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ABSTRACT 

Transplantation of limbal epithelial stem cells (LESCs) can be an effective treatment 

for patients with Limbal Stem Cell Deficiency (LSCD), a condition where loss or 

damage of corneal stem cells results in painful inflammation and blindness. However, 

failure rates of both auto- and allografted cultured LESCs are high despite systemic 

immune suppression, for which the reasons are unclear. This project aimed to 

investigate variables important for successful engraftment, including graft stem cell 

composition, the graft bed inflammatory microenvironment, and the role of the 

immune system in corneal epithelial graft rejection.  

We developed a mouse model of LSCD induced by chemical injury, able to accurately 

recapitulate features of the LSCD phenotype seen in human patients including 

corneal haze, epithelial defects, and neovascularisation accompanied by significant 

cellular infiltration into the cornea.  We also demonstrated successful regeneration 

of the LSCD injury by transplanting sheets of corneal epithelium containing LESCs, 

while tracking engraftment and growth kinetics during wound healing. 

Transplant of allogeneic donor derived epithelial grafts demonstrated characteristic 

signs of graft rejection including significant cellular infiltration into the cornea and 

expression of inflammatory cytokines and chemokines. Adoptive transfer of 

fluorescently labelled purified allogeneic immune cell subsets, including CD4+ and 

CD8+ T cells, to immunodeficient transplant recipients demonstrated their effect on 

stable epithelial grafts in vivo. 

This project also aimed to develop strategies for the isolation and enrichment of LESC 

from primary human corneas. Several methods of tissue digestion and LESC isolation 

were compared, and the inflammatory chemokine and cytokine profile of primary 

human corneal epithelial and stromal cells was investigated in vitro.  
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IMPACT STATEMENT 

The surface of the eye is covered by several different types of cells, each with its own 

role to play in vision. These cells can continuously regenerate themselves thanks to a 

small number of stem cells located within the limbal region of the cornea. Exposure 

to chemicals and a variety of diseases can damage these corneal stem cells leading to 

a condition known as limbal stem cell deficiency. As a result, such patients cannot 

regenerate the surface of the eye and suffer from blindness and severe discomfort.  

The development of better treatments for these patients was identified as a number 

1 ranked priority for corneal research in Fight for Sight recent priority setting 

partnership with the James Lind Alliance, and it was reported by the European 

Medicines Agency in 2015 that around 15,000 patients suffered from LSCD at that 

time. More recent studies estimate around 240 new cases per year in the UK. This 

disease has a vast impact on patients, with corneal diseases representing a major 

cause of blindness worldwide, second only to cataracts.  

Currently the only treatment able to restore sight in these patients is a corneal stem 

cell transplant, but outcomes are highly variable. The success rate of a first-time 

corneal stem cell transplant using the patient’s own cells (taken from the fellow 

healthy eye) is 68% at 10 years, however for stem cells taken from an unrelated 

donor, which is more often the case, is as low as 25% at 3 years. One major reason 

for this difference is the fact that donor stem cells may be rejected by the immune 

system, despite treatment with immune suppression drugs, meaning that there must 

be other factors that determine the success of such stem cell transplants.  

The development of a mouse model of LSCD, and subsequent cornea regeneration 

through transplantation of donor stem cells during this project has potential benefits 

in both acadaemia and a clinical context. Publication of this model in an 

internationally recognised research journal in the next year will allow researchers to 

effectively explore the role of the immune system in graft rejection. Data detailing 

the inflammatory response to corneal injury provides useful information for 
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researchers to develop treatment strategies to treat or inhibit this inflammation. 

Furthermore, several strategies to isolate corneal stem cells from donor tissue have 

been investigated, which, with further research may eventually lead to improved 

clinical practice in generating the stem cell grafts used to treat patients. 
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CHAPTER 1. INTRODUCTION 

1.1 Anatomy of the cornea  

The transparency and integrity of the cornea, the clear window at the front of the 

eye, is vital for normal vision and protection from external pathogens through its 

barrier function and its antiangiogenic and immunomodulatory effects [1, 2]. Along 

with the anterior chamber and lens, the cornea serves to refract light toward the 

retina. Changes in lens shape allow the refocusing of incoming light to bring objects 

into focus, while the shape and focus of the cornea is fixed. In order to maintain 

transparency, the cornea is avascular, and so oxygen diffuses through the corneal 

tissue which has an average thickness of 0.5mm in the centre and slightly thicker, 

0.7mm, at the peripheral edge. Despite lacking blood vessels, it is one of the most 

highly enervated tissues in the body with an estimated 300-600 times more 

sensory nerve endings than in the skin [3]. The human cornea is composed of 

several layers: corneal epithelium, Bowman’s layer, corneal stroma, Descemet’s 

membrane, and the corneal endothelium. The three main layers of the cornea 

derive from different germ layers during embryonic development; the 

endothelium and stroma emerge from the mesenchyme, while the epithelial layer 

Figure 1.1 Diagram of the healthy human eye 
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develops from the ectoderm. This epithelial layer resides on Bowman’s membrane 

and in a healthy adult human eye is only 6-8 cells thick, so most of the cornea 

thickness is contributed by the stroma. The epithelium continues to be renewed 

throughout adult life; however, the endothelium stops replicating after birth and 

loses cellularity at a rate of 0.56% cells per year [2]. 

The cells of the corneal epithelium have a high turnover rate, with terminally 

differentiated cells replenished by a small population of stem cells located in the 

limbus at the periphery of the cornea. This self-renewal rate can be defined by the 

equation X + Y = Z, (X=basal cell proliferation, Y=cells migrating centripetally from 

the periphery, Z=epithelial loss from the corneal surface). This renewal rate is 

normally stable during homeostasis, however, is capable of rapidly increasing in 

response to wound healing requirements [4].  

