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Summary 

Proteoglycans are a type of extracellular matrix molecule consisting of a protein 

core with several covalently attached glycosaminoglycan chains (negatively 

charged polysaccharides). Certain glycosaminoglycan chains, for example 

chondroitin sulphate (CS) and dermatan sulphate (DS), can be sulphated in 

specific patterns that confer unique properties. These sulphation patterns and 

their distributions play an important role in the development and maintenance 

of stem cell niches in a wide range of tissues, including the cornea. Many tissue 

engineering approaches use native extracellular matrix cues extracted from the 

resident tissue to enhance generation and maintenance of therapeutic cells. 

However, there are few studies detailing specific glycosaminoglycan species in 

this process. This is especially true in the study of the generation of corneal 

epithelial cells from induced human pluripotent stem cells (hiPSCs). The aim of 

this thesis was to examine the effect of native glycosaminoglycan sulphation 

patterns on the generation of corneal epithelial cells from hiPSCs, using a 

defined differentiation method.  The objectives of this thesis were to, firstly, 

identify specific CS and DS sulphation patterns present in the stem cell niche of 

the cornea and those associated with the corneal epithelium using CS/DS 

antibodies and immunohistochemistry. Following this, identified corneal 

epithelium-associated sulphation patterns were extracted from different tissue 

sources and enriched for sulphation patterns of interest using density 

centrifugation and anion exchange chromatography. Finally, these substrates 

were applied to hiPSCs and subsequently differentiated toward corneal epithelial 

cells and the gene expression was examined using RT-qPCR, along with 

morphological and immunohistochemical evaluation. From this study, it 

appeared a mixed substrate consisting of highly sulphated keratan sulphate, and 

CS/DS enriched in sulphation patterns recognised by the antibodies 5D4 and 7D4, 

yielded best potential enhancement of corneal epithelial differentiation as 

identified by the methods described herein. Other native sulphation patterns 

also revealed significant effects on gene expression.  
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1 Chapter 1: Introduction 

The eye is one of the most uniquely structured organs in the body and enables us 

to perceive the world through vision. Each component of the eye is vital for 

clear vision and damage to any part can result in the lack thereof. This thesis 

centres primarily around the cornea which is located at the anterior surface of 

the eye and the use of pluripotent stem cells (PSCs) to generate the corneal 

surface cells, named corneal epithelium, with a focus on the effect of 

endogenous extracellular matrix molecules and how they can be applied to this 

technology. 

1.1 The Cornea 

The cornea is a curved, avascular tissue located in the anterior eye that serves 

as a clear, protective barrier. Despite its relatively simple tissue structure, the 

cornea is vital for protecting the eye from debris and infectious agents as well as 

being essential for vision by providing two thirds of the refractive power of the 

eye (DelMonte and Kim, 2011). The cornea is continuous with the sclera, with 

the limbus being the interface between the two structures. The average adult 

cornea is approximately 11-12 mm in diameter (Rüfer et al., 2005).  

1.1.1 Structure 

The adult human cornea is constituted of five layers. In order from the most 

anterior to the most posterior they are the epithelium, Bowman’s layer, the 

stroma, Descemet’s membrane and finally the corneal endothelium. These layers 

are important for the structure and function of the cornea an overview is shown 

in Figure 1.1. 
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Figure 1.1 Schematic representation of the corneal limbal stem cell niche and 
some of its constituent elements (LESC, limbal epithelial stem cell; CSSC, 
corneal stromal stem cell; TAC, transient amplifying cell). 

The most superficial layer, the epithelium – the primary focus of this study, is 

comprised of stratified, non-keratinised, squamous epithelium (approximately 

four to six cell layers or 40 to 50 µm) (DelMonte and Kim, 2011). The epithelial 

surface of the cornea is vital for protecting the sensitive structures within the 

eye from the two most common external insults, including pathogenic organisms 

and other environmental debris/stimuli (Bashir et al., 2017). The corneal 

epithelium is discussed in further detail in Section 1.1.2. 

Bowman’s layer is the interface between the epithelium and the corneal stroma 

and is usually described as an acellular condensation of the anterior stroma. 

Whilst useful histologically to differentiate between corneal epithelium and 

stroma, its biological function is unclear and incidental removal of Bowman’s 

layer via photorefractive keratectomy shows little to no complication even after 

more than 10 years post-operation (Wilson and Hong, 2000). 

Below Bowman’s layer lies the corneal stroma which is responsible for most of 

the cornea’s structural and physical characteristics and comprises approximately 

80% of the corneal thickness. It mainly consists of collagen fibrils organised into 

layers named lamellae of which there are approximately 250 in the central 

cornea and 500 towards the periphery (Bergmanson et al., 2005; Radner et al., 

1998). The corneal stroma is produced and maintained by a network of 
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keratocytes which are present throughout the stroma and whose morphology 

varies dependent on the location within the stroma (Poole et al., 1993). 

Keratocytes play an important role in the synthesis and remodelling of the 

extracellular matrix within the corneal stroma and produce collagen, 

glycosaminoglycans as well as matrix metalloproteases (MMPs) (DelMonte and 

Kim, 2011). The keratocyte population is highly heterogenous, with some cells in 

the peripheral corneal stroma have been identified with stem cell-like 

characteristics showing multipotent progenitor capacity, with the ability to 

differentiate towards mesenchymal and corneal epithelial phenotypes and shown 

as CSSCs in Figure 1.1 (Du et al., 2005; Hashmani et al., 2013). 

Finally, at the posterior stroma lies Descemet’s membrane (DM) and the corneal 

endothelial cell layer. The endothelial layer is essential for maintaining the 

correct hydration of the corneal stroma (Bonanno, 2012) and corneal endothelial 

cells rely upon Descemet’s membrane to maintain  their phenotype and function 

(Chen et al., 2017). A sixth layer of the cornea has been reported located 

between Descemet’s membrane and the posterior corneal stroma (Dua et al., 

2013). However, some describe it as residual corneal stroma and not distinct 

enough from the stroma to be classified as a separate layer (McKee et al., 2011). 

1.1.2 Corneal Epithelium 

The corneal epithelium is vital for the integrity of the anterior eye and as such 

any damage to this layer can lead to severe consequences. The epithelium itself 

is widely accepted to be regenerated from the limbus at the edge of the cornea 

centripetally towards the centre of the cornea originating from limbal epithelial 

stem cells (Dorà et al., 2015). Limbal epithelial stem cells slowly differentiate as 

they migrate towards the central cornea, becoming transient amplifying cells 

where they multiply and differentiate before becoming a terminally 

differentiated stratified corneal epithelial cell. These transient amplifying cells 

also have some wound repair capability, being able to spontaneously increase 

the number of cell cycles to replace injured epithelial cells (Dua and Azuara-

Blanco, 2000; Lehrer et al., 1998; Pellegrini et al., 1999).  
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1.1.3 Limbal Stem Cell Niche 

Limbal epithelial stem cells are thought to reside in the basal layer of the limbal 

epithelium within the epithelial crypts which are arranged both 

circumferentially and occasionally slightly radially around the periphery of the 

cornea, a feature largely conserved across mammalian corneas (Chen et al., 

2004; Cotsarelis et al., 1989; Grieve et al., 2015). They can be distinguished 

from adjacent cells by virtue of their smaller size and less columnar appearance 

(Romano et al., 2003).They can also be distinguished by expression of various 

proteins, including for example; ATP-binding cassette super-family G member 2 

(ABCG2) – a transporter protein (Watanabe et al., 2004) and p63 and its various 

isoforms, namely ΔNp63 (Di Iorio et al., 2005; Kawakita et al., 2009). Another 

candidate marker for a limbal epithelial stem cell is ATP binding cassette, sub-

family B, member 5 (ABCB5) (Ksander et al., 2014). Initially identified in cell 

fusion of progenitor cells and in the initiation of human melanoma (Frank et al., 

2003; Schatton et al., 2008), it was found to be required not only for limbal 

epithelial stem cell maintenance and development but could also fully restore 

the cornea in limbal epithelial stem cell-deficient mice (Ksander et al., 2014). 

An empirical limbal epithelial stem cell marker remains to be determined and is 

complicated by the inherent heterogeneity of the limbal stem cell population 

(D.-Q. Li et al., 2021), but the three mentioned above are used most commonly 

and widely accepted. 

1.1.4 Limbal Stem Cell Deficiency and Treatments 

Further attempts to enrich or isolate limbal epithelial stem cell populations for 

use in studies and/or transplantation have been attempted and been successful, 

particularly in the treatment and study of limbal stem cell deficiency (LSCD), a 

disease characterised by loss of limbal epithelial stem cells with variable 

aetiology including genetic but primarily acquired through acute injury  

(Haagdorens et al., 2016). For example, one of the most successful procedures is 

cultivated limbal epithelial transplant (CLET), developed by Pellegrini et al, 

which involves taking a corneal limbal biopsy from the healthy donor eye, 

expanding limbal epithelial stem cells in vitro and transplanting them back into 

the original patient, with success being largely contingent upon the amount of 

ΔNp63+ limbal epithelial stem cells present in the biopsy (Pellegrini et al., 1997, 
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2016; Rama et al., 2010). An example of a successful CLET surgery is shown in 

Figure 1.2. Simpler versions of this technique have been developed, for example 

simple limbal epithelial transplant (SLET), whereby a small piece of limbal 

biopsy from a healthy donor is dissected and distributed over an amniotic 

membrane and placed on the cornea to regenerate the deficient cells on the 

injured eye without relying on cultured cells (Sangwan et al., 2012). Another 

slightly cruder technique is conjunctival limbal autograft (CLAU), in which 5 to 7 

mm of limbus is harvested from a healthy eye and transplanted to the LSCD-

afflicted eye (Kenyon and Tseng, 1989). 

 

Figure 1.2 Treatment of limbal stem cell deficiency using cultivated limbal 
epithelial transplantation (CLET). (A) Stem cell deficient eye with ocular surface 
squamous neoplasia. (B) Image of the same eye showing an irregular and non-
intact ocular surface with fluorescein staining. (C) The same patient’s eye at 1 
year post surgery, showing healthy corneal epithelial cells covering the cornea. 
(D) Fluorescein staining reveals a smooth and stable surface after CLET. Figure 
adapted from (Bains et al., 2019). 

Whilst these techniques are effective in restoring the regenerative limbal 

epithelial stem cells to the corneal surface and, owing to their autologous 

nature, do not require immunosuppressant drugs, they are limited by the extent 
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of tissue damage requiring repair (Bains et al., 2019). This is particularly so for 

SLET which is not suitable for severe damage and is primarily only applicable for 

unilateral LSCD, owing to the reliance on having a healthy donor eye. This leads 

to another major drawback for both of these autologous techniques, in that they 

involve taking a limbal biopsy from a healthy eye, which could damage the 

healthy eye leading to bilateral LSCD and is especially damaging for the patient 

if the technique fails overall. This is unlikely, however, as the procedures are 

relatively safe (for CLET and SLET) and the success rate is relatively high,  76% 

for CLET, 78% for SLET and 90% (down to 60% where smaller grafts are used) for 

CLAU respectively at follow up (Baylis et al., 2011; Liang et al., 2009; Shanbhag 

et al., 2019). 

Other techniques using allografts are available to treat bilateral LSCD for 

example cadaveric and living-relative conjunctival limbal allograft (CLAL) and 

keratolimbal allograft (KLAL) whereby donor tissue from living relatives or 

cadavers is used to restore the limbal region (Holland, 1996; Kwitko et al., 

1995). These techniques typically feature slightly poorer outcomes and graft 

failure is common; they also require immunosuppressant drugs to be taken which 

result in further adverse effects (Atallah et al., 2016; Biber et al., 2011; Ilari and 

Daya, 2002). Owing to these issues further techniques were explored including 

cultivated oral mucosal epithelial sheet transplantation (COMET) whereby oral 

mucosal cells are transplanted onto the surface of the eye after being cultivated 

on amniotic membrane substrate and co-cultured with inactivated fibroblasts 

(Nakamura et al., 2004). An example of the results of the procedure is shown in 

Figure 1.3. Other approaches may use temperature responsive substrates rather 

than amniotic membrane to release the cultivated cell sheet (Nishida et al., 

2004). The technique is relatively successful achieving a stable ocular surface in 

70.8% of patients and is particularly suited to severe ocular surface disease for 

example Stephen-Johnsons syndrome. The main issue with the technique is 

neoangiogenesis peripherally on the cornea due to oral mucosal epithelium’s 

requirement for a vascular bed, which may potentially affect visual 

improvement and few studies trace follow up more than 3 years (Nishida et al., 

2004). 
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Figure 1.3 Clinical treatment of limbal stem cell deficiency using cultivated oral 
mucosal epithelial transplantation (COMET). (A) Limbal stem cell deficient eye 
showing keratinisation. (B) Non-keratinised epithelium derived from cultivated 
oral mucosal epithelial cell sheet covered the corneal surface at 3 years post 
operation. (C) Fluorescein staining of the same eye reveals no epithelial damage 
on the surface epithelium. (D) The repaired eye is able to be fitted with a 
contact lens that improved visual acuity substantially. Figure adapted from 
(Bains et al., 2019). 

 Newer approaches aim to solve the issues that have arisen from current 

therapies, especially for severe or bilateral LSCD. These issues are either the 

need for cadaveric or donor tissue and subsequent immunosuppressants, the 

need for multiple ocular surgeries in the case of SLET and CLET or the issues 

from using non-corneal epithelial cells in the case of COMET. To this end, many 

researchers have turned their attention to stem cell therapies, using a source of 

pluripotent stem cells, including both hiPSCs (Hayashi et al., 2016; Mikhailova et 

al., 2016; Susaimanickam et al., 2017) and human embryonic stem cells (hESCs) 

(Zhang et al., 2017) or other stem cells, e.g. mesenchymal stem cells or dental 

pulp cells (Calonge et al., 2019; Gomes et al., 2010).  
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Of these, iPSCs are arguably the most promising, as they can, in theory, be 

produced from a patient’s somatic cells and eliminate the risk of allogeneic 

rejection due to using the patient’s own cells. They are discussed in more detail 

in Section 1.4 along with prospective iPSC-based corneal cell therapies. 

1.2 Extracellular Matrix in the Cornea 

The extracellular matrix is a vital part of the cellular scaffold that maintains the 

shape and organisation of cells within the majority of tissues throughout the 

body. It is especially prevalent in connective tissue but plays an important role 

in cellular homeostasis in virtually all tissues. Extracellular matrix plays a key 

role in the function and structure of the cornea and confers the majority of the 

cornea’s properties, for example corneal transparency, which arises from the 

careful balance of collagen and hydrated proteoglycans.  

During development, the majority of the corneal extracellular matrix is 

synthesised by keratoblasts (primordial keratocytes that develop from neural 

crest cells below the epithelium) in the stroma and corneal epithelial or 

endothelial cells in their respective layer (Chen et al., 2015; Hay, 1980). 

1.2.1 Collagen 

Collagens are extracellular, structural proteins that are expressed ubiquitously 

throughout the body and are the most abundant proteins by weight in mammals. 

The common feature of these extracellular matrix molecules is the presence of a 

triple helix motif that can form most of their structure, in the case of collagen I 

or a small part, for example in collagen XII. Collagens represent a range of 

proteins of which there are 28 members in the collagen superfamily and healthy 

tissue function relies on the correct assembly and distribution of the various 

members of the collagen superfamily (Gordon and Hahn, 2010; Kadler et al., 

2008; Ricard-Blum, 2011). 

In the cornea, notable amounts of collagen are primarily observed in two of the 

layers of the cornea: in Bowman’s layer and the corneal stroma. The cornea has 

been shown to be constituted primarily from collagen type I and type V within 

heteropolymeric fibrils with type V throughout these. These fibrils are uniform in 

diameter at approximately 31 nm and arranged in a pseudolattice of stacked 
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lamellae orthogonally rotated approximately 90˚from the previous layer 

(Ihanamäki et al., 2004; Leonard and Meek, 1997; Meek, 2009). Fibril-associated 

collagens (FACITs), for example collagen XII and collagen XIV are also important 

for the regulation of fibril association and interactions been adjacent layers of 

lamellae by modifying their interactive properties (Chen and Birk, 2013). 

Collagen VI is a nonfibrillar collagen present as a network throughout the stroma 

around other fibrils and close to corneal stromal cells, and is thought to possess 

both structural and regulatory roles (Doane et al., 1992). 

Various collagen isoforms are also present in the corneal epithelium, particularly 

in the basement membrane as discussed below. 

1.2.2 Basement Membrane Proteins 

Basement membranes form a vital, functional component of most epithelial and 

endothelial tissues and the cornea is no exception. In the cornea various proteins 

are present across the entire ocular surface including the corneal epithelium and 

the conjunctival epithelium, including various collagens (type IV - α5 and α6 

chains, VII, XV, XVII and XVIII), laminin-111, laminin 332, laminin chains α3, 

β3,and γ2, fibronectin, matrilin-2 and -4 and perlecan. There are, however, 

differences between the different regions of the ocular surface and the limbal 

basement membrane, overall, more closely resembles that of the conjunctiva 

but there are some limbal-specific basmement membrane proteins, e.g. laminin 

α1, α2, β1 chains, and agrin (Schlötzer-Schrehardt et al., 2007). Laminin plays a 

role in organogenesis of the eye and is expressed in a specific spatiotemporal 

manner throughout the development of the human eye (Byström et al., 2006). 

1.2.3 Proteoglycans 

Proteoglycans play a key role in the function and homeostasis of healthy cornea. 

See Section 1.3.3 for a more in-depth analysis of proteoglycans and their role in 

the cornea and specifically CS proteoglycans,which constitute a key focus of this 

thesis. 

1.3 Proteoglycans and Glycosaminoglycans 

Proteoglycans are an essential part of the extracellular matrix throughout the 

body and usually consist of glycosaminoglycans covalently attached to a specific 
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core protein. The six main subdivisions of glycosaminoglycans in the human body 

are hyaluronic acid or hyaluronan (HA), keratan sulphate (KS), chondroitin 

sulphate (CS), dermatan sulphate (DS), heparin and heparan sulphate (HS), each 

of which is typically bound to certain protein cores. The exception to this is HA 

which does not bind covalently to a core protein but interacts through protein-

protein interactions, and heparin, which is also a free glycosaminoglycan chain. 

They are typically attached via an N or O link on an asparagine or serine amino 

acid residue respectively on the host protein (Nilsson et al., 1982). Some core 

proteins can have many attachment sites and contain different 

glycosaminoglycan species, for example aggrecan, which can contain multiple CS 

and KS attachment sites, which repeat between globular regions of protein 

(Rodriguez et al., 2006). These glycosaminoglycans consist of long, 

polysaccharide chains made up of different disaccharide units and have varying 

levels of sulphation (excluding HA) that further differentiates them (Prydz and 

Dalen, 2000). 

1.3.1 Proteoglycan and glycosaminoglycan types and structure 

Generally, proteoglycans are heterogeneous macromolecules that, dependent 

upon their location, can be extracellular, intracellular, pericellular and cell-

surface associated (Karamanos et al., 2018). The protein core can vary in size, 

as can the amount of covalently attached glycosaminoglycan chains. For 

example decorin (36 kDa core protein) and biglycan (38 kDa core protein) can 

have one or two glycosaminoglycan chains respectively  compared with aggrecan 

(208-220 kDa core protein) which can have over 100 glycosaminoglycan chains 

(Kiani et al., 2002; Varki et al., 2015). 

Glycosaminoglycan structure can vary from molecule to molecule but largely 

follows a similar pattern. The typical disaccharide repeating unit consists of a 

hexosamine (almost always either glucosamine or galactosamine, and typically 

N-acetylated) and either a (hex)uronic acid (glucuronic or iduronic acid) or 

galactose (Caterson, 2012). Both of these components can be sulphated at 

various positions on the sugar molecules and their varying combinations give rise 

to the different subgroups of glycosaminoglycans which are outlined below in 

Figure 1.4. 
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Figure 1.4 Chemical diversity of glycosaminoglycan chains. Hyaluronic acid (HA), 
keratan sulphate (KS), chrondroitin sulphate (CS)/DS (DS), heparin/heparan 
sulphate are shown with potential sulphation sites on the hexosamine, uronic 
acid and galactose sugars. Adapted from (Caterson, 2012).  

The carboxyl groups of the hexuronic acids and sulphation on either of the 

disaccharide components confer a strong negative charge to the 

glycosaminoglycan chains, allowing them to bind to cationic molecules in cells 

and throughout the surrounding extracellular matrix as well as allowing a strong 

affinity for water (Caterson, 2012). The spacing and stereochemistry of these 

sulphate and carboxyl groups within small sections of glycosaminoglycan chains 

can allow for very specific conformations of the glycosaminoglycan allowing for 

different binding sites for extracellular matrix molecules, chemokines growth 

factors as well as morphogens conferring each individual 

glycosaminoglycan/proteoglycan molecule its biological properties and effects 

(Allen and Rapraeger, 2003; Cortes et al., 2009; Dyer et al., 2016; 

Purushothaman et al., 2012). 

1.3.2 Proteoglycan/glycosaminoglycan synthesis 

The synthesis of different proteoglycan combinations varies dependent upon the 

protein core and glycosaminoglycan chain(s) being attached. To summarise the 

process, initially the protein core is produced from mRNA by ribosomes and 
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subsequently translocated into the endoplasmic reticulum. This is then 

transported to the Golgi apparatus wherein the protein is glycosylated 

dependent upon the tissue and protein core. Finally, the proteoglycan is 

transported either to the extracellular surface where it either remains attached 

to the cell surface (e.g. the syndecan family of proteoglycans) or it is secreted 

into the extracellular matrix (e.g. aggrecan and decorin). Exceptions to this 

include serglycin, a HS/CS proteoglycan which is retained intracellularly in mast 

cell and other leukocytes and plays a role in inflammation, immune response and 

wound repair (Varki et al., 2015). 

For CS, DS, Heparin and HS glycosaminoglycans, their synthesis begins in the 

Golgi apparatus, where a protein core typically has a serine hydroxyl group 

(followed by a glycine residue) which receives a xylose from xylosyltransferase 

(Xylt1/Xylt2). Two galactose molecules are then added by galactosyltransferases 

and the xylose residue is phosphorylated at the C-2 position This phosphorylation 

and subsequent dephosphorylation is important in the formation of the tetra 

saccharide linker region and the start of glycosaminoglycan synthesis (Koike et 

al., 2014; Wen et al., 2014). In CS the galactose residues can also be 

phosphorylated at positions on the residues which is thought to aid processing in 

the Golgi to become CS glycosaminoglycan chains (Prydz, 2015). The 

tetrasaccharide linker region is complete upon the addition of D-glucuronic acid 

by glucuronosyltransferase and the addition of the next residue determines 

whether the chain becomes CS/DS (N-acetylgalactosamine) or Heparin/HS (N-

acetylglucosamine) (Karamanos et al., 2018; Varki et al., 2015). 

For keratan sulphate (KS) chains, they are primarily poly-N-acetyllactosamine 

chains covalently linked to asparagine resides on the core protein in the case of 

KS I or serine/threonine residues on the core protein in the case of KS II with 

sulphations added variably along the polysaccharide chain (Varki et al., 2015). 

1.3.3 Proteoglycan/glycosaminoglycan distribution in the cornea 

Proteoglycans are essential for both the development and maintenance of the 

cornea. The primary group of proteoglycans present in the cornea are small 

leucine rich proteoglycan family (SLRPs) and are shown below in Table 1.1. 
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Table 1.1 SLRPs present in the cornea. 

Proteoglycan 

Core 

protein 

(kDa) 

Glycosaminoglycan 

chains 

Decorin 36 1 CS/DS 

Biglycan 38 0-2 CS/DS 

Lumican 37 3 – 4 KS I 

Keratocan 37 3 – 4 KS I 

Fibromodulin 59 2 – 4 KS I 

Osteoglycin/Mimecan 25 2 – 3 KS I 

 

All of these proteoglycans play an important role in collagen fibrillogenesis (and 

subsequent corneal transparency) as well as correct collagen spacing. They are 

also important for maintaining corneal hydration through their hydrophilic 

nature. KS proteoglycans are vital for normal corneal function, primarily 

keratocan and lumican especially in the organisation of collagen assembly into 

fibrils (Chakravarti et al., 1998). In the context of CS proteoglycans the interplay 

between biglycan and decorin have been shown in murine models to be 

implicated in collagen fibrillogenesis and are expressed widely throughout the 

corneal stroma, with biglycan levels decreasing towards maturity. Decorin and 

biglycan null mice have significantly disrupted collagen ultrastructure (Zhang et 

al., 2009), highlighting their role in regular collagen spacing through their 

glycosaminoglycan side chains (Iozzo, 1997). Similar effects are seen with 

biglycan/lumican null mice, which results in significant opacity but single 

proteoglycan knockouts alone do not have the same impact (Chen et al., 2014). 

In terms of glycosaminoglycan distribution, the cornea is primarily constituted of 

KS glycosaminoglycan (both high and low sulphated), with DS and CS 

glycosaminoglycan are also present in slightly lower quantities, with CS located 

more preferentially towards the limbus and DS located more centrally (Ho et al., 
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2014). Glycosaminoglycan distribution also may change with age and potentially 

be a factor in age-related corneal disease, with overall glycosaminoglycan and 

hyaluronic acid being higher in younger people and the proportion of sulphated 

glycosaminoglycans increasing with age and hyaluronic acid decreasing (Pacella 

et al., 2015). 

1.3.4 CS interaction with growth factors and sulphation motifs 

CS and DS are widely accepted to interact with growth factors and play a 

significant role in tissue development and maintenance as already mentioned. 

However, it is difficult to precisely identify what sulphation moieties are present 

within a tissue or decorating the surface of a cell, which dictate a significant 

proportion of a proteoglycan’s stereochemistry and interactions. To address this, 

monoclonal antibodies have been developed that identify specific sulphation 

motifs on CS/DS (Sorrell et al., 1990) and KS (Caterson et al., 1983). The CS/DS 

specific antibodies are illustrated below in Figure 1.5 based upon their location 

on the CS/DS chain after limited enzymatic digestions (Sorrell et al., 1993). 

 

Figure 1.5 CS glycosaminoglycan chain showing the approximate binding location 
of various distinct sulphation motifs on the length of the glycosaminoglycan 
chain (sulphate groups not depicted). Adapted from (Caterson, 2012; Hayes et 
al., 2018). 

Whilst the exact epitope of these monoclonal antibodies remains to be 

determined, they identify distinct sulphation motifs that are more structurally 

complex than standard 0-, 4- and 6-sulphated disaccharide CS chains which are 
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commonly used in cell scaffolds in any current corneal tissue engineering 

attempts (Lai, 2013; Lai et al., 2012; Osmond et al., 2017). These specific 

antibodies also immunolocalise to specific areas during development and in 

particular, stem cell niche sites and can also be used to isolate progenitor cells 

from articular cartilage (Hayes et al., 2016, 2008). Interestingly, one of the 

antibodies, 6C3, recognises a glycosaminoglycan epitope subjacent to basal stem 

cells in skin, a tissue very similar to corneal epithelium, also being derived from 

surface ectoderm (Sorrell et al., 1990). Biglycan (CS proteoglycan) and 

fibromodulin (KS proteoglycan) have also been shown to localise to stem cell 

niche sites in tendon tissue and subsequent knockouts resulted in significant 

impacts on the ability of tendon stem/progenitor cells to repair injury and 

disrupts the niche, furthering evidence for the role of CS proteoglycans in stem 

cell niche maintenance (Bi et al., 2007). In the cornea, biglycan knockouts have 

been carried out, however studies have only analysed stromal structural deficits 

and not epithelial changes or any associations with the limbus (which are 

morphologically distinct in murine tissue and so not wholly comparable to 

humans) (Chen et al., 2014; Zhang et al., 2009). 

