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Abstract 

 

Reconstructing an oesophagus through tissue engineering might be beneficial for 

patients suffering from a broad spectrum of oesophageal diseases, both 

congenital and acquired. ‘Long-gap’ oesophageal atresia is a congenital 

malformation, where the oesophagus does not properly develop, creating a gap 

between the proximal and distal parts. Regenerative medicine may offer a 

therapeutic alternative to these patients by combining biomaterials with bona fide 

stem cells to create a suitable oesophageal replacement. In order to rebuild a 

functional oesophageal replacement, all the structural features of the 

oesophageal layers need to be regenerated in vivo. 

 

This study focuses on the underlying biology of human oesophageal epithelial 

cells (HuOEC) and their ability to reconstruct a functional stratified epithelium 

within a tissue engineered oesophagus. In particular, I have (i) established the 

conditions necessary for HuOEC to extensively expand in vitro, while maintaining 

their capacity to differentiate, (ii) assessed HuOEC clonogenicity using single-cell 

analysis and identified different clonogenic populations within the oesophageal 

epithelium, (iii) studied the development of human foetal oesophageal epithelium 

to understand its morphogenesis and maintenance and (iv) succeeded in the 

reconstitution of an epithelium barrier ex vivo and in vivo using cultivated 

oesophageal epithelial cells, derived both from rat and human samples, over a 

decellularised extracellular matrix.  
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Importantly, oesophageal epithelial cells are able to give rise to a squamous 

stratified epithelium on a xenogeneic extracellular matrix that resembles the 

native oesophageal epithelium. The newly reconstructed epithelium maintains a 

subpopulation of epithelial cells with proliferation capacity and clonogenic 

potential, thus supporting their stem/progenitor identity. The results that will be 

presented include part of the extensive characterisation of HuOEC, the feasibility 

of engineering a human oesophageal replacement with mucosal barrier function 

and suggest the existence of oesophageal epithelial clonogenic and self-

renewing stem cells. 
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Impact Statement  

 

The study presented in this thesis focused on investigating the biology of human 

oesophageal epithelial cells and defining the stem/progenitor cell population that 

could be used to reconstruct a functional luminal barrier of a tissue-engineered 

(TE) oesophagus, which could be sustained for the long-term.  

 

We have identified the origin of the progenitor/stem cells within the human 

oesophagus that allows us to isolate defined populations from human 

oesophageal tissues. The culture conditions for long-term expansion of HuOEC 

were optimised and we demonstrated by single-cell analysis that HuOEC have a 

heterogeneous growth potential. A novel paradigm, which correlates HuOEC 

clonogenic efficiency with their location within the different layers of the 

oesophagus, was also developed. This could have a major potential impact on 

both basic science and translational aspects for replacement therapies, as the 

specific location and characteristics of stem cells could be identified and therefore 

used as part of an effective therapy.  

 

To complement this work and to further understand oesophageal progenitors, we 

studied and characterised the human foetal oesophageal epithelium during 

development. We successfully isolated, expanded and characterised human 

foetal oesophageal epithelial cells (HuFeOEC). HuFeOEC were also 

prospectively isolated using a variety of surface markers; however, the most 

clonogenic population still has not been fully defined. Identifying the 'stem' cell 

population from a foetal stage will facilitate our overall biological understanding 
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of oesophageal stem cells, which forms a crucial aspect for the success of this 

work.  

 

The use of recellularised scaffolds that may follow body growth is likely the major 

advantage of a TE approach, as the surgical intervention for tissue replacement 

for oesophageal atresia patients occurs in the first few months of life. As a first 

step towards the TE oesophagus, we succeeded in the isolation and cultivation 

of rodent oesophageal epithelial cells (ROEC) and established the conditions 

necessary to rebuild an epithelium within a decellularised scaffold. In addition, as 

a proof of principle, for the first time we achieved the reconstitution of both muscle 

layers and epithelial cells demonstrating a whole-organ reconstitution for the 

oesophagus as result of a successful, multidisciplionary collaboration effort 

(Urbani et al., 2018).  

 

Finally, towards the reconstruction of a functional epithelium within a TE 

oesophagus using HuOEC, we have demonstrated that HuOEC have trans-

epithelial resistance confirming their capacity to form a functional epithelial barrier 

after extensive expansion. HuOEC successfully adhered, proliferated and 

stratified over a decellularised extracellular matrix and formed a functional 

epithelium in vitro similar to the native oesophagus. These results suggest that 

HuOEC might maintain self-renewal ability despite functional differentiation on 

the scaffold, a crucial aspect for the presence of stem cells in the oesophageal 

epithelium, but also a key feature for the future success of their use in the clinic. 

In conclusion, this study demonstrated the feasibility of engineering a human 

oesophageal replacement with mucosal barrier function, which could be used in 
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the future as a therapy for patients in need for an oesophageal replacement.  
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1.1. The Oesophagus: Anatomy and Function 

 

The oesophagus is an essential organ for life that connects the pharynx to the 

stomach. The oesophagus has a tubular architecture and consists of multiple 

distinct structural layers: the mucosa, the submucosa, the muscularis externa and 

the outer layer of connective tissue (Figure 1.1) (Tan et al., 2012). The main 

function of the oesophagus is to process bolus and liquids through a series of 

well-orchestrated, wavelike muscle contractions known as peristalsis generated 

by the muscularis externa (Brasseur et al., 2007; Kuppan et al., 2012).  

 

The outer layer of the oesophagus wall is represented by the muscularis externa, 

which is sub-divided into the inner circular and the outer longitudinal muscle fibres 

(Figure 1.1) (Brasseur et al., 2007). This orientation permits the movement of the 

muscle layers in order to produce the well-orchestrated contractions necessary 

for peristalsis (Tan et al., 2012). The longitudal muscle fibres have a key role in 

enabling peristalsis to occur: they apply forces to the lumen of the oesophagus 

necessary to cause luminal closure and sufficient pressure at the upper part of 

the bolus (Brasseur et al., 1991). In fact, there are certain variations in the 

anatomy of the oesophagus throughout its length. The upper part of the human 

oesophagus contains both smooth and skeletal muscle whereas the lower part is 

made up of smooth muscle only (Tan et al., 2012). Peristalsis is an autonomic 

movement that begins after voluntary actions such as drinking or eating. 

Therefore, the muscularis externa also contains numerous nerve fibres that 

regulate muscle contractions (Tan et al., 2012). 
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The submucosa is a dense layer of connective tissue that is rich in collagen and 

elastin. The extracellular matrix (ECM) structure is complex and allows the 

submucosa to change shape, thus permitting the flexibility of the mucosa while 

processing food without affecting its overall strength (Tan et al., 2012).  

 

 

 

Figure 1.1: Architectural organization of the human oesophagus. The mucosa (M) consists 
of: the non-keratinized squamous stratified epithelium (E), and the muscularis mucosae (MM). 

The submucosa (SM) is rich in elastin and collagen and forms a dense layer of connective tissue 

joining the mucosa with the muscularis externa. The muscularis externa forms the muscle layer 

of the oesophageal tract (inner circular (IC) and outer longitudal (OL) muscle layer), and it 

contains nerve fibers that allow the contraction of the oesophagus during peristalsis. (Image 

adapted from: Tan et al., 2012) 

 

The mucosa is composed of three different layers: the muscularis mucosae, the 

lamina propria and the epithelium (Tan et al., 2012). The muscularis mucosae 

comprises both smooth muscle and elastic fibres, necessary for the wave-like 

oesophageal contractions, which determine the shape of the lumen to allow food 

and liquids to pass through (Tan et al., 2012). The muscularis mucosae is 

MM 

M 

SM 
IC 

OL 

E 
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anchored to the lamina propria, a thin layer of loose connective tissue consisting 

of ECM components such as collagen III and elastin, but also vessels and the 

axon endings of nerve cells (Tan et al., 2012). Finally, the basal lamina connects 

the lamina propria to the epithelium, which is in direct contact with the lumen, and 

acts as a protective barrier (Seery, 2002).  

 

1.2. The Stratified Squamous Epithelium 

 

The epithelium is one of the basic types of tissue and lines the cavities and 

surfaces of all the organs in our body including the skin, the cornea and the gut 

tube. The main function of the epithelium is to protect the host from the physical, 

biological and environmental factors that it is exposed to. However, the epithelium 

has a diverse functionality depending on the cell type to which it belongs, such 

as secretion, absorption and excretion (Clark, 2005). The surface of the 

epithelium is regularly replenished in response to damage and mechanical stress. 

Therefore, a variety of epithelial cells exist, including stem cells, in order to 

maintain the structural and functional characteristics of the epithelium (Lavker 

and Sun, 2003; Claudinot et al., 2005; Fuchs, 2007; Amici et al., 2014).  

 

Epithelial cells have morphologically different shapes and organization 

depending on the type of organ and tissue they line. Thus, they are classified into 

three different major types of epithelia including: simple epithelia, pseudostratified 

epithelia and stratified epithelia (Figure 1.2) (Bergman et al., 1995). 
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Figure 1.2: Classification of the major types of epithelia. Both simple and pseudostratified 

epithelia consist of a single layer of cells, whereas the stratified epithelium consist of several 
epithelial layers. Depending on the shape of epithelial cells, both simple and stratified epithelia 

can be subdivided into further categories including squamous, and cuboidal. (Image reference: 

OpenStax, 2016) 

 

Simple epithelia, such as the ones found lining the blood vessels, consist of a 

single layer of cells. The pseudostratified epithelium also consists of a single layer 

of epithelial cells, but the misleading to the eye nuclei orientation makes it 

resemble a stratified epithelium (Figure 1.2). An example of a pseudostratified 

epithelium is found in the cells lining the trachea. The stratified epithelium is 

comprised of several epithelial cell layers and is subdivided into other groups (e.g. 

squamous, and cuboidal) according to the shape of the cells in the upper layer 

(Figure 1.2) (Clark, 2005). In addition, a stratified squamous epithelium can be 
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keratinised (like the skin) or non-keratinised (like the cornea).   

 

Furthermore, all epithelial cells express different types of cytokeratin (CK) as 

intermediate filament proteins. The basal layer of stratified epithelia expresses 

CK5 and CK14 (Purkis et al., 1990; Koster and Roop, 2007). In the suprabasal 

layers, depending on the type of epithelium, a different set of cytokeratins is 

expressed. For example, in the cornea epithelium the suprabasal layers express 

CK3 and CK12, in the skin CK1, CK10 and involucrin are expressed, and in the 

oesophagus CK4 and CK13 (Merjava et al., 2011; Tacha, 2003; Haustermans et 

al., 1995; Broekaert et al., 1990). Moreover, epithelial cells are linked by tight 

junctions, anchoring junctions and gap junctions, to allow different levels of 

interaction between the cells (Figure 1.3) (OpenStax, 2016). Tight junctions form 

an impermeable barrier, whereas anchoring junctions regulate the cell-to-cell or 

cell-to-matrix attachment and gap junctions allow the free exchange of soluble 

molecules between cells. The barrier function of the epithelium is maintained 

mainly by tight junctions, which hold the epithelial cells together but at the same 

time allow partial absorption of molecules (Mönkemüller et al., 2012). The 

oesophageal epithelium is also comprised of anchoring junctions, such as 

desmosomes and adherence junctions, all of which facilitate the barrier function 

of the oesophageal epithelium by providing strong and flexible connections 

(Mönkemüller et al., 2012; Björkman et al., 2013; OpenStax, 2016). Desmosomes 

are structural protein patches on the inner surface of the cell’s membrane, where 

the adhesion molecule cadherin is attached and helps to form crucial connections 

with adjacent cells, thus holding the cells together (Alberts et al., 2002; OpenStax, 

2016). In addition, hemidesmosomes, which are similar in appearance to 
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desmosomes, are comprised of integrins that link cells to the ECM (Alberts et al., 

2002; OpenStax, 2016).  

 

 
 
Figure 1.3: Classification of the three basic types of cell to cell junctions. Each type of cell 

to cell junction allows a different level of interaction between the cells. Tight junctions form an 

impermeable barrier. Gap junctions allow the free exchange of soluble molecules between cells 

and anchoring junctions regulate the cell to cell or cell to matrix attachment. (Image reference: 

OpenStax, 2016) 
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The oesophageal epithelium is a squamous stratified epithelium that acts as a 

protective barrier for the oesophagus and it consists of numerous morphologically 

and functionally different cells (Figure 1.4) (Seery, 2002).  

Figure 1.4: A schematic representation of the cellular organisation in the oesophageal 
squamous stratified epithelium. In direct contact with the basal membrane cells are roundish 
and have high proliferative capacity (expressing the proliferation marker Ki67) that serve to renew 

the differentiated squamous like cells on the stratified layers that are subject to detachment. 

Following the basal layer, there are the epibasal layers containing an undifferentiated population 

of cells, which are known as transit-amplifying cells. Cytokeratin (CK) expression of oesophageal 

cells changes along the suprabasal layers. Cells in the basal layer express CK5 and CK14 and 

as cells migrate towards the lumen and differentiate, they express CK4 and CK13. Differentiated 

squamous like cells form the upper part of the oesophageal epithelium, which is in direct contact 

with the lumen of the oesophagus. (Illustration created using Biorender.com) 

 

In the basal layer, cells are roundish and have high proliferative capacity that 

serves to renew the cells that are subjected to detachment (Tan et al., 2012). As 

cells progress towards the lumen, their function and morphology change to 

protect the oesophagus from the moist environment it is exposed to (Figure 1.4). 

Cells have a flatter appearance, gradually lose their ability to proliferate, and 

become more differentiated (Figure 1.4) (Tan et al., 2012). In addition, the 
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oesophageal epithelium can have different characteristics depending on the 

organism (human or mouse) (Figure 1.5) (Treuting, 2012). For example, the 

human oesophageal epithelium is a non-keratinised stratified squamous 

epithelium with sub-mucosal glands to help maintain the high turnover of cells, 

whereas the mouse oesophageal epithelium is a keratinised stratified squamous 

epithelium to protect the animal from abrasive dietary components (Figure 1.5) 

(Seery, 2002; Long and Orlando, 1999; Hopwood et al., 1978). The human 

oesophagus is also composed of a higher number of cell layers (approximately 

20-30 layers thick) that folds into papillae compared with the rodent one 

(approximately 4-6 cell layers) (Figure 1.5) (Zhang et al., 2017; Treuting, 2012).  

Following the basal layer in the human oesophagus we can also find the epibasal 

layers (approximately five layers thick) that contain a population of 

undifferentiated cells known as transit-amplifying cells, which are in transition 

between stem cells and differentiated cells (Figure 1.4 & 1.5) (Hsu et al., 2014; 

Seery, 2002). Importantly, proliferative cells are restricted to the basal layer in the 

mouse oesophagus whereas in the human oesophagus they are also present in 

the first epibasal layers (Barbera et al., 2014; Treuting, 2012; Leblond et al., 1967; 

Marques-Pereira and Leblond, 1965). With regards to the oesophageal muscle 

compartment, the muscularis externa of mouse oesophagus is entirely skeletal 

whereas the human consists of both smooth muscle (lower part) and skeletal 

muscle (upper part). Importantly, these differences need to be carefully 

acknowledged as the majority of the information regarding the characteristics and 

development of the oesophageal epithelium are provided by experiments done 

in rodents.  
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Figure 1.5: Histological representation to highlight the differences between the adult 
mouse and human oesophageal epithelium. One of the main differences between the murine 

(A) and human (B) oesophageal epithelium is the presence or absence of the keratinised layer 
of cells. In addition, the human oesophagus is comprised of a higher number of cell layers 

(approximately 20-30 layers thick) that folds into papillae compared to the murine one 

(approximately 4-6 layers thick). (Image reference: Zhang et al., 2017) 

 

Furthermore, the biological characteristics, properties, and location of 

oesophageal stem cells, i.e. cells that are capable of self-renewing and 

differentiate through asymmetric divisions (Wagner et al., 2004), and thus are 

responsible for tissue maintenance and homeostasis remains elusive. A pool of 

cells in the basal layer might exemplify characteristics of stem/progenitor cells as 

they give rise to a differentiated functional progeny, and most importantly are able 

to retain those characteristics for life. However, these properties for the 

oesophageal epithelium have not been fully elucidated and specific 
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stem/progenitor populations have not been described yet (Doupé et al. 2012; 

Barbera et al., 2014; Whelan et al., 2018) as it has been shown for the skin and 

cornea epithelium (Rama et al., 2010; Ronfard et al., 2000; Rochat et al., 1994; 

Barrandon and Green, 1987).  

 

Nevertheless, the knowledge available for other stratified epithelia such as the 

skin or ocular epithelium, can help formulate our current hypotheses for the 

properties and characteristics of oesophageal stem cells. Specifically, in 1975, 

James Rheinwald and Howard Green were the pioneers of establishing the first 

long-term culture of normal human keratinocytes (Rheinwald and Green, 1975). 

To achieve this, irradiated mouse 3T3 fibroblasts were used as feeders to isolate 

and expand human keratinocytes (Rheinwald and Green, 1975). Since then, skin 

epithelial cells have been extensively characterised and the profile of stem cells 

is well established (Alonso and Fuchs, 2003). In particular, it is well known that 

in stratified skin proliferative cells are confined in the basal layer, while the 

suprabasal layers consist of differentiated cells that gradually develop into 

terminally differentiated keratinocytes that form a cornified cell envelope (Alonso 

and Fuchs, 2003). Most importantly though, in 1987 Barrandon and Green 

described for the first time three clonal types of keratinocytes with heterogeneous 

growth capacity linking stem cell capacity with colony forming efficiency 

(Barrandon and Green, 1987). Specifically, they demonstrated that a clone 

derived from a single cell can give rise to three different colony types, which they 

termed holoclones, meroclones and paraclones (Barrandon and Green, 1987). 

The term holoclone refers to a clone that under standard conditions has the 

greatest growth capacity and contains less than 5% of colonies formed by 



 40 

terminally differentiated cells (Barrandon and Green, 1987). The second type of 

clone named meroclone, contains a mixture of cells with different growth potential, 

including rapidly dividing progenitor cells and terminally differentiated cells, but 

has a lower growth capacity than a holoclone (Barrandon and Green, 1987; 

Fuchs and Raghavan, 2002; Watt, 2001). The third and final type of clone 

described is the paraclone and is used to refer to a clone that has limited 

replicative capacity (maximum of 15 cell divisions) (Barrandon and Green, 1987). 

Consequently, the term holoclone fulfils the characteristics and can be used to 

describe adult stem cells. Taken together, describing the existence of cells with 

holoclone-like characteristics in the oesophageal epithelium would be extremely 

informative and beneficial for their use in clinic.  

 

Collectively the extensive basic biological knowledge described above along with 

successive improvements in the methodology of expansion of primary 

proliferative keratinocytes allowed the use of these cells in clinic to treat patients 

suffering from extensive skin burns, thus demonstrating their full potential. In 

more detail, in the laboratory scientists were able to grow human keratinocytes 

and achieved the generation of large confluent epidermis sheets from the 

cultivation of a relatively small number of cells. On the basis of this technique, in 

1980 at the Peter Bent Brigham Hospital (Boston), the first successful treatment 

of two third-degree burn patients were performed using autologous cultivated cell 

sheets (O’Connor et al., 1981). Following this success, in 1983 this technique 

once again proved to be life-saving for two young patients who have suffered 

large burns (>95% of their body surface) (Gallico et al., 1984). More recently, the 

incredible extent this technique can offer was demonstrated in a cell and gene 
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therapy approach, where De Luca and his team were able to regenerate an entire 

human epidermis using transgenic stem cells (Hirsch et al., 2017). In this case 

the patient was suffering from a life-threatening form of junctional epidermolysis 

bullosa, a rare genetical mutation causing a lack of adhesion of the epidermis to 

the basement membrane (Hirsch et al., 2017). Therefore, transgenic autologous 

keratinocyte cultures were used to regenerate his entire epidermis (Hirsch et al., 

2017). Interestingly, as demonstrated by clonal tracing analysis, the human 

epidermis of this patient is sustained by a limited number of long-lived stem cells 

termed holoclones and not by equipotent progenitors (Hirsch et al., 2017). Taken 

together, all these successful therapies highlight the importance of basic 

biological knowledge to successful move research from bench to bedside.   

 

The extensive knowledge on the biology of primary keratinocytes has helped 

formulated the basis and made possible a number of cell therapies like the 

aforementioned ones but also others. On that respect in the ocular epithelium, 

which is another squamous stratified epithelium, stem cells have been defined 

and used in clinic for the treatment of corneal blindness and damage (Lindberg 

et al., 1993; Pellegrini and De Luca, 2014; Pellegrini et al., 2014). In the cornea, 

stem cells reside in the limbus (the area between the conjunctiva and cornea) 

and form a minority of clonogenic cells, while transit-amplifying progenitors with 

clonogenic activity represent over 95% of cells (Pellegrini et al., 1999; Daniels et 

al., 2001; Daniels et al., 2006; Notara et al., 2010; Dziasko and Daniels, 2016; 

Nowell and Radtke, 2017). With regards to the use of these cells in clinic, limbal 

epithelial cells isolated from a small (1-2 mm) limbal biopsy were grown in culture 

on 3T3 feeder cells to form a sheet, similar to the one generated for human 
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keratinocytes described above, which was then grafted onto the wounded eye of 

patients (Pellegrini et al., 1997; Rama et al., 2010). Notably, the high success 

rate of this technique, which is demonstrated by the long-term follow-up of 112 

patients, highlights the importance of having a good understanding of the 

potential of the cells in order to choose the appropriate stem cell candidates that 

can support organ regeneration (Pellegrini et al., 1997; Pellegrini et al., 1999; 

Rama et al., 2010; Sacchetti et al., 2018). 

 

Fundamental for the clinical success of the aforementioned therapies have been 

certain molecular regulators of limbal stem cell function, such as ΔΝp63α, 

(Pellegrini et al., 2001; Senoo et al., 2007; Rama et al., 2010). In more detail, the 

transcription factor p63, which exists in three isoforms (α, β, and γ) and each has 

a differential role, is a critical regulator for the proliferative potential of stem cells 

in many tissues (Pellegrini et al., 2001; Nylander et al., 2002; Senoo et al., 2007; 

Senoo, 2013). Demonstrating the crucial and distinct role of p63 isoforms for the 

maintenance of the proliferative potential of these cells, limbal cells expressing 

the α isoform of p63 will get activated upon wounding and migrate through the 

epithelium to repair the damaged epithelium (Di Iorio et al., 2005; Rama et al., 

2010). In addition, it has been demonstrated that holoclones derived from the 

limbus that express the p63α isoform and are bright in intensity have the highest 

clinical success rate for corneal treatment (Di Iorio et al., 2005; Rama et al., 2010). 

On the other hand, the other two isoforms of p63 (β and γ) are expressed in the 

suprabasal layers and are responsible for epithelial differentiation especially 

during corneal regeneration (Di Iorio et al., 2005; Rama et al., 2010).  Interestingly, 

it has been shown that a high proportion of quiescent limbal cells that divide at a 
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slow rate are present in the limbal epithelium and all the isoforms of p63 are 

absent in the resting corneal epithelium (Cotsarelis et al., 1989; Di Iorio et al., 

2005; Rama et al., 2010). In line with this finding, lineage tracing experiment have 

also demonstrated that limbus derived cells are the main contributors of cornea 

repair but they remain dormant and therefore do not significantly contribute during 

tissue homeostasis (Majo et al., 2008). 

 

Another critical transcriptional regulator of epithelial identity, maintenance and 

self-renewal is Yes-Associated Protein (YAP), which is known to interact both 

genetically and functionally with p63 (Senoo et al., 2007; Pan, 2010; Senoo, 2013; 

Piccolo et al., 2014; Zhao et al., 2014). YAP along with its homologue TAZ 

(transcriptional coactivator with PDZ-binding motif) are known to bind to a number 

of transcription factors and through mechanotransduction systems they control 

cell behaviour, including cell growth and differentiation (Dupont et al., 2011; 

Lamar et al., 2012; Aragona et al., 2013; Foster et al., 2014; Piccolo et al., 2014; 

Zhao et al., 2014; Gouveia et al., 2019). Moreover, the corresponding pattern of 

expression (nuclear or cytoplasmic) of these molecules reflects the physical and 

mechanical cues that cells perceive from the corresponding ECM (Dupont et al., 

2011; Foster et al., 2014; Piccolo et al., 2014; Zhao et al., 2014; Gouveia et al., 

2019). Further highlighting its importance in tissue identity, homeostasis, and 

repair, it has recently been shown that committed cells can dedifferentiate back 

to a progenitor/stem cell state when YAP/TAZ is activated in vitro (Panciera et al., 

2016). In addition, in normal skin it has been shown that nuclear YAP is 

expressed primarily by basal keratinocytes that are also p63α-bright, whereas 

cytoplasmic YAP is expressed by differentiated cells that are p63α- dim or 
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negative (De Rosa et al., 2019). Similarly, in the ocular epithelium it has been 

demonstrated that in mice nuclear YAP is essential for the maintenance of the 

proliferative pool of limbal and corneal basal epithelial cells (Kasetti et al., 2016; 

Bongiorno et al., 2016; Lee et al., 2018; Gouveia et al., 2019).  

 

Collectively all the information available for both the skin and the corneal 

epithelium can provide great insights to the biology of the oesophageal epithelium, 

which as mentioned earlier is still very limited and the literature available is 

controversial (Rosekrans et al., 2015). In particular, the exact location and 

characteristics of oesophageal stem cells that are responsible for tissue 

maintenance and homeostasis remains elusive. It has been suggested that the 

cells in the basal layer of the oesophageal epithelium, which is comprised of two 

distinct zones, the papillary zone and the interpapillary zone, are heterogeneous 

(Figure 1.5) (Geboes and Desmet, 1978; Seery and Watt, 2000). Specifically, 

Seery and Watt proposed a model for the human oesophageal epithelium 

suggesting that the interpapillary zone is rich in cells with stem cell like properties 

capable of dividing randomly and asymmetrically giving rise to a basal and 

suprabasal daughter cell, whereas cells in the papillae zone are less potent and 

can undergo symmetrical divisions (Seery and Watt, 2000). In addition, another 

study looking at the human oesophagus suggested that cells in the interpapillary 

basal layer have the highest mitotic activity and proliferation, whereas towards 

the tip of the papilla a niche of CD34 quiescent cell population exist (Barbera et 

al., 2014). This is against the idea that has previously been suggested where 

slow cycling cells located in the interpapillary basal layer are thought to have the 

highest rate of asymmetric cell divisions and lowest rate of proliferation (Seery 
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and Watt, 2000; Seery, 2002). Furthermore, it was also suggested that despite of 

their location and which cell compartment cells within the human oesophageal 

epithelium are found, cells are able to randomly divide both asymmetrically and 

symmetrically and demonstrate a remarkable plasticity for self-renewal (Barbera 

et al., 2014). Thus, evidence from this paper suggest that the clonogenic potential 

of the human oesophageal epithelial cells in vitro that is responsible for tissue 

repair and maintenance is not confined to a distinct cell population confined in 

the basal layer but includes also committed and differentiated cells (Barbera et 

al., 2014).  

 

On the contrary, in a study looking at the murine oesophagus Kalabis and 

colleagues reported a basal cell population with self-renewal and differentiation 

potential properties using a dye-extrusion method (Kalabis et al., 2008). 

Furthermore, another study looking at the murine oesophagus demonstrated that 

cells in the basal layer are heterogeneous and have differing proliferation and 

cell-cycle profiles; thus, proposing the existence of a non-quiescent stem cell 

population residing in the basal layer of the murine oesophageal epithelium 

(DeWard et al., 2014). In addition, using a mathematical lineage tracing model 

Doupé and colleagues (2012) suggested that in the murine oesophageal basal 

epithelial layer at least 65% of cells consist of one progenitor cell population 

(Doupé et al., 2012). According to this model, during homeostasis a single 

progenitor cell population divides with equal probabilities to generate progenitor 

and differentiated daughter cells (Doupé et al., 2012). Upon injury this single 

progenitor cell population will switch its expression profile and promote the 

generation of proliferative progenitor daughter cells until the epithelium is 
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restored (Doupé et al., 2012).  

New culture systems and technologies have developed over the last couple of 

years to better address the properties of oesophageal epithelial cells (Jeong et 

al., 2016). However, it is still an area of great controversy and the exact location 

of oesophageal stem cells is not yet described. In addition, given the differences 

between human and mouse oesophagus care should be taken in the 

interpretation of the data between the two species. Nevertheless, identifying the 

stem/progenitor cell population that is capable of self-renewing and is responsible 

for tissue maintenance and homeostasis is fundamental for the use of these cells 

in clinic. Finally, an alternative route to understand the characteristics, properties 

and location of oesophageal stem cells would be to follow them during human 

development. 

 

1.3. Oesophageal Development 

 

The oesophagus is derived from the endoderm, one of the three germinative 

layers. During gastrulation (Mouse E.8.5), the endodermal epithelial sheet is 

formed by folding on itself in a cylindrical empty structure (Billmyre et al., 2015). 

This tube can be distinguished in three different areas: the anterior region called 

foregut, followed by the midgut and finally the distal region known as the hindgut. 

The anterior region of the foregut at E9.5-E11.5 in mice starts to divide in order 

to give rise to the oesophagus (dorsally) and to the trachea (ventrally), which 

initially share a single-lumen tube (Zhang et al., 2017). In humans, the tracheal-

oesophageal separation occurs around 4-6 weeks of gestation (Zhang et al., 

2017). Although it is still unclear what mechanisms, either cellular and molecular, 
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are the driving forces of this separation, recent studies using murine genetic 

models suggest that signalling molecules of the dorsal-ventral patterning, such 

as Bone Morphogenetic Proteins (BMPs) and Wnts, and transcription factors, 

such as SOX2 and NKX2.1, are involved (Figure 1.6) (Zhang et al., 2017).  

 

Figure 1.6: Schematic illustration of the suggested signalling molecules involved in the 
dorsal-ventral patterning of the developing foregut endoderm. An expression gradient is 

generated by the mutual inhibition of Sox2 and Nkx2.1, which allows the tracheal-oesophageal 

separation. In the dorsal endoderm (yellow), Sox2 is expressed, and its expression is regulated 

by NOGGIN, which is produced in the surrounding mesenchyme (orange). NOGGIN is 

responsible either for directly activating Sox2 expression in the dorsal foregut endoderm or for 

indirectly inhibiting its expression by inhibiting BMP4. On the other hand, in the ventral endoderm 
(blue), Nkx2.1 expression is regulated by Wnt2/2b signalling. WNT signalling is also responsible 

for the inhibition of Nkx2.1 expression in the dorsal foregut endoderm. (Image reference: Perin et 

al., 2017) 

 

Three distinct models, the ‘outgrowth model’, ‘watershed model’ and ‘septation 

model’ have been proposed to describe how the tracheal-oesophageal 

separation occurs, but none of these fully accounts for that split (Figure 1.7) (Que, 
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2015). An alternative model named the “splitting and extension model” has been 

recently proposed and divides the process into two steps (Figure 1.8) (Zhang et 

al., 2017). This model suggests that initially, at E9.5, there is the formation of an 

epithelial saddle in the anterior foregut at the border between the developing lung 

bud and oesophagus (Que, 2015). This saddle gradually migrates in a caudal-

cranial direction, causing the split between the trachea and oesophagus, which 

will then continue to grow separately (Que, 2015).  

 

 

 
Figure 1.7: Schematic illustration of the proposed models involved in tracheal-
oesophageal separation. At E9.5, the lung buds start to appear from the common foregut tube. 

Three distinct models, the ‘outgrowth model’, ‘watershed model’ and ‘septation model’ have been 

proposed to describe how the tracheal-oesophageal separation occurs. The ‘outgrowth model’, 

suggests that the trachea extends from the developing lung buds (bottom left). According to the 

‘watershed model’, both developing trachea and oesophagus elongate from the point of split, 

diverging from the common foregut tube (middle). The ‘septation model’ proposes that a septum 

which moves upwards along the longitudinal axis, drives the tracheal-oesophageal separation 

from the common foregut (bottom right). (Image reference: Perin et al., 2017) 
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Figure 1.8: Schematic illustration of the “splitting and extension model” proposed for the 
tracheal-oesophageal separation. This model suggests that initially, at E9.5, there is the 
formation of an epithelial saddle in the anterior foregut at the border between the developing lung 

bud and oesophagus. This saddle gradually migrates in a caudal-cranial direction, causing the 

split between the trachea and oesophagus, which will then continue to grow separately. (Image 

reference: Zhang et al., 2017) 

 

Importantly, when the tracheal-oesophageal separation is completed (E11.5), 

some of these signalling molecules and transcription factors continue to have a 

crucial role in oesophageal development, mainly in epithelial morphogenesis 

(Zhang et al., 2017). This transformation starts from the transition of the 

epithelium from a simple columnar to a squamous stratified epithelium (Zhang et 

al., 2017; Yu et al., 2015; Rodriguez et al., 2010). During this process, there is a 

modification in the morphology and the expression of various fundamental 

markers of the epithelium (Figure 1.9). Specifically, when the epithelium of the 

oesophagus is composed of a simple columnar epithelial layer, it is positive for 

CK8/18, a CK associated with secretory epithelial cells such as the ones found 

in the trachea (Rosekrans et al., 2015). However, as the oesophageal epithelium 

develops (E13.5 – E17.5), the cells proliferate symmetrically and asymmetrically 

and give rise to multiple layers that form the squamous stratified epithelium. 

During this development, the basal layer that was previously expressing CK8/18 

Abbreviation:  
E, oesophagus; Lu, lung; T, trachea 
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starts to express CK5/14 and maintains the expression of these CKs in the 

postnatal oesophagus (Yu et al., 2015). Similarly, at E17.5, the supra-basal 

layers gradually lose CK8 expression and express CK4/13 (Yu et al., 2015) 

(Figure 1.9). In the later stages of development (E18.5), these layers will also 

present squamous differentiation markers such as involucrin, loricrin and CK1/10 

expression at postnatal day (P)1 (Zhang et al., 2017; Yu et al., 2015) (Figure 1.9). 

In addition, in the murine oesophagus, but not the human one, cells in the 

suprabasal layers undergo a process of losing their nuclei, while keratin protein 

accumulates at the top, leading to a keratinised stratified squamous epithelium, 

similar to the skin (Fuchs 2007; Fuchs et al., 2002). 

 

 

Figure 1.9: Schematic illustration of the developing mouse oesophageal epithelium, to 
highlight the conversion from a simple columnar to a squamous stratified epithelium and 
markers expressed among the layers. (A) At E9.5, prior to the tracheal-oesophageal separation, 

the oesophageal epithelium is simple columnar and is positive for CK8 but negative for p63. (B) 

At E11.5, the oesophageal epithelium is still composed of a simple columnar layer of cells and is 

positive both for CK8 and p63. (C) At E15.5, cells in the oesophageal epithelium started to 
proliferate both symmetrically and asymmetrically giving rise to the first epibasal layers that are 

Abbreviations: K, Keratin; Lor, Loricrin; Ivl, Involucrin 
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positive for CK8. The basal layer loses the expression of CK8 and is positive for CK5/14 and p63. 

Is still composed of a simple columnar layer of cells and is positive both for CK8 and p63. (D) At 

E18.5, the oesophageal epithelium is characterised as a stratified squamous epithelium, and cells 

in the basal layer are positive for CK5/14 and p63, in the suprabasal layers they are positive for 
CK4/13 and the terminally differentiated cells at the top of the suprabasal layers are positive for 

involucrin and loricrin. (Image reference: Zhang et al., 2017) 

 

Additionally, p63, a transcription factor that belongs to p53 family, is expressed 

in progenitor/stem cell populations of a variety of epithelial tissues and is one of 

the key factors involved in the maintenance of the stratification of the 

oesophageal epithelium (Daniely et al., 2004). Studies using p63-null mice 

demonstrated that during embryonic development, the morphogenesis of several 

tissues is dependent on p63 (Mills et al., 1999; Yang et al., 1999). Interestingly, 

mice deficient in p63 present numerous striking developmental defects, including 

the absence of epidermis, hair follicles, mammary glands, and die soon after birth 

(Pignon et al., 2013; Daniely et al., 2004; Mills et al., 1999; Yang et al., 1999). In 

the oesophagus, it has been shown that p63-/- mice do not develop a stratified 

epithelium and instead the epithelium is composed of a single layer of cells, 

expressing high levels of CK8/18 but not CK5/14, thus highlighting p63 

importance in regulating the epithelial stratification (Romano et al., 2012; 

Romano et al., 2009).  

 

Another important family of transcription factors necessary for epithelial 

morphogenesis is the Krüppel-like factors (KLFs), which belong to the family of 

transcription factors that control a variety of cellular processes, such as 

development, proliferation, differentiation, and apoptosis. This family of proteins 

shares homology with the founding member, Krüppel that was first identified in 

Drosophila melanogaster by deletion of a gene whose absence causes a 
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‘‘crippled’’ phenotype (Jäckle et al., 1985; Wieschaus et al., 1984). There are two 

distinct members of the KLF family, KLF4 and KLF5, which are known to have 

distinct and opposing roles in tissue distribution (Conkright et al., 1999; Shields 

et al., 1996; et al., 1996). In the intestine, KLF5 is expressed in the basal part of 

the intestinal crypts by actively dividing cells, whereas KLF4 is expressed by 

terminally differentiated epithelial cells in the luminal surface of the intestinal 

mucosa (McConnell et al., 2007). Knockout or overexpression transgenic mouse 

studies have provided the majority of evidence available regarding the roles of 

KLF4 and KLF5 in differentiation and development. For example, KLF4 is 

normally expressed in the differentiated layers of epidermis and the KLF4-/- 

knockout mouse display a defect in the barrier function of the skin, which 

consequently results in rapid loss of body fluids and postnatal lethality (Segre et 

al., 1999). In addition, the barrier defect observed in the KLF4-/- mice is due to 

perturbations in late-stage epidermal differentiation structures (Segre et al., 1999). 

Conversely, accelerated terminal differentiation and promoted early formation of 

the epidermal permeability barrier has been observed in transgenic mice where 

ectopically KLF4 expression is induced in the basal layer of the epidermis 

(McConnell et al., 2007; Jaubert et al., 2003). In the oesophagus, on the other 

hand, it has been demonstrated that an increased level of proliferation is 

stimulated upon ectopic expression of KLF5 in mouse primary oesophageal 

keratinocytes (Yang et al., 2007).  

 

Both tracheal-oesophageal separation and oesophageal epithelium 

morphogenesis are two sophisticated processes vital for the correct development 

of the adult oesophagus. Genetic mouse model studies have been performed to 

confirm that in both of these, specific signalling molecules such as Sonic 
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Hedgehog (Shh) and NOGGIN, as well as transcription factors, such as Sox2, 

Nkx2.1, have a fundamental role (Jacobs et al., 2012).  

 

Studies have shown that both Sox2 and Nkx2.1 orchestrate a key role in 

oesophageal-tracheal separation and lung morphogenesis (Minoo et al., 1999). 

Specifically, during the developmental stages E9.5 – E10.5, the anterior part of 

the foregut expresses these two distinct transcription factors in two defined areas. 

