: 100mm A, B, D. 50mm C-F.  

 

e) Stem cell activity in the developing human cornea 
 
 

The human cornea starts to develop 6 weeks after gestation and its development 

involves the interaction of the lens vesicle with the overlying ectoderm. The 

cornea-scleral junction appears at the end of the embryonic development by 

gestational week 11. Immaturity of the fetal central corneal epithelium has been 

attributed to weak expression of CK3. Cells populating the fetal corneal 

epithelium are highly positive for Ki67 suggesting a rapid expansion of the tissue 

in early gestational age. The percentage of Ki67 +ve cells however decreases 

after 22 weeks gestation. Proliferative corneal epithelial cells are mainly 

ÃÏÎÆÉÎÅÄ ÉÎ ÔÈÅ ÌÉÍÂÁÌ ÁÒÅÁ ÂÕÔ ÎÏ ÓÐÅÃÉÆÉÃ ȰÃÒÙÐÔ-ÌÉËÅ ÓÔÒÕÃÔÕÒÅÓȱ are identifi able 

at this stage. It has thus been proposed that the limbal POV are anatomical 

features that develop at least 4-months post-natally. These observations are 

consistent with previous studies suggesting that development of the human 

cornea continues until 6 months after birth (Lesueur et al., 1994). However, a 

ridge-like elevation circumscribing the fetal human cornea around 12 weeks 

gestation has been reported. If not a distortion  artifact due to the dehydration of 

the tissue that involves SEM imaging, authors reported that these newly 

identified ȰÌÉÍÂÁÌ ÒÉÄÇÅÓȱ house most of the stem cells after 20 weeks gestation 
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as suggested by immunohistochemistry showing CK15 +ve clusters specifically 

populating this area. As shown in figure 1.8 they further suggested that these 

structures could potentially evolve into the limbal POV postnatally as a result of 

physical stress enforced by ocular and eyelid motion (Davies et al., 2009). 

 

Figure 1.8 Stem cells in the developing human cornea.  

A and B, scanning electron mic ro graphs illustrating limbal ridges observed 

at the limbus after 20 weeks gestation. C-H Immunohistological analysis of 

distribution of CK15 +ve cells in 14  weeks, 20 weeks gestation and adult 

limbus and corneas. I -J Model of formation of limbal ridges and POV from 

8.5 weeks gestation to adult including distribution o f CK15 and CK3 

epithelial cells.  