Whilst many associations with specific sulphation motifs and CS proteoglycans 

have been found to be implicated in stem cell niche maintenance and 

development in vivo, there is little study into the potential effects that these 

molecules could have on in vitro cell differentiation and maintenance, which 

will be explored in this thesis in the context of iPS cell differentiation towards 

corneal epithelial cells. 

1.4 Pluripotent Stem Cells 

Pluripotent stem cells (PSCs) have been a vital tool in the field of cell biology, 

not just by furthering the understanding of developmental pathways and 

pathological mechanisms, but they are also incredibly useful in the field of 

regenerative medicine as a potential source of cells for almost any tissue in the 

body. With the advent of the first pluripotent hESC lines being derived and 

characterised (Thomson et al., 1998), the field of stem cell biology has since 

expanded rapidly in the last two decades. Another breakthrough came from the 

discovery of iPSCs (Takahashi et al., 2007), allowing pluripotent stem cells to be 
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generated from adult somatic cells. These iPSCs were generated by viral 

transfection of four key pluripotency transcription factors: Oct3/4, Sox2, Klf4 

and c-Myc. The discovery of these so called ‘Yamanaka factors’ has further 

increased the potential of the field and has reduced the restrictions of 

necessitating embryonic tissue and allowing the potential for autologous stem 

cell therapies and studies as well as patient-specific diseases modelling. 

1.4.1 Anterior eye development 

The development of the eye is a complex process that requires the interaction of 

different primordial cell types and germ layers. The optic vesicle forms as a bud 

from the neuroectoderm and subsequently becomes the optic cup after 

interaction with surface ectoderm and the resultant lens placode, which is also 

from surface ectoderm. The optic cup can then become neural retina or upon 

interaction with mesenchyme, pigment epithelium. The optic vesicle, prior to 

forming the optic cup, interacts with competent surface ectoderm as mentioned 

and this forms the lens placode. The lens placode then forms the lens vesicle 

which upon interaction with the neural retina matures into lens cells. The lens 

vesicle is also critical in the maturation of outer surface ectoderm to corneal 

epithelial cells through signalling interactions (Graw, 2010). After the formation 

of the primordial epithelium and lens, they separate, and the space between 

them is infiltrated by mesenchymal cells that will later form the corneal stroma 

and become keratocytes (Cvekl and Tamm, 2004) 

This whole process is largely controlled by the master regulator of eye 

development, the transcription factor Pax6. Pax6 is constitutively expressed 

throughout the early stages of eye development in the surface and 

neuroectoderm and is essential for the differentiation and maturation of cornea, 

lens, ciliary body and retina, that allow for separation of lens and surface 

ectoderm and subsequent mesenchymal infiltration and corneal stromal 

development (Nishina et al., 1999). 

PSC technologies to differentiate PSCs towards ocular cell phenotypes also 

provide a useful tool to interrogate the developmental pathways of ocular cell 

anlages and often mimic in vivo developmental studies, providing a tractable 

model system of developmental pathways. 
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1.4.2 Differentiation of PSCs towards ocular cell phenotypes 

Due to the complexity of the eye and the fact it arises from different primordial 

cell lineages in development means that modelling specific cell types is 

challenging. For example, neuroectoderm gives rise to the retina via the optic 

vesicle, the iris and corneal stroma derives from neural crest origin and, finally, 

the corneal epithelium is derived from surface ectoderm. Generating cells of 

distinct origins using pluripotent stem cells towards ocular anlages is challenging 

however this is alleviated somewhat by the intrinsic self-organisation of 

pluripotent stem cells. 

Various studies have shown optic cup-like structures and retinal development in 

vitro and that by using stepwise differentiation protocols, early eye field cells 

could be produced that matched development in vivo (Meyer et al., 2009). 

Further 3D studies demonstrated the self-organising potential of pluripotent 

stem cells and their ability to form both rods and cones in vitro, as well as 

retinal pigmented epithelium (Eiraku et al., 2011; Nakano et al., 2012). Further 

developments in differentiation procedures could more accurately represent 

spatiotemporal development of the visual field and produce functional, 

photosensitive photoreceptors and retinal pigment epithelium, allowing the 

development of potential cell therapies using PSC technology (Reichman et al., 

2014; Zhong et al., 2014). The cellular self-organisation has also been 

interrogated using PSC technology showing the potential use in dissecting 

developmental pathways (Mellough et al., 2015). Some groups have also shown 

that photoreceptor precursors generated from PSC-derived optic vesicle 

structures can be isolated and transplanted in mice models, to become mature 

photoreceptors and restore vision (Lakowski et al., 2015). Similar selection 

panels have also been developed for human PSC-derived photoreceptor 

precursors further cementing their potential for use in therapeutic applications 

(Lakowski et al., 2018). 

Whilst many studies focus on the neuro-retina (which PSCs generate more 

favourably), various studies have investigated the potential of PSCs to form 

corneal compartments and corneal epithelial cells in vitro. Initial attempts 

involved attempting to recreate the limbal niche using collagen IV and limbal 
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fibroblast-conditioned medium to differentiate PSCs towards a corneal epithelial 

phenotype, however generated cells were not very robust and differed from 

native corneal epithelium (Ahmad et al., 2007). Other studies have also shown to 

produce corneal epithelial-like cells that display corneal epithelial markers 

(K3/K12 and Pax6) from PSCs and have shown how the regulation of Pax6 is 

critical for differentiation (Brzeszczynska et al., 2014; Hayashi et al., 2012; 

Hongisto et al., 2017; Shalom-Feuerstein et al., 2012).  

Whilst these studies are promising, they do not take into account the elaborate 

nature of whole eye development and solely focus on one cell type within the 

eye field. In development, signalling cues between distinct cell types are 

essential for differentiation of primordial cells into mature cellular phenotypes 

as in optic cup differentiation of PSCs. In addition, the resultant cells from these 

methods would require significant purification and optimisation to generate 

sufficient cells for transplantation. One promising method has generated 3D 

corneal organoid models that mimic the main three cell types of the cornea, 

namely stromal, epithelial and endothelial cells, however the scalability and 

generation of large amounts of corneal epithelial cells for transplant remains to 

be elucidated in this method (Foster et al., 2017). Recent work by our 

collaborators at Osaka University in Japan, has shown that hiPSCs can form self-

formed ectodermal autonomous multizones (SEAMs) of ocular cells which present 

great promise as a tool for producing corneal epithelial cells from PSCs and can 

successfully generate transplantable cell sheets for the treatment of LSCD 

(Hayashi et al., 2016). 

1.4.3 Self-formed ectodermal autonomous multizones (SEAMs) 

SEAMs are an incredibly useful tool as they can mimic whole eye development to 

a certain extent in the more tractable 2D format and are so named as they 

spontaneously form different cell lineages from ectodermal anlages. They rely 

on the intrinsic self-organising capability of PSCs following prolonged culture and 

result in the formation of concentric rings of different cell types. Each zone 

within a SEAM is constituted of different cell types as shown in Figure 1.6. 
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Figure 1.6 Human iPSCs form a primodium comprising four identifiable 
concentric zones, termed a self-formed ectodermal autonomous multi-zone 
(SEAM). Cell morphology in each zone is distinctive and partially mimics eye 
development. Adapted from (Hayashi et al., 2016). 

Furthermore, cells isolated from SEAMs, in particular the zone 3 - ocular surface 

ectoderm-like cells have translational applications as they can be sorted and 

expanded to form corneal epithelium in an animal model of corneal blindness 

(Hayashi et al., 2016). Whilst a very promising technique, some issues with this 

protocol are the extended culture time of approximately 120 days (a large part 

of this being the 2 – 8 week corneal maturation stage), and the technical 

complexity of the procedure, requiring specialist facilities. 

Further work by the group has shown that differing the sorting criteria for SEAM- 

generated epithelial progenitor cells can be improved by using CD200 as a 

negative sorting marker over TRA-1-60, as well as using cell-type specific 

adhesiveness to improve purification of corneal epithelial cells (Hayashi et al., 

2018; Shibata et al., 2020). They have also shown how extracellular matrix 

molecules can greatly influence the differentiation propensity and cell 

morphology of these SEAM-derived corneal epithelial stem cells with different 

laminin isoform substrates and closely mirror those in vivo development. 



20 
 

LN332E8 was shown to promote the differentiation of corneal epithelial cells 

from iPSCs, a laminin isoform widely expressed in the basement membrane of 

the cornea (Schlötzer-Schrehardt et al., 2007; Shibata et al., 2018). Very 

recently the model has been shown to derive other eye cell types from the 

mixture of primordial cells, with 3D lacrimal gland organoids successfully being 

developed from SEAM cultures, showing its versatility and many possibilities 

(Hayashi et al., 2022). The presence of microglia-like cells has also been 

discovered, further demonstrating the complexity of this model (Shiraki et al., 

2022) 

These studies show the elegance and pliability of this method and that further 

interrogation of this method would be of great benefit, which leads towards the 

hypothesis of this study below, which is to investigate the effect of CS on the 

differentiation of these iPSC-derived corneal epithelial cells and other ocular 

cell types within SEAMs. 

1.5  Hypothesis 

The hypothesis of this study is that specific, isolated CS sulphation motifs from 

the extracellular matrix of the native corneal stem cell niche and engineered 

and native corneal epithelium can improve or alter the differentiation 

propensity of human corneal epithelial cells and other ocular cell lineages from 

SEAMs. 

1.6 Experimental Aims 

1.6.1 Aim for Chapter 2 

The first aim of the project was to investigate the distribution of CS epitopes 

and CS proteoglycans in porcine cornea to inform the subsequent extraction and 

purification of CS isoforms from corneal tissue and identify corneal epithelial-

associated CS sulphation motifs. This was to be conducted by analysing the 

presence of corneal epithelium in mature cornea, as well as the developing 

cornea using the SEAMs model and identify CS sulphation motifs associated with 

corneal epithelium. Initially porcine corneas were dissected from fresh whole 

globes and subsequently processed and analysed through immunohistochemistry 

to visualise the localisation of CS sulphation motifs as well as CS proteoglycans 

and identify any potential regulators of the stem cell niche or corneal epithelial-
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associated CS species. The presence of sulphated glycosaminoglycans in the 

SEAM 2D model was also assessed to determine glycosaminoglycans present in 

the in vitro model. 

1.6.2 Aim for Chapter 3 

The next aim, following on from the preliminary microscopy studies, was to 

identify sources of glycosaminoglycans sulphation motifs of interest and perform 

extractions and enrich for these motifs of interest. Proteoglycans and 

glycosaminoglycans from porcine corneas were then extracted from both 

peripheral/limbal regions of the cornea as well as central corneal regions by 

guanidine hydrochloride chaotropic extraction. These extracted proteoglycans 

were then separated by isopycnic ultracentrifugation in the presence of caesium 

chloride and characterised to investigate their constituents. The proteoglycan 

and glycosaminoglycan composition of these preparations was assessed to 

identify the presence of glycosaminoglycan species of interest from the previous 

chapter. After characterisation and identification of enrichment targets, target 

CS proteoglycans and CS motifs were then enriched by ion-exchange 

chromatography and processed for use as a cell culture substrate upon which to 

grow and differentiate SEAMs. 

1.6.3 Aim for Chapter 4 

The final aim of the project was to culture SEAMs on the enriched 

glycosaminoglycan substrates, to investigate the effect of the 

glycosaminoglycans using an iPSC-based 2D eye model of the developing eye, 

specifically, the effect on the generation of SEAMs. As a result of the COVID-19 

pandemic, this also involved establishing facilities for iPSC culture and SEAM 

generation in the UK, as this aim was due to be completed in specialist facilities 

in Osaka, Japan. Having successfully established facilities in Cardiff University, 

the generated SEAMs, grown upon specified glycosaminoglycan substrates, were 

analysed morphologically by light and immunofluorescence microscopy, as well 

as by qPCR for the expression of key corneal genes.  
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2 Chapter 2: Identification of stem cell niche associated 

CS epitopes 

2.1 Introduction  

The aim of this initial chapter was to identify potential candidate 

glycosaminoglycan and proteoglycan substrates, to inform their extraction and 

purification. They would then be used as a substrate upon which to differentiate 

corneal epithelial cells from iPSCs. The approach used here was to identify 

glycosaminoglycan sulphation patterns of interest, using specific CS/DS 

antibodies detailed in Figure 1.5. Key characteristics of CS/DS species of 

interest were those that were associated with either the corneal epithelium in 

vivo or in vitro. These include adult corneal epithelial cells from a mammalian 

tissue source or from stem cell-derived developing corneal epithelial-like cells. 

Also of particular interest, and investigated here, were glycosaminoglycan 

species of interest associated with the corneal epithelial stem cell niche, the 

corneal limbus. 

Stem cell niches are key anatomical locations where normally quiescent 

multipotent stem cells can both proliferate and differentiate to maintain 

cellular homeostasis in their resident tissues as well as respond to illness or 

injury. They play a key role in the maintenance and repair of a wide range of 

structures throughout the body. Stem cell niches are not just the physical 

location within tissues but are comprised of various competing factors that will 

ultimately determine the cell fate of the resident stem cells. These components 

can include extracellular matrix molecules, adjacent cells, and cell-cell 

interactions. The nanotopography of the ambient surface and its physical 

properties can also play a role in the maintenance of the stem cell niche. 

Together, the conditions will ultimately provide stimuli for the stem cells to 

activate or repress certain genetic pathways and programmes thus determining 

their fate (Ferraro et al., 2010). Repurposing stem cell environmental cues and 

using them for the purposes of in vitro cell maintenance and differentiation is an 

established and useful tool and has been demonstrated in a variety of cell types. 

For example, in human mammary progenitor cells, substrate selection can be 

used to identify molecules that maintain the multipotency of the progenitor cells 
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in vitro as well as recognise signalling molecules that can keep the cells in a 

quiescent state (LaBarge et al., 2009). Another example is that of improving the 

in vitro maintenance of hematopoietic stem cells by presenting the cells with 

their native stem cell niche cues that are present in vivo, resulting in retainment 

of multipotency for a longer period compared to basal conditions (Roch et al., 

2017). 

There are some examples of this approach being used to recreate the limbal 

stem cell niche of the cornea, for example recreating the limbal epithelial 

crypts using collagen-based tissue equivalents (Levis and Daniels, 2016). Other 

interesting studies using this model include recreating the corneal stromal stem 

cell niche through the use of collagen gels as well as co-culturing supportive 

corneal stromal cells with limbal epithelial cells (Kureshi et al., 2015; Mukhey et 

al., 2018). Whilst effective at mimicking some aspects of the 3D physical 

environment, they do not capture the complete range of cell types and signalling 

molecules that are present in the corneal stem cell niche, which is a technically 

complex feat. 

Many studies have explored the extracellular components of the limbal stem cell 

niche, focusing on both the cellular and acellular components. The general 

expression of various extracellular matrix molecules was established in a 

comprehensive study, which found various laminin isoforms (α1, α2 and ß2 

chains) highlighted in the limbal niche along with other molecules, all located 

adjacent to ABCG2/p63/K19 positive epithelial stem cells. In the same study 

other molecules located in the limbus and the adjacent transition zone included 

CS and versican, a CS proteoglycan (Schlötzer-Schrehardt et al., 2007). The 

physical properties have also been explored with 3D imaging-derived models of 

the limbus detailing the interaction of limbal crypts and focal stromal 

projections being key to the highest concentration of stem cells expressing 

putative stem cell markers (Shortt et al., 2007). Whilst some of these factors 

have been used in attempts at engineering corneal epithelial cells, including 

using decellularized limbal scaffolds (Polisetti et al., 2021a, 2021b), much work 

is needed to understand the function and role of these components in the stem 

cell niche, and which components contribute to maintaining cells in their 
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multipotent state versus ensuring temporally and spatially correct 

differentiation. 

This chapter focuses on identifying CS species present in the corneal 

limbus/corneal epithelium and in engineered corneal epithelial cells to inform 

and take cues from an aspect of native extracellular matrix deposition, similarly 

to the studies stated above. To investigate this, monoclonal antibodies 

recognising specific CS epitopes were utilised to identify potential candidate 

molecules, namely those associated with either the corneal limbus and 

epithelium in vivo or associated with engineered developing corneal epithelial 

cells in vitro. These antibodies and their binding are shown in Figure 1.5. Both 

the porcine corneal limbus and epithelium, representing mature adult limbus, as 

well as iPSC-derived corneal epithelial cells in SEAMs, representing a 2D model 

of the developing eye – including corneal epithelial-like cells, were investigated 

for potential molecular markers. Both models are well characterised, with the 

porcine limbus representing the most biochemically and anatomically similar 

animal model to human cornea (Hammond, 2021; Sharifi et al., 2019) and SEAMs 

representing an useful, tractable model of corneal development (Hayashi et al., 

2016). Both analyses will be used to facilitate the further extraction of 

molecules of interest, namely CS molecules that have previously been identified 

as stem cell-associated or associated with the corneal epithelium. 

Previously, these molecular markers, namely CS epitopes, have been 

investigated in the presumptive rabbit limbus and in human limbus, with the CS 

epitope recognised by the antibody 6C3 most notably being localised subjacent 

to the limbus in both rabbit and human limbus. Other epitopes present included 

those recognised by the 7D4, 4C3 and 3B3 anti-CS antibodies (detailed in Figure 

1.5) (Yamada et al., 2015). Extracting sufficient glycosaminoglycan material 

enriched in these sulphation motifs for use in further studies would have been 

untenable to use a human source, due to the difficulty of obtaining sufficient 

tissue and subsequent ethical concerns. To this end, a commercial porcine 

source has been used, which could theoretically be a therapeutic source, as 

many medical products are still derived from high quality meat industrial 

byproducts, for example heparin derived from porcine intestinal mucosa is still 
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widely used in the USA and the UK, despite synthetic alternatives being 

available, this is typically due to synthetic heparin’s much higher cost (Linhardt 

and Liu, 2012; van der Meer et al., 2017). Porcine tissue is also preferred over 

bovine as a reduced risk of bovine spongiform encephalopathy. Prior to 

attempting to extract proteoglycans and glycosaminoglycans from porcine tissue, 

it was necessary to determine the distribution in these tissues to inform their 

extraction and purification. 

Detailed in this chapter are the results of immunohistochemical analyses of 

CS/DS epitopes in both porcine corneal tissue and developing SEAMs. Whilst 

similar studies have been done in other mammalian limbus studies for the 

former, the analysis here is novel in porcine corneal tissue and serves as a useful 

model of human cornea. For the SEAM analyses, this is the first documented 

analysis of distribution of sulphated CS glycosaminoglycan epitope mapping in 

the SEAM and also any PSC-derived corneal tissue or organoid. Various 

glycosaminoglycan species were identified that hold potential for further 

investigation and use as a substrate as detailed in this chapter. This 

subsequently enabled further attempts at extraction and purification for use as a 

substrate in the following chapters. These glycosaminoglycan species were the 

CS epitopes recognised by the antibodies 6C3, which was found to be strongly 

associated with the corneal limbus, and 7D4, which was found to be associated 

with the corneal epithelium in vivo and with developing iPSC-derived corneal 

epithelium in vitro. 

2.2 Methods 

2.2.1 Tissue Acquisition and Processing 

Whole porcine globes were acquired from a local abattoir (Maddock Kembery 

Meats, Maesteg, Wales, UK), transported to the laboratory on ice (approximately 

45 mins) and processed immediately after acquisition. Porcine tissue is used as a 

model system as the limbal crypts are relatively similar to human limbal 

morphology compared to other models e.g. murine limbus, and are also present 

on the entire circumference of the limbus, allowing for easier tissue processing 

and less wastage (Grieve et al., 2015). 
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The cornea was dissected from the rest of the globe using a scalpel and adherent 

iris and lens tissue were carefully removed. The cornea was then cut into 

quarters  and pieces were trimmed as in Figure 2.1. These pieces were then 

immersed in a sequential sucrose gradient (10, 20 and 30% (w/v) sucrose in 

water) on a rotator for 20 minutes each at room temperature. The corneal 

pieces were then immersed in 50% (v/v) OCT (optimal cutting temperature 

compound)/50% (v/v) PBS on a rotator for 20 minutes before finally being 

transferred to OCT and rapidly frozen on liquid nitrogen cooled blocks and 

stored at -20°C prior to sectioning. 

 

Figure 2.1 Dissection diagram for porcine cornea. (A) Whole cornea is bisected 
axially across the central cornea. (B) Each half corneal segment was bisected 
again and trimmed leaving the blue dashed segments for further processing with 
the blue arrows representing sectioning direction from the horizontal plane to 
the superior and dorsal edges of the cornea. 

2.2.2 Immunohistochemistry of porcine cornea 

All chemicals were from Merck, Gillinham, unless otherwise stated. 

Immunohistochemistry was performed as described previously with modifications 

as described (Yamada et al., 2015). Porcine cornea samples frozen in OCT were 

cryosectioned at 15 µm thick and adhered to Superfrost glass slides 

(Thermofisher, Loughborough) prior to staining. For chondroitinase ABC pre-

treated sections (enzymatic digestion of CS chains and loss of 

epitopes/generation of neoepitopes), slides were rehydrated in PBS for 5 

minutes and then incubated for 2 hours at 37°C in 0.1 U/ml chondroitinase ABC 

(Sigma-Aldrich, Gillingham) in 50mM Tris-HCl buffer with 60mM sodium acetate 

at pH 8.0 before processing as described below. 
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All sections were immersed in PBS for 5 minutes to rehydrate before being 

blocked in PBS with 1% (w/v) bovine serum albumin (BSA) and 0.05% (v/v) Tween 

20 for 1 hour at room temperature. All primary and secondary antibodies were 

diluted in PBS with 1% (w/v) BSA and 0.05% (v/v) Tween 20. In-house primary 

monoclonal antibody concentrations were optimised and then applied as follows: 

6C3 (1 in 10 dilution, mouse IgM), 7D4 (1 in 100 dilution, mouse IgM), 4C3 (1 in 

100 dilution, mouse IgM) and decorin (1 in 100 dilution, mouse IgG) (Bidanset et 

al., 1992; Sorrell et al., 1990), all for approximately 16 hours at 4°C. Negative 

controls included primary antibody omission and a mouse non-specific IgM 

control. Sections were then washed before the application of the secondary 

antibody, goat anti-mouse antibody (IgM and IgG) or goat anti-rabbit (IgM and 

IgG) conjugated to Alex Fluor 488 (Thermofisher, Loughborough), diluted to 2 

µg/ml for 30 minutes at room temperature. After the final wash, sections were 

mounted with Fluoroshield mounting medium with DAPI (Abcam, Cambridge) and 

imaged using an Olympus BX61 fluorescent microscope. 

2.2.3 Immunohistochemistry of SEAMs 

SEAMs were generated as described previously (Hayashi et al., 2017, 2016), and 

kindly provided for immunohistochemical analysis by Dr Jodie Harrington, Osaka 

University, and their generation is described as detailed in Chapter 4 Section 

4.2.4. Cells were initially coated at three seeding densities in a 24 well plate 

format; 300, 600 and 900 cells in each well equating to approximately 937, 1913 

and 2888 cells/cm2 respectively. SEAMs after 4, 5 or 6 weeks of differentiation 

culture were fixed in 4% (wt/vol) PFA at room temperature for 20 minutes at 

room temperature. The SEAMs were then washed 3 times with TBS. SEAMs were 

then blocked in TBS containing 5% (vol/vol) normal donkey serum and 0.3% 

(wt/vol) Triton X-100 for 1 hour at room temperature. The SEAMs were then 

incubated with the following CS/DS and KS antibodies: 6C3 (1 in 10 dilution, 

mouse IgM), 7D4 (1 in 20 dilution, mouse IgM), 4C3 (1 in 20 dilution, mouse IgM) 

(Sorrell et al., 1990) and 5D4 (1 in 20 dilution, mouse IgM) (Caterson et al., 

1983) overnight at 4 °C diluted in TBS containing 1% (vol/vol) normal donkey 

serum and 0.3% (wt/vol) Triton X-100. The SEAMs were then washed three times 

with TBS for 5 min. and subsequently incubated with the secondary antibody: 

1:1000 dilution of Alexa Fluor® 488-conjugated goat anti-mouse IgG/IgA/IgM 
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secondary antibody (Invitrogen) for 1 hour at room temperature in the dark. The 

SEAMs were then washed three times with TBS for 5 min. Finally, the SEAMs 

were then incubated with Hoechst 33342 for 10 min at room temperature under 

protection from light, washed three times with TBS for 5 min and imaged under 

fluorescence microscopy using a Keyence BZ-x800 series Fluorescence 

Microscope. Negative controls were performed using primary antibody omission 

and shown in the appendix in Figure 7.1 for 7D4 antibody staining in SEAMs and 

Figure 7.2 for co-localisation studies performed in SEAMs. 

2.3 Results 

2.3.1 Identification of corneal epithelial and corneal limbus-associated CS 

sulphation motifs and CS proteoglycans in the porcine cornea 

A panel of antibodies (7D4, 6C3 and 3B3) were used in this study to recognise 

native (non-digested) and chondroitinase digest-generated CS carbohydrate 

motifs as described in Chapter 1 of this thesis (Section 1.3.4). The CS/DS 

glycosaminoglycan-degrading enzyme chondroitinase ABC was used to digest CS 

and DS chains, as a control group for native sulfation epitopes recognised by 6C3 

and 7D4. However, for the 3B3 antibody, enzymatic digestion is required to 

reveal the neoepitope, as it was originally generated against a chondroitinase 

digested proteoglycan. Chondroitinase ABC digestion is denoted by + (digested) 

or – (undigested native chains). 

Of these three epitopes, the one recognised by 7D4 (-) (Figure 2.2A) was 

expressed throughout the central corneal stroma but not in the epithelium. 

There was also an area of increased signal density in the stromal region directly 

subjacent to the corneal epithelium. Whilst minimal staining was present in the 

limbal area. There was slightly increased positive signal in the area adjacent to 

the corneal limbus subjacent to the epithelium which corresponds with the 

location of transient amplifying cells.  

Secondly, the epitope recognised by the antibody 6C3 (-) immunolocalised 

almost exclusively below the basement membrane of the corneal limbal crypt 

area (Figure 2.2C) and extended slightly into the basement membrane of the 

conjunctiva. The signal appeared to surround the cells directly below the 
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basement membrane of the limbal crypt but did not extend into the multipotent 

stem cell compartment in the basal layer of the limbus.  

There was no positive staining for the epitope recognised by the antibody 3B3 (-) 

throughout the corneal stroma (Figure 2.2E) and its neoepitope was only 

revealed upon chondroitinase ABC treatment, with the 3B3 (+) antibody 

neoepitope showing an area of positive signal adjacent to the limbus, similar to 

but not identical to the 6C3 signal (Figure 2.2F).  

All fluorescent staining is lost with chondroitinase ABC treatment for the 7D4 

and 6C3 antibodies (Figure 2.2B, D). Negative controls conducted included an 

isotype (mouse IgM) control and showed no immunoreactivity detectable by 

immunofluorescence (Figure 2.2G, H). Other antibodies were also investigated, 

including CS/DS antibody 4C3, however staining results were either negative or 

non specific. 

The abundant corneal CS/DS proteoglycan decorin was also probed using a 

monoclonal antibody to identify any associations with the corneal limbus or 

epithelium. The expression pattern appears to be diffuse throughout the corneal 

stroma, however an area of slightly higher signal intensity was observed in the 

peri-limbal area (Figure 2.3A). 