1.2 Limbal epithelial stem cells 

The limbal epithelial stem cells (LESC) reside in the basal layer of the limbus, a 1.5-

2mm wide ring of tissue found at the junction of the cornea and the opaque 

conjunctiva. They are found in specialised pigmented niches termed palisades of 

Vogt where they are maintained in an undifferentiated state but proliferate to 

produce the transient amplifying cells (TAC) which migrate centripetally across the 

cornea [5]. These cells differentiate as they migrate from the basal layer towards 

the surface of the cornea, forming layers of stratified epithelium which act as a 

barrier to protect the eye. The nature of palisades of Vogt is still being determined, 

although several recent studies have illuminated the 3D structure through confocal 

and electron microscopy [5]. This series of radially oriented ridges of fibrovascular 

tissue within the limbus is highly variable between individuals, and believed to be 

as individual as fingerprints [6]. The interpalisade crypts at the basal cell level are 

part of the specialised niche of LESC. They are found at higher densities in the 

superior and inferior regions of the eye where cells are more protected by the 
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eyelids compared to the temporal or nasal regions, where the limbus is more 

exposed to degradation by ultraviolet light [5].  

Several studies have demonstrated the importance of hypoxia in maintaining stem 

cells in their ‘stem’ phenotype, including LESC of the cornea. This is explored in a 

2013 article from Bath et al. which showed that the cells were maintained at 

oxygen concentrations of 2-5%, reflecting the theoretical pericellular oxygen 

concentration of the human limbal basement membrane. Increasing this  

concentration to 10%, similar to that of the central cornea, in vitro resulted in 

differentiation to a TAC phenotype, as detected by changes in cytokeratin 

expression, loss of clonogenicity, and increases in ABCG2 [7].  

LESCs comprise a very small population of cells in the cornea, and it has been 

shown that only 0.3-0.5% of cells from freshly isolated human limbal tissue are 

identified as LESCs[8]. They are classically characterised by their small cell size, an 

average of 10μm in diameter; slow cycling side population, as evidenced by label 

retention following pulse chase with a DNA marker such as bromodeoxyuridine 

(BrdU); slow proliferation during homeostasis; high proliferation potential in 

culture, or after wounding in vivo; the ability to form holoclones when cultured in 

vitro (colonies of cells with high proliferative potential); and expression of markers 

of differentiation such as Keratin-3 and -12 (differentiated epithelium) Keratin -19 

(conjunctival epithelium), connexin-43, and involucrin [9-12].  

Currently LESC can only be identified by these indirect methods, and as no positive 

markers have been unequivocally demonstrated, identifying LESCs precisely is 

more difficult. Undifferentiated cells of the basal limbal epithelium are known to 

express integrin α9, Keratin 19, vimentin, ABCG2, N-cadherin, PAX6, and ΔNp63α 

[11, 13-16]. The p63 nuclear transcription factor has been demonstrated to be a 

marker for LESC, in particular the ΔNp63α isoform. It has been shown in both in 

vitro and in vivo studies to be a specific marker, as it is highly expressed by 

holoclone forming cells of the limbal basal epithelium, and is also expressed by the 

TAC in their earliest stage of proliferation before loss through differentiation [16]. 
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ATP-binding cassette subfamily G, member 2 (ABCG2) is more commonly known as 

a marker of haematopoietic stem cells, however corneal research has shown it is 

also present in the membrane and cytoplasm of limbal basal epithelium but not 

supra basal or corneal basal epithelium. As it is expressed by 2.5-3% of limbal 

epithelial cells, this is a useful marker of limbal basal cells however they lack the 

high colony forming efficiency (CFE) associated with true LESC [15]. A similar 

marker, ABCB5, was also recently published as a novel specific cell surface marker 

of LESC in the cornea, however evidence is not yet conclusive. It is present in both 

corneal epithelial embryonic development and adult surface epithelial repair, 

however despite being well localised with p63, ABCB5 knockout mice remained 

able to develop a corneal epithelium with the capacity to repair central injuries. 

This suggests that any corneal abnormalities arising from ABCB5 deficiency may be 

due to the antiapoptotic role of the protein [17]. Recent publications have 

indicated CD200 (also known as OX-2) as a novel cell surface marker of LESC[18]. 

CD200 is a transmembrane glycoprotein which transmits an immune-regulatory 

signal through its receptor to attenuate inflammatory reactions and promote 

immune tolerance[19]. Unfortunately many of these markers are also expressed 

by TACs or require intracellular staining making cell selection protocols for true 

LESCs a particular technical challenge.  

 

1.3 Limbal epithelial stem cell niche 

Hypoxia is just one of several important conditions of the limbal niche 

microenvironment which are essential for the survival and maintenance of LESC. 

Molecular and soluble signalling from surrounding cells and nearby vasculature, or 

from the extracellular matrix (ECM) microenvironment are believed to provide the 

differential triggers which control stem cell homeostasis or activation [20]. The 

chemical and physical signals exchanged between the structures of the ECM, 

resident cells, and their local microenvironment allow molecular interactions 

which are critical for regulating LESC function. Limbal basal melanocytes provide 
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the pigmentation which give the limbus its darker appearance compared to the 

central cornea, and are believed to provide protection against ultraviolet radiation 

and oxidative DNA damage. In addition to this protective function it has been 

suggested that melanocytes play a role in the maintenance of a stem phenotype, 

with reports of co-localisation between N-cadherin positive melanocytes and 

limbal basal epithelial cells, and the non-uniform distribution around the limbus; 

where there are high levels found in crypts containing LESCs [21, 22]. Furthermore, 

Nakatsu et al. showed that several protein markers including vimentin, CD34, N-

cadherin, and CD105 positivity in limbal mesenchymal cells were also involved in 

supporting the proliferation of LESCs at the same efficiency in vitro as 3T3 feeders. 

This indicates that the limbal stroma includes a heterogeneous population of 

potential candidates for the maintenance of LESCs. Sonic hedgehog, Wnt/β-

catenin, Notch, and TGF-β/BMP signalling pathways have all been implicated in the 

maintenance and self-renewal of LESC in the limbal niche, as well as cell-cell 

contact, cell-matrix contact, and paracrine signalling. 