Sox2 is enriched in the dorsal part of the foregut that will give rise to the 

oesophagus, while Nkx2.1 is expressed only in the ventral part that will form the 

trachea (Figure 1.6) (Que et al., 2007). Sox2 is a member of the Sox family, a 

group of conserved transcription factors important for the development of multiple 

organs and for the self-renewal, proliferation and differentiation of embryonic 

stem cells (Rodriguez et al., 2010; Avilion et al., 2003; Minoo et al., 1999; 

Litingtung et al., 1998). Upregulation of Sox2 has been associated with lung 

cancer and oesophageal squamous cell carcinoma, highlighting its importance in 

development (Liu et al., 2013). Regarding oesophageal development, Sox2 is 

expressed in the endodermal cells of the dorsal foregut. In mouse models, the 

Sox2 knockout mouse (Sox2-/-) has been proven lethal, while the hypomorphic 

knockout mouse (Sox2-/+ mutants) can lead to either a normal or abnormal 

phenotype (Que et al., 2007). The most common abnormality associated with 

these hypomorphic mice, and patients diagnosed with Sox2 mutations, is 

tracheoesophageal fistula (TOF) and proximal oesophageal atresia (OA), two 

congenital disorders that are associated with a developmental defect resulting in 

a discontinuation of the oesophagus (See Section 1.4) (Que et al., 2007; 

Williamson et al., 2006; Bonneau et al., 2004; Litingtung et al., 1998). The same 



 54 

mouse model also presents with abnormal lung and shortened trachea 

(Motoyama et al., 1998). In addition, the fraction of hypomorphic mice whose 

oesophagi are still intact present with abnormal traits such as narrow oesophagi, 

columnar epithelium, and absence of p63 expression (Que et al., 2007). 

Interestingly, the columnar epithelium observed in these mice is rich in ectopic 

Nkx2.1 and other airway differentiation markers (Que et al., 2007). These results 

suggest that Sox2 leads oesophageal endoderm differentiation and restricts 

Nkx2.1 to the ventral foregut by suppressing Nkx2.1 in the dorsal foregut (Figure 

1.6) (Que et al., 2007). In this manner that region differentiates into respiratory 

epithelium instead of an oesophageal one (Mahlapuu et al., 2001).  

 

On the other hand, Nkx2.1, also known as thyroid transcription factor 1 (TTF-1), 

is a homeobox protein important for organ morphogenesis and organ 

development of the thyroid, lung and forebrain regions (Pepicelli et al., 1998; 

Lazzaro et al., 1991). As briefly described above, Nkx2.1 orchestrates a key role 

in tracheal-oesophageal separation and lung morphogenesis (Minoo et al., 1999). 

At E9.0 in mice, Nkx2.1 is expressed in the anterior foregut ventrally and 

characterizes the endodermal cells that will give rise to the respiratory primordium 

and the future respiratory system (Lazzaro et al., 1991). In Nkx2.1 mutant mice 

(Nkx2.1-/-), foregut septation fails along the dorsoventral axis, resulting in mice 

with TOF and severely damaged lung development with hypoplastic lungs lacking 

respiratory markers (Minoo et al., 1999). Therefore, these results suggest that 

Sox2 and Nkx2.1 are key regulators of oesophageal and respiratory development 

respectively. Under normal conditions, Sox2 and Nkx2.1 would mutually repress 
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each other, thus promoting normal trachea-oesophageal separation through this 

dorsal-ventral expression pattern (Figure 1.6) (Zhang et al., 2017).  

 

Furthermore, the first morphogen identified to have an important role in the gut-

airway separation was Shh (Litingtung et al., 1998). Shh is one of the three 

vertebrate hedgehog genes (Indian, Desert, and Sonic) homologous 

to Drosophila hedgehog and it has a critical role in embryonic development, 

especially for the central nervous system (Heussler and Suri, 2003). Shh acts 

through the Gli transcriptional factors (Gli2 and Gli3) and Foxf1, and their 

expression can be found only in the mesodermal compartment; therefore, it 

exerts its function in a paracrine way from the endoderm to the mesoderm (Hui 

et al., 1994). Shh is initially widely expressed in the anterior endoderm 

(Rosekrans et al., 2015). Shh can be found throughout the anterior foregut mainly 

in the ventral part, where the lung and trachea arise, and it can also be detected 

in the ventral side of the oesophagus (Ramalho-Santos et al., 2000; Litingtung et 

al., 1998). The expression pattern is maintained until E11.5, when the 

oesophagus is completely separated from the trachea. After that, the expression 

shifts to the epithelium of the dorsal side of the oesophagus, while the expression 

in the trachea and ventral oesophagus starts to attenuate (Rosekrans et al., 

2015). Shh is also present in the basal layer of adult oesophagus regulating cell 

proliferation (Rosekrans et al., 2015). Similar to the Sox2 conditional mutant 

mouse, Shh-/- and Gli-/- null mice, as well as Foxf1+/- mice, have impaired 

oesophageal development indicating the importance of Shh signalling in the 

oesophagus (Mahlapuu et al., 2001; Litingtung et al., 1998; Motoyama et al., 

1998; Pepicelli et al., 1998). This suggests a possible link between Sox2, Nkx2.1 
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and Shh; however, it is not yet understood if Sox2 acts directly downstream of 

Shh. Two theories have been proposed to explain the role of Shh and Sox2. The 

first one suggests that Sox2 expression in the endoderm acts upstream of Shh, 

having an important role for the Shh expression, whereas the second theory 

suggests that the expression of Sox2 depends on the mesenchymal factors 

controlled by Shh (Rosekrans et al., 2015). 

 

In addition, the BMP, WNT, and Retinoic acid (RA) signalling pathways form a 

vital part of normal oesophageal development and determine cell fate and are 

thought to act as morphogens (Rosekrans et al., 2015). Morphogens are 

extracellular molecules that bind to cell surface receptors and create gradients in 

the extracellular environment in which cells will respond in a concentration-

dependent manner (Rosekrans et al., 2015).  Therefore, exposure to different 

concentrations of a single morphogen results in different gene expression profiles 

(Rosekrans et al., 2015).  

 

Specifically, the BMP signalling antagonist, Noggin, plays a fundamental role in 

the protection of the oesophageal endoderm from the generation of an airway 

phenotype (Figure 1.6) (Que et al., 2006). From E10.5 – E11.5, Noggin is 

expressed in the dorsal foregut endoderm and lung mesenchyme, and at later 

stages (E14.5) is confined to the oesophageal smooth muscle layer (Que et al., 

2006). In 2011, Domyan and colleagues found that BMP signalling directly 

represses the Sox2 promoter in the airway endoderm, allowing it to differentiate 

into an airway epithelium phenotype (Domyan et al., 2011). In this way, Noggin-

mediated repression of BMP signalling allows the proper development of the 
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oesophageal endoderm by protecting Sox2 and p63 expression against the 

repressive influence of the BMP pathway (Domyan et al., 2011). Therefore, the 

BMP signalling pathway operates in an equilibrium between an active and 

inactive expression in the developing foregut that is responsible for the 

physiological tracheal-oesophageal development and separation (Figure 1.6) 

(Rosekrans et al., 2015). The airway epithelium will arise in the endodermal part 

where Sox2 is repressed, while the BMP antagonists would protect Sox2 

expression in the endodermal part that will generate the oesophagus (Rosekrans 

et al., 2015) (Figure 1.10).  

 

Moreover, the canonical WNT signalling pathway operates on the ventral side of 

the anterior foregut via mesodermal Wnt2 and Wnt2b ligands (Figure 1.6) (Goss 

et al., 2009). Studies using conditional knockout mice have demonstrated that 

WNT signalling is crucial for respiratory specification, while Wnt antagonists 

restrict WNT to the ventral foregut allowing oesophageal development on the 

dorsal foregut (Rosekrans et al., 2015). This equilibrium is mandatory for 

successful tracheal-oesophageal separation (Rosekrans et al., 2015). For 

example, conditional knockout mice of β-catenin in early endoderm resulted in 

mice with trachea and lung agenesis, but intact oesophagi (Goss et al., 2009). 

Constitutive activation of β-catenin in early endoderm results in ectopic 

expression of Nkx2.1 in the oesophageal endoderm and depletion of the p63 

oesophageal marker (Goss et al., 2009; Haris-Johnson et al., 2009). On the other 

hand, Barx1 transcription factor, which operates in the mesoderm between the 

developing oesophagus and trachea, is a key regulator for normal oesophageal 

development as it acts via antagonists to repress WNT signalling, thus protecting 
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the developing oesophageal endoderm (Woo et al., 2011). In addition, in Barx1 

mutant mice (Barx1-/-), ectopic Nkx2.1 expression in the oesophageal endoderm 

is noted (Woo et al., 2011). These studies highlight the importance of WNT 

signalling to regulate the tracheal-oesophageal separation (Rosekrans et al., 

2015). 

 

Finally, RA signalling has been shown to have an effect on the Shh pathway in 

the anterior foregut endoderm mainly on lung bud specification (Rankin et al., 

2016). RA acts in a paracrine fashion promoting the expression of Shh in the 

neighbouring endoderm. In response to endodermal Shh expression, mesoderm 

initiates Wnt2/2b and BMP4 expression that will eventually lead to Nkx2.1 

expression in foregut endoderm and define the airway progenitors (Rankin et al., 

2016). Treatment with RA inhibitors results in reduced levels of Shh and loss of 

Nkx2.1 expression in the foregut (Rankin et al., 2016). Interestingly though, 

normal levels of Nkx2.1 are retained in other organs, indicating that RA acts in a 

tissue-specific pattern (Rankin et al., 2016). However, it still remains unclear how 

exactly this pattern is regulated (Rankin et al., 2016).  

 

All these molecules are well linked together and their expression needs to be 

finely regulated in terms of time and space for the correct development of the 

oesophagus (Figure 1.10). From the existing mouse models, it has been 

demonstrated how slight modifications in these signalling pathways and 

abnormal expression of the transcription factors could lead to severe alterations 

in the development of both the oesophagus and the trachea and consequently 

lead to numerous diseases, including OA (See Section 1.4), Barrett’s 
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oesophagus, and oesophageal cancer (Zhang et al., 2017). 

 

 
Figure 1.10: Schematic illustration of the signalling pathways involved during tracheal-
oesophageal development and adult oesophageal epithelium homeostasis. (A) The major 

morphogenic signalling pathways, antagonists and transcription factors involved during tracheal-
oesophageal development. (B) The interactions among this morphogen signalling pathways, 

antagonists and transcription factors during adult homeostasis. (Image reference: Rosekrans et 

al., 2015) 

 

1.4. Oesophageal Atresia 

 

The correct function of the oesophagus requires all of its structural layers to be 

working efficiently in order to process bolus and liquids successfully. The function 

of the oesophagus is essential for normal life but there are a number of 

pathologies related to the oesophagus that affect the food uptake and result in 

metabolic dysfunctions, dysphagia, malnutrition, and weight loss. Oesophageal 

pathologies can be both congenital and acquired. Congenital oesophageal 

Abbreviations: scFz: secreted Frizzled (Wnt antagonist), Ng: Noggin, Fst: Follistatin, Grem2: Gremlin2 (BMP antagonists). 
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disorders include oesophageal atresia (OA), tracheoesophageal fistula (TOF) 

and oesophageal agenesis; whereas acquired oesophageal defects range from 

cancer, Barrett’s oesophagus, gastro-oesophageal reflux disease and strictures 

(narrowing of the oesophagus), some of which require a replacement or 

augmentation of the oesophagus (Kuppan et al., 2012; Totonelli et al., 2013).  

 

OA is a rare pathological condition that is estimated to affect one in 3000 live 

births, and is characterised by the interruption of the continuity of the oesophagus 

full organ length with or without persistent communication with the trachea 

(Figure 1.11) (Kandpal et al., 2013; Spitz, 2007). Different types of anatomic 

anomalies characterise OA patients including: 86% of cases with a distal TOF, 

7% of cases with isolated OA without TOF, and 4% of the cases H-type TOF 

without atresia (Figure 1.11) (Spitz, 2007). Thomas Gibson documented the first 

case of OA in 1697, where a new-born was unable to swallow and would choke 

every time he tried to eat (Spitz, 2007). It was not until 1941 that Cameron Haight 

performed the first successful case of oesophageal repair and after that other 

successful cases were reported (Goyal et al., 2006). Many advances have been 

made since that time in the diagnosis and treatment of the disease but there is 

still a need for more effective therapeutic options. The diagnosis of the disease 

is often suspected prenatally, after the 18th week of pregnancy, where during the 

ultrasound scan a small or absent foetal stomach bubble is witnessed (Stringer 

et al., 1995). OA may also be assumed from maternal polyhydramnios, which is 

a medical condition characterised by excess amniotic fluid build up (Goyal et al., 

2006).  
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Figure 1.11: Different types of anatomic anomalies characterise oesophageal atresia 
patients. A) Normal Oesophagus, b) OA with distal TOF (86%), c) Isolated OA without TOF (7%), 

d) H-type TOF (4%).  

(Image adapted from: http://tommyandellie.com/wp-content/uploads/2012/12/Esophageal-

Atresia.jpg) 

 

The aetiology of the disease is still unknown, but is considered to be multifactorial. 

From an embryological point of view, OA is thought to occur due to abnormal 

organogenesis (See Section 1.3). There are a number of theories underlying the 

process of organogenesis and the formation of the oesophagus (See Section 1.3) 

and different players are involved in the pathogenesis of OA. Most of those 

theories are based on the evidence provided by the Adriamycin rat model of OA 

(Diez-Pardo et al., 1996; Spitz, 2007). In the Adriamycin rat model, failure in the 

separation of the trachea with the oesophagus leading to OA and other tracheo-

oesophageal malformations has been linked with Shh gene expression 

(Ioannides et al., 2003). Shh and its downstream signalling pathways, including 

Foxf1, have an important role in vertebrate organogenesis and more specifically 
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in the development of the gut tube (See Section 1.3) (McLin et al., 2009). 

Moreover, chromosomal anomalies such as trisomy 18 and trisomy 21 or 

chromosomal deletions have been associated with OA (Spitz, 2007). Animal 

studies have shown that microdeletions in the FOX transcription factor gene 

cluster in chromosome 16q24.1, which is a dosage sensitive gene, could trigger 

a phenotype similar to that observed in OA patients as well as other associated 

anomalies (Shaw-Smith, 2010). In more than 50% of OA cases, associated 

anomalies are observed, such as in the VACTERL syndrome (Vertebral, 

Anorectal, Cardiac, Tracheo-oesophageal, Renal and Limb defects), and 

CHARGE syndrome (Coloboma, Heart defects, Atresia choanae, Retarded 

development, Genital hypoplasia, and Ear abnormalities) (Chittmittrapap et al., 

1989). Moreover, the incidence of associated anomalies is higher in cases of 

isolated OA (65%) than in H-type TOF without atresia (10%) (Spitz, 2007). 

 

The treatment for children with OA varies, depending on the type and severity, 

from relatively simple to complicated procedures where either intestinal 

interposition or gastric transposition is required (Totonelli et al., 2013). A surgical 

procedure involving intestinal interposition aims to create pedicle grafts taken 

from either the jejunum, which will retain peristalsis but does not grow with the 

child, or the colon, which permits growth and is gastric fluid resistant (Pinheiro et 

al., 2012). However, one main possible complication associated with this type of 

procedure is necrosis of the transposed graft. On the other hand, since 1981 

gastric transposition has been the preferable intervention, as the stomach 

maintains its own vascularization, thus avoiding necrosis (Pinheiro et al., 2012; 

Ludman and Spitz, 2003). Currently the main treatment for children with long gap 
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OA is surgical oesophageal gastric pull-up, but it is associated with a high rate of 

post-operative complications (Totonelli et al., 2013). In the cases of long gap OA, 

the gap between the upper and lower oesophagus exceeds 3.5 cm, and therefore 

primary anastomosis is delayed for the first 12 weeks in order to allow the 

oesophagus to grow and the distance between the distal and proximal parts of 

the organ to be closer to each other (Figure 1.11) (Ron et al., 2009; Spitz, 2007). 

However, even after that period of time there is still a 1-2 cm gap between the 

two parts of the oesophagus. Gastric pull-up is the most efficient treatment 

performed with a survival rate higher than 90%, but those children have a poor 

quality of life and often present with post-operative complications (Goyal et al., 

2006). Children with OA have major feeding problems in early childhood and 

often experience gastro-oesophageal reflux, anastomotic strictures and leakage, 

and impaired peristalsis (Perin et al., 2017; Goyal et al., 2006). As a consequence, 

they have considerable nutritional, growth and respiratory defects. Therefore, an 

oesophageal replacement that would aim to reconstruct the morphology and 

repair the lost function of the oesophagus is desirable (Urbani et al., 2018; Luc et 

al., 2014).  

 

1.5. Tissue Engineered Oesophagus 

 

Regenerative medicine and in particular tissue engineering (TE) could provide a 

therapeutic alternative to OA patients (See Section 1.4). TE combines autologous 

stem/progenitor cells and acellular three-dimensional scaffold matrices in order 

to create new biological substitutes that could be implanted into patients (Langer 

and Vacanti, 1993). Effectively reconstructing an oesophagus through TE could 
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be beneficial for infants with OA, but also in other oesophageal pathologies where 

an oesophageal replacement is needed. Thus, TE is a promising therapeutic 

alternative approach for the replacement or augmentation of the oesophagus. 

However, reconstructing an oesophagus is not trivial and there are a number of 

challenges that need to be addressed before an oesophagus could be effectively 

transplanted in a patient. The oesophagus consists of unique anatomical features, 

cell types and physiological characteristics, all of which are required for a full 

functional recovery (Badylak et al., 2012). Therefore, in order to recreate a 

functional TE oesophagus, the optimal scaffold and the right source of cells, as 

well as the complete vascularisation of the organ, needs to be addressed. 

 

The scaffold is essential for the reconstruction of a functional TE oesophagus as 

it acts as a model for cell distribution, organisation and growth for tissue 

development (Tan et al., 2012). The ideal scaffold must be biocompatible, 

biodegradable and retain the chemistry, porosity and architecture of the native 

ECM, as the more a biomaterial mimics the host tissue properties and 

organisation, the more effective it will be (Kuppan et al., 2012). The optimal 

scaffold should also avoid inflammation, degradation of toxic components and 

must be non-immunogenic once implanted in order to be clinically successful. 

With regards to the oesophageal scaffold, a tubular morphology would be 

preferred and appropriate mechanical and viscoelastic features should be 

maintained to withstand the pressure developed by the food and drink 

consumption and the peristaltic movement (Kuppan et al., 2012). 
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Previous work involving the use of natural or synthetic materials for oesophageal 

constructs have experienced a number of clinical problems such as immune 

rejection, inflammation, leakage, strictures, as well as poor epithelial and muscle 

regeneration. Initially, artificial oesophageal constructs consisted of non-

absorbable materials such as silicone, plastic and polyethylene terephthalate 

(Dacron) (Kuppan et al., 2012; Poghosyan et al., 2011; Liang et al., 2010; Liang 

et al., 2009; Takimoto et al., 1998; Takimoto et al., 1995; Takimoto et al., 1994; 

Natsume et al., 1993; Takimoto et al., 1993; Natsume et al., 1990). The lack of 

biocompatibility and biodegradability of those products led to numerous clinical 

problems such as inflammation, anastomotic leakage, and strictures (Tan et al., 

2012). Therefore, a construct that would be biocompatible and biodegradable, 

but with the appropriate degradation rate to ensure tissue regeneration needed 

to be developed.  

 

Different natural and synthetic polymers, such as AlloDerm, poly(L-lactic acid) 

(PLLA), and polycaprolactone / poly(L-lactic acid) (PCL/PLLA) were examined as 

potential candidates for oesophageal constructs (Beckstead et al., 2005). The 

main advantage these polymers possessed was their ability to be absorbed into 

the host body, leaving behind a new biological tissue (Tan et al., 2012). Synthetic 

polymers are particularly advantageous as they are reproducible, offer a wide 

range of choices and its relatively easy to alter their properties. On that respect, 

several studies demonstrated that coating the surface of the polymers with 

collagen or fibronectin significantly improves cell adhesion and proliferation (Zhu 

and Chan-Park, 2007; Zhu et al., 2009), while the polymers porosity affects the 

organisation and interaction of specific cell types (Beckstead et al., 2005). In 
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addition, the best outcomes have been achieved upon seeding polymeric 

constructs with epithelial and/or stromal cells prior to transplantation (Miki et al., 

1999). Combining human epithelial cells and fibroblasts with a PGA membrane 

demonstrated the generation of a multi-layered stratified epithelium after 14 days 

Miki et al., 1999). Nevertheless, in the majority of in vivo studies using absorbable 

scaffolds oesophageal stenosis has been developed (Tan et al., 2012). This 

could be associated with early scaffold degradation due to loss of mechanical 

stability leading to anastomotic leakages (Tan et al., 2012).  

 

Both natural and synthetic polymers showed promising results, but limitations 

including inflammation, fast degradation and poor mechanical regeneration still 

remained (Beckstead et al., 2005; Sabir et al., 2009; Saxena et al., 2010). 

Moreover, even though synthetic polymers offer a wide range of materials, they 

failed to provide the native porosity necessary for proper vascularisation and 

migration of the cells and also led to immune rejection, inflammation and stenosis 

(Tan et al., 2012). Therefore, even when polymers were able to bridge the gap 

between the two parts of the oesophagus, functional recovery was limited due to 

the lack of muscle regeneration, innervation as well as angiogenesis (Tan et al., 

2012). 

 

Another approach to develop constructs for TE involves the use of natural 

decellularised scaffolds (Conconi et al., 2005; Ott et al., 2008; Uygun et al.,2010; 

Ott et al., 2010; Petersen et al., 2010; Mazza et al., 2015; Zhang et al., 2016; 

Mazza et al., 2017). Natural decellularised scaffolds are derived from human or 

animal cadavers and are processed with various solutions in order to remove all 
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the cellular components but at the same time preserve the ECM consistency and 

architecture (Totonelli et al., 2012). This is of great importance considering that 

the composition, spatial arrangement and cell interaction with the ECM are 

tissue-specific and consequently can actively contribute to tissue functionality 

(Humphrey et al., 2014). The acellular product could then be used as a natural 

template where cells can grow, organize and differentiate to form a new organ. 

The use of natural decellularised scaffolds has numerous advantages including 

the preservation of the microarchitecture of the organ and the absence of immune 

rejection due to the removal of all cellular components (Totonelli et al., 2012).  

 

To achieve complete decelullarised oesophageal matrices different cell removal 

methods have been tested (Ozeki et al., 2006). Different detergents like Triton-X, 

Sodium Dodecyl Sulphate and Sodium Deoxycholate, have been compared and 

the latter one produced the best outcomes in terms of matrix conservation (Ozeki 

et al., 2006). In our group, a Detergent-Enzymatic Treatment (DET) has been 

established for the successful removal of all cellular components for both 

intestinal and oesophageal tissues (Gamba et al., 2002; Totonelli et al., 2012; 

Totonelli et al., 2013; Urbani et al., 2018). In detail, using a dynamic DET protocol 

Totonelli et al. (2012) obtained a decellularised rat intestinal scaffold that also 

maintained the architectural organisation of the crypt-villus axis on the luminal 

side (Totonelli et al., 2012). The same methodology was then successfully 

applied to obtain a decellularised porcine oesophageal scaffold confirming this is 

a quick, efficient and gentle approach that ensures the preservation of the 

microarchitecture of the tissue, while successfully removing all the other cellular 

components (Totonelli et al., 2013). 
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Decellularised natural scaffolds have already been clinically used with some 

success in the reconstruction of tubular organs such as the urethra and trachea, 

or reservoirs like the bladder, demonstrating the visibility of their use as a 

potential treatment in regenerative medicine (Atala et al., 2006; Baiguera et al., 

2010; Raya-Rivera et al., 2011). Among these, it is worth mentioning the 

transplant of a tissue engineered trachea graft that was used to repair the trachea 

of a 12-year old patient who experienced congenital tracheal stenosis and 

pulmonary sling (Elliott et al., 2012). A decellularised donor trachea seeded with 

bone marrow mesenchymal cells was transplanted in the patient and a two-year 

follow-up study demonstrated a functional airway and the patient was able to 

return back to school (Elliott et al., 2012; Hamilton et al., 2015). However, it is 

important to also acknowledge that there have also been several unsuccessful 

cases. An example of which is the case of a 15-year old patient with congenital 

tracheal stenosis who successfully received the first GMP tissue-engineered 

trachea graft, but who unfortunately passed away 3 weeks post-transplantation 

possibly due to an intrathoracic bleed (Elliott et al., 2017). This highlights some 

of the difficulties encountered when delivering a tissue engineered ‘product’ from 

bench to the clinic and should be carefully evaluated (Elliott et al., 2017). With 

regards to the oesophagus, oesophageal substitutes have been developed using 

a variety of decellularised matrices originating from several organs including 

stomach (Urita et al., 2007), intestinal submucosa (Badylak et al., 2000; Lopes et 

al., 2006), aorta (Kajitani et al., 2001), and dermis (Isch et al., 2001). These 

scaffolds led to promising results when applied as patches for the repair of small 

oesophageal defects that stimulated mucosal regeneration, and in some cases 

partial or complete muscularis externa and nerve regeneration (Isch et al., 2001; 
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Kajitani et al., 2001; Lopes et al., 2006; Badylak et al., 2011). However, when 

similar decellularised tubular scaffolds obtained from either small intestinal or 

urinary bladder were transplanted in vivo to restore defects larger than half 

circumferential, stenosis always occurred (Badylak et al., 2000).  

 

Therefore, following the successful decellularisation of the scaffold, all cellular 

components need to be reintroduced in the ECM to restore and maintain its 

normal function. There is general agreement in the field regarding the advantages 

of pre-seeding the scaffolds prior to implantation, in order to accelerate the 

healing process as well as achieve full functional recovery (Totonelli et al., 2012). 

As early as 1998, it was demonstrated how a co-culture of urothelial and smooth 

muscle cells improved tissue regeneration and importantly hindered the 

contraction of the remodelling tissue that often led to the formation of strictures 

(Atala, 1998). In regards to the oesophageal scaffolds repopulation a number of 

approaches have been tested (Marzaro et al.,2006; Wei et al.,2009; Tan et al., 

2013). In detail, in 2009, Wei and colleagues aimed to restore small oesophageal 

defects using a small intestinal submucosa derived matrix with or without 

epithelial cells and demonstrated that after four weeks mucosal regeneration 

occurred in both cases but re-epithelialization was complete only in the pre-

seeded matrix (Wei et al., 2009). Nevertheless, repopulating a scaffold with 

epithelial cells alone does not support the healing of the whole oesophageal 

structure. Hence, to promote a complete and functional regeneration of an 

oesophagus, the muscular compartment should also be pre-seeded in vitro with 

the appropriate cell types (Totonelli et al., 2012).  
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Identifying the optimal cell sources that can successfully repopulate all the layers 

of the oesophageal scaffold is therefore of crucial importance for its clinical 

success as the quality of the cells, which form the building blocks of the tissue, 

will determine the long-term functional capacity of the newly formed organ (See 

Section 1.2). Cells with stem cell like properties that are highly proliferative, 

display long-term viability and capacity to self-renew and differentiate are the 

ideal candidates for a tissue engineered approach. For that reason, adult stem 

cells appear to be the most promising choice since they are relatively easy to 

harvest and, unlike embryonic stem cells, do not involve neither ethical issues 

nor trans-differentiation risks (Kuppan et al., 2012).  

 

On that respect, a novel multi-step approach aiming to reconstruct all the layers 

of the oesophagus of a tissue engineered oesophagus was attempted by our 

group (See Chapter 5) (Urbani et al., 2018). As a proof of principle, decellularised 

rat oesophageal scaffolds were generated and seeded with muscle, neuronal and 

epithelial cells in a two-stage approach (Urbani et al., 2018). First, a mixture of 

human mesangioblasts, mouse fibroblasts and mouse neural crest cells were 

seeded to reconstruct the muscle layer and provide innervation of the newly 

formed tissue. The seeded scaffold was initially cultured within a bioreactor and 

when the muscle layer developed the repopulated scaffolds were transplanted in 

vivo to allow vascularisation. Following in vivo transplantation, rat oesophageal 

epithelial cells were seeded on the already partially repopulated scaffold. 

Interestingly, for the first time we demonstrated the successful repopulation and 

maintenance of a fully repopulated tissue engineered oesophagus with functional 

potential, thus generating promising results for the visibility of such a construct 
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(Urbani et al.,2018). Finally, seeding different cell types that can grow and 

remodel these scaffolds in order to achieve full integration with the native organ 

holds promise for patients requiring oesophageal replacement. Using 

recellularised scaffolds that may remodel to follow body growth is likely the major 

advantage as the surgical intervention for OA patients occurs in the first few 

months of life. 

 

1.6. Aim & Objectives  

 

The oesophagus is a tubular organ that carries the food from the throat to the 

stomach and has a complex structure. Therefore, a suitable oesophageal 

replacement should aim to restore all the structural layers of the native organ in 

order to achieve the proper peristaltic movement.  

 

This study focused on the underlying biology of human oesophageal epithelial 

cells and their ability to reconstruct a functional stratified epithelium within a TE 

oesophagus. The specific objectives were the following: (i) to establish the 

conditions necessary for human oesophageal epithelial cells (HuOEC) to 

extensively expand in vitro, while maintaining their capacity to differentiate (See 

Chapter 3), (ii) to assess HuOEC clonogenicity using single-cell analysis and 

identify different clonogenic populations within the oesophageal epithelium (See 

Chapter 3), (iii) to study the human foetal oesophageal epithelium during 

development (See Chapter 4) and (iv) to reconstitute a fully functional epithelium 

ex vivo and in vivo using cultivated oesophageal epithelial cells over a 

decellularised extracellular matrix suitable for transplantation into large animal 
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models (See Chapter 5).  

 

Our hypothesis is that within the oesophageal epithelium, epithelial cells have a 

differential growth potential and that cells with stem cell properties may be 

distributed among the different layers. This is however in contrast with other 

stratified epithelia like the skin where stem cells are confined in the basal layer. 

Specifically, my hypothesis is that the basal compartment of the oesophageal 

epithelium consists of cells with stem cell like properties that remain quiescent 

and are activated upon damage or injury. Following the basal layer, in the 

epibasal layers a mixture of highly proliferative transient amplifying cells and 

progenitor cells exists, along with some stem cell like cells. Finally, the suprabasal 

layers consist of differentiated cells that have limited growth potential and 

therefore alone cannot sustain the structure of the tissue for long-term. To assess 

this, a novel sorting strategy that separates the different layers of the oesophagus 

was developed and a cloning experiment that is the gold standard technique for 

epithelial stem cell identification was established (See Chapter 3).  

 

Furthermore, I also hypothesise that within the foetal oesophagus, stem cells 

have different properties compared to the postnatal oesophagus and are 

restricted and highly activated in the basal layer, similar to other epithelia (See 

Chapter 4). To investigate this, human foetal oesophageal samples from a variety 

of developmental stages were analysed using the sorting strategy that was 

developed during the course of this study for the separation of the different layers 

within the postnatal oesophagus (See Chapter 4).  

 



 73 

Finally, I hypothesise that due to the heterogeneity of the cells in vivo, cells also 

have a differential functional potential meaning that not all cells are equipotent 

with regards to establishing an oesophageal barrier function over a decellularised 

oesophageal scaffold for long-term (See Chapter 5). To address this, 

oesophageal epithelial cells isolated both from rat and human samples were 

seeded over decellularised rat oesophageal scaffolds and their ability to 

reconstruct and maintain a multi-layered epithelium was assessed both in vitro 

and in vivo upon transplantation (See Chapter 5). In conclusion, I believe that a 

deep understanding of the biology of oesophageal epithelial cells will facilitate 

and provide the optimum in vitro conditions that are needed for reconstructing a 

functional multi-layered epithelium in vitro. The newly formed oesophageal 

epithelium could consequently be maintained in vivo for the long-term and when 

combined with other cell types used as a treatment of oesophageal pathologies 

that need an oesophageal replacement.  
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2.1. Histological Analysis 

 

Tissue samples (up to 1 cm2) were fixed in 4% Paraformaldehyde (PFA, Sigma) 

at 4 ℃ for 4 hours. Subsequently, they were washed three times with Phosphate 

Buffer Saline (PBS, biosera, France) and transferred in 25% sucrose (BDH, USA) 

in PBS (biosera) for cryoprotection, at 4℃ for 24 hours. Finally, samples were 

embedded in optimal cutting temperature (OCT) compound and stored at -80	℃. 

Samples were sectioned with a cryostat (Leica, Germany) to generate 7 μm serial 

slices. Tissue slides were stored at -20 	℃  and were used for 

immunohistochemistry analysis. Tissue processing, paraffin embedding, 

Haematoxylin and Eosin (H&E) and immunohistochemistry staining (Masson’s 

Trichrome and DAB) analysis were performed by the histopathology department 

at Great Ormond Street Hospital, London. Samples were imaged using an upright 

microscope (Axioplan2, Zeiss). 

 

2.2. Oesophageal Epithelial Cells  

 

2.2.1. Isolation and in Vitro Expansion of Human Oesophageal Cells  

 

Postnatal Oesophageal Samples 

 

Human oesophageal epithelial cells (HuOEC) were isolated from paediatric 

oesophageal biopsies (~ 4-6 mm2 in size) (n=10) and full-thickness oesophageal 

tissues (~ 80-100 mm2 in size) (n=5) collected from patients aged from 11 months 

(mths) to 15 years (yrs) old (Table 2.1). Research samples were harvested during 
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endoscopic or surgical procedures of the upper gastro-intestinal tract at the Great 

Ormond Street Hospital, London. The patients’ informed consent was obtained 

(REC: 04/Q0508/79). 
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Table 2.1: Demographic representation of the paediatric oesophageal samples collected, 

including: tissue type, sample number, sex, age, culture code, and culture expansion outcome. 

 

Tissue Type Sample Sex Age Culture Expanded until 

Oesophageal 

Biopsy 

(~ 4-6 mm2) 

1 Female 14 yrs HuOEC10 No culture 

2 Female 15 yrs HuOEC11 III 

3 Male 9 yrs HuOEC12 V 

4 Male 14 yrs HuOEC13 IV 

5 Male 15 yrs HuOEC14 Contaminated 

6 Male 5 yrs N/A N/A 

7 Male 13 yrs HuOEC15 No culture 

8 Female 14 yrs HuOEC16 V 

9 Male 3 yrs N/A N/A 

10 Male 5 yrs N/A N/A 

11 Male 5 yrs HuOEC17 No culture 

12 Female 14 yrs HuOEC18 III 

13 Male 14 yrs HuOEC19 V 

Full-Thickness 

Oesophageal Tissue 

(~ 80-100 mm2) 

14 Female 
12 

mths 
HuOEC20 XII 

15 Male 
13 

mths 
HuOEC21 III 

16 Male 
11 

mths 
HuOEC22 VII 

17 Female 
23 

mths 
HuOEC23 IX 

18 Female 4 yrs HuOEC24 II 
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HuOEC were isolated using an enzymatic dissociation protocol containing DNase 

I (40 μg/ml) (Roche, USA), Collagenase D (0.4 mg/ml) (Roche, USA), and 

Dispase II (1 U/ml Dispase II (Gibco, USA)) in RPMI 1640 medium (Gibco) 

followed by trypsinisation (0.25% Trypsin / EDTA, (Sigma, USA)). The samples 

were cut using sterile scissors in small pieces (~1 mm or less), before they were 

transferred in a sterile bottle with a magnet inside. On the magnetic stirrer, the 

samples were allowed to fully dissociate for approximately 30-45 minutes in the 

enzyme mix solution, kept at 37 ℃. The cells suspension was then centrifuged 

for 5 minutes at 1200 rpm. Afterwards, to complete the dissociation of the 

oesophageal samples and achieve the isolation of single epithelial cells, the pellet 

was mechanically resuspended in 1 ml 0.25% Trypsin / EDTA (Sigma) and 

transferred to the magnetic stirrer for approximately 5-10 minutes. Trypsinisation 

was stopped using cFAD medium and the cell suspension was filtered through a 

70 μm cell strainer. Cells were then centrifuged for 5 minutes at 1200 rpm, and 

the success of the dissociation was examined and cells were counted using a 

haemocytometer before proceeding further. Cells from the oesophageal samples 

were then either immediately plated in cell culture flasks (Bulk culture) or were 

processed for Fluorescence-Activated Cell Sorting (FACS).    

 

Epithelial Cell Culture 

 

Following cell isolation, cells were plated on a layer of lethally irradiated mouse 

3T3-J2 cells as previously described (Hynds et al., 2018; Rheinwald and Green, 

1975) in keratinocyte culture medium (cFAD) consisting in a mixture 3:1 of DMEM 

(Gibco) and F-12 Nut Mix (Ham) (Gibco), 10% Foetal Bovine Serum (FBS, Gibco 
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and Sigma), 1% penicillin – streptomycin (Pen-Strep) (100x, Sigma), 

Hydrocortisone (0.4 μg/ml, Calbiochem, USA), Insulin (5 μg/ml, Sigma), Cholera 

Toxin (10-10 M, Sigma) and Triodothyronine (T3) (2x10-9 M, Sigma) (Rheinwald 

and Green, 1975; Rochat et al., 1994; Claudinot et al., 2005). All the reagents 

were filtered through a 0.22 μm filter. At plating, after cell isolation cultures were 

supplemented with Rho-associated protein kinase (ROCK) inhibitor Y (ROCKi) 

(Y-27632, Sigma-Aldrich) (10 nM). Cultures were incubated at 37 ℃ in a 6% CO2 

atmosphere. 

 

In order to evaluate the optimal culture conditions for HuOEC to grow and expand 

in vitro for long-term, different serum and atmosphere conditions were tested. 

Cultures were incubated in hypoxia (5% O2) or in normoxia (20% O2) and cells 

were cultivated using FBS tested by two different laboratories, one at École 

Polytechnique Fédérale de Lausanne, EPFL, (Sigma) and the other one at the 

University of Modena (Gibco) for the cultivation of skin epithelial cells. Human 

skin epithelial cells (HuSKIN), isolated at the University of Modena, were 

expanded as described above and served as a control model to evaluate the 

optimal culture condition for HuOEC. 

 

Cultures were examined to check initial growth and fed with medium further 

supplemented with human epidermal growth factor (hEGF) (10 ng/ml, PeproTech, 

USA) after 4 days and then at each feeding (Sun and Green, 1977). When 

oesophageal epithelial cells, recognised by the formation of small round colonies, 

reached the optimal density (~80% confluence), cells were trypsinised and sub-

cultured, frozen down (freezing medium: 10% Glycerol / cFAD medium) or 
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analysed further using FACS. HuOEC were successfully isolated and expanded 

from ten independent samples. Under the conditions employed, the growth of 

mesenchymal-like cells is inhibited by the presence of irradiated 3T3 cells. 

 

Prospective Isolation of Human Oesophageal Cells by FACS  

 

For FACS, cells were prepared as follows: cell suspension was centrifuged for 5 

minutes at 1200 rpm, and resuspended in Hanks Balanced Salt Solution (HBSS, 

Sigma) - 2% FBS (Gibco) buffer. Cells were distributed in 5 ml tubes and 

appropriate antibody dilutions were prepared (Table 2.2). For the single stain 

control samples, OneComp eBeads (eBioscience) (10 μl/tube) were used. After 

20 minutes incubation at 4	℃, 1 ml of HBSS 2% FBS buffer was added to the 

tubes. Following 5 minutes centrifuge at 1200 rpm, cells were resuspended in 

HBSS 2% FBS buffer and then processed for FACS sorting (Cytometer: 

FACSAria III, Application: FACSDIVA Version 8.0.1). 