Overall the CS/DS sulphation motifs recognised by the 7D4 and 6C3 antibodies 

are of interest owing to their association with the corneal epithelium, for the 

7D4 antibody, and association with the basal layer of the corneal limbus, in the 

case of the 6C3 antibody. 
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Figure 2.2 Immunolocalisation of 7D4, 6C3, and 3B3 monoclonal antibodies 
recognising distinct CS/DS sulphation motifs. (A, C, E) Images show epitope 
localisation without chondroitinase ABC pretreatment. Arrow in (C) represents 
high signal area adjacent to limbus where transient amplifying cells reside. (B, 
D, F) Images showing the same epitopes but with chondroitinase ABC treatment. 
(G, H) No primary antibody negative control image without and with 
chondroitinase ABC treatment respectively. The limbus is located towards the 
left in all images and identified with an asterisk and the central cornea is 
located to the right. The scale bar represents 200 µm. Magnified regions 
indicated by white boxes surrounding limbus are shown in (A, C, F). 
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Figure 2.3 Immunolocalisation of decorin (core protein) proteoglycan in porcine 
corneal limbus. (A) Positive staining for decorin core protein with the limbal 
region indicated by the white asterisk. (B) Negative control in the same 
orientation. In both images sclera is towards the left and central cornea towards 
the right, with the limbus identified by an asterisk. Scale bars represent 200 µm. 
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2.3.2 Identification of CS/DS deposition in iPSC-derived corneal epithelial cells 

Owing to the fact SEAMs are a useful model in mimicking whole eye 

development, various CS/DS sulphation epitopes could be present and may be of 

interest in accelerating or affecting differentiation. Various CS/DS markers were 

examined in developing SEAMs, including the epitopes recognised by the 

following antibodies: 4C3, 6C3 and 7D4, however preliminary results showed that 

the only CS/DS epitope present in developing SEAMs in zone 3 (wherein reside 

corneal epithelial cells), and indeed any other zones was 7D4 with the 

spatiotemporal labelling being very specific and highly interesting.  

One important note in the observation of SEAMs and as a reminder, they 

typically possess a clear morphological pattern with three concentric zones 

followed by space between SEAMs as shown in Figure 1.6 in Chapter 1. They are 

quite heterogenous and can also fuse together, whereby they typically still 

retain the zonal formation but lack the typical circular morphology. The first 

zone composes of a high optical density centre (zone 1) - representing neuronal 

cells. The second zone typically consists of a diffuse area of low then high 

optical density cells outside of the centre (zone 2) – representing neural crest, 

retina-like and lens-like cells. The third zone (zone 3), of particular interest in 

this study, lies outside of zone 2 and is typically of low optical density with 

tightly packed epithelial cells, which represent ocular surface ectoderm-like 

cells or early corneal epithelial-like cells. Lens cells are also sometimes present 

in this zone. Finally, the fourth zone (zone 4) lies outside of the edge of the 

zone 3 and cells are typically more dispersed, and this zone consists primarily of 

non-ocular surface epithelial-like cells. 

Initial results of immunohistochemical labelling of the CS/DS epitope recognised 

by the antibody 7D4 are shown in Figure 2.4. SEAMs shown at weeks 4 (Figure 

2.4A) and 6 (Figure 2.4B) show the increased size and differentiation of the 

zone 3 over the time course, which will later differentiate to represent mature 

corneal epithelial cells. Correspondingly, immunolocalization of the epitope 

recognised by the 7D4 CS/DS antibody shows widespread circumferential 

deposition of CS/DS in the transitional zone at the edge of zone 2 spreading into 

zone 3 at week 4 of SEAM differentiation (Figure 2.4C, E). 
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Two weeks further into differentiation at week 6, further CS/DS deposition can 

be seen in all zones, particularly increased amounts in zone 3, forming a mesh-

like structure around clusters of cells (Figure 2.4D, F).  

Further evidence can be witnessed in Figure 2.5, Figure 2.6 and Figure 2.7, 

taken at weeks four, five and six of differentiation respectively, shown in higher 

detail and at varying seeding densities. Increasing the seeding density generally 

appeared to result in increased CS/DS deposition in addition to increasing across 

the time course, particularly in zones 3 and 4, which contain ocular surface and 

non-ocular surface epithelial-like cells, however this was not quantitatively 

confirmed. The positive signal spreads radially outward generally over the time 

course suggesting a role in either the development of corneal epithelial 

progenitors in the third zone of the SEAMs 

At all timepoints, 7D4 antibody signal appears as an octagonal network 

surrounding clusters of cells in zone 3, however the extent of the signal 

throughout zone 3 and its distribution changes from four weeks to six weeks and 

varies slightly by seeding density. At week four, the signal generated by the 7D4 

antibody primarily appears to locate close to the leading edge of cells located in 

zone 3 and does not extend greatly into other zones, as shown in Figure 2.5B, D 

and F. At week five, the signal generated by the 7D4 CS/DS antibody extends 

further into zone 3 and more widely throughout the zone, particularly at higher 

seeding densities as shown in Figure 2.6D and F. By week six, CS/DS deposition 

is present throughout zone 3 and extends into zone 4 and 2, with many cells 

present in octagonal clusters, particularly in regions closer to the centre of the 

SEAM as shown in Figure 2.7C and F and indicated with an asterisk in F. 

Further markers were also investigated, including the CS/DS antibody 4C3 and 

the highly sulphated KS antibody, 5D4, however both revealed little to no 

specific staining at weeks 4, 5 and 6 of differentiation. 6C3 was present 

occasionally in zone 4, as shown in Section 2.3.4. 
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Figure 2.4 Comparison of CS/DS using antibody 7D4 within developing SEAM 
cultures at weeks 4 and 6 of differentiation with each zone (Z) indicated. (A, B) 
Wide-field phase contrast view of three SEAM colonies at week 4 (A) and 6 (B) of 
differentiation. (C, D) Immunofluorescence image of a SEAM at week 4 (C) and 
week 6 (D) of differentiation, 7D4 antibody signal is shown in green and nuclear 
Hoechst 334 staining in blue. (E, F) Higher magnification view of CS/DS 
immunolocalisation in selected regions in (C) and (D) respectively. Scale bars for 
all images represent 100 µm.   
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Figure 2.5 Immunolocalisation of 7D4 CS/DS antibody in a SEAM after 4 weeks of 
differentiation at different seeding densities with nuclei stained with Hoechst 
334 in blue with each zone (Z) indicated. (A) Widefield-view of representative 
SEAMs at 300 seeding cell density. (B) Magnified view of area indicated by the 
white rectangle in (A). (C) Widefield-view of representative SEAMs at 600 
seeding cell density. (D) Magnified view of area indicated by the white rectangle 
in (C). (E) Widefield-view of representative SEAMs at 900 seeding cell density. 
(F) Magnified view of area indicated by the white rectangle in (E). Scale bars 
represent 100 µm for (A, C, E) and 50 µm for (B, D, E). 
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Figure 2.6 Immunolocalisation of 7D4 CS/DS antibody in a SEAM after 5 weeks of 
differentiation with each zone (Z) indicated with nuclei stained with Hoechst 
334 in blue. (A) Widefield-view of representative SEAMs at 300 seeding cell 
density. (B) Magnified view of area indicated by the white rectangle in (A). (C) 
Widefield-view of representative SEAMs at 600 seeding cell density. (D) 
Magnified view of area indicated by the white rectangle in (C). (E) Widefield-
view of representative SEAMs at 900 seeding cell density. (F) Magnified view of 
area indicated by the white rectangle in (E). Scale bars represent 100 µm for (A, 
C, E) and 50 µm for (B, D, E). 
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Figure 2.7 Immunolocalisation of 7D4 CS/DS antibody in a SEAM after 6 weeks of 
differentiation with nuclei stained with Hoechst 334 in blue with each zone (Z) 
indicated. (A) Widefield-view of representative SEAMs at 300 seeding cell 
density. (B) Magnified view of area indicated by the white rectangle in (A). (C) 
Widefield-view of representative SEAMs at 600 seeding cell density. (D) 
Magnified view of area indicated by the white rectangle in (C). (E) Widefield-
view of representative SEAMs at 900 seeding cell density. (F) Magnified view of 
area indicated by the white rectangle in (E) with * showing octagonal cell 
clusters. Scale bars represent 100 µm for (A, C, E) and 50 µm for (B, D, E). 
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2.3.3 Primordial corneal epithelial stem cells are located adjacent and beyond 

CS/DS deposits in the developing SEAM 

Finally, in order to ascertain whether the epitope recognised by the 7D4 

antibody was associated with primordial corneal epithelial stem cells, as 

postulated above, a colocalization study was conducted at 4 weeks of SEAM 

differentiation with keratin-14 (K14), a primordial corneal epithelial marker. 

SEAMs of three different SEAM seeding densities (low, medium and high) were 

analysed to ascertain any interactions between the CS/DS epitope and 

primordial stem cells. 

The K14 marker appeared to label selected cells located adjacent to and beyond 

the circumferential 7D4 staining in zone 3 where the immature corneal 

epithelial-like cells reside and extended into zone 4. K14-positive cells were 

located primarily on the outer edge of zone 3 and exterior of any 7D4 CS/DS 

signal, as seen in Figure 2.8A, Figure 2.9A and Figure 2.10A. The location and 

number of K14 positive cells did not appear to change much with seeding 

density. Concordant with observations in the previous section (2.3.2), CS/DS 

deposition also appears to increase with seeding density, as seen in Figure 2.8B, 

Figure 2.9B and Figure 2.10B. 
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Figure 2.8 Immunolocalisation of CS/DS antibody 7D4 and keratin-14 in a SEAM 
after 4 weeks of differentiation at low seeding density (300 cells). (A) 
Fluorescence view of a representative SEAM. Keratin-14 (K14) is shown in red, 
7D4 in green and Hoechst 334 nuclear stain in blue. (B, C, D) Show the single 
channel image of 7D4 (green), K14 (red) and Hoechst 334 (blue) respectively. (E) 
Brightfield view of the same regions. All scale bars represent 200 µm.  
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Figure 2.9 Immunolocalisation of CS/DS antibody 7D4 and keratin-14 in a SEAM 
after 4 weeks of differentiation at medium seeding density (600 cells). (A) 
Fluorescence view of a representative SEAM. Keratin-14 (K14) is shown in red, 
7D4 in green and Hoechst 334 nuclear stain in blue. (B, C, D) Show the single 
channel image of 7D4 (green), K14 (red) and Hoechst 334 (blue) respectively. (E) 
Brightfield view of the same regions. All scale bars represent 200 µm.  
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Figure 2.10 Immunolocalisation of CS/DS antibody 7D4 and keratin-14 in a SEAM 
after 4 weeks of differentiation at high seeding density (900 cells). (A) 
Fluorescence view of a representative SEAM. Keratin-14 (K14) is shown in red, 
7D4 in green and Hoechst 334 nuclear stain in blue. (B, C, D) Show the single 
channel image of 7D4 (green), K14 (red) and Hoechst 334 (blue) respectively. (E) 
Brightfield view of the same regions. All scale bars represent 200 µm.  
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2.3.4 The 6C3 CS/DS epitope is present in the outer zones of SEAMs 

An interesting incidental finding, was the presence of some small clusters of 

cells in zone 4 between SEAMs producing extracellular matrix rich in the 6C3 

CS/DS epitope as shown in Figure 2.11. They were only seen in SEAMs seeded at 

the lowest seeding densities, where there is more space between and fewer 

SEAMs per cell culture well at weeks 4 and 5, suggesting they are a 

spontaneously differentiated cell type outside of the typically non-ocular surface 

epithelial cells found in zone 4. 

 

 

Figure 2.11 Immunolocalisation of CS/DS antibody 6C3 in zone 4 of a SEAM after 
4 weeks of differentiation. (A) Fluorescence view of 6C3 antibody localisation at 
a seeding density of 300 cells in a region between two SEAMs (to the left and 
lower right of the image) with cell nuclei stained with Hoechst 334. (B) 
Brightfield image of the same area as in (A). Scale bars represent 200 µm. 
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2.4 Discussion 

The antibodies employed in this study are specific to native CS/DS side chains 

and whilst the precise subtleties of these epitopes is not fully characterised, 

they are a useful tool in discovering distinct motifs and their distribution in 

tissues as they are structurally distinct from generic disaccharide repeats (Hayes 

et al., 2016, 2008; Sorrell et al., 1993, 1990). Here these sulphation motif 

antibodies were used to identify candidate molecules for extraction and use as 

cell culture substrate in order to later develop corneal epithelial cells and other 

ocular cell types from iPSCs. This was achieved through investigating the 

presence of specific sulphation patterns present within the adult corneal limbus 

and epithelium as well as investigating those present in SEAMs, which mimic 

human eye development. 

The distribution of these motifs has been investigated in the presumptive 

corneal stem niche in the rabbit limbus (and to a certain extent human for which 

comparisons can be drawn from the rabbit tissue to porcine (Yamada et al., 

2015), with porcine tissue bearing much more resemblance to human tissue 

(Grieve et al., 2015). Interestingly the antibody recognising the 6C3 epitope had 

very similar limbal basement membrane localisation to the presumptive limbus 

in the rabbit (and human as stated), further supporting the idea of the epitope 

recognised by the 6C3 antibody’s role in maintenance of the stem cell niche in 

corneal tissue in addition to other connective tissues in which it was identified. 

In further collaborative, published work it has also been shown that 6C3 

immunolocalisation is closely associated with the location of basal limbal stem 

cells identified by the stem cell markers ABCB5 and keratin 19 (Ashworth et al., 

2021). The epitope recognised by the 7D4 antibody appears to have slightly 

higher signal in the limbal transition zone where it has been suggested transient 

amplifying cells reside (Gonzalez et al., 2018; Yoon et al., 2014), possibly 

suggesting a role of the epitope recognised by the 7D4 antibody plays a role in 

the maturation and differentiation of limbal stem cells towards the mature 

epithelial phenotype.  

Initial results investigating the localisation of the protein cores of these 

glycosaminoglycan distributions suggest that decorin appears to have a higher 
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fluorescent signal in the limbal area. However, it is also widely present 

throughout the stroma, and appears not to interact with 6C3 staining for 

example and so performing co-localisation studies to rule out any interaction 

may not be of much benefit. Another issue is the lack of chondroitinase ABC in 

the decorin analysis, which may have helped further unmask the decorin 

antibody epitope leading to higher signal and perhaps unmasking further decorin 

deposition throughout the cornea. Further proteoglycan co-localisation studies 

would be particularly useful, for example biglycan, which has been shown to be 

present in other connective tissue stem cell niches throughout the body (Bi et 

al., 2007). However in preliminary studies conducted, staining was inconclusive 

and did not specifically highlight any region in the cornea and was expressed 

throughout the epithelium as has been identified previously (Funderburgh et al., 

1998). Previous studies have also shown shown that distribution of decorin is 

relatively constant throughout developmental periods and across the cornea, 

whereas biglycan decreases throughout maturity (Zhang et al., 2009). The 

overabundance of these molecules in the cornea suggests that the protein cores 

are perhaps less important rather than the species of CS/DS glycosaminoglycan 

that reside on their chains throughout the corneal stroma and epithelial surface, 

hence the usefulness of looking at individual glycosaminoglycan isotopes 

recognisable by antibody. This is supported by biglycan upregulation in absence 

of decorin in mouse knockout models (Zhang et al., 2009). This compensatory 

effect may also explain the observation that decorin lacking DS chains appears to 

have no phenotype, as upregulation of biglycan may compensate for its effect 

(Moffatt et al., 2017). Regardless, the identity of these cores can also be 

elucidated by extraction and protein analysis as detailed in further chapters. 

Secondly, investigations into the CS/DS deposition in SEAMs revealed interesting 

and novel insights into the proteoglycan/glycosaminoglycan deposition of iPSC-

derived primordial corneal epithelial cells during their differentiation. The 

epitope recognised by the CS/DS 7D4 antibody clearly, and initially, at week 

four, localised on the border between zone 2 and 3 suggesting deposition of a 

specific matrix that potentially facilitates the formation of a barrier separating 

the two cell populations as described previously in developmental studies of 

connective tissue (Hayes et al., 2016). As the SEAM differentiated further in 
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weeks five and six, glycosaminoglycan-containing matrix deposition continued as 

cells deposit increasing amounts of matrix and further spread and divide in third 

zone. By week six, the epitope recognised by the 7D4 antibody was present on a 

network of extracellular matrix surrounding the corneal epithelial cells as well 

as at the leading edge of the dividing/migrating cells, suggesting two roles, both 

in maintenance as well as a barrier at the edge of the cells. Whatever its role, 

this is the first identification of specific CS/DS sulphation patterns being 

identified using this ocular organoid model in the context of corneal epithelial 

progenitor cells. Also of note, is that increasing seeding cell density appeared to 

result in more CS/DS deposition, which is interesting as higher seeding densities 

are also associated with increased propensity of iPSC-derived corneal epithelial 

cell generation (Hayashi et al., 2016). This was not quantitively assessed, 

however, which could be done by image analysis or extraction and biochemical 

analysis for full determination. 

Interestingly, both the epitopes recognised by the 6C3 CS/DS antibody and the 

5D4 KS antibody were not identified within the SEAMs zones themselves, with 

the exception of a few incidental 6C3 positive matrix enveloped cell clusters in 

zone 4. These small regions of cells depositing a matrix containing the epitope 

recognised by the 6C3 CS/DS antibody were identified in zone 4 at low seeding 

densities (300 cells per 24 well plate culture well). As the cells in this zone are 

the least well characterised, it is unclear what cell type they may represent, but 

they have been posited as being other epithelial cell types, for example skin and 

may be keratinocytes (Hayashi et al., 2016). This is further supported by the 

presence of the epitope recognised by the 6C3 antibody located directly 

subjacent to the stem cell/transient amplifying cell compartment in human skin 

(similar to the identification here using the 6C3 antibody in the porcine limbal 

stem cell niche) (Lavker and Sun, 2000; Sorrell et al., 1990). 

Recently, it was discovered that microglia-like cells, which are resident immune 

cells of the central nervous system, were present in SEAMs, predominantly in 

zone 2 and zone 3 and thought to form a border between the two zones, very 

similarly to the signal generated by the 7D4 antibody. This could also be 

interpreted as either the CS/DS epitope being deposited by the microglia-like 
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cells or it is present as a cell surface CS/DS molecule (Shiraki et al., 2022). 

These immune cells may also offer an alternative explanation for the presence 

of the epitope recognised by the 6C3 antibody in zone 4, however due to the 

localisation within this non-ocular surface epithelial cell zone, this may be 

unlikely, but could be owing to another immune cell or potentially another 

surface ectoderm anlage. 

Finally, in order to determine whether the CS/DS epitope of 7D4 was associated 

with developing corneal epithelial cells, a double stain was utilised investigating 

keratin-14 (K14) alongside the 7D4 antibody in 4 week SEAMs. K14 has been 

shown to be expressed by developing corneal epithelial cells and not the 

putative developing conjunctiva, however, in mature tissue, it is no longer 

expressed, except by a few basal cells (Kurpakus et al., 1994). It does appear 

that in some locations, there is very close interaction with K14+ cells with the 

7D4 CS/DS antibody staining, however this is not universal and there was limited 

K14 expression at this timepoint, and due to time restraints more timepoints 

were not analysed. 

Whilst useful to be able to identify candidate molecules for further extraction, 

the major limitation of this antibody-based approach is the lack of a defined 

sequence recognised by the epitope, only that a distinct structural motif in a 

CS/DS polysaccharide is present. Whilst many associations have been made with 

certain epitopes and stem cell niches, suggesting a unique function of certain 

epitopes this has yet to be fully elucidated and tested in vitro. The SEAM model 

is a good representation of human eye development, but of particular interest 

would have been investigating the presence of these markers on the developing 

embryonic human cornea to identify whether the presence of the epitope 

recognised by the 7D4 antibody was similarly mimicked in vivo. 

Whilst interesting insights into the deposition of CS/DS were made in both the 

adult cornea as well as a model of a developing cornea, the primary aim of this 

chapter was to identify target CS/DS species for purification. To this end, both 

the sulphation epitopes recognised by the 7D4 and 6C3 antibodies were 

considered of interest. The epitope recognised by the 7D4 epitope was of 

particular interest, namely due its close association with the corneal epithelium 
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in vivo and also its presence in the developing zone of progenitor corneal 

epithelial cells in vitro. The epitope recognised by the 6C3 antibody, was, also, 

of particular interest. The 6C3 antibody localised almost exclusively to the 

corneal limbus basement membrane and the conjunctival basement membrane, 

suggesting an important role in the maintenance of stem cells in the limbal stem 

cell compartment. For these reasons, sources enriched in these epitopes were 

sought in the next chapter for extraction and purification for use as a substrate 

upon which to grow SEAMs.  

2.5 Conclusions 

Taken together these immunohistochemical observations provide a strong 

supportive argument for the potential benefits of using CS/DS sulphation motifs 

as a substrate in iPS cell culture to generate corneal epithelial cells. Their 

spatial and temporal expression both within SEAMs and the limbal crypt stem 

cell niche in the adult cornea suggests they play a role in maintaining the limbal 

stem cell niche, specifically in the case of the epitope recognised by the 6C3 

antibody. CS sulphation patterns may also play a role in establishing basement 

membrane barriers, as seen with the epitope recognised by 7D4 in iPSC corneal 

epithelial differentiation, as well as an important role in supporting the corneal 

epithelium through close association from the corneal stroma. From these 

investigated CS motifs, the best identified targets for extraction and enrichment 

were the epitopes recognised by the 7D4 and 6C3 CS/DS antibodies due to their 

association with the stem cell niche in the case of 6C3 and associated with 

general corneal epithelial and stromal maintenance in the case of 7D4. In the 

next chapter, the aim was to locate sources rich in these epitopes and extract 

and purify them for use as a cell culture substrate. 
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3 Chapter 3: Isolation, purification, and characterisation 

of corneal epithelial-associated CS/DS epitopes  

3.1 Introduction 

In the previous chapter, corneal epithelial-associated glycosaminoglycan species 

of interest were successfully identified, namely the CS/DS sulphation epitopes 

recognised by the antibodies 6C3 and 7D4, in both porcine cornea and iPSC-

derived developing corneal epithelial cells, for the latter. From these 

observations, the next goal of this thesis was to isolate these molecules and 

enrich them for use as a substrate, as described in Chapter 4. The overall aim of 

this chapter was to develop a purification and characterisation process for the 

extraction of suitable glycosaminoglycan substrates enriched in the sulphation 

epitope recognised by the antibodies 7D4 and 6C3, from both peripheral and 

central porcine cornea, using a combination of extraction and enrichment 

methods described in the literature for purification of proteoglycans and 

glycosaminoglycans. Initial results, from Chapter 2 of this thesis, however, 

revealed the abundance of the epitope recognised by the 6C3 antibody from 

porcine corneal extracts was very low and confirmed by direct ELISA, as 

described in this chapter. To this end, an alternative source using shark cartilage 

was also used, which is a rich source of CS/DS proteoglycans (Blanco et al., 

2015; Vázquez et al., 2018), particularly the epitope recognised by the 6C3 

antibody as shown here.  

Separation and purification of proteoglycan extracts is well described, and 

various methods have been published over the years (Ly et al., 2010). The 

cornea, especially, is extremely rich in small leucine rich proteoglycans and 

their presence is essential in conferring the cornea’s unique functional 

properties. The most well described of these properties is, namely, collagen 

fibril organisation (J. A. Rada et al., 1993; Takahashi et al., 1993) and also the 

maintenance of hydration (Bettelheim and Plessy, 1975). Proteoglycans also 

fulfil various other roles in the cornea, and have shown great importance in 

wound healing (Chakravarti, 2002; Saika et al., 2000) amongst many other 

functions, including a potential role in stem cell maintenance (Ashworth et al., 

2021). 
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Due to the availability of large amounts of tissue, and similarity to the human 

cornea, porcine cornea lends itself as a good source to generate the most 

amount of product required for further studies described in this thesis. Indeed, 

many pharmaceutical preparations of proteoglycan and glycosaminoglycan  

products are still produced from food processing byproducts e.g. heparin from 

porcine as mentioned previously (van der Meer et al., 2017). The porcine cornea 

has also recently been identified as one of the best xenograft materials, owing 

to its similarity to the human cornea (Sharifi et al., 2019). Other studies are also 

investigating the use of porcine corneal extracts in bioengineering studies 

including the effect of porcine corneal stromal extract on keratocytes as well as 

using acellularized porcine corneal scaffolds (S. Li et al., 2021; Zhang et al., 

2017). Non-human primates are largely avoided due to ethical concerns and 

scalability, as well as higher disease zoonotic disease risks, despite promising 

results in xenotransplantation (Hara and Cooper, 2011). 

Corneal proteoglycan extraction typically consists of an initial extraction step 

using a chaotropic agent to solubilise the dense extracellular matrix and 

subsequent enrichment steps including density gradient centrifugation and anion 

exchange chromatography. Extractions have been previously well described in 

various species for example rabbit (Gregory et al., 1982), primate (Nakazawa et 

al., 1983), bovine tissue (Funderburgh et al., 1987), human (Wollensak and 

Buddecke, 1990) and finally porcine cornea, as in this study (Jody A. Rada et al., 

1993). Bovine cornea yields more material due to their larger size, however 

porcine lends itself better to regenerative medicine as a result of increased 

compatibility as described above. 

The objectives of this chapter were to, firstly, extract proteoglycans from both 

the peripheral and central cornea from a porcine source using guanidium 

hydrochloride, followed by caesium chloride density ultracentrifugation. The 

second objective was to use biochemical techniques to identify both the type of 

proteoglycan present, as well as the sulphation motifs present on the respective 

glycosaminoglycan side chain, namely those recognised by the antibodies 6C3 

and 7D4. The final objective was to produce substrates enriched in CS/DS 

sulphation motifs of interest using ß-elimination and ion exchange 



50 
 

chromatography, free of impurities such as proteins and other contaminating 

glycosaminoglycans, for example KS and HS. 

In summary, in this chapter a method to extract and enrich for the CS/DS 

epitope recognised by the antibody 7D4 from peripheral porcine cornea was 

successfully demonstrated. In addition, the production of a mixed substrate 

enriched in both the CS/DS epitope recognised by the antibody 7D4, and the KS 

sulphation motif recognised by the antibody 5D4 from central cornea was also 

achieved. Finally, a substrate enriched in the CS/DS epitope recognised by the 

6C3 antibody was successfully produced from shark cartilage. All substrates were 

demonstrably free of contaminating proteins as well differing glycosaminoglycan 

species. 