 

 

 

Figure 1.2 Diagram of human cornea and limbal structure 
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1.4 Limbal stem cell deficiency and transplantation 

Damage to these stem cells results in the development of limbal stem cell 

deficiency (LSCD). This occurs most commonly through chemical or thermal burns, 

but also due to chronic inflammation, penetrating injury, chemotherapy, and 

certain rare genetic conditions including Stevens-Johnson syndrome, ocular 

cicatricial pemphigoid, and aniridia [23]. This damage causes remodelling of the 

corneal tissue through conjunctival epithelial outgrowth into the central cornea to 

replace lost corneal epithelium, corneal neovascularisation, and chronic 

inflammation, which together lead to painful ulceration and blindness. 

Compromising the borders of the ocular microenvironment results in a loss of 

immune privilege and onset of an inflammatory environment. Few epidemiological 

studies of LSCD have been performed, and due to subjective grading, differences 

in diagnosis, and the existence of various aetiologies, determining incidence 

numbers and global impact proves difficult to accurately estimate. It was reported 

by the European Medicines Agency (EMA) in 2015 that corneal lesions with 

associated LSCD due to ocular burns affected approximately 0.3 in 10,000 people 

in the EU, equivalent to around 15,000 people at that time [24]. A 2017 study of 

LSCD cases in Australia and New Zealand reported only 14 cases over the course of 

1 year [25], while a more recent review estimates the incidence to be around 240 

new cases per year in the UK [26].  

For those patients with only single eye involvement, termed unilateral LSCD, an 

autologous graft to restore the LESC population is the best therapeutic option. This 

differs from corneal transplantation (keratoplasty) in which the full thickness 

central cornea is replaced by donor tissue, and is one of the most successful forms 

of solid organ transplant, even without HLA matching or systemic immune 

suppression, with allografts having a 90% first year survival rate [27]. During CLET 

a 2x2mm biopsy is taken from the limbus of the patient’s healthy eye and 

expanded ex vivo either by culturing the intact explant until confluent outgrowth 

of epithelial cells is achieved, or by digesting the explant into a single cell 

suspension and culturing to confluence [28]. The use of ex vivo expanded 
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autologous human corneal epithelial sheets containing stem cells, under the name 

Holoclar®, was approved in 2015 by the European Medicines Agency (EMA) for the 

treatment of patients with moderate or severe LSCD caused by burns. Holoclar is 

a cell sheet cultured from autologous LESC and containing a heterogeneous 

population of stem cells and their progeny at various stages of differentiation, 

containing 1-9% LESCs [29]. There are several alternative treatment protocols with 

varying success rates, but the absence of large scale double blinded clinical trials 

and inconsistencies in reporting and classification by clinicians, it is difficult to 

directly compare methods. While CLET is the most common procedure for LSCD 

treatment, there are similar older methods still in use. Conjunctival-limbal 

autograft (CLAU) has been used successfully since the 1980’s, in which a larger 

biopsy is taken from the conjunctival-limbal region of the healthy eye and directly 

sutured to the injured eye with amniotic membrane. This is a simple procedure 

which can be performed with complex or costly laboratory equipment, however it 

is less effective and carries a much greater risk of damaging the donor eye [30]. 

Simple limbal epithelial transplant (SLET) was described in 2012, as very similar to 

the in-use CLAU procedure but using a much smaller biopsy, divided up into small 

sections on amniotic membrane and spread over the damaged eye [31].   

Limbal epithelial cells are fastidious and difficult to culture ex vivo without the 

presence of a feeder layer. In the healthy eye, the growth factors and cytokines 

required for survival and proliferation are secreted from the tear film, aqueous 

fluid, and stromal cells[32]. In vitro, this can be reproduced through the use of 

human amniotic membrane (HAM) as a substrate for culture and transfer back to 

the eye during surgery, or, by seeding the digested limbal biopsy onto a feeder 

layer of growth arrested 3T3 mouse fibroblasts. This method of cultured limbal 

epithelial transplant (CLET) using HAM is preferable to the older but simpler 

method of directly suturing the biopsied segment of limbus onto the recipient 

cornea, because antigen presenting macrophages do not survive the process of ex 

vivo culture and so the risk of immune activation is reduced [33].  
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Once the sheet of cultured limbal epithelial cells reaches confluency, it can then be 

transplanted onto the LSCD eye. Outcomes following this procedure in unilateral 

LSCD are reasonably good, with 68% of autografts surviving longer than 10 years 

[34]. For patients with bilateral LSCD the biopsy must be taken from cadaver-

derived donor tissue which has far worse outcomes when transplanted, with only 

25% of grafts surviving longer than 3 years despite systemic immunosuppression 

[35]. Clinical indications vary between practitioners, but the use of peri-operative 

topical steroids and broad-spectrum antibiotics were reported in all clinical studies 

evaluated by Shortt et al. (2010). Despite the absence of clear evidence for the 

benefit of immunosuppression in CLET, most patients who receive allogeneic cells 

are treated with cyclosporin A although treatment length, dose strength, and 

effectiveness vary between reported usage [36]. The use of steroids in patient care 

may predispose graft recipients to infection by opportunistic pathogens common 

in allograft recipients. Tissue matching strategies may also be considered by the 

treating physician in an attempt to improve outcomes, although there is no direct 

evidence of a benefit when using living related conjunctival limbal tissue, 

keratolimbal tissue, or ex vivo cultured LESC cells. Several studies have investigated 

this variable, however as of yet no clear conclusions can be drawn. There is also a 

further possibility of late failure, such as that reported in a recent publication which 

Figure 1.3 Illustration of the basic protocol for in vitro generation of corneal 

epithelial sheets. 
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showed evidence of limbal allograft rejection up to 8 years after 

transplantation[37].  

The pathophysiology for this high degree of failure is believed to be due to 

immune-mediated allograft rejection, however given that almost a third of 

autografts also fail there is likely other intrinsic and extrinsic factors which can 

determine outcomes [35]. Examples may include the number and purity of stem 

cells within the grafts, inflammation in the graft bed, and damage or destruction 

of the LESC niche. During further analysis of these autologous transplants, Rama et 

al (2010) found that 78% of the successfully regenerated corneas had used grafts 

generated from cultures containing greater than 3% LESCs, as indicated by p63 

staining and holoclone formation[38]. In contrast, grafts from cultures containing 

less than 3% stem cells were only successful in 11% of patients. Despite this study, 

there is currently no data determining the most effective therapeutic dose or ratio 

of cell types within the graft to deliver optimal graft survival and function. The 

difficulty in studying these cells and their contribution towards graft outcome is 

further compounded by the lack of consensus on the optimal marker to select and 

use for graft preparation despite several markers for LESC being described. 

