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Abstract 

Limbal stem cell deficiency (LSCD) can be treated successfully using ex vivo limbal 

epithelial stem cells (LESC) derived from cadaveric donor tissue.  However, shortages in such 

tissues and graft rejection, resulting from inflammation, are persistent issues.  The purpose of 

this study was to optimize current culturing techniques used for LESC transplant tissue, 

considering expansion and cryopreservation issues surrounding the establishment of a stem 

cell bank.  In addition, a novel anti-inflammatory biomimetic peptide was investigated to 

address issues surrounding amnion and steroid use in LESC transplantation, inflammation and 

transplant rejection.  Cell cultures derived from Optisol and organ culture stored tissues were 

examined for optimum growth, characterized by an ability to grow to 70 % to 80 % 

confluence while maintaining epithelial cell morphology and the presence of positive and 

negative LESC markers (K3, K19, p63 and PAX-6) as identified by immunocytochemical 

staining and QRT-PCR.  Furthermore, the effect of culture expansion and cryopreservation on 

stem cell characteristics was examined.  A short chain IL-1 receptor antagonist peptide was 

synthesized and characterized using mass spectroscopy (MS), high performance liquid 

chromatography (HPLC) and liquid chromatography-mass spectroscopy (LC-MS).  Anti-

inflammatory properties were investigated using ELISA detection of IL-8, IL-6 and IL-1β in 

keratocytes and LESC following stimulation with either lipopolysaccharide or recombinant 

human IL-1β.  Feasible delivery of cells and peptide on a contact lens was investigated to 

assess the possibility of an “all in one” graft.  Results showed that organ culture stored tissues 

can provide 100 % successful cell cultures using current techniques in terms of reaching 

confluence and maintaining LESC morphology and phenotype.  Sub-culturing and 

cryopreservation of cultures however did not produce confluent cell sheets, as required for 

clinical application.  The anti-inflammatory peptide was shown to effectively suppress 

production of key inflammatory cytokines in LESC and keratocytes by acting as an IL-1 

receptor antagonist and interrupting the IL-1 inflammatory pathway.  Binding of the peptide 

to the contact lens was shown to be possible.  Such a scaffold also supported expansion of 

LESC.  However, the 2.7 nmol of peptide bound to the lens did not significantly lower 

cytokine production.  Findings suggest that it is possible to culture adequate numbers of 

LESC for the initiation of a stem cell bank using current techniques.  However, modifications 

to culturing methods are needed to ensure successful sub-culturing and cryopreservation.  The 

peptide has been shown to be effective in reducing inflammatory cytokine production, 

providing a possible alternative to steroids.  An all-in-one graft could provide a key 

development in treating LSCD.  However further work is required to optimize the peptide 

concentration to allow effective inflammation control.        
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Chapter 1 – LSCD – Current treatment and proposed improvement 

1.1 – Introduction  

The World Health Organisation (WHO) has estimated that 285 million people are 

visually impaired and 38 million are completely blind worldwide [1].  In the UK 

alone the cost of treating eye disease and visual impairment is approximately £800 

million per year [2].  The fifth most common cause of loss of vision is corneal 

opacity.  Corneal opacity may be caused by trauma, infection or inflammatory 

disorders which lead to the depletion of limbal epithelial stem cells normally 

responsible for replenishment of the corneal surface.  A conservative estimate 

suggests that 10 % of patients presenting with conditions such as ocular chemical / 

thermal burns, Stevens Johnson syndrome and aniridia will suffer damage resulting in 

limbal stem cell deficiency (LSCD).  This equates to around 240 cases of LSCD per 

year in the UK [2].  

Corneal opacity, which develops as a result of LSCD, can be treated with limbal 

epithelial stem cell grafts [3], costing approximately £1000 per graft.  However grafts 

are susceptible to rejection.  Methods to optimise limbal epithelial cell graft survival, 

incorporating advances in regenerative stem cell technology and novel use of peptide 

anti-inflammatory bio-mimics to control the graft environment will benefit patients 

who undergo grafting.   
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1.2 – The structure of the cornea 

The eye is one of the primary sensory organs, and the cornea is found in the anterior 

portion of the human eye.  The cornea is an optically transparent structure and is 

essential for the transmission of light into the eye.  The cornea undertakes two thirds 

of the light refractive function of the eye, in conjunction with the tear film and lens, to 

focus light onto the retina at the posterior of the eye [4].  The cornea is approximately 

555µm thick and is composed of 6 layers (Figure 1.1).   

 

Figure 1.1 – The structure of the cornea  

 

The innermost layer of the cornea is a 5µm thick monolayer of cells known as the 

endothelial layer, which functions to transport fluids and solutes in and out of the 

cornea.  External to the endothelial layer is the Descemet’s membrane which is 
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formed mainly of numerous type IV collagen fibrils.  This layer is approximately 5 to 

20µm thick and separates the endothelium from the stroma.  The Descemet’s 

membrane is involved in the transport of nutrients to the stroma from the aqueous 

humour and in the prevention of corneal oedema, by maintaining fluid balance [5].  

The Dua’s layer is located on top of the Decemet’s membrane.  Recently discovered 

in May 2013, the function of this layer is still under investigation [6].  The corneal 

stroma contains keratocytes which are responsible for the maintenance of stromal 

integrity and for production of the extracellular matrix (ECM) containing type I and V 

collagen fibrils [7].  The stroma makes up 90 % of the total corneal thickness and is 

made of approximately 200 collagen lamellae, each ranging from 1.5 to 2.5µm, 

interspersed with keratocytes.  The collagen fibres in the stroma are arranged in a 

parallel formation held in place by proteoglycans, which ensures stromal transparency 

[5, 8].  This is markedly different to the sclera (the conjunctival stroma surrounding 

the cornea), where collagen fibres are irregularly positioned [7].  The uniform 

arrangement of the collagen in the corneal stroma is thought to regulate the refraction 

of light, thereby allowing transmission through the stroma [9].  The outermost layer of 

the cornea is the epithelium, which sits on top of the Bowman’s layer which contains 

strong collagen fibres to help maintain the corneal shape.  The epithelial layer is 

comprised of five to seven layers of cells [10] and has an approximate thickness of 50 

µm.  The cells of the epithelial layer are tightly packed together, which allows them to 

act as a protective barrier against external agents [11], such as debris and bacteria.  

The renewal of the epithelial layer ensures that the cornea maintains a smooth surface 

and a high degree of clarity, which are essential for its unique optical properties 

ensuring the correct functioning of the eye.  
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1.3 – Limbal epithelial stem cells and renewal of the corneal epithelial layer 

1.3.1 – Limbal epithelial stem cells  

The cornea is the clear “window” at the front of the eye through which light passes.  It 

is therefore essential that the cornea is able to maintain a high degree of clarity for 

good vision.  In a healthy eye, the corneal epithelium maintains a rapid turnover of 

epithelial cells, continuously renewing the epithelium, and replacing damaged cells 

[5].  The source of the cells allowing constant renewal of the corneal epithelium are 

not found in the epithelia, but are made up of a number of slow-cycling cells located 

within the basal layer of the limbal region of the eye [12].  The limbal region lies 

between the cornea and conjunctiva and encompasses the cornea [10, 13].  The 

approximate position of the limbal region is shown in Figure 1.2.   

 

 

Figure 1.2 – Location of limbal region  

The limbal region occupies the outer circumference of the cornea.  Its approximate 
location is indicated with an arrow. 

 

The limbus is believed to be preferentially located within a niche which is 

biochemically different to the surrounding tissues [14] to ensure that the slow cycling 

cells are protected from the environment [15].  Here they are surrounded by non-stem 
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cells and an ECM unique to the limbus.  This provides the cues or signals required for 

the stem cells to maintain their stem-like properties, in essence regulating 

proliferation, differentiation and apoptosis of the corneal epithelial cells [16].  These 

limbal cells are accepted as being the source of corneal epithelial cells and are also 

responsible for renewing the corneal epithelium throughout life.  Cotsarelis, et al. [12] 

were the first to identify the cells in the limbal region as stem cells, noting that the 

basal limbal cells were quiescent for the majority of the time, undergoing only limited 

mitosis.  From these findings, the limbal basal cells may be considered to be stem 

cells as they present a low mitotic activity (slow cycle) in order to preserve 

proliferative potential and to minimise DNA copy errors [17].  Furthermore, these 

limbal epithelial stem cells (LESC) have been noted to increase their mitotic ability 

following injury [12].  It is thought that the limbus has a secondary function as a 

barrier between the cornea and the conjunctiva [10].  This maintains the cornea as a 

transparent and avascular tissue by preventing invasion of the vascular conjunctiva.    

 

1.3.2 – Stem cell characteristics of LESC 

Stem cells are defined as cells that possess a high proliferative capacity, in order to 

maintain a particular type of tissue in an organism.  They are considered to be 

undifferentiated (i.e. non-specialised) and slow cycling [18].  Several researchers have 

corroborated that the limbal region contains LESC by demonstrating that such cells 

possess a number of stem cell characteristics, including small size [19], high nuclear 

to cytoplasm ratio and putative epithelial stem cell marker expression [20-22].  In 

addition, Schermer, et al. [23] demonstrated that the cells are poorly differentiated and 

slow cycling, have a long life span and a high capacity for self renewal.  In support of 
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this, Sun et al. [18] used cell kinetic studies to show that slow cycling cells are 

exclusively found in the limbal basal layer and not in the central corneal epithelium.  

This emphasises that LESC are not evenly distributed across the entire cornea, but 

rather are concentrated specifically in the limbal region.  LESC are thought to be 

unipotent stem cells [24], meaning that they can only differentiate into a specific cell 

type.  

 

1.3.3 – The process of limbal epithelial stem cell renewal in the corneal 

epithelium 

Corneal epithelial cells have a very limited proliferative capacity [25].  LESC located 

in the limbal region are responsible for the renewal of the corneal epithelial surface, 

by LESC providing a steady supply of daughter cells known as transient amplifying 

cells (TAC) [26], which are able to proliferate in order to generate new wing and 

squamous cells.  This is an important process during epithelial wound healing and 

during normal epithelial cell turnover as it maintains a constant epithelial cell mass 

[27].  The work of Schermer, et al. [23] proposed the mechanism of this self renewal.  

LESC undergo asymmetric cell division in the niche to generate a daughter cell with a 

different proliferative potential.  In response to homeostatic cell loss, the stem cell 

remains within the niche in order to maintain the stem cell population.  The daughter 

cell, also known as an early transient amplifying cell (eTAC), moves out of the stem 

cell niche and is capable of dividing further, giving rise to TAC.  These migrate along 

the basement membrane of the cornea away from the limbus towards the centre of the 

cornea.  Along this route, some of the TAC exit from the basal region and begin to 

differentiate.  These become wing cells and will eventually terminally differentiate 
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into squamous cells that are shed into the tear film.  The cells undergo horizontal and 

vertical movements during this process.  The length of time taken for the cell to 

migrate from the limbus to the central cornea and be shed from the surface can vary 

dramatically.  The half-life of a TAC in the human cornea is generally thought to be 

between one and several weeks.  However, data has shown that an individual cell or 

cluster of cells may persist for periods of one month or more [28].  A proposed 

schematic for the limbal / corneal renewal pathway is shown in Figure 1.3.   

 

 

Figure 1.3 – Corneal renewal pathway  

Limbal epithelial stem cells located in the limbus, between the conjunctiva and the 
cornea; give rise to basal cells via asymmetric cell division.  The basal cells 
differentiate into wing cells and squamous cells.  During the renewal pathway, the 
cells migrate from the limbus toward the central cornea, and then toward the outer 
epithelial surface. 

 

Conjunctiva Limbal region Central cornea 
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1.4 – Limbal stem cell deficiency 

1.4.1 – What is limbal stem cell deficiency? 

Limbal stem cell deficiency (LSCD) is a term used to describe a range of conditions 

caused by trauma or disease, which results in the loss of LESC function and which 

subsequently leads to pain, loss of vision and hence reduced quality of life [29].  It is 

widely accepted that LESC play a critical role in the homeostatic maintenance of the 

corneal epithelium [25].  Therefore any significant loss or damage to LESC or a 

failure to develop correctly can lead to LSCD and will disrupt the process of normal 

epithelial renewal [30].  Such deficiencies can result from a number of disorders, 

including aniridia, chemical / thermal burns, Stevens-Johnson syndrome, ocular 

cicatricial pemphigoid, severe contact lens-induced keratopathy and infection [27, 31-

33].  LSCD can also occur as a result of multiple surgical procedures.  The deficiency 

presents clinically with different degrees of severity.  It may affect one or both eyes 

and present with total or partial corneal involvement [34].   

LSCD is a complex disorder that affects both the corneal epithelium as well as the 

underlying stroma.  Patients with LSCD are unable to maintain a stable corneal 

structure, and often present multiple epithelial defects and pain from continual 

epithelial erosion [3, 30, 35].  During the subsequent wound healing response, 

keratocytes differentiate from their normal quiescent state into activated fibroblasts or 

myofibroblasts which produce a temporary, disorganised ECM giving rise to stromal 

opacity [36-38].  Conjunctival invasion can occur, as the corneal epithelium is unable 

to replenish itself.  In such cases, the neighbouring conjunctival epithelium and blood 

vessels invade the normally avascular cornea.  This results in vascularisation, 

increased corneal opacity and subsequent blindness [27, 32].   The underlying disease 



9 

 

mechanism remains unclear.  There are several theories which suggest that LESC are 

deficient or no longer function appropriately, ultimately leading to an inability to 

replenish the corneal surface or provide a barrier to conjunctival invasion.  It could be 

suggested that destruction of the limbal niche is one possible cause.  Another 

alternative is that LESC have migrated out of their niche and have subsequently 

terminally differentiated as a result of persistent epithelial breakdown exhausting the 

homeostatic system [2].   

 

1.4.2 – Wound healing in LSCD 

Wound healing is a complex process that can be broken down into several distinct 

phases; inflammation, proliferation and tissue remodelling.  However, the complete 

wound healing pathway in the eye remains unknown.   

Inflammation in the eye involves communication between cells in the different layers 

of the cornea.  Keratocytes are thought to play a crucial role in the processes of 

corneal wound healing and inflammation [39], through the ability of keratocytes to 

produce different pro-inflammatory mediators, including cytokines and receptors such 

as  interleukin 1 (IL-1), interleukin 6 (IL-6) and interleukin 8 (IL-8) [40, 41].  IL-1 

acts as a master cytokine in the corneal wound healing process.  Both IL-1α and IL-1β 

have been demonstrated to be expressed constitutively in the corneal epithelium [42].  

To exert their effects, IL-1 relies on its ability to bind to the IL-1 receptor (IL-1r) [43].  

IL-1r is readily expressed on the plasma membrane of keratocytes [44], while IL-1α 

and β are constitutively expressed by corneal epithelial cells.  Following trauma, 

damage to the epithelial layer results in release of IL-1α and β into the extracellular 

space and subsequent binding to IL-1r on the plasma membrane of cells in the 
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underlying stroma occurs.  This initiates acute phase inflammation, in turn modulating 

the production of other pro-inflammatory and pro-angiogenic cytokines such as IL-6 

and IL-8, as well as more IL-1 [42].  Simultaneously, epithelial cells promote 

differentiation of keratocytes to fibroblasts or myofibroblasts [45, 46].  Epithelial cells 

migrating across the wound bed release transforming growth factor-β2 (TGF-β2).  

The release of TGF-β2 correlates with an increase in myofibroblast differentiation 

[47].  The stromal response initiates apoptosis of keratocytes in close proximity to the 

insult [42].  This response is thought to be a strategy to prevent the spread of 

microbial pathogens.  The fibroblasts / myofibroblasts then migrate into the wound 

area where they proliferate and produce a temporary stromal ECM.  This ECM 

contains different components to the ECM of the normal stroma [7, 48].  Additionally, 

the ECM components are arranged in a random and disorganised fashion which 

results in stromal clouding [49].  During this process, IL-1 released from the epithelial 

cells, stimulates production of IL-1 by the differentiated keratocytes, which activates 

an autocrine feedback loop in the differentiated keratocytes [48, 50].  This is 

accompanied by an increase in expression of epidermal growth factor (EGF), 

hepatocyte growth factor (HGF) and keratinocyte growth factor (KGF) [51] (Figure 

1.4). 
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Figure 1.4 – IL-1 activity during corneal injury   

IL-1 is constitutively produced by corneal epithelial cells, while the IL-1r is expressed 
on the plasma membrane of the keratocytes in the underlying stroma (1). 

Following trauma to the epithelial layer, IL-1 is released into the extracellular space, 
allowing it to bind to IL-1r (2). 

Stimulation by IL-1 initiates up-regulation of IL-6 and IL-8.  Further IL-1 can be 
produced via an autocrine feedback loop.  IL-1 also up-regulates production of HGF 
and KGF which assist re-epithelialisation (3).  

 

Studies have shown that expression of paracrine mediators, such as EGF, KGF and 

HGF is strongly linked to epithelial cell proliferation and / or migration [42].  Such 

factors have been found to be present in both corneal epithelial cells and keratocytes 

as well as in the tear film [52-55].  These growth factors have been shown to also be 

up-regulated during the wound healing process as they promote corneal epithelial 
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wound healing [42, 56].  Both HGF and KGF have been shown to be produced by 

keratocytes during wound healing, while HGF and KGF receptors are expressed on 

epithelial cells [53].  It has also been shown that IL-1 is the mediator for HGF and 

KGF production [51].  HGF and KGF mediated stimulation then promotes re-

epithelialisation.  Further work into these growth factors has shown that HGF may 

protect corneal epithelial cells from undergoing apoptosis [57], while EGF and KGF 

are thought to play vital roles in the maintenance of LESC and the limbal niche [52, 

58, 59].  This clearly indicates the importance of the IL-1 pathway in inflammation 

and wound healing in the cornea.   

Following a minor insult, the proliferative phase of complete wound healing is 

characterised by total corneal re-epithelialisation.  This is accompanied by corneal 

remodelling through a return of the stromal cell population to its normal quiescent 

keratocyte phenotype.  This is accomplished by fibroblasts / myofibroblasts 

undergoing apoptosis or de-differentiation [48].  This facilitates the reduction of 

corneal opacity. 

However, in LSCD the LESC are lost or no longer functioning.  Hence, the 

proliferative and remodelling phases of wound healing are impaired.  This results in 

recurrent epithelial breakdown and continued stromal inflammation which becomes 

chronic.  Fibroblasts and myofibroblasts remain present in the stromal cell population 

and stromal clouding persists [37, 38].  Additionally, loss of the limbal region barrier 

function allows conjunctival epithelial infiltration [27, 32].  Chronic inflammation of 

the stroma is a key symptom of LSCD and studies have shown that this can cause 

damage to stem cell grafts [60].  The processes of homeostasis and complete wound 

healing rely heavily on interaction between the cells residing in the stroma and those 
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of the epithelium [48, 58].  Chronic inflammation of the stroma associated with LSCD 

might lead to a disruption of this interaction [38].  Therefore, in order to ensure that 

treatment of LSCD is effective, it is imperative that inflammation is controlled prior 

to and during treatment. 

 

1.4.3 –Treatment of LSCD 

A key tool for the diagnosis of LSCD is the clear identification of known conjunctival 

epithelial immunocytochemical markers on the corneal surface [61].  The conjunctival 

epithelium, which surrounds the corneal epithelium in the anterior part of the eye, also 

consists of stratified corneal epithelial cells, with the addition of epithelial goblet cells 

which are essential for the maintenance of the tear film [62, 63].  Whether these two 

types of epithelial cell originated from the same stem cell source has been a matter of 

considerable debate.  However, research suggests that both types are derived from two 

distinct lineages [64-66].  The work of Wei, et al. [66] showed that corneal / limbal 

and conjunctival epithelial cells are intrinsically different, displaying distinct 

characteristics when placed under identical in vivo conditions.  Rabbit conjunctival 

and corneal / limbal epithelial cells were injected into athymic mice.  The cells 

subsequently formed cysts containing epithelia, which when excised were observed to 

be similar to the cells found at the site of origin.  Epithelia of corneal / limbal origin 

consisted of stratified squamous epithelial cells, whilst epithelia of conjunctival origin 

were shown to consist of columnar epithelium along with cells with a goblet cell 

structure.  Overall this showed that conjunctival and corneal epithelial cells are 

intrinsically different, suggesting that they derive from different stem cell origins.  

While the conjunctival epithelial stem cells have not been located in a specific region 
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of the conjunctiva (i.e. bulbar, fornix or palpebral), the limbal epithelial stem cells 

which give rise to the corneal epithelium have been identified as being located solely 

in the limbal region [12].  Therefore, the observation of conjunctival markers in the 

corneal region indicates that limbal barrier function has been compromised. 

Various treatments and surgical techniques have been developed in order to treat 

LSCD (Table 1.1).  The objectives of the treatments are to alleviate symptoms, repair 

and maintain the epithelial layer and to improve visual acuity.  Despite the 

developments of different treatments, graft failure remains a major complication.  A 

causative link has been implicated between chronic stromal inflammation that is 

observed in LSCD and subsequent graft rejection [36, 67]. 
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Table 1.1– Advantages and disadvantages of different LSCD treatments 

 Conjunctival limbal 
autograft (CLAU) 

Living related conjunctival 
limbal allograft (lr-CLAL) 

Keratolimbal allograft 
(KLAL) 

Limbal stem cell 
autograft 

Limbal stem cell allograft 

Advantages - No rejection - Suitable for bi-lateral 
cases 

- Suitable for bi-lateral 
cases 

- No risk of damage 
healthy eye 

- No rejection 

- Small amount of 
tissue required 

- Higher success than 
limbal tissue graft 

- Suitable for bi-lateral 
cases 

- No risk of damage 
healthy eye 

- Higher success than 
limbal tissue graft (27 
% failure after 6 
months) 

- Can obtain limbal stem 
cells from tissues 
normally discards 

Disadvantages -  Large amount of living 
tissue required, possible 
damage to healthy eye 

- Not possible in bi-lateral   
cases 

- large amount of living 
tissue required, possible 
damage to healthy donor 
eye 

- Risk of tissue rejection 

- High chance of graft 
failure (62 % failure after 6 
months) 

- Risk of tissue rejection 

- High chance of graft 
failure (70 % failure 
after 6 months) 

- Donor tissue required 

- High risk of 
damage to limbal 
region to the 
healthy eye 

- Not possible in bi-
lateral cases 

- Risk of tissue rejection 

- Donor tissue required 
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1.4.3.1 – Medical treatment of LSCD 

Medical treatment is defined as the use of drugs in order to manage the symptoms 

associated with the disorder.  The main treatable symptoms of LSCD are pain and 

inflammation.  Anti-inflammatory drugs (both steroidal and non-steroidal), pain 

killers and topical lubricants, such as autologous serum eye drops, can be applied to 

target these symptoms [68]. However, these are intended only as a short term relief 

and do not target the root cause of the disorder.   

 

1.4.3.2 – Surgical treatment of LSCD 

Clinical and experimental evidence has shown that LESC are responsible for corneal 

epithelial renewal and regeneration.  Additionally, they function as a barrier, 

preventing conjunctival epithelium from invading the cornea.  A better understanding 

of the biology of LESC has led to the development of improved surgical treatments 

for LSCD in order to restore healthy conjunctival and corneal surfaces.  To date, 

various surgical techniques have been developed to treat LSCD.  Treatments such as 

corneal transplantation often yield unsatisfactory results [69], with the procedure 

typically resulting in ocular surface failure and subsequent graft breakdown, due to 

unrepaired limbal cell barrier function and subsequent conjunctival re-invasion of the 

corneal surface [27].  Therefore, the only way to prevent such a reoccurrence is to 

restore the limbus by allowing fresh, healthy limbal cells to proliferate and repopulate 

the area.  

Over the years, therapeutic replacement of LESC has been shown to have the ability 

to restore a healthy corneal epithelium.  Initial surgeries involved the autologous 

transplantation of limbal tissues attached to a piece of conjunctiva (conjunctival 
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limbal autograft – CLAU) [70].  The use of autologous tissues is beneficial as there is 

no danger of tissue rejection.  Although early results proved successful, they were 

marred by the fact that large quantities of limbal tissue needed to be extracted from 

the patient’s healthy eye in order to be grafted onto the recipient eye.  Work by 

Kenyon, et al. used limbal tissue sections measuring 3mm x 10mm, removed from the 

upper and lower quadrants of a healthy eye [60].  Limbal autografts are only feasible 

in situations where enough healthy limbal tissue is available for transplantation.  For 

example, the CLAU procedure is impossible in cases of bi-lateral deficiency.  There is 

also a risk of causing damage to the healthy eye, which may therefore result in LSCD 

[60, 71].  Subsequent work utilised allografts sourced from living related donors 

(living related conjunctival limbal allografts – lr-CLAL) or cadaveric donors 

(keratolimbal allografts – KLAL) [70, 72].  Limbal allografts can be utilised when the 

patient does not have enough healthy tissue to undergo the CLAU procedure, such as 

in bi-lateral LSCD cases.  The use of living related allografts can prevent further 

trauma to the patient; however, there is a possibility of causing severe damage to the 

donor’s eye, leading to LSCD.  The KLAL procedure however has the benefit of not 

damaging healthy eyes.  The use of allogenic tissue grafts invariably carries the risk of 

tissue rejection and subsequent failure.  A review carried out by Shortt, et al. reported 

that approximately 62 % of lr-CLAL and 70 % of KLAL fail six months post 

transplantation based on observing improvements in patient visual acuity and 

subsidence of symptoms  [2].  As a result of poor clinical outcome, an alternative 

means of treating LSCD was developed in the form of therapeutic LESC replacement.   
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1.4.3.3 – Therapeutic replacement of limbal stem cells for the treatment of LSCD 

Ocular surface reconstruction by tissue engineering is considered the primary 

technology for treatment of LSCD, especially when treating severe bilateral ocular 

surface disorders.  However, this is still a developing area.  It was not until 1997 that 

the idea of using cultured LESC in place of freshly obtained tissue was introduced [3].  

The concept of culturing stem cells was derived from the use of cultured human 

epidermal cells as autologous grafts in reconstructive surgery for burns patients [73, 

74].  Growth of these grafts was based on Rheinwald and Green’s (R&G) [75] 

established human epidermal keratinocyte culture method involving the use of lethally 

irradiated 3T3 feeder cell layers.  Due to the high success of the R&G [75] cell culture 

method, many centres around the world have employed it as the basis for developing a 

number of clinical techniques for treating LSCD by procuring LESC from a healthy 

donor cornea and growing the cells in culture.  The procedures involve isolating 

LESC from limbal tissues and expanding them in culture until they reach confluence 

and begin to differentiate, eventually forming a multi-layered cell sheet.  The 

epithelial sheet is then transferred to the recipient’s cornea.  Amniotic membrane can 

then be sutured over the transplanted limbal cell sheet to serve as a bandage [76].  

Pellegrini, et al. [3] described the first successful therapy for LSCD using cultured 

stem cells.  In their study, two patients with unilateral LSCD resulting from chemical 

burns received a cultured autologous limbal cell sheet to resurface their corneas.  The 

procedure involved ex vivo expansion and isolation of autologous LESC from a 1-2 

mm2 limbal biopsy for transplantation.  Results demonstrated a high degree of 

success, with reduced vascular invasion and increased corneal clarity.  Subsequently, 

the use of LESC cultures to treat LSCD has continued to show positive results [33].   
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Despite the promising results shown by Pellegrini, et al. [3], the use of autologous 

grafts carries the possibility of resultant LSCD in the healthy donor eye.  Furthermore, 

should the patient suffer from a bilateral LSCD condition, an autologous donation 

simply would not be possible.  Suggestions to use alternatives to autologous donation, 

such as tissue from an allogenic donor were made.  There has been evidence to show 

that the use of tissue from a living donor for the transplantation possesses an 

advantage over donated cadaveric tissue [77].  This is thought to be due to the living 

related donor tissue possessing a greater growth potential with better histo-

compatibility since it can be sourced from a first degree relative.  However, there is 

still the potential for the donor eye to develop LSCD.  Furthermore, it has been shown 

that the recipient would still require extensive immunosuppression to prevent 

rejection in order to ensure the success of the procedure.  This is due to the relatively 

high numbers of antigen presenting Langerhans cells present in this type of donor 

tissue [78].  The use of cadaveric donor tissue is therefore perhaps the most 

appropriate alternative [79], and is currently widely used in the UK.  An example of 

positive clinical outcome of LESC transplant derived from cadaveric donor tissue is 

shown in Figure 1.5. 

     

Figure 1.5 – Pre- and post- LESC graft  

The image on the left shows LSCD in a patient suffering from a thermal burn.  Note 
the corneal opacity and vascular invasion.  The image on the right shows the same 
patient 8 weeks post ex vivo stem cell graft.  The cornea is clearer and there is less 
vascularisation. 
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Ocular tissues from cadaveric donors are procured, processed and placed in storage 

media.  Currently in the UK, Optisol and organ culture medium (OC) are the most 

common media types.  Cadaveric corneas are often used in full thickness corneal 

transplants (keratoplasty).  Limbal cells can be obtained from tissues that are normally 

discarded following keratoplasty.  Use of cadaveric tissues is advantageous because 

they can be used in bi-lateral LSCD cases and will not cause trauma to healthy living 

donors.  Furthermore, cadaveric tissues stored in Optisol or OC present lower number 

of Langerhans cells compared with donor tissues from a living relative, reducing the 

long term requirement for immunosuppression [78].  Storing the tissue for a period of 

14 days or more has been shown to reduce the number of human leukocyte antigen-

DR (HLA-DR) expressing Langerhans cells to virtually zero [80].  This has been 

suggested to be due to the shedding of epithelial layers during the storage period [81].  

The reduction in the number of Langerhans cells might directly reduce the risk of 

rejection by the recipient.  Despite this reduction in Langerhans cells, the chance of 

LESC allograft failure after 6 months has been shown to be approximately 27 % [2].  

A major sign of LSCD is chronic inflammation which has been associated with graft 

rejection and subsequent failure [36, 67].  This is caused by an increased and 

persistent number of leukocytes at the site.  It is therefore essential that the level of 

inflammation, prior to and post application of the graft, is controlled.  Current 

techniques to control inflammation rely on the use of anti-inflammatory drugs or 

amniotic membrane.  However, these techniques are not without their own associated 

risks, similar to those seen in solid organ transplant immunosuppression, including 

nephrotoxicity, hypertension and an increased risk of infection or malignant disease 

[82].   
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Due to the advantages associated with the use of LESC cultures derived from 

cadaveric sources, they are currently the graft of choice for the treatment of LSCD in 

the UK, and have been shown to demonstrate a high level of success.  However, 

research in this field is still ongoing, with a number of groups searching for 

alternatives to the use of cadaveric LESC.  For example, previous studies have 

attempted to use alternative sources of autologous epithelia, such as the oral mucosa, 

in order to avoid the need for immunosuppression [83].  However, there is limited 

clinical data available to support the use of alternative cells; hence cadaveric ocular 

tissues remains the primary means of deriving LESC grafts in the UK.  Despite this, 

there are a number of areas that need to be addressed and improved.   
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1.5 – Problems associated with current treatment strategies for LSCD 

Over the years, a variety of methods and approaches have been investigated for the 

treatment of LSCD in order to restore healthy conjunctival and corneal surfaces, many 

of which have resulted in good clinical outcomes.  Use of a stem cell allograft in 

particular can successfully repair stem cell deficient surfaces and restore clarity to the 

cornea.  However, there are many logistical and methodological aspects which have 

yet to be considered and resolved.   

Despite the successes of Pellegrini, et al. [3], it is widely accepted that the process of 

procuring tissue from healthy contra-lateral eyes or from a living donor is associated 

with a significant level of risk, as this can lead to the development of LSCD in the 

donating healthy eye.  The use of tissue from deceased donors negates such risks.  

However, it is not possible to control how much donor tissue will be readily available 

at any given time, as this is dependent on rates of organ donation.  Suitable human 

tissue donor numbers are in constant flux and it is difficult to maintain a consistent 

donor supply of LESC for therapeutic use.  Currently in the UK, there is a shortage of 

available cadaveric donors.  According to the Organ Donation Register, there is a 

shortfall of approximately 500 corneas per year [84].  This shortage of available 

corneas therefore limits the supply of LESC available for stem cell treatment.  As the 

number of cells which can be isolated from each cadaveric tissue is small 

(approximately 1 x 104 cells per limbal tissue), there are a limited number of patients 

who can be treated from each donated tissue.  The techniques currently employed by 

the East Grinstead Eye Bank, UK, allow the treatment of three to four patients per 

donated limbal ring.  An improved method to supply a constant number and ready 

supply of LESC grafts therefore remains an unmet clinical need.  If cells from a single 

limbal ring could be expanded and sub-cultured, many more patients would be able to 
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receive treatment with cells from a single donor.  In addition, if cells could be 

cryopreserved, it may be possible to establish a LESC bank.   

Post cryopreservation studies have demonstrated that expanded cryopreserved LESC 

are non-immunogenic in nature, due to the lack of expression of HLA-DR, limiting 

potential tissue rejection by the recipient [85].  Being able to store donated tissues for 

a longer period of time would allow for greater flexibility in the provision of 

treatment to patients.    

As mentioned previously, patients with LSCD often present with chronic 

inflammation of the stroma [30, 86].  In such cases, the survival of the grafts can be 

compromised, as inflammation is implicated in graft rejection [36].  It is therefore 

important that any inflammatory response is suppressed prior to application of the 

graft, which is currently accomplished clinically through the use of steroids.  However 

the use of steroids has been shown to prolong wound healing, as well as causing other 

optical issues such as glaucoma, an increase in intra-ocular pressure and cataracts [87-

90].  Non-steroidal anti-inflammatory drugs (NSAIDS) could be used as an 

alternative, although these have also been shown to cause serious clinical 

complications such as corneal melting [91].  Thus, novel methods to control 

inflammation may improve graft survival following transplantation.  Interest in 

peptide based pharmaceuticals has increased, with clinical application in a variety of 

disorders, including chronic pain relief and oncology, becoming more common [92].  

The novel application of an anti-inflammatory peptide could provide an alternative 

means of controlling corneal inflammation.     

Methods of transporting and handling grafts are an important area of research, as cell 

sheets are fragile and therefore susceptible to damage.  Even with careful handling, 
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cell sheets may be damaged prior to and during surgery.  To address this, centres such 

as Moorfields Eye Hospital, use amniotic membrane as a carrier.  Indeed, amniotic 

membrane has also been used as a bandage in ophthalmic surgery, as it has been 

shown to possess anti-inflammatory properties [93, 94].  However, there are issues 

surrounding the use of amniotic membrane, such as inter-donor variation and the need 

for a fixative which can lead to irritation and infection [95, 96].  Further development 

of methods to improve the handling and manipulation of grafts is therefore important.  

Investigation into a means of mimicking the structural and immunosuppressive 

properties of amnion while avoiding problems associated with its use are of particular 

importance.  
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1.6 – Research proposal aims 

Limbal epithelial stem cells are used clinically to treat limbal stem cell deficiency.  