3.2 Methods 

3.2.1 Overview 

The overall strategy for extraction and enrichment of potential proteoglycan and 

glycosaminoglycan substrates is detailed in Figure 3.1. Initially crude extracts 

were obtained through the use of the chaotropic agent guanidine hydrochloride, 

after which caesium chloride isopycnic ultracentrifugation was used to separate 

proteoglycans and glycosylated proteins from other non-glycosylated native 

extracellular and pericellular matrix proteins. These crude extracts were either 

used immediately in anion exchange chromatography, or prior to this, the O’ 

linked glycosaminoglycans (including CS/DS and some KS species) were 

selectively detached using alkaline β-elimination, followed by precipitation using 

cetylpyridinium chloride (CPC), enabling the formation of a free 

glycosaminoglycan salt. Thereafter the samples were applied to an anion 

exchange column to elute glycosaminoglycan fractions enriched in specific 

epitopes of interest.  
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Figure 3.1 Flowchart of the proteoglycan and glycosaminoglycan extraction 
method described in this chapter. 
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3.2.2 Proteoglycan Extraction 

The cornea was dissected from the whole porcine globe as described in Section 

2.2.1 and further dissected into peripheral and central compartments as shown 

in Figure 3.2. The peripheral cornea compartment contains predominantly the 

limbal region and transitional zone cornea including sublimbal stroma as well as 

some conjunctival tissue. The central cornea compartment contains only 

transparent central cornea, consisting of a thin layer of epithelium along with 

corneal stroma and the endothelial layer. Pooled corneal samples from either 

peripheral and central cornea were weighed and 10 ml of 4 M guanidine 

hydrochloride at pH 5.8 was added per gram of tissue (wet weight) with 0.05 M 

sodium acetate, 10 mM sodium ethylene-diamine-tetraacetate (Na2EDTA) and in 

the presence of the following protease inhibitors: 0.1 M 6-amino-caproic acid 

and 5 mM benzamidine hydrochloride. The tissue was incubated in extraction 

buffer for 48 hours at 4°C on a roller mixer. After incubation in 4 M guanidine 

hydrochloride, tissue was centrifuged at 3000 x g for ten minutes and the 

supernatant removed and passed through a 40 µm cell strainer (Thermofisher, 

Loughborough) to remove debris resulting in a crude extract from both central 

and peripheral cornea. 

 

Figure 3.2 Corneal dissection diagram for proteoglycan extraction. (A) Diagram 
showing the region removed from whole porcine globe. (B) Representation of the 
central corneal compartment and the peripheral cornea, with the limbus 
represented as a black dashed line. 

3.2.3 Density gradient centrifugation 

Caesium chloride was added to the crude proteoglycan supernatant (from 

Section 3.2.2) to achieve a density of 1.5 g/ml (approximately 0.615 g/ml of 

caesium chloride added for peripheral cornea and 0.825 g/ml for central corneal 
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samples), after degassing using a vacuum pump and maintaining the guanidine 

hydrochloride molarity at 4 M for dissociative isopycnic ultracentrifugation. 

Samples were subsequently ultracentrifuged at 100,000 x g for 48 hours 

separating the sample mixtures based on molecular density until equilibrium is 

reached. Density ultracentrifugation was performed using a Beckman Coulter L8-

80MR Ultracentrifuge fitted with a 55.2 Ti rotor in 26.3 ml polycarbonate 

ultracentrifuge tubes (all from Beckman Coulter, High Wycombe, UK). Five 

dissociative fractions were generated from each compartment, from both 

peripheral and central samples, for further analysis. These fractions are termed 

D1 to D5 (D1 being the highest buoyant density and D5 being the lowest buoyant 

density, i.e. at the top of the density gradient) as shown in Figure 3.3. The 

gradient densities of each fraction were verified by weighing each fraction. 

Samples were then dialysed into distilled water following several water changes 

maintained at 4°C over 48 hours and used in further analysis or frozen at -20°C 

in aliquots for further use. 

3.2.4 CS and DS glycosaminoglycans from shark tissue 

Due to further sources of glycosaminoglycans being required to investigate all 

sulphation motifs identified in Chapter 2, namely the epitope recognised by the 

6C3 antibody, a previously extracted sample of shark CS/DS was kindly provided 

by Professor Clare Hughes (Cardiff University). This extraction was performed on 

shark skeletal cartilage (species unknown) under associative conditions. The 

extraction was carried out as for dissociative conditions but with a reduced 

molarity of guanidine hydrochloride of 0.4 M to generate 3 fractions after 

density centrifugation, termed A1, 2 and 3. A1 was used for further studies due 

to being the highest glycosaminoglycan-containing fraction from this extraction.   
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Figure 3.3 Representation of the different fractions generated and expected 
proteins after performing buoyant density (isopycnic) ultracentrifugation in the 
presence of caesium chloride under dissociative conditions. 
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3.2.5 Quantification of protein using the BCA assay 

To calculate protein concentration of the samples a bicinchoninic acid (BCA) 

assay was performed. The BCA assay was performed using a Pierce BCA protein 

assay kit (Thermofisher, Loughborough) following the manufacturer’s 

instructions. Briefly, a standard curve of varying concentrations of BSA and 

unknown samples are mixed with BCA and incubated at 37°C for 30 minutes to 

form a purple-coloured reaction product that is then read at 562 nm on a plate 

reader (Clariostar Plate Reader, BMG Labtech, Aylesbury, UK). Concentrations of 

unknowns were calculated using the linear regression of the standards. 

3.2.6 Quantification of glycosaminoglycans using the dimethylmethylene blue 

assay 

To calculate glycosaminoglycan concentration, a 1,9-dimethylmethylene blue 

(DMMB) assay was performed. For the DMMB assay, a standard curve of 0-40 

µg/ml (the linear range of the assay) of purified CS glycosaminoglycans (Sigma-

Aldrich, Gillingham) was performed. 40 µl of either the standard concentrations 

or appropriate dilutions of unknown samples were added to a micro well plate 

and 200 µl of DMMB (dimethyl methylene blue) solution (16 mg/L DMMB; 1% (v/v) 

ethanol; 2.05% (v/v) 1 M NaOH; 0.35% (v/v) of 98% formic acid in dH2O) was 

added. The plates were then immediately read on a plate reader at 525 nm and 

concentrations calculated using the standard curve. The reaction product results 

in a purple colour after the induction of metachromasia of DMMB when bound to 

sulphated glycosaminoglycans in solution (Barbosa et al., 2003; Farndale et al., 

1986, 1982). 

3.2.7 Direct ELISA for the detection of CS/DS and KS sulphation epitopes 

Dissociative fractions from central and peripheral cornea were used to coat 

Linbro 96 microwell plates (mpbio/Thermofisher, Loughborough) using 100 µl of 

1 µg/ml glycosaminoglycan solution (as determined by DMMB assay, 100 ng of 

glycosaminoglycan per well total) diluted in Tris/saline/azide (TSA) coating 

buffer (50 mM Tris, 200 mM NaCl, 0.02% (v/v) NaN3 without tween). The samples 

were covered and incubated at 4°C for 16 hours. After incubation, the plates 

were then washed twice with TSA wash buffer (as above but with 0.05% Tween). 

The plates were then blocked with 5% (w/v) BSA/TSA wash buffer for 1 hour at 
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37°C before addition of the primary antibodies. Primary antibodies, shown 

below in Table 3.1, were all diluted in 1% BSA/TSA wash buffer and applied to 

the plate undergoing incubation for 1 hour at 37°C. After the primary antibody 

incubation, microplates were washed, and the goat anti-mouse alkaline 

phosphatase conjugated secondary antibody (Thermofisher, Loughborough) was 

applied at a 1 in 5000 dilution in 1% BSA/TSA wash buffer as per manufacturer’s 

instructions and incubated for 1 hour at 37°C. The plates were then thoroughly 

washed. Finally, samples were incubated with alkaline phosphatase substrate (4-

nitrophenyl phosphate disodium salt hexahydrate) (Sigma-Aldrich, Gillingham) 

dissolved in diethanolamine (DEA) buffer (5 mg alkaline phosphatase substrate 

per 5 ml 0.1 M DEA buffer with 1 mM MgCl2 at pH 9.8) for 1 hour at 37°C and the 

yellow reaction product absorbance was read at 405 nm on a CLARIOstar plate 

reader (BMG Labtech, Aylesbury, UK). All samples were processed in duplicate 

and the mean presented. A negative control of primary antibody omission was 

also included. 

Direct ELISA was modified slightly for free glycosaminoglycans after further 

purification steps, including ion exchange chromatography, detailed in the 

following sections. After glycosaminoglycan content was determined using the 

DMMB assay as described in the previous section, anion exchange 

chromatography fractions, with a notable UV absorbance at 232 nm and 

detectable glycosaminoglycan content (from the DMMB assay), were coated onto 

Linbro 96 microwell ELISA plates (mpbio/Thermofisher, Loughborough). The 

plates were coated using 100 µl of 1 µg/ml glycosaminoglycan solution (as 

determined by DMMB assay) diluted in TSA coating buffer (50 mM Tris, 200 mM 

NaCl, 0.02% (w/v) NaN3 without tween) for the crude extract samples, but not 

for free glycosaminoglycans after ß-elimination and ion exchange 

chromatography. The free glycosaminoglycans were coated as above but using 

80% saturated ammonium sulphate (4.1 M) as the coating buffer, which has 

previously been used for optimal immobilisation of free glycosaminoglycan 

chains of CS/DS (Hof et al., 2019). The samples were then covered and 

incubated at 4°C for 16 hours and the ELISA was performed as described above. 

All samples were performed in duplicate and included a negative control of 

primary antibody omission. 
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For contamination detection, the substrates generated of interest were also 

investigated for HS using the 10E4 HS primary antibody (1:100, Amsbio, 

Abingdon, UK) using the above ELISA protocol.  

Table 3.1 Antibodies used in direct ELISA and Western Blot (WB) for the 

identification of glycosaminoglycan sulphation motifs and proteoglycans in 

porcine corneal extracts. * 6C3 antibody in was used neat for porcine corneal 

extract, 1:5 for shark extract 

Antibody Epitope Dilution 
for ELISA 

Dilution 
for WB Source 

6C3 Unique CS/DS 
sulphation motif 1:5 Neat/1:5* 

Mouse monoclonal 
IgM (Sorrell et al., 

1990) 

7D4 Unique CS/DS 
sulphation motif 1:5 1:5 

Mouse monoclonal 
IgM (Sorrell et al., 

1990) 

5D4 Highly sulfate KS 
sulphation motif 1:100 1:1000 

Mouse monoclonal 
IgG (Caterson et al., 

1983) 

Decorin 
(28.4) Decorin core protein N/A 1:5 

Rabbit polyclonal IgG 
(Bidanset et al., 

1992) 

Biglycan Biglycan core protein N/A 1:5 
Rabbit polyclonal IgG 

(Roughley et al., 
1993) 

Keratocan 
(KER-1) Keratocan core protein N/A 1:5 

Mouse monoclonal 
IgM (Gealy et al., 

2007) 

Lumican 
(LUM-1) Lumican core protein N/A 1:5 

Mouse monoclonal 
IgM (Kerr, 2005; 

Melrose et al., 2008) 
 

3.2.8 Western blot 

Proteoglycan samples for Western blot were analysed using 5 µg (10 µg for 

detection of the epitope recognised by the 6C3 antibody in cornea) of protein 

(or 10 µg of glycosaminoglycan from DMMB assay for shark extracts) as 

determined by the BCA Protein Assay Kit ((Thermofisher, Loughborough) 

according to manufacturers instructions as described in Section 3.2.5. For 

enzyme digests, prior to electrophoresis, 5 µg of protein of each sample were 

incubated with one of the following enzymes. For chondroitinase ABC digest, 
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samples were reconstituted with 0.1 U/ml chondroitinase ABC (Sigma-Aldrich, 

Gillingham) in 50mM Tris-HCl buffer with 60mM sodium acetate at pH 8.0 for 1 

hour at 37°C. For Peptide-N-glycosidase F (PNGase F, Sigma-Aldrich, 

Gillingham), enzyme digests were carried out in 50 mM Tris-HCl at pH 7.5 in the 

presence of 1% sodium dodecyl sulphate (SDS) and 0.5% Triton X100 with at an 

enzyme concentration of 16 units/ml overnight at 37°C. Samples were made up 

with Novex™ Tricine SDS Sample Buffer (2X) (Thermofisher, Loughborough) and 

10% (v/v) 2-mercaptoethanol and heated to 100°C for 5 minutes to reduce 

disulphide bonds. Samples were then loaded and run on NuPAGE™ 4 to 12% 

gradient, Bis-Tris polyacrylamide gel electrophoresis (PAGE) protein gel 

(Thermofisher, Loughborough) and electrophoresed for approximately 40 

minutes at 150 V. The resultant gel was then transferred using the iBlot system 

(7 minute transfer) onto nitrocellulose as per manufacturer’s instructions 

(Thermofisher, Loughborough). 

3.2.9 Immunolabelling of proteoglycan blots 

After transfer, the nitrocellulose membranes were immersed in 5% (w/v) 

BSA/TSA blocking buffer for 1 hour and left to dry overnight for downstream 

processing. Subsequently, the blots were immersed in the primary antibody 

solutions shown in Table 3.1 diluted in 1% (w/v) BSA/TSA overnight at 4°C on a 

rolling mixer. They were then washed 3 times for five minutes each in TSA. Blots 

were then incubated with anti-mouse or rabbit alkaline phosphatase conjugated 

secondary antibody (Thermofisher, Loughborough) applied at 1 in 5000 dilution 

in 1% (w/v) BSA/TSA for 1 hour at room temperature on a roller mixer. Finally, 

after four more five minute washes, blots were then incubated in BCIP/NBT 

substrate mixed in alkaline phosphatase buffer (100 mM Tris-HCl pH 9.0, 150 mM 

NaCl, 1 mM MgCl2) (Promega, Chilworth) for 15-30 minutes until colour 

development. Immunoblots were then imaged using Canon LIDE 200 flatbed 

scanner (Canon (UK), Uxbridge, UK). 

3.2.10 Extract preparations and sample selection for anion exchange 

chromatography 

Unless otherwise stated, 500 µg (as measured by DMMB for sulphated 

glycosaminoglycan content) of proteoglycan fractions from density 
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centrifugation were freeze dried and reconstituted in either 1 ml of anion 

exchange chromatography starting buffer (0.1 M NaCl in 10 mM Tris-HCl at pH 

7.4) for crude extracts or 1 ml of distilled water for alkaline β-elimination 

samples. 

3.2.11 Alkaline β-elimination 

Alkaline β-elimination is well described, and releases O’ linked glycans from 

proteins in solution through an elimination reaction (Lee et al., 1977) and can be 

performed in the presence of sodium borohydride or without (Coulson-Thomas et 

al., 2015). Initially, an equal volume of 1 M NaOH was added to the prepared 

sample fractions in distilled water, yielding a 0.5 M solution of NaOH that was 

incubated overnight at room temperature. An equal volume of 1 M acetic acid 

was then added to neutralise the solution and the sample was then dialysed 

extensively against distilled water as described in the Section 3.2.3. Samples 

were then freeze dried and reconstituted in 0.5 ml of 50 mM sodium sulphate. 

3.2.12 CPC precipitation 

CPC has a high affinity for glycosaminoglycans, and can be used to selectively 

precipitate them, so is a suitable molecule for a washing step prior to anion 

exchange chromatography (Buzzega et al., 2010). After β-elimination, to 

samples in 50 mM sodium sulphate, room temperature 10% (w/v) CPC solution 

was then added dropwise, until a dense, cloudy precipitate formed, which was 

the resultant CPC salt. The samples were then centrifuged at room temperature 

for 5 minutes at 2000 x g and the supernatant discarded. The pellet was then 

washed twice in 0.05% (w/v) CPC to remove further contaminants. After the 

wash step, 0.5ml of 80% (v/v) propan-1-ol in distilled water was added, in which 

the CPC precipitate dissolves, with the resultant jelly-like product mixed to form 

a solution. To this solution, 100 µl of saturated sodium acetate solution was then 

added along with a drop of acetic acid to decrease the pH of the solution. This 

resulted in the formation of a glycosaminoglycan sodium salt. Finally, 3ml of 

cold ethanol was added to precipitate the sodium salt of the glycosaminoglycan 

chains as a dense white precipitate, which was achieved overnight at 4°C on a 

roller mixer. Samples were then centrifuged, again at 2000 x g, the supernatant 

discarded, and precipitate was air-dried before being reconstituted to 1 ml in 
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anion exchange starting buffer (0.1 M NaCl in 10 mM Tris-HCl at pH 7.4) and 

applied to an anion exchange column described below. 

3.2.13 Anion exchange chromatography 

In this study 500 µg of either crude extracts (glycosaminoglycan content as 

measured by the DMMB assay) or the reaction product from the ß-elimination 

and CPC washing of free O’ linked glycosaminoglycan side chain mixtures were 

applied to a 5 ml HiTrap Q Fast Flow column (Cytiva Life Sciences, Sheffield, 

UK), attached to an ÄKTA explorer P-900 anion exchange chromatography system 

(GE Healthcare, Amersham, UK). The run conditions were as follows and have 

been previously described (Santos et al., 2017). Samples were run at a flow rate 

of 2 ml/minute on a linear buffer gradient from 0.1 M NaCl to 3 M NaCl in 10 mM 

Tris-HCl at pH 7.4 (after filtering buffer using a 0.22 µm filter) for eight column 

volumes (40 ml total). The column was equilibrated with 5 column volumes of 

starting buffer before application of the proteoglycan or glycosaminoglycan 

sample. Overall, 16 fractions were collected of 2.5 ml each. UV absorbance at 

232 nm was monitored for detection of glycosaminoglycans  . Fractions that 

eluted during peak 232 nm UV absorbance were deemed of interest and these 

resultant fractions were dialysed into distilled water and measured for 

glycosaminoglycan content and protein as described in previous sections using 

the DMMB assay and the BCA assay. 

3.2.14 Silver Stain 

In order to detect any small amounts of protein contaminants remaining in the 

anion exchange chromatography free glycosaminoglycan fractions, a silver stain 

was employed. The BCA assay (described above) did not reveal any detectable 

protein, which is limited to a 20 µg/ml detection limit, according to the 

manufacturer’s protocol. Essentially, proteins separated by SDS-PAGE are fixed 

to the gel and a solution containing silver ions is applied which produces visible 

staining upon light exposure (Merril et al., 1984). In this study, anion exchange 

chromatography fractions from free glycosaminoglycans with enriched substrates 

were applied to the same gel and SDS-PAGE was performed as described in 

Section 3.2.8 using 1 µg of glycosaminoglycan as determined by the DMMB assay 

and 0.5 and 1 ng of BSA as a standard. Buffer was used as a negative control. 
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Subsequently, the Pierce Silver Stain Kit (Thermofisher, Loughborough, UK) was 

used for protein detection following the manufacturer’s instructions before 

imaging. 

3.2.15 Barium acetate gel electrophoresis and alcian blue staining for the 

detection of ß-eliminated glycosaminoglycans 

Free glycosaminoglycan chains, generated following alkaline β-elimination and 

anion exchange chromatography, were separated using barium acetate gel 

electrophoresis, followed by wet transfer to a CPC derivatised nitrocellulose 

membrane, as described previously (Maccari and Volpi, 2002; Volpi and Maccari, 

2015). 

Briefly, the barium acetate gels were prepared using a 0.5% (w/v) agarose (for 

molecular biology, Merck, Gillingham, UK) solution dissolved in 40 mM barium 

acetate buffer at pH 5.8 (buffered with 1 M acetic acid). The solution was 

heated to dissolve the agarose, cooled for 30 minutes and poured into a 

horizontal gel electrophoresis apparatus (7 x 10 cm gel, 5mm thick) containing a 

10-well loading comb. 10 µg of glycosaminoglycans, as measured by the DMMB 

assay, from a set of standard samples, comprising of HS (Sigma-Aldrich, 

Gillingham), CS (Sigma-Aldrich, Gillingham) and KS, were added to wells either 

individually or as a mixture. The KS standard used was from β-eliminated central 

D1 fraction, which had no detectable 6C3 or 7D4 CS/DS epitope present. For 

substrate samples, 5 µg of glycosaminoglycan of purified samples from either 

cornea or shark preparations were added to appropriate wells. For mixed 

standards, equal amounts of glycosaminoglycans were loaded, totalling 10 µg. All 

samples were prepared in distilled water with 20% (v/v) added cresol red 

solution. The cresol red solution was prepared at 0.1 mg/ml with 30% (v/v) 

glycerol. The electrophoretic run was then performed in 50 mM 1,2-

diaminopropane (PDA) buffer, buffered at pH 9 with glacial acetic acid, for 150 

min at 50 mA. 

After electrophoresis, gels were then capillary blotted onto a CPC derivatised 

nitrocellulose membrane. Briefly, membranes were immersed in freshly 

prepared 1% (w/v) CPC in 30% (v/v) 2-propanol in distilled water for 5 minutes 

and washed for 15 minutes with 150 mM NaCl, with vigorous shaking. The 
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membrane was then rinsed several times in the 150 mM NaCl solution and left to 

equilibrate in the final rinse until blotting was performed. The capillary blot was 

assembled as in Figure 3.4. The blotting stack was prepared by first immersing 

both ends of a long piece 3MM Whatman paper suspended over a buffer reservoir 

of 100 mM Tris-acetate pH 7.3. The agarose gel was then placed on the 3 MM 

paper with the wells parallel to the two buffer reservoirs as shown in Figure 

3.4. The CPC derivatised NC membrane was then placed on top of the gel and 

any air bubbles removed. Three further pre-wet filter papers, two pre-wet 

sponges, and 5 cm of absorbent paper tissue were then placed on top of the NC 

membrane, with air bubbles being removed with the addition of each layer of 

the stack. A 500 g weight was placed on top of the stack and the capillary 

blotting was then performed overnight at room temperature with sufficient 

buffer to enable complete transfer (approximately 1 L). 

 

Figure 3.4 Diagram depicting the assembly of capillary blotting stack to enable 

glycosaminoglycan transfer to a cetyl pyridinium chloride (CPC) derivatised 

nitrocellulose membrane. 

After blotting onto nitrocellulose, glycosaminoglycans were detected using 

alcian blue staining. The alcian blue solution was prepared immediately prior to 

use. 50 mg of dye was dissolved in 20 ml of a 1:19 ratio solution of 8 M guanidine 

hydrochloride and 18 mM sulphuric acid containing 0.25% (v/v) Triton X-100. The 
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transferred membrane was incubated in the alcian blue solution for 

approximately 2 hours until visible bands were clear. Background staining was 

removed by several washes in 150 mM NaCl before the blots were imaged using 

Canon LIDE 200 flatbed scanner (Canon (UK), Uxbridge, UK). 

3.3 Results 

3.3.1 Glycosaminoglycan and protein quantification of porcine corneal extracts 

reveals a rich source of proteoglycans and glycosaminoglycans  

A total of four extractions were performed in this study and used in further 

downstream experiments. A total of 20 porcine corneas were utilised for each 

extraction with a mean wet weight of 4.86 (±1.02 SD) g from peripheral cornea 

and a mean net weight of 4.45 (±1.14 SD) g from central cornea as summarised 

in Table 3.2.  

Both protein and glycosaminoglycan concentrations were measured using the 

BCA and DMMB assays respectively for the various fractions of equal volume 

generated from buoyant density gradient ultracentrifugation and summarised in 

Table 3.3. The mean concentration distributions for both proteins and 

glycosaminoglycans are shown in Figure 3.5 and Figure 3.6, respectively. 

As is to be expected with caesium chloride density gradient centrifugation, the 

majority of protein was detected in the low density D5 fraction containing a 

visibly significant amount of insoluble proteins with, presumptively, a large 

amount of these proteins being insoluble collagen. Smaller, but considerable 

amounts of protein were detected in the higher density gradient fractions (D1-

D4), with decreasing amounts from D4 to D1. Conversely, D5 fractions contained 

lesser amounts of glycosaminoglycan than D1 to D4 fractions. The majority of 

glycosaminoglycan-containing proteins, i.e. proteoglycans, were predominantly 

found across fractions D4 to D1, with the peak concentration for both peripheral 

and central cornea detected in D3 fraction. 
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Table 3.2 Summary of wet weights of corneal samples from both the peripheral 

and central cornea in each corneal proteoglycan preparation showing mean ± 

standard deviation (SD). 

 

Table 3.3 Summary of average protein and glycosaminoglycan concentration 
from porcine corneal fractions showing mean ± standard deviation (SD). 
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Figure 3.5 Overview of protein concentrations detected in each fraction of 
porcine cornea from both the periphery and center using BCA assay. Error bars 
represent one standard deviation (n = 4). 
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Figure 3.6 Summary of sulphated glycosaminoglycan (GAG) concrentation 
distributions throughout buoyant density fractions from both peripheral and 
central porcine cornea as detected by the dimethylmethylene blue assay. Error 
bars represent one standard deviation (n = 4). 
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3.3.2 Characterisation of sulphation patterns present in porcine corneal 

density gradient fractions reveals those enriched in the CS/DS epitope 

recognised by the 7D4 antibody 

To investigate the distribution and confirm immunohistochemical observations, 

direct ELISA was performed on corneal samples for the glycosaminoglycan 

antibodies 6C3 and 7D4, which were identified in Chapter 2 and described in 

Section 1.3.4. Glycosaminoglycan sulphation motifs of interest were analysed 

using ELISA for antibodies 6C3 and 7D4, to recognise distinct CS/DS epitopes, as 

well as the 5D4, which recognises highly sulphated KS, a key component of the 

corneal extracellular matrix. Their mean distributions (n = 4) as a measure of 

absorbance are shown in Figure 3.7. The highly sulphated KS epitope recognised 

by the antibody 5D4 was widely detected throughout all fractions with reduced 

signal in fraction D5, whilst the epitope recognised by the 7D4 CS/DS antibody 

was primarily only detected across fractions D2-D4, with slightly higher signal 

and an even distribution in central cornea but a more noticeable peak in the 

peripheral D3 fraction but lower than central cornea overall. The epitope 

recognised by the 6C3 antibody, identified in the previous chapter associated 

with the limbus, was undetectable by ELISA.  
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Figure 3.7 Summary of the presence of various glycosaminoglycan distinct 
sulphation patterns in the different corneal ultracentrifugation fractions as 
detected by enzyme-linked immunosorbent assay. Antibodies used include the 
heavily sulphated KS antibody 5D4 and two distinct CS/DS antibodies, 6C3 and 
7D4. Error bars represent one standard deviation (n = 4). 
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3.3.3 Western blot analysis of glycosaminoglycan sulphation motifs in corneal 

density gradient centrifugation fractions reveals the presence of the 

CS/DS epitopes recognised by 6C3 and 7D4 antibodies 

Following identification of glycosaminoglycan sulphation epitopes using direct 

ELISA, further investigation was carried out to investigate the molecular size 

range of these sulphated molecules and assess any differences between 

peripheral and central cornea using Western blot of each fraction. 

Representative images are shown from corneal proteoglycan preparations. 

Initially, the KS sulphation epitope, recognised by the antibody 5D4, and the 

CS/DS epitopes, recognised by the antibodies 7D4 and 6C3, were examined to 

identify their size and presence in each corneal fraction.  

The KS epitope recognised by the 5D4 antibody was present across all fractions 

and staining patterns revealed bands of increased molecular weight and 

heterogeneity from the low buoyant density D4 fraction to the high buoyant 

density D1 fraction as shown in Figure 3.8A. Of note is the difference between 

the low density fraction D4 between peripheral and central cornea. To identify 

further differences between KS proteoglycans and the type of KS linkage present 

(either O’ or N’ linked), the N-glycosidase enzyme was used. N-glycosidase 

selectively cleaves N-linked glycans, including N-linked KS, but not O’ linked KS 

or CS/DS, which is attached through an O’ linkage. In the peripheral cornea, only 

an approximately 100 kDa broad band was seen in Figure 3.8A which was lost 

upon N-glycosidase treatment as shown in Figure 3.8B, suggesting the presence 

of only N’ linked KS species in this density gradient fraction. Otherwise, little 

difference was seen between other fractions after N-glycosidase treatment, with 

reduced signal overall and distinct bands noticeable at approximately 75, 60, 45 

and 37 kDA in Figure 3.8B. These may be O’ linked KS proteoglycans or as a 

result of insufficient enzyme, possibly indicative of core protein sizes. 