 

CD45-negative cells (Biolegend) were sorted based on the expression of CD24 

(Biolegend), Epithelial Cell Adhesion Molecule (EpCAM) (Biolegend), and CD49f 

(Biolegend) and the different populations were collected either for culture in 5 ml 

FACS tubes containing 500 μl of HBSS 2% FBS buffer or for RNA in 1.5ml 

Eppendorf tubes containing BL+Trilogy Buffer (Promega) (Table 2.2). Sorted 

cells for culture were centrifuged for 10 minutes at 1200 rpm before being 

resuspended in cFAD medium (See page 35-36) further supplemented with 

ROCKi (Sigma-Aldrich) (10 nM) and plated into T25 cell culture flasks on lethally 

irradiated 3T3 feeder layer. Sorted cells that were negative for all the epithelial 
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markers were plated in a 6-well plate coated with MatrigelTM (1:100 in Megacell 

medium, BD Corning) in Megacell medium consisting of 5% FBS (Gibco), 1% 

glutamine (Sigma), 1% Pen-Strep (100x, Sigma), 1% non-essential amino acids 

(Gibco), 0.1 mM beta-mercaptoethanol (Sigma), 5 ng/ml bFGF (Sigma) for the 

expansion of mesenchymal cells. Cells sorted for RNA were vortexed 

immediately after sorting and placed in dry ice. The extraction of RNA was then 

conducted the following day. 

 

Table 2.2: Antibody information including: name, fluorochrome, clone, dilution used, catalogue 

number, and manufacturers. 

 

Antibody Fluorochrome Clone Dilution Cat No. Company 

CD24 BV605 ML5 1:100 311124 
BioLegend, 

USA 

CD31 PE WM59 1:100 13-0319-80 
BioLegend, 

USA 

CD45 PE HI30 1:500 304008 
BioLegend, 

USA 

CD49f AF488 GoH3 1:200 313608 
BioLegend, 

USA 

CD90 PE-Cy7 5E10 1:100 561558 

BD 

Biosciences, 

UK 

EpCAM 
(CD326) 

eFluor660 1B7 1:50 50-9326-42 
eBioscience, 

USA 
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Isolation of Mesenchymal Oesophageal Cells 

 

Human oesophageal mesenchymal cells (HuMOC), were derived from pieces of 

muscle from human oesophageal tissue samples (n=5). Using sterile scissors 

small pieces (~1 mm or less) of muscle tissue were cut and placed in a plate 

(Nunc) previously coated with MatrigelTM (1:100 in Megacell medium, BD Corning) 

in Megacell medium consisting of 5% FBS (Gibco), 1% glutamine (Sigma), 1% 

Pen-Strep (100x, Sigma), 1% non-essential amino acids (Gibco), 0.1 mM beta-

mercaptoethanol (Sigma), 5 ng/ml bFGF (Sigma). This was done to establish the 

outgrowth culture and expansion of mesenchymal cells. Cultures were examined 

to check initial growth and fed with Megacell medium after 5 days. When 

oesophageal mesenchymal cells, recognised by the formation of small triangular 

and elongated cells, reached the optimal density, approximately after 10 days of 

culture, the muscle pieces were removed using a pipette and the cells were 

trypsinised (0.05% Trypsin / EDTA, (Sigma, USA)), and counted. HuMOC were 

then sub-cultured for expansion, frozen down (freezing medium: 10% DMSO / 

Megacell medium) or analysed using FACS. 

 

2.2.2. Isolation and in Vitro Expansion of Human Foetal Oesophageal Cells  

 

Human Foetal Oesophageal Samples 

 

Human foetal oesophageal samples ranging between 8 weeks post conception 

(wpc) to 22 wpc were collected in accordance with the ethical regulations under 

the following scheme: Joint MRC/Wellcome Trust Human Developmental Biology 
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Resource (www.hdbr.org). Human foetal oesophageal epithelial cells (HuFeOEC) 

were successfully isolated from foetal oesophagi (n=7) ranging between 15 wpc 

to 19 wpc (Table 2.3).  

 

Table 2.3: Demographic representation of the foetal oesophageal samples expanded in culture. 

Sample number, stage and culture expansion of foetal samples. 

 

Sample # Stage Culture Presence and Expansion of 

Epithelial Colonies 

1 8 wpc HuFeOEC01 No  

2 12 wpc HuFeOEC12 No  

3 14 wpc HuFeOEC09 No  

4 15 wpc HuFeOEC04 No 

5 15 wpc HuFeOEC15 Yes 

6 16 wpc HuFeOEC14 Yes 

7 17 wpc HuFeOEC05 No 

8 17 wpc HuFeOEC07 Yes 

9 17 wpc HuFeOEC08 Yes 

10 19 wpc HuFeOEC02 Yes 

11 19 wpc HuFeOEC03 Yes 

12 19 wpc HuFeOEC06 Yes 

13 20 wpc HuFeOEC10 No 

 

HuFeOEC were isolated using an enzymatic dissociation protocol containing 

DNase I (40 μg/ml) (Roche, USA), Collagenase D (0.4 mg/ml) (Roche, USA), and 

Dispase II (1 U/ml Dispase II (Gibco, USA)) in RPMI 1640 medium (Gibco) 
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followed by trypsinisation (0.25% Trypsin / EDTA, (Sigma, USA)). The oesophagi 

samples were cut using sterile scissors in small pieces (~1 mm or less) within a 

sterile falcon tube, and were then transferred in the water bath at 37 ℃. The 

samples were allowed to fully dissociate for approximately 30-45 minutes in the 

enzyme mix solution. The cell suspension was then centrifuged for 5 minutes at 

1200 rpm. Afterwards, to complete the dissociation of the oesophageal samples 

and achieve the isolation of single epithelial cells, the pellet was mechanically 

resuspended in 1 ml 0.25% Trypsin / EDTA (Sigma) and incubated at 37 ℃ for 

approximately 5 minutes. Trypsinisation was stopped using cFAD medium (See 

page 35-36) and the cell suspension was filtered through a 70 μm cell strainer. 

Cells were then centrifuged for 5 minutes at 1200 rpm, and the success of the 

dissociation was examined and cells were counted using a haemocytometer 

before proceeding further. Cells from the foetal oesophageal samples were then 

either immediately plated in cell culture flasks or were processed for FACS. 

Following cell isolation, cells were expanded as described above for the HuOEC 

(See section 2.2.1). 

 

Prospective Isolation & Analysis of Human Foetal Oesophageal Samples by 

FACS  

 

For FACS, cells were prepared as follows: cell suspension was centrifuged for 5 

minutes at 1200 rpm, and resuspended in HBSS (Sigma) - 2% FBS (Gibco) buffer. 

Cells were distributed in 5 ml tubes and appropriate antibody dilutions were 

prepared (Table 2.4). For the single stain control samples, OneComp eBeads 

(eBioscience) (10 μl/tube) were used. After 20 minutes incubation at 4	℃, 1 ml of 
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HBSS 2% FBS buffer was added to the tubes. Following 5 minutes centrifuge at 

1200 rpm, cells were resuspended in HBSS 2% FBS buffer and then processed 

for FACS sorting (Cytometer: FACSAria III, Application: FACSDIVA Version 

8.0.1). 

 

CD45 and CD31(Biolegend) negative cells were sorted based on the expression 

of different antibodies including, CD24 (Biolegend), EpCAM (Biolegend), and 

CD49f (Biolegend) and the different populations were collected for culture in 5 ml 

FACS tubes containing 500 μl of HBSS 2% FBS buffer (Table 2.4). Sorted cells 

for culture were centrifuged for 10 minutes at 1200 rpm before being 

resuspended in cFAD medium (See page 35-36) further supplemented with 

ROCKi (Sigma-Aldrich) (10 nM) and plated into T25 cell culture flasks on lethally 

irradiated 3T3 feeder layers. Sorted cells that were negative for all the epithelial 

markers were plated in a 6-well plate coated with MatrigelTM (1:100 in Megacell 

medium, BD Corning) in Megacell medium consisting of 5% FBS (Gibco), 1% 

glutamine (Sigma), 1% Pen-Strep (100x, Sigma), 1% non-essential amino acids 

(Gibco), and 0.1 mM beta-mercaptoethanol (Sigma), 5 ng/ml bFGF (Sigma) for 

the expansion of mesenchymal cells.  
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Table 2.4: Antibody information including: name, fluorochrome, clone, dilution used, catalogue 

number, and manufacturers. 

 

Antibody Fluorochrome Clone Dilution Cat No. Company 

CD24 BV605 ML5 1:100 311124 
BioLegend, 

USA 

CD31 Biotin WM59 1:100 13-
0319-80 

BioLegend, 

USA 

CD45 Biotin HI30 1:500 304004 
BioLegend, 

USA 

CD45 Biotin 30-F11 1:100 103103 
BioLegend, 

USA 

CD49f AF488 GoH3 1:200 313608 
BioLegend, 

USA 

CD73 PE AD2 1:100 344004 
BioLegend, 

USA 

CD90 PE-Cy7 5E10 1:100 561558 

BD 

Biosciences, 

UK 

EpCAM 
(CD326) 

eFluor660 1B7 1:50 50-
9326-42 

eBioscience, 

USA 

Streptavidin BV510 - 1:100 405233 

BD 

Biosciences, 

UK 

 

2.2.3. Isolation and in Vitro Expansion of Rat Oesophageal Epithelial Cells  

 

Following rat oesophagus harvesting from Sprague–Dawley male rats, aged from 
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5 to 6 weeks and weighing 150 to 200 grams, the muscle layer was carefully 

removed and the remaining part consisting of the submucosa and mucosa layers 

were cut in two pieces (~2 cm long each) that were further processed for rat 

oesophageal epithelial cell (ROEC) isolation. ROEC were isolated by direct 

dissociation with trypsin / EDTA (Sigma, USA). The oesophagus was cut using 

sterile scissors into small pieces (~1 mm or less), which were then incubated with 

0.25% Trypsin / EDTA (Sigma, USA) for approximately 30 minutes, at 37 ℃, until 

single-cell suspension was obtained. Trypsinisation was stopped using medium 

containing 10% serum and the cell suspension was filtered through a 70 μm cell 

strainer.  Cells were then centrifuged for 3 minutes at 1200 rpm, and counted 

using a haemocytometer before being transferred to culture dishes. Following cell 

isolation, cells were expanded as described above for the HuOEC (See section 

2.2.1). 

 

2.3. Characterisation of in Vitro Expanded Cells 

 

Cumulative Cell Number Calculation 

   

The formula used to calculate the cumulative cell number was the following: n = 

T*(F/I), where n = the cumulative cell number at the end of a given subculture, T 

= the cumulative cell number of the previous culture, F = the number of cells 

harvested at that point, I = the number of cells plated to begin that subculture. 

The formula used to calculate the population doublings number of the culture was 

the following:  n = 3.32 (log F - log I) + X, where n = the final population doubling 

number at end of a given subculture, F = the number of cells harvested at that 
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point, I = the number of cells plated to begin that subculture, and X = the doubling 

level of the previous culture (American Type Culture Collection, 2014). 

 

Colony Forming Efficiency Assays  

 

To test the quantity and quality of the expanded oesophageal cells, colony 

forming efficiency (CFE) assays were performed. Following serial dilution, a 

specific number of cells (e.g. 300 or 500 cells) were plated in 60 mm plates on a 

lethally irradiated 3T3 feeder layer. Cultures were supplemented with hEGF (10 

ng/ml, PeproTech) every four days, twice before the cultures were fixed with 4% 

PFA (Sigma) for 10 minutes, stained with Rhodamine B (1%, Sigma) for 15 

minutes and washed with water (Day 12). Rhodamine B dye stains for keratins, 

therefore only the epithelial colonies were stained. The plating efficiency (PE) 

was evaluated. 

 

Immunocytochemistry and Immunohistochemistry 

 

Cultivated epithelial cells were plated on top of coverslips (0.13 μm) in 24 well 

plates with 3T3 irradiated feeder layers in cFAD medium. Cultivated 

mesenchymal cells were plated on chamber slides (8 well Permanox® Slide, 

Thermo Fisher Scientific, USA) in Megacell medium. Cells were fixed at different 

time points for analysis, using 4% PFA for 10 minutes, followed by PBS washes 

(biosera) and eventually stored at 4 ℃ . In the case of frozen tissue slides, 

samples were thawed at room temperature (RT) for 10 minutes and equilibrated 

with PBS (biosera) for 5 minutes.  
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Both cell and tissue slides were permeabilized using 0.1% (for mesenchymal 

cells) or 0.5% (for epithelial cells) Triton X solution (Bio-Rad, USA) and unspecific 

binding sites were blocked with 5% Normal Donkey Serum (Jackson Immuno 

Research, USA), for 20-25 minutes at RT inside a humidified chamber. Primary 

antibody dilutions were prepared in 0.01% Triton X (Bio-Rad) - 5% Donkey Serum 

(Jackson Immuno Research) (Table 2.5). Samples were incubated with the 

primary antibodies at 4 ℃ O/N inside the humidified chamber. 

 

The following day, samples were washed three times with PBS (biosera) before 

incubating with the secondary antibody. Secondary antibodies (Alexa Fluor 488 

Donkey Anti-Mouse, Cy3 Donkey Anti-Rabbit and Alexa Fluor 647 Donkey Anti-

Rat) (Jackson Immuno Research) were centrifuged for 10 minutes at 4	℃, before 

the appropriate antibody dilutions were prepared in 0.01% Triton X solution (Bio-

Rad) - 5% Donkey Serum (Jackson Immuno Research) (Table 2.5). Following 

one-hour incubation with the secondary antibodies at RT, samples were washed 

well with PBS (biosera) before adding drops of fluoroshield mounting medium 

with DAPI (abcam, UK) and covering the slides with coverslips. After mounting, 

samples were stored at 4 	℃.  Samples were imaged using an inverted 

fluorescence microscope (Observer A1, AXIO, Zeiss) or a confocal microscope 

(LSM710, Zeiss). The acquisition settings for the lasers were determined on the 

basis of a positive and negative control for the antibodies tested. Acquired images 

were then analysed and processed using ImageJ, Fiji or Volocity software. 
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Table 2.5: Primary and secondary antibody information: host, clone, dilution used, catalogue 

number, and manufacturers. 

 

Antibody Host Clone Dilution Cat No. Company 

a-SMA Mouse 1A4 1:200 ab7817 Abcam, UK 

Calponin Mouse hCP 1:1000 C2687 Sigma-Aldrich, USA 

Cleaved 
Caspase 3 

Rabbit Polyclonal 1:300 9661 
Cell Signalling 

Technology, USA 

CD24 Mouse ML5 1:100 311102 BioLegend, USA 

CD49f Rat GoH3 1:200 313608 BioLegend, USA 

Cytokeratin 5 Rabbit EP1601Y 1:100 ab52635 Abcam, UK 

Cytokeratin 
5/14 

Rabbit Poly19053 1:800 
PRB-

155P 
BioLegend, USA 

Cytokeratin 8 Mouse M20 1:100 ab9023 Abcam, UK 

Cytokeratin 
13 

Mouse AE8 1:100 ab16112 Abcam, UK 

E-Cadherin Mouse 
36/E-

Cadherin 
1:100 610181 

BD Transduction 

Laboratories, USA 

EpCAM 
(CD326) 

Mouse 1B7 1:50 
14-9326-

82 
eBioscience, USA 

F4/80 Rat BM8 1:100 123109 BioLegend, USA 

Ki67 Rabbit Polyclonal 1:300 ab15580 Abcam, UK 

KLF4 Rabbit EPR19590 1:100 ab215036 Abcam, UK 



 91 

 

Antibody Host Clone Dilution Cat No. Company 

KLF5 Rabbit Polyclonal 1:100 
NBP1-

88508 
Novus Biologicals, USA 

Laminin Rabbit Polyclonal 1:800 ab11575 Abcam, UK 

Ly-6G Rat 1A8 1:200 127609 BioLegend, USA 

Human 
Nuclei 

Mouse 235-1 1:100 MAB1281 MERK, USA 

Myf5 Rabbit C-20 1:200 sc-302 
Santa Cruz 

Biotechnology, Inc., USA 

MyoD Rabbit M-318 1:200 sc-760 
Santa Cruz 

Biotechnology, Inc., USA 

NG2 Rabbit Polyclonal 1:200 ab83178 Abcam, UK 

Pan-
Cytokeratin 

Rabbit Polyclonal 1:100 180059 Invitrogen, USA 

PDGFRβ Rabbit Y92 1:100 ab32570 Abcam, UK 

p63 Mouse 4A4 1:50 ab735 Abcam, UK 

p63α Rabbit NA 1:10000 - 
Kindly provided by 

Michele De Luca 

YAP Mouse 63.7 1:100 
sc-

101199 

Santa Cruz 

Biotechnology, Europe 

ZO-1 Rabbit Polyclonal 1:100 40-2200 
Thermo Fisher Scientific, 

USA 

SM22 Rabbit Polyclonal 1:1000 ab14106 Abcam, UK 

SOX2 Rabbit Polyclonal 1:200 ab97959 Abcam, UK 
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Antibody Host Clone Dilution Cat No. Company 

Alexa Fluor 
488 

Anti- Mouse 
Donkey Polyclonal 1:500 

715-545-

150 

Jackson Immuno 

Research, USA 

Alexa Fluor 
594 

Anti-Rabbit 
Donkey Polyclonal 1:500 

711-585-

152 

Jackson Immuno 

Research, USA 

Alexa Fluor 
647 

Anti-Rat 
Donkey Polyclonal 1:500 

712-605-

150 

Jackson Immuno 

Research, USA 

 

FACS of cultivated cells 

 

Cultivated oesophageal epithelial and mesenchymal-like cells were analysed at 

different passages using FACS to evaluate the expression of a variety of surface 

markers. Cell suspensions were centrifuged for 5 minutes at 1200 rpm, and 

resuspended in HBSS (Sigma) - 2% FBS (Gibco) buffer. Cells were distributed in 

5 ml tubes and appropriate antibody dilutions were prepared (Table 2.6 & 2.7). 

For the single stain control samples, OneComp eBeads (eBioscience) (10 μl/tube) 

were used. After 20 minutes’ incubation at 4	℃, 1 ml of HBSS 2% FBS buffer was 

added to the tubes. Following a 5 minute centrifuge at 1200 rpm, cells were 

resuspended in HBSS 2% FBS buffer and then processed for FACS analysis 

(Cytometer: FACS LSRII or FACSAria III, Application: FACSDIVA Version 8.0.1). 
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Table 2.6: Antibody information for cultivated oesophageal epithelial cells: name, fluorochrome, 

clone, dilution used, catalogue number, and manufacturers. 

 

Antibody Fluorochrome Clone Dilution Cat No. Company 

CD24 BV605 ML5 1:100 311124 BioLegend, USA 

CD49f AF488 GoH3 1:200 313608 BioLegend, USA 

CD104 PE 58XB4 1:100 327807 BD Biosciences, UK 

EpCAM (CD326) eFluor660 1B7 1:50 50-9326-42 eBioscience, USA 

 

Table 2.7: Antibody information for cultivated mesenchymal-like cells: name, fluorochrome, 

clone, dilution used, catalogue number, and manufacturers. 

 

Antibody Fluorochrome Clone Dilution Cat No. Company 

CD34 APC 561 1:100 343608 BioLegend, USA 

CD56 BUV395 NCAM16.2 1:200 563554 
BD Biosciences, 

UK 

CD90 PE-Cy7 5E10 1:100 561558 
BD Biosciences, 

UK 

CD146 BV711 P1H12 1:200 563186 
BD Biosciences, 

UK 

Alkaline 
Phosphatase 

AF647 B4-78 1:100 561500 
BD Biosciences, 

UK 

NG2 AF488 9.2.27 1:200 562413 
BD Biosciences, 

UK 

PDGFRb 
(CD140b) 

PE 18A2 1:50 323606 BioLegend, USA 
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2.4. Single-Cell Cloning Analysis of HuOEC 

 

Cloning analysis was performed from cultivated HuOEC either from the 

secondary or tertiary culture (n=6). HuOEC were allowed to expand and when 

cells reached the optimal density (~80% confluence), cells were trypsinised (0.25% 

Trypsin / EDTA (Sigma)) and counted using a haemocytometer. Following serial 

dilution, a theoretical estimation that would allow the plating of 1 cell/well was 

calculated, and cells were plated in 48 well plates previously plated with lethally 

irradiated 3T3 cells. Cultures were examined to check initial growth and fed with 

medium further supplemented with hEGF (10 ng/ml, PeproTech) on the 2nd and 

4th day. Expanded clones were evaluated under the microscope to determine 

whether colonies were formed by single-cells. Colonies were distinguished on the 

basis of their size and cell morphology. At day 9, single colonies were trypsinised 

(0.25% Trypsin / EDTA (Sigma)) and replated for expansion as follows: ½ of each 

clone plated for expansion in 60mm dishes previously plated with lethally 

irradiated 3T3 cells; ¼ of each clone plated to assess the potency of each clone 

in a 60mm or 100mm plate previously plated with lethally irradiated 3T3 cells; and 

the other ¼ of each clone was frozen down (freezing medium: 10% Glycerol / 

cFAD medium). At plating of each clone, the cultures were supplemented with 

ROCKi (10 nM, Sigma-Aldrich). Cloning cultures were then allowed to expand 

following the standard protocol of cultivation of HuOEC and the growth potency 

of each clone (e.g. 1) highly proliferating, 2) proliferating, or 3) terminally 

differentiated colonies) was further evaluated. A total of six independent cloning 

experiments were performed among three biological samples. 
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2.5. Seeding HuOEC on Membranes and Air Liquid 

Interface (ALI) Culture 

 

Cultivated cells were kept in culture for six days and fed with medium 

supplemented with hEGF (10 ng/ml, PeproTech) at day 4. After expansion, 

epithelial cells were harvested with 0.25% Trypsin / EDTA (Sigma) between 5 to 

8 minutes at 37	℃. Trypsinisation was stopped with cFAD medium (See page 35-

36) and cells were centrifuged for 3 minutes at 1200 rpm. Cells were resuspended 

in cFAD medium, and counted with a haemocytometer.  

 

HuOEC were then plated at a density of 2.6 x105 cells/cm2, on top of a transparent 

cell culture insert (PET membrane, 0.4 μm pore, greiner bio-one, Austria) that 

was positioned in a 6 well cell culture plate (greiner bio-one). The 

transmembranes had been previously plated with irradiated 3T3 cells at a density 

of 80.000 cells/well. The insert was supplemented with cFAD medium both on 

the top and bottom for 48 hours, after which a monolayer of cells has formed, and 

the medium from the top insert was removed (exposure phase) to induce ALI 

culture (Figure 2.1). Cells were kept in ALI culture for up to 30 days (n = 4). 

 
Figure 2.1: Schematic representation of the cell expansion in 2D, in submerged and ALI 
culture. HuOEC were expanded in culture for six days, after which they were harvested and 
plated on top of a transparent cell culture insert (PET membrane, 0.4 μm pore). Cells were allowed 

to form a monolayer, before the medium from the top of the insert was removed to induce ALI 
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culture.  (Image adapted from: 

https://cdn.stemcell.com/media/TechnicalResources/TechnicalBulletins/29885/29885-Fig01.gif.)  

 

To assess the barrier formed by the cells, the trans-epithelial electric resistance 

(TEER) was measured at different timepoints (Day 2, 7, 14 & 30) using an 

Epithelial Volt/Ohm (TEER) Meter manufactured by World Precision Instruments. 

The measurements were taken at a 2000 Ω range, and the insert was submerged 

with cFAD media (1 ml cFAD above and 2 ml cFAD below) for accurate 

measurements. An unseeded insert was used as a control to measure the 

resistance produced from the membrane alone to determine accurate readings 

of epithelial resistance. Seeded membranes were fixed with 4% PFA for 10 

minutes at RT, at different timepoints, and processed for histology and 

immunohistochemistry analysis.     

 

2.6. Organ Harvesting 

 

All animal husbandry and procedures were carried out in accordance with the UK 

animal guidelines and approvals (Home Office guidelines under the Animals 

[Scientific Procedures] Act, 1986). Oesophagi were harvested from Sprague–

Dawley male rats, aged from 5 to 6 weeks and weighing 150 to 200 grams. Rats 

were euthanized by inhalation of CO2 and confirmation of death was obtained by 

exsanguination from a lower limb. Following a midline incision, the oesophagus 

was harvested from the cervical portion to the gastro-oesophageal junction and 

washed with sterile PBS (biosera) before the oesophagus was processed for cell 

isolation or cannulated for decellularisation. The surgical procedure to harvest 

the oesophagi was conducted by Asllan Gjinovci. 
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2.7. Decellularisation of Rat Oesophagi 

 

Fresh rat oesophagi were decellularised by the delivery of solutions through the 

oesophagus lumen using a variable speed roller pump (iPump) at 1 ml/min. 

Oesophagi were effectively decellularised by the perfusion of two cycles of 

detergent enzymatic treatment (DET) as previously described (Totonelli et al., 

2013; Maghsoudlou et al., 2013). Each DET cycle consisted of perfusion of de-

ionised water overnight (O/N) at 4℃ , followed by 4 hours of 4% sodium 

deoxycholate (Sigma) at RT, 30 minutes minimum of PBS (Sigma) and 3 hours 

of 0.025 mg/ml Deoxyribonuclease-I (DNase-I from bovine pancreas, Sigma) in 

1 M NaCl (Sigma) at RT. After effective decellularisation, oesophagi were 

transferred into PBS (biosera) containing 1% Pen-Strep (100x, Sigma), and were 

sterilized with gamma irradiation (~1700 gray, Gy). Histological analysis of 

decellularised tissue slices were stained for the nuclear marker DAPI to confirm 

the absence of all cellular components and consequently an effective 

decellularisation.  

 

2.8. Seeding ROEC and HuOEC on Decellularised Rat 

Oesophageal Scaffolds 

 

Seeding of oesophageal epithelial cells on slit-open scaffolds 

 

After effective decellularisation of rat oesophagi, scaffolds were slit opened and 

the mucosa layer removed using sterile forceps. Cultivated cells were seeded on 
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the luminal part of the oesophagus scaffold. Flat open oesophageal scaffolds 

were cut into smaller pieces (~0.5 – 1.0 cm2), and were placed on top of a 

transparent cell culture insert (PET membrane, 0.4 μm pore, greiner bio-one, 

Austria) that was positioned in a 6 well cell culture plate (greiner bio-one).  

 

Cultivated cells were kept in culture for 4 days and fed with medium 

supplemented with hEGF (10 ng/ml, PeproTech) only on the day before seeding. 

Epithelial cells were trypsinised with 0.25% Trypsin / EDTA (Sigma) between 5 

to 8 minutes at 37	℃. Trypsinisation was stopped with cFAD medium (See page 

35-36) and dissociated cells were then centrifuged for 3 minutes at 1200 rpm. 

Cells were resuspended in cFAD medium, and counted with a haemocytometer. 

The cell density for seeding each scaffold varied on the basis of the origin of each 

cell type (Table 2.8). However, prior to the determination of these cell densities, 

which resulted in a full scaffold coverage, different cell densities were also 

attempted (data not shown).  

 

Table 2.8: Seeding density of rat and human oesophageal epithelial cells over decellularised rat 

oesophageal scaffolds. 

 

Type of Scaffold Type of Cells Cell Density 

Rat Rat 1.3 x105cells/cm2  

Rat Human 2.6 x105 cells/cm2 

 

After cell seeding, the scaffolds were incubated at 37 ℃	for one hour. Scaffolds 

were checked regularly to ensure they did not dry. After one hour of incubation, 

cFAD medium was added in the well below the cell culture membrane, enough 
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just to touch the membrane (1.5 ml). On top of the membrane, a small amount of 

cFAD medium was added to ensure the scaffolds did not dry out. Seeded 

scaffolds were incubated for an additional 45 minutes before adding more cFAD 

medium on top of the scaffolds. After seeding, scaffolds were closely observed 

and a small amount of cFAD medium was added to them every day to ensure the 

scaffolds were well covered by medium. Medium was changed usually every two 

to three days.  

 

The liquid-air interphase is important to allow stratification of the seeded cells. 

Thus, after approximately one week, the level of the medium was reduced to 

promote stratification. Seeded scaffolds were kept in culture up to two weeks. 

Cultures were stopped and scaffolds analysed using the MTT cell proliferation 

assay kit (life technologies, USA) and standard histology at different time points 

during the two-week period. 

 

Seeding of ROEC on tubular scaffolds and co-seeding with other cellular 

components 

 

In addition, ROEC were also seeded in a tubular scaffold within a bioreactor, in 

preparation of the seeding of all cellular components (human mesoangioblasts, 

mouse fibroblasts, mouse neural crest cells, and ROEC). The bioreactor 

(Applikon Biotechnologies) is composed of three different parts: a chamber, a 

reservoir, to ensure medium circulation, and a speed roller pump (iPump), which 

is used to create a continuous flow (Urbani et al., 2018). The glass chamber 

allowed both sterilisation and visual monitoring of the sample within. Following 
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the suturing of each edge of the scaffold to a glass rod, under sterile conditions, 

the rods and scaffold were gently trailed through the glass chamber until both 

rods were protruding out of each end and were carefully connected and secured. 

The mucosa layer of decellularised scaffolds was removed using a naso-gastric 

tube (EnteralUK) to achieve the optimum engraftment and migration of epithelial 

cells.  

 

Decellularised rat oesophagi, without the mucosa layer, were then assembled 

within the chamber, and the bioreactor was filled with cFAD medium to prevent 

the scaffold from drying (Figure 2.2). Subsequently, epithelial cells were 

harvested and cells were seeded at a density of 2.6x105 cells/cm2, in a volume 

enough to cover the entire length of the lumen of the scaffold. Cells were 

delivered to the lumen of the scaffold using a tube with 1.7 mm outer diameter 

and 1.2 mm inner diameter (Tyco Electronics). The scaffold was then incubated 

to allow the cells to adhere, and rotated by 180o every half an hour for two hours, 

to allow circumferential cell attachment. The scaffolds were then incubated for 24 

hours, prior to a flow (0.5 ml/min) of cFAD medium being initiated. The scaffolds 

were kept under those conditions for a period of three days prior to being 

processed for histological analysis (n = 3).  
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Figure 2.2: The bioreactor chamber. An assembled bioreactor with a tubular decellularised rat 

oesophagus scaffold placed inside. The chamber is filled with culture medium. Image credits: 

Matteo Trevisan.  

 

Finally, the co-seeding of ROEC, with human mesoangioblasts, mouse 

fibroblasts and mouse neural crest cells, was performed to create a complete 

functional TE oesophagus (in collaboration with Carlotta Camilli, Luca Urbani, 

Dipa Natarajan) (Urbani et al., 2018). The scaffold was initially seeded with 

human mesoangioblasts, mouse fibroblasts and mouse neural crest cells, and 

cultured for 11 days under a dynamic culture condition (Figure 2.3). After this 

initial time, scaffolds were transplanted in vivo for one week, to allow 

vascularisation of the construct, and then epithelial cells were seeded in the 

lumen of the scaffold (slit open scaffold), as previously described (See page 55-

57), and were kept in culture for additional three to seven days (n = 5) (Figure 

2.3). 
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Figure 2.3: Schematic representation demonstrating the co-seeding experiment. Human 

mesoangioblasts (hMAB), mouse fibroblasts (mFB) and mouse neural crest cells (mNCC) were 

seeded on a decellularised rat oesophageal scaffold ex vivo within a bioreactor and cultured for 

11 days, prior to being transplanted in vivo in the omentum of immunodeficient mice. After one 
week of in vivo, the transplanted oesophagi were harvested and seeded with ROEC in vitro, and 

cultured for additional 7 days before the scaffolds were processed for histological analysis. (Image 

source: Urbani et al., 2018). 

 

2.9. MTT Cell Viability Assay Analysis 

 

Seeded scaffolds were stopped at different time points (Day 3, 7, 14 and 21) and 

stained with MTT (life technologies), which is a colometric assay that stains viable 

cells. The scaffolds were transferred in a sterile 12 well plate and cFAD medium 

was mixed with MTT away from light (10 μl MTT needed for 100 μl cFAD medium). 

The plate was covered with aluminium foil and the scaffolds were incubated for 4 

hours at 37 ℃. Viable cells reduce MTT to a purple coloured product (Formazan) 

that allows visualizing the engrafted cells. The samples were imaged using a 

stereomicroscope (Discovery V.20, Zeiss).  
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2.10. In Vivo Transplantation of Seeded Scaffolds and 

Foetal Oesophagi 

 

All live animal husbandry and procedures were carried out in accordance with the 

UK animal guidelines and approvals (Home Office guidelines under the Animals 

(Scientific Procedures) Act, 1986) under the Home Office Project License PPLs 

(70/8560, 70/7622 and 70/7478). 

 

NOD-SCID-gamma (NSG) mice were used for all the procedures. The mice were 

anaesthetized and maintained during the operation with a 2–5% 

isoflurane:oxygen gas mix. Following anaesthesia, the mice were shaved and 

Buprenorphine 0.1 mg/Kg−1, provided by the named veterinary surgeon, was 

administered as an analgesic prior to the operation. Surgical operations were 

conducted by Dr Paola Bonfanti (subcutaneous and kidney capsule 

transplantation) and Dr Federico Scottoni (omentum transplantation).  

 

For subcutaneous transplantation, under aseptic conditions a midline incision at 

the back of the mice was performed. A pocket between the skin and fascia of the 

mice was created from the incision and the seeded scaffolds were placed folded 

in them. A maximum of six repopulated scaffolds were transplanted 

subcutaneously in each mouse (n = 13). An unseeded scaffold was also 

transplanted as a control (n = 1). As a proof of principle, human foetal oesophagi 

from different developmental stages (between 11 wpc to 20 wpc) were also 

transplanted subcutaneously (n = 7), to evaluate the feasibility of an entire 

oesophagus to develop in vivo.  
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For kidney capsule transplantation, an already established protocol was followed 

(Bonfanti et al., 2010). The left kidney of adult NSG mice was exposed and a 

pocket in the kidney capsule was created that allowed the transplantation of 3mm 

seeded (n = 8) or unseeded (n = 1) oesophageal scaffolds. An 11 wpc human 

foetal oesophagus was also transplanted under the kidney capsule (n = 1), to 

evaluate the feasibility of the oesophagus to develop in vivo under an alternative 

model. 

 

For the omentum transplantation, a midline laparotomy was performed under 

aseptic conditions. From the point of incision, the stomach was externalised and 

the omentum was stretched from the great curvature. In the omentum, a piece of 

the engineered scaffold (n=3) was then wrapped using an 8/0 prolene non-

absorbable suture to secure the closure of the omental wrap and allow the 

identification of the sample upon harvesting. Upon successful engraftment, the 

stomach and the omentum were put back in the abdomen and the laparotomy 

was closed using 6/0 Vicryil. Animals were euthanised at variable time points and 

the scaffold was harvested together with the omental envelope for histological 

evaluation (Urbani et al., 2018). 

 

The skin and fascia, if necessary, of the mice was closed using 6/0 Vicryil and 

the recovery of the mice was monitored. During the post-operative period, the 

animals were allowed to eat and drink as normal immediately after surgery and 

no further medications were administered. Animals were euthanised and the 

scaffolds or tissue were harvested at different time points (ranging between 1 

week and 9 weeks) for analysis.  
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2.11. Statistics 

 

Statistical analysis and graphs were produced using GraphPad Prism 8 

(GraphPad Software). The n-value reported for each experimental analysis 

corresponds to the number of biological replicates, unless stated otherwise. 

Statistical tests used to determine significance were: ordinary one-way ANOVA, 

two-way ANOVA and Mann Whitney test analysis. Statistical significance was 

considered when a p-value of less than 0.05 was obtained.  Data are expressed 

as a mean ± SEM, unless otherwise stated.  
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3.1. Introduction 

 

Unlike other tissues, little is known about the biology of the oesophageal 

epithelium, and it is still a topic of great controversy. The existence and exact 

location of stem cells has not been defined yet despite the oesophageal 

epithelium’s similarities to other tissues such as the skin epithelium, which have 

been extensively characterised since 1987 (See Chapter 1; Section 1.2) 

(Barrandon and Green, 1987).  

 

Recent studies suggest that oesophageal epithelial homeostasis and repair are 

maintained through a single progenitor population (Doupé et al., 2012). According 

to a mathematical lineage tracing model, scientists suggested that in mice a 

single progenitor cell population divides with equal probabilities to generate 

progenitor and differentiated daughter cells during oesophageal homeostasis 

(Doupé et al., 2012). Upon injury, this single progenitor cell population will 

promote the generation of proliferative progenitor daughter cells by switching its 

expression profile until the damaged epithelium is regenerated (Doupé et al., 

2012). Previous studies, however, have suggested that there is variation in the 

hierarchy of cells in the oesophageal epithelium (Seery, 2002; Croagh et al., 

2008). Croagh et al. (2008) proposed a model for the mouse oesophageal 

epithelium, suggesting that in the basal layer of the epithelium there is a variety 

of cells including stem cells, transit-amplifying cells and early differentiating cells, 

all of which are capable of dividing symmetrically and asymmetrically before they 

enter terminal differentiation. Moreover, there are studies suggesting that 

oesophageal epithelial stem cells divide at a slower rate than transit-amplifying 



 108 

cells, which are supposed to produce a thick layer of squamous stratified 

epithelium (Seery, 2002); this idea has been contradicted by a study suggesting 

that a widespread population, not restricted to the basal layer of the oesophageal 

epithelium, has the ability to frequently and randomly divide to maintain tissue 

homeostasis in vivo (Doupé et al., 2012). On the other hand, this time within the 

human oesophageal epithelium, it has been suggested that the clonogenic 

potential of the cells in vitro that is responsible for tissue repair and maintenance 

is not confined to a distinct cell population confined in the basal layer, but includes 

also committed and differentiated cells (Barbera et al., 2014). Nevertheless, the 

available literature consists of a mixture of mouse and human studies that given 

their biological differences (See Chapter 1; Figure 1.5) need to be carefully 

evaluated before extrapolating conclusions from one species to another. Thus, to 

put more light into this scientific debate this work aimed to provide insights on the 

biology of the human oesophageal epithelial cells both in vivo and in vitro, and 

establish the characteristics, and location profile of oesophageal stem cells.  

 

In addition, it would be important to determine whether cells with holoclone, 

meroclone and paraclone properties exist within the human oesophageal 

epithelium as it has been demonstrated for the human skin keratinocytes (See 

Chapter 1; Section 1.2). In more detail, in 1987, Barrandon and Green 

demonstrated that a clone derived from a single cell can give rise to three different 

colony types, which they termed holoclones, meroclones and paraclones. A 

holoclone thus refers to a clone that under standard conditions has the greatest 

growth capacity and contains less than 5% of colonies formed by terminally 

differentiated cells;  a meroclone contains a mixture of cells with different growth 



 109 

potential, including rapidly dividing progenitor cells and terminally differentiated 

cells; and finally a paraclone refers to a clone with limited replicative capacity 

(Barrandon and Green, 1987; Fuchs and Raghavan, 2002; Watt, 2001). 

Importantly, the term holoclone can be used to describe adult stem cells as it 

fulfils all the properties and characteristics of stem cells. Thus, our aim in this 

study is through single cell cloning analysis to demonstrate for the first time that 

within the oesophageal epithelium holoclones exist. 

 

Furthermore, understanding and gaining knowledge of the variety of molecular 

pathways involved in orchestrating the series of events that determine the 

potency of human oesophageal epithelial cells has not been assessed yet. For 

example, ΔNp63α is an isoform of the p63 gene that has been shown to be 

responsible for the maintenance of the proliferating pool of limbal stem cells for 

long-term engraftment (See Chapter 1; Section 1.2) (Di Iorio et al., 2005; Rama 

et al., 2010). Additionally, nuclear YAP has been shown to mark progenitor cells 

in basal epidermis and correlates with their proliferation potency (See Chapter 1; 

Section 1.2) (De Rosa et al., 2019; Zhang et al., 2011). Therefore, the 

upregulation of specific proteins, as well as the correlation of ΔNp63α and YAP 

in oesophageal epithelial stem/progenitor cells, could provide insights into the 

potency of those cells.  