This treatment improves the clinical symptoms of LSCD by facilitating restoration of 

the damaged cornea.  However, a number of problems limit the success of current 

grafting techniques.  These include; limited numbers of patients treated per donation, 

graft rejection resulting from inflammation in the recipient eye, side effects caused by 

current anti-inflammatory techniques and graft fragility during handling by scientists 

and surgeons.  Taking into consideration the currently approved clinical practices, this 

study aims to address these by: 

1. Identification of best practice for culturing LESC from different corneal 

storage methods, utilising current, clinically approved culturing techniques. 

2. Investigation into the possibility of sub-culturing LESC to increase yield of 

limbal stem cells for transplantation. 

3. Investigation into the possibility of cryopreserving LESC for the purpose of 

establishing a cell bank.   

4. Synthesis and characterisation of an IL-1 receptor antagonist peptide and use 

of an inflammatory model to assess the influence of the peptide on corneal 

epithelial cell and keratocyte response to inflammatory stimulus. 

5. Development of an in vitro cell model of inflammation utilising bacterial 

lipopolysaccharide (LPS) and the cytokine IL-1 to induce inflammation in 

corneal epithelial cells and keratocytes for use in the assessment of a novel 

anti-inflammatory peptide.  
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6. Assessment of the feasibility of combining the peptide with a contact lens 

carrier to mimic the anti-inflammatory properties of amniotic membrane.   

This project aims to develop novel cell expansion and delivery methods for the 

treatment of LSCD.  The availability of increased numbers of cells for grafting, either 

through sub-culturing or through the establishment of a cell banking system, would 

have a clear benefit for patients.  In addition, combining such cells with a carrier 

membrane with anti-inflammatory properties could suppress the excessive 

inflammatory response which is a significant factor in graft rejection, reducing the 

need to rely on anti-inflammatory drugs and amniotic membrane during clinical 

procedures.  The work of this thesis will progress current knowledge of cell culturing 

and grafting techniques employed in the treatment of LSCD. 
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Chapter 2 – Optimisation of corneal tissue storage and LESC expansion methods 

2.1 – Introduction 

2.1.1 – Current corneal tissue storage methods 

At present, eye banks in the UK utilise two different techniques for the preservation of 

cadaveric corneal tissue.  These are “hypothermic storage” and “organ culture”.  In 

the hypothermic storage method, tissues are maintained between 2 to 6 ºC.  The 

corneal tissue is placed into a commercially available medium consisting of tissue 

culture media supplemented with antibiotics and dehydrating agents [97].  Currently, 

the eye bank at Queen Victoria Hospital, East Grinstead, UK, utilises a commercially 

available storage product, known as Optisol, for hypothermic storage.  This type of 

storage method allows the donated cornea to be preserved for a maximum of 14 days 

post donation.  In comparison, organ culture (OC) stored tissue is kept between 31 

and 37 ºC and stored tissues can be used between 14 and 28 days post donation.  

Following donation, the tissue must undergo microbiological tests to ensure that there 

is no microbial contamination.  The OC storage medium is commercially available 

and contains similar components to that of Optisol, with the notable absence of the 

dehydrating agents.  Without osmotic control provided by the dehydrating agents, the 

corneal tissue will swell to approximately twice its normal thickness.  Therefore 

before OC stored tissues can be used, 7 days prior to the scheduled usage, the tissue 

must be transferred from the OC medium at 37 ºC to dextran solution at room 

temperature.  Dextran is a deturgescent agent that reverses the corneal swelling.  A 

comparison between the two storage methods is shown in Table 2.1.  The main goal 

of both storage techniques is to maintain the integrity of the cornea, and to provide 
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some flexibility in the use of the donor tissues for keratoplasty (corneal 

transplantation) [98].   

 

Table 2.1– Comparison between Optisol and OC storage methods 

 Optisol Organ Culture 

Storage conditions Hypothermic (2 – 6 ºC) Warm storage (31 – 37 ºC) 

Storage media 

- Antibiotics 

- Dehydrating agent 

- Deturgescent 

 

Present 

Present 

Not required 

 

Present 

Absent 

Required 

Corneal transplant usage 
window 

1 – 14 days post donation 14 – 28 days post donation 

 

2.1.2 – Culture Medium used for growth of LESC from corneal tissue 

The initial concept of culturing LESC derived from methods employed to culture 

epidermal skin cells for burns patients [73, 74], utilising the method established by 

Rheinwald and Green (R&G) in 1972 [75].  Use of this method has led to significant 

success in the development of epithelial cultures for the treatment of burns [99].  The 

R&G base medium consists of Dulbecco’s modified Eagle medium (DMEM) and 

Ham’s F-12 medium in a 3:1 ratio, combined with additives and serum.  Additives 

combined with the base medium are included for multiple reasons, such as 

antimicrobials to reduce the risk of culture infection [100].  Some common additives 

that may be included are shown in Table 2.2.  This combination has been 

demonstrated to be effective in the expansion of epithelial cells [101].   
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Serum is a required component of the growth medium in order to provide growth 

factors and nutrients which help stimulate the growth of epithelial cells [102].  

However there is some cause for concern when using xenogenic materials in products 

intended for human use, including the transmission of zoonoses [103-105] or an 

immunological response to xenogenic antigens [106, 107].  Additives such as insulin 

and tri-iodothyronine can help to minimise the requirement for serum, though cannot 

fully eliminate its use.   

Table 2.2 – Culture medium additives  

Functions of additives included in the culture medium for LESC [75, 101, 108-113]. 

Additive Function 

Adenine  Enhances colony formation by individual epithelial cells in 
culture 

Cholera toxin Stimulates cyclic adenosine monophosphate (cAMP) to promote 
DNA synthesis and proliferation; opposes epithelial cell terminal 
differentiation  

Epithelial growth 
factor (EGF) 

Promotes proliferation and migration of epithelial cells (to 
prevent overcrowding of culture) 

Hydrocortisone Enhances epithelial cell growth; maintains cell morphology 

Insulin Reduces serum requirements; promotes glucose transport into 
cultured cells 

Tri-iodothyronine Reduces serum requirements; opposes epithelial cell 
differentiation  

 

Early attempts to produce epithelial cultures from skin and corneal tissues met with 

little success.  This was attributed to contamination with fibroblasts co-isolated at the 

same time as the epithelial cells.  Fibroblasts display greater proliferative rates and 

will outcompete epithelial cells in the culture.  Alternatively, successfully established 

cultures of epithelial cells displayed short life spans or limited growth [114, 115].  
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The addition of lethally irradiated 3T3 fibroblasts (3T3s) as a feeder cell to the R&G 

culture medium led to a successful protocol for the expansion of epithelial cells [75].  

The exact role of the 3T3s is unknown, with many studies speculating on the 

mechanism by which the 3T3s are able to promote culture growth.  It has been 

speculated that the cells may release growth factors or provide an ECM which is 

favourable to the epithelial culture [100], while others have suggested that they 

present a membrane bound growth factor [116].  To date, this method of expanding 

epithelial cells is used widely and with consistent success [117, 118].  To ensure that 

the 3T3 fibroblasts do not outcompete the epithelial cultures, the cells are either 

irradiated with a lethal dose of gamma radiation or chemically treated to ensure that 

they are unable to complete mitosis [119].  There are reports that cholera toxin can 

also prevent fibroblast growth, as shown in tests using supplemental hormonal 

epithelial medium (SHEM) [120, 121].  However there are conflicting findings as 

some cultures still showed the presence of keratocytes [122].  Therefore, in order to 

minimise keratocyte contamination, techniques to avoid the underlying stroma during 

the epithelial cell isolation process have been identified.  Utilising the combination of 

the R&G medium and the 3T3 fibroblasts, the first LESC culture was established by 

Sun and Green in 1977 [123].  Indeed this technique has been continually successful 

in producing LESC cultures [124], and was adopted by Pellegrini [3] for the treatment 

of LSCD.     

The use of bovine sourced serum in the formulation of the R&G medium and the use 

of 3T3 feeder cells carry risks, having been considered a possible source of 

interspecies disease transmission [33, 105, 125] or immunogenic responses [106, 107, 

126].  However, the stringent practices employed in the procurement of both of these 

products may be sufficient to minimise the risk.  The development of the R&G 
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medium in conjunction with the 3T3 fibroblast feeder cells paved the way for the 

pioneering work of Pellegrini [3] for the treatment of LSCD using LESC cultures, and 

continues to be a benchmark technique for epithelial cell culture.  Recent studies have 

assessed the success of culturing LESC in different media.  Lu, et al. showed that with 

the use of a serum free medium (CnT-20) and without feeder cells, they were able to 

successfully culture and passage LESC [127].  Loureiro, et al. used three different 

culture media; SHEM, keratinocyte serum-free medium (KSFM) and Epilife, for 

culturing LESC by explant outgrowth [122].  Their work showed that cellular 

morphology and immunocytochemical staining for putative LESC markers varied 

with each medium.  They also noted that there was considerable variation between the 

time it took for the cultures to begin logarithmic growth phase in the different medium 

types.  Other work has been carried out to attempt to avoid the use of 3T3 feeder cells, 

using autologous fibroblasts in their place [128, 129].  Although this would remove 

the risks associated with animal derived substances, extra time would be required in 

order to establish the human fibroblast feeder cultures.   

There is currently no standardised LESC culture strategy used both nationally and 

internationally, with each centre adopting its own protocols and procedures.  

Therefore, it would be beneficial to develop a strategy that could be adopted 

internationally.  Currently at Queen Victoria Hospital, the original R&G medium 

system is used clinically for the culture of LESC for the treatment of LSCD. 

 

2.1.3 – Culture techniques for the isolation and expansion of LESC cultures 

The two main methods for preparing limbal tissues for LESC culture are the explant 

and suspension culture methods.  The former method, involves establishing cultures 
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from a piece of limbal tissue measuring approximately 1mm2 [130, 131].  The 

suspension culture technique involves the removal of the cells from the intact tissue 

by using an enzyme, such as trypsin [132].  Both techniques have been used in early 

attempts to produce epithelial cultures prior to the use of 3T3 feeder cells, however 

both had poor success rates due to fibroblast overgrowth or limited epithelial growth 

[114, 115].  It was not until the introduction of 3T3 feeder fibroblasts in 1975 that 

epithelial cells could successfully be expanded in culture [75].   

Conflicting opinions exist as to which method is superior [79, 133, 134].  The explant 

method has been successfully used to culture LESC [135-137].  However, cultures 

derived from explants have been shown to lose proliferative potential quickly, 

suggesting that the culture contains more differentiated cells than LESC [138].  

Conversely, it is thought that suspension cultures may contain a larger fraction of 

LESC [132, 139, 140].  James, et al. compared both methods, using human cells 

obtained from either fresh globes or a corneal button via an eye bank [79].  For 

explant cultures, limbal tissues were cut into sequential pieces, with each piece being 

subsequently placed onto a tissue culture plate with growth medium and lethally 

gamma-irradiated 3T3 feeder cells.  For the suspension culture technique, trypsin is 

added to the tissues, allowing individual basal cells to be released from the tissue.  

Growth medium is then added to these suspended cells along with the irradiated 3T3 

feeder cells.  The data obtained by James, et al. [79] showed  greater success with the 

suspension culture technique indicating that it is a more reliable method than the 

explant outgrowth technique for obtaining LESC cultures.  However, one problem 

which can occur with both the suspension culture and explant methods is the release 

of keratocytes from the tissue [100], due to the close proximity between the two layers 

in the tissue.  This can lead to contamination of the culture with keratocytes.     
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Further to this, Kim, et al. [141] compared different techniques of limbal cell 

extraction, in order to identify which method yields viable LESC from the limbus 

more efficiently.  They compared dispase II with a treatment of trypsin and 

ethyldiaminetetraacetic acid (EDTA).  They showed a higher number of viable cells 

were obtained using incubation in trypsin and EDTA at 37˚C for one hour than with 

incubation in dispase II at 4˚C for 16 hours.  These studies have given some useful 

insight into the efficacy of LESC extraction and culture techniques.  The techniques 

utilised at the eye bank at Queen Victoria Hospital, East Grinstead for the culture of 

LESC grafts for clinical use follows the suspension culture method using trypsin.  

This is shown in Figure 2.1.  

 

Figure 2.1 – Current cell suspension culture technique for the treatment of LSCD  

The steps completed in the current procedure for culturing ex vivo LESC allografts for 
LSCD treatment: (a) corneal tissue collected; (b) limbal region excised; (c) excised 
tissue is submerged in trypsin for 40 minutes; (d) resulting in release of cells; (e) 
isolated cells (including stem cells) are cultured for approximately 21 days to form a 
cell sheet; (f) cell sheet lifted from the culture surface; (g) cell sheet applied to 
backing;  (h) recipient enters theatre; (i) eye is prepared by removal of overgrown 
blood vessels and conjunctiva; (j) cell sheet is applied to the corneal surface; (k) 
amniotic membrane bandage applied; (l) amniotic membrane is sutured into place.    
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At present, the techniques utilised at Queen Victoria Hospital for the production of 

LESC grafts for the treatment of LSCD have resulted in good clinical outcomes.  

However, several drawbacks still remain.  For example, tissue availability is a 

problem and is compounded by the limited number of patients that can be treated per 

donation using current protocols.  In order to provide greater flexibility to treat 

patients and to ensure donated tissues are utilised efficiently, this study aims to build 

on knowledge to identify possible means of enhancing current practices.  Being able 

to sub-culture LESC would enable a greater number of patients to be treated per 

donation.  The importance of minimising donation wastage has led several groups to 

investigate the possibility of sub-culturing LESC using the explant culture method 

[85, 127].  This study intends to determine the feasibility of sub-culturing LESC from 

the suspension culture method. 

 

2.1.4 – The advantages of cryopreservation for the long term storage of LESC 

Being able to store donated LESC for a longer period of time would advantageous.  

Work by Raeder, et al. demonstrated that short term storage of cultured limbal stem 

cells could provide advantages including added time for microbiological testing,  

allowing for greater flexibility in the provision of treatment to patients (e.g. 

scheduling treatment) and increasing tissue availability [142].  As such, if short term 

storage can yield such benefits, longer term storage could enhance the benefits 

further.  Long term storage could be accomplished by cryopreservation.    

Cryopreservation is a process where cells or tissues are cooled to very low 

temperatures (-196 ºC), where they become dormant in terms of metabolic activity, 

while maintaining genetic stability [143].  However, a multitude of factors could 



35 

 

potentially cause damage to cells during cryopreservation.  These include intra/extra 

cellular ice formation, dehydration, osmotic shock and toxic solution effects [144, 

145].  When tissues are subjected to low temperatures, ice crystals form.  The 

formation of these crystals potentially disrupts the cell membrane resulting in cell 

death.  Controlling the rate of cooling can help to minimise ice crystal formation.  A 

second means of preventing ice crystal formation is the application of a suitable 

cryoprotectant.  Cryoprotectants replace some of the water with other compounds that 

will not form large crystals when frozen.  Dimethyl sulfoxide (DMSO) and glycerol 

are examples of commonly used cryoprotectants.  The replacement substances are 

mixed in a solution with culture media or serum, into which the cells are suspended.  

The cells and cryopreservation solution are then cooled to the desired temperature.  

The salt concentration outside of the cells is greater than that inside the cells; 

therefore water will leave the cells to be replaced by the cryoprotectant, thereby 

minimising the formation of ice crystals.  However, the movement of water and/or 

cryoprotectant across the cell membrane can lead to osmotic shock whereby the cell 

can enter a state of metabolic shock (where transport of metabolites is disrupted) or 

activate apoptotic pathways [145].  Although a rapid rate of cooling results in the 

formation of damaging ice crystals, too slow a cooling rate could result in solution 

effects caused by prolonged exposure to cytotoxic cryoprotectants [144].  Therefore, 

ensuring the right balance between cooling / thawing rate and cryoprotectant solution 

type and concentration is essential for cryopreservation to be successful.   

Cryopreservation is already applied clinically for the long term storage of other types 

of stem cell, such as haemopoietic stem cells obtained from donated umbilical cord 

blood [146].  Studies have also demonstrated that cryopreserved LESC obtained by 

explant culture are non-immunogenic in nature, due to the lack of expression of HLA-
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DR [85], which would reduce the risk of tissue rejection and hence the need for long 

term immunosuppression.    

Since current protocols rely on the availability of tissues, this study aims to add to 

current knowledge and improve current techniques by assessing if cryopreservation 

can be implemented for the storage of LESC prior to sub-culturing.  This would 

enable greater flexibility and graft availability. 

 

2.1.5 – Putative markers for the identification of LESC 

The characterisation of protein markers for stem cells (such as haemopoietic stem 

cells) can be used not only in the identification of stem cells, but also to assist in their 

purification and analysis.  Work has been undertaken to establish a protein, or group 

of proteins, which may be utilised as putative markers for the identification of LESC 

[147, 148].    The identification of specific LESC markers may not only assist in their 

identification, but may help refine the diagnosis of LESC related disease states by 

impression cytology [149].  To date however, no single marker for LESC has been 

identified.  Therefore in these studies a panel of putative LESC markers were 

employed to ensure that the characterisation of LESC phenotype was as accurate as 

possible.  Although a wide range of markers have been put forward for the 

identification of LESC, variable findings by different research groups have led to 

controversy over whether they are actually appropriate.  It has been suggested that 

such findings are due to differences in technique and variation in tested species.  

These  controversies prompted Schlotzer-Schrehardt, et al. [24] to carry out a 

thorough review of different putative markers which have been tested on human 

corneal tissue specimens.  A summary of the markers tested are shown in Table 2.3. 
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Table 2.3 – LESC markers 

Review of various markers for identifying human ocular epithelial cells (Adapted 
from [24, 150]) 

Marker Corneal 

Basal 

Corneal 

Suprabasal 

Limbal 

Basal 

Limbal 

Suprabasal 

Conjunctiva 

Basal 

Conjunctiva 

Suprabasal 

K3/K12 

K19 

P63 

PAX-6 

++ 

- 

(+) 

+ 

++ 

- 

- 

+ 

- 

++ 

++ 

++ 

+ 

- 

(+) 

+ 

- 

(+) 

(+) 

+ 

- 

++ 

- 

+ 

- undetectable; (+) weak positivity; + moderate positivity; ++ strong positivity 

 

Cytokeratins form part of the cytoskeleton in mammalian epithelial cells and are 

widely used as markers for their identification.  There are different cytokeratins that 

are used to indicate the location, proliferative status and differentiation of epithelial 

cells [24].  A combinatory approach using cytokeratin 3 (K3) and cytokeratin 19 

(K19) can be used for the identification of LESC [151].  K3 is a specific marker for 

corneal epithelial cells [24], but is not present in limbal basal cells [152].  K3 has 

further been shown to be present primarily in cells in the uppermost layer of the 

central corneal epithelium [18], indicating that K3 is a marker for cells at a more 

advanced stage of differentiation (i.e. not LESC).  Another use for K3 as a marker is 

to distinguish corneal and conjunctival epithelial cells since it is not present in the 

conjunctival epithelium, making it specific to the corneal epithelium [153].  Whereas 

K3 has been shown to be specific to corneal epithelial cells, K19 has been found more 

broadly in proliferating skin keratinocytes and stem cells located in hair follicle 

epidermis [154].  In addition to this, K19 has been found in the cells at the basal layer 
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of the limbus, where no K3 is present [24].  Cells which contain K19 but do not 

contain K3 are therefore designated as LESC.   

Another marker that has been the focus of extensive research is p63.  The 

transcription factor p63 has been linked to tumour suppression and was initially used 

as a marker for stem cells in non-ocular epithelium, though has subsequently been 

considered as a LESC marker [21].   Schlotzer-Schrehardt, et al. found that p63 is 

strongly expressed in limbal basal epithelium, but is weak or undetectable in corneal 

and conjunctival epithelia [24].  The use of p63 as a maker for LESC is complicated, 

as different p63 isoforms exist.  There are two p63 groups: TAp63 and ∆Np63, each 

of which exists in three variants (α, β and γ) giving rise to a total of six isoforms.  The 

work of Pellegrini, et al. showed that ∆Np63α is expressed in basal epithelial cells 

and eTAC [21], while Di Iorio, et al. indicated that ∆Np63α is only seen in LESC, 

while, the β and γ isoforms are detectable in terminally differentiated cells of the 

cornea [22].  These findings suggest that p63 is a good marker for LESC, but cannot 

be solely relied upon for definitive identification.   

Another commonly used marker is PAX-6.  PAX-6 is a transcription factor, 

associated with the development of ocular tissues [155].  Further to its developmental 

role, PAX-6 has been linked to the regulation of LESC proliferation through 

interaction with ∆Np63 [156] and may be of interest as an additional marker for 

LESC. 

 

2.1.6 – Aims 

This chapter aims to address the following issues: 
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1. Identification of best practice for culturing LESC derived from different 

corneal storage methods, utilising current, clinically approved culturing 

techniques.  Establishing the parameters for setting up successful LESC 

cultures from Optisol and OC stored tissues would enable greater culture 

success and consistency.  

2. Investigation into the possibility of sub-culturing LESC to increase yield.  At 

present only four patients may benefit from a single limbal tissue donation.  

Therefore, developing a means of expanding LESC grafts beyond a single 

primary culture would significantly increase the numbers of cells which can be 

used for transplantation.  This may further result in an increase in the number 

of patients that could be treated from a single donation.  

3. Investigation into the possibility of cryopreserving LESC for the purpose of 

establishing a cell bank.  This would allow greater availability for any given 

time, facilitating the production of grafts to suit the recipient, who currently 

have to wait until donated tissues are available. 
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2.2 – Materials and methods 

2.2.1 – Tissue isolation and cell culture reagents 

2.2.1.1 – Sources of corneal tissues 

All tissues were collected in accordance with current eye bank procedures and in 

compliance with the Human Tissue Act 2004 [157], with ethics approval granted by 

NREC (REC No 06/Q1907/81).  All human ocular tissues were obtained and used, 

only when correct informed consent pertaining to use in medical research was 

provided by the donor.  Optisol stored tissues were provided by East Grinstead Eye 

Bank, Queen Victoria Hospital, UK.  OC media stored tissues were provided by MEH 

Lions Eye Bank, Moorfields Eye Hospital, London, UK. 

All ocular tissues were collected as either corneo-scleral rims (the anterior segment of 

the eye without the corneal button) or whole cornea (including the corneal button), 

from donors aged 21 to 87.  All were obtained from a freshly enucleated cadaveric 

globe, processed whole cornea deemed unsuitable for transplantation or from 

discarded donor limbal rings after keratoplasty.  Freshly isolated cadaveric globes 

were sterilised according to the recommendations of the Corneal Transplant Service 

Eye Bank, Bristol, U.K.  The globe was submerged in 1 % povidone iodine for 2 

minutes, followed by immersion and washing in phosphate buffered saline (PBS) 

twice.  An 18 mm trephine was used to remove the whole cornea which was then 

either stored at 37 ºC in OC medium or in Optisol at 4 °C.  All tissues were handled 

and manipulated within a class II biological hazard cabinet under aseptic conditions.   
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2.2.1.2 – Corneal cell isolation from cadaveric corneal tissues 

2.2.1.2.1 – Cell isolation of LESC from cadaveric corneal tissues  

LESC were isolated using the cell suspension method.  Tissues were washed in 

triplicate in 1 x Hank’s buffered saline solution (HBSS – Invitrogen, UK, 

VX1418004) for 2 minutes.  Limbal rings were then pinned using 0.4 x 13 mm 27 

gauge needles (Beckton Dickinson & Co. Ltd, 300635) onto a silicon mat (Blond 

McIndoe Research Foundation, UK) and cut circumferentially with a surgical steel 

blade (Swann Morton Limited, UK) to a size of approximately 1mm on either side of 

the corneal / conjunctival junction.  Further dissection was undertaken in order to 

obtain the uppermost layer of the region in order to avoid the stromal layer and hence 

potential keratocyte contamination.  The resulting section of tissue was subsequently 

cut into 10-15 small pieces.  The dissected limbal tissues were placed into one well of 

a six well culture plate (Becton Dickinson Labware, USA, 35350) and treated with 

200 µl 0.5 % Trypsin solution (Invitrogen, UK, 27250-018) in calcium- and 

magnesium- free HBSS (Invitrogen, UK, 14170-070).  Plates were then incubated at 

37 ºC for 40 minutes while being subjected to tilting.  During this process, tissues 

were gently scrapped and tapped to release any loosely attached cells at 10 minute 

intervals.  After the incubation period, trypsin was inactivated by adding 5 ml 10 % 

FCS (PAA-The cell culture company, Austria, A15-160) in Dulbecco’s Modified 

Eagle Medium (DMEM – Invitrogen, UK, X21885108) to the well.  Cells were then 

centrifuged for 4 minutes at 400G to remove any trypsin residue.  The pellet was then 

re-suspended in growth medium; R&G medium (as detailed in Section 2.2.1.3) or 

defined medium (CnT-20 – CELLnTEC Advanced Cell Systems AG, Switzerland).  

Isolated cells were either cultured in 25 cm2 culture flasks (Greiner Bio-one, 

Germany) or on 13mm diameter glass cover slips (Thermo Scientific, UK) in an 
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incubator set at a temperature of 37 ºC and 5 % CO2.  Flask based cultures were 

utilised for the purposes of morphological examination of cells while cells grown on 

cover slips were used solely for immunocytochemical staining.  Cells were cultured 

using R&G complete growth medium and lethally gamma-irradiated 3T3 feeder cells 

(approximately 2 x 104 3T3 cells / cm2).  The growth medium and 3T3 feeder cells 

were replaced every 2 to 3 days until the cells reached 50 % confluence.  From this 

point onwards the 3T3’s were not replaced, with only growth media being replenished 

until the cells reached 70 % to 80 % confluence.  By this stage, there are no 3T3 

feeder cells remaining in the culture.  An alternative to R&G with 3T3 cells was CnT-

20.  This growth medium was replaced every 2 to 3 days until the cells reached 70 % 

to 80 % confluence. 

 

2.2.1.2.2 – Cell isolation of keratocytes from cadaveric corneal tissues  

Keratocytes were isolated using an explant method.  The stromal tissue was dissected 

into small pieces and placed into 25 cm2 flasks (Greiner Bio-One, Germany).  Stromal 

explants were left overnight to allow attachment to the flask surface, then submerged 

with medium containing 10 % FCS (PAA-The cell culture company, Austria, A15-

160) in Dulbecco’s Modified Eagle Medium (DMEM – Invitrogen, UK, X21885108).  

Keratocyte cultures were incubated at 37 ºC and 5 % CO2, until they reached 70-80 % 

confluence, with culture media being replaced every 2-3 days.  
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2.2.1.3 – Cell culture media for the expansion of corneal cells   

Epithelial cells were grown using either R&G media [75] or CnT-20 (CELLnTEC 

Advanced Cell Systems AG, Switzerland).  R&G medium consists of FCS, human 

recombinant epidermal growth factor (EGF) (AMS Biotechnology (Europe) Ltd, 

Oxon, UK ,GF-010-9 1 mg), hydrocortisone (Sigma-Aldrich, UK, H0135 1 mg), 

cholera toxin vibrio cholera (Sigma-Aldrich, UK, C8052) in DMEM and Ham’s F12 

medium (Invitrogen, UK, 31765).  The FCS component was used to promote cell 

growth.  However, the FCS must first be heat inactivated to destroy any complement, 

which may damage and kill cells.  As such FCS was placed into a hot water bath at 59 

ºC for 35 minutes.  The final working solution of R&G medium was as follows: 60 % 

DMEM, 20 % Ham’s F12 medium, 20 % heat inactivated FCS, EGF (10 ng / ml), 

hydrocortisone (0.4 µg / ml) and cholera toxin (10-8 M). 

 

2.2.1.4 – Preparation of gamma irradiated 3T3 feeder cells for use with R&G 

culture system for the expansion of LESC  

3T3 cells were grown in DMEM with 10 % heat inactivated FCS.  3T3 cells were 

lethally irradiated with 6000 rads from a 137Cs gamma source (Gammacell 1000 

gamma source), to prevent proliferation.   

 

2.2.2 – Characterisation of LESC 

2.2.2.1 – Identification of LESC morphology  

Cell cultures were visualised using light microscopy and images were captured as 

photomicrographs using a Nikon Eclipse TS100.  The successful growth of epithelial 
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cells was assessed by identification of an epithelial cell type morphology (cobblestone 

appearance) and the absence of spindle shaped keratocyte contamination.   

 

2.2.2.2 – Immunohistochemical staining for K3 and K19 on human cornea 

Cryosections of whole human corneas were stained for K3 and K19 in order to 

identify regions of K3 and K19 expression within the human cornea.   

Whole fresh corneas were cut through the meridian and embedded in cryo-embedding 

medium (OCT compound - Thermo Scientific, UK, 12678846).  Tissues were frozen 

in liquid nitrogen (B.O.C. UK) and stored at -80°C prior to sectioning.  Cryosections 

were cut using a cryostat (OTF, Brighton, UK) to a thickness of 15 µm (Microtome 

blade (S35), Surgipath Europe LTD, Peterborough, UK), attached to a VectabondTM 

Reagent (SP-1800, Vector Laboratories LTD, UK) coated microscope slide (twin frost 

microscope slides, H.V Skan Ltd, US) and stored at -80°C until staining. 

Tissue sections were fixed in a 50:50 methanol (Sigma-Aldrich, UK, 322415) and 

acetone (Sigma-Aldrich, UK, 650501) solution for 20 minutes followed by triplicate 

washes with PBS (Sigma-Aldrich, USA, P4417) for 3 minutes each.  Sections were 

blocked for 30 minutes in 2.5 % horse serum (Vector Laboratories, UK, S-2012) at 

room temperature.  Excess horse serum was blotted off.  Primary antibodies, 

monoclonal mouse anti-human K3 (clone AE5 – Millipore, CA, CBL218) and 

monoclonal mouse anti-human K19 (clone RCK108 – DakoCytomation, Denmark, 

M0888) diluted in 1 % bovine serum albumin (BSA – Sigma-Aldrich, UK, A2153) in 

PBS were added to the section for incubation at room temperature for one hour.  

Following incubation, the slides were washed with PBS three times for 3 minutes 

prior to addition of secondary antibody (Anti-mouse IgG (FITC), raised in horse – 
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Vector Laboratories, USA, DL-2488).  Secondary antibodies diluted in 1 % BSA in 

PBS were added for 30 minutes at room temperature in the dark.  Following 

incubation, the section was rinsed twice with water prior to mounting with cover slips 

using Vectashield (mounting medium with DAPI – Vector Laboratories, USA, H-

1200), and viewed by fluorescence microscopy (Zeiss-Scope-A1, AxioVision 

application – Carl Zeiss Ltd, UK).  FITC staining was viewed at 495 nm / 519 nm, 

while DAPI staining was viewed at 341 nm / 452 nm.  All captured images were 

spliced together using Adobe Photoshop CS to produce images which cover the entire 

tissue section.  All antibodies were optimised by use of unstained and secondary 

antibody only controls and antibody titration (data shown in Appendix I and II). 

  

2.2.2.3 – Immunocytochemical staining for putative LESC markers K3, K19 and 

p63 

Assessment of cell cultures by immunocytochemical staining for putative LESC 

markers was carried out on successful cultures to confirm identification of LESC 

phenotype in culture and to exclude the presence of other cell types.  Phenotype of 

cells cultured on 13 mm diameter glass cover slips (Menzel-Glaser, DE, 

CB00130RA1) was confirmed using immunocytochemical staining against K3, K19 

and p63 (Monoclonal mouse anti-p63, clone 4A4 – Millipore, CA, MAB4135).  

Phalloidin staining of actin filaments (Alexa Fluor® 488 Phalloidin – Invitrogen, UK, 

A22281) was used to observe cell cytoskeleton.   Cells were fixed with 3 % 

formaldehyde solution (Sigma-Aldrich, USA, F8775) for 15 minutes followed by 

permeabilisation in Perm / Quench (50mM Ammonium Chloride (NH4Cl – BDH 

chemicals Ltd, UK, 10017)), 0.2 % Saponin (Sigma chemical Co, USA, S-4521) in 
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PBS) for 15 minutes.  Cells were then stored in PGAS (0.2 % Gelatin (Gelatin from 

cold water fish skin – Sigma-Aldrich, USA, P4417), 0.02 % Saponin in PBS) at 4 ºC 

until staining.  Primary antibodies K3, K19, p63 and phalloidin were diluted in PGAS 

and added to the cells at room temperature for one hour.  The cover slips were 

subsequently rinsed three times in PGAS.  FITC conjugated goat anti-mouse IgG 

secondary antibody (Sigma-Aldrich, UK, F0257) was diluted in PGAS and added to 

the cells (except for phalloidin staining) for 30 minutes at room temperature in the 

dark.  Cover slips were washed three times in a PGAS, twice in PBS and twice in 

water before being mounted onto microscope slides with ProLong® Gold anti-fade 

reagent with DAPI (Invitrogen, USA, P36931).  Slides were viewed and imaged using 

a fluorescent microscope at 495 nm / 519 nm (FITC), 341 nm / 452 nm (DAPI) and 

492 nm / 520 nm (Phalloidin). 

 

2.2.2.4 – Gene expression analysis by qRT-PCR of putative LESC markers K3, 

K19 and p63 

Gene expression of K3, K19 and p63 was analysed using real time quantitative 

polymerase chain reaction (qRT-PCR).  Total RNA was isolated using RNeasy kit 

(Qiagen, UK74106) following the manufacturer’s protocol.  Lysis solution was added 

to the flask containing the cells.  A cell scraper (Corning, UK, 3010) was used to 

release cells from the substratum.  A needle (21G x 1 ½”, 0.80 x 40 mm – Braun, 

Germany) and syringe (2 ml BD Plastipak syringe – Braun, Germany) were utilised to 

homogenise the sample.  The lysate was placed into the RNeasy kit spin column and 

total RNA then extracted as per protocol.  RNA was stored at -80°C before use.  The 
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two-step qRT-PCR Bio-Rad protocol was used, following the manufacturer’s 

guidelines.  The whole procedure consists of 2 steps:  

• cDNA synthesis (reverse transcription); 

• Real-time PCR;  

cDNA was synthesised by reverse transcription from total RNA obtained from each 

passage, using iScriptTM cDNA synthesis kit (Bio-Rad, CA, 170-8891) following the 

manufacturer protocol.  A volume of 1 µl experimental RNA was mixed with 4 µl 

iScript reaction mix, 1 µl iScript reverse transcriptase and 14 µl nuclease-free water 

into 0.2 ml thin wall tubes (Bio-Rad, CA, TBC-0802) then placed into the Qiagen 

Rotor –Gene Q Pure Detection machine (Qiagen, 040906).  Cycles were set as 5 

minutes at 25 ºC, 20 minutes at 40 ºC, 5 minutes at 85 ºC and finally 1 hour at 4 ºC.  