The CS/DS epitope recognised by the 7D4 antibody appeared to be present 

across all fractions, with visibly reduced signal in the peripheral D4 fraction as 

shown in Figure 3.9A. The band detected was of high molecular weight (100-150 

kDa) and appeared less heterogenous than that of the KS epitope staining. 
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In contrast to ELISA findings, 6C3 antibody also yielded slight signal in an 

immunoblot, however required high concentrations of both protein (10 µg of 

protein, compared to 5 µg for other antibodies) and antibody (undiluted) 

suggesting it is a very low abundance. The signal localised to a high molecular 

weight, high buoyant density protein that had highest signal in the D1 fraction at 

approximately 300 kDa in peripheral cornea and 250 kDa in central cornea as 

shown in Figure 3.9B. There also appeared to be another, lower weight band 

present in central cornea at approximately 100 kDa, which was not seen in 

peripheral corneal extracts. 
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Figure 3.8 Western blot analysis of density gradient fractions from corneal 
extracts with molecular weight marker in kDa shown showing the antibody 5D4, 
which recognises highly sulphated KS. (A) Immunoblot of native 5D4 antibody 
signal. (B) Immunoblot of the same sulphation epitope after treatment with 
peptide-N-glycosidase F enzyme. 
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Figure 3.9 Western blot analysis of density gradient fractions from corneal 
extracts with molecular weight marker in kDa shown of two distinct CS/DS 
antibodies. (A) Immunoblot showing the distinct CS/DS epitope revealed by the 
7D4 antibody. (B) Immunoblot of the distinct CS/DS epitope revealed by the 6C3 
antibody. 
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3.3.5 Western blot analysis of a subset of small leucine-rich proteoglycans 

present in corneal density centrifugation fractions 

Four abundant corneal proteoglycans were also investigated in this study, 
including the two CS/DS proteoglycans decorin and biglycan as well as two KS 
proteoglycans, keratocan and lumican.  

Faint immunostaining for biglycan was present in all fractions except peripheral 
D1 fraction, as shown in Figure 3.10A, staining was stronger following partial 
chondroitinase ABC digestion as shown in Figure 3.10B. There was a broad band 
at approximately 130 kDa that had higher signal in the peripheral cornea and 
decreased signal in central cornea in Figure 3.10A. After partial chondroitinase 
ABC treatment, the protein core was revealed at approximately 37 kDa as shown 
in Figure 3.10B. 

Decorin was present in all fractions, but reduced staining was seen in D1 in the 
peripheral cornea as seen in Figure 3.11. Before chondroitinase digestion it 
presented as a diffuse, broad band at approximately 130 kDa as shown in Figure 
3.11A. After partial digestion, the core protein antibody epitope was revealed 
further and showed the same higher molecular weight broad band as well as 
revealing a discrete band of approximately 41 kDa, of the protein core, as shown 
in Figure 3.11B. Other bands are present at approximately 75 kDa, in the 
peripheral D4 and D3 fractions, which are indicative of either partially digesting 
decorin or potentially associated with other extracellular matrix proteins 

For the two KS proteoglycans investigated in this study, keratocan and lumican, 
antibody signal for both proteins were more clearly revealed after enzyme 
digestion using PNGase F. Keratocan had little signal prior to enzyme digestion 
as shown Figure 3.12A. Two bands were revealed after enzyme treatment, one 
at 25 kDA and another fainter band at approximately 37 kDa present in all 
fractions in central cornea, but with reduced signal in D4 and D1 in peripheral 
fractions in Figure 3.12B.  

Lumican signal was present in all fractions before PNGase treatment as a broad 
band that increased in molecular weight towards the highest buoyant density 
fraction, D1 as shown in Figure 3.13A. After PNGase treatment, two bands were 
visible at both approximately 37 kDa and 75 kDa, with the larger band absent in 
peripheral D4 fraction, as in Figure 3.13B. There were also slight differences in 
band intensity, with more signal in D2 and D1 in central cornea and the highest 
signal seen in D3 and D2 in peripheral cornea. 
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Figure 3.10 Western blot analysis of density gradient fractions from corneal 
extracts with molecular weight marker in kDa shown of the small CS/DS 
proteoglycan, biglycan (100-150 kDa, 42 kDa for the core protein). (A) 
Immunoblot showing the small leucine-rich repeat proteoglycan biglycan, with 
faint band indicated by *. (B) Immunoblot of biglycan after partial 
chondroitinase ABC digestion. 
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Figure 3.11 Western blot analysis of density gradient fractions from corneal 
extracts with molecular weight marker in kDa shown of the small CS/DS 
proteoglycan, decorin (100-150 kDa, 42 kDa for the core protein). (A) 
Immunoblot showing the small leucine-rich repeat proteoglycan decorin. (B) 
Immunoblot of decorin after partial chondroitinase ABC digestion 
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Figure 3.12 Western blot analysis of density gradient fractions from corneal 
extracts with molecular weight marker in kDa shown of the KS proteoglycan 
keratocan. (A) Immunoblot of the native proteoglycan which is undetectable 
before enzymatic digestion. (B) Immunoblot of the same proteoglycan after 
treatment with peptide-N-glycosidase F enzyme. 
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Figure 3.13 Western blot analysis of density gradient fractions from corneal 
extracts with molecular weight marker in kDa shown of the KS proteoglycan 
lumican. (A) Immunoblot of the native proteoglycan. (B) Immunoblot of the 
same proteoglycan after treatment with peptide-N-glycosidase F enzyme. 
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3.3.6 Shark cartilage provides a rich source of the CS/DS epitope recognised by 

the 6C3 antibody 

Owing to low abundance of the CS/DS epitope recognised by the 6C3 in the 

cornea, it was necessary to find another source. In order to determine another 

source of glycosaminoglycans rich in the sulphation motif recognised by the 6C3 

antibody, shark cartilage was used as it is a rich source of chondroitin/DS. The 

glycosaminoglycan epitopes, recognised by the 6C3 and 5D4 antibodies were 

both present on a very high molecular weight molecules resulting in a large 

broad band for both epitopes as shown in Figure 3.14A. Performing ELISA on the 

extracted sample also showed high signal of both 6C3 and 5D4 antibodies and 

little to no 7D4 signal as shown in Figure 3.14B. 

 

 

Figure 3.14 Proteoglycan extraction from shark skeletal cartilage. (A) 
Immunoblot showing signal from the 6C3 CS/DS antibody and 5D4 highly 
sulphated KS antibody. (B) ELISA showing the three main sulphation epitopes of 
interest, recognised by the antibodies 5D4, 6C3 and 7D4. 
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3.3.7 Ion exchange chromatography and 232 nm profile of free 

glycosaminoglycans from buoyant density fractions PD3 and CD3  

The samples chosen for further purification from those identified in the previous 

sections were, initially, the central and peripheral D3 fractions due to their high 

presence of the epitope recognised by the 7D4 antibody in both corneal 

compartments. They also had the highest glycosaminoglycan concentration 

enabling the highest potential product yield. The peripheral D4 fraction was also 

included as detailed further in the chapter. The samples chosen from both 

peripheral and central cornea will now be referred to as PD4/PD3 and CD3 from 

herein, referring to the peripheral or corneal density gradient fraction selected 

respectively.  

The initial pilot run of anion exchange chromatography was performed on free 

glycosaminoglycan chains from fractions CD3 and PD3 to maintain parity and 

determine differences between the same dissociative fractions from different 

corneal compartments. They were also chosen due to having the highest 

glycosaminoglycan content and high signal for the CS/DS sulphation epitope 

recognised by the 7D4 antibody, as mentioned, as well as high signal for the 5D4 

antibody, which recognises a highly sulphated KS epitope. 

There were clear differences between the two corneal compartment samples 

during anion exchange chromatography, and also between different fractions 

from the same corneal compartment, e.g. PD3 and PD4 as detailed in Section 

3.3.10. Initially the CD3 fraction appears to have two glycosaminoglycan peaks 

as detected by absorbance at 232 nm, one at approximately 1.2 M NaCl and 

another at approximately 1.75 M NaCl as shown in Figure 3.15A, however this 

initial peak was void of glycosaminoglycan content and most likely an artefact. 

The PD3 fraction appeared to have two peaks at 1.75 M NaCl and 2.2 M NaCl 

respectively as shown in Figure 3.15B.  
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Figure 3.15 Anion exchange chromatography analysis of free glycosaminoglycan 
chains after extraction and alkaline β-elimination from porcine cornea showing 
glycosaminoglycan absorbance at 232 nm and the NaCl molarity over the ion 
gradient. (A) Representative anion exchange chromatography absorbance trace 
from CD3 glycosaminoglycan corneal fraction. (B) Representative anion exchange 
chromatography absorbance trace from PD3 glycosaminoglycan corneal fraction. 
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3.3.8 Glycosaminoglycan analysis of free glycosaminoglycans from buoyant 

density fractions PD3 and CD3 following ion exchange chromatography 

A summary of the glycosaminoglycan content of the fractions before and after 

anion exchange chromatography are given below in Table 3.4, as determined by 

the DMMB assay. The overall glycosaminoglycan content was quite low, and 

recovery was poor after anion exchange chromatography, and lower for the 

peripheral fractions from anion exchange chromatography as identified in Table 

3.4. 

Table 3.4 Summary of glycosaminoglycan content, by weight, of different 

fractions before and after ß-elimination, CPC precipitation and anion exchange 

chromatography (IEX) in the third preparation CD3 and PD3 samples. The total 

percentage recovery was also noted from the original starting amount of 500 µg 

of glycosaminoglycan. 

 

  

Sample
IEX 

Fraction
Glycosaminoglycan 

Amount (µg)
Recovery (%)

500.0 -
500.0 -

8 15.3
9 46.5
10 1.2

9 1.4
10 30.1
11 3.2

12.6

6.9

CD3 Density Gradient Fraction

PD3 Density Gradient Fraction

CD3 Free Glycosaminoglycans

PD3 Free Glycosaminoglycans
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3.3.9 ELISA analysis of glycosaminoglycan sulphation motifs in the fractions 

generated from anion-exchange chromatography on CD3 and PD3 

Having separated these samples using ion exchange, these enriched fractions 

were subsequently assessed for the presence of individual glycosaminoglycan 

species, namely the epitope recognised by 7D4.  

Prior to purification, both the PD3 and CD3 density gradient fractions had a 

relatively large amount of both the sulphation epitopes of interest present, as 

recognised by the 7D4 CS/DS antibody and 5D4 KS antibody, as shown in Figure 

3.16A. After anion exchange chromatography, the relative signal for both 

epitopes was lower than as for the unprocessed samples, shown in Figure 3.16B 

but was highest during the peak fraction (identified by 232 nm peak) for both 

epitopes (fraction 9 for CD3 and fraction 10 for PD3). All PD3 anion exchange 

fractions contained some KS signal as detected by the 5D4 antibody. All CD3 

anion exchange fractions contained both CS/DS and KS as detected by antibody 

signal, with the exception of fraction 10 in this trial, which only contained KS 

signal as detectable by ELISA. 

As a result of not being able to selectively enrich a CS/DS substrate from these 

density centrifugation fractions, due to the presence of contaminating KS, 

further fractions were investigated, namely the D4 fraction from peripheral 

cornea (PD4), as detailed in Section 3.3.10 below. 
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Figure 3.16 ELISA analysis of dissociative fractions PD3 and CD3 from the third 
corneal proteoglycan extraction for the CS/DS antibodies, 6C3 and 7D4, and KS 
antibody, 5D4. (A) Analysis of PD3 and CD3 fractions before ß-elimination, CPC 
precipitation and anion exchange chromatography. (B) Analysis of PD3 and CD3 
fractions after ß-elimination, CPC precipitation and anion exchange 
chromatography showing free glycosaminoglycan (GAG)-containing anion 
exchange chromatography fractions. 
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3.3.10 Ion exchange chromatography and 232 nm profile of proteoglycans and 

free glycosaminoglycans from buoyant density fractions PD4 and CD3  

After the initial trial, further attempts at enrichment using the fourth 

preparation of corneal proteoglycans, which had slightly higher signal for the 

sulphation epitopes of interest as shown in Figure 3.19A. The PD4 density 

gradient fraction was also used due to the observation in the previous chapter 

that O’ linked KS glycosaminoglycans appeared to be absent in this fraction, 

reducing the likelihood of co-elution with the O’ linked CS/DS 

glycosaminoglycans. Also investigated here was whether the PD4 fraction could 

yield separation of KS and CS/DS glycosaminoglycans without the need for ß-

elimination prior to anion exchange chromatography and performed post hoc, 

using the method described in this chapter. Accordingly, anion exchange 

chromatography was used to separate both proteoglycans from PD4 and CD3 

fractions as well as free glycosaminoglycans produced from ß-elimination and 

CPC precipitation from this preparation. 

Initially, the free glycosaminoglycans from PD4 and CD3 were each applied to 

the ion exchange column and shown in Figure 3.17. For CD3, the absorbance 

pattern was largely similar to CD3 from the previous preparation, but eluted 

very slightly later, with an absorbance peak in fraction 9 at approximately 1.75 

M NaCl as demonstrated in Figure 3.17A. PD4, however was markedly different 

from PD3 described in Section 3.3.7. Whilst two peaks were also present for this 

sample, they appeared much earlier at approximately 1.2 and 1.4 M NaCl 

respectively in Figure 3.17B in anion exchange fractions 5, 6 and 7. 

For whole proteoglycans used in anion exchange chromatography, the 

absorbance peaks were very distinct from the above. In the case of whole 

proteoglycans from CD3, the absorbance peak was at approximately 2.2 M NaCl 

in Figure 3.18A, whereas for the PD4 proteoglycans, unlike for the free 

glycosaminoglycan chains, there was only a singular peak at approximately 1.6 M 

NaCl as shown in Figure 3.18B. 
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Figure 3.17 Anion exchange chromatography analysis of free glycosaminoglycan 
chains after extraction and alkaline β-elimination from porcine cornea showing 
glycosaminoglycan absorbance at 232 nm and the NaCl molarity over the ion 
gradient. (A) Representative anion exchange chromatography absorbance trace 
from CD3 glycosaminoglycan corneal fraction. (B) Representative anion exchange 
chromatography absorbance trace from PD4 glycosaminoglycan corneal fraction. 
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Figure 3.18 Anion exchange chromatography analysis of crude proteoglycan 
extractions from porcine cornea showing glycosaminoglycan absorbance at 232 
nm and the NaCl molarity over the ion gradient. (A) Representative anion 
exchange chromatography absorbance trace from CD3 corneal fraction. (B) 
Representative anion exchange chromatography absorbance trace from PD4 
corneal fraction. 
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3.3.11 Glycosaminoglycan analysis of free glycosaminoglycans and proteoglycans 

from buoyant density fractions PD4 and CD3 following ion exchange 

chromatography 

After anion exchange chromatography, fractions were determined of interest 

identified by peaks of UV absorbance at 232 nm and the summary of 

glycosaminoglycan contents are shown in Table 3.5.  

In terms of glycosaminoglycan content, the whole proteoglycans applied directly 

to the anion exchange column had a slightly lower recovery rate than for their 

free glycosaminoglycan counterparts and slightly lower amounts overall, with 

the peak glycosaminoglycan content contained within anion exchange 

chromatography fraction 11 for CD3 and 8 for PD4 as seen in Table 3.5. 

For free glycosaminoglycans from the CD3 density gradient fraction, the majority 

was found in anion exchange fraction 10, similar to as was seen in Section 3.3.8, 

but slightly delayed elution, which may be inherent variation in the samples 

from different preparations. For the PD4 density gradient fraction, the majority 

of the glycosaminoglycan was present in fractions 6 and 7 as shown in Table 3.5, 

eluting much earlier than those seen in glycosaminoglycans from the PD3 density 

centrifugation fraction. Overall yield and percentage recovery was slightly 

higher than for the previous preparation, and sufficient glycosaminoglycan was 

produced to be used for cell culture for various fractions of interest. 
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Table 3.5 Summary of glycosaminoglycan content, by weight, of different 

fractions before and after ß-elimination, CPC precipitation and anion exchange 

chromatography (IEX), as well as solely after anion exchange chromatography in 

the fourth preparation CD3 and PD4 samples. The total percentage recovery was 

also noted from the original starting amount of 500 µg of glycosaminoglycan. 

 

  

Sample
IEX 

Fraction
Glycosaminoglycan 

Amount (µg)
Recovery (%)

500.0 -
500.0 -

9 26.6
10 105.3
11 40.6

5 0.2
6 39.2
7 35.3

10 64.1
11 84.4
12 15.5

7 10.0
8 22.0
9 7.9

34.5

14.9

32.8

8.0

CD3 Density Gradient Fraction

PD4 Density Gradient Fraction

CD3 Free Glycosaminoglycans

PD4 Free Glycosaminoglycans

CD3 Proteoglycans

PD4 Proteoglycans
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3.3.12 ELISA analysis of glycosaminoglycan sulphation motifs in the fractions 

generated from anion-exchange chromatography of CD3 and PD4 reveals 

free glycosaminoglycan substrates enriched in sulphation motifs of 

interest 

The anion exchange eluates for PD4 and CD3, including both free 

glycosaminoglycans and whole proteoglycans, with detectable sulphated 

glycosaminoglycan content, were analysed by ELISA for the presence of 

sulphation epitopes detailed previously, recognised by the antibodies 6C3, 7D4 

and 5D4 as shown in Figure 3.19. 

The absorbance detected for each of the CS/DS and KS antibodies in PD4 and 

CD3 density gradient fractions prior to anion exchange chromatography is shown 

in Figure 3.19A. The glycosaminoglycan epitopes recognised by the 7D4 and 5D4 

epitopes were abundant in both preparations. Following separation by direct 

anion exchange chromatography of CD3 and PD4 density gradient fractions 

(whole proteoglycans), the distribution of glycosaminoglycans recognised by the 

7D4 and 5D4 antibodies was assessed by ELISA. Glycosaminoglycan epitopes were 

seen in anion exchange fractions 7-12 as shown in Figure 3.19B. Peak 

absorbance for 5D4 was seen in PD4 eluates in fractions 7-9 and for CD3, 

fractions 10-12. Similarly, a smaller amount of signal from the epitope 

recognised by the 7D4 antibody was detected in fractions 7-9 of the PD4, with a 

peak in fraction 9 and detected in fractions 10-12 for the CD3 density gradient 

fraction after anion exchange. The absorbance reading recorded in the anion 

exchange fractions were reduced compared to the direct ELISA carried out on 

the density gradient fractions PD4 and CD3, prior to anion exchange 

chromatography using the same coating concentrations. Anion exchange 

chromatography did not yield further separation of CS/DS, recognised by the 7D4 

antibody, and KS, recognised by the 5D4 antibody, from these density gradient 

fractions. 

In contrast, ß-elimination, followed by CPC precipitation of PD4 and CD3 density 

gradient fractions with subsequent anion exchange chromatography showed a 

different profile of separation to that of PD4 and CD3 applied directly to an 

anion exchange column as seen in Figure 3.19B. Reduced signal generated by 
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the KS antibody, 5D4, was observed in the CD3 free glycosaminoglycan fractions, 

and a relative increase of signal generated by the CS/DS antibody, 7D4 was 

witnessed, similarly as in Section 3.3.9, but the two species were not separated, 

as before. Interestingly, the PD4 free glycosaminoglycans eluted much earlier 

than as for the CD3 free glycosaminoglycans, and PD3 free glycosaminoglycans, 

as seen in Section 3.3.9 and were detectable in fractions 5-7 from anion 

exchange. Of particular note, was the lack of KS detected by the 5D4 antibody in 

all anion exchange fractions, and a peak of the CS/DS antibody signal, 7D4, 

enriched in fraction 7 after anion exchange chromatography. 

Two substrates of interest were identified from these fractions detailed here, 

namely, the first of these was the free glycosaminoglycans from PD4 in fraction 

7 of anion exchange chromatography, which was enriched in the CS/DS epitope 

recognised by the antibody 7D4 (with no KS detected). The second, was the free 

glycosaminoglycans from CD3 in fraction 10 after anion exchange 

chromatography, which was enriched in both the CS/DS epitope recognised by 

7D4, and KS, as recognised by the 5D4 antibody. Henceforth this 7D4 containing 

sample from PD4 free glycosaminoglycans will be referred to as ‘7D4’ substrate 

and the ‘5D4/7D4’ mixed substrate from CD3 free glycosaminoglycans will also 

be referred to as such for simplification.  
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Figure 3.19 ELISA analysis of dissociative fractions PD4 and CD3 from the fourth 
corneal proteoglycan extraction for the CS/DS antibodies, 6C3 and 7D4, and KS 
antibody, 5D4. (A) Analysis of the same fractions before ß-elimination, CPC 
precipitation and anion exchange chromatography. (B) Analysis of the same 
fractions after ß-elimination, CPC precipitation and anion exchange 
chromatography (GAGs - Free Glycosaminoglycans) or just anion exchange 
chromatography (PGs - Proteoglycans) showing glycosaminoglycan-containing 
fractions after anion exchange chromatography.  
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3.3.13 Anion exchange separation of free glycosaminoglycans from shark and 

generation of a substrate enriched in 6C3 

Finally, anion exchange chromatography was conducted on free 

glycosaminoglycans, following ß-elimination and CPC precipitation, from shark 

skeletal cartilage as detailed in Figure 3.20. Absorbance at 232 nm peaked at 

1.75 M and slowly decreased after this point. The starting glycosaminoglycan 

content in both the starting sample and eluted fractions after processing is 

detailed below in Table 3.6, with the highest yield detected in fraction 11. 

Table 3.6 Summary of glycosaminoglycan content, by weight, of different 
fractions before and after ß-elimination, CPC precipitation and anion exchange 
chromatography (IEX) of shark proteoglycan extract from skeletal cartilage. The 
total percentage recovery was also noted from the original starting amount of 
500 µg of glycosaminoglycan 

 

Following anion exchange chromatography, ELISA analysis for the detection of 

sulphation epitopes was performed as before, revealing two fractions enriched in 

the 6C3 CS/DS sulphation epitope, with very low but detectable 7D4 CS/DS 

sulphation epitope signal as shown in Figure 3.21B. All of the 5D4 signal present 

in the original sample in Figure 3.21A was lost upon enrichment. Fraction 11 

after anion exchange chromatography will from now on be referred to as the 6C3 

substrate in further work. 

  

Sample
IEX 

Fraction
Glycosaminoglycan 

Amount (µg)
Recovery (%)

500.0 -

9 0.6
10 42.8
11 87.4

Shark Free Glycosaminoglycans 26.2

Shark Density Gradient Fraction
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Figure 3.20 Anion exchange chromatography analysis of free glycosaminoglycan 
chains after extraction and alkaline β-elimination from shark skeletal cartilage 
showing glycosaminoglycan absorbance at 232 nm and the NaCl molarity over the 
ion gradient. 
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Figure 3.21 ELISA analysis of proteoglycan extraction from shark skeletal 
cartilage for the CS/DS antibodies, 6C3 and 7D4, and KS antibody, 5D4. (A) 
Analysis of shark skeletal cartilage before ß-elimination, CPC precipitation and 
anion exchange chromatography. (B) Analysis of the same sample but after ß-
elimination, CPC precipitation and anion exchange chromatography showing 
glycosaminoglycan-containing fractions after anion exchange chromatography. 
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3.3.14 Analysis of glycosaminoglycan substrates of interest for contaminants 

In order to examine the presence of potential contaminants remaining in the 

enriched glycosaminoglycan fractions, two methods were employed. Initially a 

silver stain was used, which is sensitive enough to detect nanogram levels of 

protein present in a sample after SDS-PAGE. In this study, no protein was 

detected as shown in Figure 3.22A, the detection range being limited to 1 ng, 

as 0.5 ng was undetectable using a BSA standard at 66.5 kDa, meaning there is 

less than 1 ng of protein per 1 µg of glycosaminoglycan present in the sample. 

Barium acetate gel electrophoresis and free glycosaminoglycan chain blotting 

was employed to detect the glycosaminoglycans present in the sample. CS, KS 

and HS standards and mixtures of these were employed to identify whether 

these different glycosaminoglycan species would be separated and detectable 

using this method. When electrophoresed in isolation, it was possible to clearly 

detect a large difference between HS and CS, with KS being located between the 

two in Figure 3.22B. When all three standards were run together, it was 

difficult to determine HS from the KS band. In spite of this in Figure 3.22B, both 

6C3 and 7D4 substrates appeared to have no HS or KS present, with the 5D4/7D4 

substrate having a definite band present where CS/DS would be expected, and a 

faint broad band in line with KS, but it cannot be ruled out that HS is present 

from this assay. As a result of this, an ELISA using the HS antibody 10E4 was also 

performed, but no signal was detected for any fractions identified in this 

chapter. 
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Figure 3.22 Investigating potential contaminants in the anion exchange 
chromatography-generated fractions to be used for cell culture substrates. (A) 
Silver Stain image showing free glycosaminoglycan chains from the following 
anion exchange chromatography fractions: preparation 3 (Prep 3) CD3 fraction 9 
and PD3 fraction 10; preparation 4 (Prep 4) PD4 fraction 7 and CD3 fraction 10 
and finally fraction 11 from shark skeletal cartilage (SH). (B) Glycosaminoglycan 
blot image after barium acetate agarose gel electrophoresis, stained with alcian 
blue, showing various glycosaminoglycan standards and mixtures along with 
enriched glycosaminoglycan fractions. 6C3 represents fraction 11 from shark 
skeletal cartilage, 7D4 represents fraction 7 from PD4 from preparation 4 and 
finally 5D4/7D4 represents fraction 10 from CD3 from preparation 4 also. The 
arrow on the left indicates the direction of travel from the well origin.  
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3.4  Discussion 

The overall aim of this chapter proteoglycan extraction was successful in its 

attempt to identify and extract CS/DS proteoglycans and relevant sulphation 

epitopes of interest from porcine cornea. Enriched substrates, compatible with 

cell culture and void of mixed glycosaminoglycan species and detectable 

contaminants, were produced for the CS/DS epitopes recognised by the 

antibodies 6C3, from shark, and 7D4, from peripheral corneal. A mixture of the 

epitopes recognised by the KS antibody 5D4 and the CS/DS antibody 7D4 was also 

generated from the central and peripheral cornea. 

3.4.1 Density centrifugation and direct ELISA to identify CS/DS epitopes of 

interest 

From the five fractions generated after isopycnic ultracentrifugation, many 

proteins were separated out and a relatively large amount of glycosaminoglycan 

was detected in each fraction in the typical glycosaminoglycan containing 

fractions D4 to D1. ELISA analysis showed the presence of varying signal of both 

the 5D4 KS and 7D4 CS/DS sulphation epitope antibodies. This was the first such 

examination of CS/DS sulphation epitopes extracted from both peripheral and 

central cornea, with KS having been described previously as relatively even 

across the cornea, as was seen here (Ho et al., 2014).  

Unfortunately, despite the promising association of the epitope recognised by 

the CS/DS antibody 6C3 with the limbal stem cell niche, it was unable to be 

detected by ELISA but only detected with very weak signal by Western blot as 

discussed below. Whilst promising, owing to the lack of detection by ELISA, it 

would have been difficult to rapidly detect the epitope recognised by 6C3 in 

downstream purification steps from porcine cornea and would have been 

difficult to generate sufficient quantities of biologically relevant substrate. To 

this end, an alternative source was investigated from shark cartilage. Of course, 

this source is not optimal or as well adapted for mammalian studies as porcine 

cornea, however, many studies use CS or DS salts extracted from shark and often 

these contain impurities, so further purification is often required, whereas here 

the purification was performed in-house (da Cunha et al., 2015; Santos et al., 

2017). Here shark extract was shown to be a rich source of CS/DS particularly in 
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the epitope recognised by the 6C3 antibody but had a notable amount of KS as 

detected by ELISA and Western Blot as shown in Figure 3.14, but these 

glycosaminoglycan species were readily separated. 