Several animal models of LSCD and limbal allograft transplantation have previously 

been described, involving species ranging from rodents and rabbits to bovine, pigs, 

dogs, and goats [39-44]. A range of methods of transplantation were used, for 

example suturing a whole segment of donor limbus directly to the surface of the 

injured recipient cornea, however this is not an accurate representation of the 

CLET procedure performed in humans. Furthermore, limited investigations into 

parameters promoting optimal LESC engraftment and the immune mechanisms of 

limbal allograft failure have been undertaken.  

1.5 Corneal immunity 

The immune system is composed of two functionally distinct components: the 

innate immune system and the adaptive T cell-dependent immune system. 
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Pathogen invasion in the body is countered by both systems working in tandem. 

The cells and proteins of the innate system play a crucial role in the initiation and 

subsequent activation of the T and B cell response of the adaptive immune system, 

as well contributing to the removal of pathogens targeted by that response. The 

innate immune system is mainly composed of physical epithelial barriers, antigen 

presenting cells (APCs), phagocytic leukocytes, mast cells, and natural killer (NK) 

cells. It is characterised by its recognition of toll-like receptors (TLRs) and 

pathogen-associated molecular patterns (PAMPs) expressed on various 

microorganisms. Langerhaan cells (LCs) are an innate immune cell population 

found in epithelial tissues including the cornea, limbus, and conjunctiva [45]. Once 

believed to be dendritic cell prototypes, the current theory is that they belong to a 

subgroup of tissue resident macrophages and function as APCs [46].  

One major cellular component of the immune system are T lymphocytes, which play 

an important role in the normal immune responses, homeostasis, and 

immunological memory, as well as being key driving factors in many inflammatory 

and autoimmune diseases. Originating from haematopoietic stem cells in the bone 

marrow, they migrate to the thymus to undergo maturation, selection, and 

transport to the periphery, where they form several differentiated subsets. These 

include naïve T cells, which respond to novel detected antigens, memory T cells 

which are residual cells left over from previous immune responses to maintain long 

term immunity, and regulatory T cells which assist in modulating immune responses. 

T cell responses vary depending on the location in the body as well as stage of the 

hosts development and maturity. While they populate nearly every organ and tissue 

of the body, they are predominantly clustered within lymphoid tissue, mucosal sites, 

and the skin.  

Protein complexes on the T cell known as T cell antigen receptors (TCR) are the 

defining feature of T cells and consist of six different polypeptides, which form a 

transmembrane heterodimer consisting of either an αβ chain or a δγ chain, linked 

by a disulphide bond. Through complementary determining regions (CDRs), the TCR 

allows T cells to recognise foreign bodies and pathogens, and determine the antigen 
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to which the TCR will bind. In contrast to antibodies, T cell receptors (TCR) cannot 

directly bind antigen and so it requires broken down antigen peptides to be 

presented to the T cell. This function is performed by major histocompatibility 

complexes (MHC) on APCs; with MHC class I presenting antigen to CD8+ cytotoxic T 

cells, and MHC class II presenting to CD4+ T cells, also known as T helper cells  [47]. 

While MHC class I is expressed on all nucleated cells of the body, Class II MHC 

molecules are only found on B cells, dendritic cells, and macrophages, and class III 

involved in the complement system [48]. TCR signalling alone is insufficient for 

complete T cell activation and can lead to a state in which T cells no longer respond 

to antigen stimulation. While the MHC-antigen complex binds to the TCR, the 

process also requires other co-stimulatory molecules such as CD28, CD2, and CD45 

in order to promote activate T cells from a quiescent state and trigger proliferation 

and differentiation, apoptosis, or cytokine release [49].  

When CD8+ T cells recognise peptides presented by MHC class I, the normal 

response against intracellular pathogens and tumour detection is summarised by 

three main mechanisms of action: 1) secretion of cytokines TNF-α and IFN-γ for their 

anti-microbial, anti-viral, and anti-tumour effects; 2) production and release of 

cytotoxic granules containing perforin which generates a pore in the target cell 

membrane allowing granzymes to enter and cleave intracellular proteins, resulting 

in apoptosis of the infected or malignant cell; 3) activated CD8+ T cells express Fas 

ligand on their surface which binds to its receptor Fas on the target cell which 

triggers activation of the caspase cascade resulting in apoptosis [50]. 

This differs to the CD4+ T cell response which recognises peptides presented by MHC 

class II on APCs such as dendritic cells or macrophages. This triggers naïve CD4+ to 

begin differentiating into multiple different lineages depending on the cytokine 

milieu of the microenvironment, as well as the type of APC and co-stimulation 

detected during activation. T helper type 1 (Th1) cells mainly induce cell mediated 

immunity through cytokine secretion to increase macrophage recruitment and 

phagocytosis, and are able to stimulate CD8+ cytotoxic T cell responses. Th2 cells 

are required for the production of antibodies including IgE and IgG, and so mainly 
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involved in the humoral response against parasites and allergic responses. Studies 

are continuing to identify further specialised subsets of CD4+ helper T cells including 

T follicular helper cells (Tfh) and T regulatory cells (Tregs), responsible for stimulating 

B cell maturation and protection against autoimmunity respectively [51]. 