The cDNA samples were then amplified immediately or stored at -80°C until needed.   

PCR amplification was performed using specific primer pairs for K3, K19, p63, PAX-

6 and the housekeeping gene glyceraldehyde 3-phospate dehydrogenase (GAPDH).  

Sequences are shown in Table 2.4.  A previously validated working concentration of 

70 nM was used for each of the primers.  Each primer set was optimised prior to use 

to ensure primer efficacy.  Optimisation for each primer provided linear standard 

curve values >0.98 and high amplification efficiency values >90 %, but below 105 %, 

the respective hallmark values for optimized qRT-PCR assays indicated by Bio-Rad.  

IQTM SYBR® Green Supermix (Bio-Rad, UK, 170-882) was used according to the 

manufacturer’s standard protocol.  The reaction mix consists of 12.5 µl ‘Supermix’, 1  

FWD primer, 1 µl REV primer, 8.5 µl water and 1 µl cDNA.  The reaction mix was 

loaded into tubes and placed into qRT-PCR cycler (Rotor-Gene Q Pure Detection 

machine – Qiagen, 040906).  The cycle program was set to 95 ºC for 3 minutes (initial 
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denaturation and enzyme activation), 95 ºC for 10 seconds (denaturing), 60 º C for 25 

seconds (primer annealing) and 72 ºC for 25 seconds (extension).  Denaturing, primer 

annealing and extension stages were repeated another 39 times.  Melting curves were 

generated following 40 cycles of amplification using Rotor-Gene-Q.  Pure detection 

software (2.0.2 (build 4)) was used to analyse results.  Relative expression levels were 

expressed as mean values with standard deviations.  The genes of interest were 

normalised against the expression of housekeeping gene GAPDH as an internal 

control, with quantification of gene expression accomplished using comparative 

cycle-thresholds identified as delta-Ct (∆CT).  The ∆CT values of P2 samples were 

normalised against the ∆CT value of P1 samples (∆∆CT).  Relative expression was 

then calculated (log2-∆∆CT).  Results were plotted using Sigmaplot 10.0 (Systat 

software, Inc) and statistical significance was assessed using unpaired Student’s t-test 

by Sigmastat software. Keratocytes were used as control.   
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Table 2.4 – qRT-PCR LESC marker primers 

Forward and reverse nucleotide sequences for the primers K3, K19, p63, PAX-6 and 
GAPDH.  All primers were obtained from Alta Bioscience. 

Primer Sequences Gene reference 

K3 FWD: GCAGGGCACAAGTTCCATCT NM_057088.2 

REV: TCTCTCCCCGAGGATGTTGTC 

K19 FWD: TGAGTGACATGCGAAGCCAAT NM_002276.4 

REV: ACCTCCCGGTTCAATTCTTCA 

p63 FWD: GGAGCCAGAAGAAAGGACAGCAGC NM_001114980.1 

REV: ACTTGGCGGTGCTCGACTGC 

PAX-6 FWD: AGATGAGGCTCAAATGCGAC NM_001127612.1 

REV: GTTGGTAGACCTGGTGCTG 

GAPDH FWD: TCTTTTGCGTCGCCAGCCGAG NM_002046.4 

REV: TGACCAGGCGCCCAATACGAC 

 

2.2.3 – Sub-culture and cryopreservation of LESC 

LESC cultures were passaged upon reaching 70 % to 80 % confluence.  Cultures were 

either re-seeded at 1 x 105 cells for the purpose of sub-culturing, or were suspended in 

freezing medium and cryopreserved.  Cultures were rinsed three times with HBSS, 

prior to addition of 1 ml 0.05 % trypsin EDTA (Invitrogen, UK, 25300) for 10 

minutes at 37 ºC.  At 2 minute intervals the flask was tapped to facilitate the release of 

the cells from the substratum.  Once released, cells were re-suspended in 5 ml 10 % 

FCS in DMEM.  Cells were then centrifuged for 4 minutes at 400G to remove any 

residual trypsin.  The pellet was then re-suspended in growth medium (R&G medium 

or defined medium) before being counted and re-seeded at 1 x 104 per cm2.  

Alternatively cells were suspended in freezing medium containing 80 % DMEM, 10 
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% dimethyl sulfoxide (DMSO – Sigma-Aldrich, UK, D2650) and 10 % heat 

inactivated FCS.  1 x 106 cells / ml of freezing medium were transferred into cryo-

tubes (1.8 ml – Nunc, Denmark, 368632).  These were then transferred into a freezing 

container (Nalgene, C1562) and kept at -80 ºC for 24 hours prior to liquid nitrogen 

storage.   

 

2.2.3.1 – Establishing LESC viability following cryopreservation 

Following a minimum period of cryopreservation of one month, cells were thawed in 

a water bath at 37 ºC.  Cell suspensions were then transferred into universal tubes and 

20 ml cold DMEM added, followed by centrifugation for 4 minutes at 400G.  The 

supernatant was removed and the cells gently re-suspended by addition of 20 ml 

DMEM supplemented with 10 % heat inactivated FCS.  Centrifugation was repeated 

and the pellet re-suspended in growth medium.  Post thaw, a cell count was carried 

out using the Trypan Blue viability assay (T8154, Sigma-aldrich, UK).  The Trypan 

Blue stain diffuses into permeablised non-viable cells which appear blue when 

observed by light microscopy.  Following the standard protocol, 0.5 ml of 0.4 % 

Trypan Blue solution was combined with 0.3 ml of HBSS and 0.2 ml of the cell 

suspension, and left to incubate for 5-15 minutes.  The cell suspension was then 

transferred to a haemocytometer to establish the number of live or dead cells, 

indicating the percentage viable cells post cryopreservation.   
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2.3 – Results 

2.3.1 – Identification of best practice for culturing LESC from different corneal 

storage methods 

2.3.1.1 – Initial comparison of tissue storage media for initiating cell culture 

There are currently two corneal storage methods, (i) hypothermic and (ii) organ 

culture.  Both methods are intended to preserve the integrity of the cornea for the 

purposes of keratoplasty.  In order to optimise LESC yield from donor tissue, a study 

of the most suitable storage medium from which the LESC could be isolated and 

cultured was carried out.  Both Optisol and OC medium stored tissues were 

investigated.  A total of 28 limbal tissues were used, of which 14 were stored in 

Optisol solution and 14 in OC medium.  Storage periods for the tissues ranged from 4 

days to 165 days for Optisol and 20 days to 101 days for the OC stored tissues.  All 

cultures were considered successful based on their ability to grow to 70 % to 80 % 

confluence, while displaying and maintaining epithelial cell morphology.   

Isolated cells from each rim were seeded into five 25 cm2 flasks in an attempt to 

obtain a greater number of cells per donated tissue for the purposes of 

cryopreservation than would be achievable using a 6-well plate as in the current 

technique.  Following suspension culture isolation, 50 % of cultures derived from 

Optisol stored tissues and 21 % of cultures derived from OC medium stored tissues 

reached sub-confluence (70-80 % confluent).  Unsuccessful cultures demonstrated no 

growth (29 % Optisol; 50 % OC), limited growth – did not reach sub-confluence (7 % 

Optisol; 14 % OC) or keratocyte contamination (14 % Optisol; 14 % OC).  Keratocyte 

contamination was confirmed by microscopic observation of cells with morphology 

equivalent to that of the positive control keratocyte cultures.  Donor details and 
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outcomes of primary cell cultures are shown in Table 2.5 (Optisol solution stored 

tissue) and Table 2.6 (OC stored tissues).   
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Table 2.5 – Optisol derived P1 cultures 

Details of cells isolated and cultured to P1 from donations stored in Optisol.  Cells 
were isolated using cell suspension technique and were seeded at approximately 1 x 
104 cells in a 25 cm2 culture flask and cultured for three weeks using R&G medium.  
Outcomes of P1 are classified as either successful (reaching 70 % to 80 % sub-
confluence with cobblestone morphology) or unsuccessful (resulting from no / limited 
growth or contamination by keratocytes). 

Batch Age 
(Years) 

Gender Death→retrieval 
(Hours) 

Death→culture 
(Days) 

P1 

LR1343  78  M  23  15  Contamination  

LR1354  71  F  24  7  Successful 

LR1355  71  F  24  7  Successful  

LR1417  82  M  22  50  Limited 
growth  

LR1424  82  M  22  50  No growth 

LR1430  64  M  16  20  Successful 

LR1432  72  M  14  4  Successful 

LR1439  47  F  8  23  Contamination 

LR1456  82  M  22  47  No growth 

LR1519  21  M  10  8  Successful 

LR1528  51  F  16  28  Successful 

LR1529  57  M  14  165  No growth 

LR1530  63  M  11  135  No growth 

LR1544  74  F  13  24  Successful  
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Table 2.6 – OC derived P1 cultures 

Details of cells isolated and cultured to P1 from donations stored in organ culture 
medium.  Cells were isolated using cell suspension technique and were seeded at 
approximately 1 x 104 cells in a 25 cm2 culture flask and cultured for three weeks 
using R&G medium.  Outcomes of P1 are classified as either successful (reaching 70 
% to 80 % sub-confluence with cobblestone morphology) or unsuccessful (resulting 
from no / limited growth or contamination by keratocytes). 

Batch Age 
(Years) 

Gender Death→retrieval 
(Hours) 

Death→culture 
(Days) 

P1 

LR1416 64  M  25  38  No growth 

LR1431  82  M  17  20  Contamination 

LR1450  64  F  6  42  Contamination 

LR1464  70  F  18  38  Limited 
growth 

LR1465  67  F  31  38  Successful 

LR1477  76  M  16  37  No growth 

LR1478  57  F  9  55  Limited 
growth 

LR1479  32  F  6  54  Successful  

LR1484  71  F  19  72  No growth 

LR1485  79  F  3  71  No growth 

LR1490  72  M  6  75  No growth 

LR1497  67  F  31  73  Successful 

LR1510  80  M  23  99  No growth 

LR1511  74  M  18  101  No growth  
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These results show that cells derived from donated limbal rims stored in Optisol, 

seeded into five 25 cm2 flasks, were more successful in establishing as cell cultures 

than cultures derived from OC stored tissues. 

 

2.3.1.1.1 – Comparison of donor age, tissue retrieval period and culture initiation 

period for their effect on LESC growth 

Cells in successful cultures derived from both Optisol and OC stored tissues displayed 

LESC cell morphology.  However, success rates for such cultures in the initial set of 

experiments were limited (50 % for Optisol and 21 % for OC).  Statistical analysis 

was carried out using Student’s unpaired t-test in order to identify any factors that 

may have had an effect on the success in setting up primary LESC cultures derived 

from both Optisol and OC medium stored tissues.  These factors included the donor’s 

age, period from death to tissue retrieval and period from death to the initiation of the 

culture.   

 

2.3.1.1.1.1 – Comparison of donor age, tissue retrieval period and culture 

initiation period for their effect on LESC growth for Optisol stored tissues 

Statistical analysis showed that for Optisol stored tissue, there was no statistically 

significant difference (p=0.311) between the donor ages of successful (Mean. 60.57  ± 

19.14 SD) and unsuccessful (Mean. 70.14 ± 14.39 SD) cultures.  Furthermore, there 

was no statistically significant difference (p=0.823) between the death to retrieval 

period for successful (Mean. 16.71 ± 5.38 SD) or unsuccessful (Mean. 17.43  ±6.29 

SD) cultures.  However for the period between death and initiation of culture, there 
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was a statistically significant difference (p=0.027) between successful (Mean. 14.00 ± 

9.71 SD) and unsuccessful (Mean. 69.29 ± 57.46 SD) cultures.  These findings 

indicate that a shorter time period between death and initiation of culture for Optisol 

stored tissues will increase the rate of successful cultures.   

Based on these statistics, 12 Optisol stored tissues were used to set up cultures within 

70 days post donor death using the suspension culture isolation method.  This resulted 

in an increase in successful cultures from 50 % to 75 %.  Details of the donors used in 

these experiments are shown in Table 2.7.  Successful cultures demonstrated the 

characteristic appearance of epithelial cells (Appendix III). 
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Table 2.7 – P1 cultures derived from Optisol stored tissues used within 70 days of 
death 

Details of cells isolated and cultured to P1 from donations stored in Optisol, with a 
death to culture period of ≤70 days.  Cells were isolated using cell suspension 
technique and were seeded at approximately 1 x 104 cells in a 25 cm2 culture flask and 
cultured for three weeks using R&G medium.  Outcomes of P1 are classified as either 
successful or unsuccessful (resulting from no / limited growth or contamination by 
keratocytes). 

Batch Age 
(Years) 

Gender Death→retrieval 
(Hours) 

Death→culture 
(Days) 

P1 

LR1605 64  M  21  17  Successful  

LR1606  73  M  20  29  Successful 

LR1611  87  M  17  40   Successful 

LR1614  67  M  23  43  Successful  

LR1620  46  M  23  10   Contamination 

LR1622  67  M  23  54  No growth 

LR1623  59  F  21  53  Successful 

LR1627  86  F  18  70  No growth 

LR1642  64  M  15  10  Successful 

LR1643  68  M  12  4  Successful 

LR1664  74  M  20  30   Successful 

LR1665  84  F  10  30  Successful 
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2.3.1.1.1.2 – Comparison of donor age, tissue retrieval period and culture 

initiation period for their effect on LESC growth for Organ culture stored tissues 

For OC stored tissues, there was a significant difference (p=0.038) between the donor 

ages for successful (Mean. 55.33 ±20.21 SD) and unsuccessful (Mean. 71.73 ± 7.68 

SD) cultures.  However, OC stored tissue showed no significant difference (p=0.188) 

in death to retrieval periods between successful (Mean. 22.67 ± 14.43 SD) and 

unsuccessful (Mean. 14.55 ± 7.37 SD) cultures and no significant difference 

(p=0.817) between successful (Mean. 55.00 ± 17.52 SD) and unsuccessful (Mean. 

58.91 ± 26.69 SD) cultures in terms of death to initiation of culture.  Thus the age of 

the donor is a significant factor in the establishment of successful cultures from OC 

stored tissues.  Due to shortages in tissue donation, it is not practical to avoid the use 

of a donated tissue based on this criterion.  Tissue storage in OC medium allows eye 

banks greater control over donation stock, due to its ability to provide a longer shelf 

life.  It is at present the predominantly used tissue storage media.  The results in this 

study showed a success rate of 21 % for establishing cultures from tissues stored in 

OC medium.  Additional experiments were performed to assess whether increasing 

the cell seeding density (i.e, using two 25 cm2 flasks rather than five) would result in 

an increase in the percentage of successful cultures.  Seventeen OC media stored 

tissues were isolated (suspension culture) and cultured.  The rate rose from 21 % to 

100 % success rate when cultures were initiated from OC medium stored tissues at a 

greater cell seeding density (increasing from approximately 2 x 103 cells per flask to 5 

x 103 cells per flask).  Microscopic morphological examination of confluent cultures 

confirmed epithelial morphology (Appendix IV).    
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2.3.1.1.2 – Characterisation of LESC derived from Optisol and OC stored tissues 

2.3.1.1.2.1 – Identification of LESC morphology in P1 cultures derived from 

Optisol and OC stored tissues 

Successfully established cultures were examined using inverted microscopy to assess 

if cells displayed the expected “cobblestone” morphology.  All successfully 

established cell cultures did indeed show the formation of a cohesive cobblestone 

appearance (Figure 2.2) which is characteristic of epithelial cells. 

 

Figure 2.2 – Representative light micrographs of successful OC and Optisol stored 
cultures 

Successful cultures derived from a) organ culture medium stored tissues (LR1479) 
and b) Optisol stored tissues (LR1544).  Cells were isolated using cell suspension 
technique and were seeded at approximately 1 x 104 cells in a 25 cm2 culture flask and 
cultured for three weeks using R&G medium. 

All cultures are tightly packed with cell appearance being generally uniform, giving a 
“cobblestone” appearance. 

 

Unsuccessful cultures did not reach sub-confluence and displayed limited (or in some 

cases a total lack of) growth.  Other cultures became contaminated with keratocytes. 

Examples of these are shown in Figure 2.3. 
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Figure 2.3 – Representative light micrographs of unsuccessful P1 cultures  

a) Corneal keratocyte positive control established using explant culture technique and 
cultured for 3 weeks in 10 % FCS with DMEM; b) Optisol stored tissue seeded at 1 x 
104 cells in a 25 cm2 culture flask and cultured for three weeks using R&G medium.  
Culture demonstrated contamination by keratocytes (LR1343); c) OC stored tissue 
seeded at 1 x 104 cells in a 25 cm2 culture flask and cultured for three weeks using 
R&G medium.  Culture displaying limited growth (LR1464). 

 

2.3.1.1.2.2 – Immunohistochemical staining for K3 and K19 on human cornea 

Cryo-sections of whole human corneas were stained with antibodies against K3 and 

K19, in order to identify regions of K3 and K19 expression within the human cornea. 

Figure 2.4(a) shows K3 positive staining in central regions of the cornea, with little or 

no staining in the limbal area.  This indicates that K3 is expressed in more 

differentiated cells, as the central cornea is primarily populated by differentiated / 

differentiating cells.  Conversely, K19 positive staining (Figure 2.4(b)) was observed 

in the limbal region, with progressively weaker staining towards the central cornea.  

K19 is therefore a suitable marker for limbal cells, while K3 is a marker for corneal 

epithelial cells, which do not reside in the limbus.   
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Figure 2.4 – Whole cornea immunohistochemical staining 

Cells were stained with DAPI (blue) and FITC staining (green) for a) K3 and b) K19.  Tissue sections were observed using fluorescence 
microscopy at 519 nm (FITC) and 452 nm (DAPI).  Specific regions of the cornea are indicated by the white arrows (towards central cornea and 
limbal region).  K3 expression was present in cells located away from the limbal region, while K19 expression was present in cells found in the 
limbal region.     

Towards central cornea 

Towards central cornea 

Limbal region 

Limbal region 

a) 

b) 
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2.3.1.1.2.3 – Immunocytochemical staining for the identification of putative 

LESC markers in P1 cultures 

Successful cultures (from both storage media) were examined for putative LESC 

markers K3, K19 and p63, to assess the phenotype of the cells present in culture.  As 

there is no single definitive LESC marker, a range of putative markers in line with 

those detailed in the literature were used.  Positive staining for all tested markers were 

seen in the primary LESC cultures, isolated from both Optisol (Figure 2.5) and OC 

medium (Figure 2.6).   
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Figure 2.5 – Immunocytochemical staining of P1 culture from Optisol stored tissue 

Cells were isolated using cell suspension technique and cultured on glass coverslips 
for 3 weeks using R&G medium.  Cells were stained with DAPI (blue) and FITC 
(green) for K3 (cytoplasmic), K19 (cytoplasmic) and p63 (nuclear).  
Immunocytochemical staining was observed using fluorescence microscopy at 519 
nm (FITC) and 452 nm (DAPI).  Positive staining for all three markers, K3, K19 and 
p63, can be observed, suggesting that there is a mixed population of corneal cells. 
(LR1544).   
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Figure 2.6 – Immunocytochemical staining of P1 culture from OC stored tissue 

Cells were isolated using cell suspension technique and cultured on glass coverslips 
for 3 weeks using R&G medium.  Cells were stained with DAPI (blue) and FITC 
(green) for K3 (cytoplasmic), K19 (cytoplasmic) and p63 (nuclear).  
Immunocytochemical staining was observed using fluorescence microscopy at 519 
nm (FITC) and 452 nm (DAPI).  Positive staining for all three markers, K3, K19 and 
p63, can be observed, suggesting that there is a mixed population of corneal cells. 
(LR1497).   

 

The images in Figures 2.5 and 2.6 show that the cultures stain positively for markers 

K3, K19 and p63.  The presence of positive staining for all three markers indicates the 

presence of a mixed population of cells, some of a basal LESC phenotype and some 

of a differentiated central corneal epithelial cell type.  The presence of K19 and p63 

positive staining suggests that the isolation and culture techniques used supports the 

expansion and maintenance of LESC.  Keratocytes used as a control (shown in Figure 

2.7) displayed staining for K3, but little to no staining for K19 and p63.  Negative 
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immunostaining controls can be found in Appendix I.  Additional representative 

images can be found in Appendix V. 

 

Figure 2.7 – Immunocytochemical staining of keratocytes 

Cells were isolated using explant technique and cultured on glass coverslips for 3 
weeks using 10 % FCS and DMEM.  Cells were stained with DAPI (blue) and FITC 
(green) for K3 (cytoplasmic), K19 (cytoplasmic) and p63 (nuclear).  
Immunocytochemical staining was observed using fluorescence microscopy at 519 
nm (FITC) and 452 nm (DAPI).  Strong K3 staining was observed, but little to no 
staining for K19 or p63.  (LR2362). 
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Additional staining of cells with phalloidin allowed the observation of actin filaments 

and hence the overall cell structure.  Successful cultures showed uniformly sized cells 

forming tightly packed morphology, as can be seen in Figure 2.8.   

 

Figure 2.8 – Successful P1 culture observed using phalloidin stain 

Cells from OC stored tissue were isolated using cell suspension technique and were 
cultured on glass coverslips for three weeks using R&G medium.  Successful P1 
culture (LR2240 – OC) stained with DAPI (blue)b and phalloidin (red; to show actin 
filaments).  Immunocytochemical staining was observed using fluorescence 
microscopy at 520 nm (Phalloidin) and 452 nm (DAPI).  Cells were tightly packed, 
and displayed “cobblestone” morphology.  No difference was noted between OC 
tissues and Optisol tissues.  Image shows (i) dual staining; (ii) phalloidin only; (iii) 
DAPI only. 

 

Additional staining of keratocytes with phalloidin was used as a control to compare 

with epithelial cell cultures.  The elongated keratocyte cell structure can be seen in 

Figure 2.9.   
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Figure 2.9 – Keratocytes stained using phalloidin 

Cells isolated using explant technique and were cultured on glass coverslips for three 
weeks using 10 % FCS and DMEM.  Keratocyte control was stained with DAPI 
(blue) and phalloidin (red; to show actin filaments).  Immunocytochemical staining 
was observed using fluorescence microscopy at 520 nm (Phalloidin) and 452 nm 
(DAPI).  Image shows keratocyte positive control showing (i) dual staining; (ii) 
phalloidin only; (iii) DAPI only. 

 

These results indicate that tissue storage methods (i.e. Optisol or OC medium) have 

no effect on the phenotypic characteristics of successful isolated cultures, as the 

staining in cells isolated from both Optisol and OC tissues was comparable.  Both cell 

cultures demonstrate the maintenance of epithelial cell morphology as well as the 

putative LESC markers.   

 

2.3.2 – Investigation into the possibility of sub-culturing LESC to increase yield 

Following the successful initiation of cell cultures, the possibility of sub-culturing 

cells was assessed.  This would allow for increased numbers of cells available for 

transplant from each donated tissue.   
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2.3.2.1 – Characterisation of LESC following sub-culturing 

2.3.2.1.1 – Identification of LESC morphology following sub-culturing 

To assess if primary LESC cultures can be sub-cultured, nine successful primary 

cultures (P1) from each storage media were used to expand into P2.  

Successful P1 cultures displayed a tightly packed “cobblestone” arrangement (Figure 

2.2).  In comparison P2 cultures derived from Optisol stored tissues were observed to 

lack the ability to form a cohesive cobblestone arrangement, instead displaying a less 

compact formation (Figure 2.10 (a)).  This may be due to increased cell 

differentiation, or an inability to form desmosomal junctions [158].  Alternatively, 

cultures failed to grow sufficiently to reach confluence (Figure 2.10 (b)) showing very 

limited growth.  In some cases contamination with keratocytes was clearly visible 

(Figure 2.10 (c)).   
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As observed with cultures derived from Optisol stored tissues, P2 cultures derived 

from OC stored tissues displayed poor growth (Figure 2.11 (a)) or corneal keratocyte 

contamination (Figure 2.11 (b)).   

Figure 2.10 – Light micrographs showing Optisol P2 cell morphology 

P1 cells were seeded at 2.5 x 105 cells in a 25 cm2 culture flask and cultured for three 
weeks using R&G medium.  Cultures demonstrated a) Non-confluent cell sheet 
(LR1642); b) Limited growth (LR1665); c) Keratocyte contamination (LR1643). 
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Figure 2.11 – Light micrographs showing OC P2 cell morphology  

P1 cells were seeded at 2.5 x 105 cells in a 25 cm2 culture flask and cultured for three 
weeks using R&G medium.  Cultures demonstrated a) Limited growth (LR2233); b) 
Keratocyte contamination (LR2237). 

 

These results demonstrate that using the currently employed culture methods, it was 

not possible to successfully sub-culture P1 cultures derived either from Optisol or OC 

storage media.   

 

2.3.2.1.2 – Comparison of gene expression of putative LESC markers by qRT-

PCR between P1 and sub-cultures 

Quantitative real-time PCR was used to assess whether expression of genes 

characteristic of the LESC phenotype (K3, K19, p63 and PAX-6) was maintained by 

the LESC cultures between P1 and P2.  This allowed observation of up-regulation and 

down-regulation of gene expression and maintenance of LESC phenotype following 

expansion (P1 to P2) of three cultures (LR2238, LR2239 and LR2240).  A corneal 

keratocyte culture was set up as a negative control. 
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Genes of interest were quantified by using comparative cycle thresholds (∆CT) 

normalised to the housekeeping gene GAPDH. The ∆CT values of P2 were further 

normalised against the ∆CT value of the P1 culture (∆∆CT) to allow for comparison 

between P1 and P2 cultures, and relative expression calculated as described in Section 

2.2.2.4.  Raw data is shown in Appendix VI.  Graphs were produced showing fold 

change difference of expression of each gene of interest compared to expression at P1 

(Figure 2.12) and statistical analysis carried out using unpaired Student’s t-test.  All 

genes were expressed at significantly lower levels (p<0.001) in P2 cultures compared 

to P1 cultures.  The loss of LESC gene expression is indicative of a lack of successful 

growth in the P2 cultures. 
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Figure 2.12 – Relative gene expression of K3, K19, p63 and PAX-6 from P1 to P2 in 
LESC cultures using qRT-PCR  

Cells were isolated from OC stored tissue using cell suspension technique and were 
seeded at approximately 1 x 104 cells in a 25 cm2 culture flask and cultured for three 
weeks using R&G medium.  Comparative cycle thresholds (∆CT) were normalised to 
the housekeeping gene GAPDH.  The ∆CT values of P2 were further normalised 
against the ∆CT value of the P1 culture (∆∆CT) to allow for comparison of 
expression of the K3, K19, p63 and PAX-6 genes between P1 and P2 cultures.  
Statistical analysis (t-test) shows a significant difference (p<0.001) for all markers 
(n=3). 

 

In summary, the use of the LESC culture protocols used at Queen Victoria Hospital 

for the purpose of expanding LESC for clinical application to patients was not 

suitable for sub-culturing.  Cultures displayed a clear lack of growth (Figures 2.10 and 

2.11), loss of LESC characteristics and down regulation of gene expression of LESC 

phenotype markers (Figure 2.12).  
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2.3.2.2 – The use of CnT-20 as an alternative culture medium 

The inability to sub-culture LESC using R&G medium prompted further investigation 

into utilising an alternative media.  Three OC stored tissues (LR001, LR004 and 

LR006) were isolated using suspension methods and cultured in CnT-20 medium, 

which promotes the growth of epithelial cells in a chemically defined, feeder-free 

environment.  Only one culture was successfully established, reaching sub-confluence 

and demonstrating epithelial cell morphology.  This is shown in Figure 2.13. 

 

Figure 2.13 – Light micrograph showing a P1 culture derived from CnT-20 medium  

(LR006).  

Cells were isolated from OC stored tissue using cell suspension technique and were 
seeded at approximately 1 x 104 cells in a 25 cm2 culture flask and cultured for three 
weeks using CnT-20 medium.  Following 3 weeks of culture, the cells were unable to 
form a cohesive cell culture. 

 

Cells which were successfully grown in CnT-20 medium grew as loose clusters of 

cells and did not display the characteristic “cobblestone” morphology observed in 

R&G medium.  Such appearance is known to be characteristic of epithelial cells 

grown in defined, feeder-free media systems [159].  In current clinical practice at 

Queen Victoria Hospital, LESC are transplanted to the patient’s eye as whole cell 
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sheets.  The loose cell arrangement observed after expansion in CnT-20 media does 

not allow for confluent cell sheets to form.  Furthermore, cells grown in Cnt-20 

medium required four weeks to achieve sub-confluence, while cells grown in R&G 

medium require only 2-3 weeks, indicating significantly slower growth rates in 

defined media.  Cells from the successful P1 culture were passaged to assess if sub-

culture was possible.  The P2 culture demonstrated limited growth and an inability to 

proliferate further.  This can be seen in Figure 2.14. 

 

Figure 2.14 – Light micrograph showing a P2 culture derived from CnT-20  

(LR006).   

P1 cells derived from CnT-20 medium cultures were seeded at 2.5 x 105 cells in a 25 
cm2 culture flask and cultured for three weeks using CnT-20 medium.  Cultures 
demonstrated limited growth. 

 

Based on these findings, the use of CnT-20 defined media was deemed unsuitable for 

LESC cultures for clinical application. 

 



75 

 

2.3.3 – Investigation into the possibility of cryopreserving LESC for the purpose 

of establishing a cell bank  

The ability to cryopreserve LESC would allow greater flexibility in the treatment of 

LSCD patients.  Cryopreservation was assessed by measurement of post-thaw cell 

viability and of subsequent ability to be sub-cultured. 

 

2.3.3.1 – Establishing LESC viability following cryopreservation 

Successful P1 cultures (LR2238, LR2239 and LR2240) were cryopreserved for a 

minimum period of one month.  Cell suspensions were then removed from 

cryostorage and thawed for re-seeding.  Based on the trypan blue cell viability assay, 

an average of 72 % +/- 1.53 % (n=3) of cells remained viable following the 

cryopreservation process.  The remaining cells classed as non-viable were considered 

to be damaged during the freeze / thaw process.  These results showed that LESC 

could be cryopreserved and cells remained viable during the freeze / thaw process.  

This indicates that it may be possible to establish frozen cell stocks in a cell bank. 

 

2.3.3.2 – Identification of LESC morphology following cryopreservation 

Thawed cells were then re-seeded as post-cryopreservation secondary passage (FP2).  

FP2 cultures were set up using both Optisol and OC media stored tissues.  However 

both storage media displayed significantly altered morphology and demonstrated poor 

growth following four weeks of culture (Figure 2.15). 
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Despite the possibility of establishing a frozen stock of LESC obtained from P1, it 

was not possible to re-establish the LESC culture using the R&G medium / feeder 

layer culture method as cultures displayed poor growth.  As an alternative, 

cryopreserved LESC obtained directly from the limbal ring (P0) were investigated.  

 

Figure 2.15 – Light micrograph showing post cryopreserved culture (FP2) cell 
morphology  

P1 cells were cryopreserved for one month and then thawed (FP2).  Cells were 
seeded at 2.5 x 105 cells in a 25 cm2 culture flask and cultured for three weeks using 
R&G medium.  Cultures demonstrated limited growth and lack of cohesion between 
cells a) LR1605; b) LR1611; c) LR1614. 



77 

 

2.3.3.3 – Investigation of sub-culturing cryopreserved cells freshly isolated from 

limbal tissues (P0) 

The feasibility of cryopreserving cells immediately after isolation, prior to expansion 

in culture, was assessed.  Following suspension culture isolation, the cells were 

cryopreserved in liquid nitrogen for a minimum of one month.  Cells were then 

thawed and viability was assessed using trypan blue.  Results showed that 74 % +/- 

4.51 % (n=3) of cells remained viable after 1 month cryopreservation.  These were 

seeded and cultured using R&G media and 3T3 feeder cells.  However, after four 

weeks, all cultures displayed poor growth and none were able to reach sub-

confluence. 

Based on these findings, it was not possible to establish LESC cultures from a frozen 

stock of cells cryopreserved immediately following isolation from tissue. 
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2.4 – Discussion 

At present, eye banks in the UK utilise two different methods of storing donated 

corneal tissue for transplantation, Optisol and OC medium.  The first part of the study 

was conducted to assess the successful growth rate of primary cell cultures of LESC 

extracted from donated limbal rings.  The success rates of culturing LESC were 

compared between cells from Optisol and OC stored tissues.  Factors which may have 

affected the success rates were also explored, such as the age of donor, period from 

death to tissue retrieval and period from death to the culture initiation.  Initial findings 

demonstrated that utilising established protocols, 50 % of primary cultures from 

Optisol stored tissues were able to reach sub-confluence, while only 21 % of primary 

cultures derived from OC medium stored tissues were able to reach sub-confluence.  

Underlying factors, which may have affected the successful culture rate, were 

assessed for statistical significance using Sigmastat software (unpaired Student’s t-

test).  For Optisol stored tissues, the period between donor death to culture initiation 

had a significant impact on successful growth of cultures (p=0.027).  The results 

showed that using Optisol stored tissues sooner after donor death increased culture 

success rate.  It was demonstrated that using Optisol stored tissues no more than 70 

days post death, improved the success rate of establishing sub-confluent cultures from 

50 % to 75 %.  For tissue stored in OC medium, the success rate of establishing 

primary cultures was only 21 %.  It can be speculated that the reduced success of the 

OC stored tissues could be the result of the process of corneal cell swelling and 

contraction during storage [130, 136], which may result in cell damage.  In this study, 

donor age was the only significant factor, which influenced successful establishment 

of cultures.  This is supported by findings in a study by James, et al. [79].  The data 

indicates that tissue from younger donors yield more successful culture rates from OC 
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stored tissues and may contribute to improved clinical outcome.  However, with the 

current limitations on donor numbers, the addition of age as a selection criterion 

would lead to a further reduction in tissue availability, and thus further reduction in 

treatment options for patients.  Additional experimental work carried out in this study 

demonstrated that by increasing the seeding cell density during primary culture set up, 

the rate of successful initiation of culture increased from 21 % to 100 %.  All 

successful primary cell cultures, from both Optisol and OC medium tissues displayed 

characteristic epithelial morphology, detailed in previous studies as the recognised 

limbal epithelial cell morphology (i.e. a tightly packed “cobblestone” appearance) as 

shown in Figure 2.2.   

The LESC phenotype of cells expanded in both Optisol and OC media was further 

assessed using immunocytochemistry.  A range of markers was used as there is 

currently no single putative marker for LESC [24].  Successful P1cultures showed 

positive staining for all of the employed markers, including K3 (Figures 2.5 and 2.6).  