 

The maintenance of the progenitor pool to ensure the lifelong capability of 

oesophageal epithelial cells to self-renew and expand is fundamental for the use 

of these cells in clinic and for tissue engineering (TE). In fact, better knowledge 

will provide a great insight into the requirement for maintaining the optimum 
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oesophageal epithelial cells that should be used for clinical applications. In this 

chapter, the experiments have been designed to address the identity and 

characteristics of the cells within the oesophageal epithelium and will aim to 

provide insights on the existence of bona fide oesophageal stem cells. In more 

detail, (i) the conditions necessary for human oesophageal epithelial cells 

(HuOEC) to extensively expand in vitro, while maintaining their capacity to 

differentiate, (ii) the novel sorting strategy that separates the different layers of 

the oesophagus to assess HuOEC growth potential, and (iii) the experiments 

aiming to assess HuOEC clonogenicity using single-cell analysis (the gold 

standard technique for epithelial stem cell identification) and identify different 

clonogenic populations within the human oesophageal epithelium were 

established during this project and are presented in this chapter. 

 

3.2. Human Oesophageal Epithelium 

 

Human oesophageal epithelial cells (HuOEC) were isolated from paediatric 

oesophageal biopsies ( ~  4-6 mm2 in size, n = 6) collected during 

gastroendoscopic examination, and paediatric oesophageal tissue (~  80-100 

mm2 in size, n = 5) collected during surgical procedures (Figure 3.1 A-B & Figure 

3.2 A-E).  
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Figure 3.1: Gross microscopy and histological analysis of two representative human 
paediatric oesophageal biopsies.  (A-B) Research oesophageal biopsies (~4-6 mm2 in size) 

from a 3-year-old patient (A) and a 5-year-old patient, were harvested during endoscopic 

procedures of the upper gastro-intestinal tract at the Great Ormond Street Hospital, London. 

(Scale Bar = 5 mm). (C-D) H&E staining of the research samples received, presenting either part 

of the mucosa layer (C) or the entire epithelium, including part of the lamina propria (D) (Scale 

Bar = 100 μm). (E-F) Masson’s Trichrome staining of the samples showing in red, keratin and 
muscle fibers, in blue collagen and in dark blue/black the nuclei (Scale Bar = 100 μm).  
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Figure 3.2: Gross microscopy and histological analysis of five full-thickness human 
paediatric oesophageal tissues.  (A-E) Research oesophageal tissue samples (~80-100 mm2 

in size) harvested during surgical procedures of the upper gastro-intestinal tract at the Great 

Ormond Street Hospital, London. (Scale Bar = 5 mm). (F-J) H&E staining of full-thickness 

oesophageal research samples. (Scale Bar = 100 μm). (K-O) Masson’s Trichrome staining of the 

samples showing in red, keratin and muscle fibers, in blue collagen and in dark blue/black the 
nuclei (Scale Bar = 100 μm). 
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Human oesophageal samples were characterised by standard histology 

techniques to evaluate the quality of the tissue received (Figure 3.1 & 3.2). H&E 

staining highlights the variability among the samples received. It can be observed 

that some biopsies consisted of only a segment of the oesophageal epithelium, 

which comprises the supra-basal layers (Figure 3.1 C). However, in some cases 

the biopsy collected consisted of the entire thickness of the epithelium from the 

basal layer to the supra-basal layers, as well as the lamina propria (Figure 3.1 

D). On the other hand, H&E staining of the full thickness oesophageal tissue 

shows all parts of the oesophagus from the non-keratinizing squamous 

epithelium of the mucosal surface to the submucosal smooth muscle, including 

all structures of the submucosa such as blood vessels, and glands (Figure 3.2 

F-J). Interestingly, the epithelium of one patient had undergone metaplasia 

(Figure 3.2 G) and consisted of a columnar epithelium, and in another case, the 

patient had severe infiltration of inflammatory cells in the submucosa layer, which 

has altered the morphology of the cells (Figure 3.2 J).  Masson’s Trichrome 

staining of the oesophageal tissue indicates the expression of keratins, muscle 

fibers (red) and collagen (green) (Figure 3.2 E-F & Figure 3.2 K-O).  

 

The human oesophageal epithelium consists of cells along its layers with different 

proliferation potency (Figure 1.4). In direct contact with the basal lamina and in 

the first epibasal layers, human oesophageal epithelial cells are positive for the 

proliferation marker Ki67, and are positive for the transcription factor p63 known 

to be expressed by stem/progenitor cells (Figure 3.3 E). Consistent with this 

pattern of proliferation, cells in the basal layer strongly expressed α6 integrin 

(CD49f), which is responsible for the attachment of cells to the underlying ECM, 
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and the basal cytokeratin marker, CK14 (Figure 3.3 A & C). Cells located in the 

first epibasal layers expressed α6 integrin at a low level but were positive for the 

epithelial cell adhesion molecule, EpCAM (Figure 3.3 A). As cells progress 

towards the lumen, in the suprabasal layers of the stratified epithelium, cells 

change in morphology and become more differentiated, thus they lose the 

expression of CK14 and expressed CK13 (Figure 3.3 C). In addition, they were 

also positive for the cell adhesion molecule marker, CD24, a marker associated 

with differentiated cells  (Figure 3.3 B). The transmembrane protein, E-Cadherin 

(E-Cad), was expressed throughout the oesophageal epithelium and laminin was 

expressed by cells in the basal layer as well as some adjacent vascular and 

ductal structures (Figure 3.3 D). The aforementioned pattern of markers was 

similar along all the histological samples analysed (n=7).  
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Figure 3.3: Immunohistochemistry analysis of human paediatric oesophageal epithelium. 
(A) CD49f (α6 integrin) (green) was highly expressed in the basal layer and has a low expression 

in the epibasal layers, which were also positive for EpCAM (red). (B) Cells in the suprabasal 
layers were positive for CD24 (red), a cell adhesion marker, whereas cells in the basal layer were 

negative for CD24. (C) Differentiation marker CK13 (green) was detected in the upper layer of 
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the oesophagus, whereas CK14 (red) was expressed mainly in the basal layer. (D) The pan-

epithelial marker E-Cad (green) was expressed in all the epithelium layers of the oesophagus and 

laminin (red), marked the cells in the basal layer of the oesophageal epithelium as well as some 

adjacent vascular and ductal structures. (E) In the basal and epibasal layers cells were positive 
for the proliferation marker Ki67 (red) and the stem cell marker p63 (green). (F) Negative control 

staining showing the background noise generated from the secondary antibodies for the two laser 

settings (Cy3 or AF488) the images were acquired. The white dotted line is used to distinguish 

the epithelium (basal layer) from the underlying muscularis mucosa. Abbreviations: E- Epithelium; 

MM- Muscularis Mucosa (Scale bars = 50 μm). 

 

3.3. Isolation & in Vitro Expansion of HuOEC 

 

HuOEC were isolated using an enzymatic solution (DNase I, Collagenase D, 

Dispase II) followed by trypsinisation from eleven independent samples (n = 11; 

73% efficiency; Table 2.1). Cells were cultivated over 3T3 lethally irradiated 

feeder layer and growth potency was preliminarily examined. HuOEC with 

growing capacity were recognized by the formation of small round epithelial 

colonies that expanded with time (Figure 3.4). At sub-confluent density or after 

six days of culture, cells were detached and split in order to preserve the 

proliferating pool, and allow further expansion in culture. However, it was noticed 

that unlike other stratified epithelia (e.g. skin epithelial cells), HuOEC were able 

to expand only for approximately five passages before the cells reached 

senescence, under those culture conditions (incubated at 20% O2). Therefore, 

experiments aiming at defining the optimal culture conditions for HuOEC to 

expand for long-term were conducted.  
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Figure 3.4: Phase contrast images of HuOEC (Bulk culture) in culture at different passages 
(I-VI). HuOEC grow and expand by forming round colonies on a 3T3 lethally irradiated feeder 

layer. At day 6, the colonies have increased in size, and before the cells reach confluence, 
oesophageal epithelial cells were split into new culture flasks with a fresh 3T3 lethally irradiated 

feeder layer to allow further expansion or were frozen down (Scale bar = 100 μm).   

 

As a control culture, human skin epithelial cells (HuSKIN), isolated at the 

University of Modena under conditions that are used for clinical applications 

(Michele De Luca laboratory) were used. In order to reduce the variables that 

might influence the growth potential of HuOEC and HuSKIN in our culture system, 

tested serum batch aliquots, used to grow those cells in Modena, were used. 

Therefore, HuSKIN and HuOEC were grown in parallel under high oxygen (20% 

O2) and low oxygen (5% O2) conditions and the cultures were examined. To test 

the quality and quantity of colonies obtained, after a certain number of HuOEC 

and HuSKIN were plated, colony forming efficiency (CFE) assays were obtained 

over passages (Figure 3.5). At an early (III) and late (VII) culture, both HuOEC 

and HuSKIN gave rise to distinct colonies ranging in size from large (>5mm in 

diameter), small (between 1-5 mm in diameter) to very small (aborted) (<1 mm in 

diameter), each consisting of morphologically different cells (Figure 3.5). 
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Figure 3.5: Colony-forming efficiency assay of the third and seventh culture of HuSKIN 
and HuOEC, cultured under low oxygen (5% O2) or high oxygen (20% O2). Cells were plated 

in 60 mm dishes with a 3T3 lethally irradiated feeder layer, and kept in culture for 12 days before 

they were stained with Rhodamine B to assess number and size of colonies. At an early culture 

(III), colonies were present in all conditions both for skin and oesophageal epithelial cells, and 

were morphologically different (large, small and aborted). In contrast, at a late culture (VII), 

HuSKIN cells adhere and proliferate in low oxygen, whereas in high oxygen they gave rise to 

distinct colonies, though mainly small or abortive colonies. At a late passage, only a portion of 
HuOEC adheres, proliferates and is able to give rise to distinctive colonies in the low oxygen 

condition, whereas in high oxygen almost no colonies were observed (n= 2 per condition tested; 

Scale bar = 1 cm). 

 

However, at a later stage (VII culture) the potential for cells to give rise to colonies 

was reduced (Figure 3.5). To assess the behaviour of cells and the maintenance 

of a stem/progenitor cell pool in our culture system, the cumulative cell number 

of the cultures was also calculated over a period of 84 days (n = 4 for 

oesophageal cells and n = 6 for skin cells). HuSKIN could be expanded up to at 

least 84 days in both conditions (Figure 3.6). The cumulative cell numbers of 

HuSKIN were best under low oxygen conditions (Figure 3.6). On the other hand, 

HuOEC under high oxygen conditions were sustained in culture for 60 days, 

before the cultures were stopped, whereas in low oxygen, the culture could be 
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expanded for up to 84 days (Figure 3.6). However, after 66 days of culture in low 

oxygen, HuOEC cumulative cell number reached a plateau (Figure 3.6). The 

cumulative cell number of HuOEC cultured under high oxygen reached a plateau 

at 30 days of culture. There was a statistically significant difference for HuOEC 

grown in high and low oxygen condition (p = 0.0320), whereas there no 

statistically significant difference for HuSKIN grown in high and low oxygen 

condition (p = 0.6317).Therefore, under the conditions employed, using HuSKIN 

as a control model, the aforementioned results suggest that in our culture system, 

HuSKIN can be expanded in both low or high oxygen conditions, whereas 

HuOEC grow best only under low oxygen culture conditions (Figure 3.5 & 3.6). 

These data were generated from three independent skin biological samples and 

two independent oesophageal biological samples. 

 

 
 
Figure 3.6: Cumulative cell number of HuSKIN and HuOEC cultured in low oxygen (5% O2) 
or high oxygen (20% O2). HuSKIN cumulative cell number were higher under low and high 

oxygen condition compared with HuOEC, and cells could be expanded for at least 84 days. On 

the other hand, HuOEC expanded under low oxygen yield the highest cumulative cell number. 

HuOEC reached a plateau after 30 days in the cultures under high oxygen, whereas in low oxygen 

culture numbers reached a plateau after 66 days. There was a statistically significant difference 

for HuOEC grown in high and low oxygen condition (p = 0.0320), but there no statistically 
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significant difference for HuSKIN grown in high and low oxygen condition (p = 0.6317). Mann-

Whitney test analysis was performed. These data were generated from three independent skin 

biological samples and two independent oesophageal biological samples. In each run of 

experiments, duplicates of each culture condition were conducted (total technical replicates 
among all biological replicates were: n= 6 for skin cells and n= 4 for oesophageal cells per 

condition tested). 

 

3.4.  Characterisation of in Vitro-Expanded HuOEC 

 

To characterise, at protein level, the phenotype of cells growing in culture, 

immunocytochemistry analysis was performed. Cultivated HuOEC were stained 

for a variety of both surface and functional markers. HuOEC in culture were  all 

positive for α6 integrin (CD49f) and the transmembrane protein EpCAM, both of 

which are responsible for the cell-cell adhesion of epithelial cells (Figure 3.7 A). 

In addition, the majority of cells within the colonies were positive for the 

proliferation marker Ki67, indication cells are highly proliferative, and were also 

positive for the transcription factor p63 (Figure 3.7 B & D). In terms of 

differentiation, most of the HuOEC within the colonies were negative for the 

differentiation marker CK13 after five days of in vitro cultivation (Figure 3.7 C). 

CK13 is one of the cytokeratins expressed in the uppermost layer of squamous 

stratified epithelia. On the contrary, CK14 is expressed in the basal and 

proliferating layer of stratified epithelia in vivo (Figure 3.3 C). HuOEC in culture 

have a sphere-like organisation and in the bottom layer of the colony cells 

expressed CK14, but as cells proliferate and divide asymmetrically they started 

to stratify and lost the expression of CK14 and expressed the differentiation 

marker CK13 (Figure 3.7 B & C). In a three-dimensional reconstruction, it is 

shown how HuOEC start to lose CK14 expression when cells start to stratify and 
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express CK13 instead, after one week of in vitro cultivation (Figure 3.8). Yes–

associated protein (YAP), a transcriptional regulator, and potent oncogene 

appears to be expressed in the nuclei of some cells but is also expressed in the 

cytoplasm of all other cells (Figure 3.7 D & E). Furthermore, the intensity of 

expression of an isoform of p63, p63α, that has been associated with stemness 

in other epithelia was also checked in our cultivated HuOEC (Figure 3.7 E). The 

majority of HuOEC within a colony were positive for p63α, and they seemed to 

have differential levels of expression (Figure 3.7 E). Interestingly, there are some 

cells undergoing mitosis that are positive for both p63α and nuclear YAP (cells 

indicated with a red square), whereas there are others that are negative for p63α 

and nuclear YAP (cells indicated with a white square) (Figure 3.7 E and 3.7 b). 

Finally, ZO-1, a tight junction associated protein, was also expressed by 

cultivated HuOEC (Figure 3.7 F). Therefore, these results indicate that HuOEC 

in culture are highly proliferative (Ki67), are positive for stemness markers (p63, 

p63α, and YAP), maintain their oesophageal epithelial identity (EpCAM, CD49f, 

CK14 and CK13), and are also able to form tight junctions (ZO-1).  
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Figure 3.7: Immunocytochemistry of cultivated HuOEC at day 5. HuOEC were expanded in 

culture for five days, on a 3T3 lethally irradiated feeder layer, before they were fixed and stained 

with a variety of markers. (A) Cultivated cells were positive for EpCAM (red) and CD49f (green). 

(B) The basal cytokeratin marker (CK14) (red) was expressed by all the cells within the colony, 
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that were also positive for p63 (green). (C) HuOEC start stratifying at a later stage, as there were 

no positive cells for the differentiation marker CK13 (green) but were all positive for CK14 (red). 

(D) The majority of HuOEC within the colonies were also positive for the proliferation marker Ki67 

(red). YAP (green) appears to be expressed in the nucleus of some cells but was also expressed 
in the cytoplasm of all other cells of the colony. (E) The majority of cultivated cells were positive 

for p63α (red), although the level of expression was different, and expressed nuclear or 

cytoplasmic YAP (green). Some mitotic cells were found to be positive for nuclear YAP with a 

strong expression of p63α (cells indicated with a red circle), whereas other mitotic cells were 

negative for p63α and for nuclear YAP (cells indicated with a white circle). (F) ZO-1 appears to 

be expressed in areas within the colonies were cells start to differentiate. Cell nuclei were stained 

with DAPI (blue) (Scale bar = 66 μm). 

 

 
 
Figure 3.7 b: Higher resolution immunocytochemistry images of cultivated HuOEC stained 
for p63α and YAP at day 5. HuOEC were expanded in culture for five days, on a 3T3 lethally 

irradiated feeder layer, before they were fixed and stained for p63α and YAP. Some mitotic cells 

were negative for p63α (red) and for nuclear YAP (green) (A), whereas other mitotic cells were 

found to be positive for nuclear YAP (green) with a strong expression of p63α (red) (B). Cell nuclei 

were stained with DAPI (blue) (Scale bar = 10 μm). 
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Figure 3.8: Confocal images and three-dimensional reconstruction of stratifying HuOEC in 
culture. (A) In the upper layer of the z-stack reconstruction, CK13 (green) was expressed in the 

suprabasal layers of the colony were cells have stratified and started to differentiate. (B) In the 

lower field of the z-stack reconstruction, CK14 (red) was expressed in the bottom layer of the 
colony formed by HuOEC, and after 7 days of cultivation cells stratify and start to differentiate, 

thus losing the expression of CK14 (red) and expressing the differentiation marker CK13 (green) 

instead. Images were acquired as a z-stack and the three-dimensional reconstruction was created 

using Volocity software (Scale bar = 50 μm; Image credits: Paola Bonfanti).  

 

To further characterise the cells growing in culture, and determine whether 

patterns that could distinguish individual populations exist, Fluorescence 

Activated Cell Sorting (FACS) was performed among an early and a later 

passage (primary vs. quinary culture) (n = 7) (Figure 3.9 – 3.11). Cultivated 

HuOEC were analysed based on the expression of EpCAM, CD49f, CD104, 

CD24 and CD90 (Figure 3.9 – 3.11). As shown at the protein level, through the 

immunocytochemistry analysis, cultivated HuOEC were all positive for CD49f, 

CD104 and EpCAM (Figure 3.10 – 3.11). There was no difference among the 

expression of these markers at an early and late passage. On the other hand, 

expression of EpCAM+CD24- cells, seems to be reduced at a later passage from 

14.00% to 2.87% (Figure 3.10 – 3.11). Interestingly, a small population of 

epithelial cells that was positive for EpCAM was also positive for CD90, a 

mesenchymal marker that is not expected to be expressed by epithelial cells, 
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which slightly increases from 4.51% to 7.36% among the cultures (Figure 3.10 – 

3.11). The cells that were in the negative fraction of all the markers represent the 

irradiated 3T3 cells that were present in our culture system and were not excluded 

for this analysis (Figure 3.10 – 3.11). A depletion analysis test using anti-feeder 

cells antibody (clone: mEF-SK4, cat. Number: 130-122-166, MACS Miltenyi), 

successfully demonstrated the removal of this population and therefore confirmed 

their 3T3 identity (data not shown). 

 

Taken together, these results further support that HuOEC in culture are relatively 

homogeneous with regards to the surface markers they express (EpCAM, CD49f, 

and CD104) apart from CD24 that appears to have both a negative and a positive 

population, and the small epithelial population that is positive for the 

mesenchymal marker CD90.  
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Figure 3.9: Unstained control of cultivated HuOEC analysed using FACS. Unstained sample 

of cultivated HuOEC, showing the gating strategy for the analysis of these cells. Single, live cells 

were analysed on the expression of EpCAM (AF647), against CD49f (AF488), CD104 (PE), CD24 
(BV605) and CD90 (PE-Cy7). 
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Figure 3.10: Staining of cultivated HuOEC at primary culture after 5 days of cultivation 
using FACS. Cultivated HuOEC, were analysed based on the expression of EpCAM, CD49f, 

CD104, CD24 and CD90. HuOEC were all positive for CD49f, CD104 and EpCAM. A small 

fraction of cells is EpCAM+CD24- cells (14.00%), whereas 25.5% of the cells are EpCAM+CD24+. 
Interestingly, a small population of cells that is positive for EpCAM was also positive for CD90 

(4.51%). The cells that are in the negative fraction (~ 60%) represent the lethally irradiated 3T3 

cells that are present in our culture system and were not excluded for this analysis.  
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Figure 3.11: Staining of cultivated HuOEC at quinary culture after 5 days of cultivation 
using FACS. Cultivated HuOEC, were analysed based on the expression of EpCAM, CD49f, 

CD104, CD24 and CD90. HuOEC were all positive for CD49f, CD104 and EpCAM. A small 

fraction of cells is EpCAM+CD24- cells (2.87%), whereas 65.5% of the cells are EpCAM+CD24+. 

Interestingly, a small population of cells that is positive for EpCAM was also positive for CD90 

(7.36%). The cells that are in the negative fraction (~ 27%) represent the lethally irradiated 3T3 

cells that are present in our culture system and were not excluded for this analysis. 
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3.5.  Prospective Isolation of Human Oesophageal 

Epithelial Cells by FACS 

 

In order to prospectively isolate and extensively characterise the morphology and 

the growth potential of different subtypes of human oesophageal epithelial cells, 

FACS was performed. Following the dissociation of fresh oesophageal samples, 

cells were sorted using FACS based on the expression of EpCAM, CD49f, CD24, 

and excluding blood-derived cells (CD45-positive) (n = 6) (Figure 3.12).  
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Figure 3.12: Unstained control of freshly isolated human oesophageal cells from a 1-year-
old patient. Unstained sample of isolated human oesophageal cells, showing the gating strategy 

for the sorting. Single-cells were first gated based on the expression of CD45 (PE). CD45– cells 

were then separated based on the expression of CD24 (both positive and negative) (BV605) that 

were then gated based on the expression of EpCAM (AF647) and CD49f (AF488). Cells negative 

for all markers were analysed for the expression of CD90 (PE-Cy7). 

 

Four distinct populations were identified from the analysis of freshly isolated 

human oesophageal cells among eight independent samples ranging from 
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EpCAM+ CD49flow and 4) CD24– EpCAM– CD49f– (Figure 3.13 – 3.20). 

Considering also the immunohistochemistry analysis of the human oesophageal 

epithelium (Figure 3.3), each population would correspond to a different 

compartment within the epithelium. In more detail, I suggest that cells from the 

basal layer are CD24– EpCAM– CD49f+, cells from the epibasal layers are CD24– 

EpCAM+ CD49f+, and finally cells from the suprabasal layers are CD24+ EpCAM+ 

CD49flow. This pattern of marker expression was consistent among all the healthy 

full-thickness epithelium oesophageal samples analysed; however, the 

percentage of events present in each population was heterogeneous (Table 3.1). 

The average ratio between the populations sorted among the healthy samples 

analysed was 1 : 2 : 3, for CD24– EpCAM– CD49f+, CD24– EpCAM+ CD49f+, and 

CD24+ EpCAM+ CD49flow respectively (Table 3.1). Sorted HuOEC were cultured 

under the conditions described above and preliminary growth was examined 

(Figure 3.21). Cells that were negative for all the epithelial markers, but were 

positive for CD90, were also plated in a 6-well plate coated with MatrigelTM (BD 

Corning) to examine any preliminary growth of mesenchymal cells (See section 

3.6).   

 

Cells were successfully isolated from the majority of the samples, but that was 

dependent on the quality of the samples. For example, among three healthy full-

thickness oesophageal samples (11 month, 12 month and 24 month old 

oesophagus patients), the percentage of events sorted per population was 

highest in the CD24– EpCAM+ CD49f+ population and lowest in the CD24– 

EpCAM– CD49f+ population (Figure 3.13, 3.14 & 3.16; Table 3.1). Among these 

oesophageal samples successful long term cultures were derived from all sorted 
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populations (data not shown). On the other hand, in the 13 month old patient 

sample where the epithelium had undergone metaplasia (from a stratified to a 

simple columnar epithelium) (Wang and   Souza, 2011), the ratio among the 

populations was dramatically different (Figure 3.2 B & G, Figure 3.15). In 

particular, the CD24+ fraction of events accounted for only 2% of the entire 

sample, and CD24– EpCAM+ CD49f+ accounted for 7% of the CD24- fraction of 

events (Figure 3.15). Therefore, no long term culture was obtained from this 

sample (data not shown).  In addition, in the 48 month old patient sample, which 

corresponds to the sample that had severe infiltration of inflammatory cells in the 

submucosa layer with therefore altered morphology in the epithelium, the sorted 

populations were different (Figure 3.2 J & 3.17). CD49f expression was much 

lower compared with the other samples, and in the CD24+ fraction of events, the 

expression of EpCAM also was decreased (Figure 3.2 J & 3.17). Once again, no 

long term culture was obtained (data not shown). Moreover, the FACS analysis 

of three representative oesophageal biopsies further supports the importance the 

quality of the samples for success in isolation and expansion of HuOEC for long-

term. The biopsies analysed from the 3-year-old and 5-year-old patient, along 

with their histological analyses, correspond to superficial biopsies containing 

mostly differentiated cells, as highlighted by the high number of CD24+ fraction of 

events and a lower number of CD24– EpCAM+ CD49f+ events (Figure 3.18 & 

3.19). On the other hand, the biopsy from the 14-year-old patient had a similar 

number of events among all the sorted populations, compared to the healthy full-

thickness oesophageal tissue samples analysed (Figure 3.20). Importantly, cells 

were successfully isolated and expanded from the biopsy sample of the 14-year-

old patient, but not from the other two biopsies (data not shown). Taken together, 
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these data emphasise the importance of the quality of samples received in order 

to successfully isolate and expand oesophageal cells for long term, and the ability 

to isolate distinct populations along the oesophageal epithelium.   

 

Figure 3.13: FACS of freshly isolated human oesophageal cells from an 11 months old 
oesophagus patient. Isolated human cells were first gated based on the expression of CD45. 

CD45– cells were then separated based on the expression of CD24 (both positive and negative) 

and then gated based on the expression of EpCAM and CD49f. Cells negative for all markers 

were analysed for the expression of CD90. The population sorted were the following: 1) CD24– 

EpCAM– CD49f+ (red box), 2) CD24– EpCAM+ CD49f+ (blue box), 3) CD24+ EpCAM+ CD49flow 

(green box), and 4) CD24– EpCAM– CD49f–. This sample corresponds to HuOEC22 culture.  
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Figure 3.14: FACS of freshly isolated human oesophageal cells from a 12 months old 
oesophagus patient. Isolated human cells were first gated based on the expression of CD45. 

CD45– cells were then separated based on the expression of CD24 (both positive and negative) 

and then gated based on the expression of EpCAM and CD49f. Cells negative for all markers 

were analysed for the expression of CD90. The population sorted were the following: 1) CD24– 

EpCAM– CD49f+ (red box), 2) CD24– EpCAM+ CD49f+ (blue box), 3) CD24+ EpCAM+ CD49flow 

(green box), and 4) CD24– EpCAM– CD49f–. This sample corresponds to HuOEC20 culture. 
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Figure 3.15: FACS of freshly isolated human oesophageal cells from a 13 months old 
oesophagus patient. Isolated human cells were first gated based on the expression of CD45. 

CD45– cells were then separated based on the expression of CD24 (both positive and negative) 

and then gated based on the expression of EpCAM and CD49f. Cells negative for all markers 

were analysed for the expression of CD90. The population sorted were the following: 1) CD24– 

EpCAM– CD49f+ (red box), 2) CD24– EpCAM+ CD49f+ (blue box), 3) CD24+ EpCAM+ CD49flow 

(green box), and 4) CD24– EpCAM– CD49f–. This sample corresponds to HuOEC21 culture. 
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Figure 3.16: FACS of freshly isolated human oesophageal cells from a 24 months old 
oesophagus patient. Isolated human cells were first gated based on the expression of CD45. 

CD45– cells were then separated based on the expression of CD24 (both positive and negative) 

and then gated based on the expression of EpCAM and CD49f. Cells negative for all markers 

were analysed for the expression of CD90. The population sorted were the following: 1) CD24– 

EpCAM– CD49f+ (red box), 2) CD24– EpCAM+ CD49f+ (blue box), 3) CD24+ EpCAM+ CD49flow 

(green box), and 4) CD24– EpCAM– CD49f–. This sample corresponds to HuOEC23 culture. 
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Figure 3.17: FACS of freshly isolated human oesophageal cells from a 48 months old 
oesophagus patient. Isolated human cells were first gated based on the expression of CD45. 

CD45– cells were then separated based on the expression of CD24 (both positive and negative) 

and then gated based on the expression of EpCAM and CD49f. Cells negative for all markers 

were analysed for the expression of CD90. The population sorted were the following: 1) CD24– 
EpCAM– CD49f+ (red box), 2) CD24– EpCAM+ CD49f+ (blue box), 3) CD24+ EpCAM+ CD49flow 

(green box), and 4) CD24– EpCAM– CD49f–. This sample corresponds to HuOEC24 culture. 
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Figure 3.18: FACS analysis of freshly isolated human oesophageal cells, derived from an 
oesophageal biopsy, from a 3-year-old oesophagus patient. Isolated human cells were first 

gated based on the expression of CD45. CD45– cells were then separated based on the 

expression of CD24 (both positive and negative) and then gated based on the expression of 
EpCAM and CD49f. Cells negative for all markers were analysed for the expression of CD90.  
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Figure 3.19: FACS analysis of freshly isolated human oesophageal cells, derived from an 
oesophageal biopsy, from a 5-year-old oesophagus patient. Isolated human cells were first 

gated based on the expression of CD45. CD45– cells were then separated based on the 

expression of CD24 (both positive and negative) and then gated based on the expression of 

EpCAM and CD49f. Cells negative for all markers were analysed for the expression of CD90.  
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Figure 3.20: FACS of freshly isolated human oesophageal cells, derived from an 
oesophageal biopsy, from a 14-year-old oesophagus patient. Isolated human cells were first 

gated based on the expression of CD45. CD45– cells were then separated based on the 

expression of CD24 (both positive and negative) and then gated based on the expression of 

EpCAM and CD49f. Cells negative for all markers were analysed for the expression of CD90. The 
population sorted were the following: 1) CD24– EpCAM– CD49f+ (red box), 2) CD24– EpCAM+ 

CD49f+ (blue box), 3) CD24+ EpCAM+ CD49flow (green box), and 4) CD24– EpCAM– CD49f–. This 

sample corresponds to HuOEC16 culture. 
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Table 3.1:  The percentage of events sorted for 1) CD24– EpCAM– CD49f+ (red box), 2) CD24– 

EpCAM+ CD49f+ (blue box), 3) CD24+ EpCAM+ CD49flow (green box) populations, among four 

healthy oesophageal samples and the corresponding calculated ratio of each population per 

individual sample.  

 

 

Cells able to grow in culture were successfully isolated from all the sorted 

populations (Figure 3.21). However, from the cell events sorted, each population 

yielded a different number of colonies at first passage, highlighting a difference 

in the growth efficiency of these populations (Table 3.2). After isolation, the 

CD24– EpCAM+ CD49f+ sorted population generated the highest efficiency of 

growing cells, followed by CD24+ EpCAM+ CD49flow, and finally CD24– EpCAM– 

CD49f+ (Table 3.2). Oesophageal epithelial cells were recognized by the 

formation of small round colonies that expanded with time (Figure 3.21). During 

subculture, cells sorted based on CD24+ EpCAM+ CD49flow gave rise to more 

colonies consisting of terminally differentiated cells, recognised by the piling up 

of cells, compared with the other cultures (data not shown). Sorted HuOEC 

(CD24– EpCAM– CD49f+, CD24– EpCAM+ CD49f+, and CD24+ EpCAM+ CD49flow) 
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were successfully grown and expanded for at least 54 days, before I terminated 

the culture (Figure 3.21 & 3.22). The cumulative cell number of these populations 

indicate that all three populations were able to expand in culture under the culture 

conditions employed. The lowest cumulative cell number yield was from the 

CD24+ EpCAM+ CD49flow population and the cells within that population reached 

a plateau after approximately 36 days in culture (VI passage) (Figure 3.22). The 

cumulative cell number of CD24– EpCAM– CD49f+, and CD24– EpCAM+ CD49f+ 

sorted population was similar, although the latter had slightly higher values, and 

cells continued to grow exponentially up to at least 54 days (Figure 3.22). There 

was a statistically significant difference among these populations (1) CD24– 

EpCAM– CD49f+ vs. CD24– EpCAM+ CD49f+, p= 0.0136, 2) CD24– EpCAM– 

CD49f+ vs. CD24+ EpCAM+ CD49flow, p< 0.0001, and 3) CD24– EpCAM+ CD49f+ 

vs. CD24+ EpCAM+ CD49flow, p< 0.0001) (Figure 3.22). 
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Figure 3.21: Phase contrast images of HuOEC-sorted populations in culture at different 
passages (I-V). Sorted HuOEC (1) CD24– EpCAM– CD49f+, 2) CD24– EpCAM+ CD49f+, 3) CD24+ 

EpCAM+ CD49flow) grow and expand by forming round colonies on a 3T3 lethally irradiated feeder 
layer. At day 6, the colonies have increased in size, and before the colonies merge, HuOEC were 

split into other culture flasks to allow further expansion or frozen down. Subsequent cultivation of 

sorted cells demonstrates that HuOEC retain their ability to proliferate and expand over passages 

(Scale bar = 100 μm).  

 

Table 3.2:  The percentage efficiency of colonies yielded on the first passage after sorting for 

each population among individual samples. (-): no culture derived. 

 

 

100 μm

CD24- EpCAM- CD49f+ CD24- EpCAM+ CD49f+ CD24+ EpCAM+ CD49flow

I C
ul

tu
re

III
 C

ul
tu

re
V 

C
ul

tu
re

CD24– EpCAM– CD49f+ CD24– EpCAM+ CD49f+ CD24+ EpCAM+ CD49flow 

HuOEC20 0.50 % >1.00 % 0.14 %

HuOEC21 - 2.95 % 0.7 %

HuOEC22 0.4 % >2.00 % >1.00 %

HuOEC23 0.2 % >1.00 % 0.06 %



 144 

 

Figure 3.22: Cumulative cell number of sorted HuOEC (CD24– EpCAM– CD49f+, CD24– 

EpCAM+ CD49f+, and CD24+ EpCAM+ CD49flow). Sorted HuOEC were successfully grown and 
expanded for at least 54 days, before the culture was stopped. The lowest cumulative cell number 

yield was from the CD24+ EpCAM+ CD49flow population and the cells within that population 

reached a plateau after approximately 36 days in culture (VI passage). The cumulative cell 

number of CD24– EpCAM– CD49f+, and CD24– EpCAM+ CD49f+ sorted population, was similar, 

although the latter had slightly higher values, and cells continued to grow exponentially up to at 

least 54 days. There was a statistically significant difference among these populations (1) CD24– 

EpCAM– CD49f+ vs. CD24– EpCAM+ CD49f+, p= 0.0136, 2) CD24– EpCAM– CD49f+ vs. CD24+ 

EpCAM+ CD49flow, p< 0.0001, and 3) CD24– EpCAM+ CD49f+ vs. CD24+ EpCAM+ CD49flow, p< 
0.0001). Two-way ANOVA test analysis was performed. These data were generated from three 

independent biological oesophageal samples (n = 3). Data represented as mean ± SEM. 

 

 

To test the quality and quantity of colonies obtained, after a certain number of 

sorted HuOEC were plated, CFE assays were obtained over passages (Figure 

3.23). Colonies ranging in size from large (>5mm in diameter), small (between 1-

5 mm in diameter) to very small (aborted) (<1 mm in diameter), were obtained by 

all populations in both early and late cultures (Figure 3.23). At a later passage, 

the potential of cells to give rise to colonies was reduced in all three populations; 

however, they all gave rise to distinct colonies, each consisting of morphologically 

different cells (Figure 3.23; Table 3.3). In addition, the percentage of abortive 

colonies increased at a later passage (Figure 3.23). The overall percentage 
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efficiency of colonies obtained among the three populations was highest in the 

CD24– EpCAM+ CD49f+ population, followed by CD24+ EpCAM+ CD49flow (Table 

3.3). CD24– EpCAM– CD49f+ population had the lowest percentage efficiency of 

colonies (Table 3.3). With regards to the percentage of growing colonies (>5mm 

in diameter), in the early passage all populations had a similar percentage of 

growing colonies, but at a later passage CD24– EpCAM+ CD49f+ HuOEC 

population had the highest number of growing colonies and CD24– EpCAM– 

CD49f+ population had the lowest one (Table 3.4). 

 

 

 

Figure 3.23: Colony forming efficiency assay of the third, fifth and seventh culture of sorted 
HuOEC (CD24– EpCAM– CD49f+, CD24– EpCAM+ CD49f+, and CD24+ EpCAM+ CD49flow). Cells 

were plated in 60 mm dishes with lethally irradiated 3T3 cells and kept in culture for 12 days 
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before they were stained with Rhodamine B to assess number and size of colonies. At an early 

culture (III), colonies were present in all conditions and were morphologically different (large, 

small and aborted). At a late culture (VII), cells adhered and proliferated and gave rise to 

morphologically distinct colonies, though the number colonies present in each population 
decreased. In each run of experiments, duplicates of each culture were conducted (total technical 

replicates among three biological replicates were: n= 6 per cell population). 
 
 
Table 3.3: The percentage efficiency of the total number of colonies generated after a defined 

number of sorted cultivated HuOEC (CD24– EpCAM– CD49f+, CD24– EpCAM+ CD49f+, and 

CD24+ EpCAM+ CD49flow) from an early and a late passage has been plated in 60 mm dishes 

and allowed to grow for 12 days. The percentage decrease in efficiency from an early (II - III) to 

a late (VII) was also calculated. 

 

 

 
Table 3.4:  The percentage efficiency of the growing (>5mm in diameter) colonies generated after 

a defined number of sorted cultivated HuOEC (CD24– EpCAM– CD49f+, CD24– EpCAM+ CD49f+, 

and CD24+ EpCAM+ CD49flow) from an early and a late passage has been plated in 60 mm dishes 
and allowed to grow for 12 days. The percentage decrease in efficiency from an early (II - III) to 

a late (VII) was also calculated. 
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Early Passage (II or III) 85% 83% 80%

Late Passage (VII) 20% 39% 25%

% Decrease 65% 44% 55%
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Immunocytochemistry analysis of expanded HuOEC after sorting (CD24– 

EpCAM– CD49f+, CD24– EpCAM+ CD49f+, and CD24+EpCAM+CD49flow) showed 

that in culture, all cells upregulate both CD49f, and EpCAM (Figure 3.24). The 

sorted populations of HuOEC also expressed the basal cytokeratin marker, CK14 

and were positive for p63, suggesting that an undifferentiated stem/progenitor 

cell population was maintained (Figure 3.25). In summary, these data suggest 

that among the oesophageal epithelium cells can be successfully sorted on the 

basis of different markers (CD24, EpCAM, and CD49f), and when expanded they 

exemplify a differential growth potential demonstrated both by the growth curve 

and the corresponding plating efficiency of each culture.  

 

Figure 3.24: Immunocytochemistry analysis of sorted HuOEC (A) CD24– EpCAM– CD49f+, 
B) CD24– EpCAM+ CD49f+, C) CD24+ EpCAM+ CD49flow) at the third culture. HuOEC were 
expanded in culture for five days, on a 3T3 lethally irradiated feeder layer, before they were fixed 

and stained with EpCAM (red) and CD49f (green). Cultivated cells from all the sorted populations 

express EpCAM (red) and CD49f (green). Cell nuclei were stained with DAPI (blue) (Scale bar = 

66 μm). 
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Figure 3.25: Immunocytochemistry analysis of sorted HuOEC (A) CD24– EpCAM– CD49f+, 
B) CD24– EpCAM+ CD49f+, C) CD24+ EpCAM+ CD49flow) at the third culture. HuOEC were 

expanded in culture for five days, on a 3T3 lethally irradiated feeder layer, before they were fixed 

and stained with CK14 (red) and p63 (green). The basal cytokeratin marker (CK14) was 

expressed by all the sorted subpopulations of HuOEC within the colony; and were also positive 

for p63 (green). Cell nuclei were stained with DAPI (blue) (Scale bar = 66 μm). 