The absence of blood and lymphatic vessels in the cornea is part of an important 

condition of the eye termed immune privilege. There are three main mechanisms 

thought to be involved in the complex system of immune privilege in the eye: (i) 

cellular, anatomical, and molecular barriers within the eye; (ii) an 

immunosuppressive microenvironment; and (iii), the phenomenon known as 

anterior chamber associated immune deviation (ACAID). An avascular cornea 

provides protection from angiogenic factors responsible for promoting 

neovascularisation, and the absence of a corneal lymphatic system inhibits APC 

channelling to the regional lymph nodes where they would activate alloantigen or 

pathogen specific T cells. The blood-ocular barrier comprises of tight junctions of 

the pigmented epithelial cell layer of the uveal track, the avascular cornea, and the 

retinal capillary endothelial cells. This enclosed space gives rise to a 

microenvironment to regionally supress local inflammatory activation and to 

control the functionality of immune cells present. Membrane bound and soluble 

factors produced by the pigmented epithelial cells and contained within the 

aqueous humour are members of a defined group of proteins and biochemicals 

which make the ocular microenvironment highly anti-inflammatory [52]. Other 

immunosuppressive factors of this group include calcitonin gene related peptide, 

cytokines, neuropeptides, complement inhibitors, melanocyte stimulating 

hormone, and macrophage inhibitory factor. Stromal cells of the retina, iris, and 

ciliary body, and retina are able to convert T cells to regulatory T cells, while death 

inducing molecules such as Fas ligand (FasL) are expressed in the peripheral regions 

of the eye such as the stroma [53]. These induce apoptosis without inflammation or 

presence of any immune cells which cross ocular boundaries [54, 55].  

Originally believed to be part of an aberrant immune response, Peter Medawar and 

colleagues in the 1940s demonstrated the indefinite survival of skin allografts 
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placed in the anterior chamber of the eye, in contrast to the rapid rejection in other 

tissues such as the skin [56]. Under these conditions antibody responses are 

preserved, whereas cellular responses such as cytotoxic T lymphocyte infiltration or 

delayed type hypersensitivity are suppressed. The anterior chamber contains 

transforming growth factor β (TGF-β), thrombospondin-1 (TSP-1), and antigen 

presenting cells (APCs). TGF-β inhibits the proliferation of cells, promotes apoptosis, 

and induces differentiation while TSP-1 has an inhibitory effect on angiogenesis 

which prevents peripheral T cells accessing the tissue through the vasculature. As 

the blood brain barrier does not prevent T-cell migration into the eye there are 

several mechanisms which regulate T cell activity, and antigen-activated effector T 

cell mediated immune responses become suppressed in the presence of aqueous 

humour [57]. Eye-derived APCs such as macrophages are able to migrate from the 

eye to the spleen where they stimulate production of TGF-β, CXCL2, and 

macrophage inflammatory protein-2 (MIP) and attract activated APCs in the 

bloodstream attract and bind to natural killer T cells (NKT). These NKT cells then 

generate increased levels of TGF-β, CCL5, and TSP-1 which results in T cell clustering 

and the subsequent differentiation into regulatory T cells, also known as ACAID-

induced-T regulatory cells. CD4+ ACAID-Treg inhibit Th1 differentiation in the lymph 

nodes, while CD8+ ACAID-Treg inhibit Th1 and Th2 effector function in the eye [58]. 

Induction of ACAID after corneal transplantation when the graft antigens on the 

endothelial surface of the cornea are taken up by eye-derived APCs and transported 

to the spleen causing inhibition of the allo-antigen specific immune response and 

promoting long term graft survival [59]. This mechanism is disrupted when lymph 

vessels and the vasculature invade the cornea, such as during LSCD. Several 

conditions which eliminate corneal allograft immune privilege do not adversely 

affect the induction and expression of ACAID, and there is evidence that regulatory 

T cells are generated through a glucorticoid-induced TNF receptor family-related 

protein ligand (GITRL)-dependent process within the corneal allograft [60]. 

Antibody blocking of the GITRL process results in 100% corneal allograft rejection, 

yet does not prevent the induction of ACAID [60]. T-regs induced by corneal 

allografts are CD4+CD25+Foxp3+ cells capable of suppressing donor-specific T cell 

activation within the corneal allograft [61, 62]. The long-term survival of corneal 
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allografts and the generation of T-regs by orthotopic corneal allografts also requires 

the presence of IL-17, however it is not needed for the induction and expression of 

ACAID [62].  

The non-specific innate immune responses of the ocular surface are a vital first line 

of defence against toxins and infections, for example, the pre-corneal tear film 

which contains lactoferrin, mucin, and lysozyme which have antimicrobial 

properties, plus immunoglobulin-A [63]. Inflammatory cytokines such as interleukin 

(IL) 1α, IL-6, IL-8, and tumour necrosis factor (TNF)-α are further crucial components 

of the ocular innate immune system, as well as the ability of cells to recognise 

pathogen associated molecular patterns is through the expression of several Toll-

like receptors (TLRs) [64]. IL-1β is a proinflammatory cytokine which carries out a 

vital function in acute and chronic inflammation, but also plays an important role in 

ocular wound healing. Wounding can initially induce IL-1β expression by 

endogenous danger signals or alarmins released from injured cells that can 

stimulate Toll-like receptors to induce IL-1β synthesis, as well as epidermal growth 

factor receptor activation [65]. IL-1β induces FGF-2 production, which in turn is 

capable of promoting angiogenesis by inducing VEGF expression in endothelial 

cells[66].  

Chemokines are secreted proteins with chemotactic properties for cells which 

mediate acute and chronic inflammation in the body and can be divided into two 

main classes. CXC-chemokines are generally potent chemoattractants for 

neutrophils but not monocytes, whereas CC-chemokines have little effect on 

neutrophils but exert their effect on monocytes and lymphocytes. Chemokine 

synthesis is induced by proinflammatory mediators such as IL-1 and TNFα, both of 

which are present in corneal inflammation [67]. Chemokines also have additional 

functions which contribute to inflammation and tissue damage such as enhancing T 

cell activation, regulating T helper cell polarisation, and stimulating macrophage 

function [68] 
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1.6 Corneal allograft rejection  

Current research into the role of the immune response in LESC allograft rejection is 

limited. While allogeneic keratoplasty is usually a highly successful procedure, 

studies into the mechanisms involved in full thickness central corneal rejection may 

provide valuable insights into the mechanisms involved in the unique immune 

environment of the compromised corneal epithelium.  