K3 is known as a marker for differentiated corneal epithelial cells.  Therefore, the 

presence of all three markers in the primary cultures indicates a mixed population of 

cells.  However, there appeared to be visibly fewer K3 positive cells identified in 

culture, compared to K19 (a basal cell marker) and p63 (a stem cell marker) positive 

cells indicating that more cells in the cultures were of a basal origin.  This data 

indicates that the cell culture method employed in the study was sufficient to maintain 

LESC; regardless of the tissue storage method (i.e. the isolation and culture 

techniques employed in this study are equally compatible with both Optisol and OC 

medium stored tissues).  Although a combination of LESC markers was employed to 

determine the cell phenotype present in the cultures, LESC numbers could not be 

quantified.  This is due to stratification of epithelial cells grown in R&G which makes 
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it difficult to quantify the number of stem cells within a culture by 

immunocytochemical assessment of the cell phenotype.  Accurate determination of 

the stem cell fraction within the culture may be achieved by the use of flow 

cytometry.  However, this method requires a significant number of cells 

(approximately 1 x 106), which are beyond the numbers achieved in LESC culture.   

One of the aims of this study was to assess the feasibility of sub-culturing LESC, 

potentially increasing the number of grafts that can be made available from a single 

donor tissue.  However, sub-cultured (P2) LESC demonstrated limited growth, 

keratocyte contamination and lacked the ability to form a cohesive cobblestone 

arrangement as shown in Figures 2.10 and 2.11.  Gene expression was assessed in 

order to compare the cell phenotype prior to and after sub-culturing.  Although this 

does not provide a true quantification of stem cell numbers in the culture, it does 

indicate changes in phenotype pre- and post- sub-culturing across the entire 

population of the culture.  Statistical analysis (unpaired t-test) of gene expression 

indicated that there was a significant decrease in K3, K19 and p63 in P2 cultures 

compared with P1cultures (Figure 2.12).  The decrease in all LESC markers supports 

the findings that sub-culturing was not possible. 

The ability to successfully cryopreserve cultured cells would greatly improve the 

availability of cells for clinical application to patient’s eyes.  This study demonstrated 

that 72 % of cultured cells remained viable following one month of cryopreservation.  

This finding was initially promising; however, post-thaw cultures (FP2) displayed 

poor growth (Figure 2.15) which may be due to the limbal cell response to ex vivo 

environmental conditions.  For example, cells from P1 were removed from culture 

surfaces using trypsin.  It may be that this process has damaged the stem cell fraction.  
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Reducing / damaging the number of stem cells in culture would thus inhibit the 

proliferative capacity of the culture.  It may be that successful sub-culturing will 

require modifications to the sub-culturing process or the subsequent growth 

conditions (e.g. medium used).  In an attempt to try and enhance cell culture growth 

and improve the chances of expansion, a defined medium system was assessed (CnT-

20 medium).  Vasania, et al. [85] showed successful expansion of cells using this 

culture media.  Lu, et al. also demonstrated multiple successful passages of LESC 

using CnT-20 [127].  Both groups utilised the explant isolation technique, culturing 

on Matrigel pre- coated 6-well plates, which may enhance the culture of LESC by 

providing an artificial ECM.  However, the explant technique has been shown by 

others to result in loss of proliferative potential [138], hence may contain fewer LESC 

in the P1 culture.  Conversely, it has been shown that cultures established using the 

suspension culture technique contain a larger fraction of LESC [132, 139, 140].  It 

was noted that Lu, et al. cultured and passaged LESC in a 6 well plate [127].  This 

would not produce sufficient numbers of cells for successful cell banking based on 

standard cryopreservation protocols employed at Queen Victoria Hospital, which 

require a minimum of one million cells per cryopreserved stock vial.  In this study, 

using CnT-20 in a 25 cm2 flask, only one in three cultures were successfully 

established (Figure 2.13), and the cells displayed altered morphology similar to the 

epidermal keratinocytes in defined media [159].  Reports have shown that explant 

LESC cultures display a loose formation compared to those developed using 

suspension cultures.  This may be due to the migration of cells from the explant 

resulting in changes to cell adhesion proteins.  When applied clinically in LSCD 

patients, the loosely packed cultures demonstrated subsequent conjunctival invasion 

[132].  The suspected lack of desmosomal junctions observed in the CnT-20 culture 
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may therefore present similar undesirable results should it be applied clinically.  Sub-

culturing cells which were successfully established in CnT-20 was not possible.  

Another strategy attempted was the establishment of a culture using LESC frozen 

immediately after isolation from tissue.  However post-cryopreservation, the cells 

were unable to grow to sub-confluence. 

In conclusion the results of this study showed that both Optisol and OC medium 

stored tissues are able to produce sub-confluent cultures displaying the characteristic 

LESC phenotype when combined with the cell suspension isolation and R&G culture 

techniques.  Additionally, there was no correlation between the tissue storage methods 

and the ability to sub-culture the cells.  Both storage methods are intended for the 

preservation of the integrity of the cornea [98].  These results further suggest that both 

methods of storage also provide adequate protection for stem cells within the limbal 

region.  OC medium is currently the more widely used storage media in UK eye 

banks.  This is due to the greater shelf life of donated tissues in OC medium (up to 28 

days compared to 14 days for Optisol).  Therefore the use of OC medium allows for 

greater flexibility and more control in the storage and usage of donated tissues.  As 

OC medium stored tissues are more prevalent in use by UK eye banks and can be 

utilised to set up primary cultures with 100 % success rate, it was decided that future 

experiments would be conducted on cells isolated from OC stored tissue.  

Investigations were carried out into sub-culture and cryopreservation of cells to 

determine the feasibility of setting up a stem cell bank.  Sub-cultures and cultures 

established from cryopreserved cells were not successful using current clinical culture 

protocols.   
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This study has shown that approximately four million cells can be expanded from a 

single limbal rim donation.  In theory, this would be sufficient to allow for 

cryopreservation.  The ability to use cryopreserved cells to initiate cultures for the 

treatment of LSCD would allow greater flexibility for treating LSCD patients, since 

they would not need to wait for donated tissues.  The findings demonstrate that it is 

possible to expand enough cells to allow for cryopreservation and that post-freezing 

the cells maintain a viability of 72 %.  Although these results indicate that a cell 

banking system may be possible, the current culture practices used clinically do not 

support subsequent successful cell growth.   

Further work would need to be carried out in order to determine a way to establish 

sub-cultures and cultures initiated with cryopreserved cells.  This could be 

accomplished by investigating alternative culture methods, such as different culture 

media.  Another issue that would need to be rectified is keratocyte contamination.  

Although the isolation technique was largely successful, and best efforts are put into 

place to try to ensure only epithelial cells are removed, there is a chance that some 

keratocytes are isolated too.  This is due to the fact that these cells are located in close 

proximity in the tissue and is a common drawback when using the suspension culture 

isolation technique [100].  As such, a technique such as flow cytometry could be used 

to separate the two types of cell, ensuring the purity of the cultures seeded.  However, 

the number of cells initially isolated from tissue is very small so that the use of a cell 

sorting flow cytometer may not be technically feasible.   

An additional immediate concern with current clinical procedures is the transfer of the 

graft to the recipient eye.  Current protocols use the proteolytic enzyme dispase to 

detach confluent LESC sheets from the culture material prior to use.  LESC sheets are 
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very fragile, and thus the use of a carrier such as amniotic membrane can decrease the 

risk of graft disintegration.  Amniotic membrane is widely used.  However, the risks 

surrounding the use of biological materials, as well as limited donor numbers and 

limited amniotic membrane availability, indicate the need for an alternative delivery 

method.  Furthermore, current practice at Queen Victoria Hospital uses sutures to hold 

amniotic membrane grafts in place.  Such sutures can damage surrounding tissues 

(e.g. sclera) and have been associated with post operative inflammation, pain, 

discomfort and epiphora [160].  Developing a way of delivering the cells to the 

patient, providing the benefits of amniotic membrane, while avoiding drawbacks, may 

significantly improve the safety and efficacy of the transplantation process by 

decreasing graft fragility and damage to the patient’s eye during surgery.   
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Chapter 3  – The development of an IL-1 receptor antagonist amnion bio-mimic 

to manage corneal inflammation 

3.1 – Introduction 

The corneal epithelial layer, like other external barriers, protects underlying layers 

from microbial pathogens [161].  The cells of the epithelial layer are tightly packed 

together, which allows them to act as a protective barrier against external agents [11], 

such as debris and bacteria.  Excessive exposure to bacterial surface proteins such as 

lipopolysaccharide (LPS) or peptidoglycan (PGN), as well as loss of or insult to the 

corneal epithelium, have been shown to stimulate an immune response in corneal 

epithelial cells [161, 162]. 

 

3.1.1 – The corneal wound healing response 

Damage to the epithelium invariably leads to an inflammatory wound healing 

response which is designed to maintain the integrity of the eye following physical 

damage [42].  Minor injury to the cornea is resolved through increased proliferation of 

corneal epithelial cells [25], as well as an increase in the proliferation and 

differentiation of LESC [163].  In addition, several anti-angiogenic factors (including 

angiostatin) are produced by corneal epithelial cells [164].  This ensures the 

maintenance of corneal clarity, by preventing the surrounding blood vessels located in 

the conjunctiva from infiltrating the cornea.  However, wound healing is a complex 

process involving a number of different cell types, factors and mediators.  The 

involvement of each of these participants varies depending on the severity of the 

injury.  Acute inflammation occurs following trauma and is characterised by an initial 

infiltration of neutrophils to the area of tissue damage.  Failure to resolve the 
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traumatic injury leads to persisting numbers of immune cells, and a change in the 

leukocyte infiltrate population to macrophages and lymphocytes.  This indicates 

chronic inflammation which may persist for extended periods of time if left untreated 

[165]. 

 

3.1.1.1 – The role of cytokines in corneal wound healing 

Communication between cells involved in the wound healing process is instigated by 

the release of cytokines [166].  Cytokines are a family of low molecular weight 

regulatory proteins that can be secreted from a variety of cells.  Their main function is 

to act as a messenger between cells in order to initiate specific biological responses.  

The role of cytokines is complex, and therefore, most cytokines cannot be labelled 

simply as pro- or anti-inflammatory stimulators.  Indeed, their actions rely heavily on 

their interactions with each other, and other stimuli from the specific cell type 

involved.  Cytokine interaction is likely to occur as part of a complex cascade, with 

one cytokine controlling the regulation of others.  It is thought that some cytokines act 

agonistically, while others are antagonistic [43].  Cytokine activity has been closely 

linked to a wide range of chronic inflammatory disorders [166], such as those seen in 

patients with LSCD.   

 

3.1.1.1.1 – The role and function of IL-1  

Interleukin 1 (IL-1) is predominantly an early response pro-inflammatory cytokine.  

However, it also plays a role in chronic inflammation [166].  IL-1 is able to exert its 

influence by stimulating cells into releasing other chemicals such as histamines [166], 
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chemoattractants such as monocyte chemoattractant protein-1 (MCP-1) [167] or other 

cytokines, such as interleukin 6 (IL-6) and interleukin 8 (IL-8) [168, 169].  As well as 

inflammation, IL-1 has been shown to induce angiogenesis [170].  The work of  

BenEzra, et al. demonstrated this when they observed an induction of angiogenesis in 

corneal models using IL-1β [171].   

There are three IL-1 isoforms.  Two of these isoforms, denoted as alpha (IL-1α) and 

beta (IL-1β), function as agonists.  Both alpha and beta forms play a role in 

inflammation.  IL-1α acting as a local mediator, whilst IL-1β has a more systemic role 

[172].    IL-1 signalling is achieved through the binding of IL-1α / β to the IL-1 

receptor (IL-1r).  Following binding of IL-1 to the IL-1r, a signalling cascade is 

initiated, which causes modulation of other cytokines, mediators and a range of 

biological processes [173].    However, there are two forms of IL-1r; type one (IL-1rI) 

and type two (IL-1rII).  The type one receptor is expressed as a membrane bound 

receptor primarily on fibroblasts and allows for transmission of the IL-1 signal.  The 

type two receptor however functions as a decoy.  This form of the receptor may be 

membrane bound or soluble and is able to compete with IL-1rI for binding of IL-1, 

but does not allow signal transmission [174, 175].  As such, the type two receptor 

counteracts IL-1 activity.   

The third IL-1 isoform, IL-1 receptor antagonist (IL-1ra), is a naturally occurring 

antagonist of IL-1α / β.  The IL-1ra molecule is able to modulate the function of IL-1α 

/ β by acting as an inhibitor through competitive binding to IL-1r, resulting in an 

antagonistic effect on downstream signalling [176].   
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3.1.1.1.2 – The role and function of IL-8 and IL-6 

Similarly to IL-1, IL-8 has been shown to be involved in both acute and chronic 

inflammation [177].  It is released by corneal cells only in response to inflammatory 

stimuli including LPS [178, 179] and IL-1β [180].  IL-8 has been shown to activate 

leukocytes and recruit to the sites of inflammation [181].  It is one of the main 

chemoattractants of neutrophils [182], a leukocyte predominantly found in acute 

inflammation which eliminates potential infectious agents such as bacteria [183].  

Neutrophils express two different IL-8 receptors on their surface which facilitate their 

recruitment [184].  IL-8 is also known to recruit macrophages, which remove necrotic 

tissues and debris through endocytosis [185] and which are associated with chronic 

inflammation.   

Neovascularisation and inflammation have been shown to be co-dependent, with a 

number of inflammatory factors directly or indirectly promoting angiogenesis [170].  

IL-8 plays a role in both inflammation and angiogenesis [28, 170, 186].  Furthermore, 

the neutrophils which are recruited through IL-8 signalling are also thought to be able 

to promote angiogenesis through the secretion of angiogenic factors such as vascular 

endothelial growth factor (VEGF) [185, 187].  The development of new blood vessels 

during wound healing allows for provision of nutrients to support tissue repair, as well 

as facilitating the access of leukocytes to and from the wound site [188].  In normal 

wound healing, the extent of angiogenesis regresses during the remodelling phase as 

the extent of new blood vessel growth is no longer required.  This is accomplished by 

down-regulation of pro-angiogenic factors and an up-regulation in angiostatic factors. 

[185].  However, in the event that wound healing does not resolve such as in LSCD, 

angiogenesis persists and the blood vessels remain in place. 
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IL-6 is another pro-inflammatory cytokine important in corneal wound healing and 

inflammation [189].  It has been shown to be produced by a wide range of different 

cells, including fibroblasts, in response to a number of different inflammatory stimuli 

[190].  IL-6 has also been linked to acute and chronic inflammatory states [166] and 

angiogenesis.  Interestingly, IL-6 has been shown to play a dual role in inflammation.  

During acute inflammation, it is known to initially stimulate the acute phase response 

[191].  Subsequently, IL-6 is also able to inhibit production of IL-1 and tumour 

necrosis factor (TNF) [192].  Despite this anti-inflammatory function, IL-6 is also 

critical to the progression of inflammation from the acute to chronic phase.  IL-6 is 

able to recruit and activate leukocytes characteristic of chronic inflammation; 

monocytes and lymphocytes [165, 193].  It is able to do this by stimulating 

endothelial cells to release MCP-1.  IL-6 signalling requires two proteins; a specific 

binding receptor (IL-6Rα) and a signal transducing protein (gp130).  To function, IL-6 

binds to IL-6Rα, and this complex then binds to gp130 to transmit downstream 

signalling [189].  In humans, gp130 is present on the surface of endothelial cells, 

while IL-6Rα is only expressed by hepatocytes and leukocytes.  However a soluble 

form of the receptor is shed by neutrophils in the acute leukocyte infiltrate, allowing 

the signalling to occur, resulting in the release of MCP-1 and subsequent recruitment 

of chronic inflammatory leukocytes [194, 195].  
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3.1.2 – The treatment of LSCD and graft survival 

The central corneal epithelial cells possess a limited capacity to repair damage 

following minor injury.  LESC therefore have an increasingly important role in the 

repair of the epithelium, especially if the insult to the epithelium is extensive [25].  

LSCD can occur as a result of a number of different conditions resulting in the partial 

or total loss of LESC [151].  These conditions result in extensive damage to the 

corneal epithelium and surrounding tissues.  Severe injury, characterised by damage 

to the limbus, is accompanied by loss of LESC.  Normal wound healing in such cases 

cannot occur due to lack of LESC [38].  LESC as well as corneal epithelial cells 

express anti-inflammatory and anti-angiogenic factors, in addition to their roles in the 

maintenance of tissue integrity [164, 196].  Insult which leads to the loss or 

dysfunction of LESC can therefore result in the cornea losing its ability to maintain an 

avascular environment [196].  In such cases, the normal corneal epithelium is replaced 

with the phenotypically different, conjunctival epithelium, along with its underlying 

blood vessels which normally surround the cornea and limbus.   This conjunctival 

invasion and vascularisation of the cornea leads to opacity and blindness. 

Early treatments for ocular surface disorders such as LSCD were designed to manage 

the associated symptoms [95].   Such treatments included the use of anti-

inflammatory drugs, pain killers and autologous serum eye drops [68].  Penetrating 

keratoplasty alone is not sufficient to restore vision, as the cells in the corneal graft 

possess limited regenerative capacity.  The use of LESC grafts has become a key 

treatment of LSCD and has been shown to be beneficial for symptom management as 

well as restoring the healthy cornea [72].  However, the success of the graft relies on a 

variety of factors, including the LESC cultivation method, the underlying disorder 
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giving rise to LSCD, transfer methods of the graft to the patient, the pre-operative 

condition of the ocular surface and any post-operative treatment regimens [95, 197].   

In transplantation surgeries including those with LESC, rejection can occur as a result 

of a number of challenges related to the graft itself and the site of implantation.  

Transplantation of LESC faces the same challenges.  Acute rejection is linked to 

elevated numbers of leukocytes at the site [198], indicating a link between 

inflammation and graft rejection.  Patients with LSCD often present chronic stromal 

inflammation, with increased leukocyte numbers recruited to the cornea.  It has been 

suggested that the close proximity of the vascular conjunctiva to the cornea facilitates 

leukocyte recruitment, which has been linked to an increased risk of graft rejection 

[67].  Indeed, leukocyte infiltration of the cornea is commonly seen in allograft 

rejection [181].  As a result of this, it is recommended that any inflammation present 

in the eye prior to surgery be controlled.  Immunosuppression following the procedure 

is also essential to minimise the risk of rejection.  Studies of LESC allografts using rat 

models showed that without immunosuppression, surrounding blood vessels extend 

rapidly and persist at the peripheral cornea.  Results showed that graft rejection 

occurred in 80 % of subjects as a result of increased stromal oedema and 

inflammation.  Immunosuppression was subsequently shown to alleviate graft 

rejection [17].  Reports in humans patients showed that extensive systemic 

immunosuppression can prevent the rejection of the donated limbal stem cells, with 

evidence of donor cells surviving up to 3.5 years post allograft [199].   

The use of adequate immunosuppression to improve graft survival is key to a 

successful clinical outcome.  This is currently accomplished through the use of topical 

steroids or other non-steroidal drugs [170], angiostatic drugs [200] and other modes of 
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immunosuppression [29, 201], though these have the potential to cause undesirable 

effects [82].    

 

3.1.2.1 – Controlling corneal inflammation using anti-inflammatory agents 

Use of anti-inflammatory and angiostatic agents reduces corneal inflammation and  

neovascularisation associated with conditions such as LSCD [170].  These types of 

therapies in combination with the application of cultured LESC grafts may thus 

improve LSCD by minimising neovascularisation and rapidly returning the cornea to 

a normal state.  A range of pharmaceuticals for the reduction of both inflammation 

and angiogenesis are licensed.  Steroid based drugs are widely used in managing 

ophthalmological inflammation, as they have been shown to be more effective than 

NSAIDs [202].  However, it remains unclear whether all steroids are able to act in 

both anti-inflammatory and anti-angiogenic capacities [203].  Furthermore, studies 

have shown that certain steroids, such as corticosteroids, can impede wound healing 

[204].  Barba, et al. reported that topical steroids utilised to control inflammation 

following cataract surgery in cats actually increased the time it took for wounds to 

heal [87].  Similar findings have been reported in canines [88].  Furthermore, steroids 

are commonly associated with a variety of ophthalmological side effects, such as 

increased intra-ocular pressure associated with glaucoma and the development of 

cataracts [89, 90].  An alternative to the use of steroids could be NSAIDs.  These have 

been shown to reduce angiogenesis in gastric ulcer patients [205] and are frequently 

used in cataract surgery.  However, side effects such as corneal melting caused by 

toxicity to the cornea have been reported [91].  It is clear that the current anti-

inflammatory pharmaceuticals present several drawbacks.  Thus the development of a 
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new means of managing corneal inflammation is required in order to avoid such 

detrimental side effects.  

 

3.1.2.2 – The use of amniotic membrane in controlling corneal inflammation 

The amniotic membrane is found in the inner most portion of the placenta.  It consists 

of an epithelial layer, stroma and a thick basement membrane [206, 207].  Amniotic 

membrane has been used in the treatment of ocular surface conditions, without the 

inclusion of cell cultures [207, 208].  This is due to the anti-inflammatory properties 

of the amnion [209].  The epithelial cells of the amniotic membrane have been shown 

to express IL-1ra [210] while corneal epithelial cells cultured on amniotic membrane 

have been demonstrated to produce reduced quantities of IL-1 [211].  The exact 

mechanism of how the amnion exerts its anti-inflammatory effect remains unknown.  

However, the potent anti-inflammatory properties of the amniotic membrane make it 

very useful in the treatment of ocular disorders.  As a result, amniotic membrane is 

widely used as a dressing or bandage for the wound site.  There are, however, 

drawbacks with the use of amniotic membrane.  Amniotic membrane is a biological 

material and despite strict control in tissue banking practices, a small risk of viral 

pathogen transmission remains [103, 212].  For example, reports have shown that 

tissues which have tested negative at the time of donation have been the source of 

transmission of hepatitis C [213].  Amnion availability is subject to donor numbers 

and inter-donor variation in tissue quality may further affect the performance of the 

tissue.  Conflicting practices in amniotic membrane storage, preparation and LESC 

culture conditions could also lead to variability in the performance of amnion, hence 

affecting clinical outcomes [214-217].  The application of amniotic membrane also 
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requires the use of a fixative.  This may be in the form of sutures or fibrin glue.  

Sutures are time consuming and are associated with post operative infection, irritation, 

scarring and potential graft loss [95, 96].  Fibrin glue degrades more quickly than 

amniotic membrane and thus may not provide sufficient time for the graft to become 

incorporated.  A further possible complication observed with the use of amnion is the 

possibility of corneal calcification.  This has been linked to the use of amniotic 

membrane in conjunction with particular types of eye drops post surgery, resulting in 

the development of insoluble deposits and subsequent corneal clouding.  Such cases 

then require further corrective surgery [218, 219].     

The drawbacks of using licensed anti-inflammatory pharmaceuticals and amniotic 

membrane to manage inflammation during LSCD treatments are clear.  This study 

will therefore explore the development of an alternative approach to manage 

inflammation. 

 

3.1.2.3 – Potential use of IL-1ra for controlling corneal inflammation 

IL-1 plays a major role in the initial inflammatory response in the cornea following 

penetrating epithelial injury [28].  Persistent levels of IL-1 are however associated 

with progression to chronic inflammation.  IL-1ra is a naturally occurring isoform of 

IL-1, which functions as a competitive inhibitor to IL-1α / β, inhibiting pro-

inflammatory signalling [176].  Amniotic membrane is associated with reducing IL-1 

production and hence inflammation, possibly by expression of IL-1ra by amniotic 

epithelial cells [94, 210].  Investigations have been made into the over-expression of 

IL-1ra production in corneal models.  Yuan, et al. utilised a non-viral vector to 

transfect stromal cells with an IL-1ra expressing plasmid in rat models.  Their 
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findings showed that the introduction of the IL-1ra expressing gene correlated with a 

reduction of inflammatory response which significantly slowed the onset of rejection 

[220].  However, it has been reported that such non-viral vector methods of gene 

delivery are less efficient than viral vectors, although these carry their own associated 

hazards, such as non-specific chromosome integration and limited tissue specificity 

[221].  Recombinant IL-1ra, sold under the trade name Kineret®, has been used 

clinically to treat rheumatoid arthritis, effectively reducing inflammation [222].  

Experimentally, topical administration of recombinant IL-1ra has been demonstrated 

to inhibit IL-1 and suppress inflammatory responses in an experimental murine cornea 

model following trauma and corneal transplantation [223].  However, the costs 

associated with the production of recombinant proteins are high [224].  Therefore, the 

development of a synthetic peptide with the same functionality may provide a cheaper 

alternative. 

Recent years have seen an increase in interest in peptide based pharmaceuticals [225].  

Among the advantages of using peptides over recombinant proteins is that peptides 

can penetrate tissues more easily due to their smaller size, are less immunogenic [226] 

and incur lower manufacturing costs [92].  Peptides are readily broken down into 

amino acids, limiting risks associated with drug build up and retention.  The advent of 

improved peptide synthesis technologies, such as solid phase peptide synthesis 

(SPPS) [227] has given rise to a great improvement in peptide production.  SPPS 

offers greater product purity and improved productivity [228].  Thus a multitude of 

peptide based pharmaceuticals are available on the market for a variety of 

applications, including hypertension (Sarenin®) and type 2 diabetes (Victoza®) [92].  

These pharmaceuticals function either antagonistically or agonistically, inhibiting or 

stimulating specific biological functions in the body [229]. 
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Work by Yanofsky, et al. [230] and Vigers, et al. [231] identified short sequences of 

IL-1ra as putative binding motifs for IL-1r.  A short peptide which contains the 

binding motif of IL-1ra thus would competitively bind to IL-1r, reducing binding of 

IL-1 and subsequent pro-inflammatory signalling.  A clear advantage of such a short 

peptide is its cost effectiveness over a full-length recombinant protein.  This study 

proposes the use of an IL-1ra peptide analogue for the management of inflammation 

in LSCD.  This may further reduce graft rejection and improve clinical outcomes for 

patients. 

 

3.1.2.4 – Carriers for LESC to enhance graft handling and survival 

Current techniques employed in the transplantation of cultured LESC sheets for the 

treatment of LSCD have demonstrated good outcomes.  However, issues remain 

regarding the fragility of LESC sheets and the subsequent handling problems which 

therefore arise during surgery.  Since the first success of Pellegrini, et al. [3], a 

number of groups have reported modifications to culture and transplantation 

techniques.  One such modification involves culturing LESC on a substrate.  In 

addition to being used as a substrate, carrier membranes have been investigated as 

potential delivery systems to facilitate transplantation.  When considering the 

development of a transplantation carrier for limbal stem cell sheets, it is imperative 

that the characteristics of the substrate should be considered.  There are several 

desirable properties of a suitable carrier material, including appropriate mechanical / 

tensile strength, physical flexibility and biocompatibility [215].  Other features that 

should be considered are biodegradability, antimicrobial properties, optical 

transparency and gas permeability.   
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The material most commonly investigated as a suitable surrogate basement membrane 

for the cells has been amniotic membrane [130, 136, 232].  In addition to its anti-

inflammatory properties, studies have shown that numerous growth factors, such as 

EGF, HGF and KGF are present in the amniotic membrane stroma [233].  

Furthermore, the components of the basement membrane of the amnion, such as 

collagen IV, collagen VII and laminins, are similar to those found in the basement 

membrane of the corneal limbus [234].  The use of amniotic membrane for the culture 

and transfer of LESC onto the damaged cornea has become widespread clinical 

practice [130, 136, 232].  Cultured LESC on amniotic membrane have shown positive 

results, displaying re-epithelialisation in LSCD animal models [135, 235, 236].  

Schwab, et al. [140], Shimazaki, et al. [137] and Tsai, et al. [130] have demonstrated 

the use of ex vivo LESC cultures, obtained from either contra-lateral or related living 

sources, on amniotic membrane applied to the cornea.  All three groups showed 

success in culturing the LESC on amnion, however clinical outcome was varied.  

Some patients demonstrated improved vision and were able to maintain a re-

epithelialised corneal surface.  However, conjunctival invasion or relapse of LSCD 

occurred in other patients.   Meanwhile, Swaby, et al. [237] compared the growth rate 

of explant limbal cell cultures on a human amniotic membrane with growth on tissue 

culture plastic coated with laminin, hyaluronic acid, collagen I, collagen IV and 

fibronectin.  The studies showed that the cells grew at a greater rate on amniotic 

membrane than on coated tissue culture plastic.  This may be due to the fact that 

amnion provides a microenvironment which is more akin to the LESC niche [234].   

Due to the problems encountered with the use of amniotic membrane (as discussed in 

Section 3.1.2.2), a number of studies have reported the development of alternative 

suitable carrier materials.  These include fibrin matrices, Mebiol gel polymers, 
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recombinant human cross-linked collagen scaffolds, collagen gel, keratin film, silk 

fibroin and temperature-responsive polymers [124, 238-245].  However, none of these 

materials have been widely used in clinical settings, thus clinical outcomes remain 

unknown.  The use of a material that is already licensed for clinical ophthalmic use 

would be ideal for investigation as a substrate for LESC.  This study therefore 

proposed to investigate the suitability of contact lenses for this purpose.  Previous 

work has demonstrated that LESC may be cultured on contact lens surfaces [103, 

246].  However, this study intends to build on the current knowledge by combining 

the use of a contact lens with an IL-1ra peptide to function as a bio-mimic of amniotic 

membrane.       

 

3.1.4 – Aims 

This chapter aims to address the following: 

1. Synthesis and characterisation of an IL-1 receptor antagonist peptide and use 

of an inflammatory model to assess the influence of the peptide on LESC and 

keratocyte response to inflammatory stimulus.  Chronic stromal inflammation 

is a sign presented by patients with LSCD and must be managed before and 

after transplantation to limit graft rejection.  Current therapies are marred by 

side effects and other associated risks.  This will be addressed by synthesis of 

an IL-1ra analogue peptide and assessment of its potential role in managing 

corneal inflammation.   

2. Development of an in vitro cell model of inflammation utilising bacterial LPS 

and the cytokine IL-1 to induce inflammation in LESC and keratocytes for use 

in the assessment of a novel anti-inflammatory peptide. 
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3. Assessment of the feasibility of combining the peptide with a contact lens 

carrier to mimic the anti-inflammatory properties of amniotic membrane.  

LESC grafts are very fragile.  Currently, amniotic membrane is the most 

commonly used carrier.  However, there are concerns linked to the use of 

amnion.  A contact lens licensed for clinical use will be considered as a LESC 

graft carrier.  The lens will be used in conjunction with the IL-1ra analogue 

peptide.  This novel combination may mimic the anti-inflammatory / structural 

properties of amniotic membrane. 



100 

 

3.2 – Materials and methods 

3.2.1 – Peptide synthesis and characterisation 

3.2.1.1 – Solid phase peptide synthesis of IL-1ra analogue sequence 

The peptide sequence chosen for this investigation was an IL-1ra analogue sequence 

identified by Yanofsky, et al. [230] and Vigers, et al. [231].  The amino acid sequence 

shown in Figure 3.1 was selected due to the high binding efficiency demonstrated by 

the peptide [230].  
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NH2-ETPFTWEESNAYYWQPYALPL-COOH 

 

Figure 3.1 – Peptide structure amino acid sequence – ETPFTWEESNAYYWQPYALPL 

The amino acid sequence (ETPFTWEESNAYYWQPYALPL) selected for use as an IL-1r 

antagonist.  The NCBI reference number is AF10847. 
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The peptide primary structure was produced using solid phase peptide synthesis and 

standardised protocols established by Professor Matteo Santin’s group at the 

University of Brighton.  During this process, the amino acid chain is built onto a resin 

support matrix via a Rink Amide-Linker.  The complete peptide is then cleaved from 

the resin. 

A total of 500 mg TentaGel S NH2 resin beads (Iris Biotech GMBH, S-30902) were 

placed into a plastic syringe, before adding 5 ml of dimethylformadine (DMF – Sigma 

Aldrich, D4551) for 15 minutes to swell the resin beads.  The DMF was subsequently 

removed from the syringe.  The beads were rinsed with 5 ml DMF twice more.  A 

mass equivalent to 0.4 mmol of each amino acid is required to form the peptide 

primary structure.  Therefore 0.22 g of Fmoc-Rink Amide-Linker (Iris Biotech 

GMBH, RL-1027) was bound to the resin.  The Rink Amide-Linker was added to a 

solution of 5 ml DMF and 140 µl of N-Ethyldiisopropylamine (DIPEA – Sigma 

Aldrich, 03439) and 0.4 mmol equivalent (0.15 g) HBTU (Novabiochem®, 851006).  

The amino acid solution was added to the resin beads for 30 minutes to allow amino 

acid coupling, before removing the remaining liquid.  This stage was then repeated 

(for each amino acid) to ensure that amino acid coupling was successful.  Note that 

each amino acid used incorporated 9-Fluorenylmethyl carbamate (Fmoc) protecting 

groups to protect amine functional groups and to prevent incorrect coupling from 

occurring.  Following coupling, the resin / amino acid complex was rinsed with 5 ml 

DMF five times, followed by three washes of 2 minute duration with 20 % piperidine 

(Sigma Aldrich, 411027) to remove the Fmoc cap.  A further five DMF washes were 

completed in order to prevent the further de-protection of Fmoc protecting groups.  

Once the coupling of each amino acid was complete, the process was repeated 

corresponding to the subsequent amino acid in the chain (as shown in Figure 3.1).  
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The details for the amino acids used in the preparation of the full peptide molecule are 

given in Table 3.1.  

Table 3.1 – Amino acids for peptide synthesis 

Amino acids required for synthesis of the peptide molecule.  Peptides were obtained 
from * Iris Biotech GMBH and ** Novabiochem®. 

Amino acid Molecular 
weight 

0.4 mmol 
equivalent mass 
(g) 

Product 
number 

Rink Amide-Linker 539.58 0.22  * RL-1027 

HBTU 379.25 0.15  ** 851006 

Fmoc-L-Pro-OH (P-proline) 337.4 0.13  * FAA1810 

Fmoc-L-Glu-OH (E-glutamic acid) 369.37 0.15  * FAA1375 

Fmoc-Leu-OH (L-leucine) 353.41 0.14  ** 852011 

Fmoc-Ala-OH (A-alanine) 311.33 0.12  ** 852003 

Fmoc-Tyr-OH (Y-tyrosine) 403.43 0.16  ** 852051 

Fmoc-Gln-OH (Q-glutamine) 368.38 0.15  ** 852205 

Fmoc-Trp-OH (W-tryptophan) 426.46 0.17  ** 852207 

Fmoc-Asn-OH (N-asparagine) 354.37 0.14  ** 852203 

Fmoc-Ser-OH (S-serine) 327.33 0.13  ** 852028 

Fmoc-Thr-OH (T-threonine) 341.36 0.14  ** 852030 

Fmoc-Phe-OH (F-phenylalanine) 387.43 0.15  ** 852016 

 

Once all of the amino acids were coupled and the peptide molecule completed, it was 

cleaved from the resin support using the following procedure.  The resin / peptide 

complex was washed for 2 minutes with 20 % piperidine 5 times.  To fully remove all 

traces of piperidine, the complex was washed 8 times in succession with DMF, 

followed by 8 washes with dichloromethane (Sigma Aldrich, 270997), 8 washes with 

methanol (Sigma Aldrich, 494437) and 8 washes with diethyl ether (Sigma Aldrich, 
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309966).  The resin / peptide complex was then allowed to dry for 30 minutes at 40 ºC 

in a vacuum oven.  Once dried, 200 mg of the resin / peptide complex was added to a 

cleavage solution containing 4.4 ml trifluoroacetic acid (Sigma Aldrich,), 0.25 ml 

triisopropylsilane (Sigma Aldrich, 233781), 0.25 ml phenol (Sigma Aldrich, P1037) 

and 0.1 ml distilled water.  This was left for 3 hours before the mixture was passed 

through a 9” glass Pasteur pipette containing glass wool (Sigma Aldrich, 18421) to 

filter out the detached resin.  The cleaved peptide was collected in a universal tube 

containing 10 ml cold diethyl ether.  The universal was centrifuged for 5 minutes at 

3500G and the supernatant removed.  The pellet was subsequently re-suspended in 20 

ml diethyl ether and centrifuged a further three times.  Following the last wash, the 

supernatant was removed and the peptide pellet was dried for 30 minutes at 40 ºC in a 

vacuum oven.  Once dry the peptide was stored in a tightly sealed universal tube at 4 

ºC. 