 

3.6. Human Oesophageal Mesenchymal Cells  

 

From the fourth population sorted, which was negative for all the epithelial 

markers (CD24– EpCAM– CD49f–), but contained CD90 positive cells, no colonies 

were detected in the epithelial culture conditions. However, when plated in the 

culture condition used for expanding mesenchymal cells, cultures were 

successfully established and cells expanded for at least three passages (Figure 

3.26).  
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Figure 3.26: Phase contrast images of sorted human oesophageal cells (CD24– EpCAM– 
CD49f–) after isolation (I) and in subsequent passages (II, III). Human oesophageal 

mesenchymal cells were successfully isolated and expanded. After the first culture, a population 

consisting of small triangular and refractive mesenchymal cells were able to expand (Scale bar = 
100 μm).  

 

Immunocytochemistry analysis of this population expanded after sorting (CD24– 

EpCAM– CD49f-) was done to determine the identity and characteristics of the 

expanded cells at a protein level. Cells from this population were positive for the 

smooth muscle lineage markers α-SMA, SM22, and Calponin; for the pericyte 

markers neural/glial antigen 2 (NG2) and beta-type platelet-derived growth factor 

receptor (PDGFRβ); and were also positive for the skeletal muscle differentiation 

marker Myf5 (Figure 3.27). MyoD, another skeletal muscle differentiation marker 

expressed in the nucleus, was not detected unambiguously in this population of 

cells, which was probably negative, as an unusual peri-nuclear staining and a 

high background was detected (Figure 3.27).  
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Figure 3.27: Immunocytochemistry analysis of the sorted culture (CD24– EpCAM– CD49f–) 
that gave rise to mesenchymal-like cells at the third culture. Cells were expanded in culture 

for three days, before they were fixed and stained for a variety of antibodies. Cells were positive 

for the smooth muscle lineage markers αSMA (green), SM22 (red), Calponin (green), for the 

pericyte markers NG2 (red), PDGFRβ (red) and were also positive for the skeletal muscle 

differentiation marker Myf5 (red), but negative for MyoD (red). Cell nuclei were stained with DAPI 

(blue) (Scale bar = 50 μm). 

 

 Following the isolation of cells with mesenchymal characteristics from the sorted 

population (CD24– EpCAM– CD49f–), cells were further analysed using FACS for 

a variety of markers, such as neural cell adhesion molecule, N-CAM (CD56), 

expressed on the surface of skeletal muscle, and  NG2 and melanoma cell 

adhesion molecule, M-CAM (CD146), expressed by pericytes and smooth 

muscle committed cells (Figure 3.28). Cultivated mesenchymal-like cells were 

positive for CD56, expressed by muscle satellite cells, T lymphocytes and other 
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cell types, and were also positive for PDGFRb, essential for vascular 

development but widely expressed in mesoderm cells. In addition, cultivated 

mesenchymal-like cells were positive for NG2, a marker found in pericytes but 

also in glia and cartilage, and CD146, a cell adhesion molecule expressed by 

smooth muscle cells and pericytes (Figure 3.28). These mesenchymal like cells 

had a low expression level of the endothelium markers CD34, a transmembrane 

protein that is known not to be expressed by multipotent mesenchymal stromal 

cells (Sidney et al., 2014), and alkaline phosphatase (AP), a hydrolase enzyme 

expressed by smooth muscle cells, but all were positive for the mesenchymal 

marker CD90 (Figure 3.28). This pattern of marker expression remained similar 

across subsequent passages (Figure 3.29).  
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Figure 3.28: FACS analysis of the sorted population (CD24– EpCAM– CD49f–) at the second 
culture. Cultivated mesenchymal-like cells were positive for CD90, CD56, PDGFRβ, NG2, and 

CD146, but expressed CD34 and AP at a lower level.  
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Figure 3.29: FACS analysis of the sorted population (CD24– EpCAM– CD49f–) at the third 
culture. Cultivated mesenchymal-like cells were positive for CD90, CD56, PDGFRβ, NG2, and 

CD146, but expressed CD34 and AP at a lower level.  

 

In addition, for comparison mesenchymal cells were also isolated as an 

outgrowth culture from pieces of oesophageal muscle tissue, and the cultures 

were compared. Outgrowth cultures were successfully established and cells 

expanded for at least three passages (Figure 3.30). Human mesenchymal 

oesophageal cells (HuMOC), small triangular and refractive mesenchymal cells, 

were analysed both by FACS and immunocytochemistry analysis using a variety 
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FSC-AFSC-A

SS
C

-A

FS
C

-W

CD90

SS
C

-A

Total Cells 
76.6

Single Cells 
92.8

PDGFRβNG2

SS
C

-A

SS
C

-A

Alkaline Phosphatase

SS
C

-A

CD146CD56

SS
C

-A

SS
C

-A

CD34

SS
C

-A

99.9

78.9
99.9 32.3

40.5 98.7
11.3



 154 

Calponin; for the pericyte markers NG2, PDGFRβ and were also positive for the 

skeletal muscle differentiation marker Myf5, but were negative for MyoD (Figure 

3.31).  

 

 

Figure 3.30: Phase contrast images of the outgrowth culture of HuMOC after isolation (I) 
and in subsequent passages (II, III). HuMOC were successfully derived from pieces of 

oesophageal muscle, and expanded in culture under optimal growth conditions. After the first 

culture, a population consisting of small triangular and refractive mesenchymal cells were able to 
expand (Scale bar = 100 μm).  
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Figure 3.31: Immunocytochemistry analysis of the outgrowth culture of HuMOC at the third 
culture. HuMOC were expanded in culture for three days, before they were fixed and stained for 

a variety of antibodies. HuMOC were positive for the smooth muscle lineage markers αSMA 

(green), SM22 (red), Calponin (green), for the pericyte markers NG2 (red), PDGFRβ (red) and 
were also positive for the skeletal muscle differentiation marker Myf5 (red), but negative for MyoD 

(red). Cell nuclei were stained with DAPI (blue) (Scale bar = 50 μm). 

 

Overall, the sorted mesenchymal-like cell population and HuMOC generated from 

an outgrowth culture established similar characteristics in culture. However, 

CD56 and NG2 were expressed at a lower level by cells established from the 

outgrowth culture (Figure 3.28 - 3.29 & 3.32 - 3.33). PDGFRβ, CD146, CD34 

and CD90, markers expressed by smooth muscle cells and pericytes, had a 

similar pattern of expression among the cultures (Figure 3.28 - 3.29 & 3.32 - 

3.33). These data suggest that human oesophageal mesenchymal cells can be 

successfully derived both from an outgrowth and a sorted population and both 
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exemplify mainly characteristics of smooth muscle lineage cells. These cells can 

later on be used to reconstruct the muscle compartment of a tissue-engineered 

oesophagus. 

 

Figure 3.32: FACS analysis of the HuMOC established from an outgrowth culture at the 
second culture. Cultivated HuMOC, were positive for CD90, CD56, PDGFRβ, NG2, and CD146, 
but expressed CD34 and AP at a lower level.  
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Figure 3.33: FACS analysis of the HuMOC established from an outgrowth culture at the 
third culture. Cultivated HuMOC, were positive for CD90, CD56, PDGFRβ, NG2, and CD146, 
but expressed CD34 and AP at a lower level. 
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paraclones was assessed also in oesophageal epithelial cells that were 

prospectively isolated using FACS, to determine whether one population was 

more enriched for stem/progenitor cells compared to the others. 

 

Firstly, different techniques, such as selecting individual cells under the 

microscope and plating them in a corresponding well plate or by using a 

calculated serial dilution method, were conducted to determine the conditions that 

yielded the highest number of clones (data not shown). The latter gave the best 

results and therefore that methodology was used for subsequent experiments 

(data not shown). Therefore, following the harvesting of growing HuOEC, a serial 

dilution method was performed in order to ensure single-cells were plated in each 

well (Figure 3.34). After 7 to 9 days, the clones that grew were evaluated on the 

basis of their cell morphology and size. Using the serial dilution method, which is 

based on a calculated estimation, some wells had no cells or had two or more 

cells attached and growing, but these were excluded from further analysis 

(Figure 3.34). There was no statistically significant difference among the overall 

percentage of cloning efficiency obtained among the cultures tested (Figure 

3.35).      
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Figure 3.34: A graphic representation of the methodology used to generate single-cell 
clones from HuOEC. Following harvesting of expanded HuOEC (Day 0), a serial dilution method 

was performed in order to ensure single-cells were plated in each well of a 48-well plate. After 
approximately 7 to 9 days, when the clones have grown in size, the clones were evaluated on the 

basis of their cell morphology and size, before they were used for further analysis. Spare plates 

were also stained with Rhodamine B to assess the efficiency and size of growing colonies.  

 

 

Figure 3.35: Overall cloning efficiency percentage showing the number of clones obtained 
after 7-9 days of culture. There was no statistically significant difference among the clones 

generated among the bulk culture and the sorted populations of HuOEC (Test Analysis: Ordinary 

one-way ANOVA). These data were generated from two (Bulk) or three (sorted populations) 

independent biological oesophageal samples. Data represented as mean ± SEM.  

 

Each clone generated colonies that ranged in size from large (>5mm in diameter), 

small (between 1-5 mm in diameter) to very small (aborted) (<1 mm in diameter) 

(Figure 3.36). The size of the colony was not the only difference between the 

clones, as the cell morphology was also different. Large colonies consisted of 
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mostly small round cells; small colonies were formed of both small round cells 

and larger irregular cells; and abortive clones were formed by large irregular cells 

only (Figure 3.37). Interestingly, there was a statistical difference in the 

percentage of large clones obtained from each sorted population of HuOEC 

(Figure 3.38). The CD24– EpCAM+ CD49f+ sorted population had the highest 

percentage of large colonies (12.35%) and the lowest percentage was obtained 

by the CD24+ EpCAM+ CD49flow (1.72%) (Figure 3.38). Among CD24– EpCAM– 

CD49f+ and CD24– EpCAM+ CD49f+ the p-value was equal to 0.0146 and among 

CD24– EpCAM+ CD49f+ and CD24+ EpCAM+ CD49flow population, the p-value 

was 0.0050 (Figure 3.38). No statistically significant difference between CD24+ 

EpCAM+ CD49flow and CD24– EpCAM– CD49f+ was obtained (p= 0.7175) (Figure 

3.38). A total of 42 clones ranging in size, were obtained from a bulk culture and 

a quarter of each clone was split for expansion, another quarter of the clone was 

plated in 10 cm plates that were used to determine a quantitative and qualitative 

appearance of the clone (indicator dish) at the following passage and finally half 

of the cells within each clone were frozen down (Figure 3.39). 

 

 

 

Figure 3.36: Morphologically different human oesophageal epithelial single-cell clones. 
Clones were stained with Rhodamine B to assess the cells morphology and size of growing 

colonies. Clones ranging in size from large (>5mm in diameter), small (between 1-5 mm in 
diameter) to very small (aborted) (<1 mm in diameter), were obtained in all cultures (Scale bar = 

2 mm). 
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Figure 3.37: Phase contrast images of the morphologically different human oesophageal 
epithelial single-cell clones at the primary culture. A large clone (>5mm in diameter) consisted 
of small round cells. A small clone (between 1-5 mm in diameter) consisted of small round cells 

but also large irregular in shape cells. An abortive clone (<1 mm in diameter) consisted of large 

irregular shaped cells (Scale bar = 500 μm). 

 

 

Figure 3.38: Percentage of cloning efficiency of large colonies (>5mm in diameter) among 
two different biological replicates showing the number of clones determined after 7-9 days 
of culture. The CD24– EpCAM+ CD49f+ sorted population had the highest percentage of large 

colonies (12.35%) and the lowest percentage was exhibited by the CD24+EpCAM+CD49flow 

(1.72%). Statistically significant differences were determined among CD24– EpCAM– CD49f+ and 

CD24– EpCAM+ CD49f+ (p= 0.0146) and CD24– EpCAM+ CD49f+ and CD24+ EpCAM+ CD49flow 

(p= 0.0050) populations. There was no significant difference between CD24+ EpCAM+ CD49flow 

and CD24– EpCAM– CD49f+ population (p= 0.7175). Two-way ANOVA test analysis was 
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performed. These data were generated from two independent biological replicates (n= 2). Data 

represented as mean ± SEM.  

 

 

Figure 3.39: Graphic representation upon harvesting of the cells within each clone. A 

quarter of each clone was split for expansion, another quarter of the clone was used to plate an 

indicator dish to determine a quantitative and qualitative appearance of the clone at the following 

passage, and finally half of the cells within each clone were frozen down (Scale bar = 4 mm). 

 

The indicator dishes obtained at the second culture of the HuOEC clones 

indicated that there was a differential growth potential within HuOEC. Specifically, 

there were clones that gave rise to large, highly proliferative colonies that resulted 

in a confluent dish after 12 days of culture, generating a phenotype similar to a 

holoclone-like cell (Figure 3.40). In contrast, other clones gave rise to colonies 

containing growing colonies (large or small in size) but also differentiated colonies 

(abortive colonies), generating a phenotype similar to a meroclone-like cell 

(Figure 3.40). There were also clones that gave rise only to differentiated cells 

(abortive colonies), resulting in a phenotype of a paraclone-like cell (Figure 3.40). 

Furthermore, this differential growth potential of the cells was also exhibited by 

the cumulative cell number generated by individual clones (Figure 3.41). For 

example, clone 4 was able to sustain a culture for a period of up to 39 days, 

compared with clone 2 and 3, which reached senescence at day 15, and clone 1, 

which reached senescence after 27 days (Figure 3.41). 
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Figure 3.40: Indicator dishes representing the different growth appearances (holoclone-
like, meroclone-like and paraclone-like) of colonies generated after a quarter of each 
HuOEC clone was expanded. Cells were plated in 100 mm dishes with lethally irradiated 3T3 
cells and kept in culture for 12 days before they were stained with Rhodamine B to assess number 

and size of colonies. Holoclone-like clones gave rise to mainly large, highly proliferative colonies. 

Meroclone-like clones gave rise to colonies containing a mixture of growing colonies (large or 

small in size) but also differentiated colonies (abortive colonies). Paraclone-like clones gave rise 

only to differentiated cells (abortive colonies) (n= 6; Scale bar = 2 cm). 
 

 

Figure 3.41: Cumulative cell number of individual HuOEC clones. Cells within clone 4 were 

successfully grown and expanded for at least 39 days, but the cumulative cell number reached a 

plateau after 27 days of culture. Cells within clone 1 were able to expand and grow for 27 days 

before the culture was stopped, but generated a stable and much lower cumulative cell number 

compared with clone 4. Clones 2 and 3 expanded for only 15 days before the culture reached 
senescence. This graph is a representation of individual clones’ growth and no replicates were 

conducted. 
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Immunocytochemistry analysis of expanded HuOEC clones showed that 

expanded cells were positive for the basal cytokeratin marker, CK14, and were 

also positive for p63 (Figure 3.42). The p63α isoform, which has been associated 

with stemness in other epithelia, was also expressed by expanded cells within 

each clone and intensity of expression varied (Figure 3.42). Small highly 

proliferative cells in the border of the colony had a stronger intensity of expression 

compared with larger cells that had low or negative expression (Figure 3.42). 

 

 

Figure 3.42: Immunocytochemistry of HuOEC clones at the third culture. HuOEC were 

expanded in culture for six days, on a 3T3 lethally irradiated feeder layer, before they were fixed 

and stained with a variety of markers. The basal cytokeratin marker (CK14) was expressed by all 

the cells within the colony, and cells were positive for p63. The majority of cultivated cells were 

also positive for p63α; the cells in the border of the colonies that were also smaller had a strong 
expression of p63α, whereas other cells had a weak or no expression of p63α. The white arrow 

indicates a group of cells undergoing mitosis that have a strong expression of p63α. Cell nuclei 

were stained with DAPI (blue) (Scale bar = 50 μm). 
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3.8. Discussion  

 
Main Findings 

 

Understanding the biology of human oesophageal epithelial cells is of great 

importance for the identification of a progenitor pool that will ensure the lifelong 

capability of oesophageal epithelial cells to self-renew and expand for clinical 

applications. The characteristics, presence and exact location of stem cells within 

the human oesophageal epithelium, however, is still a controversial topic (See 

section 3.1). The experiments presented in this chapter provided insights on the 

existence of bona fide oesophageal stem cells. Specifically, my current results 

demonstrate that freshly isolated HuOEC from paediatric oesophageal samples 

can be extensively expanded in culture under specific culture conditions. In 

addition, HuOEC were successfully sorted based on the expression of a variety 

of surface markers, such as EpCAM and CD49f, and cells from different layers 

were successfully separated and expanded in vitro (Figure 3.43). Their ability to 

give rise to distinct populations with different properties was also addressed. 

Clonal analysis experiments demonstrated that HuOEC have a differential growth 

potential. 

 



 166 

 

Figure 3.43: Schematic illustration of the suggested distribution of markers expressed 
within the human oesophageal epithelium. Human oesophageal epithelial cells forming the 
basal layer are positive for CK5/14, strongly express α6 integrin (CD49f), and are low or negative 

in expression for EpCAM. Cells in the first epibasal layers, lose the expression of CK14 and are 

CK4/13 positive, are highly proliferative (Ki67+), are positive for the transcription factor p63 and 

the transmembrane protein EpCAM. Finally, cells in the last suprabasal layers of the stratified 

epithelium are positive for the differentiation marker CD24 and are low or negative for α6 integrin 

and EpCAM. The combination of markers illustrated on the left hand side of the schematic (green) 

have been described and used for the first time in this study to separate the different layers of the 

oesophageal epithelium. 

 

The importance of tissue origin and optimal culture conditions for the long-

term expansion of HuOEC in vitro 

 

The tissue of origin and the way cells are isolated have great influence on the 

behaviour of cells in culture (Nowell and Radtke, 2017; Fuchs, 2008; Alonso and 

Fuchs, 2003; Lavker and Sun, 2000). Therefore, differently derived cultures might 

display a different growth potential. HuOEC isolated from human oesophageal 

biopsies vary in their proliferation capacity, as the number and quality of cells 

isolated depends on both the size of the biopsies and whether cells derived from 

the basal layer are present, as these biopsies might be relatively superficial and 

might contain mainly cells from the epibasal layers. This dissimilarity between the 
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research samples collected could explain the great variation and limitation in 

growth potency of some HuOEC isolated from oesophageal biopsies that we 

observed. On the other hand, a few surgical samples of full-thickness 

oesophageal tissue were also obtained. Despite the fact that a complete 

oesophagus piece was necessarily removed, the patient often suffered from 

pathological conditions or injuries and therefore the epithelium was apparently 

intact, but not always healthy. Nevertheless, HuOEC were successfully isolated 

and expanded from different patients and their characteristics were extensively 

studied. Some HuOEC cultures were able to be expanded for long-term, whereas 

others reached senescence earlier. Therefore, the origin as well as the 

quality/characteristics of the cells within the oesophageal epithelium have a 

crucial and fundamental consequence for long-term expansion.  

 

In addition, in order to assess the quality of our culture system, and its ability to 

sustain a pool of stem/progenitor cells, HuOEC were cultivated in parallel with 

human keratinocytes (HuSKIN) (Barrandon and Green, 1987). It was noticed that 

unlike other stratified epithelia cells derived from skin or cornea, HuOEC require 

a different atmospheric environment in order to grow and expand for long-term 

(Barrandon and Green, 1987; Pellegrini et al., 1997). The result from this study 

suggest that HuOEC grow best under low-oxygen conditions, whereas in 

normoxia cells tend to reach terminal differentiation more quickly, thus losing their 

ability to proliferate and maintain the culture for long-term. Skin epithelial cells 

could grow and expand in both low and high atmospheric oxygen conditions, but 

their growth capacity was slightly better in low oxygen conditions (See Section 

3.3). The atmospheric environment in which the cells are cultured is crucial for 
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their growth and survival for long-term; but it still remains unclear and needs to 

be addressed whether other factors, such as the growth factors used, could 

contribute to the fate of the cells or whether it is a combination of factors (Dong 

et al., 2013; Straseski et al., 2009).  

 

After obtaining the optimal growth conditions that allowed the long-term 

expansion of HuOEC, cells were extensively characterised for a variety of 

markers as well as the molecular pathways involved in orchestrating the series 

of events that determine the potency of those cells. HuOEC mostly formed 

colonies that contained small, highly proliferative cells that retained their ability to 

differentiate and form tight junctions (Figure 3.7). Interestingly, cells within a 

colony were also positive for two significant markers, ΔNp63α and nuclear YAP, 

which have been associated with stem cell maintenance and high proliferation 

potency in other epithelia (De Luca et al., 2019; De Rosa et al., 2019; Zhang et 

al., 2011; Rama et al., 2010; Di Iorio et al., 2005). The combination of expression 

of these markers in our culture condition therefore provide insights for the potency 

of those cells. However, further analysis would need to be conducted to examine 

in detail how and whether these pathways affect the maintenance of human 

oesophageal stem/progenitor cells.  

 

Prospective isolation and clonal analysis demonstrated that HuOEC have a 

differential growth potential  

 

Immunohistochemistry analysis of full-thickness oesophageal biopsies 

demonstrated that human oesophageal epithelial cells express a different subset 
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of surface markers along the non-keratinizing squamous epithelium. Human 

oesophageal epithelial cells  lining the basal lamina of the oesophagus highly 

express alpha-6 integrin (CD49f), while cells have no or low expression of alpha-

6 integrin in the epibasal layers (Figure 3.3 & 3.43). EpCAM, on the other hand, 

is negative or low in the basal layer, but cells start expressing it in the first few 

epibasal layers before it is down-regulated again. Finally, CD24 is expressed only 

in the suprabasal layers of the oesophageal epithelium (Jeong et al., 2016). 

Therefore, this set of surface markers was used for the first time to independently 

isolate the different subpopulations, aiming at retrieving basal, epibasal, and 

suprabasal cells (Figure 3.43).    

 

Based on the immunohistochemistry data, CD49f positive, EpCAM negative, and 

CD24 negative cells are the subpopulation corresponding to the basal layer of 

the oesophageal epithelium; thus it is expected that the most clonogenic cells 

should be isolated from this population. In addition, CD49f positive, EpCAM 

positive, and CD24 negative cells would consist of a population of progenitor cells 

found in the first few epibasal layers and finally a population of CD49f low, 

EpCAM low/negative, and CD24 positive would contain the most differentiated 

cells of the oesophageal epithelium. From the FACS analysis conducted, the 

populations that were sorted had a similar pattern of marker expression as the 

one described above, apart from one population, thought to contain the more 

differentiated cells. The aforementioned population consisted of cells that were 

CD49f low, EpCAM positive, and CD24 positive. The expression level of EpCAM 

could possibly be explained due to the sensitivity of the laser used to sort human 

oesophageal epithelial cells compared to the immunohistochemistry analysis. 
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Nevertheless, the pool of cells isolated from this subset of markers had the lowest 

plating efficiency of growing colonies in the early culture and also had a more 

limited long-term proliferation capacity, as a higher number of terminally 

differentiated cells were observed during subcultures. On the other hand, the 

other two populations that seemed to be enriched for the most clonogenic cells 

had a higher CFE efficiency after isolation and their cultures contained a high 

number of healthy and large colonies. Interestingly though, the cells from the 

basal layer (CD24– EpCAM– CD49f+) had the lowest percentage efficiency of 

epithelial colonies forming upon isolation among the different samples compared 

with the cells in the epibasal layer (CD24– EpCAM+ CD49f+). This differential 

growth potency of the cells could be correlated to the expression profile of 

Ki67+p63+ cells, which are mainly located in the epibasal layers unlike other 

epithelial were Ki67+p63+ cells are restricted in the basal layer (Di Iorio et al., 

2005; Senoo et al., 2007; Zhang et al., 2017). Therefore, the cells in the basal 

layer could be more dormant until they get a stimulus to be activated. This 

behaviour might reflect the presence of cells with in vitro growth capacity similar 

to the one of stem/progenitor cells, termed “holoclones” in other stratified 

epithelial such as the skin (Barrandon and Green, 1987) or the cornea (Rama et 

al., 2010) (See also Chapter 1; Section 1.2). Further clonal analysis of these 

sorted subpopulations was also conducted to determine whether these results 

could reflect the growth potential of cells to expand in vitro for long-term. Together 

these findings suggest that cells within the human oesophageal epithelium have 

a differential growth and are therefore in contrast with what has already been 

published, where it has been shown that in the human oesophagus cells sorted 

based on the expression of epithelial and progenitor markers (CD34 and EpCAM) 
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exemplify no difference in their growth potential in culture (See Chapter 1; Section 

1.2) (Barbera et al., 2014).   

 

Importantly, the results from this study suggest that HuOEC behave differently, 

as individual cells, when they are isolated and cultivated in vitro as they can give 

rise to morphologically and functionally different colonies. HuOEC cultured as 

single cells gave rise to different growth patterns and formed colonies distinct in 

size (large, small, aborted). Large colonies (>5mm in diameter) consisted of a 

high number (>100 cells) of small rapidly growing cells, whereas small colonies 

(between 1-5 mm in diameter) consisted of small cells probably dividing more 

slowly (<100 cells). Aborted colonies (<1 mm in diameter), in which cells did not 

divide more than a few times before acquiring a terminal differentiated 

morphology, represented by large cytoplasm and the piling up of cells, were also 

present. In addition, the size as well as the morphology of the cells within the 

colony were fundamental in defining the potency of each clone. Interestingly, the 

highest number of potent (highly proliferative) cells was found in the CD24 

negative EpCAM positive and CD49f positive population, which corresponds to 

the epibasal layer of the oesophageal epithelium. These patterns of morphologies 

of HuOEC highlighted the differential growth potential of cells within the 

oesophageal epithelium and suggest a phenotype analogous to the holoclone, 

meroclone and paraclone phenotype that has been established for the skin 

epithelial cells (Barrandon and Green, 1987). Importantly, identifying whether one 

population is more enriched for stem/progenitor cells compared to the others 

would be extremely beneficial for the successful use of these cells in clinical 

settings, in order to ensure a tissue can be sustained for long-term (Hirsch et al., 
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2017; Rama et al., 2010). 

 

Finally, human mesenchymal-like cells were successfully isolated from the 

oesophageal tissue obtained and their phenotypic profile was assessed. Human 

mesenchymal-like cells expressed markers from an early and mature smooth 

muscle lineage, from pericyte cells and were also positive for some skeletal 

muscle differentiation markers, highlighting the broad potential of these cells 

(Sacchetti et al., 2016). The isolation, characterisation and optimal preservation 

of different cell types from the same donor present an important factor for the final 

aim of this work, which is to re-construct a transplantable oesophagus for patients 

suffering from a broad range of oesophageal diseases.    

 

Conclusion  

 

In conclusion, in this chapter I demonstrated that HuOEC can be isolated and 

expanded from all the layers within the oesophageal epithelium but have different 

long-term growth potential. Clonal analysis demonstrated that cells do exemplify 

characteristics of stem cells, similar to other epithelia, but their exact location 

within the oesophageal epithelium has still not been fully identified. In the 

following chapter I will aim to investigate this further and gain insights on the origin 

of stem cells during the human oesophageal development. 
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4.1. Introduction 

 

The oesophagus is an organ of the gastrointestinal tract that develops from the 

foregut. Interestingly, the oesophagus arises from a mutual single tube that also 

gives rise to the respiratory tract, the trachea (Rosekrans et al., 2015). During 

oesophageal morphogenesis, critical events take place to ensure the stochastic 

separation of the two organs as they will develop into two completely functionally 

different organs (See Chapter 1; Section 1.3). 

 

In the mouse, after the tracheal-oesophageal separation is completed (mouse 

embryonic day E11.5), epithelium morphogenesis occurs (Rosekrans et al., 

2015). This process is fundamental for its function and it involves modifications 

in the morphology and expression of various markers of the epithelium (See 

Chapter 1; Section 1.3). This transformation starts from a change in the number 

of cell layers that compose the oesophageal epithelium where, from a simple 

columnar-cuboidal layer of cells, it develops to a squamous stratified epithelium 

(Rosekrans et al., 2015). During this process, there is also a modification in the 

expression of various cytokeratin’s. In early development, when the oesophageal 

epithelium is composed of a simple columnar-cuboidal epithelial layer, cells are 

positive for CK8/18, a CK associated with secretory epithelial cells such as the 

ones found in trachea (Rosekrans et al., 2015). However, as the oesophageal 

epithelium develops (E13.5 – E17.5), the cells proliferate symmetrically and 

asymmetrically and give rise to multiple layers that form the squamous stratified 

epithelium (Rosekrans et al., 2015). During this developmental process, the basal 

layer that was previously expressing CK8/18 starts to express CK5/14 and 
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maintains that expression in the adult oesophagus (Rosekrans et al., 2015). 

Similarly, a bit later in development at E17.5, the suprabasal layers gradually lose 

CK8 expression and express CK4/13, a CK marker associated with differentiated 

cells (Rosekrans et al., 2015). In addition, these layers will present squamous 

differentiation markers such as involucrin and loricrin in the later stages of 

development (E18.5) and CK1/10 expression at postnatal day (P)1 (Rosekrans 

et al., 2015).  

 

Tracheal-oesophageal separation and epithelial morphogenesis are two complex 

and intricate processes indispensable for the correct development of the adult 

oesophagus (See Chapter 1; Section 1.3). A number of genetic mouse model 

studies have highlighted the importance, and revealed molecules, such as the 

transcription factors Sox2, Nkx2.1 and p63, involved in regulating these 

processes (Zhang et al., 2017). During embryonic development, p63 plays a 

critical role in the morphogenesis of several tissues, such as the epidermis, hair 

follicles, limb and mammary glands, and in its absence, several abnormalities 

occur (Fuchs, 2007; Fuchs and Raghavan, 2002; Signoretti et al., 2000; Mills et 

al., 1999; and Yang et al., 1999). In addition, progenitor/stem cell populations of 

a variety of epithelial tissues are known to have a high expression of p63 

(Pellegrini et al., 2001; Di Iorio et al., 2005; Krishnan et al., 2010; Rama et al., 

2010). In relation to the oesophageal epithelium, it has been suggested that p63 

is one of the key factors involved in the maintenance and regulation of the 

stratification of the epithelium. In studies using murine p63 knockout models, it 

was demonstrated that when p63 is absent, a single layer of epithelium that 

expresses CK8/18 exists and it fails to stratify and mature (Rodriguez et al., 2010; 
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Koster and Roop, 2007; Yu et al., 2005; Daniely et al., 2004; Koster et al., 2004; 

Mills et al., 1999; and Yang et al., 1999).  

 

Similarly, another transcription factor, Sox2, has a critical role for organ 

development, stem cell proliferation and differentiation (Liu et al., 2013; and 

Avilion et al., 2003). In particular, Sox2 has been shown to play a key role in the 

tracheal-oesophageal separation as well as in the stratification and differentiation 

of the oesophageal epithelium, and is expressed in the basal layer of the murine 

oesophageal epithelium (Zhang et al., 2017). Abnormal levels of expression of 

Sox2 can lead to a number of diseases, caused by disrupted oesophageal 

epithelium stratification (Domyan et al., 2011; and Que et al., 2007). Finally, 

Krüppel-like factors (KLF) 4 and KLF5, are two additional transcription factors 

known to have distinct and opposing roles in tissue distribution (See Chapter 1; 

Section 1.3). In the intestinal epithelium, KLF5 is expressed by cells at the base 

of the crypt that also promote cell growth, whereas KLF4 has been shown to be 

expressed by differentiated cells (McConnell et al., 2007). In the epidermis, 

ectopic expression of KLF4 in the basal layer led to an acceleration of terminal 

differentiation and the formation of the epidermal permeability barrier (McConnell 

et al., 2007). On the other hand, in the oesophagus, it has been shown that 

ectopic expression of KLF5 in mouse primary oesophageal keratinocytes 

stimulates an increased level of proliferation (Yang et al., 2007).  

 

All these molecules have a key role in regulating murine oesophageal 

development and homeostasis, but relatively little is known about human 

oesophageal development and the role and expression of these markers (Trisno 
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et al., 2018; Zhang et al., 2018; Alcolea, 2017). In fact, the existing literature on 

human oesophageal development to my knowledge, consists of two scientific 

studies on human pluripotent stem cells, where scientists have demonstrated the 

importance of Sox2 transcription factor in oesophageal specification and Notch 

signalling in oesophageal development (Trisno et al., 2018; Zhang et al., 2018). 

Nevertheless, a model system to study the development of the human 

oesophagus is still not available and the majority of information available is from 

mouse studies. However, given the distinct structural organisation of human and 

mouse oesophagus, the developmental processes that take place may not be 

maintained between species (See Chapter 1; Figure 1.5). Therefore, this part of 

the study will aim to identify the location and characteristic identity of 

oesophageal stem cells as they emerge in the human oesophagus. In addition, it 

will aim to identify how the stem/progenitor cell population matures and what 

characteristics it obtains to give its functional identity in the postnatal oesophagus. 

Answering these important questions will not only help identify stem/progenitor 

cells and their characteristic profiles, but will also provide a deeper understanding 

of the biology and homeostasis of the human oesophagus, which are key for the 

use of these cells in regenerative medicine. 

 

4.2. Human Foetal Oesophageal Epithelium 

 

During foetal development, the oesophageal epithelium undergoes numerous 

morphological and functional changes to permit the complete maturation of the 

tissue. Human foetal oesophagi from a variety of developmental stages, ranging 

between 9 to 20 weeks post conception (wpc), were collected from pregnancy 
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termination procedures (Figure 4.1 & 4.2). Human foetal oesophagi samples 

were characterised by standard histology techniques to evaluate the quality of 

the tissue received and study how the epithelium develops (Figure 4.1 & 4.2). 

The human foetal epithelium morphology evolves from a simple cuboidal 

epithelium (9 wpc) that quickly begins to mature into a squamous stratified one, 

having already formed two to three layers of cells by 11 wpc (Figure 4.1). In 

addition, the layers of the muscles are not yet developed at 9 wpc, but by 11 wpc 

the two layers that will make the oesophageal muscle, the submucosa and the 

muscularis externa start to appear in the connective tissue surrounding the 

epithelium and have fully formed by 14 wpc (Figure 4.1). At 17 wpc during 

oesophageal development, the epithelium starts to have a more mature 

phenotype with a stratified morphology characterised by the presence of high 

number of cells comprising five to seven cell layers that is maintained until 20 

wpc (Figure 4.2). Even though the epithelium has developed a high number of 

cell layers up to 20 wpc it has still not fully matured compared with the postnatal 

epithelium, which is composed of approximately 20 to 30 layers of cells (See 

Chapter 3; Figure 3.2).   
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Figure 4.1: Histological representation of human foetal oesophagi during early 
developmental stages, ranging from 9 wpc to 14 wpc. H&E staining of representative 

oesophagi during 9 to 14 wpc, depicting all the layers from the developing epithelium of the 

mucosal surface to the developing submucosal smooth muscle. The epithelium matures from 

being a simple cuboidal epithelium (9 wpc) to becoming a stratified epithelium with approximately 

5 layers of cells (14 wpc). The black dotted line is used to distinguish the epithelium (basal layer) 

from the underlying muscularis mucosa. Abbreviations: L- Lumen; E- Epithelium; MM- Muscularis 
Mucosa (Scale Bar = 100 μm).  
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Figure 4.2: Histological representation of human foetal oesophagi during later 
developmental stages, ranging from 15 wpc to 20 wpc. H&E staining of representative 

oesophagi between 15 to 20 wpc, depicting all the layers from the developing stratified epithelium 

of the mucosal surface to the developing submucosal smooth muscle. The epithelium during this 

stages of development continues to grow and mature into a non-keratinised stratified epithelium. 
The black dotted line is used to distinguish the epithelium (basal layer) from the underlying 

muscularis mucosa. Abbreviations: L- Lumen; E- Epithelium; MM- Muscularis Mucosa (Scale Bar 

= 100 μm).  
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a variety of markers change during development and how this expression might 

affect epithelial stratification and maturation. 

 

The human foetal oesophageal epithelium develops as a single tube with the 

trachea, until the two organs separate (Billmyre et al., 2015). Cells in the 

suprabasal layer expressed CK8, a cytokeratin associated with secretory 

epithelial cells such as the ones found in trachea, up until 20 wpc during 

development (Figure 4.3). However, already at 20 wpc some cells have started 

to downregulate the expression of CK8 (Figure 4.3). Interestingly, the basal 

cytokeratin marker, CK14, was not yet expressed among the foetal stages; 

however, its dimerisation partner, CK5, was expressed in the basal layer of all 

stages (Figure 4.3 & 4.4). The basal layer expression of CK5 was mirrored by 

the expression of p63 (Figure 4.4). At 14 wpc, some cells located in the epibasal 

layers were also expressing p63, but the intensity is lower (Figure 4.4). However, 

at 20 wpc the expression of p63 was again restricted to the basal layer (Figure 

4.4).  

 

In direct contact with the basal lamina, human foetal oesophageal epithelial cells 

strongly expressed α6 integrin (CD49f), a protein localised at the level of the 

cellular membrane, and had high proliferative capacity (Ki67+ cells) (Figure 4.5). 

Proliferative cells were confined only to the basal compartment at 20 wpc, a 

pattern which was consistent with the p63 expression of cells (Figure 4.4 & 4.5). 

At 14 and 20 wpc, EpCAM-positive cells were mainly located in the suprabasal 

layers whereas the basal and epibasal layers had a negative or low level of 

expression (Figure 4.5). At 9 wpc on the other hand there was a mixture of 
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expression of EpCAM-positive and negative/low cells, which was difficult to 

precisely locate, as there are only two layers of cells at this stage (Figure 4.5). 

The cell adhesion molecule marker, CD24, a marker associated with 

differentiated oesophageal epithelial cells, had a particular pattern with the 

protein being present along the cellular membrane, organised in clusters (Figure 

4.6). CD24 was expressed in all the layer of the epithelium at 9 wpc; however, its 

signal starts to disappear from the basal layer at 14 wpc, while its expression 

looks bounded to the upper layers at 20 wpc (Figure 4.6). The pan-cytokeratin 

marker was also used to identify the entire epithelium (Figure 4.6).   
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Figure 4.3: Immunohistochemistry analysis of human foetal oesophagi during 
development, at 9, 14, and 20 wpc. Cells in the suprabasal layers were positive for CK8 (green), 

a cytokeratin associated with secretory epithelia cells. CK14 (red), a basal cytokeratin marker 

was not yet expressed. Cell nuclei were stained with DAPI (blue). The white dotted line is used 

to distinguish the epithelium (basal layer) from the underlying muscularis mucosa. Abbreviations: 
L- Lumen; E- Epithelium; MM- Muscularis Mucosa (Scale bar = 50 μm). 
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Figure 4.4: Immunohistochemistry analysis of human foetal oesophagi during 
development, at 9, 14, and 20 wpc. Cells located in the basal layer were positive for p63 (green), 

and the basal cytokeratin marker CK5 (red). Cell nuclei were stained with DAPI (blue). The white 

dotted line is used to distinguish the epithelium (basal layer) from the underlying muscularis 

mucosa. Abbreviations: L- Lumen; E- Epithelium; MM- Muscularis Mucosa (Scale bar = 50 μm). 
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Figure 4.5: Immunohistochemistry analysis of human foetal oesophagi during 
development, at 9, 14, and 20 wpc. CD49f (α6 integrin) (green) was highly expressed in the 

basal layer and has a low expression in the epibasal layers. The basal layer was rich in 

proliferating cells that expressed Ki67 (red). EpCAM (grey) positive cells were located in the 

suprabasal layers and there was a low/negative expression in the basal layer at 14 and 20 wpc. 