The complex mechanisms of immunity which normally serve to protect the body, 

can pose a significant barrier to successful transplantation. In cases where the 

grafted tissue is generated from the patient’s own cells, termed an autograft, such 

as skin grafts then rejection by the immune system is not usually an issue. In cases 

where the graft is from an individual who is not genetically identical, termed an 

allograft, which is the most common type of transplant then the immune system can 

identify the graft cells as foreign and trigger a response designed to destroy the 

donor tissue or organ. To reduce the frequency and severity of this reaction and 

minimise the possibility of rejection, donor and recipient are often carefully selected 

for immune compatibility. The degree of mismatch between the MHC complexes, 

also known as human leukocyte antigens (HLA) in humans, are a key indicator 

determining the risk of rejection, with several subtypes traditionally used including 

HLA-A, -B, and DR [69, 70]. HLA-DR mismatch is most significant in the first six 

months following transplantation, followed by the effect of HLA-B in the first two 

years, and HLA-A mismatches having a negative effect on long term graft survival 

[71]. There are also several non-HLA antigens implicated in graft rejection: for 

example the ABO blood group antigens which can result in hyperacute rejection of 

vascularised grafts like the kidney or heart; or the minor histocompatibility antigens 

(MiHA) which are known to play an important role in graft-vs-host disease in 

patients who receive HLA matched cells [48, 72].  

Allorecognition occurs through one of three known pathways. During the direct 

recognition pathway recipient T cells recognise intact donor allogeneic HLAs, 

typically presented by donor derived ‘passenger’ dendritic cells. This triggers a rapid 
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immune response leading to graft loss unless immunosuppression is used 

immediately following transplantation [73]. Conversely in the indirect pathway 

donor HLA peptides are presented by recipient APCs for T cell recognition in the 

context of MHC class II.  

In vivo data has shown that in the absence of prior exposure to alloantigen, 1-10% 

of memory T cells are able to react to intact allogeneic MHC molecules through the 

direct allorecognition pathway [74]. In humans, transplant recipients can be 

sensitised from exposure to alloantigens from previous transplants, pregnancy, and 

blood transfusion. These memory T cells can also be generated through homeostatic 

proliferation in a lymphopenic environment, including potentially alloreactive and 

pathogenic T cells. Existing studies have established the relationship between CD8+ 

and CD4+ memory T cell subsets and allograft rejection, detailing the distinct 

mechanisms involved [75]. Memory CD4+ T cells not only become effector cells upon 

reactivation, but also provide help for the robust activation of donor reactive 

effector CD8+ T cells. Limiting the migration of these cells into recipient graft tissue 

or depleting cell populations prior to transplant is able to significantly extend 

allograft survival. Neutralising chemokines or chemokine receptors such as CCR5 or 

CXCR3 in an attempt to prevent the entry of memory T cells into the graft tissue has 

not yet proven to be effective, likely due to the redundancy of the 

chemokine/receptor network with chemokines binding to multiple receptors and 

vice versa [76].  

The idea that cytotoxic CD8+ T lymphocytes are able to mediate corneal allograft 

rejection is well established in the literature [77]. Corneal allografts are devoid of 

APCs expressing MHC Class II, and it has been shown that in mice transplanted with 

allogeneic full thickness corneal grafts around 60% of the corneas were rejected in 

a process mediated predominantly by two T cell subsets. CD4+ T cells recognising 

alloantigens indirectly and releasing IL-2, and CD8+ T cells directly recognising donor 

MHC to produce IFN-γ were both involved in the process, however direct activation 

of CD8+ T cells was not required for graft rejection [78].  
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CD8+ CTL in vitro kill allogeneic cells corneal cells and are found in rejected corneal 

allografts, however, in some rodent studies, CD8+ T cell activity is not elicited by 

corneal allografts. Rejection is observed in CD8-deficient mice and wild-type mice 

treated with anti-CD8 antibody, and orthotopic corneal allografts irregularly elicit 

the generation of donor-specific CTL [79-82]. In high-risk hosts, i.e those with pre-

vascularised graft beds, corneal allografts induce the generation of donor-specific 

CD8+ T cells to mediate rapid corneal allograft rejection when adoptively transferred 

to severe combined immune deficient (SCID) hosts [83]. Furthermore, corneal 

allografts in the same high-risk hosts also promote the generation of a CD4−/CD8− 

double negative T cell population with delayed-type hypersensitivity (DTH) 

responses to donor alloantigens in vivo, as well as mediating donor corneal 

endothelial cells apoptosis in vitro. Approximately 100% corneal allograft rejection 

can be observed when adoptively transferred these T cells to SCID mice. Any 

rejection involving CD4−/CD8− T cells is significantly faster onset and duration than 

that produced by adoptively transferred CD4−/CD8+ T cells from the same high-risk 

lymphocyte donors [83]. This implies that while CD8+ T cells are not essential for 

corneal allograft rejection, they are capable of mediating corneal allograft rejection 

if CD4+ T cells have been ruled out as potential effector cells.  

Research indicates that although CD4+ T cells are crucially involved in corneal 

allograft rejection, effector T cells can be produced despite the absence of CD4+ T 

cell help [79, 84, 85]. Depletion of CD4+ T cells with either antibody or by gene 

deletion results in a significant decline in corneal graft rejection in in vivo animal 

models, and there is a strong correlation between long-term corneal allograft 

survival and the downregulation of CD4+ T cell-dependent DTH response to the 

donor histocompatibility antigens [85]. The variety of factors involved in a normal 

DTH response, such as IFN-γ, nitric oxide, superoxide radicals, and tumour necrosis 

factor-α (TNF-α), will each inflict extensive damage on corneal allograft tissue. CD4+ 

T cells normally function as helper cells in activating the CD8+ T cytotoxic response 

and generation of alloantibodies, however previous studies have shown that in CD8 

knockout and B-cell deficient mouse models of corneal allograft transplantation, 
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rejection of the graft is not impaired implying they are also able to act as effector 

cells [81, 86, 87].  