 

3.2.1.2 – Analysis of the synthesised IL-1ra analogue sequence 

In order to analyse the purity of the peptide, 1 mg peptide was re-suspended in 500 µl 

methanol.  This was analysed by mass spectroscopy (MS), high performance liquid 

chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS), to 

determine peptide purity.   

 

3.2.1.2.1 – Mass spectroscopy of the synthesised IL-1ra analogue sequence 

Mass spectroscopy was carried out using the Time-Of-Flight spectrometer (Bruker 

MicroTOF Daltonics) to observe the molecular weight of the products of peptide 
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synthesis.  The working parameters were: spray voltage -4.5 kV, end point offset -500 

V, nebulizer gas 0.4 bar, dry gas 4.0 l / minutes and dry temperature 180 ºC.  The full 

scan was performed to measure the mass to charge ratio (m/z) from 50 m/z to 3000 

m/z. 

 

3.2.1.2.2 – High performance liquid chromatography of the synthesised IL-1ra 

analogue sequence 

HPLC (Perkin Elmer Series 200k) was carried out to establish the purity of the 

product of peptide synthesis.  A C18 column (Phenomenex Jupiter) was utilised as the 

stationary phase, while the mobile phase used HPLC grade water (Sigma Aldrich, 

95304) and HPLC grade acetonitrile (Fisher Scientific, A9981).  The program settings 

for the HPLC are shown in Table 3.2.  

Table 3.2 – HPLC mobile phase settings 

Programme settings for HPLC showing flow rate and relative composition of the 
mobile phase. 

Step Time 
(minutes) 

Flow (ml / 
minutes) 

Water (%) Acetonitrile (%) 

0 0.1 0.8 95 5 

1 15.0 0.8 30 70 

2 15.0 0.8 30 70 

3 5.0 0.8 0 100 

4 2.0 0.8 95 5 

 

 



106 

 

3.2.1.2.3 – Liquid chromatography / mass spectrometry of the synthesised IL-1ra 

analogue sequence 

A combination LC-MS (LC: Agilent Technologies, 1200 Series; MS: HCT plus, 

Bruker Daltonics) was used in order to verify the findings of each direct investigation 

used.  A C18 (Ascentis® Express Guard) column was utilised as the stationary phase.  

Mobile phase settings are shown in Table 3.3.  The mass spectroscopy working 

parameters were identical to those shown in Section 3.2.1.2.1.   

Table 3.3 – LC mobile phase settings 

Programme settings for LC showing flow rate and relative composition of mobile 
phase. 

Step Time 
(minutes) 

Flow (ml / 
minutes) 

Water (%) Acetonitrile (%) 

0 0.1 0.8 95 5 

1 10.0 0.8 30 70 

2 10.0 0.8 30 70 

3 5.0 0.8 0 100 

4 2.0 0.8 95 5 

 

3.2.2 – Assessing the potential cytotoxicity of the synthesised IL-1ra analogue 

and LPS using MTS and LDH assays   

Toxicity tests were completed using the CytoTox 96® non-radioactive cytotoxicity 

assay (LDH assay – Promega, G1780)  and the CellTiter 96® AQueous one solution cell 

proliferation assay (MTS assay – Promega, G3580).  The CytoTox 96® is a 

colorimetric cytotoxicity assay that measures lactate dehydrogenase (LDH).  LDH is a 

cytoplasmic enzyme and is used to catalyse the conversion of lactate to pyruvate in 

metabolically active cells.  This enzyme escapes upon cell lysis and can then be used 
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as part of a 2 step reaction to produce a colour change by adding the reaction substrate 

to the lysed cells.   The final product of the second reaction (converting tetrazolium 

salt (INT) into formazan) produces a red colour product which can be used as a 

measure of relative cell death.   

NAD
+
 + Lactate →→→→ Pyruvate + NADH 

NADH + INT →→→→ NAD
+
 + Formazan 

The CellTiter 96® assay is used to determine the number of viable cells by measuring 

the relative colour change brought about by the reduction of 3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) 

to formazan.  This conversion of MTS to formazan is carried out by NADP / NADPH 

produced by metabolically active cells.   

 

3.2.2.1 – Cytotoxicity study using the LDH assay 

96 well plates were set up as shown in Figure 3.2, and the assay completed following 

the manufacturers protocol.  All wells contained 100 µl medium (DMEM with 10 % 

FCS) along with the optimal number of cells (based on optimisation of LDH assay as 

shown in Appendix XII).  The exceptions were the wells in row H, which contained 

medium only, to be used as a medium blank.  These were incubated for 6 hours to 

allow cells to attach.  Following incubation, the medium was replaced with non-serum 

medium (DMEM only) along with the addition of the treatment under investigation; 

either peptide, LPS (LPS from Serratia marcescens, L6136, Sigma-Aldrich) or a 

combination of both peptide and LPS.  Each column was treated with a different 

concentration of peptide / LPS.  The range of peptide concentration was 0 µg / ml to 
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1000 µg / ml, while LPS was tested with a range of 0 µg / ml to 200 µg / ml.  In both 

cases Triton X (X100, Sigma-Aldrich) was used as a control.   

 

Figure 3.2 – LDH assay 96 well plate format 

Plate schematic diagram shows how the LDH assay was set up for the assessment of 
peptide / LPS toxicity.  Wells in each column contained the optimal number of cells in 
100 µl of medium.  Each column was treated with different concentrations of peptide / 
LPS following incubation.  Cells in wells E-G in each treatment were lysed using 
lysis buffer.  Row H functioned as a medium blank.  

 

Treated cells were then incubated for a 24 hour period.  Following incubation, 3 wells 

from each treatment group (wells E-G in each column) were lysed using 10 µl of the 

provided lysis solution for 45 minutes.  After lysis, 12 ml of assay buffer was 

combined with the substrate mix (provided with assay). Each well of a clean 96 well 

plate had 50 µl of this mixture added.  From the original cell treatment wells, 50 µl of 

supernatant from each well was transferred to the buffer / substrate mix on the new 

plate, before being covered in foil and incubated at room temperature for 30 minutes 

to allow the reactions to take place.  The reaction was then stopped using 50 µl of the 
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provided stop solution.  The plate was then read at 490 nm using an ASYS UVH 340 

plate reader.  Absorbance values for wells in each treatment group were recorded.  

Averages were calculated for lysed and non-lysed cells for each treatment.  This 

allowed an absorbance relative to the total cell number to be calculated using the 

following equation:  

((Non-lysed (experiment) – medium) / (Lysed (total cell number) – medium)) x 100 

Mean and standard deviations from each test (n=3) were calculated and appropriate 

graphs plotted using Sigmaplot.  Statistical analysis (1-way ANOVA) was carried out 

using Sigmastat. 

 

3.2.2.2 – Cytotoxicity study using the MTS assay 

96 well plates were set up as shown in Figure 3.3, and the assay completed following 

the manufacturers protocol.  Wells in each treatment group were set up to contain 100 

µl of medium (DMEM with 10 % FCS) along with the optimal number of cells 

(40,000, based on optimisation of MTS assay as shown in Appendix XIII).  

Additionally, 3 wells (indicated as H9-H11 as an exemplar in Figure 3.3) would also 

contain medium only, to be used as a medium blank.  These were incubated for 6 

hours to allow cells to attach.  Following incubation, the medium was replaced with 

non-serum medium (DMEM only) along with the addition of the treatment under 

investigation (either peptide, LPS or a combination of both peptide and LPS).  Each 

group was treated with a different concentration of peptide / LPS.  The range of 

peptide concentration was 0 µg / ml to 1000 µg / ml, while LPS was tested with a 

range of 0 µg / ml to 200 µg /ml and incubated for a further 24 hours.  In both cases 

Triton X was used as a control. 
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Figure 3.3 – MTS assay 96 well plate format 

Plate schematic diagram shows how the MTS assay was set up for the assessment of 
peptide / LPS toxicity.  Wells in each group contained the optimal number of cells in 
100 µl of medium.  Each column was treated with different concentrations of peptide / 
LPS following incubation.  One group contained no cells to act as a medium blank. 

 

Following the 24 hours incubation period, 20 µl of MTS reagent was added to each 

well and incubated for another 2 hours at 37˚C to allow the MTS reaction to take 

place.  The plate was then read at 490 nm using the ASYS UVH 340 plate reader.  

Absorbance readings for each treatment group were recorded.  Mean and standard 

deviations (n=3) were calculated.  Appropriate graphs were plotted using Sigmaplot, 

while statistical analysis (1-way ANOVA) was completed using Sigmastat. 
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3.2.3 – In vitro modelling of inflammation using LPS or IL-1β stimulation 

3.2.3.1 – Measurement of IL-8, IL-6 and IL-1β production by corneal cells 

following stimulation with LPS / IL-1β using ELISA  

An ELISA was utilised to measure the concentration of cytokines IL-8 (eBioscience, 

88-8086), IL-6 (BD Biosciences, 555220) and IL-1β (eBioscience, 88-7010) secreted 

by cells in response to LPS and / or IL-1β stimulation.  

  

3.2.3.1.1 – Measurement of IL-8, IL-6 and IL-1β production by keratocytes 

following stimulation with LPS / IL-1β using ELISA 

Keratocytes were seeded into a 96 well plate at a seeding density of 2 x 104 cells in 

100 µl of medium.  Cells were cultured for 6 hours prior to treatment.  Following the 

6 hour incubation, medium was replaced with a range of concentrations of LPS / IL-

1β with or without peptide in serum free medium.  Additionally, 1 % triton-X, LPS / 

IL-1β only and medium only groups were used as controls.  The treated cells were 

subsequently incubated for further 24 hours.  All treated media was then collected and 

stored at -80 ˚C until the time of the ELISA assay. 

 

3.2.3.1.2 – Measurement of IL-8, IL-6 and IL-1β production by LESC following 

stimulation with LPS / IL-1β using ELISA 

LESC freshly isolated from donor tissue were seeded directly into 24 well culture 

plates.  Cells were cultured for approximately 3 weeks until cells reached 70 % to 80 

% confluence.  Once sub-confluent, medium was replaced with a treatment of LPS 

(0.02 µg / ml) or IL-1β (1 nM) with and without peptide with the concentration of 1 
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mg / ml in serum free medium.  Additionally, 1 % triton-X, LPS / IL-1β only and 

medium only groups were used as controls.  The treated cells were subsequently 

incubated for a further 24 hours.  All treated media was then collected and stored at -

80˚C until the time of the ELISA assay. 

 

3.2.3.1.3 – ELISA standard protocol for the detection of IL-8, IL-6 and IL-1β 

Assays were carried out to ascertain the concentrations of each cytokine using 

commercial ELISA kits, following the respective manufacturer protocols.  For this 

purpose, 96 well ELISA plates (Corning Costar, 9018) were utilised.  Each well on 

the plate was coated with 100 µl of capture antibody in coating buffer.  Subsequently, 

the plate was sealed and incubated overnight at 4 ºC.  Post incubation, plate wells 

were washed using washing buffer, then assay diluents were added and the plate 

incubated at room temperature for one hour.  Standards for each cytokine were 

prepared in accordance with given protocols.  Top concentrations for each cytokine 

(IL-8, 250 pg / ml; IL-6, 300 pg / ml; IL-1β, 500 pg / ml) underwent 2-fold serial 

dilutions in order to generate the standard curve for each cytokine. Test samples were 

also diluted with assay diluents (IL-8 / IL-6, 1:300; IL-1β, 1:10).  At this point, 100 µl 

of diluted experimental test sample or cytokine standard was placed into the 

appropriate plate well, before the plate was sealed and incubated at room temperature 

for 3 hours.  The plate set up is shown in Figure 3.4.   
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Figure 3.4 – ELISA 96 well plate format 

Plate schematic diagram demonstrates how the ELISA plate was set up.  Prepared 
standards were placed in columns 1 and 2.  Test samples were diluted as appropriate 
and placed into 3 wells (as shown).  Three wells were reserved to act as a medium 
blank (shown as H9 – H11). 

 

Following incubation, the plate was washed with washing buffer five times and 100 µl 

of detection antibody was added to each well.  The plate was resealed and incubated 

for a further hour.  The five wash stages were repeated before adding 100 µl of 

Avidin-HRP to each well for 30 minutes.  The five washes were repeated once again 

before the addition of 100 µl substrate solution to each well for 15 minutes.  50 µl 1M 

phosphoric acid stop solution (Sigma Aldrich, 79606) was added to each well to stop 

the reaction.  The absorbance was then read at 450 nm using the ASYS UVH 340 
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plate reader.  Test concentrations were determined from the standard curve (Appendix 

VII, VIII and IX; IL-8, IL-6 and IL-1β respectively).  Average concentrations for each 

sample were calculated.  Graphs were plotted using Sigmaplot and statistical analysis 

(1-way ANOVA) completed using Sigmastat. 

 

3.2.3.2 – Measurement of IL-1β gene expression by LPS stimulated keratocytes 

using qRT-PCR following the addition of the IL-1ra analogue peptide 

LPS stimulation did not result in measurable IL-1β cytokine release.  To investigate 

this further, gene expression of IL-1β was examined following LPS stimulation and 

peptide treatment.  Keratocytes from three independent primary cultures were placed 

into the wells of a 24 well plate at 5 x 104 cells in 300 µl per well.  Cells were then 

cultured for 6 hours prior to treatment.  Following incubation, the medium was 

replaced with serum free medium with or without treatments (i.e. medium only, 0.02 

µg / ml LPS, and 0.02 µg / ml LPS plus 1 mg / ml peptide).  The plate was 

subsequently incubated for a further 24 hours.  qRT-PCR was used to assess 

expression of IL-1β using isoform specific primer sets.  The primers chosen were 

based on the work of Solomon, et al. [211].  The primer details are shown in Table 

3.4.  All RNA extraction and qRT-PCR reactions were performed as detailed in 

Section 2.2.2.4. 
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Table 3.4 – qRT-PCR IL-1 primers 

The table shows the forward and reverse nucleotide sequences for the primers used for 
IL-1β and GAPDH.  All primers were obtained from Alta Bioscience. 

Primer Sequences Gene Reference 

IL-1β FWD: 
GCTACGAATCTCCGACCACCACTACAGC 

NM_000576.2 

REV: CTTATCATCTTTCAACACGCAGGACAGG 

GAPDH FWD: TCTTTTGCGTCGCCAGCCGAG NM_002046.4 

REV: TGACCAGGCGCCCAATACGAC 

 

3.2.4 – Immunocytochemical staining for TLR4 in corneal cells 

The toll like receptor 4 (TLR4) is a receptor involved in the response of cells to LPS 

[247].  There have been conflicting reports on the effect of LPS stimulation on LESC.  

Work by Ueta, et al. used primary cultures, cell lines and corneal tissues to show that 

TLR4 is located intracellularly in corneal epithelial cells, therefore postulating that 

LPS cannot stimulate an inflammatory response in these cells [248].   

TLR4 was observed in LESC and keratocytes using immunocytochemical staining.  

Cells were isolated as detailed in Section 2.2.1.2 and cultured on 13 mm diameter 

cover slips for immunocytochemical staining using primary antibodies against TLR4 

(Anti-TLR4, mouse monoclonal antibody, ab22048, Abcam, UK) diluted 1:50 in 

PGAS.  Immunocytochemical fixing and staining protocols are detailed in Section 

2.2.2.3. 
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3.2.5 – Functionalisation of the contact lens for peptide binding 

Contact lenses provided by Bausch & Lomb (PureVision (balafilcon A)) were utilised 

as a carrier / delivery material for both the peptide and LESC.  The lenses were 

modified to create an appropriate functional group on the surface.  Though no details 

of the chemistry of the contact lenses was made available, manufacturer chemists 

advised that the material is a silicon hydrogel, the surface chemistry of which is 

comparable to that of glass.   

  

3.2.5.1 – Modification of the contact lens surface for peptide binding 

The contact lens surface was modified to provide amine (NH2) groups on the surface 

of each lens.  20 % 3-aminopropyltriethoxysilane (APTES – Thermo Scientific, 

80370) was prepared using toluene (Sigma Aldrich, 650579).  Contact lenses were 

submerged in the 20 % APTES for 15 minutes.  Post incubation, the lens was washed 

with toluene and methanol before being allowed to dry prior to use or quantification 

testing. 

To quantify the number of NH2 groups present on the functionalised contact lens 

surface, methyl orange assay was used (Sigma Aldrich, 114510).  A standard curve 

was prepared using varying concentrations of methyl orange, ranging from 0 µM to 

476 µM, diluted with methanol (concentrations based on the optimisation of the 

assay).  Samples for each concentration of 100 µl were placed into a 96 well plate and 

read at 490 nm using the ASYS UVH 340 plate reader.  Data was plotted as a 

standard curve using Sigmaplot software (Appendix X). 
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Lenses to be assessed by methyl orange were placed in a 24 well plate.  A total of 500 

µl of methyl orange at a concentration of 476 µM was added to the lens and incubated 

for 2 hours.  Following this, the lens was washed with 10 mM of sodium phosphate 

(Sigma, S3139).  Once dry, the lens was then submerged in 500 µl of ethanol to 

remove the methyl orange bound to the lens.  From this, 100 µl was removed and 

added to a clean 96 well plate and absorbance read at 490 nm using the ASYS UVH 

340 plate reader.  The methyl orange binds to NH2 groups in a 1:1 ratio [249].  

Therefore the concentration of methyl orange is proportional to the concentration of 

amine groups.  The concentrations were determined by comparison to the standard 

curve.  Non-treated lenses were utilised as controls (n=3).    

 

3.2.5.2 – Peptide binding to the modified contact lens surface 

The carboxyl groups of the peptide were cross-linked to the amine groups on the 

surface of contact lens by the use of two chemicals; N-hydroxysuccinimide (NHS – 

Aldrich, 130672) and 1-ethyl-3-(3’-dimethylaminopropyl)carbodiimide (EDC – 

Novabiochem, 851007).  This was carried out using the Thermo Scientific protocol 

for the use of both NHS and EDC.  Working concentrations of 5 mM of NHS and 2 

mM of EDC were prepared by dilution in 4-morpholinoethanesulfonic acid (MES – 

Acros Organics, 172591000) buffer.  The MES buffer consists of 0.1 M of MES and 

0.3 M of NaCl (Sigma-Aldrich, S7653), adjusted to pH 7.  Two peptide 

concentrations of 1 mg and 2 mg were tested.  The peptide was mixed in 1 ml EDC / 

NHS buffer and incubated for 15 minutes at room temperature, then added to the 

modified contact lens and incubated for 2 hours at room temperature, to allow for the 

reaction to take place between the peptide and the contact lens surface.  The lens was 
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then washed with PBS and sterilised with UV light.  Treated lenses were either tested 

or used for culturing cells. 

The bicinchroninic acid (BCA– Sigma Aldrich, B9643) assay was used to determine 

the quantity of peptide that had been successfully attached to the contact lens surface.  

BCA and copper (II) sulphate solution (Sigma-Aldrich, C2284) was mixed in a ratio 

of 50:1.  This solution was added to concentrations of peptide ranging from 0 mg / ml 

to 1 mg / ml.  Of these, 200 µl from each was placed into a 96 well plate and the 

absorbance read at 562 nm using the ASYS UVH 340 plate reader.  A standard curve 

was plotted using Sigmaplot (Appendix XI). 

Peptide conjugated contact lenses were submerged in 300 µl of 50:1 BCA / copper 

(II) sulphate solution.  This was left to incubate at 37 ºC for 45 minutes.  

Subsequently, 200 µl of the solution was transferred to a clean 96 well plate and 

absorbance read at 562 nm using the ASYS UVH 340 plate reader.  Concentrations of 

the peptide were established by comparison with the standard curve.  Non-treated 

lenses were utilised as controls (n=3). 

 

3.2.6 – Assessment of the peptide-conjugated contact lens as an all-in-one graft  

3.2.6.1 – Characterisation of LESC on the peptide-conjugated contact lens 

Following binding of the peptide to the contact lens, further assessment by 

immunocytochemical staining of putative LESC markers was performed to confirm 

that cultured cells maintained their LESC phenotype following growth on the peptide 

coated contact lens.  Cells were isolated from 3 donor tissues (as detailed in Section 

2.2.1.2).  Cells were then cultured on the peptide coated contact lens carrier using 



119 

 

R&G medium with a 3T3 feeder layer until the cells reached 50 % confluence.  The 

feeder cells and culture medium were replaced every 2 to 3 days until this point.  

From 50 % confluence only culture medium was replaced until the cells reached 70 % 

to 80 % confluence, at which point no 3T3 feeder cells remained in culture.  The 

phenotype of the cultured cells was confirmed using immunocytochemical staining 

for K3, K19 and p63.   Phalloidin antibody was used to observe cell structure.   

Immunocytochemical staining methods are detailed as in Section 2.2.2.3.  Negative 

controls are shown in Appendix I. 

 

3.2.6.2 - Functional assessment of the peptide-conjugated contact lens 

LESC were cultured on the modified and peptide-conjugated lenses in order to 

determine peptide function as an inhibitor of IL-1. 

Corneal epithelial cells freshly obtained and isolated from 3 donor tissues and were 

seeded directly onto the contact lenses.  Cells were cultured for approximately 3 

weeks to ensure 70-80 % confluence was reached prior to stimulation with IL-1β, 

following the culture protocol outlined in Section 2.2.1.2.1.  Experimental design is 

shown in Table 3.5.  Following stimulation with IL-1β, cells were incubated for 24 

hours before the medium was collected and stored at -80 ºC.  ELISA was carried out 

as detailed in Section 3.2.3.1.  
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Table 3.5 – Experimental design for functional testing of the peptide bound 

contact lenses 

Cells stimulated with IL-1β were either treated with bound peptide (amino acid 
sequence ETPFTWEESNAYYWQPYALPL) or not (rows 1 and 4 respectively).  
Further controls of non-stimulated cells and IL-1β only were used (rows 2 and 3 
respectively). n=3. 

 

 

Contact lens Cells IL-1β cytokines (1nM) 

Peptide � � 

No peptide � x 

No peptide x � 

No peptide � � 
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3.3 – Results 

3.3.1 – Synthesis and characterisation of an IL-1 receptor antagonist peptide  

3.3.1.1 – Characterisation of the IL-1ra analogue peptide sequence 

A 21 amino acid peptide (ETPFTWEESNAYYWQPYALPL), containing a putative 

IL-1r binding motif was synthesised, with the aim of producing an IL-1ra peptide 

analogue.  The peptide was synthesised manually using a solid phase method based on 

the conventional Fmoc protection / deprotection chemistry.  Successful synthesis of 

the peptide was confirmed by MS, HPLC and LC-MS. 

 

3.3.1.1.1 – Mass spectroscopy of synthesised IL-1ra analogue sequence 

The structure of the IL-1ra analogue peptide is shown in Figure 3.1.  The total 

molecular weight (MW) of the peptide is 2606 Da.  During MS, the original molecule 

in the sample becomes ionised using the electro-spray ionisation (ESI), which is a 

soft-ionisation.  The peptide becomes protonated giving an overall positive charge.  

The sample was dissolved in methanol and introduced into the MS through a capillary 

needle to which a voltage was applied.  The sample was nebulised and desolvated, 

during which process, ionisation of the analyte occurs.  The generated ions then 

entered the time of flight tube, where they are propelled by an electric field and 

subsequently detected.  The time of flight through the tube to detection is dependent 

on the mass to charge ratio (m/z) of the ionised sample.  Results from MS analysis 

showed the presence of two prominent peaks relating to the m/z of the molecule (x 

axis).  The most abundant m/z peak was 1303 (M2+), while the second most abundant 

was 869 (M3+).  These peaks are shown in Figure 3.5.  These main products suggest 
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that the composition of the tested sample corresponded with the calculated MW of the 

synthesised peptide.  The molecular weight of the peptide is 2606 Da.  If it carries a 

double charge (i.e. 2+), the resulting m/z is 1303.   

 

Figure 3.5 – Mass Spectrum of synthesised peptide 

Full scan mass spectrum obtained for the crude products from the synthesis of IL-1ra 
analogue peptide (MW: 2606 Da).  The component intensity is given in arbitrary units 
(y axis).  The most prominent peaks are at m/z 1303 (M2+) and 869 (M3+), which 
correspond to the original peptide MW. 
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3.3.1.1.2 – High performance liquid chromatography of the synthesised IL-1ra 

analogue sequence 

Analysis of the original peptide was carried out using HPLC in order to determine the 

purity of the product sample.  The test incorporated a C18 column stationary phase, 

while the mobile phase consisted of a variable polarity solvent mix, incorporating 

HPLC grade water (polar) and acetonitrile (non-polar) in continually changing 

proportions.  This allowed for polar and non-polar molecules present in the sample to 

be separated as they were carried through the stationary phase column.  Analysis of 

the peptide sample identified a product with an 88 % purity yield, with the main 

component peak registering a retention time of approximately 15 minutes.  The 

chromatogram is shown in Figure 3.6. 

 

 

Figure 3.6 – HPLC chromatogram of synthesised peptide 
(ETPFTWEESNAYYWQPYALPL) 

HPLC chromatogram of crude products from the synthesis of IL-1ra analogue peptide 
(MW: 2606 Da).  UV detection (220 nm) identified a single prominent peak at 15 
minutes retention time can be seen.  This equates to a sample purity of 88 %.   
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3.3.1.1.3 – Liquid chromatography / mass spectrometry of the synthesised IL-1ra 

analogue sequence 

Following individual MS and HPLC, a combination LC-MS analysis of the peptide 

was completed in order to confirm the findings from the previous two analyses.  This 

presented a simultaneous analysis of the sample, allowing for direct comparison of the 

liquid chromatogram and mass spectrogram.  As can be viewed in the chromatogram 

in Figure 3.7, the most prominent peak occurs at retention time between 11 and 12 

minutes.  On observation of the MS analysis for a period between 10.5 and 12.1 

minutes, it is clear that the main products during this period have the same m/z as 

shown in the independent MS analysis.  Other peaks shown may be fragments of the 

parent molecule.   This therefore suggests that the main product component is indeed 

the IL-1ra analogue peptide. 
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Figure 3.7 – LC-MS results of synthesised peptide 

LC-MS results show that the most prominent peak occurs at a retention time of 
approximately 11.5 minutes, indicating the majority of the sample is detected at this 
point.  Analysis of the MS for this component indicates that the majority m/z is 1303.  
This is the same m/z from the direct MS analysis, confirming the identity of the major 
component as the synthesised IL-1ra analogue peptide. 

 

 



126 

 

 3.3.1.2 – Assessment of synthesised IL-1ra analogue cytotoxicity using LDH and 

MTS assays 

Peptide toxicity was assessed by use of LDH and MTS assays with peptide 

concentrations ranging from 0.01 µg / ml – 1000 µg / ml of peptide.  Following 

optimisation of the LDH and MTS assays, keratocytes obtained from LR022, LR023, 

LR024 (P5 for LDH; P8 for MTS) were utilised in the peptide toxicity assessment 

(Figure 3.8).  Triton-X was utilised as a control in all assays.  Corneal keratocyte raw 

data can be found in Appendix XIV and XV (LDH and MTS respectively).  
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Figure 3.8 – Assessment of potential peptide cytotoxicity following 24 hour exposure on keratocyte cell cultures (4 x 104 cells) using LDH and MTS assays 

(A) LDH activity measured in keratocytes treated with a range of peptide concentrations (0.01 µg / ml – 1000 µg / ml).  There was no significant difference in 
all treatment groups when compared to non-treated group ( p>0.05).  Control with Triton-X shows a significant difference compared to non-treated group (** 
p<0.01) (n=3, mean +/- SD).  (B) MTS conversion to formazan measured in keratocytes treated as in (A).  All treatment groups showed no significant 
difference compared to the non-treated group (p>0.05).  Triton-X control showed a significant difference to the non-treated group (** p<0.01).  In both cases 
Triton-X was used as a positive control (n=3, mean +/- SD), One Way ANOVA 
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The results of the LDH assay showed no significant difference between all peptide 

treatment groups and the non-treated control group in keratocytes (p>0.05).  This 

suggests that the peptide has no cytotoxic effect on keratocytes.  The Triton-X control 

showed a significant difference to the non-treated group (p<0.01) showing lysis of the 

cells, confirming the efficacy of the LDH assay. 

The MTS assay showed no significant difference between the treatment groups and 

the non-treated group (p>0.05).  The Triton-X control showed a significant difference 

to the non-treated group (p<0.01), confirming the efficacy of the MTS assay.  This 

further indicates that the peptide has no cytotoxic effect on the keratocytes.     

The results of the LDH and MTS assays show that the peptide was not cytotoxic at 

any of the concentrations tested (0 – 1000 µg / ml).  

 

3.3.2 –In vitro cell models to measure the potential effect of the IL-1ra analogue 

peptide on corneal inflammation  

3.3.2.1 – Assessment of LPS cytotoxicity using LDH and MTS assays 

LPS is a cell surface molecule found on gram negative bacteria which can be used to 

induce inflammation.  However LPS possesses endo-toxic properties and has been 

demonstrated to result in apoptosis of cells such as cardiomyocytes [250].  Therefore, 

prior to using LPS as an inflammatory stimulator the cytotoxic effects of LPS on 

corneal cells were investigated (concentrations ranging from 0.002 µg / ml – 200 µg / 

ml), using LDH and MTS assays.  Following optimisation of the LDH and MTS 

assays, keratocytes obtained from LR022, LR023 and LR027 – (P7 for LDH; P9 for 

MTS) were utilised in the toxicity assessment (Figure 3.9).  Triton-X was utilised in 



129 

 

both assays as a control.  All raw data can be found in Appendix XVI and XVII (LDH 

and MTS respectively).  
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Figure 3.9 – Assessment of potential LPS cytotoxicity following 24 hour exposure on keratocyte cell cultures (4 x 104 cells) using LDH and MTS assays 

(A) LDH activity measured in keratocytes treated with a range of LPS concentrations (0.002 µg / ml – 200 µg / ml).  There were no significant difference in 
all treatment groups when compared to non-treated group (p>0.05).  Control with Triton-X showed a significant difference compared to non-treated group 
(** p<0.01) (n=3, mean +/- SD).  (B) MTS conversion to formazan measured in keratocytes treated as in (A).  All treatment groups showed no significant 
difference compared to the non-treated group (p>0.05) with the exception of the 200 µg / ml (** p<0.01).  Triton-X control showed a significant difference to 

the non-treated group (** p<0.01).  In both cases Triton-X was used as a positive control (n=3, mean +/- SD), One Way ANOVA. 
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In the LDH assay, there were no significant differences between the treatment and the 

non-treated groups (p>0.05).  In the MTS assay, there were no significant differences 

between the treatment and non-treated groups up to a concentration of 20 µg / ml 

(p>0.05).  At 200 µg / ml LPS resulted in significant reduction in cell viability 

(p<0.01).  The Triton-X controls used in both assays gave significant differences to 

the non-treated group (both p<0.01).  This suggests that LPS has no cytotoxic effect 

on the keratocytes at concentrations of 20 µg / ml or below.  

 

3.3.2.2 – In vitro modelling of inflammation using LPS stimulation 

3.3.2.2.1 –Measurement of IL-8, IL-6 and IL-1β production by keratocytes in 

response to LPS stimulation using ELISA 

In order to establish the efficacy of LPS in stimulating an inflammatory response, the 

levels of inflammatory cytokines IL-8, IL-6 and IL-1β were detected by ELISA 

following stimulation of keratocytes (LR022, LR023 and LR024 at P12) with a range 

of concentrations of LPS.  Negative controls of LPS with no cells and positive 

controls with Triton-X were incorporated into the assay design.  Results are shown in 

Figure 3.10.  Raw data can be found in Appendix XVIII, XIX and XX (IL-8, IL-6 and 

IL-1β respectively). 
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Figure 3.10 – Cytokine production by keratocytes (2 x 104 cells) in response to 24 hour exposure to different concentrations of LPS 

(A) IL-8 secretion by keratocytes when treated with LPS.  Results show a significant difference when compared to the non-treated group with 
the exception of the 0.002 µg / ml and 200 µg / ml groups (** p<0.01 for 0.02-20 µg / ml; p>0.05 for 0.002 µg / ml and 200 µg / ml).  (B) IL-6 
secretion by keratocytes when treated with LPS.  All treatment groups showed a significant difference compared to the non-treated group except 
for the 0.002 µg / ml group (** p<0.01 for 0.02-200 µg / ml; p>0.05 for 0.002 µg / ml).  In both assays controls of Triton-X and 0.02 µg / ml 
LPS (with no cells) gave no detectable results (n=6, mean +/- SD), One Way ANOVA  
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All concentrations of LPS, except the lowest and highest, showed significant up-

regulation of IL-8.  All concentrations, except the lowest, showed significant up-

regulation of IL-6.  The lowest LPS concentration may not be enough to illicit a 

significant response in terms of IL-8 or IL-6 stimulation.  Conversely, the highest 

concentration of LPS may be producing cytotoxic effects, thereby limiting the IL-8 

cytokine production.  However, IL-6 production was not reduced at this 

concentration.  As such, this could be explained by IL-6 playing a role in chronic 

inflammation.  The LPS only control was below the detection threshold of the ELISA 

assay indicating that LPS does not display non-specific binding to the ELISA plate 

(generating false positive results).  IL-1β was not detected at any of the LPS 

concentrations tested.   

These results successfully demonstrate an in vitro system for testing LPS stimulated 

IL-6 and IL-8 cytokine production at LPS concentrations ranging from 0.02 – 20 µg / 

ml.  This model enables assessment of the anti-inflammatory properties of the IL-1ra 

peptide analogue. 