3.4.2 Western blot analysis of CS/DS sulphation motifs and corneal 

proteoglycans 

In the Western blot analysis, the glycosaminoglycan sulphation motifs as well as 

a set of the primary corneal small leucine-rich repeat proteoglycans were 

analysed with the exception of osteoglycin (mimecan) and fibromodulin which 

are less well characterised and less abundantly expressed in the cornea as the 

other proteoglycans identified in the case of osteoglycin (García et al., 2016). 

Initially the presence of the abundant KS found in the cornea was detected with 

the KS 5D4 antibody, which recognises a highly sulphated epitope. KS was 

present across a broad range of molecular weights and in all buoyant density 

fractions, reflecting the diverse range of KS proteoglycans present in the cornea 

and their different glycosaminoglycan attachments (Caterson and Melrose, 

2018). High molecular weight 5D4 signal was detected in all fractions except the 

peripheral D4 fraction and was completely lost upon N-glycosidase treatment as 

shown in Figure 3.8B. In terms of KS proteoglycans to which this sulphation 

epitope is attached, it is likely present on both lumican and keratocan as 

discussed here.  

Lumican presented at an expected broad band between 75 and 150 kDa and 

after N-glycosidase treatment presented as an a band at 75kDa or 37 kDa as 

shown in Figure 3.13, with the former representing lumican that has retained KS 

through O’ linkage (Dunlevy and Rada, 2004) and the latter the lumican protein 

core with no further KS attachments (Funderburgh and Conrad, 1990). 

Interestingly, in the lowest molecular density fraction D4 in peripheral cornea, 

only N-linked KS lumican proteoglycan was present as shown by the singular band 

after digestion.  

Keratocan, another important corneal KS proteoglycan, was also detected as 

shown in Figure 3.12, however a limitation was the antibody used, KER-1 (Gealy 

et al., 2007), as a high signal is only generated after N-glycosidase treatment 
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and so native molecular weight was not observed and compared with 5D4, but it 

typically presents as a broad band ranging from 50 kDa to approximately 200 

kDa, similarly to lumican (Corpuz et al., 1996). After N-glycosidase treatment, 

the protein core was revealed at 25 kDa and 37 kDa as has previously been 

described (Funderburgh et al., 1993). 

Owing to the molecular weight and abundance of the sulphation motif 

recognised by the 7D4 antibody and decorin in Figure 3.9A and Figure 3.11 

respectively, it is highly likely that it is present on this protein core, possibly 

with a small amount situated on biglycan. This also correlates with the 

widespread distribution of 7D4 signal throughout the corneal stroma 

corresponding to decorin’s presence throughout the stroma and biglycan only 

predominantly being present on the epithelial surface and after injury/corneal 

damage. The increased signal of biglycan in the sclera and corneal limbus, 

identified in this study by peripheral corneal density gradient fractions in Figure 

3.10 is also consistent with the same study investigating decorin and biglycan 

extracts from adult cornea (Funderburgh et al., 1998). 

Finally the epitope recognised by the 6C3 antibody was detected at very low 

levels in both the peripheral and central corneal extracts in Western blot at a 

slightly higher molecular weight in peripheral cornea as mentioned above and 

shown in Figure 3.9B. It is difficult to determine the protein core to which this 

epitope is attached, but taking together the results from the 

immunohistochemistry in Chapter 2 and knowledge from previous localisation 

studies analysing the expression of a range of extracellular matrix molecules 

(Schlötzer-Schrehardt et al., 2007), it is most likely versican, especially in the 

case of the peripheral cornea,  owing to its large molecular weight and the fact 

that versican is an important regulator of apoptosis and cell proliferation, a key 

factor in the stem cell niche (Sheng et al., 2005; Wight et al., 2020). This also 

aligns with the fact that the epitope recognised by 6C3 antibody and specific 

versican isoforms have very similar immunohistochemical staining patterns in 

human skin, subjacent to basal keratinocytes, in addition to the corneal 

limbus(Sorrell et al., 1990; Zimmermann et al., 1994). It would have been useful 

to repeat the immunoblot using a lower percentage gel to achieve better 
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resolution in the gel for higher molecular weight proteins to determine the 

versican isoform, but this was outside the scope of this chapter, which was to 

identify proteoglycans and glycosaminoglycans of interest that were abundant 

for extraction. 

Owing to the low abundance of the epitope recognised by 6C3 in the corneal 

extracts, an alternative richer source was identified in shark skeletal cartilage as 

shown in Figure 3.14. Both the 6C3 CS/DS antibody and 5D4 KS antibody were 

present with their signal showing very large molecular weight proteoglycans, but 

notably, the epitope recognised by the 6C3 antibody had a very strong 

detectable signal in both Western blot and ELISA, providing a tractable source of 

glycosaminoglycans containing the epitope recognised by the 6C3 antibody for 

use in further enrichment and cell culture studies. 

3.4.3 Anion exchange chromatography and contamination evaluation 

In this study, anion exchange chromatography was performed for the enrichment 

of glycosaminoglycans chains after detachment of the glycosaminoglycan side 

chains, in order to attempt to either separate individual glycosaminoglycans and 

proteoglycans or enrich for certain sulphation epitopes in sufficient quantities 

for use as a cell culture substrate.  

One notable alternative to anion exchange chromatography is 

immunoprecipitation, using antibodies to capture and purify target proteins 

through antibody affinity interactions and is a highly specific and effective 

method, however it is primarily optimised for the use of the antibody binding 

proteins A and G, which do not bind the IgM CS sulphation epitope antibodies 

used in this study but instead bind IgG class antibodies from most mammalian 

species (Erntell et al., 1983; Sorrell et al., 1990). Immunoprecipitation methods 

exist for IgM class antibodies, one such example is protein L 

immunoprecipitation, which is a ligand for the kappa light chain of IgM (Björck, 

1988; Myhre and Erntell, 1985) but it is considered inefficient for 

immunoprecipitation due the pentameric structure of IgM and can lead to low 

yields (Teye et al., 2017). As a result of this they can be converted to IgG class 

antibodies, but again this also yields a new set of technical challenges (Dang et 

al., 2013; Filpula, 2007). Taken together, immunoprecipitation was considered 
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out of the scope of this study due to the increased technical expertise required 

and concerns of low yields that would be insufficient for biological effect. 

Notwithstanding, immunoprecipitation could be of extreme interest in further 

studies, but for the purposes of this thesis, anion exchange chromatography 

coupled with the methods described here were sufficient to extract enriched 

glycosaminoglycan species for use as a substrate. 

Separation of the CS/DS epitope recognised by 7D4 from KS was achieved as in 

the case of the PD4 density gradient fraction, and despite a low yield, sufficient 

glycosaminoglycan was present to use in cell culture as shown in Figure 3.19B 

and Table 3.5. In these defined conditions, a separation of the CS/DS and KS 

epitopes recognised by the antibodies 7D4 and 5D4 was achieved in the central 

fraction, in CD3 fraction 9 as in Figure 3.19B. However this fraction had a 

relatively low 7D4 profile and a low product yield. A glycosaminoglycan-rich 

fraction containing both KS and CS/DS was generated with a high 

glycosaminoglycan concentration, which may be of potential use. The difference 

between the two corneal compartments, in the ability to separate KS and CS/DS 

may be explained partly due to the significantly different ratios sulphation 

patterns of the KS chains between central and peripheral cornea, with the ratio 

of lesser sulphated KS increasing dramatically towards the peripheral cornea, 

which may explain why it is possible to separate KS from CS/DS in the PD4 

fraction, in addition with the differential deglycosylation of lumican in this 

fraction as identified in Western blot analysis. The ratio of CS to DS also changes 

across the cornea, with DS being located more centrally and CS more 

peripherally (Ho et al., 2014), which again, may be an explanation for the large 

differences in fractionation seen between peripheral and central samples. They 

may also have different chain lengths as well as interactions with other 

molecules during anion exchange chromatography, which may have further 

contributed to the complexity seen. 

Of further interest, also, would have been to investigate the different ion 

exchange traces for all samples, including the higher molecular weight fractions 

D2 and D1 from both peripheral and central cornea, as there may have been 

further differences between the glycosaminoglycans present as well as 
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proportion of KS to CS/DS. The difference between CS/DS could also be explored 

further using the methods described here, as well as inclusion of DS standards in 

the glycosaminoglycan blotting as shown in Figure 3.22B and repeated for 

various other samples. However, this was slightly outside the scope of this 

chapter, in which the primary goal was to obtain samples enriched in specific 

glycosaminoglycan epitopes for use in cell culture and this was achieved in the 

limited timeframe. 

Further verification of the constituents of each generated fraction would, of 

course, be beneficial. For example, after barium acetate gel electrophoresis or 

SDS-PAGE also performing immunoblotting for each of the antibodies would have 

been of benefit, for example 6C3, 5D4, 7D4, amongst others, including the less 

sulphated KS antibody 1B4 (Mehmet et al., 1986) or other CS antibodies. In the 

case of the KS antibody 1B4, however, 5D4 was found to be virtually universally 

present wherever 1B4 was detected and highly sensitive (Mehmet et al., 1986), 

most likely as both of these epitopes are present on most keratan sulphate 

chains. In the cornea, the KS epitope recognised by 5D4 is present consistently 

across all corneal zones, unlike the epitope recognised by 1B4, which decreases 

towards central cornea as mentioned above, so the 5D4 antibody was the best 

candidate for KS contamination detection across both compartments available in 

this study (Ho et al., 2014). Due to the limited amount of substrate product 

generated and the large amount used by these detection methods, however, the 

presence was detected by ELISA which only requires a very small amount of 

glycosaminoglycan for detection. Other analytical methods would have also been 

advantageous also to further confirm the contents and chemical composition of 

the enriched glycosaminoglycan fractions, for example disaccharide analysis, 

which typically involves a combination of enzymatic digestion followed by 

chromatography and subsequent mass spectrometry. This method enables the 

characterisation and location determination of sulphation or acetylation 

modifications as well as uronic acid epimerisation, but needs a significant 

amount of substrate (Gill et al., 2013; Yang et al., 2012). This would enable 

further characterisation of the glycosaminoglycan species present, but through 

the methods described in this chapter, the substrates were deemed satisfactory 

to proceed to the next stage of research. These three substrates are those 
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enriched in the epitopes recognised by 6C3, 7D4 and 5D4/7D4 and are 

investigated as substrates for iPSC differentiation in the following chapter. 

3.5 Conclusions 

The overall aim of this chapter was achieved in that proteoglycan and 

glycosaminoglycan-containing fractions were extracted from porcine cornea and 

shark cartilage enriched in sulphation epitopes of interest and free of 

contaminants. Several substrates enriched in the CS/DS epitopes recognised by 

the antibodies 7D4 and 6C3, as well as the KS and CS/DS epitopes, recognised by 

the 5D4/7D4 antibodies were generated. This subsequently allowed for the 

subsequent effect on pluripotent stem cells to be investigated, and their role, if 

any, in the differentiation of corneal epithelial cells and other ocular cell types 

to be explored in the next chapter. 
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4 Chapter 4: Cultivation of iPS cells on glycosaminoglycan 

substrates and their differentiation towards corneal 

epithelial cells 

4.1 Introduction  

Having successfully identified and purified enriched glycosaminoglycan 

substrates, the final stage of this project was to examine their effect on 

differentiation of corneal epithelial cells and other ocular cell lineages from iPS 

cells, using the SEAM development model (Hayashi et al., 2017, 2016). The SEAM 

consists of four zones of different cell types derived from the ectodermal 

lineage as explained in Chapter 1. As a reminder, these zones are as follows. The 

first zone (zone 1) represents neuronal cells. The second zone typically 

represents neural crest, retina-like and lens-like cells. The third zone (zone 3), 

of particular interest in this study, lies outside of zone 2 and typically represents 

ocular surface ectoderm-like cells or early corneal epithelial-like cells. Lens 

cells are also sometimes present in this zone. Finally, the fourth zone (zone 4) 

lies outside of the edge of the zone 3 consists primarily of non-ocular surface 

epithelial-like cells. 

The extracellular matrix is a useful tool for iPS cell maintenance and can be 

used to maintain their pluripotency. It has, for example, enabled iPS cell culture 

without a feeder system, which was a significant step in facilitation and access 

to iPS cell culture (Miyazaki et al., 2012). The substrate upon which iPS cells are 

maintained can also have a significant effect on the ability to differentiate 

towards different cell lineages. The extracellular matrix substrate, laminin, has 

been shown to influence the development and differentiation of SEAMs, 

particularly the laminin isoform used can have a significant impact on the SEAM 

morphology and differentiation (Shibata et al., 2018). Further work has also 

shown how cell type-specific adhesion to defined substrates can be used to 

isolate preferential cells to use in further downstream experiments or 

therapeutic approaches (Shibata et al., 2020). Only a small subset of 

extracellular matrix molecules has been investigated using this incredibly 

tractable model system, with the effect of other abundant corneal matrix 
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molecules, for example, collagens, proteoglycans and glycosaminoglycans, 

remaining largely unknown. The SEAM model, particularly, serves as a useful 

resource to investigate the effect of these molecules on the developing cornea 

and the subsequent formation of mature corneal epithelial cells. 

The above observations lead to the aim of this chapter, which was to investigate 

native glycosaminoglycan motifs present in the cornea on developing SEAMs. The 

objectives of this chapter were to, firstly, investigate whether 

glycosaminoglycans could be immobilised onto cell culture surfaces in the 

presence of laminin, which is required for cell adhesion, and then, perform the 

assessment of different coating protocols on glycosaminoglycan availability. 

Having established a substrate coating protocol that enables cell adhesion to 

laminin with detectable glycosaminoglycan, the next steps were to establish the 

facilities to culture iPSCs and generate SEAM cultures. This was due to the 

unavailability of specialist facilities as a result of the coronavirus pandemic and 

inability to travel to Osaka University, Japan as planned. The final objective of 

this chapter was to assess the effect of glycosaminoglycans on naïve iPSCs and 

their subsequent differentiation into SEAMs, using gene expression and 

immunohistochemical methods. In this chapter, I describe a successful method 

of combining glycosaminoglycans with the iPSC feeder-free substrate, laminin for 

the adhesion of iPSCs in the presence of the polysaccharide substrates, whilst 

retaining their pluripotency. Immunohistochemical, morphological and gene 

expression analysis also reveal significant impacts on SEAM formation and gene 

expression in the presence of glycosaminoglycan substrates derived from cornea. 

4.2 Methods 

4.2.1 Direct ELISA and glycosaminoglycan substrate coating 

In order to determine whether glycosaminoglycan substrates could be 

immobilised onto the cell culture surface in the presence of laminin (LN511 E8 

fragment, Takara Bio, Paris, France), which is required for iPS cell attachment, 

substrates identified in the previous chapter were investigated to ascertain the 

optimal sequence of application and concentration of coating for both 

substrates. Hence, plates were coated with laminin, followed by 

glycosaminoglycan preparations, or vice versa. Enriched glycosaminoglycan 
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substrates of the CS/DS sulphation epitopes, recognised by the antibodies 6C3 

(derived from shark cartilage) and 7D4 (derived from peripheral cornea), as well 

as a mixed substrate (derived from central cornea) consisting of epitopes 

recognised by 7D4 antibody and the KS sulphation epitope recognised by the 5D4 

antibody, were used to coat Nunclon Delta 96-well cell culture plates 

(Thermofisher, Loughborough). They were coated at concentrations of 0.05, 0.1, 

0.25 and 0.5 µg/cm2 glycosaminoglycan (as determined by DMMB assay) dissolved 

in 80% saturated ammonium sulphate. Plates were coated overnight at 4°C in 

the ammonium sulphate solution as has been described previously (Hof et al., 

2019). Laminin dissolved in phosphate-buffered saline (PBS) without calcium or 

magnesium (Merck, Gillingham, UK) was applied either before or after overnight 

glycosaminoglycan coating at a concentration of 0.5 µg/cm2 of laminin for 1 hour 

at 37°C. In between coating with either laminin or glycosaminoglycan 

preparations, several washes were carried out gently with PBS solution. The cell 

culture plate was then gently washed several more times before being processed 

for direct ELISA as described in Chapter 3 (Section 3.2.7). 

4.2.2 iPSC culture and maintenance 

The iPS cell line used was the 201B7 line, originally produced from adult human 

fibroblasts using traditional iPSC generation, using transduction of Oct3/4, Sox2, 

Klf4 and c-Myc (Takahashi et al., 2007). This cell line has been used in the 

majority of papers reporting SEAM formation by Hayashi and colleagues (Hayashi 

et al., 2017, 2016). The cells were obtained from ATCC (LGC, Oxford, UK). The 

iPSCs were maintained and differentiated as previously described by Hayashi et 

al. with little to no modification (Hayashi et al., 2017, 2016) and detailed below. 

All cells used were below 40 passages, as recommended previously (Hayashi et 

al., 2017). 

Prior to seeding, cell culture treated six-well plates (Nunclon Delta plates, 

Thermofisher, Loughborough) in which the cells were maintained and expanded, 

were coated with LN511E8 at 0.5 µg/cm2 in 1.5ml PBS without calcium and 

magnesium for the six-well plates, and incubated at 37°C for 2 hours or 4°C 

overnight. After coating, 0.25 ml (24 well plate) or 0.75 ml (6 well plate) cell 

culture media, namely StemFit Medium 04 or Stemfit Medium 02 (discontinued) 
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(Amsbio Biotechnology, Abingdon, UK) with 50 units/mL of penicillin and 50 

µg/mL of streptomycin (Thermofisher, Loughborough, UK), was added to the 

laminin solution and removed with a small remainder left to prevent drying of 

the cell culture plate. The media and coating solution mixture was then quickly 

replaced with 0.5 ml or 1.5 ml (24 well plate or 6 well plate respectively) of 

media containing 10 µM of the Rho-associated protein kinase (ROCK) small 

molecule inhibitor, Y-27632 (STEMCELL Technologies, Cambridge, UK), and 

incubated at 37°C to equilibrate to temperature, immediately prior to cell 

seeding. ROCK inhibitor is commonly added for the first 24 hours after cell 

seeding in feeder-free cultures to promote survival and pluripotency (Miyazaki et 

al., 2012; Vernardis et al., 2017). A vial of 2 x 105 frozen iPS cells stored in 0.2 

ml of STEM-CELLBANKER (Amsbio Biotechnology Abingdon, UK) was then rapidly 

defrosted at 37°C and added to a 15 ml conical tube containing 5 ml of StemFit 

media before centrifugation at 200 x g for 5 minutes at room temperature. After 

centrifugation, the supernatant was removed, 1 ml of ROCK inhibitor-containing 

media was added to the cell pellet which was resuspended to a single cell 

suspension by gentle pipetting. Cells were then counted using a haemocytometer 

and Trypan blue exclusion (Thermofisher, Loughborough, UK). Defrosted cells 

were then added to the precoated six-well plates at a density of 65,000 cells per 

well (approximately 6800 cells/cm2) and mixed gently to ensure the cells were 

evenly spread after seeding. After approximately 24 hours, the medium was 

replaced with fresh StemFit medium without ROCK inhibitor and incubated at 

37°C in 5% CO2 for 7 ± 1 days until approximately 70-80% confluence. The 

medium was changed every 2 days until day six, after which it was changed 

every day until regular passaging as described below. 

For cell passaging, a six well plate was coated as described above on the day of 

passage and incubated at 37°C until cells were ready to be added. The media 

was removed from cells ready for passage, after 7 ± 1 days of culture, and the 

cells were washed with 2 ml of PBS, after which 500 µl of pre-warmed 

dissociation solution was added (a mixture of 50% (vol/vol) TrypLE Select 

(Thermofisher, Loughborough, UK) and 50% (vol/vol) 0.5 mM EDTA solution 

(Merck, Gillingham, UK)). The cells were incubated in the dissociation solution 

for 4 to 5 minutes at 37°C, the solution was removed, and the cells were then 
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washed gently with 2 ml of PBS before the addition of 1 ml StemFit medium 

containing 10 µM ROCK inhibitor to each well. The cells were then detached 

from the culture plates using a cell scraper (Thermofisher, Loughborough, UK), 

pipetted 10 times using a 1000 µl pipette tip before being transferred to a 

collection tube. The cells were then counted using Trypan blue exclusion and a 

haemocytometer. After the cell number was verified, 13,000 cells per well were 

added to the new 6-well plate for continuation of cell culture or used in further 

experiments, for example immunohistochemistry or initiation of SEAM culture. 

As before, after approximately 24 hours, the medium was replaced with fresh 

StemFit medium without ROCK inhibitor and incubated at 37°C in 5% CO2 for 7 ± 

1 days until approximately 70-80% confluence. The medium was changed every 2 

days until day six, after which it is changed every day. Upon receipt of the 201B7 

cell line, cells were passaged 3 times to adapt to the laminin 511E8 substrate 

before use in experiments or frozen and stored in STEM-CELLBANKER, as 

described below. 

For cryostocks, surplus cells from passaging above were centrifuged at 200 x g at 

room temperature, the supernatant removed and the cells resuspended in 

freezing media with 2 x 105 cells in each 0.2 ml. 0.2 ml of cell suspension was 

added to each cryovial for storage, and they were then frozen at -80°C in 

isopropanol before storage in liquid nitrogen until required. 

4.2.3 Assessment of pluripotency markers of iPSCs with and without 

glycosaminoglycan substrates 

Pluripotency is vital for the ability of iPSCs to differentiate and so in order to 

examine the pluripotency of iPSCs on different substrates and during their 

maintenance, two pluripotency markers were used, SSEA-4 and TRA-1-60 

(Natunen et al., 2011; Wright and Andrews, 2009). Verifying pluripotency is 

essential to ensure the iPSCs have not differentiated and will be able to 

differentiate normally and these markers are recommended to verify 

pluripotency (Hayashi et al., 2017). 

Using twenty-four well plates, wells were coated with either laminin alone, as 

described in the previous section, using 0.5 ml of 0.5 µg/cm LN511E8 PBS and 

incubated at 37°C for 2 hours, or using the dual coating method of adding 
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glycosaminoglycan prior to laminin coating, as in the ELISA protocol in Section 

4.2.1 detailed above. For the dual coat, briefly, glycosaminoglycans were 

dissolved in filter-sterilised 80% saturated ammonium sulphate solution, before 

0.5 ml of solution was applied to the 24 well plates at a concentration of 0.5 

µg/cm2 (as was determined to yield the highest glycosaminoglycan signal). Plates 

were then incubated at 4°C overnight. After incubation, plates were washed 

several times with PBS before the addition of laminin solution and incubated for 

2 hours as above. The laminin solution was then removed and replaced with 0.5 

ml of ROCK inhibitor-containing media prior to cell seeding. For this pluripotency 

assay, cells were seeded at 3000 cells per well, using cells from passaging 

described above. 

The cells were then grown normally until day 5, when visible iPSCs colonies had 

formed before being washed in PBS and fixed in 4% PFA (wt/vol) dissolved in PBS 

for 10 minutes at room temperature. The cells were then washed 3 times with 

PBS and were then blocked in PBS containing 5% BSA for 1 hour at room 

temperature. The antibodies were then applied, using either FITC-conjugated 

anti-SSEA-4 or Alexa Fluor 647-conjugated anti-TRA-1-60 (both 1:100 dilution, 

Biolegend UK Ltd, London, UK), for 1 hour at room temperature, both dissolved 

in 1% BSA in PBS. Finally, cells were washed 3 times and then incubated with 

DAPI for 10 min at room temperature under protection from light, washed three 

times with TBS for 5 min and imaged under fluorescence microscopy using an 

Olympus IX71 microscope. 

4.2.4 Experimental protocol for four week SEAM differentiation in the 

presence and absence of glycosaminoglycans 

The SEAM differentiation timeline and protocol is summarised in Figure 4.1 and 

detailed below. Twenty-four well cell culture plates were coated and prepared 

as described above, either using laminin alone or the dual coating method of 

both laminin and the free glycosaminoglycan substrates of 6C3 (from shark), 7D4 

(from peripheral cornea) or 5D4/7D4 (central cornea), see Sections 3.3.10 and 

3.3.11. Harvested cells, from passaging described in Section 4.2.2, were then 

added to wells of each 24-well plate using ROCK inhibitor media at the highest 

seeding density (as recommended in (Hayashi et al., 2017)) of 900 cells per well 
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(approximately 2900 cells/cm2). The ROCK inhibitor media was replaced with 

normal StemFit media without ROCK inhibitor after 24 hours and the media was 

replaced every 2 days until day 7, after which it was replaced every day until 

day 10. 

At day 10 (day 0 of differentiation), StemFit media was replaced with 

differentiation media (DM). DM consisted of Glasgow’s modified Eagle’s medium 

(GMEM) with 10% Knockout serum replacement (KSR), 1 mM sodium pyruvate, 0.1 

mM nonessential amino acids, 2 mM L-glutamine, 50 units/mL of penicillin, 50 

µg/mL of streptomycin and 55 µM 2-mercaptoethanol (all from Thermofisher, 

Loughborough, UK). The DM was subsequently changed every two to three days 

and the developing SEAMs were monitored daily for four weeks. At four weeks, 

multiple SEAMs were either harvested using 500 µl of TRIzol per SEAM well 

(Thermofisher, Loughborough, UK) and stored at -80°C for further RNA 

extraction (Section 4.2.6), following manufacturer’s instructions. Two SEAM 

wells were pooled for each experimental sample for gene expression analysis, 

each well consisting of between approximately 3-8 SEAMs. Two samples (pooled 

from two wells – approximately 6-16 SEAMs) from two independent experiments 

for each substrate were taken for gene expression analysis (n = 4 total). Or 

SEAMs were fixed in 4% PFA in PBS for 20 minutes, washed several times and 

stored in PBS until they were immunolabelled for immunohistochemical analysis 

as described in Section 4.2.5. Immunohistochemistry was performed on multiple 

SEAMs in two independent experiments on each substrate. 

4.2.5 Experimental protocol for eight week SEAM differentiation in the 

presence and absence of glycosaminoglycans 

For the normal SEAMs (those differentiated exactly as described by Hayashi et 

al., 2017), and those grown on 7D4 and 5D4/7D4 substrates (not 6C3 substrate), 

SEAMs were differentiated further after the above 4 week differentiation. At the 

4 week timepoint, developing SEAMs were switched to corneal differentiation 

medium (CDM) for four further weeks, which selectively encourages the 

differentiation and growth of corneal epithelial cells. CDM consists of a 1:1 

mixture of DM and CnT-PR media (without EGF and FGF2) (Caltag Medsystems, 

Buckingham, UK), supplemented with 20 ng/ml keratinocyte growth factor (KGF) 
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(STEMCELL Technologies, Cambridge, UK) and 10 µM ROCK inhibitor. Again, the 

media was changed every two to three days. After the four weeks of further 

differentiation, SEAMs were either harvested using TRIzol or fixed in 4% PFA as 

described above. 
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Figure 4.1 Timeline and schematic of SEAM differentiation by defined factors. 
The first 4 weeks relies on the inherent self-organisation of iPSCs to form SEAMs 
using Differentiation Media. After this, cells are selectively differentiated to 
encourage the further growth and differentiation of corneal epithelial cells, 
through the use of an epithelial proliferation medium, named Corneal 
Differentiation Media, and addition specific corneal epithelial growth factors, 
namely keratinocyte growth factor. 
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4.2.6 SEAM imaging and immunohistochemistry 

Immunohistochemistry performed on SEAMs was similar to that described in 

Chapter 2 Section 2.2.3, but with slight modifications as detailed below. Fixed 

SEAMs, from the four week timepoint, were blocked in TBS containing 5% 

(vol/vol) normal donkey serum and 0.3% (wt/vol) Triton X-100 for 1 hour at room 

temperature. The cells were then incubated with the following antibodies, 

mouse anti-p63 (4A4, Abcam, Cambridge, UK), rabbit anti-TUBB3 (T2200, Merck, 

Gillingham, UK) and PAX6 (PRB-278p, Biolegend UK Ltd, London, UK). Co-

localisation was carried out for p63 (1:200)/TUBB3 (1:500) and p63 (1:200)/PAX6 

(1:300) to investigate the presence of neuronal/epithelial and corneal epithelial 

cells respectively (Hayashi et al., 2017). The antibody incubation was performed 

overnight at 4 °C, with antibodies diluted in TBS containing 1% (vol/vol) normal 

donkey serum and 0.3% (wt/vol) Triton X-100. The cells were then washed three 

times with TBS for 5 min and subsequently incubated with the secondary 

antibody: 1:200 dilution of Alexa Fluor® 488-conjugated donkey anti-mouse IgG 

and IgM and Alexa Fluor 594 Donkey anti-rabbit IgG/IgM (Thermofisher, 

Loughborough, UK) secondary antibodies for 1 hour at room temperature in the 

dark. Cells were then washed three times with TBS for 5 min. Finally, cells were 

washed 3 times and then incubated with DAPI for 10 min at room temperature 

under protection from light, washed three times with TBS for 5 min and imaged 

under fluorescence microscopy using an Olympus IX71 microscope. Negative 

controls with primary antibody omission were performed and shown in the 

appendix in Figure 7.3. 