Found in almost all tissues, macrophages are a diverse and highly functional cell type 

with roles in antigen presentation, tissue repair and immunity, as well as 

homeostasis and development [88]. Normally present in the conjunctiva, it has also 

been reported that CD45+/CD11b+ macrophage and monocyte cells are detected in 

the central corneal stroma of both mice and humans [89, 90]. In addition to their 

role as APCs macrophages are also able to act as end-stage effector cells in the 

rejection of skin allografts [91]. The depletion of periocular macrophages prevents 

the rejection of corneal allografts in in vivo models, while alone, they are incapable 

of producing complete rejection [81, 92]. The depletion of macrophages in normal 

mice prevents rejection, however depletion of macrophages once the CD4+ T cell 

population has been sensitised is not able to stop corneal allograft rejection, 

indicating that macrophages contribute to the induction but not ongoing process of 

rejection [81]. Further results imply that both macrophages and tissue resident 

Langerhan cells, the two ocular APC populations, are needed for the induction of 

CD4+ T cell-dependent corneal allograft rejection. Elimination of either population 

prevents the induction of alloimmune response and promotes long-term graft 

survival. 

Neutrophils are the most abundant immune cell population in human blood, 

accounting for 50-70% of all circulating leukocytes, and function as an initial defence 

response to a range of pathogens [93]. Generated from myeloid progenitors at a 

rate of 1011 cells per day in homeostasis, neutrophils are terminally differentiated 

and fairly short lived, with 55-60% of bone marrow dedicated to their production 

however are able to prolong their lifespan by sevenfold once activated [94, 95]. 

Proliferation, differentiation, and mobilisation are predominantly regulated by 

granulocyte colony stimulating factor (G-CSF). While it was once thought that 

neutrophils were only present during the acute inflammatory response it is now 

known that they are able to communicate with cells of the adaptive immune 

response such as dendritic cells and macrophages, through soluble mediators or 
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direct cell-cell contact [93]. During infection or detection tissue stress, neutrophils 

rapidly promote phagocytosis and intracellular degradation, release of microbicidal 

granules, release of oxidative bursts, and the formation of neutrophil extracellular 

traps (NETs) [96]. 

Neutrophils are one of the first circulating leukocytes to infiltrate transplanted 

organs and are a well‐established marker of transplant injury, however most work 

on neutrophils in transplanted organs has focused on their destructive role during 

ischemic reperfusion injury (IRI). Advances in our understanding of the underlying 

mechanisms of inflammation have revealed that both neutrophil infiltration and 

activation are assisted by the release of damage‐associated molecular patterns 

(DAMPs) from necrotic cells and the ECM. Accordingly, DAMPs stimulate pattern 

recognition receptors (PRRs) on macrophages, which induces the expression of 

inflammatory chemokines and cytokines including CXCL8 and IL‐1β, which play a key 

role in neutrophil recruitment by activating vascular endothelium [97]. Neutrophils 

also express PRRs which induce the generation of reactive oxygen species (ROS) and 

hydrolytic enzymes that increase graft damage. Similar to professional APCs, 

neutrophils have the capacity to deliver antigen to lymph nodes and induce the 

differentiation of T cells via the expression of MHC and costimulatory molecules[98]. 

Neutrophil depletion experiments have revealed the importance of neutrophils in 

promoting alloimmune responses, where neutrophil depletion in a mouse model of 

skin transplant slowed acute rejection by moderating the recruitment of alloreactive 

memory CD8+ T cells[99].  

Natural killer cells are crucial components of the innate immune system which do 

not require pre-stimulation to carry out their effector function. Derived from 

haematopoietic stem cells of the bone marrow, they represent 10% of the total 

peripheral blood mononuclear cell population and are also found in the spleen, liver, 

lung, lymph nodes, thymus, and peritoneal cavity [100]. NK cells are large, granular, 

and phenotypically defined as being CD56+ CD3-. Most circulating NK cells are in 

resting state but cytokine activation causes them to infiltrate into pathogen infected 

tissues or those with malignant cells [101]. They also play an important 
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immunoregulatory role by secreting cytokines such as IFN-γ in response to 

interaction of cell-surface receptors with their ligand. CD56dim subset of NK cells 

comprise 90% of the cell population and are mostly found in peripheral blood and 

exhibit high cytotoxic activity. The remaining 10% are of the CD56bright subset which 

is mostly involved in cytokine production [100].  

Cells lining the internal corneal and retinal surfaces do not express MHC class I 

molecules, making them vulnerable to NK cell mediated lysis and so in a healthy eye 

their presence is limited in the eye by the mechanisms of immune privilege [102]. 

However, when this is compromised such as during injury or transplant failure, NK 

cells have also been detected in the corneal stroma and in the aqueous humour of 

hosts with rejecting corneal allografts. While they do not normally display antigen 

specificity, NK cells express killer inhibitory receptors (KIR) capable of recognising 

syngeneic MHC class I antigens which once activated, NK cytolytic machinery is 

silenced, however allogeneic MHC class I molecules fail to engage and activate the 

KIR on NK cells and so allogeneic cells within the allograft are vulnerable to NK cell-

mediated cytolysis. (66, 69, 91). 
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1.7 Aims 

We hypothesise that a combination of intrinsic (LESC graft related) and extrinsic 

(recipient microenvironment and immunological) factors determine the success of 

LESC transplant engraftment and subsequent regeneration of the ocular surface.  

The primary aims of this project are threefold:  

(i) Establish a mouse model of LSCD. Current in vitro and animal models of 

LSCD and LESC transplantation are limited, so we aim to develop a novel 

method of inducing a clinical LSCD phenotype which can be reversed 

through the transplantation of allogeneic donor LESC. This will allow us 

to investigate the factors important for sucessful engraftment as well 

as subsequent rejection or failure. 

(ii) Investigate the role of the innate and adaptive immune response to 

allogeneic LESC grafts. We will investigate a selection of immune cell 

types known to be involved in the immune response to allograft 

transplantation, through the adoptive transfer of cells into 

immunodeficient recipients. Furthermore we will develop a humanised 

mouse model to determine whether the factors identified using the 

mouse model are also applicable to human LESC transplants.  

(iii) Identify the key variables which determine LESC transplant success. 