 

3.3.2.2.2 – Assessment of LPS and peptide cytotoxicity using LDH and MTS 

assays 

Upon determining the concentration at which LPS will provide adequate 

inflammatory stimulation to induce IL-6 and IL-8 up-regulation without cytotoxic 

effects, it was then necessary to ensure that the combination of LPS and the anti-

inflammatory peptide together was not cytotoxic.  This was assessed using LDH and 

MTS assays with keratocytes obtained from LR022, LR023 and LR027.  In both 

assays, different concentrations of peptide were combined with 0.02 µg / ml LPS 
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(Figure 3.11).  Triton-X controls were utilised in both assays.  All raw data can be 

found in Appendix XXI and XXII (LDH and MTS respectively).       

 

 



135 

 

 

Figure 3.11 – Assessment of potential cytotoxicity by peptide and LPS used in combination on keratocyte cell cultures (2 x 104 cells) following 24 hour 
exposure using LDH and MTS assays. 

(A) LDH activity measured in keratocytes treated with a range of peptide concentrations (0.001 µg / ml – 1000 µg / ml) in addition to 0.02 µg / ml LPS.  
There were no significant difference in all treatment groups when compared to non-treated group (p>0.05).  Control with Triton-X showed a significant 
difference compared to non-treated group (** p<0.01) (n=3, mean +/- SD).  (B) MTS conversion to formazan measured in keratocytes treated as in (A).  All 
treatment groups showed no significant difference compared to the non-treated group (p>0.05).  Triton-X control showed a significant difference to the non-

treated group (** p<0.01).  In both cases Triton-X was used as a positive control (n=3, mean +/- SD), One Way ANOVA.  
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3.3.2.2.3 – Testing peptide suppression of cytokine production by corneal cells 

following LPS stimulation  

In order to establish if the peptide is able to inhibit cytokine up-regulation, keratocytes 

(LR022, LR023 and LR024 at P14) and LESC (LR2322, LR2320 and LR2321) were 

stimulated with 0.02 µg / ml LPS and treated with a range of peptide concentrations 

(0.001-1000 µg / ml).  Cytokines IL-8, IL-6 and IL-1β were measured using ELISA 

(Figure 3.12).  Raw data is found in Appendix XXIII and XXIV (IL-8 and IL-6 

respectively).
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Figure 3.12– Cytokine production by keratocytes (2 x 104 cells) following 24 hour exposure to LPS and treated with different concentrations of peptide 

(A) IL-8 secretion by keratocytes when stimulated with 0.02 µg / ml LPS and a range of peptide concentrations (0.001-1000 µg / ml).  Results show that the 
addition of peptide did not result in significant difference at any but highest concentration (p>0.05) compared to cells stimulated with LPS without the 
addition of the peptide.  The addition of 1000 µg / ml peptide resulted in significantly lower IL-8 levels (** p<0.01).  (B) IL-6 secretion by keratocytes when 
stimulated with 0.02 µg / ml LPS and a range of peptide concentrations (0.001-1000 µg / ml).  All but one peptide concentration showed no significant 
difference compared to adding no peptide (p>0.05).  The addition of 1000 µg / ml peptide resulted in significantly lower IL-6 levels (** p<0.01) (n=6, mean 

+/- SD).  Peptide (1000 µg / ml) with no cells, peptide (1000 µg / ml) and LPS (0.02 µg / ml) without cells, Triton-X and cells were used as controls. One 
Way ANOVA   
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A significant reduction in IL-8 / IL-6 production was achieved in the presence of 1000 

µg / ml peptide (p<0.01).  At all other peptide concentrations there was no significant 

difference in the concentrations of IL-8 or IL-6 when compared to addition of no 

peptide (p>0.05).  This indicates that a concentration of 1000 µg / ml peptide is 

required to suppress the stimulation of IL-8 and IL-6 production by keratocytes after 

stimulation with LPS.  ELISA to detect IL-1β was not performed as previous results 

indicate that LPS does not stimulate the production of IL-1β in keratocytes. 

Following the experiments investigating the effect of peptide to reduce inflammatory 

cytokine production by keratocytes upon LPS stimulation, a further set of experiments 

using the same conditions was performed on LESC.  However, LPS stimulation failed 

to illicit any IL-8 (Appendix XXV), IL-6 (Appendix XXVI) or IL-1β (Appendix 

XXVII) production by LESC.  ELISA tests for these three cytokines fell below any 

detectable threshold in all cases.  This was speculated to be linked to differences in 

TLR4 expression between the two cells types, which is investigated later in section 

3.3.2.2.5 of this chapter.   

 

3.3.2.2.4 – Measurement of IL-1β gene expression by LPS stimulated keratocytes 

using qRT-PCR following the addition of the IL-1ra analogue peptide  

LPS stimulation did not result in secretion of detectable levels of IL-1β by 

keratocytes.  In order to determine if LPS stimulation of keratocytes results in the up-

regulation of IL-1 gene expression, qRT-PCR was used to detect IL-1β mRNA 

(Figure 3.13).  Raw data is shown in Appendix XXVIII.   
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Figure 3.13 – IL-1β expression in keratocytes (2 x 104 cells) following 24 hour 
exposure to LPS and treated with different concentrations of peptide 

Relative expression of IL-1β compared to GAPDH in keratocytes as measured by 
qRT-PCR.  Keratocytes stimulated with LPS demonstrated a significant increase in 
IL-1β gene expression compared to no treatment control (** p=0.0214).  The addition 
of 1000 µg / ml peptide significantly reduced IL-1β expression, in comparison to the 
LPS treatment group (p=0.979).  (n=3, mean +/- SD), One Way ANOVA.   
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Keratocytes stimulated with 0.02 µg / ml LPS showed a statistically significant up-

regulation of IL-1β gene expression (p=0.021) compared to non-treated keratocytes.  

Treatment with 1000 µg / ml peptide in addition to stimulation with LPS reduced 

expression of IL-1β to levels comparable to non-treatment (p=0.979).  These results 

show that keratocytes up-regulate the expression of IL-1β mRNA when stimulated by 

LPS and that this up-regulation is reduced by the addition of the peptide.   

 

3.3.2.2.5 – Immunocytochemical staining for TLR4 in corneal cells 

In this study, LPS stimulation did not result in a measurable cytokine up-regulation in 

LESC.  Immunostaining was therefore used to confirm the cellular location of the 

TLR4 in keratocytes (Figure 3.14) and LESC (Figure 3.15) as previously identified by 

Ueta [248].   

 

 

 

 

 



141 

 

 

Figure 3.14 – Immunocytochemical staining of TLR4 in keratocytes 

Immunocytochemical staining of TLR4 (green) in a) non-permeablised keratocytes; b) 
permeablised keratocytes; observed using fluorescence microscopy at 519 nm (FITC). 

 

Figure 3.15 – Immunocytochemical staining of TLR4 in LESC 

Immunocytochemical staining of TLR4 in a) non-permeablised LESC; b) 
permeablised LESC; observed using fluorescence microscopy at 519 nm (FITC). 

 

TLR4 staining was clearly visible on the plasma membrane of keratocytes by staining 

of non-permeabilised cells and intracellularly by staining of permeabilised cells.  

TLR4 staining was absent on the plasma membrane of non-permeabilised LESC, and 

staining was very weak in permeabilised LESC.  Since LPS did not stimulate up-

regulation of inflammatory cytokines in LESC, IL-1β was then used as an 
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inflammatory stimulator to assess the effect of the IL-1ra analogue peptide in both 

keratocytes and LESC.  

 

3.3.2.3 – In vitro modelling of inflammation using IL-1β stimulation 

Peptide suppression of cytokine production by keratocytes and LESC was examined 

following stimulation with 1 nM recombinant human IL-1β. 

 

3.3.2.3.1 – Testing peptide suppression of cytokine production by keratocytes 

following IL-1β stimulation 

Breakdown of the corneal epithelium or penetrating trauma results in the release of 

constitutively produced IL-1α / β into the extracellular space, resulting in an 

inflammatory response by keratocytes in the underlying stroma [42].  Such events can 

be the prelude to LSCD.  Keratocytes (LR022, LR023 and LR024 at P20) were 

stimulated with 1 nM IL-1β and the production of IL-8, IL-6 and IL-1β were 

measured by ELISA (Figure 3.16).  Peptide was added to test groups in a range of 

concentrations (0.001-1000 µg / ml).  All raw data is found in Appendix XXIX, XXX 

and XXXI (IL-8, IL-6 andIL-1β respectively).  
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Figure 3.16 – Cytokine production by keratocytes (2 x 10
4
 cells) following 24 hour exposure to IL-1β and treated with different concentrations of IL-1ra peptide 

(A) IL-8 secretion by keratocytes stimulated with 1 x 10
-9 

M IL-1β and a range of peptide concentrations (0.001-1000 µg / ml).  Results show that the addition of 
1000 µg / ml peptide showed a significant reduction in IL-8 production when compared to the group containing no peptide (** p<0.01).  (B) IL-6 secretion by 
keratocytes stimulated with 1 nM IL-1β and a range of peptide concentrations (0.001-1000 µg / ml) showed a similar trend.  Adding 1000 µg / ml peptide gives a 
significant reduction in IL-6 production to adding no peptide (** p<0.01).  (C) IL-1β secretion by keratocytes stimulated with 1

 
nM IL-1β and a range of peptide 

concentrations (0.001-1000 µg / ml) displayed a mixture of results showing significant differences at 0.01 µg / ml and 1000 µg / ml (** p<0.01) compared to the 
group with no peptide added (n=3, , mean +/- SD).  Controls of IL-1β and a combination of Peptide (1000 µg / ml) with IL-1β (no cells) were significantly different 
(**p<0.01) to stimulated cells without peptide.  One Way ANOVA.  
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Stimulation of keratocytes with IL-1β induced the secretion of inflammatory 

cytokines IL-8, IL-6 and IL-1β.  Similarly to results obtained with LPS stimulation, 

the addition of peptide at the highest concentration of 1000 µg / ml resulted in a 

statistically significant decrease in the production of IL-8 and IL-6 (p<0.01).  In 

contrast to LPS stimulation of keratocytes, IL-1β stimulation resulted in further 

production of IL-1β by the keratocytes.  A significant reduction in IL-1β production 

was detected when peptide was added at a concentration of 0.01 µg / ml, while a 

significant increase of IL-1β production occurred when peptide was added at 1000 µg 

/ ml.  Keratocytes have been shown to up-regulate IL-1β production in response to IL-

1β binding via an autocrine loop and a number of different stimuli such as 

cytoskeletal changes and growth factors produced [48, 50, 251].  It is however unclear 

as to why the production of IL-1β was suppressed by 0.01 µg / ml peptide but was 

unable to be suppressed by 1000 µg / ml peptide.  This may be due to indeterminate 

errors such as pipetting.  

  

3.3.2.3.2 – Testing peptide suppression of cytokine production by LESC 

following IL-1β stimulation 

The effect of IL-1β stimulation on LESC (LR2376, LR2377 and LR2378) with and 

without peptide was assessed.  Production of IL-8, IL-6 and IL-1β was measured by 

ELISA (Figure 3.17).  Raw data are found in Appendix XXXII, XXXIII and XXXIV 

(IL-8, IL-6 andIL-1β respectively). 
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Figure 3.17 – Cytokine production by LESC following 24 hour exposure to IL-1β and treated with IL-1ra peptide 

(A) IL-8 secretion by LESC when stimulated with 1 x 10-9 M IL-1β with and without peptide (1000 µg / ml).  Results show that the addition of peptide 
significantly reduced IL-8 (** p=0.011; t-test) compared to adding no peptide.  (B) IL-6 secretion by LESC when stimulated with 1 nM IL-1β with and 
without peptide (1000 µg / ml) showed a similar trend.  Addition of peptide significantly reduced IL-6 (** p<0.01; t-test).  (C) IL-1β secretion by LESC when 
stimulated with 1 nM IL-1β with and without peptide (1000 µg / ml).  The addition of peptide significantly reduced IL-1β (** p=0.04).  Controls of IL-1β and 
a combination of Peptide (1000 µg / ml) with IL-1β (no cells) also gave a significant difference (**p<0.01), (n=3, mean +/- SD), One Way ANOVA.
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IL-1β was able to stimulate production of all three cytokines in LESC.  The addition 

of 1000 µg / ml peptide caused a statistically significant reduction in both IL-8 

(p=0.011) and IL-6 (p<0.01) production when compared to IL-1β stimulated cells 

without peptide.  A significant reduction (p=0.04) was also observed in the 

measurement of IL-1β when the peptide was added.  These results confirm that the 

IL-1ra peptide analogue is able to inhibit the production of pro-inflammatory 

cytokines IL-6, IL-8 and IL-1β in both LESC and keratocytes following stimulation 

with IL-1β.  

 

3.3.2.4 – Measuring cytokine degradation in culture over a 24 hour period 

When stimulating cells with IL-1β, it was expected that the amount added to the cells 

(1 nM – 17500 pg / ml) should be (at the minimum) the amount measured in the 

assay.  However, as observed in the ELISA controls containing IL-1β alone, the 

detected levels were well below 17500 pg / ml.  A standard curve of IL-1β 

concentration was produced, in order to observe the effect of time on the degradation 

of these cytokines in cell culture media.  The curve was set up for a range of 

concentrations measured either at the time of preparation, or following 24 hour 

incubation, mimicking the incubation period of stimulated cells (Figure 3.18).  Raw 

data are shown in Appendix XXXV.  

 

 

 



149 

 

IL-1 beta concentration (pg / ml)

0 100 200 300 400 500 600

A
b

s
o

rb
a

n
c
e

 (
4

5
0

 n
m

)

0.0

0.5

1.0

1.5

2.0

IL-1 beta (0 hrs)

IL-1 beta (24 hrs)

 

Figure 3.18 – IL-1β degradation in cell culture media after 24 hours 

Standard curve showing the relative absorbance of IL-1β at different concentrations 
measured immediately following preparation (black line) and following 24 hour 
incubation in cell culture media at 37 ºC (red line) (n=3).   

 

As shown in Figure 3.18, IL-1β showed degradation over the 24 hours incubation in 

cell culture media.  Thus, IL-1β produced upon stimulation with LPS/IL-1β will be 

degraded at least partially within 24 hours. 
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3.3.3 – Assessment of the feasibility of combining the peptide with a contact lens 

carrier to mimic the anti-inflammatory properties of amniotic membrane 

3.3.3.1 – Assessment of contact lens surface modification and peptide binding 

To ensure binding of the peptide to the surface of the contact lens, the surface 

required modification.  To accomplish this, the lens was treated with APTES, 

resulting in the formation of NH2 groups on the lens surface, to which the peptide may 

bind.  The successful formation of NH2 groups was measured using the methyl orange 

assay (Appendix XXXVI).  As can be seen in Figure 3.19 (A), the treatment with 

APTES and methyl orange results in distinctive orange colouration, indicating the 

presence of NH2 groups.  Untreated lenses remained colourless.  On average, 66.5 

nmol (n=3) of methyl orange was measured on each lens.  This indicates that there are 

66.5 nmol of NH2 groups present on the surface of each lens (1:1 ratio) equating to 44 

nmol / cm2.  

To measure the amount of peptide successfully bound to the contact lens surface, the 

BCA assay was used (Appendix XXXVII).  Lenses treated with APTES and peptide 

stained purple, as can be seen in Figure 3.19 (B), indicating the presence of peptide.  

Untreated lenses remained colourless.  Adding 1000 µg / ml peptide to the APTES 

treated lenses resulted in binding of 2.7 nmol peptide on average (n=3).  Improved 

binding was attempted by increasing the peptide concentration added to 2000 µg / ml; 

however resultant binding remained the same.  This suggests that there were 

insufficient NH2 groups present on the lens surface to accommodate more peptide 

binding.  The concentration of bound peptide was substantially lower than the 

concentration of peptide that was added directly to the cell culture in order to inhibit 
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inflammatory cytokine production.  In order to meet the required concentration of 

1000 µg / ml, 115 nmol of peptide would be required per lens.    

   

Figure 3.19 – Functionalisation of the contact lens 

(A) Methyl orange assay of APTES treated (top) and untreated (bottom) lenses 
showing the presence of NH2 groups in the top lens.  (B) BCA assay of peptide 
treated (top) and untreated (bottom) lenses shows the presence of peptide in the top 
lens. 

 

3.3.3.2 - Characterisation of LESC grown on peptide-conjugated contact lenses 

Following functionalisation of the contact lens with bound peptide, it was essential to 

ensure that the lens was able to support LESC growth without affecting cell 

morphology or LESC phenotype.  This is vital, since alterations to cell morphology 

and / or phenotype caused by the peptide may render the graft unsuitable for use.  

Phallodin staining was used to observe cell morphology and structure, while K3, K19 

and p63 staining was used to identify LESC phenotype.  Results show that LESC can 

be successfully cultured on the inner surface of the modified contact lens without 

affecting LESC morphology and phenotype.  Results are shown in Figure 3.20. 

 

A B 
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Figure 3.20 – Immunocytochemical staining of primary LESC cultures cultured on IL-1ra 
peptide functionalised contact lenses 

Cells were isolated using cell suspension technique and were seeded a 2 x 104 cells on IL-1ra 
peptide functionalised contact lenses for three weeks using R&G medium.  Cells were stained 
with DAPI (blue), FITC (green) and Phalloidin (red).  Immunocytochemical staining was 
observed using fluorescence microscopy at 452 nm (DAPI), 519 nm (FITC) and 520 nm 
(Phalloidin).  All putative LESC markers (K3, K19 and p63) are present suggesting the 
presence of a mixed population of cells cultured on the functionalised contact lens.  The 
characteristic epithelial tightly packed, cobblestone cell morphology can be observed in the 
phalloidin stained cells. 
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Positive staining was observed for all three markers, indicating the presence of a 

mixed population of LESC and differentiated corneal epithelial cells.  Furthermore, 

phalloidin staining demonstrated the expected epithelial “cobblestone” morphology.  

These findings are consistent to those observed in successful cultures detailed in 

Chapter two, suggesting that the culture phenotype is not affected by culturing on the 

functionalised contact lens.  

 

3.3.3.3 - Functional assessment of peptide-conjugated contact lenses 

The efficacy of the bound peptide to suppress IL-8, IL-6 and IL-1β production by 

LESC when stimulated with IL-1β was assessed.  Raw data is shown in Appendix 

XXXVIII, XXXIX and XXXX (IL-8, IL-6 and IL-1β respectively).  Results showed 

that functionalising the contact lens with peptide at the concentration achieved did not 

result in statistically significant down-regulation of IL-8, IL-6 and IL-1β, 24 hours 

post IL-1β stimulation (p>0.05), although a trend could be observed showing lower 

IL-6 and IL-1β cytokine levels when the peptide was present (Figure 3.21).  This was 

not surprising since the quantity of peptide that was bound to the lens was much lower 

than the concentration that was shown to significantly reduce cytokine production on 

tissue culture plastic.  The successful functionalisation of the lens and culture of 

LESC indicate that the all in one graft system may be suitable for LESC 

transplantation.  However, further work is required to increase the amount of peptide 

bound to the contact lens, as this may allow the peptide to exert its anti-inflammatory 

properties as observed in the inflammatory model system. 
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Figure 3.21 – Cytokine production by LESC cultured on IL-1ra peptide functionalised contact lenses following 24 hour exposure to IL-1β 

(A) IL-8 secretion by LESC when stimulated with IL-1β (1 nM) with or without peptide bound to the surface of a contact lens.  Results showed 
functionalising the contact lens with peptide did not significantly reduce IL-8 production (p>0.05) compared to cells grown on non-functionalised contact 
lens.  (B) IL-6 secretion by LESC when stimulated with IL-1β (1 nM) with or without peptide bound to the surface of a contact lens gave similar results with 
no significant reduction in IL-6 production (p>0.05).  (C) IL-1β secretion by LESC when stimulated with IL-1β (1 nM) with or without peptide bound to the 
surface of a contact lens also showed no significant reduction in IL-1β production (p>0.05).  (n=3, mean +/- SD).  Student’s unpaired T-test.  
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3.4 – Discussion 

IL-1 is considered to be a “master” cytokine in the eye, due to its involvement in the 

initial response to injury or insult [166] as well as its ability to stimulate the 

production of other pro-inflammatory cytokines [168, 169].  The mechanism of action 

of IL-1 is key to inflammatory responses in the eye, facilitated by its constitutive 

expression by corneal epithelial cells and the presence of IL-1r on keratocytes of the 

underlying stroma [42].  Thus, any breakdown of the corneal surface, or indeed 

penetrating injury to the cornea results in the release of IL-1 and subsequent 

stimulation of  the underlying keratocytes, which results in pro-inflammatory 

signalling and up-regulation of IL-6, IL-8 and more IL-1 [40, 41].  In cases of LSCD, 

patients often present with persistent epithelial breakdown and chronic stromal 

inflammation [3, 35, 36], associated with the recruitment of elevated numbers of 

leukocytes to the normally immune privileged cornea [67, 252].  This influx of 

leukocytes has been linked to increased possibility of rejection of allografts used to 

repair the damaged cornea [181].  Therefore, a reduction in pro-inflammatory IL-1 

signalling may improve management and control of corneal inflammation and result 

in improved graft survival.  The use of recombinant IL-1ra has been investigated as a 

possible means of attenuating IL-1 signalling in the cornea [222, 223].  However, 

recombinant proteins have prohibitive costs [224].  As a result some groups have 

examined the use of short amino acid chain peptides to mimic IL-1ra function.   

Thus, for this study, a 21 amino acid peptide IL-1ra analogue, based on the work of 

Yanofsky, et al. and Vigers, et al. [230, 231], was produced and tested for potential 

anti-inflammatory properties in an in vitro model of inflammation of corneal cells.  

The long primary structure of the peptide increases the risk of improper structure 

folding and mismatching of amino acids during production.  However by application 
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of repeated coupling steps for each amino acid in the structure during production, the 

peptide was successfully synthesised with a purity of 88 % (as shown by HPLC).  The 

processes employed for the production of amino acid chains utilise reagents that may 

be toxic [253].  Therefore cytotoxicity of the peptide was tested to assess the 

suitability of the peptide for the use with cells, as toxicity can cause side effects such 

as corneal melting similar to that seen in treatment with NSAIDs [91].  Cytotoxicity 

was assessed using LDH and MTS assays.  In both assays, the peptide was tested at a 

range of concentrations on human keratocytes since these were more readily available 

than LESC.  The peptide did not display any cytotoxic effects on the cells up to the 

highest concentration tested, which was 1 mg / ml (384 µM).  Therefore, it was 

concluded that the peptide was suitable for use with corneal cells.  In addition to 

peptide cytotoxicity, materials used to stimulate inflammation in subsequent 

experiments with corneal cells were considered for potential cytotoxic effects.  For 

example, LPS has been demonstrated to be potentially cytotoxic [250].  In this study 

Serratia Marcescens derived LPS was used as an inflammatory stimulant.  The results 

of LDH and MTS assays showed that the LPS did not have a cytotoxic effect at 

concentrations of 20 µg / ml and below.  This also confirmed that cytokine production 

in response to LPS was part of the inflammatory response rather than a result of 

cytotoxic insult.  Furthermore, the combination of both peptide and LPS was not 

shown to be cytotoxic by both LDH and MTS assays.  The second inflammatory 

stimulus utilised in this study was IL-1β.  This cytokine has been utilised in work by 

McDermott, et al. to stimulate inflammatory responses in human corneal epithelial 

cells up to a concentration of 100 ng / ml [254].  This may suggest that IL-1β does not 

display any cytotoxic effects of human corneal cells up to this concentration. 
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The effective quantity of LPS required to stimulate inflammatory cytokine production 

(IL-8, IL-6 and IL-1β) was tested by ELISA using increasing concentrations of LPS.  

A concentration of 0.002 µg / ml was insufficient to stimulate cytokine production.  

Further testing showed that at least 0.02 µg / ml LPS was required to produce 

measurable cytokine levels released by keratocytes following 24 hour incubation.  

This time period was selected based on work by Shtein, et al., suggesting that 

keratocytes produce the greatest amount of cytokines following LPS stimulation after 

24 hour incubation [181].  When stimulating LESC with LPS however, no measurable 

levels of cytokines were released by the cells.  This is conflicting with other work, 

which has shown that LPS can stimulate cytokine production in LESC in both humans 

and canines [88, 162].  It was considered that the species of bacteria from which the 

LPS is derived (in this case S. Marcescens) may affect different cell types in different 

ways [255], this may be attributable to different endotoxins being present in different 

species.  However work by Soloman, et al. reported that S. Marcescens derived LPS 

was able to illicit cytokine production in LESC following stimulation [211, 256].  

Despite this, the findings of this report can be explained and supported by other 

research, based on the mechanism of action of LPS.  LPS induces downstream 

signalling and inflammation in cells through binding to toll like receptors (TLRs), 

especially TLR4 [257].  TLR4 has been reported to be absent from the plasma 

membrane of epithelial cells, where it is expressed only intracellularly [248, 257].  In 

this report, TLR4 was also absent from the plasma membrane of LESC (Figure 3.15).  

The corneal epithelium acts as an external barrier to the outside environment, and is 

thus regularly exposed to environmental pathogens.  An inflammatory response to 

regular contact with bacterial-derived LPS may therefore be unnecessary and 

inappropriate.  Instead, only when injury to the surface of the cornea occurs, allowing 
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such environmental pathogen products to enter the cells, binding to TLR4 and 

subsequent inflammation can occur.   

Interestingly, results showed that LPS did not stimulate the production of detectable 

levels of IL-1β by keratocytes.  Stimulation of keratocytes by LPS did however result 

in a statistically significant increase in the expression of the IL-1β mRNA.  These 

results suggested that keratocytes do up-regulate IL-1β gene expression upon LPS 

stimulation.  It may be speculated that the release of cytokine following LPS 

stimulation may require a longer time period in order to reach levels which can be 

detected by ELISA.   

Since LPS did not stimulate inflammatory cytokine production by LESC, IL-1β was 

subsequently used as the inflammatory stimulator in the model.  IL-1β stimulation 

was used to mimic an immune response resulting from corneal epithelial damage.  

Unlike stimulation with LPS, IL-1β was able to stimulate significant IL-1β release by 

keratocytes.  In addition, IL-1β stimulation of keratocytes also induced IL-8 and IL-6 

cytokine release.  LESC also responded to IL-1β stimulation, with significant up-

regulation of IL-1β, IL-8 and IL-6.  Thus an in vitro model to study potential 

suppression of inflammatory cytokine production by novel peptides in corneal cells 

was established.  The putative IL-1ra peptide was subsequently tested for its ability to 

reduce inflammation induced by LPS and IL-1β stimulation.     

The findings in this report show that a peptide concentration of 1 mg / ml (384 µM) 

was able to significantly reduce the release of IL-8 and IL-6 from keratocytes 

stimulated with 0.02 µg / ml of LPS.  Furthermore, the same concentration of peptide 

was able to suppress IL-1β gene expression.  When stimulated by IL-1β, the peptide 

was shown to significantly reduce the release of IL-8 and IL-6 by keratocytes and 



160 

 

LESC.  This therefore shows that the peptide can reduce the levels of known 

inflammatory mediators released by keratocytes and LESC.  LSCD can occur when 

the insult to the cornea penetrates the epithelial layers through to the underlying 

stroma, allowing IL-1β to be released by epithelial cells and subsequently stimulate 

keratocytes in the stroma.  This promotes inflammation, through such inflammatory 

mediators as IL-8 and IL-6 (Figure 3.22).    As the concentrations of these cytokines 

are reduced when the peptide is present, the extent of inflammation may be reduced if 

used in vivo.  This may lead to a significant improvement in integration of allografts 

used to repopulate the corneal surface.  

 

 

Figure 3.22 –Inflammatory signalling pathways following corneal epithelial cell 
trauma 

Schematic diagram showing inflammatory signalling following trauma to corneal  
epithelial cells [42, 44, 48, 50, 51]. 
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Findings from this study showed that stimulation with IL-1β resulted in an up-

regulation of IL-1β production in both cell types.  When the IL-1ra peptide was added 

to the LESC, the release of IL-1β was significantly reduced.  However, the effect of 

the peptide on keratocytes was inconsistent, with a low concentration of peptide 

decreasing IL-1β levels but a high concentration resulting in an increase in IL-1β 

levels.  The mechanism underlying this observation is unclear.  IL-1β stimulation of 

keratocytes has previously been reported to activate an autocrine feedback loop, 

resulting in consistent up-regulation of IL-1β production [50, 251].  Additionally, it 

has been suggested that up-regulation of IL-1 production can be caused by a range of 

different stimuli in addition to IL-1 signalling.  For example cytoskeletal changes in 

fibroblasts during wound healing has been reported to cause up-regulation of IL-1 

expression, however the mechanism remains unclear [48].  Thus the up-regulation of 

IL-1β in keratocytes with the addition of 1000 µg / ml peptide may have been caused 

by other mechanisms, which were not investigated.  Additional experiments, which 

assess the amount of IL-1β and peptide bound to IL-1r on keratocytes and also 

quantify the extent of downstream signalling could clarify these results.  

Studies have shown that communication between cells in the stromal and epithelial 

layers is important in wound healing [48, 58].  IL-1β stimulation of keratocytes results 

in up-regulation of HGF and KGF, which has been shown to improve re-

epithelialisation [51, 59, 258], thus indicating that inflammation is an important 

process during normal wound healing.  The peptide utilised in this study reduced 

inflammatory cytokine release by both keratocytes and LESC significantly, yet 

measurable levels of cytokines were present.  The balance between too little and too 

much inflammation is key to successful wound healing.  Chronic inflammation is 

likely to occur in LSCD patients, thus the use of an IL-1ra peptide may reduce 



162 

 

inflammation sufficiently to restore this balance.  Further work is required to 

investigate the impact of the peptide on graft uptake and resolution of inflammation 

following surgery.  

In order to develop a delivery system suitable for clinical application, LESCs were 

grown on a carrier, which was functionalised with the peptide.  In this case, the carrier 

was a Bausch & Lomb PureVision (balafilcon A) contact lens.  This specific lens was 

chosen as it is already approved for therapeutic use.  It has been utilised as a bandage 

contact lens for corneal protection (such as for chronic epithelial defects) and as a 

post-surgical treatment.  Another advantage to using a contact lens as a carrier is the 

ability to avoid the need of sutures to limit the potential of infection post-surgery.  

This lens is particularly suitable as it is designed for extended continuous wear for up 

to 30 days, which is essential in order to allow sufficient time for the transplanted 

LESC to re-populate the epithelial surface.  Contact lenses have previously been used 

in ocular surface reconstruction.  Di Girolamo, et al. [246], cultured corneal cells 

directly onto a contact lens for patients to wear for a time period between 14 and 22 

days.  Successful re-establishment of the ocular surface was demonstrated following 

13 months post surgical follow-up.  When amnion is utilised as a carrier, an average 

time of 22.8 days has been reported to treat partial LSCD [259].  Therefore, with this 

particular lens, it was postulated that 30 day continuous wear will provide a sufficient 

timeframe for LSCD treatment.  Functionalisation of the lens, by establishing amine 

groups, to facilitate peptide binding, resulted in successful binding of 2.7 nmol 

peptide to the inner surface.  This is approximately 40 times less peptide than the 1 

mg / ml (115 nmol) concentration, which was necessary to effectively reduce cytokine 

production when cells were stimulated with LPS or IL-1β.  Perhaps unsurprisingly, 

there was no statistically significant reduction in cytokine release following IL-1β 
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stimulation of LESC when cultured on the peptide-functionalised contact lens.  From 

these results, the suitability of the IL-1ra peptide in reducing pro-inflammatory 

cytokine levels is clear, although further optimisation in peptide binding to the contact 

lens will be necessary in order to achieve significant reduction in inflammation in 

vivo.  Analysis of the contact lens surface using infra-red spectroscopy could allow 

identification of surface functional groups and may therefore facilitate peptide 

binding.  Additionally, the peptide binding orientation would need to be assessed as 

this would affect the functional efficacy.  If the same effect that was observed in vitro 

can be achieved in vivo, the peptide could effectively mimic the anti-inflammatory 

function of amniotic membrane by reducing IL-1 pro-inflammatory signalling.  This 

may lead to a significant improvement in graft integration and an improvement in 

clinical outcome long-term.   

The ability of the peptide to successfully reduce cytokine levels may be useful in 

other therapeutic applications.  Autologous plasma eye drops are currently utilised as 

a topical treatment after corneal transplant to maintain ocular lubrication.  The IL-1ra 

peptide could be used in combination with the autologous plasma eye drops as a post 

surgical anti-inflammatory treatment.  The peptide could also be incorporated into a 

drug-eluting contact lens, which could control the slow release of IL-1ra peptide.  

Such drug-eluting contact lenses are being developed using a poly(lactic-co-glycolic) 

acid (PLGA) films as a means of controlling drug release from contact lenses [260].  

Combining a contact lens of this nature with the peptide could provide an alternative 

method of controlling post ocular surgery inflammation to currently used therapeutics.  

Key areas of development for this type of delivery would include IL-1ra peptide to 

lens conjugation, assessment of effective dosage and investigation into the in vivo 

effects of the peptide.  
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In conclusion, the use of a peptide as a means to reduce potent IL-1 pro-inflammatory 

signalling by both LESC and keratocytes is novel.  This report has shown the 

successful synthesis of such a peptide.  It has further shown that the peptide can 

reduce inflammatory cytokine production by both LESC and keratocytes.  Although 

further work is required in order to improve the efficiency of peptide binding to the 

contact lens, the successful reduction in inflammatory cytokine production indicates 

the suitability of this peptide for clinical use mimicking the anti-inflammatory 

properties of the amnion. 
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Chapter 4 – Discussion 

4.1 – Introduction   

LSCD is a condition in which corneal epithelial cells cannot be maintained because of 

damage to the stem cell niche.  This is due to either the total depletion of limbal 

epithelial stem cells (LESC) or an inability of the LESC to function normally.  LSCD 

is characterised by stromal inflammation, pain and loss of vision [32].  The aim of the 

inflammatory response is to resolve the damage to the tissues, destroying any 

pathogens or dead cells and repairing the micro-environment.  However, excessive 

inflammation can damage the cornea [43, 161].   

Current practice at the Queen Victoria Hospital, East Grinstead involves the use of 

cadaveric derived LESC grafts to treat LSCD and has shown favourable outcomes.  

However, improvements to these methods are required.  The main problems 

associated with the use of cadaveric derived LESC grafts for the treatment of LSCD 

are limited tissue availability and graft survival.  Cadaveric donor numbers can 

fluctuate, meaning that LESC grafts are not always readily available.  Graft fragility 

and rejection are also serious concerns.  Reduction in inflammation is a major factor 

in improving graft survival.  However current means of minimising graft rejection 

pose serious risk of further injury or cause significant side effects to the recipient.  

Other researchers are investigating the use of stem cells from other sources for the 

treatment of corneal disorders such as LSCD.  Studies looking at the use of stem cells 

derived from hair follicles [261], dental pulp [262] and umbilical cords [263] have 

shown promising results in animal models.  Meanwhile, human embryonic stem cells 

have been differentiated into “corneal like cells” [264].  These studies may lead to a 
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means of further improving graft availability.  However, to date only LESC cultures 

derived from human limbal tissues have shown positive clinical outcome in humans.  