At 9 wpc there were also some EpCAM positive cells in the basal layer. Cell nuclei were stained 
with DAPI (blue). The white dotted line is used to distinguish the epithelium (basal layer) from the 

underlying muscularis mucosa. Abbreviations: L- Lumen; E- Epithelium; MM- Muscularis Mucosa 

(Scale bar = 50 μm). 
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Figure 4.6: Immunohistochemistry analysis of human foetal oesophagi during 
development, at 9, 14, and 20 wpc. Cells in the suprabasal layers were positive for CD24 (green), 

a cell adhesion marker, whereas cells in the basal layer were negative for CD24. The entire 

oesophageal epithelium was marked by the pan-cytokeratin antibody (red). Cell nuclei were 

stained with DAPI (blue). The white dotted line is used to distinguish the epithelium (basal layer) 

from the underlying muscularis mucosa. Abbreviations: L- Lumen; E- Epithelium; MM- Muscularis 

Mucosa (Scale bar = 50 μm). 
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From a developmental point of view, SOX2, a key transcription factor involved in 

the development of the mouse oesophagus (See Section 4.1 & Chapter 1; 

Section 1.3), was detected in the basal layer of the human foetal epithelium at all 

developmental stages (Figure 4.7). At 14 and 20 wpc, there was also a low 

expression of SOX2-positive cells in the suprabasal layers of the epithelium 

(Figure 4.7). Interestingly, in the postnatal oesophageal epithelium, the 

expression of SOX2, which is thought to have a key role in oesophageal 

development and expressed by basal cells, was confined only in the suprabasal 

layers of the epithelium, and the basal layer was completely negative (Figure 

4.8). E-Cadherin, a transmembrane protein, was expressed throughout the 

oesophageal epithelium (Figure 4.7). In addition, the expression of KLF4, a 

marker associated with differentiated cells, and KLF5, a marker present in the 

active and proliferating epithelial cells, were evaluated in the developmental 

stages of the human oesophagus. It appears that KLF4 expression was strongly 

expressed by cells in the suprabasal layers, but not in the basal layer (Figure 

4.9). On the contrary, KLF5 expression was dim and unspecific, and the cells in 

the basal layer appear to be negative for its expression other than in the 9 wpc 

(Figure 4.9). 
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Figure 4.7: Immunohistochemistry analysis of human foetal oesophagi during 
development, at 9, 14, and 20 wpc. E-Cad (green) is a pan-epithelial marker and was expressed 

in all the epithelium layers of the oesophagus. SOX2 (red) marked the cells located in the basal 

layer of the oesophageal epithelium and in some cases during the 14 and 20 wpc also some cells 
in the suprabasal layers. Cell nuclei were stained with DAPI (blue). The white dotted line is used 

to distinguish the epithelium (basal layer) from the underlying muscularis mucosa. Abbreviations: 

L- Lumen; E- Epithelium; MM- Muscularis Mucosa (Scale bar = 50 μm). 
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Figure 4.8: Immunohistochemistry analysis of human paediatric oesophageal epithelium 
stained for SOX2. SOX2 (red) marks the nuclei of cells located in the suprabasal layers of the 

oesophageal epithelium while the cells located in the basal layer are negative. Cell nuclei were 

stained with DAPI (blue). The white dotted line is used to distinguish the epithelium (basal layer) 
from the underlying muscularis mucosa. Abbreviations: E- Epithelium; MM- Muscularis Mucosa 

(Scale bar = 50 μm). 
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Figure 4.9: Immunohistochemistry analysis of human foetal oesophagi during 
development, at 9, 15, and 18 wpc. At 9 wpc, cells in the basal and epibasal layer were positive 
for KLF5. On the contrary, KLF5 positive cells were located in the suprabasal layers of the 

epithelium at 15 and 18 wpc although the expression was dim. KLF4 positive cells were located 

in the suprabasal layers of the developing oesophageal epithelium among the stages tested. Cell 

nuclei were stained with DAPI (blue). The white dotted line is used to distinguish the epithelium 

(basal layer) from the underlying muscularis mucosa. Abbreviations: L- Lumen; E- Epithelium; 

MM- Muscularis Mucosa (Scale bar = 50 μm). 
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cells (Figure 4.10 – 4.13). Cells that were in the negative fraction were then gated 

for CD24 expression. That generated two distinct populations: a positive (CD24+) 

and a negative one (CD24–), which were approximately equal in proportion to 

each other apart from the 19 wpc foetal oesophagus sample, were there was a 

higher number of events in the CD24– fraction (Figure 4.10 – 4.13). Then the 

oesophageal cells were analysed for the expression of CD49f and EpCAM on 

both CD24+ and CD24– population (Figure 4.10 – 4.13). Among some of the 

populations generated the mesenchymal marker, CD90, was investigated 

(Figure 4.10 – 4.13). This gating strategy was applied to all the samples analysed 

(9 – 19 wpc) (Figure 4.10 – 4.13).  

 

Looking at the expression of EpCAM against CD49f in the CD24-positive 

population, it is evident that cells are heterogeneous with regards to the markers 

they express (CD24+ EpCAM– CD49f–, CD24+ EpCAMlow CD49f+ and CD24+ 

EpCAM+ CD49flow) and have not yet taken the appearance that we have seen in 

the postnatal oesophagus (See Chapter 3; Figure 3.13), where a single 

population is present (CD24+ EpCAM+ CD49flow) (Figure 4.10 – 4.13). However, 

already from 9 wpc a population of cells that was EpCAM+ CD49flow was present 

and increases in cellularity in the following stages (Figure 4.10 – 4.13). 

Interestingly, when analysing this population for CD90 positive cells, the majority 

of the cells are found in the negative fraction, suggesting a more mature 

phenotype compared with the other populations that are CD90-positive (Figure 

4.10 – 4.13). In addition, at 19 wpc, the populations have become more distinct, 

and it was possible to identify three populations:  CD24+ EpCAM– CD49f– CD90+, 

CD24+ EpCAMlow CD49f+ CD90+ and CD24+ EpCAM+ CD49flow CD90- (Figure 
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4.13). However, in the postnatal oesophagus only the CD24+ EpCAM+ CD49flow 

CD90- was present (See Chapter 3; Figure 3.13).  

 

On the other hand, in the CD24-negative population it was possible to identify a 

small population positive for EpCAM and CD49f, after 11 wpc (Figure 4.10 – 

4.13). This population increased in cellularity in the following stages (16 and 19 

wpc) and was maintained in the postnatal oesophagus (Figure 4.12 & 4.13) (See 

Chapter 3; Figure 3.13).  Additionally, the CD24- EpCAM- CD49f+ population that 

was present in the postnatal oesophagus appeared only after 16 wpc (Figure 

4.10 – 4.13) (See Chapter 3; Figure 3.13). The CD24– EpCAM– CD49f– was 

present throughout all the stages of oesophageal development but mainly 

consisted of CD90-positive cells (Figure 4.10 – 4.13). Taken together, these data 

suggest that in the developing oesophagus, the subpopulations I have identified 

in the postnatal oesophagus as being basal (CD24– EpCAM– CD49f+), epibasal 

(CD24– EpCAM+ CD49f+) and suprabasal (CD24+ EpCAM+ CD49flow/+), are not 

defined yet and additional cell populations are in fact present in the developing 

oesophagus. Specifically, in the CD24-positive fraction, there is an increased 

cellularity and an additional two populations are present in the human foetal 

oesophagi analysed (9 – 19 wpc). These populations are most likely in a transition 

phase before acquiring a mature epithelial identity, given that they also expressed 

the mesenchymal marker CD90. In addition, the CD24– EpCAM+ CD49f+ 

population, which in this study I have identified as being the most clonogenic in 

the postnatal oesophagus, appears after 11 wpc. Finally, the population that 

could be associated with the basal cell compartment appeared to be increasing 

with age and was fully defined after 16 wpc.   
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Figure 4.10: FACS of freshly isolated human foetal oesophageal cells from a 9 wpc old 
foetal sample. Isolated human foetal cells were first gated based on the expression of CD45. 

CD45– cells were then separated based on the expression of CD24 (both positive and negative) 

and then gated based on the expression of EpCAM and CD49f. Among the populations generated, 

cells were also analysed for the expression of CD90.  
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Figure 4.11: FACS of freshly isolated human foetal oesophageal cells from an 11 wpc old 
foetal sample. Isolated human foetal cells were first gated based on the expression of 

CD45/CD31. CD45– CD31– cells were then separated based on the expression of CD24 (both 

positive and negative) and then gated based on the expression of EpCAM and CD49f. Among 
the populations generated, cells were also analysed for the expression of CD90.  
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Figure 4.12: FACS of freshly isolated human foetal oesophageal cells from a 16 wpc old 
foetal sample. Isolated human foetal cells were first gated based on the expression of CD45. 

CD45– cells were then separated based on the expression of CD24 (both positive and negative) 

and then gated based on the expression of EpCAM and CD49f. Among the populations generated, 
cells were also analysed for the expression of CD90.  

96.3

25.8

65.5

0.42

16 wpc Total Cells

FSC-AFSC-A

SS
C

-A

FS
C

-W

Gating on CD45- Gating on CD24+

EpCAMCD24

C
D

45

C
D

49
f

CD24+ CD49f+ EpCAM-CD24+ CD49f- EpCAM-

FSC-A FSC-A

C
D

90

C
D

90

Single Cells

Live Cells

FSC-A

SS
C

-A

CD45

D
AP

I

Total Cells 
84.7

Single Cells 
73.1

Live Cells
72.3

CD45-

85.1 49.249.0

11.2 12.9

71.7

52.1

6.0957.3

4.20

CD24- CD49f- EpCAM-Gating on CD24-

EpCAM FSC-A

C
D

49
f

C
D

90

CD24+ CD49f+ EpCAM+

FSC-A

C
D

90

1.280.55 8.53 28.0

44.8

96.9

1.02



 196 

 
Figure 4.13: FACS of freshly isolated human foetal oesophageal cells from a 19 wpc old 
foetal sample. Isolated human foetal cells were first gated based on the expression of 

CD45/CD31. CD45– CD31– cells were then separated based on the expression of CD24 (both 

positive and negative) and then gated based on the expression of EpCAM and CD49f. Among 
the populations generated, cells were also analysed for the expression of CD90.  
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4.3. Isolation and Characterisation of in Vitro Expanded 

HuFeOEC 

 

HuFeOEC were isolated using an enzymatic solution (DNase I, Collagenase D, 

Dispase II) followed by trypsinisation from thirteen independent samples ranging 

from 8 to 20 wpc, but only seven of them gave rise to stable cultures (n = 7; Table 

2.3). Cells were cultivated over 3T3 lethally irradiated feeder layer and growth 

potency was preliminarily examined. HuFeOEC with growing capacity were 

recognized by the formation of small round epithelial colonies that expanded with 

time (Figure 4.14). At sub-confluent density or after six days of culture, cells were 

detached and split in order to preserve the proliferating pool, and allow further 

expansion in culture. However, it was noticed that a stable culture of epithelial 

colonies that would not convert into mesenchymal cells could only be generated 

after approximately 15 wpc, with a 70% efficiency (Table 2.3 & Figure 4.14). 

After 15 wpc, HuFeOEC were able to expand for at least seven passages before 

the cells reached senescence under those culture conditions. 
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Figure 4.14: Phase contrast images of HuFeOEC (Bulk culture) in culture at different 
passages (I-III) among three developmental stages (12, 17 and 19 wpc). HuFeOEC grow and 
expand by forming round colonies on a 3T3 lethally irradiated feeder layer. When the colonies 

have increased in size, and before the cells reach confluence, oesophageal epithelial cells were 

split into new culture flasks to allow further expansion or were frozen down. At 12 wpc, the culture 

could not be expanded after the second culture (Scale bar = 100 μm).   

 

To test the quality and quantity of colonies obtained at different stages during 

human oesophageal development, CFE assays were performed (Figure 4.15). 

At 12 wpc, no colonies were obtained at the second culture, further supporting 

the loss in culture at the early stages of development.  However, after 15 wpc, 

the cultures gave rise to distinct colonies ranging in size from large (>5mm in 

diameter), small (between 1-5 mm in diameter) to very small (aborted) (<1 mm in 

diameter), each consisting of morphologically different cells (Figure 4.15). 
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Figure 4.15: Colony forming efficiency assay of HuFeOEC isolated from a variety of human 
developmental stages from 12 to 19 wpc. Cells were plated in 60 mm dishes with a 3T3 lethally 

irradiated feeder layer, and kept in culture for 12 days before they were stained with Rhodamine 

B to assess number and size of colonies. The PE of HuFeOEC at 12 wpc generated no colonies 
during the second culture. The PE of 500 cells at the third culture, which gave rise to 

morphologically different colonies, is represented for the HuFeOEC isolated from 15, 17 and 19 

wpc oesophagi samples (Scale bar = 1 cm).   

 

To determine the phenotype of cells growing in culture, FACS analysis was 

performed at the primary and tertiary culture of HuFeOEC isolated from a 17 wpc 

oesophagus sample. Cultivated HuFeOEC were all positive for CD49f (α6 integrin) 

and EpCAM (Figure 4.16 & 4.17). Cells were also positive for CD104 (β4 

integrin), which had a higher level of expression compared to its 

heterodimerization partner CD49f (Figure 4.16 & 4.17). A population of CD24-

positive and -negative cells was sustained among cultures (Figure 4.16 & 4.17). 

Interestingly, at the primary culture of HuFeOEC a population that was EpCAM-

negative CD90-positive was detected; however, it was lost at the third culture 

(Figure 4.16 & 4.17). A similar pattern of expression was obtained by HuFeOEC 

derived by a 19 wpc oesophagus sample (data not shown). 
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Figure 4.16: FACS analysis of cultivated HuFeOEC, isolated from a 17 wpc oesophagus, at 
primary culture after 6 days of cultivation. Cultivated HuFeOEC were analysed based on the 

expression of EpCAM, CD49f, CD104, CD24 and CD90. HuFeOEC were all positive for CD49f, 

CD104 and EpCAM. A positive and negative population of CD24 cells was detected. A small 

population of CD90+EpCAM– cells was present (4.35%). The majority of EpCAM-positive cells are 

negative for CD90, other than a small population of cells that was positive for EpCAM and also 

positive for CD90 (3.0%). The cells that are in the negative fraction (~ 36%) represent the lethally 

irradiated 3T3 cells that are present in our culture system and were not excluded for this analysis.  

 

EpCAM

EpCAMEpCAM

SSC-W SSC-HFSC-A

C
D

49
f

SS
C

-A
C

D
24

SS
C

-H
C

D
10

4

D
AP

I

Cells 
42.4

Single 
Cells 
80.2

Live Cells 
98.9

36.1

37.8

37.6

20.8

31.2

62.0

62.1

Single CellsTotal CellsHuFeOEC (I) – 17 wpc

EpCAM

C
D

90

33.6 59.0

4.35 3.01



 201 

 

Figure 4.17: FACS analysis of cultivated HuFeOEC, isolated from a 17 wpc oesophagus, at 
the third culture after 5 days of cultivation. Cultivated HuFeOEC were analysed based on the 

expression of EpCAM, CD49f, CD104, CD24 and CD90. HuFeOEC were all positive for CD49f, 

CD104 and EpCAM. A positive and negative population of CD24 cells was detected. The majority 

of EpCAM positive cells are negative for CD90. The cells that are in the negative fraction (~ 32%) 

represent the lethally irradiated 3T3 cells that are present in our culture system and were not 

excluded for this analysis.  
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4.4.  Prospective Isolation of HuFeOEC by FACS 

 

Following the extensive analysis of the developing oesophageal epithelium and 

the derivation of HuFeOEC, I then wanted to prospectively isolate, expand and 

characterise the morphology and the growth potential of different subtypes 

observed. Following the dissociation of fresh oesophageal samples, cells were 

sorted using FACS based on the expression of EpCAM, CD49f, CD24, and 

excluding blood-derived cells (CD45+ CD31+) (n = 3) (Figure 4.18).  

 

Six distinct populations were identified from the analysis of freshly isolated human 

foetal oesophageal cells isolated from a 17 wpc oesophagus sample (Figure 

4.18). Cells were sorted as follow: 1) CD24– EpCAM– CD49f–, 2) CD24– EpCAM– 

CD49f+, 3) CD24– EpCAM+ CD49f+, 4) CD24+ EpCAM– CD49f–, 5) CD24+ EpCAM– 

CD49f+, and 6) CD24+ EpCAM+ CD49flow (Figure 4.18). Sorted HuFeOEC were 

cultured under the conditions described above and preliminary growth was 

examined (Figure 4.19). Cells in the CD24 positive and negative fraction that 

were negative for EpCAM and CD49f, but were positive for CD90, were plated in 

a 6-well plate coated with MatrigelTM (BD Corning) to examine any preliminary 

growth of mesenchymal derived cells.   
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Figure 4.18: FACS of freshly isolated human foetal oesophageal cells from a 17 wpc foetal 
sample. Isolated human foetal cells were first gated based on the expression of CD45/CD31. 
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CD45– CD31– cells were then separated based on the expression of CD24 (both positive and 

negative) and then gated based on the expression of EpCAM and CD49f. From the populations 

generated, cells were also analysed for the expression of CD90 and CD73. The population sorted 

were the following: 1) CD24– EpCAM– CD49f–, 2) CD24– EpCAM– CD49f+, 3) CD24– EpCAM+ 

CD49f+, 4) CD24+EpCAM– CD49f–, 5) CD24+ EpCAMlow CD49f+, and 6) CD24+ EpCAM+ CD49flow. 

 

Cells, both epithelial and mesenchymal, capable of growing in culture were 

successfully isolated from the sorted populations; however, they had differential 

growth potential (Figure 4.19 & 4.22). Oesophageal epithelial cells were 

recognized by the formation of small round colonies that expanded with time 

(Figure 4.19). Epithelial cells isolated from the CD24+ EpCAMlow CD49f+ 

population were able to expand for two passages before the culture was lost, 

unlike the postnatal samples were these cells can be expanded for at least nine 

passages (Figure 4.19 & See also Chapter 3; Figure 3.22). On the other hand, 

from the CD24– EpCAM+ CD49f+ population, cells were successfully expanded 

for at least six passages, where they could still give rise to colonies with small, 

highly proliferative cells (Figure 4.19). From the CD24– EpCAM– CD49f+ and 

CD24+ EpCAM+ CD49flow populations, cells had a lower growth potential and the 

culture was lost by the six culture (Figure 4.19). The cumulative cell number 

generated by these cultures highlights the difference in the growth potency 

observed among the sorted cultures (Figure 4.20). In addition, to test the quality 

and quantity of colonies obtained, the PE of sorted CD24– EpCAM+ CD49f+ 

HuFeOEC compared with the corresponding bulk culture was obtained (Figure 

4.21). Colonies ranging in size were generated by both cultures (Figure 4.21). 

However, from the sorted HuFeOEC, the majority of the colonies were large 

(>5mm in diameter) in size whereas in the bulk culture the majority of the colonies 

were small (between 1-5 mm in diameter) to very small (<1 mm in diameter) 
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(Figure 4.21). Cells sorted from a 16 wpc oesophagus sample had a similar 

growth potency as the one observed in this sample (data not shown). 

 

 

Figure 4.19: Phase contrast images of HuFeOEC sorted populations in culture at different 
passages (I-VI) derived from a 17 wpc foetal oesophagus sample. Sorted HuFeOEC (1) 

CD24– EpCAM– CD49f+, 2) CD24– EpCAM+ CD49f+, 3) CD24+ EpCAM+ CD49flow, and 4) CD24+ 

EpCAMlow CD49f+) grow and expand by forming round colonies on a 3T3 lethally irradiated feeder 

layer. At day 6, the colonies have increased in size, and before the cells reach confluence, 

HuFeOEC were split into other culture flasks to allow further expansion, or frozen down. 

Subsequent cultivation of sorted cells demonstrated that not all HuFeOEC retain their ability to 

proliferate and expand over passages (Scale bar = 100 μm or 500 μm).  
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Figure 4.20: Cumulative cell number of sorted HuFeOEC (CD24– EpCAM– CD49f+, CD24– 

EpCAM+ CD49f+, and CD24+ EpCAM+ CD49flow) compared with the corresponding bulk 
culture of a 17 wpc foetal oesophagus sample. Sorted HuFeOEC had a differential growth 

potential. Cells isolated from the CD24– EpCAM+ CD49f+ population could be expanded for at 

least seven passages, and yielded the highest cumulative cell numbers compared to the other 
populations. Cells, however, reached a plateau after the fifth passage (approximately after 30 

days of culture). The lowest cumulative cell number yield was from the CD24+ EpCAM+ CD49flow 

and CD24– EpCAM– CD49f+ population, and cells in these cultures reached senescence by the 

fifth passage. The cumulative cell number of the bulk culture was similar to the CD24– EpCAM+ 

CD49f+ population (n = 1). 

 

 

Figure 4.21: Colony forming efficiency assay of the third culture of sorted HuFeOEC (CD24– 

EpCAM+ CD49f+) compared to the corresponding bulk culture of a 17 wpc foetal 
oesophagus sample. Cells were plated in 60 mm dishes with lethally irradiated 3T3 cells and 

kept in culture for 12 days before they were stained with Rhodamine B to assess number and 

size of colonies. Both cultures gave rise to morphologically different (large, small and aborted) 
colonies. Sorted HuFeOEC, however, gave rise to a greater number of large colonies, whereas 

the bulk culture consisted mainly of small or very small colonies (n = 2; Scale bar = 1 cm). 
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From the other two populations sorted (1) CD24– EpCAM– CD49f–, and 2) 

CD24+EpCAM– CD49f–), which were negative for the epithelial markers EpCAM 

and CD49f, but contained CD90 positive cells, no colonies were detected in the 

epithelial culture condition. However, when plated in culture condition used for 

expanding mesenchymal cells, cultures were successfully established and cells 

expanded for at least three passages (Figure 4.22). Cells from both populations 

gave rise to cells with similar properties as demonstrated from both the 

immunocytochemistry and FACS analysis. Immunocytochemistry analysis of 

expanded human foetal mesenchymal-like oesophageal cells (HuFeMOC) from 

both populations after sorting was done to determine the identity and 

characteristics of the expanded cells at a protein level. HuFeMOC were positive 

for the smooth muscle lineage markers α-SMA, SM22, and Calponin; for the 

pericyte markers NG2, PDGFRβ; and were also positive for the skeletal muscle 

differentiation markers Myf5 and MyoD (Figure 4.23 & 4.24). However, MyoD 

had a lower level of expression in the CD24+EpCAM– CD49f– population (Figure 

4.23 & 4.24). HuFeMOC were negative for CD24, despite one of the populations 

being sorted from the CD24 positive fraction, suggesting that cells either 

downregulated or lost CD24 expression in culture (Figure 4.23 & 4.24).  

 

 

Figure 4.22: Phase contrast images of sorted HuFeOEC (CD24– EpCAM– CD49f– and CD24+ 
EpCAM– CD49f–) after isolation (I) and at second passages (II). Human foetal oesophageal 

mesenchymal cells were successfully isolated and expanded. After the first culture, a population 
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consisting of small triangular in shape and refractive mesenchymal cells were able to expand 
(Scale bar = 200 μm).  

 

 
Figure 4.23: Immunocytochemistry analysis of the sorted culture (CD24– EpCAM– CD49f–) 
that gave rise to HuFeMOC, at the third culture. HuFeMOC were expanded in culture for three 

days, before they were fixed and stained with a variety of antibodies. HuFeMOC were positive for 

the smooth muscle lineage markers αSMA (green), Calponin (green), SM22 (red), for the pericyte 

markers NG2 (red), PDGFRβ (red) and were also positive for the skeletal muscle differentiation 

markers MyoD (red) and Myf5 (red), but were negative for CD24 (green). Cell nuclei were stained 

with DAPI (blue) (Scale bar = 50 μm). 
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Figure 4.24: Immunocytochemistry analysis of the sorted culture (CD24+ EpCAM– CD49f–) 
that gave rise to HuFeMOC, at the third culture. HuFeMOC were expanded in culture for three 

days, before they were fixed and stained for a variety of antibodies. HuFeMOC were positive for 

the smooth muscle lineage markers αSMA (green), Calponin (green), SM22 (red), for the pericyte 

markers NG2 (red), PDGFRβ (red) and were also positive for the skeletal muscle differentiation 

markers MyoD (red) and Myf5 (red), but were negative for CD24 (green). Cell nuclei were stained 

with DAPI (blue) (Scale bar = 50 μm). 
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Expanded HuFeMOC were further analysed using FACS for a variety of markers, 

such as CD56 (N-CAM), NG2 and CD146 (M-CAM) (Figure 4.25 & 4.26). 

Cultivated HuFeMOC, were positive for the mesenchymal marker, CD90, the 

skeletal muscle marker, CD56 and were also positive for the smooth muscle and 

pericyte markers, PDGFRβ, NG2, and CD146 (Figure 4.25 & 4.26). HuFeMOC 

had a low expression level of the hydrolase enzyme AP, and were negative for 

the endothelium marker, CD34, a transmembrane protein (Figure 4.25 & 4.26). 

These data suggest the mesenchymal origin of these cells, however an 

experiment to determine under what differentiation lineage (smooth or skeletal 

muscle) they can undergo was not conducted.  
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Figure 4.25: FACS analysis of the sorted population CD24– EpCAM– CD49f– at the second 

culture. Cultivated HuFeMOC were positive for CD90, PDGFRβ, CD146, NG2, and CD56. 

HuFeMOC also expressed AP at a lower level but were negative for CD34.  
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Figure 4.26: FACS analysis of the sorted population CD24+ EpCAM– CD49f– at the second 

culture. Cultivated HuFeMOC were positive for CD90, PDGFRβ, CD146, NG2, and CD56. 

HuFeMOC also expressed AP at a lower level but were negative for CD34.  
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(wks). In this way, foetal oesophageal samples would develop in vivo under a 

controlled system and thus we could mimic the development of human foetal 

oesophagi in an exogenous yet in vivo system and study epithelium development 

at even later stages (i.e. beyond 20 wpc). 

 

The transplanted oesophagi were analysed before and after transplantation by 

histological analysis to evaluate the quality of the tissue, and its maturation. In 

addition, part of the foetal oesophagus was dissociated and analysed by FACS 

to determine the expression profile of the cells. The ability of the cells to maintain 

their characteristics within the subpopulations I have previously identified, as well 

as to mature during their time in vivo, was also assessed.  

 

The 12 wpc oesophagus piece successfully engrafted, and had the morphological 

appearance of a healthy oesophagus of its stage (Figure 4.27). After 4 wks in 

vivo (subcutaneously), a small part of oesophagus was sampled for histology, but 

it consisted of the edge of the tissue as no epithelial cells were evident (Figure 

4.27 & 4.28). Nevertheless, epithelial cells were still present in the tissue, as 9 

epithelial like colonies were derived in culture, but a robust culture was not 

obtained (data not shown). After 9 wks in vivo (subcutaneously), the transplanted 

tissue, which was well-vascularised, had maintained its structure and the cells 

composing the epithelium were still present (Figure 4.27 & 4.28). However, the 

lumen of the oesophagus was closed and the epithelium was growing in a closed 

manner, whereas in normal conditions the lumen would not be collapsed and 

instead would allow the removal of cells that are subject to detachment (Figure 

4.27 & 4.28).  
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Figure 4.27: Histological analysis (H&E) of the 12 wpc oesophagus at grafting and after 4 
and 9 wks of subcutaneous in vivo transplantation.  The oesophagus tissue at 12 wpc, and 

in particular the epithelium, had a healthy appearance for its stage. After 4 wks in vivo, no 
epithelial cells were detected in the tissue collected for histology. After 9 wks in vivo, the location 

of the epithelium and the oesophageal epithelial cells are visible, however the lumen was closed 

(Scale bars = 50, 100 or 250 μm). 
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Figure 4.28: Gross imaging of the 12 wpc oesophagus graft after 4 and 9 wks of 
subcutaneous in vivo transplantation.  The oesophagus tissue (marked within the black circle) 

was dissected out and part of it was processed for histological analysis and another part for FACS 

analysis. Both after 4 and 9 wks in vivo samples were retrieved. After 4 wks in vivo limited 

vascularisation was noticed. However, after 9 wks in vivo, a network of vascularisation is evident, 

demonstrating good engraftment of the tissue (Scale bar = 0.5, 1 or 2 mm). 

 

From the FACS analysis conducted before and after transplantation for the 12 

wpc oesophagus, live cells were first gated on the CD45– CD31– population, were 

analysed for the expression of CD24, and two populations were generated 

(Figure 4.29). The proportion of CD24-positive and -negative cells was similar at 

grafting; however, after 4 wks in vivo, the CD24-positive population decreased 

prior to increasing again after 9 wks in vivo (Figure 4.29). The expression profile 

of each of the CD24 population was then analysed for both epithelial and 

mesenchymal markers. 
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Figure 4.29: FACS of the CD24 populations of freshly isolated human foetal oesophageal 
cells generated from a 12 wpc foetal sample at grafting and after 4 and 9 wks of 
subcutaneous in vivo transplantation. Isolated human foetal cells that were CD45– CD31– were 

gated on the CD24-negative population prior to be analysed for other markers. At grafting a similar 

proportion of CD24-negative and positive population was present however, after allowing the 
tissue to mature in vivo, the percentage of CD24-negative cells increased.  

 

In the CD24-negative fraction, after 9 wks in vivo, the CD24– EpCAM– CD49f– 

population had decreased in number and the majority of the cells have lost the 

expression of CD90 and CD73, which were present at grafting and after 4 wks in 

vivo (Figure 4.30). In addition, the CD24– EpCAM– CD49f+ population appeared 

after 4 wks in vivo and had increased in number by 9 wks in vivo (Figure 4.30). 

After 4 wks in vivo, this population (CD24– EpCAM– CD49f+) consisted mainly of 

CD90+CD73– cells, but after 9 wks in vivo, the cells within that population are 

CD90+CD73+ cells (Figure 4.30). From the CD24– EpCAM+ CD49f+ population, 

the number of events remains similar across all the timepoints, however the cells 

appear to have acquired a CD90+ phenotype after 9 wks in vivo, which was not 

present at grafting (Figure 4.30).  
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Figure 4.30: FACS of freshly isolated human foetal oesophageal cells from a 12 wpc foetal 
sample at grafting and after 4 and 9 wks of subcutaneous in vivo transplantation. Isolated 

human foetal cells that were CD45– CD31– were gated on the CD24-negative population and then 

gated based on the expression of EpCAM and CD49f. From the populations generated, cells were 

then further analysed for the expression of CD90 and CD73. 
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EpCAMlow CD49flow population, which was present at grafting, cells appear to 
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profile, which was also CD90 positive, after 9 wks in vivo (Figure 4.31). 
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Furthermore, cells in the CD24+ EpCAM+ CD49f+ population, which were negative 

for both CD90 and CD73, acquire a CD90 positive phenotype after 9 wks in vivo 

(Figure 4.31). Interestingly, even though I would expect that the population that 

was CD24+ EpCAM+ CD49f+, to have a mature epithelia phenotype and thus be 

negative for the mesenchymal marker CD90, it was noticed that after 9 wks in 

vivo all the populations present, including the aforementioned one,  were positive 

for the mesenchymal marker CD90 (Figure 4.31). Taken together, these data 

suggest that within this in vivo mouse model, the 12 wpc foetal oesophagus 

sample partially developed after in vivo transplantation. However, from the 

histological analysis and the populations generated by FACS the resulted 

oesophagi do not reflect or mimic the natural oesophageal development that we 

would expect based on previous analysis of human foetal oesophagi (See Figure 

4.12).  
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Figure 4.31: FACS of freshly isolated human foetal oesophageal cells from a 12 wpc foetal 
sample at grafting and after 4 and 9 wks of subcutaneous in vivo transplantation. Isolated 

human foetal cells, that were CD45– CD31–, were gated on the CD24 positive population and then 
gated based on the expression of EpCAM and CD49f. From the populations generated, cells were 

then further analysed for the expression of CD90 and CD73. 

 

Furthermore, the 14 wpc oesophagus piece engrafted subcutaneously, and 

appeared to be a healthy oesophagus of its stage with a stratified epithelium 

(Figure 4.32). After 8 wks in vivo, the epithelium of the transplanted foetal 

oesophagus was growing with a spherical morphology, as the lumen was closed 

(Figure 4.32 & 4.33). Cells in the border of the sphere make up for a structure 
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similar to the basal layer of the epithelium, whereas the cells filling up the sphere 

are more scattered (Figure 4.32).  

 

 
Figure 4.32: Histological analysis (H&E) of the 14 wpc oesophagus at grafting and after 8 
wks of subcutaneous in vivo transplantation.  The oesophagus tissue at 14 wpc and in 

particular the epithelium, had a healthy appearance for its stage. After 8 wks in vivo, the location 

of the epithelium and the oesophageal epithelial cells are still visible, however the lumen was 

closed and the cells grow in a sphere structure (Scale bars = 100 μm). 

 

 

 
Figure 4.33: Gross imaging of the 14 wpc oesophagus graft after 8 wks of subcutaneous 
in vivo transplantation.  The oesophagus tissue was dissected out and part of it was processed 

for histological analysis and another part for FACS analysis (Scale bar = 1 or 2 mm). 
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proportion of CD45– CD31– cells that were CD24 positive and negative was 

similar at grafting and after 8 wks in vivo (Figure 4.34). 

 

 
Figure 4.34: FACS of the CD24 populations of freshly isolated human foetal oesophageal 
cells generated from a 14 wpc foetal sample at grafting and after 8 wks of subcutaneous 
in vivo transplantation. Isolated human foetal cells, that were CD45– CD31–, were gated on the 

CD24 negative population prior to be analysed for other markers. At a similar proportion of CD24 

negative and positive population was maintained after 8 wks in vivo.  

 

In the CD24-negative fraction of the 14 wpc oesophagus, after 8 wks in vivo, the 

CD24– EpCAM– CD49f+ and CD24– EpCAM+ CD49f+ population had decreased 

greatly in numbers (Figure 4.35). The expression profile for CD90 and CD73 for 

the cells within these populations has however remained very similar (Figure 

4.35). Interestingly, after 8 wks in vivo, in the CD24– EpCAM+ CD49f+ population 

the majority of the cells were negative for both CD90 and CD73, compared to the 

time of grafting where heterogeneous populations are present (CD90– CD73–; 

CD90+ CD73–; CD90+ CD73+), thus representing a more mature epithelial 

phenotype (Figure 4.35). 

 

CD45- CD31- Cells

CD24

SS
C
-A

14 wpc + 8 wks in vivo14 wpc at grafting

70.3 26.4
67.6

26.8



 222 

 
Figure 4.35: FACS of freshly isolated human foetal oesophageal cells from a 14 wpc foetal 
sample at grafting and after 8 wks of subcutaneous in vivo transplantation. Isolated human 

foetal cells that were CD45– CD31– were gated on the CD24-negative population and then gated 

based on the expression of EpCAM and CD49f. From the populations generated, cells were then 

further analysed for the expression of CD90 and CD73. 
 

In the CD24-positive fraction, the expression profile of the cells is similar pre- and 

post-implantation apart from CD49f, which was expressed at a lower level 

(Figure 4.36). At grafting, a population of cells that was CD24+ EpCAMlow CD49f+ 

and CD90 positive appears to have shifted its CD49f expression to a lower level 

and have acquired a more mature epithelial phenotype, as the cells lose the 

expression of CD90, after 8 wks in vivo (Figure 4.36). In addition, in the CD24+ 

EpCAM+ CD49flow population, the CD90 positive population that was present at 

grafting was lost after 8 wks in vivo. In the CD24+ EpCAMlow CD49f+ population, 

all the cells are CD90 positive at grafting; however, a portion of cells that was 

CD90– CD73– appears after 8 wks in vivo (Figure 4.36).  
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Figure 4.36: FACS of freshly isolated human foetal oesophageal cells from a 14 wpc foetal 
sample at grafting and after 8 wks of subcutaneous in vivo transplantation. Isolated human 

foetal cells that were CD45– CD31– were gated on the CD24-positive population and then gated 
based on the expression of EpCAM and CD49f . From the populations generated, cells were then 

further analysed for the expression of CD90 and CD73. 

 

Finally, the 17 wpc oesophagus piece engrafted subcutaneously, and appeared 

to represent a healthy oesophagus of its stage with a stratified epithelium (Figure 

4.37). After 8 wks in vivo, the oesophagus piece continued to grow, despite the 

lumen being closed. This morphology did not permit the correct functionality of 

the epithelium though, as dead cells were trapped inside the closed oesophagus 

as it was evident by the white, viscous material released when the oesophagus 

piece was cut (Figure 4.38). From the histological analysis, patches of epithelial 

cells growing in a sphere morphology were still present after 8 wks in vivo and 

cells in the border of the sphere were compact, small and round similar to ones 

found in the basal layer of the epithelium whereas the cells filling up the sphere 
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were more scattered (Figure 4.37). Importantly though, 8 epithelial colonies were 

derived in culture after isolation, and the cells could be expanded for at least three 

passages (data not shown). 

 

 
Figure 4.37: Histological analysis (H&E) of the 17 wpc oesophagus at grafting and after 8 
wks of subcutaneous in vivo transplantation. The oesophagus tissue at 17 wpc and in 

particular the epithelium, had a healthy appearance for its stage. After 8 wks in vivo, the location 

of the epithelium and the oesophageal epithelial cells are still only partially visible. Two small 

patches of a closed lumen with epithelial cells growing in a sphere are scattered in the tissue 

analysed (Scale bars = 100 μm). 

 

 
Figure 4.38: Gross imaging of the 17 wpc oesophagus graft after 8 wks of subcutaneous 
in vivo transplantation. The oesophagus tissue was dissected out and part of it was processed 
for histological analysis and another part for FACS analysis. When the tissue was cut in half a 

white, viscous material was released, possibly from dead cells (pointed with a red arrow) (Scale 

bar = 1 or 2 mm). 
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From the FACS analysis conducted before and after transplantation the 

proportion of CD45– CD31– cells that were CD24 positive and negative was 

similar at grafting and after 8 wks in vivo (Figure 4.39).  

 

 
Figure 4.39: FACS of the CD24 populations of freshly isolated human foetal oesophageal 
cells generated from a 17 wpc foetal sample at grafting and after 8 wks of subcutaneous 
in vivo transplantation. Isolated human foetal cells that were CD45– CD31– were gated on the 
CD24-negative population prior to be analysed for other markers. At a similar proportion of CD24 

negative and positive population was maintained after 8 wks in vivo.  

 

In the CD24-negative fraction of the 17 wpc oesophagus, after 8 wks in vivo, the 

CD24– EpCAM– CD49f+ and CD24– EpCAM+ CD49f+ population had significantly 

decreased in numbers (Figure 4.40). Cells within the CD24– EpCAM– CD49f+ 

population are in majority negative for CD90 and CD73; however, there was a 

population that was composed of CD90+ CD73+ cells (Figure 4.40). Interestingly, 

in the CD24– EpCAM– CD49f+ population, the majority of the cells are double-

positive for CD90 and CD73, and the population that was negative for CD73 at 

grafting was lost after in vivo transplantation (Figure 4.40). In the CD24– EpCAM+ 

CD49f+ population the cells have lost the CD90+ population and after 8 wks in 

vivo have a CD90low CD73–/low expression.  
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Figure 4.40: FACS of freshly isolated human foetal oesophageal cells from a 17 wpc foetal 
sample at grafting and after 8 wks of subcutaneous in vivo transplantation. Isolated human 

foetal cells that were CD45– CD31– were gated on the CD24-negative population and then gated 

based on the expression of EpCAM and CD49f. From the populations generated, cells were then 

further analysed for the expression of CD90 and CD73. 
 