4.2.7 Reverse transcription and quantitative polymerase chain reaction (RT-

qPCR) 

SEAM extracts frozen in TRIzol were defrosted and processed according to 

manufacturer's instructions for RNA extraction. Briefly, to the 1 ml of TRIzol 

extracted RNA, 0.2 ml 1-bromo-3-chloropropane (Merck, Poole, UK) was added 

and incubated for 3 minutes. Samples were then inverted several times and 

centrifuged for 15 minutes at 12,000 × g at 4°C.The upper, aqueous phase was 

transferred to a new tube and to this, 0.5 ml of isopropanol (Merck, Poole, UK) 

was added and incubated for 10 minutes before being centrifuged at 12,000 x g 

at 4°C. The supernatant was discarded and the RNA pellet resuspended in 1 ml 
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of 75% ethanol. The RNA samples were then vortexed briefly and centrifuged for 

5 minutes at 7500 x g at 4°C. The supernatant was discarded and the RNA pellet 

air dried for 20 minutes. The generated total RNA pellet was resuspended in 50 

µl of distilled water and heated at 55°C for 15 minutes. The RNA yield was 

determined using a NanoDrop Lite (Thermofisher, Loughborough, UK) and the 

absorbances at 260 and 280 nm and calculated ratio (A260/280) were used to 

establish the RNA purity. Only RNA with an A260/280 > 1.8 was used for further 

analysis. RNA was either used immediately for reverse transcription or stored at 

-80°C until further use. 

Reverse transcription of RNA was performed using the High-Capacity RNA-to-

cDNA Kit as per manufacturer’s instructions (Thermofisher, Loughborough, UK), 

using 800 ng of calculated RNA for each sample. Resultant cDNA was used 

immediately for qPCR or stored at -20°C until further use. 

After cDNA generation, qPCR was performed using the TaqMan minor groove 

binder (MGB) probe system following manufacturer's instructions and as 

described in (Hayashi et al., 2016). TaqMan MBG probes used are shown below in 

Table 4.1. Equal amounts of cDNA was loaded into each reaction (16 ng), as 

determined by RNA yield prior to reverse transcription. All experimental samples 

were analysed in triplicate for each sample. The qPCR was performed using an 

Agilent AriaMx Real-time PCR system (Agilent Technologies LDA UK Ltd, 

Stockport, UK) using thermocycler conditions of an initial cycle of 95°C for 10 

minutes, followed by 40 cycles at 95°C for 15 s and 60°C for 60 s and cycle 

threshold (Ct) was calculated using AriaMx software. No cDNA template and no 

reverse transcriptase controls were also performed and generated no signal. 
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Table 4.1 List of TaqMan MGB qPCR probes used, their ID and general function 
or role, as adapted from (Hayashi et al., 2016). 

Gene ID Function 
CDH1 Hs01023894_m1 Epithelial cell marker 

PAX6  Hs00240871_m1 
Ocular lineage specification 
marker 

SOX2  Hs01053049_s1 Neural cell-specific marker 
NGFR (P75)  Hs00182120_m1 Neural crest marker 

TUBB3  Hs00801390_s1 Neural cell-specific marker 
SOX10  Hs00366918_m1 Neural crest marker 
GAPDH  Hs99999905_m1 Housekeeping gene 
TP63  Hs00978339_m1 Epithelial cell marker 

 

The relative gene expressions was calculated using the 2-ΔΔCt method (Livak and 

Schmittgen, 2001). A summary of the calculations is shown below. 

∆𝐶𝑡 = 𝐶𝑡	(𝑔𝑒𝑛𝑒	𝑜𝑓	𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡) − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝐶𝑡(𝐺𝐴𝑃𝐷𝐻) 

∆∆𝐶𝑡 = 	∆𝐶𝑡	(𝑆𝐸𝐴𝑀	𝑜𝑛	𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒	∆𝐶𝑡	(𝑛𝑜𝑟𝑚𝑎𝑙	𝑆𝐸𝐴𝑀) 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝐺𝑒𝑛𝑒	𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 2!(∆∆$%) 

4.2.8 Statistical analysis 

For the qPCR data, the relative gene expression values for each gene were 

converted to log forms to reduce the skewness of the data and subsequently 

tested for normality with the Shapiro-Wilk test. For each gene, normally 

distributed genes were tested for significant differences using one-way ANOVA 

followed by Tukey’s posthoc test to determine differences between normal 

SEAMs and each substrate group. For non-normally distributed groups, a Kruskal-

Wallis test followed by Dunn’s posthoc test with Bonferroni significance 

correction was performed. Any significant differences were represented 

graphically (*, ** and *** represent p < 0.05, 0.01, 0.001 respectively). 

4.3 Results 

4.3.1 Optimisation of coating conditions using glycosaminoglycan substrates 

In order to ascertain whether the free glycosaminoglycan substrates were able to 

bind to and immobilise onto cell culture surfaces used for iPS cell culture, direct 
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ELISA was performed. The antibody signal generated for each substrate was 

assessed at different concentrations and in different orders of addition before or 

after laminin-511E8 coating, which is required for iPS cell adhesion. It was also 

necessary to identify which order of substrate application provided the highest 

substrate signal for optimal presentation of glycosaminoglycan substrates to cells 

and interacting molecules.  

The results are shown in Figure 4.2. There was little difference between the 

order of the substrate application overall. However, applying glycosaminoglycan 

substrate before the laminin substrate, which is required for cell adhesion, 

resulted in slightly higher signal, particularly for the KS epitope recognised by 

the antibody 5D4. The signal appeared to be the same as coating in the absence 

of laminin for all substrates as seen in Figures 3.19 and 3.21, with the 

exception of the 5D4/7D4 substrate, which, interestingly, appeared to increase 

in the presence of laminin. 

For the 7D4 substrate, only the 7D4 antibody gave signal over background signal, 

compared to no signal for the 6C3 and 5D4 antibodies. The signal generated by 

the 7D4 antibody appeared to increase slightly with increasing coating 

concentration, but only in the sample where glycosaminoglycans were applied 

first, but overall there was little difference between coating order and 

concentration. 

For the mixed 5D4/7D4 substrate, no 6C3 antibody signal was detected above 

background levels, as expected. 7D4 signal was comparable between coating 

orders, however increased steadily with increased coating concentration up to 

0.5 µg/cm2 for both coating orders. The signal generated by the 5D4 antibody, 

however was much higher for glycosaminoglycan coating prior to laminin, and 

increased with coating concentration. 

Finally, for the 6C3 substrate, antibody signal was largely comparable between 

coating orders, but increased with increasing concentration up to 0.5 µg/cm2. 

Other epitopes were not detected including antibody signal from 5D4 and 7D4 

(very slight signal was detected above background for 7D4 but was within the 

range for background signal compared with negative controls). 
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Overall, the antibody signal of interest increased for each substrate with 

increasing coating concentrations, with the exception of the 7D4 substrate, and 

so the highest concentration examined was used for the experiments 

investigating the effect of GAGs on the differentiation of SEAMs. A concentration 

of 0.5 µg/cm2 was used for subsequent experiments due to the highest epitope 

signal for each respective glycosaminoglycan epitope and the coating order was 

determined as glycosaminoglycan followed by laminin, due to higher 5D4 

antibody signal witnessed in the 5D4/7D4 substrate, with little differences were 

seen elsewhere. It would also mean the laminin would not be exposed to the 

high salt ammonium sulphate solution used to immobilise the glycosaminoglycans 

to the cell culture plate. 
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Figure 4.2 ELISA analysis of glycosaminoglycan (GAG) substrate immobilised on 
iPS cell culture plastic before and after laminin-511E8 (LN511E8) coating, with 
the order of application identified at the top of the figure. Antibodies used were 
the CS/DS antibodies, 7D4 and 6C3, and the KS antibody, 5D4. Antibody signal is 
shown as absorbance, on the left, and the substrate being investigated for each 
row is shown on the right. Colours correspond to coating concentrations as 
depicted in the legend on the right hand side. N = 2 from technical repeats. 
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4.3.2 iPSCs adhere to and retain pluripotency on glycosaminoglycan substrates 

Following the establishment of optimal coating conditions to yield the highest 

glycosaminoglycan signal by ELISA, the same conditions were applied to cell 

culture plates, which were then seeded with iPS cells. After 5 days in culture, 

the cells were assessed for the expression of the pluripotency markers SSEA-4 

and Tra-1-60 on each of the various substrates, two commonly used cell surface 

pluripotency markers. The results are shown in Figure 4.3.  

Importantly, the colony forming efficiency, shape and morphology of the iPS 

cells did not change on each of the different substrates, and 100% of the 

colonies on all substrates retained expression of the pluripotency markers 

described as shown in Figure 4.3. The result being that the cells seeded onto 

glycosaminoglycan and laminin substrates retained pluripotency similar to that 

seen on laminin alone and so were suitable candidates for further differentiation 

towards corneal epithelial cell phenotypes. The standard laminin substrate 

coated iPSCs also retained expression of pluripotency markers, which was useful 

along with morphological observations that the iPS cell culture was established 

successfully. The experiment was repeated twice and no colonies negative for 

either marker were identified in either experiment, with all colonies in the well 

examined. 
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Figure 4.3 Immunohistochemical analysis of the pluripotency markers, SSEA-4 
and Tra-1-60 in iPSC colonies on different glycosaminoglycan substrates, with 
the negative control (primary antibody omission) shown. Representative colonies 
are shown for each substrate after 5 days of culture. Scale bars represent 100 
µm. 
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4.3.3 Morphological analysis of the differentiation of iPSCs towards corneal 

epithelial cells on different glycosaminoglycan substrates 

Having established a suitable coating protocol, iPSCs were differentiated into 

SEAMs as described in Section 4.2.4 on each of the different substrates purified 

in the previous chapter. From the initial cell seeding, to the week 4 timepoint, 

there were few noticeable differences in colony formation capability, colony 

shape and morphology. One important difference seen in this study was the ratio 

of SEAMs generated from each original iPSC colony. In the original study, 60-70% 

of iPSC colonies developed into SEAMs (Hayashi et al., 2017), however here a 

much lower percentage was witnessed, between 20 and 30% of colonies forming 

morphologically accurate SEAMs representing all four zones on SEAMs grown on 

all substrates, including normal SEAMs on laminin alone. Slight differences in 

overall morphology of the SEAMs at four weeks were noticeable between normal 

SEAMs grown on laminin only and those grown on glycosaminoglycan substrates. 

Representative SEAMs are shown on each of the four substrates at four weeks of 

differentiation in Figure 4.4 and discussed in further detail by substrate below. 
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Figure 4.4 Representative SEAM images grown on different substrates at 4 weeks 
of differentiation. (A-C) Representative SEAMs grown on laminin-511E8 substrate 
alone. (D-F) Representative SEAMs grown on the CS/DS substrate enriched in 7D4 
epitope and laminin 511E8. (G-I) Representative SEAMs grown on the KS and 
CS/DS substrate enriched in 5D4 and 7D4 epitopes and laminin 511E8, with lens-
like bodies identified with an arrow. (J-L) Representative SEAMs grown on the 
CS/DS substrate enriched in 6C3 epitope and laminin 511E8. SEAM zones are 
identified in each image and scale bars represent 100 µm. 
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4.3.4 Morphological and immunohistochemical analysis of corneal epithelial 

markers of SEAMs cultivated normally on laminin 511E8 

Immunohistochemical analysis of SEAMs was also performed on each of the 

substrates of p63, PAX6 and TUBB3 as shown from Figure 4.5 to Figure 4.12. 

P63 and PAX6 positive cells represent zone 3 corneal epithelial-like cells, whilst 

p63 and TUBB3 differentiate between corneal epithelial cells and the neuronal 

centre of the SEAMs representing zone 1 and 2 and also label neuritic outgrowths 

that spread into the outer zones. Overall morphological differences are 

inherently difficult to determine, without high throughput imaging, primarily 

owing to the innate variation of SEAMs during differentiation. 

In this study, normal SEAMs seeded onto the laminin 511E8 substrate developed a 

morphology as has been described previously, by Hayashi et al., 2017, as shown 

in Figure 4.4A-C. The four zones were determined morphologically, consisting of 

a dense neural centre (zone 1), and an almost continuous ring of high optical 

density neural cells (zone 2). These zones were followed by two monolayer 

zones, 3 and 4, consisting of mostly densely packed epithelial cells (zone 3), 

with zone 4 representing other ectoderm anlages of non-ocular origin with a 

more spread morphology. Immunohistochemical analysis revealed SEAMs 

developed a neural centre with strong TUBB3 staining, as shown in Figure 4.6D, 

with neuronal outgrowths, representing zone 1 and 2. They also exhibited strong 

p63/PAX6 signal in zone 3, representing corneal epithelial cells as seen in Figure 

4.5C-E, consistent with previously published work. 
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Figure 4.5 Immunohistochemical analysis of the corneal epithelial markers p63 
and PAX6 in a normal SEAM after 4 weeks of differentiation. (A) Phase contrast 
image of a SEAM grown on the above substrate. (B) Tricolour image of the 
epithelial marker, p63 (green) and ocular lineage marker, PAX6 (red) and DAPI 
nuclear stain (blue) of the area represented in A and B. (C) Enhanced tricolour 
image of the area represented in (A) and (B). (D) Single channel image of p63. 
(E) Single channel image of PAX6. (F) Single channel image of DAPI. SEAM zones 
are labelled in each image and scale bars represent 100 µm. 
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Figure 4.6 Immunohistochemical analysis of the epithelial marker p63 and the 
neural cell marker, TUBB3 in a normal SEAM after 4 weeks of differentiation. (A) 
Phase contrast image of a SEAM grown on the above substrate. (B) Tricolour 
image of p63 (green) and TUBB3 (red) and DAPI nuclear stain (blue) of the area 
represented in A and B. (C) Enhanced tricolour image of the area represented in 
(A) and (B). (D) Single channel image of p63. (E) Single channel image of TUBB3. 
(F) Single channel image of DAPI. SEAM zones are labelled in each image and 
scale bars represent 100 µm. 
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4.3.5 Morphological and immunohistochemical analysis of corneal epithelial 

markers of SEAMs cultivated on 7D4 substrate 

The iPSCs seeded onto laminin and the CS/DS substrate, enriched in the epitope 

recognised by the 7D4 antibody, developed into SEAMs that appeared 

morphologically similar to SEAMs grown on the laminin 511E8 substrate alone in 

Figure 4.4A-C. Slight differences were seen in zone 2, based solely on 

morphology as shown in Figure 4.4D-F compared with A-C. The high optical 

density area in zone 2 appeared to not be as continuous and tended to appear 

more as satellites around the central zone 1, however this was also witnessed in 

normal SEAMs on occasion and cannot be definitely stated without further 

quantification. Upon histochemical analysis, again little differences were 

witnessed in staining patterns , p63/PAX positive cells were witnessed in zone 3 

as shown in Figure 4.7C. neuronal cells, identified by TUBB3, were also present 

as shown in Figure 4.8C, D. Both of these observations being consistent with 

normal SEAMs in Figure 4.5 and Figure 4.6. 
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Figure 4.7 Immunohistochemical analysis of the corneal epithelial markers p63 
and PAX6 in a SEAM grown on the 7D4 substrate after 4 weeks of differentiation. 
(A) Phase contrast image of a SEAM grown on the above substrate. (B) Tricolour 
image of the epithelial marker, p63 (green) and ocular lineage marker, PAX6 
(red) and DAPI nuclear stain (blue) of the area represented in A and B. (C) 
Enhanced tricolour image of the area represented in (A) and (B). (D) Single 
channel image of PAX6. (E) Single channel image of p63. (F) Single channel 
image of DAPI. SEAM zones are labelled in each image and scale bars represent 
100 µm. 
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Figure 4.8 Immunohistochemical analysis of the epithelial marker p63 and the 
neural cell marker, TUBB3 in a SEAM grown on the 7D4 substrate after 4 weeks 
of differentiation. (A) Phase contrast image of a SEAM grown on the above 
substrate. (B) Tricolour image of p63 (green) and TUBB3 (red) and DAPI nuclear 
stain (blue) of the area represented in A and B. (C) Enhanced tricolour image of 
the area represented in (A) and (B). (D) Single channel image of TUBB3. (E) 
Single channel image of p63. (F) Single channel image of DAPI. SEAM zones are 
labelled in each image and scale bars represent 100 µm. 

  



129 
 

4.3.6 Morphological and immunohistochemical analysis of corneal epithelial 

markers of SEAMs cultivated on 5D4/7D4 substrate 

For the 5D4/7D4 mixed substrate consisting of CS/DS and KS, the most 

noticeable difference was the increased presence of lens-like bodies. They are 

identifiable through morphology as areas with different refractive properties as 

optically clear round spherules at the border of zones 2 and 3. Whilst present 

and identified in SEAMs grown on laminin 511E8 alone, in this study they were 

more abundant and  appeared to be present in a greater number of SEAMs grown 

on 5D4/7D4 substrate and shown in Figure 4.4 and identified with arrows in 

Figure 4.4H and I. The zone 2 also appeared to be slightly smaller in SEAMs 

grown on this substrates, particularly in Figure 4.10A. Immunohistochemically, 

SEAMs grown on the 5D4/7D4 substrate also exhibited neural centres as labelled 

by TUBB3 and shown in Figure 4.10B and C when compared with normal SEAMs 

in Figure 4.5 and Figure 4.6.. They also had substantial expression of p63/PAX6 

positive cells, representing corneal epithelial cells as shown in Figure 4.9C-E, 

similar to, SEAMs grown on laminin alone, but without quantification cannot be 

stated definitively. 
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Figure 4.9 Immunohistochemical analysis of the corneal epithelial markers p63 
and PAX6 in a SEAM grown on the 5D4/7D4 substrate after 4 weeks of 
differentiation. (A) Phase contrast image of a SEAM grown on the above 
substrate. (B) Tricolour image of the epithelial marker, p63 (green) and ocular 
lineage marker, PAX6 (red) and DAPI nuclear stain (blue) of the area represented 
in A and B. (C) Enhanced tricolour image of the area represented in (A) and (B). 
(D) Single channel image of PAX6. (E) Single channel image of p63. (F) Single 
channel image of DAPI. SEAM zones are labelled in each image and scale bars 
represent 100 µm.  
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Figure 4.10 Immunohistochemical analysis of the epithelial marker p63 and the 
neural cell marker, TUBB3 in a SEAM grown on the 5D4/7D4 substrate after 4 
weeks of differentiation. (A) Phase contrast image of a SEAM grown on the above 
substrate. (B) Tricolour image of p63 (green) and TUBB3 (red) and DAPI nuclear 
stain (blue) of the area represented in A and B. (C) Enhanced tricolour image of 
the area represented in (A) and (B). (D) Single channel image of TUBB3. (E) 
Single channel image of p63. (F) Single channel image of DAPI. SEAM zones are 
labelled in each image and scale bars represent 100 µm. 
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4.3.7 Morphological and immunohistochemical analysis of corneal epithelial 

markers of SEAMs cultivated on 6C3 substrate 

Finally, for the 6C3 substrate, morphologically, the SEAMs, again, did not differ 

substantially from the normal SEAMs morphologically as shown in Figure 4.4J-L, 

but noted in some SEAMs was that zone 1 was smaller and lacked a distinctive 

high optical density ring in zone 2 as witnessed on other substrates. Zone 4 also 

appeared larger on this substrate. However, greater differences were witnessed 

from immunohistochemical examination as shown in Figure 4.11 and Figure 

4.12 when compared with normal SEAMs as seen in Figure 4.5 and Figure 4.6. 

There appeared to be a much smaller population of p63/PAX6 positive cells, if 

any, as shown in Figure 4.11C in zone 3. TUBB3 immunolocalisation was also 

abundant in zones 1 and 2 with substantial neuronal outgrowths present and 

examples shown in Figure 4.12D. 
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Figure 4.11 Immunohistochemical analysis of the corneal epithelial markers p63 
and PAX6 in a SEAM grown on the 6C3 substrate after 4 weeks of differentiation. 
(A) Phase contrast image of a SEAM grown on the above substrate. (B) Tricolour 
image of the epithelial marker, p63 (green) and ocular lineage marker, PAX6 
(red) and DAPI nuclear stain (blue) of the area represented in A and B. (C) 
Enhanced tricolour image of the area represented in (A) and (B). (D) Single 
channel image of PAX6. (E) Single channel image of p63. (F) Single channel 
image of DAPI. SEAM zones are labelled in each image and scale bars represent 
100 µm. 
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Figure 4.12 Immunohistochemical analysis of the epithelial marker p63 and the 
neural cell marker, TUBB3 in a SEAM grown on the 6C3 substrate after 4 weeks of 
differentiation. (A) Phase contrast image of a SEAM grown on the above 
substrate. (B) Tricolour image of p63 (green) and TUBB3 (red) and DAPI nuclear 
stain (blue) of the area represented in A and B. (C) Enhanced tricolour image of 
the area represented in (A) and (B). (D) Single channel image of TUBB3. (E) 
Single channel image of p63. (F) Single channel image of DAPI. SEAM zones are 
labelled in each image and scale bars represent 100 µm. 
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4.3.8 Gene expression analysis of SEAMs at four and eight weeks of 

development 

The gene expression of various markers was analysed in SEAMs at four weeks (for 

the 7D4, 5D4/7D4 and 6C3 substrates) and 8 weeks (for the 7D4 and 5D4/7D4 

substrates) and represented in Figure 4.13 and Figure 4.14 respectively. 

4.3.9 E-cadherin 

For the epithelial adhesion molecule, E-cadherin (CDH1), only a significant 

effect was seen on SEAMs grown on the 6C3 substrate. The 6C3 

glycosaminoglycan substrate had a significantly higher level of expression of 

CDH1 than a normal SEAM as seen in Figure 4.13A, with expression of CDH1 

being increased two-fold (p = 0.002). This indicated increased levels of epithelial 

cells with tight junctions, as present in the corneal epithelial-like cells present 

in a SEAM. Interestingly after 8 weeks of differentiation, CDH1 was also 

significantly decreased in the 5D4/7D4 substrate, with approximately half the 

expression seen compared to the normal SEAM (p = 0.022) as seen in Figure 

4.14A. 

4.3.10 PAX6 

The key transcription factor for ocular development and gene expression, PAX6, 

was not significantly different between the samples, however there appeared to 

an almost two-fold increase in the 6C3 sample, as seen in Figure 4.13B. After 8 

weeks of differentiation, for the 7D4 and 5D4/7D4 substrates, the expression of 

PAX6 was significantly reduced by more than half compared to the normal SEAM 

(p = 0.000 for both) as seen in Figure 4.14B. 

4.3.11 SOX2 

The neural cell-specific marker SOX2 appeared to be downregulated in all SEAM 

samples grown on glycosaminoglycan substrates. However, it was only 

significantly downregulated on the 6C3 and 7D4 substrates at 4 weeks as seen in 

Figure 4.13C (p = 0.041 and 0.002, respectively). At 8 weeks of differentiation 

no differences were witnessed as seen in Figure 4.14C. 
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4.3.12 NGFR/p75 

Nerve growth factor receptor (NGFR or p75) was also examined in 4 week and 8 

week SEAMs and is typically associated with neuronal growth and neural crest 

formation but possesses many other functions. In this study, it was only 

significantly downregulated on the 7D4 substrate at 4 weeks of differentiation as 

seen in Figure 4.13D with half the expression witnessed (p = 0.000). This 

observation reversed at 8 weeks of differentiation and increased to an average 

of over 6-fold increase in expression compared to normal SEAMs (p = 0.02) as 

seen in Figure 4.14D. 

4.3.13 TUBB3 

Another neuronal cell-specific marker, TUBB3, remained relatively stable on all 

glycosaminoglycan substrates at both 4 and 8 weeks of differentiation, with a 

slight increase on the 7D4 substrate at 8 weeks of differentiation. However, it 

was neither significantly up or down-regulated as seen in Figure 4.13E and 

Figure 4.14E. 

4.3.14 SOX10 

 Another neural crest marker, SOX10, was significantly upregulated in 6C3, with 

almost double the expression detected (p = 0.01). Conversely the 7D4 and 

5D4/7D4 substrates resulted in downregulated expression of SOX10. This was 

displayed even more so for the 7D4 substrate with nearly a two-fold decrease in 

expression (p = 0.000) as seen in Figure 4.13F. However after 8 weeks of 

differentiation, this early differentiation marker was undetectable in all 

samples, including normal SEAMs, an interesting finding, given the variability at 

4 week SEAMs. 

4.3.15 P63 

Finally, for the epithelial cell marker, p63, it was significantly downregulated in 

the 6C3 sample at 4 weeks, with a nearly two-fold decrease (p = 0.007) and even 

more so in the 5D4/7D4 mixed substrate (p = 0.000) and was largely similar 

between 7D4 and normal SEAMs as seen in Figure 4.13H. At 8 weeks, there was 

no significant differences between normal and SEAMs grown on the two 

glycosaminoglycan substrates analysed for these samples as seen in Figure 

4.14F. 
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Figure 4.13 Relative gene expression of different ectodermal markers, as 
described in Table 4.1, in 4 week SEAMs on different glycosaminoglycan 
substrates, normalised to GAPDH. Significant differences are displayed with *, ** 
and *** representing p < 0.05, 0.01, 0.001 respectively (n = 4). Statistics 
performed were ANOVA, followed by Tukey’s post hoc test.  
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Figure 4.14 Relative gene expression of different ectodermal markers, as 
described in Table 4.1, in 8 week SEAMs on different glycosaminoglycan 
substrates, normalised to GAPDH. SOX10 was omitted due to lack of expression. 
Significant differences are displayed with *, ** and *** representing p < 0.05, 
0.01, 0.001 respectively (n = 2). Statistics performed were ANOVA, followed by 
Tukey’s post hoc test for all samples. 
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4.4 Discussion 

The primary goal for this chapter was to, firstly, develop and optimise the 

coating conditions used to immobilise glycosaminoglycans in the presence of 

laminin 511 E8 fragment required for iPS cell adhesion. The immobilisation 

method used has been previously described and already proved very effective 

for immobilising glycosaminoglycans onto cell culture surfaces (Hof et al., 2019). 