Therefore, this study sought to determine the potential to sub-culture / cryopreserve 

cadaveric derived LESC and to develop a novel method of controlling inflammation 

in conjunction with a more robust delivery method for transplantation.  This was 

accomplished in the following ways: 

1. Tissue availability; 

• determine the optimal cadaveric donor tissue parameters for 

establishing LESC cultures; 

• test the possibility of sub-culturing, thereby increasing the number of 

patients who may be treated per donor; 

• test the possibility of cryopreserving isolated cells for subsequent 

culture, thereby allowing for more flexibility in the availability of cells 

from which cultures may be produced; 

2. Enhancing graft survival; 

• reduce stromal inflammation without the use of steroids or dependence 

on biological materials such as amniotic membrane by developing the 

use of a short chain peptide IL-1ra analogue;    

• develop an in vitro model of inflammation stimulated by IL-1 or LPS 

for the assessment of the IL-1ra analogue as an inhibitor of the 

inflammatory response in keratocytes and LESC. 
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• reduce fragility of graft by combining LESC with a functionalised and 

peptide bound contact lens carrier, which is devoid of biological 

materials, has improved strength and stability compared to amnion; 
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4.2 – Increasing tissue availability by exploring corneal tissue storage and LESC 

expansion 

Cadaveric donor tissue is currently the source of choice for ocular tissues in the UK 

[79].  The main drawbacks associated with the use of cadaveric tissue are unreliable 

tissue availability and the need to prevent tissue rejection using immunosuppressant 

drugs.  Using cadaveric tissues stored in both Optisol and OC medium, cultured 

LESC grafts demonstrated characteristic morphology and appropriate 

immunocytochemical markers.  Furthermore, results from this investigation showed 

that LESC cultures could be achieved with 100 % success if the initial cell seeding 

density was increased.  By seeding the cells in two 25 cm2 flasks (4 x 104 cells / cm2), 

rather than five flasks (1 x 104 cells / cm2), it was possible to ensure 100 % culture 

success using organ culture stored tissues.  These cultures would therefore contain a 

sufficient number of cells (approximately four million) for the purposes of cell 

banking, with the intention of expansion following cryopreservation.    Further to this, 

it was possible to freeze down LESC maintaining 72 % viability on subsequent 

thawing using standard cryopreservation methods, which is comparable to other 

studies [265].  Sub-culturing of primary cultures or cryopreserved cultures was 

however not possible.  Contamination by keratocytes and / or poor growth was 

observed in all cases.   

The first issue of keratocyte contamination may be linked to isolation methods.  The 

cell isolation technique employed in this study ensures that the utmost care is taken to 

remove the LESC from the donated tissue without extracting the underlying stromal 

cells.  However, as these two layers are in very close proximity, it is not always 

possible to accomplish this.  One way that this may be remedied is the use of a flow 

cell sorter, enabling isolated cells to be sorted and separated.  Essentially, this would 
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allow for a purer cell selection following isolation, removing any undesirable 

keratocytes.  However, the use of a flow cell sorter requires the use of expensive 

equipment and requires a large number of cells for the process.  In addition there is 

evidence that corneal epithelial cells are able to undergo trans-differentiation into 

keratocytes [266].  Thus, even with the use of a flow cell sorter, keratocytes may not 

be eliminated should culture conditions favour trans-differentiation.   

The second issue of poor growth is more challenging.  It is possible that the poor 

growth observed may be linked to sub-culturing techniques or cryopreservation.  

There has been no single conclusive evaluation of freeze-thaw survival of corneal 

tissue / cells.  Vasania, et al. [85] and Lu, et al. [127] have demonstrated multiple 

passages and successful sub-culturing following cryopreservation.  However, a review 

by Osei-Bempong, et al. indicates that the findings of this study have been commonly 

reported by other investigators [100].  It may be suggested that the resultant inability 

of the cells to form coherent cell sheets following cryopreservation may be due to a 

response to the ex vivo environment (whereby the cell population has been damaged / 

depleted) or apoptosis.  Apoptosis has been linked to cryopreservation in a number of 

cell types, including corneal cells.  Furthermore, the onset of apoptosis has been 

shown to be potentially delayed following the thawing process [144].  This may 

indicate as to why sub-culturing following cryopreservation was not possible despite 

apparent 72 % post thaw viability.  Various avenues of investigation regarding the 

cryopreservation process could potentially improve the success of sub-culturing.  

Work  including the incorporation of alternative (e.g. non-penetrating) cryoprotectants 

[144] and modifications to freezing / thawing (i.e. temperature control) could 

potentially reduce cell damage further, which may increase the viable cell fraction or 

prevent the initiation of apoptotic pathways.  This therefore should be investigated 
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further.  The washing stage following the thawing process might result in damage to 

viable cells. Therefore, modification or removal of this process could help maintain a 

larger viable cell fraction, hence possibly improving the chances of sub-culture. 

Poor growth could also be attributed to ex vivo conditions during the sub-culturing 

process itself.  The use of trypsin to remove cells from the culture plastic, for 

example, could potentially result in cell damage or loss.  Thus, alternatives to the use 

of trypsin could be investigated.  Vasania, et al. and Lu, et al. both sub-cultured using 

CnT-20 culture medium [85].  Yet in this study, cells expanded in CnT-20 medium 

demonstrated poor growth and could not be sub-cultured.  This highlights the 

inconsistencies between results from different units and indicates that a significant 

amount of technical skill is required to culture LESC successfully.  Different 

outcomes using R&G and CnT-20 may be attributable to the different compositions of 

each media.  As such, alternative culture media further to R&G and CnT-20 should be 

investigated.  Modifications to culture conditions are also areas of potential future 

work.  The junction between the limbus and stroma contains a specialised stem cell 

niche [13].  By closely mimicking the LESC niche in culture, it may be possible to 

retain the LESC phenotype.  The use of niche-specific extracellular matrix 

components or physical cues, such as surface topography may facilitate this, and 

could lead to consistency and improvement in sub-culturing LESC. 

Another possible cause for the poor growth observed in sub-culturing is a loss of cell 

adhesion.  It is possible that cells may sustain damage to, or lose adhesive proteins 

during the cryopreservation and / or sub-culturing processes.  This may mean that 

cells may remain viable, however are simply lost during washing or culture medium 

replacement stages.  Immunocytochemical staining or a flow cytometer could be used 
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to check for up / down regulation of adhesion proteins such as integrin-α9.  If the loss 

of cell adhesion proteins was identified, then work could be carried out in the use of 

inclusion of adhesion peptides (such as RGD) on culture surfaces to improve adhesion 

and hence facilitating the formation of a confluent cell sheet. 

This investigation shows that although it is possible to obtain a stock of cells for the 

purposes of cell banking, the problem of expansion following freezing must be 

addressed in order to be able to use them therapeutically once thawed.  In order to 

achieve successful sub-culturing, further investigation and modification to the 

cryopreservation and sub-culturing processes are required.  Additional research 

should address these problems to establish cryopreservation and sub-culturing 

methods which can be reproduced with consistent outcomes in different units.   
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4.3 – Improving graft survival by addressing graft rejection and graft fragility 

4.3.1 – Reducing graft rejection by controlling inflammation 

Stromal inflammation can significantly affect LSCD treatment success [38].  Prior / 

post application of a LESC graft, inflammation at the wound site requires medical 

intervention, which is currently achieved by the use of drugs such as steroids or 

amniotic membrane.  Therefore, one of the aims of this study was to investigate 

alternative methods of controlling inflammation.  This study investigated the 

synthesis and use of a short sequence peptide as a means of inhibiting the potent IL-1 

inflammatory pathway in both LESC and keratocytes.  The peptide was designed to 

act as an IL-1 receptor antagonist (IL-1ra) mimic.  By reducing pro-inflammatory IL-

1 signalling it may reduce inflammation sufficiently to improve graft survival. 

The proposed mode of action of the peptide is shown in Figure 4.1.  

Addition of the peptide to both LESC and keratocytes resulted in a significant 

reduction in pro-inflammatory cytokine (IL-8, IL-6, IL-1β) release.  The application 

of this short sequence peptide may be beneficial in LSCD treatment in order to reduce 

inflammation and improve graft survival.  It should also be noted that such a peptide 

could also be of use in the treatment of other inflammatory conditions such as 

following ocular surgery.  Further work to observe the potential application of the 

peptide in the form of an eye drop (or other topical administration) could be 

undertaken to establish the breadth of potential uses.   
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Figure 4.1 – Proposed mode of action of peptide (ETPFTWEESNAYYWQPYALPL) 

The peptide functions as IL-1ra.  It competitively binds to IL-1r, reducing pro-
inflammatory IL-1 signalling.  

 

4.3.2 – Improving graft handling whilst controlling corneal inflammation 

The second aspect of improving graft survival was the assessment of a convenient 

carrier for transplantation of LESC cell sheets to improve graft handling properties.  

Numerous materials have been investigated for this purpose [124, 238, 240-243], the 

most popular being amniotic membrane [130, 136, 232].  However, it was the 

intention of this study to examine the possibility of utilising a carrier which does not 
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rely on the use of donated biological material.  Silicon hydrogel contact lenses were 

chosen as they provide many of the desired properties for graft transplantation.  This 

particular lens also allows extended continuous wear for up to 30 days.  As previous 

studies have suggested that LESC sheets should be in contact with the eye for a period 

of between 14-23 days, a 30 day wear period would easily accommodate this [246, 

259].  Contact lenses would allow for a more convenient application to the recipient, 

while also serving as a bandage.  The mechanical strength of the lens would allow for 

more robust handling and manipulation of the graft, potentially reducing the 

likelihood of damage to the graft during transplantation to the patient.  As the lens 

would remain in place without the need for sutures or fibrin glue, further clinical 

complications, such as irritation, inflammation and infection may be avoided.  Using 

the Bausch & Lomb- PureVision (balafilcon A) 30 day contact lens to culture cells 

directly on the lens surface would dispense with the need to use dispase for removal 

of cell sheets from tissue culture plastic.   

Others have previously investigated the possibility of using contact lenses as a carrier 

for cultured cells.  Some encountered difficulties in culturing the cells on the lens 

surface [103, 246].  However the findings of this study show that LESC can be 

cultured on the lens while maintaining their morphology and phenotype.   

In order to reduce the chance of graft rejection as a result of chronic inflammation, the 

anti-inflammatory peptide was combined with the proposed contact lens carrier.  To 

accomplish this, the lens was modified to allow the attachment of the peptide to the 

inner surface of the lens.  LESC were then cultured on the surface.  Findings showed 

that attachment of both the peptide and the cells was possible.  While observations 

indicated that there was a modest reduction in inflammatory cytokine release in 
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LESC, this was not statistically significant.  This may be due to an inability to bind 

peptide onto the lens surface in sufficient quantities to produce a significant reduction 

in cytokine release.  Thus, further investigations into improving the peptide binding 

should be carried out.  One suggestion is to investigate the possibility of utilising an 

alternative surfacing modification technique.  Studies have shown that plasma 

polymer coatings using monomers such as acrylic acid and octadiene can be applied 

to culture surfaces including contact lenses for this purpose, as this increases the 

number of –OH groups present [103].  Perhaps this could provide greater affinity of 

the peptide for the lens.  An alternative method for increasing the quantity of the 

peptide on the lens would be the development of a dendrimer.  Using the IL-1ra 

peptide as the branches of the dendrimer would increase the number of peptide 

molecules present on the surface of the lens per available –OH group.       

Contact lenses were selected as the carrier due to their chemical and mechanical 

properties.  However, further work should include re-evaluation of the contact lens 

surface properties following surface modification since it is unclear if peptide binding 

affects the properties of the contact lens, such as gas permeability and the 

hydrophobic / hydrophilic nature of the lens.   

The efficacy of peptide-induced reduction in cytokine release should also be 

investigated over a longer time period.  Using current techniques, approximately three 

weeks are required to culture LESC on the lens surface to sub-confluency.  It is 

conceivable that the peptide may degrade during this period, thereby losing its 

efficacy.  As such, it is necessary to understand the effective lifespan of the peptide.  

Investigations into the degradation period of the peptide should be carried out to 

determine this.  In order to enhance the longevity of the peptide, modifications such as 



176 

 

protease resistance by pegylation antibody attachment or binding to serum albumin 

could be investigated [226].  This may therefore enable prolonged peptide efficacy, 

allowing for effective anti-inflammatory action following the LESC culture period.  

This information is essential to further develop the use of the peptide in reducing 

inflammation during LSCD treatment.   

Use of the peptide on the contact lens but without the addition of cells could further 

be considered as a medical treatment in other ophthalmic conditions involving chronic 

inflammation or post surgery.  The application of a slow drug release system could 

allow longer term inflammatory inhibition.  Prototype drug-eluting contact lenses 

using PLGA have shown to be able to support slow drug release [260].  Furthermore, 

combining the peptide with autologous plasma eye drops could be used as an 

alternative post surgical anti-inflammatory treatment.   

This study has provided evidence for an alternative method for reducing inflammation 

in the recipient eye and an improved method for graft handling.  There has been no 

significant attempt to combine both these aspects to date.  This novel system 

combines anti-inflammatory properties with a carrier suitable for graft transplantation 

and may be suitable to replace the use of amnion in LESC graft transplantation.   
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4.4 – Other aspects to consider for the improvement of current practice 

The mechanisms of action by which LESC grafts improve LSCD and the clinical 

symptoms of the disorder remain unclear.  It is well documented that cultured LESC 

can be used to successfully treat LSCD.  The mechanism by which the cultured LESC 

grafts interact with the recipient’s own cells remains unknown.  Some studies suggest 

that the donor cells become integrated alongside the host cells.  For example, the work 

of Deshpande, et al. utilised LESC cultured on contact lenses with the intention of the 

cells becoming detached when applied to the patient [103], which may suggest the 

donor cells are to integrate with the recipient.  An alternative suggestion for the 

mechanism of action is paracrine signalling by the donor cells to the host cells, which 

would not require the donor cells to detach from the carrier and integrate into the host 

tissue.  It is possible that paracrine signalling from the healthy population of LESC in 

the graft can initiate a response from the recipient’s cells which may stimulate 

surviving LESC present in the recipient to resume their normal function.  However, 

the exact process by which this occurs remains unknown.  Moorfields Eye Hospital in 

London utilise cells cultured on amniotic membrane in LSCD treatment.  The cells do 

not detach from the amniotic membrane, thus indicating paracrine signalling between 

the donor and recipient cells takes place rather than cell integration.  Some argue that 

the amniotic membrane degrades over time, thereby releasing the cells.  The work of 

Daya, et al. demonstrated that following nine months post LESC transplant, no donor 

DNA could be detected in the host [267].  If donor LESC are not persisting, this may 

further support the argument of paracrine signalling by the cells, rather than a direct 

role in tissue regeneration by integration into the host tissue.   

These ideas raise further questions about LESC cultures.  Is it essential for LESC 

cultures to be 70-80 % confluent?  How many stem cells are actually needed?  It still 
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remains unclear how many stem cells are present in LESC cultures.  It has been 

suggested that maintaining a larger fraction of progenitor cells in culture is a key 

factor for graft success [268].  Current practices at Queen Victoria Hospital assess 

cultured LESC graft suitability on morphological appearance alone, without the use of 

putative LESC markers.  However this unit had demonstrated good clinical outcome 

without full knowledge of the fraction of stem cells present in their grafts.  This would 

suggest that the current techniques provide an adequate fraction of LESC in the 

culture.  However, it may be beneficial to adopt a standardised protocol for the 

production of LESC grafts, incorporating assessment of stem cell fraction, as this may 

allow for a better understanding of how to achieve and maintain good clinical 

outcome. 

There are many variations in current practice for treating LSCD and the use of LESC 

grafts.  Each patient may present the condition of LSCD differently and diagnosis 

criteria may change from centre to centre.  There have been very few direct 

comparisons between the different methods of treating LSCD [269].  Regardless of 

this, the current technique of choice in the UK is the use of allogenic LESC cultures 

derived from cadaveric tissues.  Different centres vary their techniques for cell 

isolation and culture and also how the cultured LESC are applied.  Studies have been 

carried out that suggest variations in culture techniques can give rise to variable 

clinical outcomes [270].  Indeed, different patients may respond differently to 

treatment, and post procedural aftercare may also vary.  This lack of standardisation 

makes comparison between centres and techniques difficult.  It has been noted 

throughout this study, that there are several areas of contention; for example 

conflicting views on culture media.  While contradicting results are reported, it will 

continue to be difficult to establish best working practices.  More work would be 
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beneficial to establish and standardise new tools for diagnosis, therapy and pre / post 

patient care.  However, the current study sought to address some issues surrounding 

LESC culture initiation and survival for grafting treatments and has shown that the 

development of an all-in-one LESC graft for the treatment of LSCD is feasible.  
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4.5 – Summary  

This study has provided original research and evidence in support of the possibility 

of:  

1. Increasing the number of LSCD patients treated per donation. 

2. The use of a short sequence peptide to effectively reduce the production of 

pro-inflammatory cytokines in LESC and keratocytes. 

3. Development of an all-in-one graft, with the aim of treating LSCD. 

Currently only four LSCD patients can be treated from a single donated tissue.  

Establishing a cell bank of LESC could allow for greater numbers of patients to be 

treated.  This study has shown that it is possible to culture and identify LESC in 

quantities suitable for the purposes of cell banking.  Using standard cryopreservation 

methods, LESC viability was comparable with other studies.  However, re-

establishment of the culture post thaw was not possible.  Thus, in order to establish a 

cell bank, cell growth following cryopreservation must be addressed. 

Graft rejection is linked to inflammation, which is a major manifestation in the LSCD 

eye.  The IL-1 inflammatory pathway has been shown to play an important role in 

initiating inflammation in the cornea.  Therefore, being able to inhibit this pathway 

could enhance graft survival.  This important study has shown that the use of a short 

sequence peptide designed to act as a competitive inhibitor to IL-1 is able to reduce 

the production of pro-inflammatory cytokines in corneal cells.  This study has also 

demonstrated that combination of the peptide with a PureVision contact lens has the 

potential to act as a bio-mimic for amniotic membrane, providing anti-inflammatory 

properties and improving handling of LESC grafts.  This delivery method may 
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provide an effective and convenient treatment of LSCD by significantly reducing 

damage to the graft incurred via handling and application.  Furthermore, it may 

enhance graft survival by reducing the likelihood of rejection, through its anti-

inflammatory properties.  Further work could investigate peptide sequences that may 

work antagonistically against other cytokines involved in the inflammatory cascade, 

such as IL-6 or tumour necrosis factor alpha (TNFα).  The important findings of this 

study also indicate that the peptide could be utilised not only in treating LSCD, but 

could be employed in the treatment of other ophthalmic inflammatory conditions.   
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Appendix I – Negative immunostaining control 

 

Cells were isolated using cell suspension technique and were cultured on coverslips 
for three weeks using R&G medium.  A negative control was observed using 
secondary antibody only.  Cells were observed using fluorescence microscopy at 519 
nm (FITC) and 452 nm (DAPI).  Images show no non-specific binding of secondary 
antibody. 
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Appendix II – Optimised antibody concentrations for immunocytochemical 

staining 

Table shows optimised concentrations for each of the primary and secondary 
antibodies for immunocytochemical staining. 

Products Dilution 

1º Monoclonal Mouse Anti-p63, Clone 

4A4 (MAB4135) 

1:50 

1º Monoclonal Mouse Anti-Keratin 

K3/K76, Clone AE5 (CBL218) 

1:50 

1º Monoclonal Mouse Anti-Human 

Cytokeratin 19, Clone RCK108 (M 

0888) 

1:50 

2º Anti-Mouse IgG (FITC), raised in 

goat (F 0257) 

1:100 
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Appendix III – Morphology of cultures derived from Optisol stored tissues ≤ 70 

days post donor death 

 

 

Cells isolated and 
cultured to P1 from 
donations stored in 
Optisol, with a 
death to culture 
period of ≤70 days.  
Cells were isolated 
using cell 
suspension 
technique and were 
seeded at 
approximately 1 x 
104 cells in a 25 
cm2 culture flask 
and cultured for 
three weeks using 
R&G medium.  
Images show 
successful cultures 
from nine donor 
tissues;  

a) LR1605;            
b) LR1606;            
c) LR1611;            
d) LR 1614;           
e) LR1623;            
f) LR1642;            
g) LR1643;                 
h) LR1664;              
i) LR1665 
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Appendix IV – Morphology of cultures derived from OC stored tissues using 

increased cell seeding density  
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Cells isolated and 
cultured to P1 from 
donations stored in OC.  
Cells were isolated 
using cell suspension 
technique and were 
seeded at approximately 
4 x 104 cells in a 25 cm2 
culture flask and 
cultured for three weeks 
using R&G medium.  
Images show successful 
cultures from nine donor 
tissues;  

a) LR2229;                   
b) LR2230;                    
c) LR2231;                   
d) LR2232;                   
e) LR2233;                        
f) LR2234;                        
g) LR2235;                        
h) LR2236;                    
i) LR2237;                           
j) LR2238;                   
k) LR2239;                   
l) LR2240;                   
m) LR2255;                   
n) LR2256;                  
o) LR2257;                  
p) LR2258;             
q)LR2259 
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Appendix V – Immunocytochemical staining of primary cell culture  

 

Cells were isolated from Optisol stored (LR1611) tissue using cell suspension 
technique and were seeded and cultured on coverslips for three weeks using R&G 
medium. 

Cells were stained with DAPI (blue) and FITC (green) for K3, K19 and p63.  
Immunocytochemical staining was observed using fluorescence microscopy at 519 
nm (FITC) and 452 nm (DAPI).  Positive staining for all three markers, K3 
(cytoplasmic), K19 (cytoplasmic) and p63 (nuclear), 
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Cells were isolated from Optisol stored (LR1614) tissue using cell suspension 
technique and were seeded and cultured on coverslips for three weeks using R&G 
medium. 

Cells were stained with DAPI (blue) and FITC (green) for K3, K19 and p63.  
Immunocytochemical staining was observed using fluorescence microscopy at 519 
nm (FITC) and 452 nm (DAPI).  Positive staining for all three markers, K3 
(cytoplasmic), K19 (cytoplasmic) and p63 (nuclear), 
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Cells were isolated from OC stored (LR2239) tissue using cell suspension technique 
and were seeded and cultured on coverslips for three weeks using R&G medium. 

Cells were stained with DAPI (blue) and FITC (green) for K3, K19 and p63.  
Immunocytochemical staining was observed using fluorescence microscopy at 519 
nm (FITC) and 452 nm (DAPI).  Positive staining for all three markers, K3 
(cytoplasmic), K19 (cytoplasmic) and p63 (nuclear), 
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Cells were isolated from OC stored (LR2240) tissue using cell suspension technique 
and were seeded and cultured on coverslips for three weeks using R&G medium. 

Cells were stained with DAPI (blue) and FITC (green) for K3, K19 and p63.  
Immunocytochemical staining was observed using fluorescence microscopy at 519 
nm (FITC) and 452 nm (DAPI).  Positive staining for all three markers, K3 
(cytoplasmic), K19 (cytoplasmic) and p63 (nuclear), 
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Appendix VI – qRT-PCR raw data (K3, K19, p63 and Pax-6) – P1 & P2 

Cells were isolated from OC stored tissue using cell suspension technique and were seeded at approximately 1 x 104 cells in a 25 cm2 culture 
flask and cultured for three weeks using R&G medium.  Table shows the putative LESC marker qRT-PCR raw data for three P1 and P2 donor 
samples (LR2229, LR2232 and LR2234). 

Sample Primers C(t) Mean C(t) Delta C(t) RQ Delta (2^-Delta C(t) 

LR2229      

P1 GAPDH 17.45     

P1  GAPDH 17.85     

P1  GAPDH 17.74 17.68 0 1 

P1 K3 29.82     

P1 K3 29.61     

P1 K3 29.37 29.6 11.92 0.000258 

P1 K19 18.44     

P1 K19 17.92     

P1 K19 18.17 18.17667 0.496667 0.708742 

Sample Primers C(t) Mean C(t) Delta C(t) RQ Delta (2^-Delta C(t) 

P1 P63 26.99     



207 

 

P1 P63 27.01     

P1 P63 26.91 26.97 9.29 0.001597 

P1 PAX-6 22.42     

P1 PAX-6 22.45     

P1 PAX-6 22.71 22.52667 4.846667 0.034754 

      P2 GAPDH 18.44     

P2 GAPDH 18.53     

P2 GAPDH 18.65 18.54 0 1 

P2 K3 35.13     

P2 K3  N/A     

P2 K3  N/A 35.13 16.59 1.01E-05 

P2 K19 20.48     

P2 K19 20.41     

Sample Primers C(t) Mean C(t) Delta C(t) RQ Delta (2^-Delta C(t) 

P2 K19 20.34 20.41 1.87 0.273573 

P2 P63 30     
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P2 P63 30.43     

P2 P63 29.79 30.07333 11.53333 0.000337 

P2 PAX-6 25.96     

P2 PAX-6 25.93     

P2 PAX-6 25.82 25.90333 7.363333 0.006073 

      LR2232      

P1 GAPDH 17.39     

P1  GAPDH 17.54     

P1  GAPDH 17.17 17.36667 0 1 

P1 K3 30.05     

P1 K3 30.14     

P1 K3 30.98 30.39 13.02333 0.000120112 

Sample Primers C(t) Mean C(t) Delta C(t) RQ Delta (2^-Delta C(t) 

P1 K19 17.72     

P1 K19 18.54     

P1 K19 17.73 17.99667 0.63 0.646176415 
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P1 P63 26.95     

P1 P63 26.68     

P1 P63 26.54 26.72333 9.356667 0.001525326 

P1 PAX-6 22.69     

P1 PAX-6 22.76     

P1 PAX-6 22.81 22.75333 5.386667 0.023902964 

      P2 GAPDH 17.77     

P2 GAPDH 17.53     

P2 GAPDH 17.48 17.59333 0 1 

P2 K3 32.36     

P2 K3 32.49     

Sample Primers C(t) Mean C(t) Delta C(t) RQ Delta (2^-Delta C(t) 

P2 K3 32.3 32.38333 14.79 3.52993E-05 

P2 K19 19.72     

P2 K19 19.8     

P2 K19 19.86 19.79333 2.2 0.217637641 
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P2 P63 28.02     

P2 P63 28.19     

P2 P63 28.4 28.20333 10.61 0.000639841 

P2 PAX-6 25.58     

P2 PAX-6 25.24     

P2 PAX-6 25.33 25.38333 7.79 0.004518313 

      

LR2234      

P1 GAPDH 22.3     

P1  GAPDH 22.16     

Sample Primers C(t) Mean C(t) Delta C(t) RQ Delta (2^-Delta C(t) 

P1  GAPDH 22.17 22.21 0 1 

P1 K3 30.39     

P1 K3 30.96     

P1 K3 30.57 30.64 8.43 0.002899 

P1 K19 23.76     
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P1 K19 23.86     

P1 K19 23.42 23.68 1.47 0.360982 

P1 P63 32.63     

P1 P63 32.6     

P1 P63 32.69 32.64 10.43 0.000725 

P1 PAX-6 28.01     

P1 PAX-6 27.82     

P1 PAX-6 27.92 27.91667 5.706667 0.019148 

      

Sample Primers C(t) Mean C(t) Delta C(t) RQ Delta (2^-Delta C(t) 

P2 GAPDH 16.43     

P2 GAPDH 16.75     

P2 GAPDH 16.55 16.57667 0 1 

P2 K3 33.27     

P2 K3 33.12     

P2 K3 33.05 33.14667 16.57 1.03E-05 
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P2 K19 19.21     

P2 K19 19.02     

P2 K19 18.97 19.06667 2.49 0.178006 

P2 P63 26.66     

P2 P63 26.22     

P2 P63 26.69 26.52333 9.946667 0.001013 

P2 PAX-6 24.24     

P2 PAX-6  N/A     

Sample Primers C(t) Mean C(t) Delta C(t) RQ Delta (2^-Delta C(t) 

P2 PAX-6  N/A 24.24 7.663333 0.004933 
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Appendix VII – IL-8 standard curve 

IL-8 standard curve

IL-8 concentration (pg/ml) 
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y=0.0200x + 0.0751

R2=0.985 

IL-8 standard (pg / 
ml) 

Absorbance (450 nm) Average Standard 
deviation 

250 1.970 1.956 1.976 1.701 1.658 1.8522 0.159 

125 1.906 1.870 1.860 1.326 1.249 1.6422 0.325 

62.5 1.622 1.486 1.477 0.944 0.842 1.2742 0.355 

31.25 1.010 0.919 0.890 0.558 0.507 0.7768 0.228 

15.625 0.591 0.486 0.510 0.335 0.259 0.4362 0.136 

7.8125 0.331 0.250 0.309 0.180 0.134 0.241 0.084 

3.90625 0.221 0.146 0.172 0.102 0.084 0.145 0.055 

0 0 0 0 0 0 0 0 

  Raw data for IL-8 standard curve 



214 

 

Appendix VIII – IL-6 standard curve 

IL-6 Standard Curve

IL-6 concentration (pg/ml)
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y = 0.00506x + 0.028

R2=0.997 

IL-6 standard (pg / 
ml) 

Absorbance (450 nm) Average Standard 
deviation 

300 1.890 1.676 1.507 1.265 1.255 1.519 0.272 

150 1.031 0.868 1.156 0.612 0.439 0.821 0.295 

75 0.592 0.446 0.638 0.341 0.196 0.443 0.181 

37.5 0.346 0.210 0.354 0.175 0.106 0.238 0.109 

18.75 0.154 0.081 0.202 0.088 0.065 0.118 0.058 

9.375 0.103 0 0.117 0.035 0.015 0.054 0.053 

4.6875 0.066 0 0.154 0.027 0.004 0.044 0.071 

0 0 0 0 0 0 0 0 

 Raw data for IL-6 standard curve 
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Appendix IX – IL-1β standard curve 

IL-1 Beta Standard Curve

IL-1 Beta concentration (pg/ml)
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y = 0.00482x + 0.0597

R2=0.985 

IL-1 beta standard (pg / 
ml) 

Absorbance (450nm) 

 

Average Standard 
deviation 

500 1.738 1.742 1.717 1.598 1.570 1.673 0.082 

250 1.251 1.176 1.094 1.460 1.067 1.210 0.158 

125 0.732 0.671 0.615 1.009 0.680 0.741 0.155 

62.5 0.398 0.372 0.336 0.598 0.390 0.419 0.103 

31.25 0.214 0.199 0.198 0.338 0.187 0.227 0.063 

15.625 0.129 0.094 0.115 0.177 0.097 0.122 0.034 

7.8125 0.082 0.056 0.086 0.078 0.047 0.070 0.017 

0 0 0 0 0 0 0 0 

 

Raw data for IL-1β standard curve 
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Appendix X – Methyl orange standard curve 

Standard curve for methyl orange in ethanol 

Methyl orange concentration (uM)
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Y=0.00295x+0.0803, R2= 0.999 

Methyl orange concentration (µM) Absorbance (490nm) Average Standard deviation 

476 1.456 1.478 1.495 1.476 0.020 

238 0.811 0.756 0.780 0.782 0.028 

119 0.478 0.402 0.453 0.444 0.039 

59.5 0.283 0.270 0.263 0.272 0.010 

29.75 0.176 0.172 0.169 0.172 0.004 

14.875 0.121 0.116 0.118 0.118 0.003 

7.4375 0.095 0.090 0.098 0.094 0.004 

0 0.057 0.069 0.067 0.064 0.006 

 Raw data for Methyl orange standard curve 



217 

 

Appendix XI – BCA assay standard curve 

Standard curve for BCA assay using peptide

Peptide concentration (mg/ml)
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Y=13.624x+0.220, R2=0.986 

Peptide concentration (mg/ml) Absorbance (592nm) Average Standard deviation 

0.125 1.807 1.922 1.865 0.081 

0.0625 1.088 1.216 1.152 0.091 

0.03125 0.659 0.762 0.711 0.073 

0.015625 0.417 0.487 0.452 0.050 

0 0.103 0.127 0.115 0.017 

 

 

Raw data for BCA assay standard curve 
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Appendix XII – LDH standard curve (tested on keratocytes) 

LDH standard curve using keratocytes

Cell number
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y=0.0000155x+0.644, R2=0.998 

Cell number Absorbance (490nm) Average Standard deviation 

50000 1.335 1.425 1.521 1.427 0.093 

25000 1.020 0.981 1.039 1.013 0.029 

12500 0.823 0.844 0.869 0.845 0.023 

6250 0.746 0.708 0.768 0.741 0.030 

3125 0.677 0.649 0.745 0.690 0.049 

1562.5 0.737 0.631 0.704 0.691 0.054 

781.25 0.629 0.612 0.701 0.647 0.047 

0 0.624 0.628 0.662 0.638 0.021 

 

Cells were isolated using explant technique.  Isolated cells were cultured on 96-well 
plate for 6 hours.  Cells then underwent LDH assay in order to determine optimal cell 
numbers.  Table shows raw data and graph shows the standard curve. 
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Appendix XIII –MTS standard curve (tested on keratocytes) 

MTS cell validation using keratocytes

Cell number

0 10000 20000 30000 40000 50000 60000

A
b

s
o

rb
a

n
c
e

 (
4

9
0
n

m
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

y=0.0000130x+0.237, R2=0.999  

Cell number Absorbance (490nm) Average Standard deviation 

50000 0.790 0.915 0.956 0.887 0.087 

25000 0.545 0.582 0.573 0.567 0.019 

12500 0.395 0.422 0.408 0.408 0.013 

6250 0.315 0.301 0.315 0.310 0.008 

3125 0.291 0.282 0.277 0.283 0.007 

1562.5 0.260 0.258 0.247 0.255 0.007 

781.25 0.249 0.245 0.244 0.246 0.003 

0 0.222 0.267 0.219 0.236 0.027 

 

Cells were isolated using explant technique.  Isolated cells were cultured on 96-well 
plate for 6 hours.  Cells then underwent MTS assay in order to determine optimal cell 
numbers.  Table shows raw data and graph shows the standard curve. 
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Appendix XIV – Peptide toxicity LDH assay raw data 

Raw data for assessment of potential peptide cytotoxicity following 24 hour exposure on 

keratocyte cell cultures (4 x 104 cells) using LDH assay. 

 Experiment 
1 

Experiment 
2 

Experiment 
3 

Average Standard 
Deviation 

Absorbance (490nm) 

1000µg/ml 0.123 0.170 0.100 0.131 0.036 

100µg/ml 0.119 0.154 0.088 0.120 0.033 

10µg/ml 0.110 0.138 0.075 0.107 0.032 

1µg/ml 0.110 0.138 0.062 0.103 0.038 

0.1µg/ml 0.094 0.123 0.043 0.087 0.041 

0.01µg/ml 0.101 0.134 0.059 0.098 0.038 

0µg/ml 0.097 0.138 0.062 0.099 0.038 

Triton-X 0.971 0.984 0.966 0.974 0.009 
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Appendix XV – Peptide toxicity MTS assay raw data 

Raw data for assessment of potential peptide cytotoxicity following 24 hour exposure on 

keratocyte cell cultures (4 x 104 cells) using MTS assay. 