In the CD24-positive fraction, the expression profile of the cells is similar pre- and 

post-implantation; apart from the appearance of two subpopulations within the 

EpCAMlow population that have a high or low expression of CD49f (Figure 4.41). 

At grafting, a population of cells that was CD24+ EpCAMlow CD49f+ and CD90 

positive appears to have partially shifted its CD49f expression to a lower level but 

remain CD90 positive (Figure 4.41). The remaining cells in the CD24+ EpCAMlow 

CD49f+, after 8 wks in vivo, have acquired a CD90+ CD73low expression, which 

was not present at grafting. In addition, in the CD24+ EpCAM+ CD49flow population, 

the CD90 positive population that was present at grafting was lost after 8 wks in 

vivo, and all the cells appear to be moving towards a negative expression for 
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CD90 and CD73 after 8 wks in vivo (Figure 4.41).  In summary, within this in vivo 

mouse model, these data suggest that the foetal oesophagi samples partially 

developed. However, the oesophageal maturation observed appears to be a lot 

more complicated and does not mimic the natural oesophageal development that 

we would expect, based on previous analysis of human foetal oesophagi (See 

Section 4.2).  

 

 
Figure 4.41: FACS of freshly isolated human foetal oesophageal cells from a 17 wpc foetal 
sample at grafting and after 8 wks of subcutaneous in vivo transplantation. Isolated human 

foetal cells that were CD45– CD31– were gated on the CD24-positive population and then gated 

based on the expression of EpCAM and CD49f. From the populations generated, cells were then 

further analysed for the expression of CD90 and CD73. 

 

Since the subcutaneous transplantation resulted in the lumen of the oesophagus 

in all cases to close, a different methodological approach was attempted, were a 

thin circular slice of foetal tissue was transplanted under the kidney capsule of 
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oesophagus transplanted under the kidney capsule of a mouse demonstrated the 

ability of the immature oesophageal tissue (composed of 2-3 layers of cells) to 

grow in vivo and give rise to a stratified oesophageal epithelium (composed of 7-

9 layers of cells) that maintained its identity (Figure 4.42). Highly proliferative 

cells were found in the basal layer of the oesophagus both at grafting and after 

in vivo maturation (Figure 4.42). The cell adhesion molecule E-Cadherin was 

also expressed throughout the newly developed epithelium (Figure 4.42).  Cells 

in the basal layer were negative for the basal CK marker CK14 at 11 wpc, but 

after in vivo transplantation some basal cells started to be positive for CK14 

(Figure 4.42). Cells in the suprabasal layers of the epithelium were positive for 

CK13 at 11 wpc, and retained this pattern after 4.5 wks of in vivo maturation, 

were the epithelium stratified (Figure 4.42). Interestingly, the cells have retained 

their identity and the differentiated squamous cells continued to detach from the 

epithelium (Figure 4.42). However, since the oesophagus was not in the right 

location, the cells were trapped and collected in the lumen (Figure 4.42). Since 

the piece grafted was very small, it was used only for histological analysis.   
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Figure 4.42: Immunohistochemistry analysis of an 11 wpc human foetal oesophagus at 
grafting and after 4.5 wks in vivo under the kidney capsule. The basal layer was rich in 

proliferating cells that express Ki67 (red) both at 11 wpc and after 4.5 wks in vivo. E-Cadherin, a 

pan-epithelial marker, was expressed in all the layers of the oesophagus. Cells in the suprabasal 

layers were positive for CK13 (green), a cytokeratin associated with differentiated epithelia cells. 

CK14 (red), a basal cytokeratin marker, was not yet expressed at 11 wpc but started to be 

expressed by a small portion of cells after 4.5 wks in vivo. Cell nuclei were stained with DAPI 

(blue) (Scale bar = 50 μm). 
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4.6. Discussion  

 
Main Findings 

 

Studying the human foetal oesophageal epithelium during its development can 

provide great insights into how and when oesophageal epithelial stem cells 

develop and what characteristics they acquire. The results presented in this 

chapter describe the appearance and maturation of the distinct populations 

existing in the human oesophageal epithelium as we know it from the postnatal 

oesophagus (Figure 4.43; See also Chapter 3; Figure 3.43). Studying these 

populations in detail allowed us to identify the characteristics and possible 

location of the cells with the highest clonogenic capacity from early on during 

development and thus assisted in the greater understanding of the postnatal 

oesophageal epithelium.  

 



 231 

 

Figure 4.43: Schematic illustration of the distribution of markers expressed within the 
human foetal oesophageal epithelium during development. In general, across all stages (9- 

20 wpc) basal cells are positive for the basal cytokeratin marker CK5, but negative for its 
homodimer CK14, are highly proliferative (Ki67+), express integrin α6 (CD49f) and the 

transcription factors p63, and Sox2, known to be important for epithelial stratification and 

development. In the suprabasal layers, cells are positive for CK8, a marker associated with 

secretory epithelia, CK13, a marker associated with differentiated cells, the surface markers, 

EpCAM and CD24, and the nuclear marker KLF4, which is associated with differentiation. With 

regards to the differences among the different stages: (A) Up to 9 wpc the human oesophageal 

epithelium is simple columnar and the marker distribution is not very discrete. (B) Between 10 

and 13 wpc, the oesophageal epithelium is composed of a few layers of cells and proliferative, 
p63 positive cells are distributed both in the basal and in the suprabasal layers (scattered). (C) 

Between 14 to 20 wpc, the oesophageal epithelium is characterised as a stratified squamous 

epithelium, and cells in the epibasal layers have a dim expression of CD49f and EpCAM and in 

the suprabasal layers scattered CK8 positive cells are also still present (Image illustration created 

using Biorender.com). 
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The development and characteristics of the human oesophageal epithelium  

 

The postnatal oesophageal epithelium consists of approximately 20 to 30 layers 

of cells, which express different subsets of surface and nuclear markers, and 

allow us to distinguish and classify them on the basis of their location (basal, epi-

basal and suprabasal layers) (See Chapter 3; Figure 3.43). During foetal 

development, I studied how the oesophageal epithelium develops from a single 

layer of cells to give rise to this multi-stratified non-keratinized squamous 

epithelium. The histological results obtained from the different stages exemplified 

how the epithelium slowly matures and after 11 wpc all the layers including the 

muscle start to develop.  

 

Immunohistochemistry analysis of the different oesophageal foetal stages, 

ranging from 9 wpc to 20 wpc, confirmed the presence of distinct layers in the 

foetal epithelium that slowly acquire the characteristics of the postnatal 

oesophagus (See Chapter 3; Figure 3.43). These regions have been identified 

by differential expression of cell markers in the epithelium during development. 

Specifically, the basal layer exemplified unique characteristics compared with the 

postnatal oesophagus, as it was positive for CK5 but not CK14, and p63-positive 

and proliferating cells were restricted in the basal layer of the epithelium (Figure 

4.43 & See also Chapter 3; Figure 3.43).  

 

Interestingly, Sox2, a transcription factor important for maintaining self-renewal 

of stem cells in the murine oesophagus (Rosekrans et al., 2015; Liu et al., 2013), 

was specific to the cells in the basal layer of the developing human oesophageal 
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epithelium (Figure 4.7 & See also Chapter 1; Section 1.4). However, in the 

postnatal human oesophagus, Sox2 was expressed in all the layers of the 

epithelium apart from the basal layer (Figure 4.8). This differential gene 

expression profile observed between the foetal and postnatal human oesophagus 

needs to be further evaluated. Understanding this differential gene expression 

pattern, could provide useful insights on the biology of the cells and the 

differences cells located in the basal layer acquire as they develop. Importantly, 

it could assist in unravelling the prolife of human oesophageal stem cells. On that 

respect, a recent study, using induced pluripotent stem cells, demonstrated the 

importance of Sox2 in oesophageal specification (Trisno et al., 2018), further 

highlighting the crucial role of Sox2 and the importance of understanding its role 

in oesophageal development but also homeostasis.   

 

Additionally, the expression of KLF4 and KLF5, two additional transcription 

factors known to be important for the regulation of the proliferation state and 

homeostasis of different types of epithelia such as the intestinal epithelium and 

the skin, have been previously evaluated by others in the developing 

oesophageal epithelium (Conkright et al., 1999; and Segre et al., 1999). The 

results from this study confirm the expression of KLF4 by differentiated cells that 

are also CK13 positive as early as 9 wpc (Figure 4.43) (McConnell et al., 2007). 

KLF5, a marker associated with the active proliferating cells, which was expected 

to be expressed in the basal layer of the epithelium, did not work in our study in 

the immunohistochemistry analysis due to a technical failure. Therefore, based 

on the results from this study I cannot confirm whether KLF5 expression pattern 
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is associated by basal proliferating cells in the human developing oesophagus 

(McConnell et al., 2007; Goldstein et al., 2007).  

 

Looking at a subset of functional markers, it was demonstrated that human foetal 

oesophageal epithelial cells express a different pattern of surface markers along 

the non-keratinizing squamous epithelium, which was similar to the pattern 

obtained from the postnatal oesophagus (Figure 4.43 & See also Chapter 3; 

Figure 3.43). Human foetal oesophageal epithelial cells  lining the basal lamina 

of the oesophagus highly express alpha-6 integrin (CD49f), while cells have no 

or low expression of alpha-6 integrin in the epibasal layers. EpCAM, on the other 

hand, was negative or low in the basal layer, but cells started to express it in the 

first few epibasal layers before it gets down-regulated again. Finally, CD24 was 

expressed only in the suprabasal layers of the oesophageal epithelium, although 

its pattern of expression was peculiar, with the protein being present along the 

cellular membrane and organised in clusters. This expression profile, which was 

present from the early stages of oesophageal development (9wpc), can help 

predict and explain the different behaviour of the epithelial cells, based on their 

localization. Therefore, this set of surface markers was used again to 

prospectively isolate the different subpopulations, aimed at retrieving basal, 

epibasal, and suprabasal cells, and their associated characteristics.    
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Prospective isolation and in vitro expansion of HuFeOEC populations 

provided insights into stem cell origin and characteristics 

 

As I have discussed in the previous chapter, despite knowledge of the 

maintenance of several epithelia such as the skin and the intestine, little is known 

about the homeostasis and behaviour of the epithelial cells in the oesophagus 

(See Chapter 3). Conflicting papers about how the turnover of the oesophageal 

epithelium occurs have been published (See Chapter 1; Section 1.3) (Doupé et 

al., 2012; and Barbera et al., 2014). Briefly, according to a mathematical model 

in mice during oesophageal homeostasis, a single progenitor cell population 

divides with equal probabilities to generate progenitor and differentiated daughter 

cells; and upon injury, switches its expression profile to promote the generation 

of proliferative progenitor daughter cells until complete re-epithelialization (Doupé 

et al., 2012). In contrast, another study looking at the human oesophagus 

suggested that the clonogenic potential of the cells in vitro that is responsible for 

tissue repair and maintenance is not confined to a distinct cell population confined 

in the basal layer, but includes also committed and differentiated cells (Barbera 

et al., 2014). However, the question of whether all the cells of the epithelium have 

equal potency or whether there is a specific sub-population of cells that is 

responsible for the homeostasis of the epithelium still remains unclear. Based on 

my hypothesis and data, however, I suggest that oesophageal epithelial cells 

have a differential growth potential and thus do not all have the same potency but 

that cells with stem cell properties may be distributed among the different layers. 

In addition, in the field there is a lack of information in relation to human foetal 

oesophageal epithelium development and the majority of the studies are related 
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to the murine oesophageal development. This part of the study aimed to identify 

the location and characteristic identity of stem cells in the human oesophagus.  

 

Based on the immunohistochemistry data, CD49f-positive, EpCAM-negative, and 

CD24-negative cells correspond to the subpopulation of cells located in the basal 

layer of the oesophageal epithelium; thus it is expected that the most clonogenic 

cells should be isolated from this population. Based on the FACS analysis 

conducted, this population appeared after 14 wpc and slowly increased in 

cellularity as the oesophagus developed. In addition, CD24– EpCAM+ CD49f+ 

cells, found in the first few epibasal layers, which presumably consist of a 

population of progenitor cells, seem to appear as early as 11 wpc (Figure 4.11). 

Preliminary results from this study suggest that the CD24– EpCAM+ CD49f+ cell 

population is fundamental for the maintenance of the oesophageal epithelium, 

and is enriched for the most clonogenic cells. The CFE of this culture 

demonstrated a high number of healthy and large colonies, consisting of small 

cells, and the culture was sustained for the longest time in culture (at least 30 

days). Importantly, this population increases in number as the foetal oesophagus 

develops and is maintained in the postnatal oesophagus, where based on my 

results it has a key role in the preservation of the oesophageal epithelium, as it is 

the most clonogenic population (See Chapter 3). The differential growth potency 

of the cells described could be correlated to the expression profile of Ki67+p63+ 

cells, which are however restricted in the basal layer in the foetal oesophagus 

compared with the postnatal oesophagus were Ki67+p63+ cells are found also in 

the epibasal layers (Figure 4.43 & See also Chapter 3; Figure 3.43). Importantly, 

as it has been demonstrated by murine knockout models, the transcription factor 
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p63 is one of the key factors involved in the maintenance of the stratification of 

the epithelium (Daniely et al., 2004). Nevertheless, based on our results, it is not 

until approximately 15 to 16 wpc that a stable culture can be isolated, expanded, 

and maintained in our culture system. Before that time, the biological process of 

epithelial-to-mesenchymal transition (EMT) was observed in our foetal cultures. 

This process is characterised by a change of cell morphology, were epithelial 

cells (round, small cells) obtain a fibroblast-like morphology (Lamouille et al., 

2014; Zhang et al., 2017). The EMT phenomenon could happen in the foetal 

epithelial culture as the plasticity of these cells is extremely high. It is yet unclear 

though which biological factors can lead to this EMT, but one possible factor 

involved is the culture condition and the growth factors the cells are exposed to. 

 

 Finally, in the postnatal oesophagus in the CD24-positive fraction of cells, only 

one population exists that is CD24+ EpCAM+ CD49flow and based on my results, 

I believe it contains the most differentiated cells of the oesophageal epithelium. 

However, the FACS analysis conducted in the foetal oesophagus demonstrated 

three distinct populations with a differential expression for both EpCAM and 

CD49f. The additional populations appear to have a more immature phenotype 

as they consist mainly of cells that are positive for the mesenchymal marker CD90. 

In fact, mesenchymal cells were successfully isolated from these populations and 

their characteristics profile were assessed. HuFeMOC expressed markers from 

a smooth muscle lineage, markers expressed by pericyte cells and were also 

positive for skeletal muscle differentiation markers. Nevertheless, these 

populations appear to be transitioning to a mature phenotype when they become 

CD24+ EpCAM+ CD49flow, as that cell population is negative for CD90. The pool 
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of cells isolated from these subsets of markers had, however, the lowest plating 

efficiency of growing colonies and also had a more limited long-term proliferation 

capacity.  

 

Mimicking the maturation of the human foetal oesophageal epithelium 

using an in vivo mouse model  

 

In order to take this a step further, allowing human foetal oesophagi to mature in 

vivo, under a controlled system where a developed but healthy epithelium could 

arise, was attempted in this study. This could have a major impact in the field as 

it might permit the expansion and study of a large batch of samples containing 

pure oesophageal epithelial stem cells, without relying on postnatal samples. 

More advanced developmental stages could be developed in the laboratory and 

thus allow us to address deeper biological questions within a human oesophageal 

development.  

 

From the histological analysis conducted, it is evident that the oesophageal tissue, 

which successfully engrafted had the morphological appearance of a healthy 

oesophagus for the corresponding developmental stage at transplantation. 

However, after in vivo maturation, even though the transplanted oesophagus was 

able to grow, the lumen of the oesophagus closed and the cells were growing in 

a sphere. This morphology did not permit the correct functionality of the 

epithelium, as dead cells were trapped inside the closed oesophagus. Therefore, 

while FACS analysis demonstrated an appropriate maturation of populations, the 

model needs to be advanced further to achieve better results. In an attempt to 
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improve this model, a foetal oesophagus was transplanted under the kidney 

capsule, where it matured and maintained its identity. Even though this model 

produced promising results, it still did not permit the physiological appearance of 

the oesophagus as an accumulation of dead cells was still noticed in the lumen. 

Nevertheless, potentially, a slower development would be expected but since the 

tissue is already vascularised and contains the cellular components necessary to 

develop, this approach could be advantageous to study and understand further 

the biology of oesophageal epithelial stem cells. 

 

Conclusion 

  

In conclusion, in this chapter I demonstrated that HuFeOEC can be isolated and 

give rise to a robust culture after 15 to 16 wpc during development. When sorted, 

cells from all the layers within the oesophageal epithelium can give rise to distinct 

cultures with a differential growth potency. Sorted cells are also more robust and 

less prone to EMT compared to the bulk culture. The exact location of stem cells 

still remains unclear however progress has been achieved due to the specific 

pattern of transcription factors such as p63 and Sox2, which are known to have 

a crucial role in the murine oesophageal development. This information will be 

fundamental for understanding the biological mechanism underneath the 

maintenance of the oesophageal epithelium. In the following chapter, we will aim 

to investigate the application of the knowledge obtained from the study of 

oesophageal epithelial cells to provide a novel therapeutic treatment for 

oesophageal disorders through tissue engineering. 
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Chapter 5: 
 

Reconstructing the Oesophageal 

Epithelium for Tissue Engineering* 

 
 
 
 
(*) Part of the work presented in this chapter was part of a collaborative study 

with Luca Urbani, Carlotta Camilli, and Dipa Natarajan, and was published in 

Nature Communications (Urbani et al., 2018). 
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5.1. Introduction 

 

Tissue engineering (TE) combines autologous stem/progenitor cells and acellular 

three-dimensional scaffold matrices in order to create new biological substitutes 

that could be implanted into patients (Langer and Vacanti, 1993). Reconstructing 

an oesophagus through TE could provide a therapeutic alternative for the 

replacement or augmentation of the oesophagus for patients with oesophageal 

pathologies, where an oesophageal replacement is needed. However, rebuilding 

an oesophagus is not trivial and there are a number of challenges that need to 

be addressed before this approach becomes clinically available. The oesophagus 

consists of unique anatomical features, cell types and physiological 

characteristics, all of which are required for a full functional recovery (Badylak et 

al., 2012). Therefore, in order to recreate a tissue engineered oesophagus the 

optimal scaffold and the right source of cells, as well as the complete 

vascularisation of the organ, need to be addressed.  

 

In the previous chapters, I highlighted that different oesophageal epithelial cell 

populations exist within the human oesophagus, and demonstrated their 

differential growth potential (Chapter 3). In addition, I attempted to track the origin 

and characteristics of oesophageal epithelial stem cells during human foetal 

development, and demonstrated that epithelial cells exemplify different 

characteristics as they develop compared to the postnatal oesophagus (Chapter 

4). In this chapter, I present the significance of the aforementioned information 

regarding the biology of oesophageal epithelial cells (i.e. identifying the right 

source of cells), which can be used to successfully reconstruct a functional 
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epithelial barrier within a tissue engineered oesophagus and therefore can be 

used clinically for oesophageal diseases that require an oesophageal 

replacement. 

 

Another essential factor for the reconstruction of a functional tissue engineered 

oesophagus plays the scaffold, which acts as a model for cell distribution, 

organisation and growth for tissue development (Tan et al., 2012). Decellularised 

scaffolds can be obtained both by natural or synthetic materials (See Chapter 1; 

Section 1.5). Our approach to develop constructs for TE involves the use of 

natural decellularised scaffolds. To obtain natural decellularised scaffolds, 

human or animal tissue from cadavers are processed using a combination of 

solutions to remove all the cellular components, while preserving the ECM 

consistency and architecture (Totonelli et al., 2012). The acellular product could 

then be used as a natural template where cells can grow, organise and 

differentiate to form a new organ. The use of natural decellularised scaffolds has 

numerous advantages including the preservation of the microarchitecture of the 

organ, and the absence of immune rejection due to the removal of all cellular 

components (Totonelli et al., 2012). Decellularised natural scaffolds have already 

been clinically used with some success in the reconstruction of tubular organs 

such as the urethra and trachea, or reservoir organs like the bladder (Atala et al., 

2006; Baiguera et al., 2010; Raya-Rivera et al., 2011) (See Chapter 1; Section 

1.5). Following the successful decellularisation of the scaffold, all cellular 

components need to be reintroduced in the extracellular matrix (ECM) to restore 

and maintain its normal function. This is a very crucial step in the field of 

regenerative medicine as the quality of the cells, which form the building blocks 
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of the tissue, will determine the long-term functional capacity of the newly formed 

organ. Therefore, carefully studying and choosing the right cells it is of key 

importance.  

 

In this work I am focusing on the reconstitution of the epithelial compartment of 

the oesophagus. Identifying the desirable epithelial cell population characteristics 

is fundamental in order to be able to reconstruct the oesophagus accurately and 

efficiently. This advancement would allow the isolation of this specific 

compartment of cells directly from the patient, their expansion in vitro, and finally 

their use to repopulate the epithelium over the luminal part of an oesophageal 

scaffold. The seeded scaffold could then be kept in vitro until the reconstitution 

process of the tissue is complete, before it can be used for transplantation. In this 

chapter, experiments designed to address the ability of oesophageal epithelial 

cells, both rat and human, to reconstruct a functional oesophageal epithelium 

over the luminal surface of a decellularised scaffold are presented.  

 

5.2. Generation of Acellular Oesophageal Scaffolds and 

Cell Seeding 

 

Rat oesophageal scaffolds were decellularised using a detergent-enzymatic 

treatment (DET) protocol that was previously established in the De Coppi group, 

which aims to remove all cellular components while preserving the chemistry, 

porosity and architecture of the native organ (Totonelli et al., 2013). Solutions 

were delivered through the lumen of the oesophagus by a continuous flux 

(1ml/min). After two cycles of DET, complete decellularisation was achieved: 
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macroscopic changes, such as the transparency of the scaffold due to the loss of 

all cellular components, were evident after the completion of decellularisation, 

and complete removal of cells was confirmed by histological analysis (Figure 5.1). 

Oesophageal scaffolds were then slit opened, the mucosa was removed, and the 

scaffolds were cut into smaller pieces (~0.5 cm2), in order to generate flat-open 

scaffolds, where epithelial cells were seeded (Figure 5.2).  

 

Figure 5.1: Macroscopic and microscopic examination of the process of decellularisation 
of rat oesophagi. (A) Representation of the fresh versus decellularised rat oesophageal scaffold. 

It is evident by the transparency of the decellularised organ that all cellular components have 

been removed. (B) Cryostat section of fresh rat oesophagus scaffold in cross section, stained 

with H&E. (C) Two cycles of DET effectively generate an acellular scaffold, while maintaining the 

ECM and architecture of the native organ (Scale bar = 100 μm).  
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Figure 5.2: Representation of the seeding of epithelial cells over the luminal surface of 
decellularised rat oesophagi. Tubular decellularised rat oesophagi were opened, the mucosa 

was removed, and the scaffold was cut into smaller pieces (~0.5 cm2), under sterile conditions, 

in order to generate flat open scaffolds were the oesophageal epithelial cells were seeded (Scale 

bar = 5 mm).  

 

In order to become viable and clinically relevant, after effective decellularisation 

of an oesophagus, the right conditions for oesophageal epithelial cells to colonize 

the whole scaffold is important for the regeneration of the lost function of the 

organ. Therefore, it was critical to obtain the right density of cells required to 

adhere, proliferate and differentiate. In order to determine whether the right 

density of cells was seeded on the acellular scaffolds (See Chapter 2; Section 

2.8; Table 2.8), MTT viability assay analysis was performed. Viable cells reduce 

MTT to a purple coloured product (Formazan) that allows visualizing the 

engrafted cells.  

 

Following the determination of the right density (See Chapter 2; Section 2.8; 
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Table 2.8), oesophageal epithelial cells were seeded on the luminal part of 

acellular rat oesophageal scaffolds and were kept in culture for up to 2 weeks, to 

allow cell attachment, proliferation and differentiation. Scaffolds were then 

analysed for the expression of a variety of epithelial markers including the pan-

epithelial marker E-Cad, basal epithelial marker CK5/14, differentiation marker 

CK13, tight junction marker ZO-1, the proliferation marker Ki67 and the 

transcription factor p63 (See Chapter 3; Figure 3.3). 

 

5.3. Seeding of Rat Oesophageal Epithelial Cells on a 

Decellularised Rat Oesophageal Scaffold in Vitro 

 

In order to become viable and clinically relevant, the tissue engineered 

oesophageal construct needs to be repopulated with all the different cell types 

(muscle, neuron and epithelial cells) to allow the regeneration of the lost function 

of the tissue (Urbani et al., 2018). In this study, the optimal conditions for 

oesophageal epithelial cells to colonize the luminal surface of a decellularised 

oesophageal scaffold were established.  

 

As a first step in the regeneration of a functional oesophageal epithelium for a TE 

approach, rat oesophageal epithelial cells (ROEC) were isolated, characterised 

and seeded over the luminal surface of a decellularised oesophagus to determine 

the feasibility of this approach. Following oesophagus harvesting from adult 

Sprague-Dawley male rats, ROEC were isolated and cultivated in cFAD medium 

over lethally irradiated 3T3 feeder layer (See Chapter 2; Section 2.2.3). ROEC 

with growing capacity were recognised by the appearance of small round 
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epithelial colonies, similar to HuOEC (Figure 5.3 & See Chapter 3; Section 3.3). 

Cells within the colonies were highly proliferative, p63 positive and E-Cad positive 

(Figure 5.3). CK14 was expressed in the basal and proliferating layer of the 

colonies, but as ROEC started to differentiate, they expressed CK13 (Figure 5.3). 

Interestingly, ROEC differentiation occurred earlier in culture (day 4) compared 

to HuOEC that required more time (day 7) before CK13-positive cells were 

detected in culture (Figure 5.3 & See Chapter 3; Figure 3.7-3.8). Independent 

cultures were obtained consistently from different animals (n=6).  

 

 

 

 

 

 

 

   

Figure 5.3: Phase contrast image and immunocytochemistry analysis of ROEC in culture. 
(a.) ROEC grow and expand by forming small round colonies on a 3T3 lethally irradiated feeder 

layer. (Scale bar = 100 μm). (b.) ROEC were grown and expanded in culture, before they were 
fixed and stained with a variety of markers. ROEC in the colonies are highly proliferative (Ki67+), 

and express the transmembrane protein E-Cad. (c.) Small portions of ROEC, mainly in the middle 

of the colony, have differentiated and expressed CK13, whereas the rest of the cells are positive 



 248 

for the basal cytokeratin marker CK14 (red). (d.) CK14 (red) was expressed by cells within the 

colony that were also positive for p63 (green). Cell nuclei were stained with DAPI (blue) (Scale 

bar = 66 μm). 

 

Growth potential of ROEC was determined by the quantification of the total 

number of cells in a defined area at different time points. Within 24-well plates, 

100 or 300 ROEC were plated per well. Cells were allowed to adhere and grow 

before they were fixed and stained with anti-CK14 antibody and DAPI. ROEC 

grow in an exponential manner: the sigmoid curve illustrates that cells in the first 

three days grow at a slow rate (lag phase), and then the proliferation rate of cells 

increases (exponential phase) until they reach confluence (Figure 5.4). At that 

stage a negative acceleration would be evident and a plateau would be reached 

(data not illustrated).  
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Figure 5.4: ROEC growth curve. Initially 100 (¨) or 300 (×) ROEC per well were plated in a 24-

well culture plate. At different time points (Day 1, 3, 5 and 7), cells were fixed and stained with 

anti-CK14, and DAPI. The number of CK14+ ROEC was counted at each time point and the results 

are illustrated in the graph. In the first three days, cells grow with a slow rate (lag phase). After 

three days, culture medium was supplemented with hEGF (10 ng/ml, PeproTech) and the growth 

of the cells accelerates (exponential phase) until day 7. Values represent the mean ± s.d. (n=2). 

 

In addition, the average population doubling time (DT) calculated was 

approximately 18 to 19 hours (Animal cell culture guide, 2014). ROEC could be 

sub-cultured weekly for at least two months, and had on average a 10-15% CFE 

(Figure 5.5).  
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Figure 5.5: Colony forming efficiency assay of ROEC (Passage V). Cells were plated (100 or 

300 ROEC) in 60 mm dishes and kept in culture for 12 days before they were stained with 

Rhodamine B to assess the quality of the culture. Only a portion of ROEC had the ability to adhere, 
proliferate and was able to give rise to distinctive colonies. From 100 ROEC plated, approximately 

9% of those cells are able to attach and proliferate whereas when 300 ROEC were plated 

approximately 10% give rise to distinct colonies (large, small and aborted) (n = 6; Scale bar = 1 

cm). 

 
 

ROEC were kept in culture for four days before they were seeded on the luminal 

part of the acellular oesophageal scaffold (n = 4). Cells were given hEGF (10 

ng/ml, PeproTech) the day before seeding to ensure their maximum proliferative 

capacity at seeding. The optimum seeding density for ROEC, in order for the cells 

to attach and migrate on the scaffold provided, is 1.3 x 105 cells/cm2, as 

demonstrated by the MTT analysis (Figure 5.6 & See also Chapter 2; Section 

2.8; Table 2.8). After three days of cultivation, ROEC have covered most of the 

available space, are proliferating and start stratifying (Figure 5.6 & 5.7).  
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Figure 5.6: MTT cell viability assay of ROEC seeded on the luminal part of decellularised 
oesophageal scaffolds up to two weeks of in vitro cultivation. The density of ROEC seeded 

was 1.3x105 cells/cm2. Cells were able to attach and migrate on acellular scaffolds for up to 2 
weeks in vitro.  Cells cover almost all the available area of the scaffold after three days of 

cultivation.  Viable cells are coloured in purple. An unseeded scaffold was used as negative 

control (Scale bar = 2 mm (top) and 250 μm (bottom)).  

 

 

 
 
Figure 5.7: Histological analysis of ROEC seeded on the luminal part of decellularised 
oesophageal scaffolds after 3 days of cultivation. ROEC formed a monolayer of highly 

proliferative cells (Ki67+) that were positive for the basal cytokeratin marker CK14. The black 
dotted line is used to distinguish the epithelium (basal layer) from the underlying muscularis 

mucosa and the muscularis mucosa from the muscularis externa. Abbreviations: E- Epithelium; 

MM- Muscularis Mucosa; ME- Muscularis Externa (Scale bar = 100 μm).  

 

Immunohistochemistry analysis of ROEC seeded on acellular scaffolds showed 

that ROEC retain their identity, as they resemble features of the native rat 

oesophagus (Figure 5.8), and are able to proliferate, migrate and stratify on the 

luminal surface of the oesophageal scaffold after two weeks in vitro (Figure 5.9).  
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Proliferating cells, identified by the expression of Ki67, were detected mainly in 

the basal layer, mimicking the structure of the native organ (Figure 5.8 & 5.9). 

Moreover, ROEC were able to stratify, as it was evident by the loss of the basal 

keratinocyte marker CK14 and the expression of CK13 in the upper layers, similar 

to the native oesophagus (Figure 5.8 & 5.9). The transmembrane protein, E-Cad 

was expressed throughout the oesophageal epithelium (Figure 5.8 & 5.9). The 

tight junction protein ZO-1 was also detected in the upper layer of the newly 

formed epithelium resembling the native tissue (Figure 5.8 & 5.9).  

 

  

Figure 5.8: Architectural organisation of rat oesophageal epithelial cells in the native 
oesophagus of a 6 week old rat. (a.) The basal layer was rich in proliferating cells that expressed 

Ki67 (red). E-Cad (green) is a pan-epithelial marker and was expressed in all the epithelium layers 

of the oesophagus. (b.) As cells grow and differentiate, they start to stratify towards the lumen of 

the oesophagus, and give rise to the squamous stratified epithelium. Differentiated cells are found 
in the upper layer of the oesophagus and expressed CK13 (green), whereas CK14 (red) was 

expressed mainly in the basal layer of the oesophagus. (c.) The tight junction protein ZO-1 (red) 

was expressed in the upper layer of the oesophageal epithelium. Cell nuclei were stained with 

DAPI (blue). The white dotted line is used to distinguish the epithelium from the underlying 

muscularis mucosa. Abbreviations: L- Lumen; E- Epithelium; MM- Muscularis Mucosa (Scale bar 

= 50 μm). 
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Figure 5.9: Immunohistochemistry analysis of ROEC seeded on the luminal part of 
decellularised oesophageal scaffolds after 14 days of cultivation. (a.) ROEC retain their 

identity and are able to proliferate, migrate and stratify on the luminal part of the scaffold after two 

weeks in vitro. Proliferating cells, identified by the expression of Ki67, were detected mainly in the 

basal layer, mimicking the structure of the native organ. (b.) ROEC were able to stratify, as it was 

evident by the loss of CK14 and the expression of CK13 in the upper layers of cells. (c.) ROEC 

in the upper layer of the newly formed epithelium are positive for the tight junction protein ZO-1 

(red). Cell nuclei were stained with DAPI (blue) (Scale bar = 50 μm). 

 

To establish the conditions to perform the seeding on tubular decellularised 

scaffolds, ROEC were also seeded on the luminal part of tubular oesophageal 

scaffolds at a density of 2.6 x 105 cells/cm2, within a bioreactor, and cultured for 

three days (n = 3) (See Chapter 2; Section 2.8; Table 2.8). The bioreactor, which 

is composed of three different parts: 1) a glass chamber, to allow both sterilisation 

and visual monitoring of the sample within, 2) a reservoir, to ensure medium 

circulation, and 3) a speed roller pump, to create a continuous flow, was used in 

preparation of the seeding of all cellular components (human mesoangioblasts, 

mouse fibroblasts, mouse neural crest cells, and ROEC) under a controlled 

environment (Urbani et al., 2018) (See Chapter 2; Section 2.8; Figure 2.2). Upon 

harvesting, cultivated ROEC were delivered to the lumen of the scaffold using a 

tube and after three days of cultivation within the bioreactor, ROEC have 

successfully adhered, migrated and partially stratified along the tubular scaffold 

(Figure 5.10). Immunohistochemistry analysis of ROEC seeded on tubular 
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scaffolds showed that ROEC retain their identity (CK14+ and E-Cad+) and are 

highly proliferative (Ki67+), and positive for the transcription factor p63 after three 

days in vitro.  

 

 

Figure 5.10: Histological analysis of ROEC seeded on the luminal part of decellularised 
tubular oesophageal scaffolds after 3 days of cultivation within a bioreactor. (a. & b.) 
Haematoxylin and Eosin staining of the seeded scaffold demonstrated that ROEC have 

successfully adhered, migrated and partially stratified along the entire lumen of the scaffold. 

(Scale bar = 100 μm).  (c.) ROEC formed a monolayer of cells that were positive for the basal 
cytokeratin marker CK14 (red). (d.) E-Cad (red) is a pan-epithelial marker and was expressed in 

the newly formed epithelium. (e.) Proliferating cells, identified by the expression of Ki67 (red), 

were detected along the entire length of the seeded scaffold. (f.) ROEC were also positive for the 

transcription factor p63 (red). Cell nuclei were stained with DAPI (blue) (Scale bar = 66 μm). 

 

Finally, as part of a collaborative study, the co-seeding of ROEC, with human 

mesoangioblasts, mouse fibroblasts (isolated by Carlotta Camilli) and mouse 

neural crest cells (isolated by Dipa Natarajan), was performed to create a 

complete functional tissue engineered oesophagus (in collaboration with Carlotta 
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Camilli, Luca Urbani, Dipa Natarajan) (Urbani et al., 2018). The scaffold was 

initially seeded with human mesoangioblasts, mouse fibroblasts and mouse 

neural crest cells, and cultured for 11 days under dynamic culture conditions 

(conducted by Carlotta Camilli, Luca Urbani, Dipa Natarajan) (See Chapter 2; 

Section 2.8; Figure 2.3). After this initial time, scaffolds were transplanted in vivo 

in the omentum of immunodeficient mice for one week, to allow vascularisation 

of the construct. Following in vivo transplantation, I then seeded epithelial cells in 

the lumen of the graft (slit open scaffold), as previously described, and kept it in 

culture for additional seven days (n = 5) (See Chapter 2; Section 2.8). 

Immunohistochemistry analysis of the repopulated grafts demonstrated the 

successful engraftment of ROEC that have formed a monolayer of cells over the 

luminal surface of the previously seeded and transplanted scaffold (Figure 5.11). 

Proliferating cells, identified by the expression of Ki67, were detected mainly in 

the basal layer, after three and seven days in vitro (Figure 5.11 a. & e.). The 

transmembrane protein, E-Cad, is expressed throughout the oesophageal 

epithelium (Figure 5.11 a. & e.). Moreover, after seven days in vitro, ROEC were 

able to retain their identity and stratify, as it was evident by the loss of the basal 

keratinocyte marker CK14 and the expression of CK13 in the upper layers, which 

was absent at day three (Figure 5.11 b. & f.). ROEC were also positive for p63 

and the epithelium was marked by the pan-cytokeratin marker to locate the 

epithelium (Figure 5.11 c., d., g. & h.). Human nuclei antibody staining 

demonstrated the successful repopulation and maintenance of human 

mesoangioblasts after a two-stage approach involving an in vivo transplantation 

followed by an in vitro culture (Figure 5.11 d. & h.).  
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Importantly, the use of species from different origin facilitated in the identification 

of cells during co-culture experiments, but also allowed the analysis of their fate, 

demonstrating that each cell type maintained its lineage specification and 

functionally integrated in the scaffold (Urbani et al., 2018). Nevertheless, 

repopulated scaffolds with human cells only need to be developed and tested 

prior to a successful clinical translation. 

 

 

Figure 5.11: Immunohistochemistry analysis after three and seven days in vitro of ROEC 
seeded on the luminal part of oesophageal scaffolds previously seeded with human 
mesoangioblasts, mouse fibroblasts and mouse neural crest cells, and transplanted in 
vivo for one week. (a. – d.) After three days in vitro, ROEC have formed a monolayer of cells 

that was (a.) Ki67+ (red), E-Cad+ (green); (b.) CK14+(red), CK13- (green); (c.) CK14+ (red), p63+ 

(green); (d.) PanCyto+ (red). (e. – h.) After seven days in vitro, ROEC have remained attached to 

the scaffold and have started to stratify in some areas. In particular, ROEC have become more 

compact and were (e.) Ki67+ (red), E-Cad+ (green); (f.) CK14+(red), CK13+ (green); (g.) CK14+ 

(red), p63+ (green); (h.) PanCyto+ (red). (d. & h.) Human nuclei (green) staining was used to 

recognise the presence of human mesoangioblasts in the repopulated grafts. Cell nuclei were 

stained with DAPI (blue) (Scale bar = 66 μm). 
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5.4. Seeding of HuOEC in Vitro and Transplantation of 

the repopulated scaffold in Vivo  

 

In order to take this study forward, following the successful multi-step attempt to 

reconstruct the oesophageal epithelium of a tissue engineered oesophagus in 

vitro using ROEC, which formed a proof of principle, the optimal conditions for 

HuOEC to colonize the luminal surface of a decellularised oesophageal scaffold 

were studied. The right density of cells required to attach, proliferate and 

differentiate is crucial for the success of the repopulation. In order to determine 

whether a sufficient density of cells was seeded on scaffolds, MTT viability assay 

analysis was performed in the seeded scaffolds to visualise the cell distribution, 

and coverage over the decellularised scaffold  (n=14) (See Chapter 2; Section 

2.8; Table 2.8).  