There are other examples of combinations of substrates with CS in combination 

with laminin, but not in the context of naïve iPS cells and their adhesion, nor 

was the relative amount of CS immobilised verified (Galindo et al., 2018). This 

chapter describes a method that successfully immobilised glycosaminoglycans 

with a readily detectable signal, equal or greater to signal generated at the 

same coating conditions on ELISA plates, after the addition of laminin coating as 

shown by ELISA as in Figure 4.2. Application of glycosaminoglycans at the given 

concentrations did not appear to interfere with cell adhesion, or colony forming 

ability, nor did it affect pluripotency as shown by the analysis of the 

pluripotency markers SSEA-4 and Tra-1-60 As shown in Figure 4.3. Whilst 

acceptable, the presence of glycosaminoglycans was only analysed after 24 

hours, and a follow up of up to 10 days for the formation of large colonies prior 

to SEAM differentiation may be of benefit to assess loss of glycosaminoglycans 

over the time course. This is further complicated by the unknown interaction 

between iPS cells and the glycosaminoglycan substrate, and in fact deposition 

could be increased by the differentiating SEAMs or even degraded. Another 

prospective experiment would be to create a growth factor gradient using the 

method described previously (Hof et al., 2019). Owing to the yield of the 

enriched substrates, small concentrations equivalent to laminin were used, 

however, if the enrichment method was refined further and a greater yield 

possible, it would be interesting to use higher concentrations of 

glycosaminoglycans to determine more significant effects, particularly on naïve 

iPSCs, however this was outside the scope of this project. In addition, it 

appeared for some samples, maximum binding capacity was reached, e.g. in the 

7D4 substrate as shown in Figure 4.2. 

Establishment of iPS cell and SEAM culture facilities was performed and normal 

SEAMs grown, as described previously (Hayashi et al., 2017). They appeared to 
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differentiate and develop as expected in accordance with original researchers in 

private communications. One issue, however, was the slightly lower ratio of 

SEAM generation from each iPSC colony, and iPS cells expanding slightly slower 

than expected. This may be a result of using a commercial iPSC source, that was 

previously expanded on a different feeder-free substrate and subsequently 

adapted to laminin 511 E8 fragment as a substrate. Despite several passages 

allowing for adaption to the new substrate, the cells passed through a significant 

bottleneck as only a very small number of iPSC clonal colonies gave rise to the 

cells used in all of the experiments described. Other supply issues were also 

obstructive, including the discontinuation of the first cell culture media used, 

which enabled better expansion similar to that seen in previously described 

literature. Whilst pluripotency was still confirmed using pluripotency markers, 

and cell colonies were morphologically undifferentiated, other verification 

would have been beneficial, for example expression analysis for more 

pluripotency markers and karyotyping (chromosomal analysis), as described 

previously (Lund et al., 2012). 

In spite of this, SEAMs appeared similar morphologically to those described 

previously and shown here in Figure 4.4 (Hayashi et al., 2017, 2016; Shibata et 

al., 2020, 2018). All zones appeared to be present and immunohistochemical 

analysis of a marker identifying neuronal cells in zones 1 and 2, TUBB3, was 

localised to these regions as shown in Figure 4.6. Corneal epithelial-like cells 

were also identified as PAX6/p63 positive cells peripherally to zone 2 in the 

third, circumferential zone 3 in Figure 4.5. Further verification, including gene 

expression analysis and comparison with samples generated by Hayashi et al. 

would also be of benefit to ensure optimal evaluation of protocol reproduction, 

and indeed, was the original plan. 

After successful reproduction of the SEAM protocol and analysis of 

glycosaminoglycan coating conditions, SEAMs were then grown on the different 

substrates. Initially, the CS/DS 7D4-enriched substrate resulted in 

morphologically and immunohistochemically similar SEAMs to baseline conditions 

and all zones appeared to be present as shown in Figure 4.4, Figure 4.7 and 

Figure 4.8. There also appeared to be a slight increased presence of zone 2 
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enhanced optical density areas and extensive TUBB3 expression as identified by 

immunohistochemistry. The gene expression analysis revealed several 

significantly decreased neural crest markers in SOX10 and NGFR and neural cell 

markers were also decreased in SOX2 and TUBB3, an interesting finding and 

concurrent with inhibitory effects of CS on neuronal growth, given that CS is 

typically inhibitory in axon and neuronal growth, particularly in injury (Silver and 

Silver, 2014), however DS may be more highly represented in this enriched 

substrate, which has much less effect on neuronal migration (Ishii and Maeda, 

2008). TUBB3, NGFR and SOX2 were also still elevated at 8 weeks. It is 

interesting that SOX2, a pluripotency marker in addition to neural transcription 

factor was still present at 8 weeks, suggesting the presence of undifferentiated 

cells at this timepoint (Zhang and Cui, 2014). In terms of corneal epithelial-like 

cells, they appeared to be present in a similar pattern and distribution to normal 

SEAMs. The key corneal epithelial markers, CDH1, p63 and PAX6 were not up or 

down regulated relative to normal SEAMs at four weeks of differentiation. The 

exception to this is the downregulation of PAX6 at eight weeks of 

differentiation. Overall, these data suggest an decreased induction of cells from 

neural crest cell anlage and subsequent increaed differentiated neuronal cells 

compared to normal SEAMs, with comparable levels of p63/PAX6 positive corneal 

epithelial cells. 

Contrarily, the 6C3-enriched substrate appeared to have a slightly potentiating 

effect on neural crest anlages and further effects on the corneal epithelial-like 

cells present in the SEAMs. Morphological and immunohistochemical analysis 

revealed a reduction in the size of zone 2 and an enlarged zone 4 accounting for 

an increased area of the SEAM as shown in Figure 4.4, Figure 4.11 and Figure 

4.12. The number of p63/PAX6 positive presumptive corneal epithelial 

progenitor cells was also visibly reduced and they tended to appear as very small 

clusters rather than distributed throughout zone 3. Gene expression analysis 

revealed slightly decreased expression of p63 and PAX6, but significantly 

increased E-cadherin expression suggesting epithelial cells of non-ocular origin. 

The neural crest marker, SOX10 was significantly increased, suggesting either 

decreased differentiation of neural anlages or an overall increase in neural cells 

present. SOX10 is also important for promoting the survival of neural crest cells 
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prior to differentiation, and so may be upregulated in the presence of the 6C3-

enriched substrate (Mollaaghababa and Pavan, 2003). Zonal analysis of SEAMs 

using qPCR would be of particularly benefit here for further verification, 

however the altered morphology of differential SEAMs increases the complexity 

of dissection, especially in the absence of advanced technical support. 

Finally, the mixed substrate consisting of KS and CS/DS, enriched in 5D4 and 7D4 

epitopes was, again, similar morphologically to normal SEAMs, with no 

substantial differences as shown in Figure 4.4, Figure 4.9 and Figure 4.10. 

Slight differences of note were the substantial presence of corneal epithelial-

like cells as identified by p63/PAX positivity as shown in Figure 4.9 and 

increased occurrence of lens-like cell clusters located on the interface between 

zone 2 and 3 as in Figure 4.4H and I, which was an interesting incidental 

finding. Further analysis of these lens-like cell observations would have been of 

interest through immunohistochemical and gene expression studies, for example 

expression of alpha-crystallin, but was outside of the scope of this study, 

primarily investigating corneal epithelial cells. Interestingly, p63 was 

downregulated on SEAMs grown on the 5D4/7D4 substrate as shown in Figure 

4.13 and may only be localised in stem cell-like highly expressing cells. 

Furthermore, PAX6 subsequently was reduced at week 8 of differentiation, as 

seen in Figure 4.14, suggesting perhaps the cells either reached confluence or 

de- or transdifferentiated as happens when PAX6 expression is lost in epithelial 

cells (Kitazawa et al., 2017). This finding, coupled with the extensive 

populations of PAX6/p63 positive cells, suggests this substrate could potentially 

expediate the expansion of corneal epithelial-like cells at the week 4 timepoint. 

Further confirmation would be of benefit through the use of flow cytometric 

analysis to identify the proportion of corneal epithelial cells relative to the size 

of the SEAM, coupled with zonal analysis of mRNA levels as mentioned above in 

more samples. 

The main limitation of this study is the small sample sizes reported and lack of 

facilities for whole cell culture plate imaging to track changes in real time. Such 

facilities are required to analyse many individual SEAMs over a time course to 

identify incremental changes more accurately. The work described here was 
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originally planned to be performed with access to a greater range of specialist 

equipment and technological support, in collaboration with Professor Hayashi 

and his team in Japan. However, it had to be adapted to be performed 

separately in Cardiff as a result of the coronavirus pandemic and my inability to 

travel to Osaka University for my planned placement. Further 

immunohistochemical and gene expression analysis of SEAMs at different 

timepoints would also be of benefit, to identify key stages of SEAM development 

and where developmental changes may occur, as morphologically, few changes 

were seen before the 4 week timepoint. However, SEAM throughput was 

hindered somewhat without access to more specialist facilities and due to time 

restraints. 

A final point of note is only the first eight weeks of SEAM differentiation is 

analysed and described here. In order to generate therapeutic cell sheets of 

corneal epithelial cell transplantation, further enrichment and purification of 

cells is required (Hayashi et al., 2017). First cells in zones 1 and 2 are manually 

removed and remaining cells are maintained for two to seven weeks before 

being sorted using flow cytometry to isolate corneal epithelial cells and seeded 

onto cell culture inserts to develop into multi-layered corneal epithelial sheets. 

This cell sorting step would provide another opportunity to interrogate the 

development and expansion of corneal epithelial cells and the impact of these 

glycosaminoglycan substrates by coating prior to cell seeding with SEAM-derived 

corneal epithelial cells, as again, was originally planned. It would also have been 

interesting to investigate the matrix produced by iPSC-derived corneal epithelial 

cells, for example SLRPs and their glycosaminoglycan profiles, to see if they 

mimic that seen in vivo. 

Overall, interesting observations were seen immunohistochemically and through 

gene expression analysis on SEAMs, showing both the potential for this 

technology and the effect of purified glycosaminoglycan substrates. 

4.5 Conclusions 

Taken together, small but significant differences were observed between the 

normal SEAMs and those grown on glycosaminoglycan substrates. From these 

initial pilot data, the study provides a good starting point for further work, for 
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example the use of different glycosaminoglycan and proteoglycan substrates and 

in varying concentrations. Further repeated studies would provide further 

strength to this statement as well as more exploratory work at different 

timepoints. In terms of the overall aim of the project, the most promising 

substrate for further study would be the 5D4/7D4 substrate, 

immunohistochemically. Further analysis and performing the entire SEAM-based 

production of corneal epithelial cells including generating mature transplantable 

cell sheets, would further establish the efficacy of increasing yield or enhanced 

production of a therapeutic corneal epithelial cell source. 
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5 Chapter 5: General Discussion 

5.1 Summary 

The overall aim of this project was to identify and extract proteoglycans and 

glycosaminoglycans associated with the corneal epithelium and limbal stem cell 

niche and use them as a substrate addition to improve the generation of corneal 

epithelial cells from iPS cells through defined means and identify any changes. 

This was to be achieved through immunohistochemical examination and 

identification of unique glycosaminoglycan sulphation motifs in the porcine 

corneal limbus and epithelium, as well as in iPS-derived corneal epithelial cells. 

Sulphation epitopes of interest, namely those associated with the corneal 

epithelium and corneal limbus, were extracted from corneal tissue, and 

enriched using a combination of chemical and affinity purification techniques to 

produce a sufficient quantity to use for downstream experiments. Finally, these 

epitopes were applied as a substrate for iPS cells and differentiated using a 

defined method. Changes in subsequent differentiation cultures, SEAMs, were 

assessed through morphological, immunohistochemical and gene expression 

analyses to recognise any changes in corneal epithelial cell development as well 

as effects on other ocular anlages present in the developing SEAM. 

In summary, immunohistochemical analysis of sulphated CS and DS 

glycosaminoglycan epitopes in the porcine cornea revealed a distinct pattern of 

sulphation and sulphation epitopes associated with the limbal stem cell niche 

and corneal epithelial cells both in vivo and in vitro. The CS/DS sulphation 

epitope recognised by the 6C3 antibody was identified in the limbal stem cell 

niche. Associated with the corneal epithelium, both in vivo and in vitro, the 

CS/DS sulphation epitope recognised by the 7D4 antibody was identified. 

Subsequently, these corneal epithelial and limbal stem cell-associated 

glycosaminoglycan motifs, and their attached proteoglycans, were extracted 

from porcine corneal tissue and further investigated. Some of the proteoglycan 

attachments and glycosaminoglycan species present were identified, including 

the potential identity of the protein cores to which the epitopes detailed above 

were attached. 
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Proteoglycan extracts were then further enriched using anion-exchange affinity 

chromatography for various sulphation epitopes. This was most effective for free 

glycosaminoglycan chains and subsequent investigations were performed using 

substrates that appeared to be enriched in free glycosaminoglycan substrates of 

three types. These were a substrate enriched in the 7D4 CS/DS sulphation 

epitope from peripheral porcine cornea, a mixed substrate enriched in the KS 

epitope 5D4 and the CS/DS epitope 7D4 from central porcine cornea and finally a 

substrate enriched in the 6C3 CS/DS epitope extracted from shark cartilage. The 

substrates were successfully generated in sufficient quantity and determined to 

be free of protein and other glycosaminoglycan species. Consequently, these 

substrates were successfully used in cell culture and a coating method that 

enabled the co-coating of laminin required for iPS cell adhesion, along with the 

successfully immobilised glycosaminoglycan substrates, was determined and 

optimised. Lastly, these substrates were then used to grow iPS cells and 

subsequently differentiate them into corneal epithelial cells using the SEAMs 

protocol described previously. The immunohistochemical analysis performed on 

these SEAMs grown on different substrates suggested that the mixed 5D4/7D4 

substrate was enhancing the generation of corneal epithelial cells using this 

method. Other significant effects were also seen using the 7D4 and 6C3 CS/DS 

substrates, supporting the use of glycosaminoglycan substrates to meaningfully 

affect iPSC differentiation. 

5.2 General Discussion 

Initially, in Chapter 2, immunohistochemical analysis of porcine cornea revealed 

interesting distributions of CS/DS sulphation patterns, similar to those observed 

in human and rabbit limbal and corneal epithelial homologues (Yamada et al., 

2015). The CS/DS epitopes recognised by the antibodies 7D4 and 6C3 emerged as 

corneal epithelial-associated markers, with the antibody 6C3 being of particular 

interest as being closely associated to limbal epithelial stem cells in the basal 

layer of cells in the corneal limbus.  

Despite subsequently being able to extract this epitope from porcine cornea, it 

remains of particular interest due to its high signal directly subjacent to the 

limbal epithelial stem cells. The staining pattern was very similar to that seen 
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with versican in the limbus (Schlötzer-Schrehardt et al., 2007), and appeared as 

a high molecular weight protein. Similar observations were witnessed in human 

skin, a tissue type very similar to the cornea, with 6C3 and versican both being 

present below the epithelial basal stem cells (Sorrell et al., 1990; Zimmermann 

et al., 1994), as mentioned in Section 3.4.2. If the 6C3 antibody is recognising 

versican as postulated, this reveals an interesting role of this proteoglycan in 

maintenance of the stem cell niche. This is supported by other studies, that 

show versican is highly upregulated in supportive limbal zone cells (including 

corneal stromal stem cells and resident melanocytes) when compared with basal 

corneal epithelial stem cells, in which it is undetected (Polisetti et al., 2016). 

The epitope revealed by 6C3 may recognise a specific isoform of versican that is 

likely part of an extensive extracellular matrix, consisting of a complex of HA 

and other extracellular matrix molecules, which are also highly present 

subjacent to the corneal limbus, forming a glycocalyx around supportive corneal 

stromal stem cells and melanocytes that maintains the basal epithelial cells in 

their multipotent and motile state, primed for wound repair (Gesteira et al., 

2017; Huang and Tseng, 1991; Ricciardelli et al., 2007). Further investigation is 

certainly warranted if this model is accurate, as few studies have investigated 

the specific role of versican in the cornea, which is typically associated with high 

molecular weight hyaluronan (Gesteira et al., 2017). Other studies have shown 

versican is highly upregulated after corneal injury, further highlighting its 

potential role as an enhancement of cell motility as has been witness in other 

tissues (Mutoji et al., 2021; Ricciardelli et al., 2007). Nevertheless, shown here 

was the first identification of CS/DS sulphation epitope recognised by the 6C3 

antibody being present in the porcine limbus, and potential examination of this 

CS/DS sulphation motif being present on versican. 

The CS/DS sulphation motif recognised by the 7D4 antibody, likely on the SLRP 

decorin as identified by Western blot, may also play a role in the maintenance of 

corneal epithelium in vivo through its interaction with the basal epithelial cells 

from the stroma. Interestingly, the epitope recognised by the 7D4 antibody 

appeared to be present throughout the stroma, similarly to decorin, suggesting 

it’s high likely that, firstly, the epitope recognised by 7D4 is present on this 

protein core, but also the CS/DS chains of this CS/DS proteoglycan have the 
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same sulphation patterns present throughout the stroma. Despite decorin’s clear 

role in collagen fibre regulation in the cornea (Zhang et al., 2009), few studies 

investigate the effect of decorin on corneal epithelium. Decorin null mice also 

have increased corneal haze following injury and highly increased 

neovascularisation (Gupta et al., 2022), suggesting a regulatory role beyond 

simply collagen fibre organisation, but again the effect on corneal epithelium 

was not investigated further. This warrants further study beyond the effect of 

the CS/DS glycosaminoglycans, as investigated here using iPS cell model 

mimicking ocular development. 

The 7D4 antibody also recognised a CS/DS epitope present in zone 3 of 

developing SEAMs, the first such recognition of CS/DS deposition in hiPSC-

derived ocular organoids using this model. It is unclear from this study the role 

of this deposited glycosaminoglycan and, indeed, whether it is present in the 

matrix deposited by primordial ocular surface cells or present as a cell surface-

associated CS/DS proteoglycan. It is possible that it may play a role in growth 

factor gradient by sequestering growth factors between distinct cell populations 

present in a SEAM. Recently, microglia-like cells, immunomodulatory cells 

identified by the marker CD11b, were shown to be present throughout zone 2 

and 3 of developing SEAMs and CD11b immunolocalisation bore a striking 

resemblance to the distribution revealed by 7D4 antibody staining (Shiraki et al., 

2022). Co-staining would reveal whether these two molecules were interacting 

closely and if microglia played a role in the development of ocular surface cells 

present in zone 3 of a SEAM. A pilot study using elemental mapping, conducted 

by myself in collaboration with Dr Kalotina Geraki at Diamond Light Source 

(Oxford, UK), also revealed the presence of small amounts of elemental sulphur 

as early as 3 weeks in a developing SEAM and showed similar 

extracellular/pericellular strand-like staining as seen with the 7D4 antibody in 

immunohistochemistry as shown below in Figure 5.1. This method may also 

reveal further highly sulphated molecules, in addition to sulphated 

glycosaminoglycans and is extremely sensitive, however was only initially 

performed on SEAMs at 3 weeks of differentiation as a time-sensitive pilot study. 
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Figure 5.1 Elemental maps of phosphorous (P) (mostly present in the cell 
nucleus) and sulphur (S) (likely sulphated glycosaminoglycans) in zone 3 of a 
three week differentiated SEAM. Scale bars represent 50 µm. Elements were 
identified using synchrotron X-ray fluorescence microscopy as described in 
(Ugarte et al., 2016). 

The CS/DS antibodies used in this study have been used to identify sulphation 

patterns in a wide range of tissues and have been shown to identify progenitor 

and stem cells in a wide range of tissues including developing fetal cartilage and 

adult cartilage (Hayes et al., 2016; Turner et al., 2014), as well as associated 

with the stem cell niche in skin (Sorrell et al., 1990) and the adult corneal stem 

cell niche (Ashworth et al., 2021; Yamada et al., 2015). Whilst invaluable in 

identifying distinct species of CS/DS in a variety of tissues, no attempts have 

been made to extract and enrich for glycosaminoglycans enriched in these 

epitopes. The method developed and described here shows enriched populations 

of these stem cell associated CS/DS can be isolated from porcine cornea and 

other glycosaminoglycan-rich sources to be used in functional studies. Sulphated 

glycosaminoglycans differed substantially between central and peripheral 
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cornea, as shown by their distributions and anion exchange profiles in Chapter 3 

and demonstrates the inherent complexity and heterogeneity of sulphated 

glycosaminoglycans present in the cornea. Discussed in this thesis are only the 

effects of these distinct sulphation patterns on the development of hiPSC-

derived ocular organoids. They may have other significant effects on tissue 

engineering efforts in many other tissues where they have been identified, for 

example cartilage and skin generated from PSCs or other multipotent cells and 

certainly merit further investigation.  

Also discovered in this thesis, and in concordance with other researchers, 

chondroitin sulphate salts from commercial sources contain considerable 

contaminants (da Cunha et al., 2015; Santos et al., 2017). The CS/DS epitope 

recognised by the 6C3 antibody gave high signal in ELISA analysis from 

commercial chondroitin sulphate salts (from whale and shark), but this did not 

readily separate from the contaminating KS during anion exchange 

chromatography (data not shown), leading to the use of in-house produced 

CS/DS from shark cartilage, which was able to separate from contaminating KS 

and used here as the 6C3 substrate. This highlights the problem of many 

researchers using commercial chondroitin sulphate preparations for functional 

cell studies when they contain significant contaminants and demonstrates the 

need for analysis and purification of commercial glycosaminoglycans prior to 

use. Ideally, defined, synthetic CS/DS preparations would be used, however 

there are currently no commercial sources and due to their complicated 

chemical structure, are very difficult to synthesise beyond small oligosaccharides 

(Ji et al., 2020). Even when achieved for larger molecules, only one type of 

sulphation is typically produced along the entire chain (Badri et al., 2021), which 

does not represent in vivo CS/DS chains that are extremely heterogeneous. 

Finally, the enriched CS/DS substrates appeared to have significant effects on 

SEAM generation and significantly affected a wide variety of markers 

investigated. Immunohistochemical and gross morphological evaluation showed 

SEAMs grown on the CS/DS substrates extracted from cornea, 7D4 and 5D4/7D4, 

appeared largely similar to normal SEAMs. The greatest differences 

observationally were SEAMs grown on the 6C3 substrate, which appeared to have 
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smaller neural centres and reduced presence of primordial ocular surface cells 

identified with PAX6/p63 positive staining. Also of interest were the presence of 

increased numbers of lens-like structures in the SEAMs grown on the 5D4/7D4 

substrate. Highly sulphated KS and CS have both been shown to be able to bind 

many proteins that influence nerve growth cone behaviour in the developing 

cornea, especially a neurorepellant extracellular matrix component semaphorin 

3A expressed by lens cells (Conrad et al., 2010). This interaction may explain the 

increased observation of lens-like structures on this substrate; however the 

specific mechanism is unclear. The 7D4 substrate appeared to decrease the 

expression of the neural markers, SOX2, NGFR and SOX10 in SEAMs grown on this 

substrate. Contrastingly, SEAMs grown on the 6C3 substrate increased the 

expression of the neural crest marker SOX10. This difference may be to do with 

the different ratios of CS and DS, which has been identified previously in the 

cornea, with central cornea containing higher ratios of DS (for the epitope 

recognised by 7D4), and peripheral cornea containing higher ratio of CS (for the 

epitope recognised by 6C3) (Ho et al., 2014). Recently, DS has been shown to 

accelerate neuronal differentiation in ESCs and neural stem cells, which may 

accelerate the development of neural crest and subsequently potentiate SEAM 

generation (Ogura et al., 2021). CS has also been shown to inhibit neural crest 

cell migration, dependent on the type of CS, which may explain the reduced 

expression of the neural crest transcription factor SOX10 in SEAMs grown on this 

substrate (Perris and Johansson, 1990). Fewer differences between normal 

SEAMs and SEAMs grown on glycosaminoglycan substrates were seen at 8 weeks 

of differentiation, which may be as a result of extensive matrix remodelling 

taking place and the effects of exogenous glycosaminoglycan addition were less 

pertinent, with the exception of slight but significant differences in PAX6 and 

NGFR expression. Overall, subtle but significant effects of glycosaminoglycan 

addition were witnessed on SEAMs and further analysis would have been of great 

benefit to this study but unfortunately was not possible without the availability 

of key resources as was originally planned. 

5.3 Conclusion 

In this thesis the aim was to investigate the role of specific CS/DS extracellular 

matrix molecules on the differentiation of corneal epithelial cells from iPS cells. 
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Examining CS/DS sulphation pattern distributions in the cornea revealed distinct 

localisation of specific CS/DS sulphation motifs associated with the corneal 

epithelium and corneal limbus. Further work revealed the presence of specific 

patterns in developing corneal epithelial cells derived from iPS cells. These 

identified glycosaminoglycan species were successfully purified and applied to 

iPS cells to subsequently differentiate into SEAMs, which are a model of whole 

eye development. Immunohistochemical and gene expression analysis revealed 

interesting and significant effects on the development of SEAMs and their 

propensity to produce early corneal epithelial cells as well as affecting other 

ocular cell types present in the model. The work described here reveals and 

furthers the potential for using purified glycosaminoglycans from native tissue in 

regenerative medicine and developmental studies, as well as interesting insights 

into the role of CS/DS in the developing cornea and adult corneal homeostasis.  
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7 Appendix 

7.1 Negative Control Images of SEAMs from Chapters 2 and 4 

 

Figure 7.1 Negative control images of SEAMs presented in Figure 2.4, Figure 
2.5, Figure 2.6, Figure 2.7 and Figure 2.11 with primary antibody omission. (A-
C) SEAMs at 4 weeks of differentiation at the seeding densities of 300 (A), 600 
(B) and 900 (C). (D-F) SEAMs at 5 weeks of differentiation at seeding densities of 
300 (D), 600 (E) and 900 (F). (G-I) SEAMs at 6 weeks of differentiation at seeding 
densities of 300 (G), 600 (H) and 900 (I). Scale bars represent 100 µm. 
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Figure 7.2 Negative control images of primary antibody omission of week four 
SEAMs for co-localisation studies depicted in Figure 2.8, Figure 2.9 and Figure 
2.10. Negative control image for at 300 (A), 600 (B) and 900 (C) seeding 
densities. Scale bars represent 100 µm. 
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Figure 7.3 Negative control images of SEAMs grown on glycosaminoglycan 
substrates depicted in Figures 4.5-4.12. Negative control image for SEAMs 
grown on normal (A), 7D4 (B), 5D4/7D4 (C) and 6C3 (D) substrates. Scale bars 
represent 100 µm. 
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• Ashworth S, Harrington J, Hammond GM, Bains KK, Koudouna E, Hayes AJ, 
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Cell Niche in Cornea. Front Cell Dev Biol. 2021 Jan 12;8:567358. doi: 

10.3389/fcell.2020.567358. PMID: 33511110; PMCID: PMC7835413. 

7.2.2 Conference presentations 

• Oral and poster presentation with the title: Identifying Chondroitin 

Sulfate Substrates for the Cultivation of iPSC-derived Corneal Epithelium 

at Proteoglycans 2019 – October 2019, Kanazawa, Japan. Received Young 

Investigator Award. 

• Oral and poster presentation with the title: Investigating Chondroitin 

Sulfate Substrates for the Cultivation of iPSC-derived Corneal Epithelium 

at Gordon Research Seminar and Conference: Cornea and Ocular Surface 

Biology – February 2020, Barga, Italy. Received Presenter’s Travel Award 
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