 Experiment 
1 

Experiment 
2 

Experiment 
3 

Average Standard 
Deviation 

Absorbance (490nm) 

1000µg/ml 0.924 0.827 1.077 0.943 0.126 

100µg/ml 0.874 0.891 0.881 0.882 0.008 

10µg/ml 1.018 0.911 0.792 0.907 0.113 

1µg/ml 1.048 0.945 0.841 0.945 0.104 

0.1µg/ml 1.035 0.920 0.838 0.931 0.099 

0.01µg/ml 0.995 0.983 0.976 0.985 0.010 

0µg/ml 1 1 1 1 0 

Triton-X 0.003 0.003 0 0.001 0.004 
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Appendix XVI – LPS toxicity LDH assay raw data 

Raw data for assessment of LPS cytotoxicity following 24 hour exposure on keratocyte cell 

cultures (4 x 104 cells) using LDH assay. 

  Experiment 
1 

Experiment 
2 

Experiment 
3 

Average Standard 
Deviation 

Absorbance (490nm) 

200µg/ml 0.168 0.175 0.179 0.174 0.005 

20.µg/ml 0.126 0.111 0.163 0.133 0.027 

2µg/ml 0.091 0.100 0.115 0.102 0.012 

0.2µg/ml 0.102 0.106 0.159 0.122 0.032 

0.02µg/ml 0.093 0.112 0.165 0.123 0.037 

0.002µg/ml 0.115 0.107 0.110 0.110 0.004 

0µg/ml 0.123 0.124 0.079 0.109 0.026 

Triton-X 1.033 0.898 1.085 1.005 0.097 
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Appendix XVII – LPS toxicity MTS assay raw data 

Raw data for assessment of LPS cytotoxicity following 24 hour exposure on keratocyte cell 

cultures (4 x 104 cells) using MTS assay. 

 Experiment 
1 

Experiment 
2 

Experiment 
3 

Average Standard 
Deviation 

Absorbance (490nm) 

200µg/ml 0.733 0.781 0.848 0.787 0.058 

20.µg/ml 1.051 0.908 0.940 0.966 0.075 

2µg/ml 1.180 1.045 1.028 1.084 0.083 

0.2µg/ml 1.110 0.879 1.031 1.007 0.118 

0.02µg/ml 1.155 1.025 1.117 1.099 0.067 

0.002µg/ml 1.181 0.943 1.096 1.073 0.121 

0µg/ml 1 1 1 1 0 

Triton-X 0.013139 0 0.001 0.004 0.008 
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Appendix XVIII – IL-8 ELISA on keratocytes treated with LPS 

Raw data for IL-8 production by keratocytes (2 x 104 cells) in response to 24 hour exposure to different concentrations of LPS. 

  

 

LPS concentrations (µg/ml)  

Medium 
blank 

0 0.002 0.02 0.2 2 20 200 1% 
Triton-X 

0.02µg/ml LPS 
(without cells) 

Experiment 1 
(pg/ml) 

0 0 583.5 7333.5 8098.5 8978.5 9853.5 1943.5 0 0 

Experiment 2 
(pg/ml) 

0 0 3983.5 15103.5 18618.5 19573.5 21083.5 8248.5 0 0 

Experiment 3 
(pg/ml) 

0 0 2248.5 15973.5 16978.5 13768.5 19393.5 6053.5 0 0 

Experiment 4 
(pg/ml) 

0 0 6718.5 11558.5 25473.5 14298.5 20843.5 9633.5 0 0 

Experiment 5 
(pg/ml) 

0 0 778.5 9823.5 12063.5 18118.5 13443.5 1703.5 0 0 

Experiment 6 
(pg/ml) 

0 0 3278.5 15798.5 25713.5 12353.5 9058.5 1503.5 0 0 
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LPS concentrations (µg/ml)  

Medium 
blank 

0 0.002 0.02 0.2 2 20 200 1% 
Triton-X 

0.02µg/ml LPS 
(without cells) 

Ave (pg/ml) 0 0 2931.833 12598.5 17824.333 14515.167 15612.667 4847.667 0 0 

SD 0 0 2288.383 3589.097 7069.284 3860.121 5521.172 3617.384 0 0 
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Appendix XIX – IL-6 ELISA on keratocytes treated with LPS 

Raw data for IL-6 production by keratocytes (2 x 104 cells) in response to 24 hour exposure to different concentrations of LPS. 

 LPS concentrations (µg/ml)  

Medium 
blank 

0 0.002 0.02 0.2 2 20 200 1% Triton-
X 

0.02µg/ml LPS 
(without cells) 

Experiment 1 
(pg/ml) 

0 0 4446.640 26264.822 26442.688 27114.625 30335.969 33260.870 0 0 

Experiment 2 
(pg/ml) 

0 0 18932.806 58873.518 70988.142 65079.051 60928.854 58320.158 0 0 

Experiment 3 
(pg/ml) 

0 0 7747.036 25869.565 37707.51 20652.174 34664.032 33201.581 0 0 

Experiment 4 
(pg/ml) 

0 0 24209.486 21719.368 20830.04 65138.340 42509.881 34762.846 0 0 

Experiment 5 
(pg/ml) 

0 0 2628.459 45790.514 25395.257 22588.933 64584.980 35138.340 0 0 

Experiment 6 
(pg/ml) 

0 0 27252.964 70849.802 59584.98 70098.814 84150.198 64960.474 0 0 
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 LPS concentrations (µg/ml)  

Medium 
blank 

0 0.002 0.02 0.2 2 20 200 1% Triton-
X 

0.02µg/ml LPS 
(without cells) 

Ave (pg/ml) 0 0 14202.899 41561.265 40158.103 45111.990 52862.319 43274.045 0 0 

SD 0 0 10617.330 20245.150 20559.808 23889.560 20626.237 14401.633 0 0 
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Appendix XX – IL-1β on keratocytes treated with LPS 

Raw data for IL-1β production by keratocytes (2 x 104 cells) in response to 24 hour exposure to different concentrations of LPS. 

  LPS concentrations (µg/ml)  

Medium blank 0 0.002 0.02 0.2 2 20 200 1% Triton-X 0.02µg/ml LPS (without cells) 

Experiment 1 (pg/ml) 0 0 0 0 0 0 0 0 0 0 

Experiment 2 (pg/ml) 0 0 0 0 0 0 0 0 0 0 

Experiment 3 (pg/ml) 0 0 0 0 0 0 0 0 0 0 

Ave (pg/ml) 0 0 0 0 0 0 0 0 0 0 

SD 0 0 0 0 0 0 0 0 0 0 
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Appendix XXI – Peptide and LPS toxicity LDH assay raw data 

Raw data for cytotoxicity assessment of LPS with/without different concentrations of peptide following 24 hour exposure on keratocyte cell cultures (4 x 104 

cells) using LDH assay. 

 Experiment 1 Experiment 2 Experiment 3 Average Standard Deviation 

Absorbance (490nm) 

1000ug/ml 0.094 0.086 0.068 0.083 0.013 

100ug/ml 0.068 0.109 0.109 0.095 0.023 

10ug/ml 0.059 0.124 0.097 0.093 0.033 

1ug/ml 0.059 0.105 0.098 0.087 0.025 

0.1ug/ml 0.082 0.094 0.102 0.093 0.010 

0.01ug/ml 0.104 0.093 0.111 0.103 0.009 

0.001ug/ml 0.090 0.116 0.085 0.097 0.016 

0ug/ml 0.112 0.137 0.134 0.128 0.014 

Cells only 0.086 0.142 0.081 0.103 0.034 

Triton-X 0.933 0.988 0.965 0.962 0.028 
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Appendix XXII – Peptide and LPS toxicity MTS assay raw data 

Raw data for cytotoxicity assessment of LPS with/without different concentrations of peptide following 24 hour exposure on keratocyte cell cultures (4 x 104 

cells) using MTS assay. 

 Experiment 1 Experiment 2 Experiment 3 Average Standard Deviation 

1000ug/ml 0.842 0.828 0.853 0.841 0.013 

100ug/ml 1.013 0.928 1.112 1.018 0.092 

10ug/ml 0.881 0.849 1.238 0.989 0.216 

1ug/ml 0.822 1.135 0.878 0.945 0.167 

0.1ug/ml 0.981 1.071 0.998 1.016 0.048 

0.01ug/ml 0.949 1.058 1.038 1.015 0.058 

0.001ug/ml 0.957 0.835 0.934 0.908 0.065 

0ug/ml 0.910 0.982 0.963 0.951 0.037 

Cells only 1 1 1 1 0 

Triton-X 0 0 0 0 0 
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Appendix XXIII – IL-8 ELISA on stimulated keratocytes treated with peptide 

Raw data for IL-8 production by keratocytes (2 x 104 cells) in response to 24 hour exposure to LPS and treated with different concentrations of 
peptide. 

   Peptide concentrations (µg/ml) + 20ng/ml LPS    

Mediu
m blank 

No 
LPS, 
No 
peptid
e 

0 0.001 0.01 0.1 1 10 100 1000 1% 
Triton
-X 

1mg/ml 
peptide 
(withou
t cells) 

0.02ul/m
l LPS 
and 
1mg/ml 
peptide 
(no 
cells) 

Experimen
t 1 (pg/ml) 

0 0 17863.5 19448.5 18203.5 21313.5 14873.5 10123.5 20423.5 3323.5 0 0 0 

Experimen
t 2 (pg/ml) 

0 0 5218.5 5243.5 5198.5 4143.5 4383.5 4363.5 4013.5 0 0 0 0 

Experimen
t 3 (pg/ml) 

0 0 10768.5 23288.5 13588.5 8343.5 8183.5 13503.5 11973.5 808.5 0 0 0 

Experimen
t 4 (pg/ml) 

0 0 6228.5 2438.5 4123.5 3698.5 2588.5 6193.5 3533.5 0 0 0 0 

 

 

 



232 

 

   Peptide concentrations (µg/ml) + 20ng/ml LPS    

Mediu
m blank 

No 
LPS, 
No 
peptid
e 

0 0.001 0.01 0.1 1 10 100 1000 1% 
Triton
-X 

1mg/ml 
peptide 
(withou
t cells) 

0.02ul/m
l LPS 
and 
1mg/ml 
peptide 
(no 
cells) 

Experimen
t 5 (pg/ml) 

0 0 27583.5 16393.5 11708.5 16553.5 9883.5 11908.5 19963.5 1483.5 0 0 0 

Experimen
t 6 (pg/ml) 

0 0 8933.5 6473.5 7383.5 4853.5 5043.5 7318.5 2628.5 0 0 0 0 

Average 
(pg/ml) 

0 0 12766 12214.33
3 

10034.33
3 

9817.66
7 

7492.66
7 

8901.83
3 

10422.66
7 

935.917 0 0 0 

SD 0 0 8531.40
7 

8597.120 5431.765 7402.46
1 

4480.76
4 

3525.51
7 

8279.328 1314.87
3 

0 0 0 
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Appendix XXIV – IL-6 ELISA on stimulated keratocytes treated with peptide 

Raw data for IL-6 production by keratocytes (2 x 104 cells) in response to 24 hour exposure to LPS and treated with different concentrations of 
peptide. 

   Peptide concentrations (µg/ml) + 20ng/ml LPS    

Mediu
m 
blank 

No 
LPS, 
No 
peptide 

0 0.001 0.01 0.1 1 10 100 1000 1% 
Triton
-X 

1mg/ml 
peptide 
(withou
t cells) 

0.02ul/
ml LPS 
and 
1mg/ml 
peptide 
only 

Experime
nt 1 
(pg/ml) 

0 1442.68
8 

95000 90948.61
7 

92213.43
9 

103537.5
5 

80711.46
2 

84584.98
0 

101837.9
45 

20098.81
42 

0 1719.36
8 

0 

Experime
nt 2 
(pg/ml) 

0 2826.08
7 

28972.33
2 

20276.68
0 

20573.12
3 

21264.82
2 

22292.49 21581.02
8 

22569.17 2588.933 0 59.289 0 

Experime
nt 3 
(pg/ml) 

0 434.783 89782.60
9 

54249.01
2 

68260.87
0 

48656.12
6 

39347.82
6 

66541.50
2 

59209.48
6 

8438.735 0 0 1245.05
9 

Experime
nt 4 
(pg/ml) 

0 0 28577.07
5 

12687.74
7 

20553.36
0 

16146.24
5 

16185.77
1 

31462.45
1 

24249.01
2 

5276.680 0 0 0 
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   Peptide concentrations (µg/ml) + 20ng/ml LPS    

Mediu
m 
blank 

No 
LPS, 
No 
peptide 

0 0.001 0.01 0.1 1 10 100 1000 1% 
Triton
-X 

1mg/ml 
peptide 
(withou
t cells) 

0.02ul/
ml LPS 
and 
1mg/ml 
peptide 
only 

Experime
nt 5 
(pg/ml) 

0 1976.28
5 

115830.0
4 

67134.38
7 

63814.22
9 

99762.84
6 

63517.78
7 

83972.33
2 

88794.46
6 

12015.81
0 

0 0 0 

Experime
nt 6 
(pg/ml) 

0 0 25434.78
3 

24446.64 32885.37
5 

18952.57 18498.02 26146.24
5 

28636.36
4 

3083.004 0 0 0 

Average 
(pg/ml) 

0 1113.30
7 

63932.80
6 

44957.18
1 

49716.73
3 

51386.69
3 

40092.22
7 

52381.42
3 

54216.07
4 

8583.663 0 296.443 207.510 

SD 0 1159.83
9 

40696.59
9 

30869.09
3 

29433.79
5 

40665.97
8 

26660.42
8 

29360.22
8 

34762.95
4 

6656.268 0 697.491 508.293 

 

 



235 

 

Appendix XXV – IL-8 ELISA on stimulated epithelial cells treated with peptide 

Raw data for IL-8 production by LESC in response to 24 hour exposure to LPS and treated with different concentrations of peptide. 

   Peptide concentrations (µg/ml) + 20ng/ml LPS  

Medium blank No LPS, No peptide 0 1 10 100 1000 1% Triton-X 

Experiment 1 (pg/ml) 0 0 0 0 0 0 0 0 

Experiment 2 (pg/ml) 0 23.5 0 248.5 0 0 0 0 

Experiment 3 (pg/ml) 0 0 0 0 0 0 0 808.5 

Average (pg/ml) 0 7.833 0 82.833 0 0 0 269.5 

SD 0 13.568 0 143.472 0 0 0 466.788 
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Appendix XXVI –IL-6 ELISA on stimulated epithelial cells treated with peptide 

Raw data for IL-6 production by LESC in response to 24 hour exposure to LPS and treated with different concentrations of peptide. 

   Peptide concentrations (µg/ml) + 20ng/ml LPS  

Medium blank No LPS, No peptide 0 1 10 100 1000 1% Triton-X 

Experiment 1 (pg/ml) 0 0 0 0 0 138.3399209 0 0 

Experiment 2 (pg/ml) 0 0 0 0 0 0 0 0 

Experiment 3 (pg/ml) 0 0 0 0 0 0 0 0 

Average (pg/ml) 0 0 0 0 0 46.113 0 0 

SD 0 0 0 0 0 79.871 0 0 
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Appendix XXVII – IL-1β ELISA on stimulated epithelial cells treated with peptide 

Raw data for IL-1β production by LESC in response to 24 hour exposure to LPS and treated with different concentrations of peptide.   

   Peptide concentrations (µg/ml) + 20ng/ml LPS  

Medium blank No LPS, No peptide 0 1 10 100 1000 1% Triton-X 

Experiment 1 
(pg/ml) 

0 0 0 0 0 0 0 0 

Experiment 2 
(pg/ml) 

0 0 0 0 2.697095436 0 0 0 

Experiment 3 
(pg/ml) 

0 0 0 0 0 0 0 120.9543568 

Average (pg/ml) 0 0 0 0 0.9 0 0 40.318 

SD 0 0 0 0 1.557 0 0 69.833 
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Appendix XXVIII – qRT-PCR raw data (IL-1β) – stimulated keratocytes treated with peptide 

Raw data for IL-1β gene expression in keratocytes (2 x 104 cells) following 24 hour exposure to LPS and treated with different concentrations of 
peptide in three donor samples (LR2361, LR2362 and LR2363). 

Sample Primers C(t) Mean C(t) Delta C(t) RQ Delta (2^-Delta C(t) 

LR2361      

Normal growth GAPDH 17.93     

Normal growth GAPDH 17.26     

Normal growth GAPDH 17.94 17.71 0 1 

Normal growth Beta 23.89     

Normal growth Beta 24.08     

Normal growth Beta 24.4 24.12333 6.413333 0.011732601 

Stimulated GAPDH 17.26     

Stimulated GAPDH 16.88     

Stimulated GAPDH 17.22 17.12 0 1 

Stimulated Beta 20.29     

Stimulated Beta 20.29     

Sample Primers C(t) Mean C(t) Delta C(t) RQ Delta (2^-Delta C(t) 

Stimulated Beta 20.31 20.29667 3.176667 0.110593104 
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Peptide GAPDH 16.36     

Peptide GAPDH 16.8     

Peptide GAPDH 16.88 16.68 0 1 

Peptide Beta 22.56    

Peptide Beta 22.69    

Peptide Beta 22.89 22.71333 6.033333 0.015268125 

LR2362      

Normal growth GAPDH 17.92     

Normal growth GAPDH 17.51     

Normal growth GAPDH 17.67 17.7 0 1 

Normal growth Beta 30.07     

Normal growth Beta 29.84     

Normal growth Beta 29.59 29.83333 12.13333 0.000223 

Stimulated GAPDH 17.88     

Sample Primers C(t) Mean C(t) Delta C(t) RQ Delta (2^-Delta C(t) 

Stimulated GAPDH 18.26     

Stimulated GAPDH 18.37 18.17 0 1 

Stimulated Beta 23.64     



240 

 

Stimulated Beta 23.38     

Stimulated Beta 23.42 23.48 5.31 0.025208 

Peptide GAPDH 18.11     

Peptide GAPDH 18.42     

Peptide GAPDH 18.54 18.35667 0 1 

Peptide Beta 27.11    

Peptide Beta 27.38    

Peptide Beta 26.92 27.13667 8.78 0.002275 

LR2363      

Normal growth GAPDH 16.26     

Normal growth GAPDH 16.44     

Normal growth GAPDH 16.57 16.42333 0 1 

Sample Primers C(t) Mean C(t) Delta C(t) RQ Delta (2^-Delta C(t) 

Normal growth Beta 22.39     

Normal growth Beta 23.41     

Normal growth Beta 22.49 22.76333 6.34 0.012344 

Stimulated GAPDH 17.15     

Stimulated GAPDH 17.26     
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Stimulated GAPDH 17.52 17.31 0 1 

Stimulated Beta 20.81     

Stimulated Beta 20.73     

Stimulated Beta 21.12 20.88667 3.576667 0.083814 

Peptide GAPDH 16.19     

Peptide GAPDH 16.13     

Peptide GAPDH 16.06 16.12667 0 1 

Peptide Beta 21.75    

Peptide Beta 22.22    

Peptide Beta 27.32 23.76333 7.636667 0.005025 
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Appendix XXIX – IL-8 ELISA on stimulated keratocytes (IL-1β) treated with peptide 

 

Raw data for IL-8 production by keratocytes (2 x 104 cells) in response to 24 hour exposure to IL-1β and treated with different concentrations of 
peptide. 

   Peptide concentrations (µg/ml) + 1nM IL-1beta   

Medium 

blank 

No il-
1beta, 
No 

peptide 

0 0.001 0.01 0.1 1 10 100 1000 1nM IL-
1 beta 
(without 

cells) 

1nM IL-
1 beta 
and 
1mg/ml 
peptide 
(without 

cells 

Experiment 

1 (pg/ml) 
0 0 26688.5 27283.5 28068.5 27948.5 26728.5 27618.5 20988.5 2383.5 0 0 

Experiment 
2 (pg/ml) 

0 0 26873.5 27483.5 27163.5 27858.5 25308.5 27463.5 18458.5 2273.5 0 0 

Experiment 

3 (pg/ml) 
0 0 26928.5 26128.5 24743.5 16838.5 14053.5 14758.5 4403.5 0 0 0 

Average 

(pg/ml) 
0 0 26830.167 26965.167 26658.5 24215.167 22030.167 23280.167 14616.833 1552.333 0 0 

SD 0 0 125.731 731.443 1719.062 6388.539 6944.387 7380.3867 8935.007 1345.485 0 0 
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Appendix XXX – IL-6 ELISA on stimulated keratocytes (IL-1β) treated with peptide 

 

Raw data for IL-6 production by keratocytes (2 x 104 cells) in response to 24 hour exposure to IL-1β and treated with different concentrations of 
peptide. 

   Peptide concentrations (µg/ml) + 1nM IL-1beta   

Medium 

blank 

No il1-
beta, No 

peptide 

0 0.001 0.01 0.1 1 10 100 1000 1nM IL-1 
beta 
(without 

cells) 

1nM IL-
1 beta 
and 
1mg/ml 
peptide 
(without 

cells) 

Experiment 

1 (pg/ml) 
0 0 108300.4 104743.08 113636.36 113102.77 108675.89 113102.767 98043.478 19486.166 1067.194 0 

Experiment 
2 (pg/ml) 

0 118.577 110751 111462.5 111087 113004 102766.8 112035.57 84584.98 17707.51 118.577 0 

Experiment 

3 (pg/ml) 
0 0 115335.97 92055.336 103873.52 71620.553 60612.648 65494.071 28142.293 8181.818 0 0 

Average 

(pg/ml) 
0 39.526 111462.45 102753.62 109532.28 99242.424 90685.112 96877.470 70256.917 15125.165 395.257 0 

SD 0 68.460 3571.3382 9855.3279 5063.6998 23921.293 26210.573 27184.0585 37087.9224 6078.52367 584.927 0 
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Appendix XXXI – IL-1β ELISA on stimulated keratocytes (IL-1β) treated with peptide 

 

Raw data for IL-1β production by keratocytes (2 x 104 cells) in response to 24 hour exposure to IL-1β and treated with different concentrations 
of peptide. 

   Peptide concentrations (µg/ml) + 1nM IL-1beta   

Medium 

blank 

No il-1 
beta, No 

peptide 

0 0.001 0.01 0.1 1 10 100 1000 1nM IL-
1 beta 
(without 

cells) 

1nM IL-1 
beta and 
1mg/ml 
peptide 
(without 

cells) 

Experiment 
1 (pg/ml) 

0 0 1162.448 910.719 560.788 1058.022 1230.913 931.466 1162.448 1353.32 10.996 50.415 

Experiment 

2 (pg/ml) 
0 0 996.473 972.96 430.775 1022.061 1005.463 747.510 1105.74 1248.894 46.266 46.266 

Experiment 

3 (pg/ml) 
0 0 959.129 1271.715 606.432 1242.67 1196.335 801.452 1087.068 1399.654 25.519 309.751 

Average 

(pg/ml) 
0 0 1039.35 1051.798 532.665 1107.584 1144.237 826.81 1118.419 1333.956 27.593 135.477 

SD 0 0 108.229 192.98 91.143 118.361 121.419 94.563 39.257 77.223 17.726 150.94 
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Appendix XXXII – IL-8 ELISA on stimulated epithelial cells (IL-1β) treated with peptide 

Raw data for IL-8 production by LESC in response to 24 hour exposure to IL-1β and treated with and without peptide. 

 

   Peptide concentrations (µg/ml) + 
1nM IL-1beta 

  

Medium 
blank 

No il-1 beta, No 
peptide 

0 1000 1nM IL-1 beta 
(without cells) 

1nM IL-1 beta and 1mg/ml peptide 
(without cells) 

Experiment 1 
(pg/ml) 

0 7833.5 24108.5 2363.5 0 0 

Experiment 2 
(pg/ml) 

0 1233.5 25973.5 5213.5 0 0 

Experiment 3 
(pg/ml) 

0 0 14988.5 7403.5 0 0 

Average (pg/ml) 0 3022.333 21690.167 4993.5 0 0 

SD 0 4211.992 5878.249 2527.192 0 0 
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Appendix XXXIII – IL-6 ELISA on stimulated epithelial cells (IL-1β) treated with peptide 

Raw data for IL-6 production by LESC in response to 24 hour exposure to IL-1β and treated with and without peptide. 

   Peptide concentrations (µg/ml) + 10-

9M IL-1beta 
  

Medium 
blank 

No il-1 beta, No 
peptide 

0 1000 1 x 10-9M IL-1 beta 
(without cells) 

1 x 10-9M IL-1 beta and 1mg/ml 
peptide (without cells) 

Experiment 1 
(pg/ml) 

0 0 57332.016 15533.597 1067.194 0 

Experiment 2 
(pg/ml) 

0 2727.273 60770.751 17707.51 118.577 0 

Experiment 3 
(pg/ml) 

0 0 60355.731 15375.494 0 0 

Average (pg/ml) 0 909.091 59486.166 16205.534 395.257 0 

SD 0 1574.592 1877.054 1303.15 584.927 0 
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Appendix XXXIV – IL-1β ELISA on stimulated epithelial cells (IL-1β) treated with peptide 

Raw data for IL-1β production by LESC in response to 24 hour exposure to IL-1β and treated with and without peptide. 

   Peptide concentrations (µg/ml) + 
1nM IL-1beta 

  

Medium 
blank 

No il-1 beta, No 
peptide 

0 1000 1nM IL-1 beta 
(without cells) 

1nM IL-1 beta and 1mg/ml peptide 
(without cells) 

Experiment 1 
(pg/ml) 

0 0 1610.581 608.506 10.996 50.415 

Experiment 2 
(pg/ml) 

0 0 2103.665 1337.414 46.266 46.266 

Experiment 3 
(pg/ml) 

0 0 932.158 60.097 25.519 309.751 

Average (pg/ml) 0 0 1548.801 668.672 27.593 135.477 

SD 0 0 588.192 640.780 17.726 150.94 
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Appendix XXXV – Effects of treatments on IL-1β / degradation data 

Raw data for IL-1β degradation in cell culture media without incubation. 

  IL-1 beta concentrations (pg/ml) 

0 7.8125 15.625 31.25 62.5 125 250 500 

Il-1 beta (n=1) 0 0.051 0.111 0.209 0.429 0.769 1.284 1.824 

(n=2) 0 0.05 0.122 0.219 0.433 0.797 1.328 1.809 

(n=3) 0 0.052 0.056 0.239 0.422 0.747 1.268 1.757 

Ave 0 0.051 0.096333 0.222333 0.428 0.771 1.293333 1.796667 

SD 0 0.001 0.03536 0.015275 0.005568 0.02506 0.03107 0.035162 

         

+ 1mg/ml peptide (n=1) 0 0.052 0.11 0.231 0.398 0.776 1.288 1.805 

(n=2) 0 0.089 0.124 0.243 0.435 0.805 1.322 1.858 

(n=3) 0 0.048 0.11 0.22 0.232 0.793 1.338 1.823 

Ave  0 0.063 0.114667 0.231333 0.355 0.791333 1.316 1.828667 

SD 0 0.022605 0.008083 0.011504 0.108116 0.014572 0.025534 0.026951 
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  IL-1 beta concentrations (pg/ml) 

0 7.8125 15.625 31.25 62.5 125 250 500 

+ 20ng/ml LPS (n=1) 0 0.086 0.125 0.242 0.463 0.791 1.346 1.794 

(n=2) 0 0.043 0.165 0.213 0.393 0.803 1.339 1.792 

(n=3) 0 0.093 0.1 0.194 0.435 0.76 1.316 1.79 

Ave 0 0.074 0.13 0.216333 0.430333 0.784667 1.333667 1.792 

SD 0 0.027074 0.032787 0.024173 0.035233 0.022189 0.015695 0.002 

         

+ 20ng/ml LPS + 1mg/ml peptide(n=1) 0 0.051 0.123 0.241 0.413 0.762 1.357 1.786 

(n=2) 0 0.065 0.116 0.22 0.443 0.873 1.332 1.764 

(n=3) 0 0.033 0.088 0.327 0.407 0.774 1.326 1.805 

Ave 0 0.049667 0.109 0.262667 0.421 0.803 1.338333 1.785 

SD 0 0.016042 0.01852 0.056695 0.019287 0.060918 0.016442 0.020518 
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Raw data for IL-1β degradation in cell culture media following 24 hours of incubation. 

  IL-1 beta concentrations (pg/ml) 

0 7.8125 15.625 31.25 62.5 125 250 500 

Il-1 beta (n=1) 0 0.016 0.022 0.043 0.082 0.167 0.254 0.507 

(n=2) 0 0.004 0.035 0.052 0.07 0.126 0.231 0.462 

(n=3) 0 0.03 0.027 0.071 0.092 0.145 0.242 0.476 

Ave 0 0.016667 0.028 0.055333 0.081333 0.146 0.24233333 0.481667 

SD 0 0.013013 0.006557 0.014295 0.011015 0.020518 0.01150362 0.023029 

         

+ 1mg/ml peptide (n=1) 0 0.002 0.013 0.037 0.038 0.131 0.213 0.463 

(n=2) 0 0.02 0.028 0.035 0.075 0.137 0.246 0.454 

(n=3) 0 0.022 0.011 0.031 0.07 0.11 0.22 0.457 

Ave  0 0.014667 0.017333 0.034333 0.061 0.126 0.22633333 0.458 

SD 0 0.011015 0.009292 0.003055 0.020075 0.014177 0.01738774 0.004583 
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 IL-1 beta concentrations (pg/ml) 

0 7.8125 15.625 31.25 62.5 125 250 500 

+ 20ng/ml LPS (n=1) 0 0.014 0.004 0.005 0.032 0.049 0.117 0.218 

(n=2) 0 -0.01 0.004 0.005 0 0.044 0.084 0.191 

(n=3) 0 0.002 0.005 0.011 0.043 0.058 0.115 0.264 

Ave 0 0.002 0.004333 0.007 0.025 0.050333 0.10533333 0.224333 

SD 0 0.012 0.000577 0.003464 0.022338 0.007095 0.01850225 0.03691 

         

+ 20ng/ml LPS + 1mg/ml peptide(n=1) 0 -0.008 0.013 0.01 0.019 0.08 0.102 0.184 

(n=2) 0 0.014 0.015 0.015 0.033 0.08 0.098 0.216 

(n=3) 0 -0.03 -0.016 -0.005 0.001 0.032 0.063 0.156 

Ave 0 -0.008 0.004 0.006667 0.017667 0.064 0.08766667 0.185333 

SD 0 0.022 0.017349 0.010408 0.016042 0.027713 0.02145538 0.030022 
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Appendix XXXVI – Methyl orange on treated contact lens 

Raw data to show the concentration of –OH groups present on the surface of the treated contact lenses using methyl orange. 

Treatment Absorbance (490nm) Average µM Calculation nmol / contact lend 

No treatment 0.066 0.061 0.062 0.063 0 0 µmol/L x 500 x10-6 L 0 

20% APTES 0.419 0.458 0.454 0.444 125.299 125.299 µmol/L x 500 x10-6 L 62.6 

20% APTES 0.438 0.483 0.475 0.465 132.770 132.770 µmol/L x 500 x10-6 L 66.4 

20% APTES 0.474 0.506 0.486 0.489 140.816 140.816 µmol/L x 500 x10-6 L 70.4 
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Appendix  XXXVII – BCA assay on peptide bound contact lens 

Raw data to show the concentration of IL-1ra peptide present on the surface of the treated contact lenses using BCA assay. 

Treatment Absorbance (592nm) mg/ml Calculation µM Calculation nmol 

No treatment 
0.159 

0 0 (g/L) / 2606 (g/L) 0 0 umol/L x 300 x 10-
6 L 

0 

1mg/ml peptide 
0.563 0.025 

0.025 (g/L) / 2606(g/L) 
9.66 

9.66 umol/L x 300 x 
10-6 L 

2.898 

1mg/ml peptide 
0.64 0.031 

0.031 (g/L/ 2606 (g/L) 
11.83 

11.83 umol/L x 300 
x 10-6 L 

3.55 

1mg/ml peptide 
0.41 0.014 

0.014 (g/L) / 2606 (g/L) 
5.35 

5.35 umol/L x 300 x 
10-6 L 

1.61 
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Appendix XXXVIII – IL-8 ELISA on stimulated epithelial cells cultured on 

peptide bound contact lens 

Raw data for IL-8 production by LESC cultured on IL-1ra peptide functionalised 
contact lenses following 24 hour exposure to IL-1β. 

 Medium 
blank 

Cells only IL-1 beta 
1nM 

IL-1 beta 
1nM + 
Peptide 
(bound) 

IL-1 beta 
1nM (no 
cells) 

Experiment 1 
(pg/ml) 

0 0 17708.5 16583.5 0 

Experiment 2 
(pg/ml) 

0 0 15103.5 17053.5 0 

Experiment 3 
(pg/ml) 

0 0 18918.5 16743.5 0 

Average 
(pg/ml) 

0 0 17243.5 16793.5 0 

SD 0 0 1949.545 238.956 0 
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Appendix XXXIX – IL-6 ELISA on stimulated epithelial cells cultured on 

peptide bound contact lens  

Raw data for IL-6 production by LESC cultured on IL-1ra peptide functionalised 
contact lenses following 24 hour exposure to IL-1β. 

 Medium 
blank 

Cells only IL-1 beta 
1nM 

IL-1 beta 
1nM + 
Peptide 
(bound) 

IL-1 beta 
1nM (no 
cells) 

Experiment 1 
(pg/ml) 

0 0 1225.296 948.617 0 

Experiment 2 
(pg/ml) 

0 0 5375.494 3339.921 0 

Experiment 3 
(pg/ml) 

0 0 4802.372 3498.024 0 

Average 
(pg/ml) 

0 0 3801.054 2595.520 0 

SD 0 0 2249.003 1428.45 0 
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Appendix XXXX – IL-1β ELISA on stimulated epithelial cells cultured on 

peptide bound contact lens 

Raw data for IL-1β production by LESC cultured on IL-1ra peptide functionalised 
contact lenses following 24 hour exposure to IL-1β. 

 Medium 
blank 

Cells only IL-1 beta 
1nM 

IL-1 beta 
1nM + 
Peptide 
(bound) 

IL-1 beta 
1nM (no 
cells) 

Experiment 1 
(pg/ml) 

0 0 2411.411 2273.79 110.581 

Experiment 2 
(pg/ml) 

0 0 1724.689 1317.358 168.672 

Experiment 3 
(pg/ml) 

0 0 2146.542 1564.246 150 

Average 
(pg/ml) 

0 0 2094.214 1718.465 143.084 

SD 0 0 346.339 496.516 29.657 

 