 

HuOEC were expanded in culture for four days before they were seeded on the 

luminal part of the acellular rat oesophageal scaffold. Cells were given hEGF (10 

ng/ml, PeproTech) the day before seeding to ensure their maximum proliferative 

capacity. Different seeding densities were attempted to establish the optimal 

seeding density for HuOEC over a decellularised scaffold (data not shown) (See 

Chapter 2; Section 2.8; Table 2.8). The seeding density, among the densities 

tried, for HuOEC that resulted in the majority of the scaffold being covered was 

2.6 x 105 cells/cm2 (Figure 5.12). After three days in culture, as demonstrated by 

the MTT viability assay, cells have attached and migrated over the majority of the 

scaffold surface (Figure 5.12). However, after one week, there were still empty 

areas and HuOEC have partially covered the entire surface of the scaffold 
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(Figure 5.12).  

 

 

Figure 5.12: MTT cell viability assay of HuOEC seeded on the luminal part of decellularised 
oesophageal scaffolds after three days and one week of in vitro cultivation. The density of 

HuOEC seeded was 2.6 x 105 cells/cm2. Cells were able to adhere, migrate, and proliferate on 
acellular scaffolds in vitro for one week. Cells partially covered the scaffold after three days of 

cultivation. After seven days in culture the density of the cells increased in some areas, but still 

the full area of the scaffold was not covered. An unseeded scaffold was used as negative control 

(Scale bar = 1 mm (top) and 0.2 mm (bottom)).  

 

Immunohistochemistry analysis of HuOEC seeded on scaffold showed that 

HuOEC retain their identity and were able to proliferate, migrate and stratify on 

the luminal part of the scaffold after one week of in vitro cultivation (Figure 5.13). 

Despite this, the distribution of cells along the scaffold was not homogeneous. 

HuOEC formed a monolayer of cells that expressed the basal epithelial marker, 

CK14 and the pan-epithelial marker E-Cad after three days of cultivation (Figure 

5.13 a-c). After one week of in vitro cultivation, HuOEC stratified and cells in the 

suprabasal layers expressed the differentiation marker CK13, while cells in the 

0.2 mm

1 mm
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basal layer were positive for CK14 (Figure 5.13 c&f). Proliferating cells, identified 

by the expression of Ki67, were detected mainly in the basal layer, mimicking the 

structure of the native organ (Figure 5.13 b,e & 5.14). In addition, the cells in the 

basal layer strongly expressed α6 integrin (CD49f), whereas a portion of cells, 

located in the suprabasal layers of the newly formed epithelium, were positive for 

EpCAM (Figure 5.14). 

 

Figure 5.13: Immunohistochemistry of HuOEC seeded on a decellularised scaffold after 
three (a-c) and seven (d-f) days of in vitro cultivation. (a.) Haematoxylin & Eosin staining 

illustrated that HuOEC were able to attach, and migrate on the luminal part of the scaffold after 3 

days of in vitro cultivation (Scale Bar = 100 μm). (b.) Seeded HuOEC were positive for the pan-

epithelial marker E-Cad (green), and proliferating cells were still retained in the basal layer as 

illustrated by the expression of Ki67 (red) (Scale Bar = 50 μm).  (c.) Cells form a mono- or bi-layer 

and were positive for the basal epithelial marker CK14 (red), and negative for the differentiation 

marker, CK13 (green) (Scale Bar = 50 μm). (d.) Haematoxylin & Eosin staining of seeded HuOEC 

after 7 days in culture. HuOEC have stratified along the scaffold (Scale Bar = 100 μm). (e.) 
HuOEC were positive for E-Cad (green), and proliferating cells were still retained as illustrated by 

the expression of Ki67 (red), after 7 days in vitro (Scale Bar = 50 μm). (f.) Cells in the basal layer 

were positive for, CK14 (red), and cells in the suprabasal layers express the differentiation marker, 

CK13 (green) (Scale Bar = 50 μm). Cell nuclei were stained with DAPI (blue). 

Da
y 

7

100 μm

Ki67 E-cad DAPI CK14 CK13 DAPIHaematoxylin & Eosin

50 μm

Da
y 

3

d.

a. b.

e.

c.

f.



 260 

 

Figure 5.14: Immunohistochemistry of HuOEC seeded on a decellularised scaffold after 
seven days of in vitro cultivation. (a.) Haematoxylin & Eosin staining illustrated that HuOEC 

were able to attach, proliferate and stratify on the luminal part of the scaffold after 7 days of in 

vitro cultivation, giving rise to 6-7 layers of cells (Scale Bar = 100 μm). (b.) Seeded HuOEC 

retained the identity of the postnatal oesophagus and expressed CD49f (green) and Ki67 (red) in 

the basal layer, whereas EpCAM (gray) was expressed in the suprabasal layer of the newly 

formed epithelium. Cell nuclei were stained with DAPI (blue) (Scale Bar = 50 μm). 

 

In order to determine further the functionality of oesophageal epithelial cells in 

vitro, and test their ability to form the essential tight junctions that will allow a 

resistant epithelium to form and to be sustained, HuOEC were seeded on a 

transmembrane (See Chapter 2; Section 2.5). Following seeding, to quantitatively 

measure the integrity of tight junction dynamics in the epithelium formed in vitro, 

the trans-epithelial electrical resistance (TEER) machinery was used 

(Shrinivasan et al., 2015). In addition, to evaluate whether there is a clear 

functional difference among the different subpopulations found in the 

oesophageal epithelium, HuOEC, derived from both a bulk culture or the sorted 

populations (CD24– EpCAM– CD49f+, CD24– EpCAM+ CD49f+, and CD24+ 

EpCAM+ CD49flow) (See Chapter 3; Figure 3.43), were seeded on the 

transmembrane and their barrier integrity was measured and compared. The 

seeding density used on the transmembrane was the same as the seeding 

determined for the seeding of the decellularised scaffold (2.6 x 105 cells/cm2) 

(See Chapter 2; Section 2.5). Cells reached confluence after two days in culture, 

Ki67 CD49f EpCAM DAPI

100 μm 50 μm
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at which point air-liquid interphase (ALI) culture was induced and the cells at the 

top of the membrane were exposed to air, to promote the stratification and 

differentiation of the cells (See Chapter 2; Section 2.5). Cells started to 

differentiate heterogeneously along the membrane after six days in culture and 

continued to grow and stratify for up to two weeks in vitro (Figure 5.15).  

 

Figure 5.15: Phase contrast images of HuOEC (bulk and subpopulations) seeded on 
transmembranes at day 6 and day 14. HuOEC grow and expand on the transmembrane and 

start to heterogeneously stratify as was evident from the bright white wave pattern observed. ALI 

culture was induced at day 2 (Scale bar = 500 μm).  

 

From the TEER analysis conducted, it was evident that all populations of HuOEC 

generated a similar resistance (Figure 5.16). Although there was a slighter lower 

resistance value for the CD24+ EpCAM+ CD49flow compared with the other 

populations after two weeks of cultivation, there was not a significant difference 

among the HuOEC subpopulations and the bulk culture (Figure 5.16). These 

results were obtained from three independent biological cultures.  

 

Histological analysis of the cells on the membrane demonstrated that cells have 

already formed a few layers (up to four) of cells after seven days in culture 

(Figure 5.17). Cells are highly proliferative, are positive for p63, and CK14 was 
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expressed in the basal layer, but its expression was substituted by CK13 once 

the cells start to differentiate (Figure 5.17). The transmembrane protein E-Cad 

was present along the entire epithelium and ZO-1 was already expressed in the 

upper layers of the epithelium (Figure 5.17). After two weeks of in vitro cultivation, 

cells have further stratified and have generated a maximum of six layers, although 

the cells in the suprabasal layers are very loose (Figure 5.17). The basal layer 

was, however, more compact with cells, which were still highly proliferative, p63 

and CK14 positive (Figure 5.17). Importantly, HuOEC retain their identity and 

cells in the suprabasal layers were CK13, and ZO-1 positive (Figure 5.17). 

 

 

Figure 5.16: TEER measurement analysis of HuOEC (bulk and sorted populations) seeded 
on transmembranes for a period of two weeks. At day 2, before ALI culture is initiated, there 

was very low resistance recorded by HuOEC among all populations. After 7 days, the resistance 

recorded had dramatically increased among all the populations ranging between 424 – 530 Ω*cm2.  
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After 14 days a further increase was recorded for all the populations apart from the CD24+ 

EpCAM+ CD49flow population. The resistance recorded at day 14 ranged between approximately 

939 – 1417 Ω*cm2. There was no statistical significance among the different populations. Three 

independent cultures were used to generate these data (technical replicates per culture range 

between 2 to 6). Data represented as mean ± SEM. 
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Figure 5.17: Histological analysis of HuOEC seeded on a transmembrane after one and two 
weeks of in vitro cultivation. (a-b.) Haematoxylin & Eosin staining of HuOEC seeded on the 

transmembrane after 7 and 14 days of in vitro cultivation. (Scale Bar = 100 μm). (c-d.) Seeded 

HuOEC were positive for the pan-epithelial marker E-Cad (green), and proliferating cells were still 

retained in the basal layer as illustrated by the expression of Ki67 (red) up two weeks of in vitro 

culture. (e-f.) Cells in the basal layer were positive for CK14 (red), and while cells start to 
differentiate they lose CK14 expression and expressed the differentiation marker, CK13 (green). 
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(g-h.) HuOEC in the basal layer were also positive for p63 (green), and ZO-1 (red) was expressed 

in the uppermost layer of the cells. Cell nuclei were stained with DAPI (blue) (Scale Bar = 50 μm). 

 

Finally, after obtaining that HuOEC can form a strong barrier function in vitro, I 

tested the ability of HuOEC to sustain their function and the structure of the newly 

formed epithelium also in vivo. For that purpose, flat open decellularised rat 

scaffolds seeded with HuOEC were cultured for seven days, before they were 

folded and implanted underneath the skin of NSG mice for a period up to seven 

weeks, to allow in vivo maturation of the cells and to obtain vascularisation of the 

scaffolds (Figure 5.18). At different time points (1, 3, 6, and 7 weeks), I carefully 

dissected the seeded scaffolds from the back of the mice, and collected the grafts 

for histological analysis (Figure 5.18 & 5.19). It was evident macroscopically that 

a new network of vascularisation had formed in the grafts already after one week 

of in vivo transplantation (Figure 5.19). As time progressed, the scaffolds 

appeared more compact in consistency (Figure 5.19).   

 

 

Figure 5.18: Schematic representation of the timeline of events from the cell seeding to 
the harvesting of the grafts from one up to seven weeks in vivo. HuOEC were seeded on 

the luminal part of decellularised rat scaffolds and were cultured for one week in vitro, before they 

were transplanted subcutaneously in NSG mice. Implanted grafts were then collected after one 
week and up to seven weeks of in vivo transplantation and processed for histological analysis. 

(Image adapted from: https://www.pnas.org/content/pnas/114/35/9337/F1.medium.gif) 
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Figure 5.19: Gross images of the seeded scaffolds collected after one and three weeks of 
in vivo transplantation. The skin of the mice was carefully opened and the seeded scaffolds 

were found in the location of implantation. Scaffolds had already attracted a small vascular 

network supply on the outside of the scaffolds after one week of transplantation. After three weeks 

in vivo, the scaffolds macroscopically had a denser consistency. Red circle indicates the seeded 

scaffold after 3 weeks in vivo (Scale bar = 2 mm (Top and Bottom Left), 0.5 mm (all the rest)). 

 

Histological analysis of the grafts after one week in vivo was very promising, as 

HuOEC were still present, had polarised around and formed a lumen-like space 

(n=6) (Figure 5.20). HuOEC have formed a monolayer of tight cells positive for 

CK14 and p63, and have stratified to a maximum of seven layers (Figure 5.20). 

At the time of fixation, proliferating cells (Ki67+) were not detected, suggesting 

that perhaps cells were not under optimal condition or simply that at the time 

captured they were not proliferating, however, HuOEC were still healthy and 

viable, as indicated by the limited expression of Caspase 3 in the newly formed 

cell layer (Figure 5.20). From the H&E staining it is also evident that mouse cells 

have infiltrated into the muscle part of the scaffold (Figure 5.20).  
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Figure 5.20: Histological analysis of the transplanted scaffolds seeded with HuOEC after 
one week in vivo. (a-c.) Haematoxylin & Eosin staining of the scaffolds seeded with HuOEC 

after one weeks in vivo, demonstrated the presence of epithelial cells forming a tubular structure 

that follows the luminal surface of the decellularised scaffold, forming a sort of lumen. Mouse cells 
had infiltrated the muscle part of the scaffold (Scale Bar = 100 μm). (d.) HuOEC were identified 

using human nuclei (green) staining and cells in the basal layer were positive for the CK14 marker 

(red). (e.) Proliferating cells (Ki67+ - red) were not detected at the time of the staining but cells in 

the basal layer were positive for p63 (green). (f.) The newly epithelium was positive for the pan-

epithelial marker E-Cad (green), and the majority of the cells were viable as indicated by the 

limited expression of Caspase 3 (red). Cell nuclei were stained with DAPI (blue) (Scale Bar = 50 

μm). 

 

After three weeks in vivo, HuOEC were still present and alive, and had organised 

in a small circular structure similar to a lumen (n=4) (Figure 5.21). HuOEC have 

formed a strong monolayer and in some areas, cells have stratified to form up to 

three cell layers. The presence of the human cells was detected by the human 

nuclei staining and their epithelial identity was confirmed with the pan-cytokeratin 

marker (Figure 5.21). A high infiltration of mouse cells is evident in the muscle 

part of the repopulated oesophagus (Figure 5.21).  
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Figure 5.21: Histological analysis of the transplanted scaffolds seeded with HuOEC after 
three weeks in vivo. (a-b.) Haematoxylin & Eosin staining of the scaffolds seeded with HuOEC 

after three weeks in vivo, demonstrated the presence of epithelial cells organised in a circular 

structure forming a sort of lumen. A high number of mouse cells had infiltrated the muscle part of 
the scaffold (Scale Bar = 100 μm). (c.) HuOEC were identified using the human nuclei (green) 

staining, and their epithelial origin was validated by a pan-cytokeratin marker (red) (Scale Bar = 

100 μm). (d.) A higher magnification of the seeded scaffold stained with human nuclei (green) 

and pan-cytokeratin (red), indicating the organisation of cells and a small stratification of three 

layers of cells (Scale Bar = 50 μm). Cell nuclei were stained with DAPI (blue).  

 

A very small number of scaffolds with HuOEC still present were obtained after six 

weeks of in vivo transplantation (n = 3), whereas the rest of the scaffolds 

contained only mouse cells (n = 4) (Figure 5.22). HuOEC, recognised by the 
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expression of human nuclei, were organised in a small circular structure and have 

formed a bilayer of cells (Figure 5.22). However, after seven weeks in vivo, no 

epithelial cells were detected in the transplanted scaffolds that have been 

infiltrated by mouse cells (n=10) (Figure 5.22).  

 

 

Figure 5.22: Histological analysis of the transplanted scaffolds seeded with HuOEC after 
six and seven weeks in vivo. (a-b.) Haematoxylin & Eosin staining of the scaffolds seeded with 

HuOEC after six weeks in vivo demonstrated the presence of few epithelial cells organised in a 

circular structure. A high number of mouse cells had infiltrated the muscle part of the scaffold 

(Scale Bar = 100 μm). (c.) The presence of HuOEC was confirmed by the human nuclei (green) 
staining, and the pan-cytokeratin marker (red) (Scale Bar = 50 μm). (d-e.) Haematoxylin & Eosin 

staining of the scaffolds seeded with HuOEC after seven weeks in vivo demonstrated the absence 

of epithelial cells. A high number of mouse cells had infiltrated the muscle part of the scaffold 

(Scale Bar = 100 μm).  (f.)  Human nuclei (green) and pan-cytokeratin (red) staining confirmed 

the absence of HuOEC from the scaffold (Scale Bar = 50 μm). Cell nuclei were stained with DAPI 

(blue).  
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5.5. Discussion 

 

Main Findings 

 

Seeding different cell types that can grow and remodel decellularised scaffolds 

in order to achieve full integration with the native organ holds promise for patients 

requiring oesophageal replacement. Using recellularised scaffolds that may 

follow body growth is likely the major advantage of TE, as the surgical intervention 

for OA patients occurs in the first few months of life. Current results demonstrate 

that both ROEC and HuOEC were able to adhere, migrate and differentiate on 

the luminal surface of the scaffold when the proper in vitro conditions were 

provided. Importantly, ROEC retained their identity were able to proliferate 

symmetrically and asymmetrically after two weeks in vitro and to rebuild a 

stratified epithelium that covered the entire surface of the scaffolds (Figure 5.6 & 

5.9). Epithelial cells colonize the entire acellular scaffold, and interact with the 

ECM in order to establish the architecture of the native oesophageal epithelium 

both in a slit-open and in a tubular scaffold. On the other hand, HuOEC were also 

able to give rise to a squamous stratified epithelium on a xenogeneic 

extracellular-matrix, form a strong barrier in vitro, and were able to survive for up 

to six weeks in vivo forming a structure that resembles a lumen (Figure 5.13, 

5.14, 5.16, & 5.22). The newly reconstructed epithelium maintains in vitro a 

subpopulation of epithelial cells with proliferation capacity and clonogenic 

potential, similar to the native oesophagus, thus supporting their progenitor 

identity (Figure 3.3, 5.13 & 5.14). 
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Decellularised Scaffolds Support Oesophageal Epithelial Cell Luminal 

Colonization and Differentiation 

 

Rat oesophageal scaffolds were decellularised using a combined detergent-

enzymatic treatment, which preserves the chemistry, porosity and architecture of 

the native organ (Totonelli et al., 2013; Maghsoudlou et al., 2013). After effective 

decellularisation, epithelial cells were seeded on the luminal surface of the 

scaffold and kept in culture for up to two weeks in order to optimize cell 

attachment, growth and stratification.  

 

As a proof of principle, the first part of the study consisted of optimising the 

conditions necessary for ROEC to reconstitute the barrier function of a tissue 

engineered oesophagus (Urbani et al., 2018). ROEC were extensively expanded 

in vitro while they retained their ability to proliferate, differentiate and stratify over 

a decellularised rat oesophageal scaffold (Figure 5.9). ROEC could be expanded 

for up to two months (data not shown), while giving rise to colonies comprised of 

cells with characteristics of the basal layer further supporting that a proliferating 

pool of cells with high clonogenicity could be consistently carried in subsequent 

passages. The CFE assay also demonstrated the ability of these cells to give rise 

to distinct colonies. Following expansion, ROEC seeded on the luminal surface 

of decellularised scaffolds were able to retain their identity, proliferate, and 

differentiate giving rise to a multi-layered (up to five layers) epithelium covering 

the entire surface (1 cm2) of the scaffold (Figure 5.6 & 5.9). Importantly, after two 

weeks in culture, a functional basal layer was retained, as ROEC remained able 

to proliferate both symmetrically and asymmetrically (Figure 5.9). Another 
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important feature of the native epithelium was retained, as cells in the basal layer 

were positive for CK14, but when the cells started to differentiate they lost 

expression of CK14 and became CK13-positive, whilst also expressing the tight-

junction protein ZO-1 in the uppermost layer (Figure 5.9). Importantly, ROEC 

were co-seeded with both muscle and neural crest cells, as part of a multi-step 

approach, and we demonstrated for the first time the successful repopulation and 

maintenance of a fully repopulated tissue engineered oesophagus (Urbani et al., 

2018).  

 

As a next step, we also looked at the ability of HuOEC to reconstitute the barrier 

function of a tissue engineered oesophagus. Current results demonstrate that 

HuOEC were able to proliferate, migrate and differentiate on the luminal surface 

of the scaffold when the proper in vitro conditions were provided similar to ROEC. 

HuOEC retained their identity and were able to proliferate symmetrically and 

asymmetrically after one week in vitro and to rebuild a partially stratified 

epithelium with up to seven layers of cells (Figure 5.13 & 5.14). HuOEC migrate 

on the decellularised scaffold, colonize and interact with the ECM in order to 

establish the architecture of the native oesophageal epithelium; however, there 

were some empty areas that remain unpopulated (Figure 5.12). The limited 

ability of HuOEC to migrate on the scaffold ECM could be justified by the fact that 

a suboptimal density of cells was seeded on the scaffold (Mauck et al., 2003; 

Levin et al., 2018). In order to optimize the seeding of HuOEC, different densities 

of oesophageal epithelial cells should be tested to improve cell attachment, 

migration, and stratification. In addition, the limited ability of HuOEC to repopulate 

the entire scaffold can be justified by the species-specific interaction with the rat 
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ECM that might affect HuOEC growth on the scaffold (Rosso et al., 2004; Kim et 

al., 2016). Coating the matrix with human ECM components such as laminin and 

collagen could thus provide more suitable bedding for epithelial cells to attach 

and migrate along the entire scaffold (Salvay et al., 2008). In addition, co-

culturing 3T3 mouse irradiated feeder layer with HuOEC could support the growth 

and attachment of epithelial cells on the scaffold and allow a more homogeneous 

migration. Culturing the seeded scaffold within a bioreactor system could also 

assist the optimal homogeneous migration of HuOEC along the decellularised 

scaffold, as growth environmental conditions can be tightly regulated and 

adjusted to establish an optimal scaffold repopulation (Gilbert et al., 2010; Steiner 

et al., 2010; Tandon et al., 2013; Schmid et al., 2018; Stephenson and Grayson, 

2018; Ahmed et al., 2019). Furthermore, the culture of seeded scaffolds should 

be conducted under optimal conditions with O2 atmosphere control and timely 

addition of growth factors to match the needs of the cells (See Chapter 3; Section 

3.3). Different calcium concentrations in the medium might be required to further 

induce stratification of HuOEC, as calcium has been shown to trigger stratification 

of epithelial cells (Watt et al., 1984; Turksen and Troy, 2003).  

 

Despite the partial coverage of the scaffold, as with the ROEC, HuOEC retain the 

features of the native epithelium, as cells in the basal layer were CK14+CK13- , 

but when the cells started to differentiate they acquired a CK14-CK13+ expression 

(Figure 5.13). Furthermore, the newly formed basal layer contained few 

proliferating cells and was positive for α6 integrin (CD49f), whilst EpCAM was 

expressed in the uppermost layer, as it is seen in the human postnatal 

oesophagus (Figure 3.3 & 5.14). These results suggested that HuOEC might 
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maintain self-renewal ability despite functional differentiation on the scaffold, a 

crucial aspect for the presence of stem cells in the oesophageal epithelium, but 

also a key feature for the future success of their use in the clinic. 

 

Oesophageal Epithelial Cells Form a Functional Epithelial Barrier in Vitro  

 

To quantitatively measure the integrity of tight junction dynamics in the 

reconstructed epithelium, the trans-epithelial electrical resistance (TEER) 

technique was used (Shrinivasan et al., 2015). The liquid-air interphase has been 

demonstrated to be of great importance in order to promote epithelial cell 

differentiation and consequent stratification (Delcourt-Huard et al., 1997; 

Roberton et al., 2005). A non-submerged culture condition mimics the 

environmental conditions of epithelial cells in vivo (Delcourt-Huard et al., 1997). 

In this study, oesophageal epithelial cells were initially submerged by medium 

and were given the time to adhere, proliferate and migrate on the available ECM 

surface. After a few days of cultivation, the medium was reduced to expose the 

surface of the epithelium to air, and this successfully allowed the stratification and 

differentiation of the previously expanded, continual epithelial layer. The integrity 

of the newly formed epithelium, however, could not be measured directly from 

the scaffolds. Therefore, HuOEC were seeded on trans-membranes and cultured 

in ALI culture for a period of up to two weeks to obtain and quantitatively measure 

their integrity. HuOEC were able to give rise to a functional epithelial barrier, with 

values ranging between 939 – 1417 Ω*cm2, that are very close to the reported 

values (1000 – 1200 Ω*cm2) of a healthy human oesophagus (Powell, 1981 & 

Oshima et al., 2011). Interestingly, despite the origin of the cells (i.e. whether they 
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were coming from the basal layer or the suprabasal layers), there was not a 

significant difference in their ability to form a robust barrier. However, one 

limitation of this way of reporting was the fact that the membrane had to be 

submerged in media at the time of the measurement, which often caused the 

formed epithelium to detach as a sheet, and therefore the data could be 

underestimating the actual strength of our newly formed barrier. These results 

suggested that HuOEC are capable of forming an electrical tight functional 

oesophageal barrier in vitro, thus suggesting that under the right conditions a 

functional epithelium could be obtained in vivo on a scaffold, a key feature for the 

tissue engineered oesophagus. 

 

Finally, the functionality of the newly reconstituted oesophageal epithelium was 

also evaluated in vivo. The survival of HuOEC within the construct after 

subcutaneous implantation indicates that nutrients and oxygen were provided in 

vivo to the graft. Notably, after one and three weeks in vivo, HuOEC were capable 

of not only surviving, but also of organising and maintaining a structure that 

resembles the lumen of the native oesophagus. Even though little success was 

obtained in later timepoints, it can be considered promising that a very small 

portion of cells could be sustained up to a period of six weeks in vivo. These 

results may suggest the existence of cells with self-renewal ability, and that if the 

seeding and implantation conditions are optimised further, cells could potentially 

survive longer.   
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Conclusion 

 

In conclusion in this chapter, I demonstrated that ROEC and HuOEC are able to 

proliferate, migrate and differentiate on the luminal surface of the scaffold when 

the proper in vitro conditions are provided. These results are promising for the 

prospect of engineering a human oesophageal replacement with barrier function, 

as a novel therapeutic approach for this congenital malformation, but also other 

oesophageal defects.   
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6.1. Main Findings 

 

Tissue engineering aims to provide a suitable oesophageal replacement for 

patients with oesophageal atresia, by combining autologous stem/progenitor 

cells and acellular scaffolds in order to restore structure and function of the 

oesophagus. This study focuses on the reconstruction of the squamous stratified 

epithelium of a TE oesophagus using epithelial stem/progenitor cells. My current 

results demonstrate that freshly isolated HuOEC from paediatric oesophageal 

samples can be extensively expanded in culture under specific culture conditions 

(See Chapter 3; Section 3.3). Importantly, cells were heterogeneous in their 

growth potential as demonstrated by single cell cloning analysis (See Chapter 3; 

Section 3.7). In addition, HuOEC were successfully sorted based on the 

expression of a variety of surface markers, such as EpCAM and CD49f, and their 

ability to give rise to distinct populations with different properties was assessed 

(See Chapter 3; Section 3.5). The appearance and characteristics of 

oesophageal stem cells was also described during foetal development (See 

Chapter 4). Importantly, both ROEC and HuOEC were able to adhere, proliferate, 

migrate and differentiate when seeded on the luminal surface of acellular 

scaffolds and under proper in vitro conditions (See Chapter 5).  

 

6.2. Characterisation, in Vitro Expansion, and 

Functionality of Oesophageal Epithelial Cells 

 

The oesophageal epithelium consists of numerous morphologically and 
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functionally different cells (Geboes and Desmet, 1978; Seery and Watt, 2000; 

Seery, 2002). However, specific stem/progenitor populations and their properties 

within the oesophageal epithelium have not been fully elucidated yet (Whelan et 

al., 2018; Barbera et al., 2014; Doupé et al. 2012) as it has been demonstrated 

for other epithelia (Rama et al., 2010; Ronfard et al., 2000; Rochat et al., 1994; 

Barrandon and Green, 1987). In this study, I described the biological 

characteristics of HuOEC and identified the candidate stem/progenitor cell 

populations that could be used to reconstruct a functional luminal barrier of a TE 

oesophagus, which could be sustained in the long-term (See Chapter 3). I have 

identified the potential origin of the progenitor/stem cells within the human 

oesophagus that will permit the isolation of long-term, and self-renewing 

populations from human oesophageal tissues (See Chapter 3; Section 3.3, 3.5 & 

3.7). The culture conditions that allow the long-term expansion of HuOEC was 

also optimised and I demonstrated by single-cell analysis, the golden standard 

technique for the identification of epithelial stem cells, that HuOEC have a 

heterogeneous growth potential (See Chapter 3; Section 3.3 & 3.7). A phenotype 

analogous to the holoclone, meroclone and paraclone appearance that has been 

established for the skin epithelial cells was in fact described for the first time for 

the human oesophagus (See Chapter 1; Section 1.2) (Barrandon and Green, 

1987; Hirsch et al., 2017). These patterns of HuOEC morphologies highlighted 

the differential growth potential of cells within the oesophageal epithelium, as well 

as the importance in understanding and identifying whether one population is 

more enriched for stem/progenitor cells compared to the others to ensure a tissue 

can be sustained for long-term (Barrandon and Green, 1987; Rama et al., 2010; 

Hirsch et al., 2017). In addition, I developed a novel paradigm, which correlates 



 280 

HuOEC clonogenic efficiency with their location within the different layers of the 

oesophagus (See Chapter 3; Section 3.5). This could have a major potential 

impact on both basic science and translational aspects for replacement therapies, 

as the specific location and characteristics of stem cells could be identified with 

this approach. Therefore, the origin of these cells during human foetal 

development was tracked. 

 

To complement this work and to further understand when stem cells appear and 

their origin, I studied and characterised the human foetal oesophageal epithelium 

during development, which to date it has not been greatly studied (Trisno et al., 

2018; Zhang et al., 2018; Alcolea, 2017). I successfully isolated, expanded and 

characterised human foetal oesophageal cells. Interestingly, stable epithelial 

foetal cultures were obtained only after 15 to 16 wpc, before an EMT phenotype 

was occurring, thus providing insights into the plasticity and mature 

characteristics of oesophageal stem cells (Lamouille et al., 2014; Zhang et al., 

2017) (See Chapter 4; Section 4.3). HuFeOEC were also prospectively isolated 

using a variety of surface markers, which have provided insight into the origin and 

characteristics of the progenitor/stem cells within the postnatal human 

oesophagus (See Chapter 4; Section 4.4). Even though a bona fide stem cell 

population has not been unequivocally identified, the data obtained from the 

foetal oesophagus consolidate those that I have generated from the postnatal 

oesophageal samples. Identifying a 'stem' cell population would facilitate the 

reconstruction of a functional epithelium within a TE oesophagus for long-term, 

thus representing a crucial step towards the successful completion of this work.     
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Aiming at the reconstruction of a functional epithelium within a TE oesophagus, I 

first isolated, cultivated and used ROEC to rebuild an epithelium (See Chapter 5; 

Section 5.3). Specifically, I accomplished the long-term expansion of epithelial 

cells, and the repopulation of decellularised scaffolds in vitro and also following 

in vivo transplantation. Importantly, for the first time, as part of a collaborative 

study, we achieved the reconstitution of both muscle and epithelium layers 

demonstrating a whole-organ reconstitution for the oesophagus as result of a 

successful, multidisciplinary collaboration effort (Urbani et al., 2018). Seeding 

different cell types that can grow and remodel decellularised scaffolds in order to 

achieve full integration with the native organ holds promise for patients requiring 

oesophageal replacement and this study provided the basis for such an 

application, as previous approaches failed to reconstitute all structural layers 

(Marzaro et al.,2006; Wei et al.,2009; Totonelli et al., 2012; Tan et al., 2013). In 

relation to the human oesophageal epithelium, I have also demonstrated that 

HuOEC have trans-epithelial resistance confirming their capacity to form a 

functional epithelial barrier after extensive expansion (See Chapter 5; Section 

5.4). HuOEC successfully adhered, proliferated and stratified over a 

decellularised extracellular matrix and formed a functional epithelium in vitro 

similar to the native oesophagus (See Chapter 5; Section 5.4). Integrity of the 

epithelium is crucial for the proper function of the newly formed epithelium 

(Blevins et al., 2018). Therefore, through TEER analysis, I verified that HuOEC 

were able to give rise to a functional epithelial barrier, with the recorded values 

being similar to a healthy human oesophagus (See Chapter 5; Section 5.4; Figure 

5.16) (Oshima et al., 2011; Powell, 1981). The survival and differentiation of 

HuOEC were also analysed in vivo, which is crucial to further investigate their in 
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vivo potential (See Chapter 5; Section 5.4). HuOEC seeded on rodent acellular 

scaffolds were transplanted ectopically in mice, where a monolayer of cells 

resembling a structure with a lumen for at least 3 weeks was successfully formed. 

Additionally, some epithelial cells survived up to 6 weeks in vivo, thus generating 

promising results for the potential of these cells. 

 

6.3. Challenges and Future Work 

 

The work presented here has provided great insights into the biology and origin 

of oesophageal stem/progenitor cells; however, there are a few limitations that 

will need to be addressed in future experiments. Firstly, with regards to HuOEC, 

a new cloning experiment from freshly dissociated tissue needs to be performed 

as cells in culture can quickly acquire a phenotype, which is less heterogeneous 

and different from what is observed in vivo (Stockholm et al., 2007). This cloning 

experiment is of great importance as it will allow the validation of the current 

hypothesis about the distribution of stem cells within the multi-layered epithelium 

and demonstrate which layer contains the highest number of clonogenic cells. 

This analysis has not been performed in this report due to the low number of full-

thickness oesophageal samples we received (a total of 3 healthy samples). On 

the other hand, diseased samples, such as the one received in this study (See 

Chapter 3; Section 3.2 & 3.5; Sample #15 [13 months old oesophagus patient]), 

where the epithelium had converted into a simple columnar epithelium, can be 

very informative. In fact, they can be used to answer additional questions related 

to pathways responsible for the conversion of the epithelium to a columnar one, 

and to study whether it is possible to reverse that conversion in vitro by providing 



 283 

the right stimuli to the cells (Zhang et al., 2017; Yu et al., 2015).    

 

With regards to the oesophageal subpopulations described, molecular analysis 

(qPCR or single-cell RNA-sequencing) on freshly sorted single-cells will validate 

the quality of our sorting strategy and can consolidate the origin and presence of 

stem cells within the oesophageal epithelium, which the current study lacks. 

Stimulating findings can also be generated through RNA-sequencing analysis on 

freshly sorted cells that will allow the identification of novel markers that could be 

related to the potential stemness of these cells (Trapnell, 2015; Byrne et al., 

2019). This analysis will also further our understanding of the nature of stem and 

progenitor cells in the oesophageal epithelium.  

 

In addition, understanding and gaining knowledge about the molecular pathways 

regulating the potency of these cells needs to be evaluated. For example, 

ΔNp63α and nuclear YAP have been shown to be responsible for the 

maintenance of the proliferating pool of stem cells and for long-term engraftment 

in other epithelia (De Rosa et al., 2019; Zhang et al., 2011; Rama et al., 2010; Di 

Iorio et al., 2005). Therefore, the upregulation of specific proteins, as well as the 

correlation of ΔNp63α and YAP in oesophageal epithelial stem/progenitor cells, 

could further our understanding for the potency of those cells. These experiments 

will provide insights on the existence of bona fide oesophageal stem cells, 

determine if all cells are “equal” in potential (Doupé et al., 2012), and would allow 

pre-selection of long-term self-renewing epithelial cells for an organ destined to 

last for the entire life of the patient. 
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In relation to foetal oesophageal development, further experiments need to be 

performed to gain a deeper understanding of the role of important signalling 

molecules, such as SOX2, KLF5, KLF4 and p63, in human oesophageal 

development (Daniely et al., 2004; Yang et al., 2007; Alcolea, 2017; Trisno et al., 

2018; Zhang et al., 2018). The expression of these transcription factors within the 

three subpopulations of oesophageal epithelium, both foetal and postnatal, could 

be very informative and provide insights into how this differential pattern affects 

the heterogeneous behaviour of the epithelial cells (Zhang et al., 2017; Romano 

et al., 2012; Romano et al., 2009; Que et al., 2007; Yang et al., 2007). In addition, 

it will allow us to understand how these populations adapt during development, 

what their characteristics are and how they differ from the murine oesophagus. 

Performing lineage tracing experiments on human foetal oesophagi or directly on 

sorted epithelial cells is another powerful way to measure the potential of the 

basal oesophageal epithelial progenitor cells by genetically tagging them and 

then following their marked progeny, as has been demonstrated for the epidermis 

(Asare et al., 2017; Gonzales and Fuchs, 2017; Rompolas et al., 2016; Roy et al., 

2016; Hsu, 2015; Doupé et al., 2012; Mascré et al., 2012; Fuchs and Horsley, 

2008; Clayton et al., 2007).  

 

The environmental conditions as well as the role of growth factors that might 

interfere with the ability of cells to survive in culture for long-term need to be 

evaluated among samples. Specifically, understanding which factors are 

responsible for the EMT pathway and the conversion of the cells to mesenchymal 

cells during early foetal development would allow the evaluation and better 

characterisation of the biological properties of these cells (Lamouille et al., 2014; 
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Liu et al., 2014; Zhang et al., 2017). Deriving additional foetal cultures and 

treating them with potential factors, such as transforming growth factor β (TGF-

β), which could reverse this process, would be the first step towards this 

characterisation (Luo et al., 2019; Ramachandran et al., 2018; Principe et al., 

2014). Collectively all this information will be of outmost importance for the use 

of these cells in future clinical applications.  

 

Finally, the use of decellularised scaffolds and their repopulation with autologous 

epithelial cells is a promising route to treat patients with OA and other 

oesophageal diseases. Nevertheless, there are challenges that remain to be 

addressed before a successful oesophageal replacement is achieved (Urbani et 

al., 2018). Primarily, the oesophagus is a tubular organ that consists of several 

tissue layers including epithelial, neuronal, and muscle cells, and an effective 

oesophageal replacement requires the co-culture of all these cell types in order 

to recreate a complete functional organ. With regard to the TE oesophageal 

epithelium, the following issues will have to be addressed. First of all, for the 

seeding of HuOEC on decellularised scaffolds, optimising the conditions 

necessary for adhesion, migration and proliferation in a tubular scaffold, both for 

small and large animal models, needs to be addressed. The seeding within a 

bioreactor system were optimal growth environmental conditions can be tightly 

regulated should also be established (Schmid et al., 2018; Stephenson 

and Grayson, 2018; Ahmed et al., 2019). Finally, an in vivo functional assay, such 

as an in vivo serial transplantation experiment, that will allow us to examine the 

long-term survival of the cells as well as their functional potential should be 

developed as such an assay is the ultimate proof for the existence of stem cells 
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(Iscove and Nawa, 1997; Fuchs, 2009; Bonfanti et al., 2010). In particular the 

ability of the newly formed multi-layered epithelium to maintain a barrier function, 

while challenging its ability to stratify further in vivo, should be investigated (See 

Chapter 5; Section 5.4).  

 

6.4. Conclusion 

 

With the present study, I demonstrated that HuOEC can be isolated from 

paediatric oesophageal research samples, and expanded in vitro, while 

maintaining their epithelial identity. I extensively described for the first time the 

characteristics of HuOEC, which present unique features compared to other 

stratified epithelia, developed a novel paradigm which correlates their clonogenic 

efficiency, and tracked the origin of stem cells during oesophageal development. 

I then analysed the functionality of epithelial cells in vivo and the use of ROEC 

and HuOEC to engineer a functional oesophageal epithelium. I demonstrated that 

ROEC and HuOEC were able to proliferate, migrate and differentiate on the 

luminal surface of the scaffold when the proper in vitro conditions were provided. 

Importantly, ROEC were co-seeded with both muscle and neural crest cells, as 

part of a multi-step approach, and for the first time a fully repopulated tissue 

engineered oesophagus was established (Urbani et al., 2018). In conclusion, 

these results are promising for the prospect of engineering a human oesophageal 

replacement with mucosal barrier function, as a novel therapeutic approach for 

this congenital malformation, but also other oesophageal defects.   
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