Using a novel mouse model of LSCD, we aim to examine how the 

composition of stem cell grafts, the absolute LESC number, and their 

phenotype can influence the engraftment and survival of transplants 

and their ability to reverse LSCD. This will require the development of 

methods for the isolation, enrichment, and expansion of LESCs. 
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Human limbal epithelial cell culture  

2.1.1 Human corneal tissue 

Human cadaver donor corneal tissue was obtained from Moorfields Lions Eye Bank, 

London (licensed by the UK Human Tissue Authority). Ethical permission for this study 

was obtained from the Research Ethics Committee (reference no: 15/SW/0104), and 

all tissue was handled in compliance with the Declaration of Helsinki. Corneas were 

stored in organ culture medium at room temperature post-mortem. The mean donor 

age was 69 years ± 11 years. All human cells were cultured in corneal SM 

medium[103] containing Dulbecco’s modified Eagle’s medium-F12 plus Glutamax 

(DMEM) and MCDB-201 medium (3:2 dilution, Sigma Aldrich), 2% FBS, human 

epidermal growth factor (10ng/mL, Sigma Aldrich), human platelet derived growth 

factor (2ng/mL, Sigma Aldrich), insulin-selenium-transferrin (1X solution, Gibco), 

ascorbic acid-2 phosphate (120μM, Sigma Aldrich), dexamethasone (0.01μM, Sigma 

Aldrich), Penicillin/ Streptomycin (Pen/Strep) (1:100, Gibco), Gentamicin/ 

Amphotericin B (Gent/Amp) (50μg/mL, Gibco), cholera toxin (100ng/mL, Sigma 

Aldrich), albuMAX-I (1mg/mL, ThermoFisher). Corneas were washed twice in PBS 

with Pen/Strep and excess conjunctiva, iris, central cornea was removed before a thin 

layer of superficial limbus dissected from the rim using a crescent bladed scalpel and 

vannas scissors, before being cut into 2mm segments with a scalpel.  

2.1.2 Collagenase digest  

Limbal segments were incubated for 16 hours at 37oC, 5% CO2, in 0.5mg/mL 

collagenase type-L (Sigma-Aldrich) diluted in DMEM containing Pen/Strep,  

Gent/Amp, and DNAse (1:100), before being dissociated by pipetting.  
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2.1.3 Alternative collagenase digest 

Limbal segments were incubated for 8 hours at 37oC, 5% CO2, in 1mg/mL collagenase 

type-L, with regular vigorous pipetting.  

2.1.4 Dispase digest  

Limbal segments were incubated for 1.5 hours at 37oC, 5% CO2 in 1mL of Hanks 

Balanced Salt Solution (HBSS, Gibco) containing 5mg/mL Dispase II (neutral protease, 

grade II, Roche) and 1:100 DNAse (Sigma Aldrich). Epithelial cells were scraped off 

and further digested with 0.05% trypsin-EDTA (Gibco) for 20 minutes at 37oC, 5% CO2.      

2.1.5 Trypsin digest  

Limbal segments were cut into 1x1mm pieces and incubated in a 50mL falcon tube in 

4mL 0.05% trypsin-EDTA (Gibco) at 37oC for a total of 80 minutes. The solution was 

mixed by pipetting every 10 minutes, and the trypsin collected and replaced with 

fresh solution every 20 minutes. The collected trypsin containing cells was inactivated 

immediately with an equal volume of defined trypsin inhibitor (DTI) (Gibco), 

centrifuged at 528xg for 5 minutes, and resuspended in SM medium. This was 

repeated 4 times during the 80 minute incubation, before all cells were collected, 

counted, and seeded for subculture.  

2.1.6 Explant culture  

Limbal segments were placed stromal side facing down onto a dry 10cm or 6cm tissue 

culture dish and kept at 37oC, 5% CO2 for 15 minutes. SM medium was added slowly 

to be sure explants had adhered to the dish before incubation until outgrowth was 

observed, after which, medium was changed every 3 days. Once sufficient outgrowth 

was achieved, cells were washed in PBS, incubated in 0.05% trypsin-EDTA for 2 

minutes, and then cell scraped around the explant to harvest the cells without 

dislodging the tissue. Trypsin was inactivated with DTI and fresh SM medium added 

to the explants to allow further growth.  
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2.1.7 Culture conditions 

Feeder layers of 3T3 cells, growth arrested with 4μg/mL mitomycin C (Sigma-Aldrich) 

for 3 hours at 37oC. Feeder cells were seeded at a density of 24,000/cm2 into 6-well 

plates and rested in DMEM + 10% FBS + Pen/Strep (1:100) for 24 hours at 37oC, 5% 

CO2. Freshly digested human corneal cells were seeded onto feeder layers in SM 

medium at a density of 15,000/cm2 with medium changes every third day until 

confluency. At this point, cells were washed with PBS, any remaining 3T3 cells 

removed through vigorous pipetting with 10X EDTA (Sigma-Aldrich), and incubated 

at 37oC, 5% CO2 in 0.05% trypsin-EDTA until cells detached. Trypsin was inactivated 

with equal volume of DTI and cells were reseeded on fresh feeder layers at a density 

of 6,000/cm2 for further culture.  

2.1.8 GFP transduction  

Preparation of virus: The lentiviral vector was generated by co-transfection of human 

kidney derived 293T cells with three plasmids: p8.91, pMSG, and pDUAL-GFP under 

the CMV-EF1α hybrid (CEF) promoter. Lentiviral titres were determined by infection 

of 293T cells with concentrated viral supernatant in the presence of 8μg/mL 

polybrene for 24 hours. GFP fluorescent cells were identified by flow cytometry. Virus 

titre = 9.92x107 TU/mL.  

Transduction of primary human cells: Primary human corneal epithelial cells 

(passage 1) were seeded at a density of 6,000/cm2 onto a feeder layer of 26,000/cm2 

growth arrested 3T3 cells in SM medium and left to adhere for at least 4 hours. 

Concentrated lentiviral stock was added to cell cultures at molarity of infections of 1, 

2, 5 ,10, and 20, along with 8μg/mL polybrene. After 24 hours cultures received fresh 

SM medium and were further cultured for 4 days before harvesting and analysing 

GFP expression by flow cytometry. 
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2.2 Enrichment strategies 

2.2.1 Percoll  

A 100% stock Percoll solution was prepared by mixing neat Percoll (Santa Cruz 

Biotechnology) with 10X PBS at a ratio of 10:1. This was then used to create 80% and 

40% fractions by diluting with 1X PBS. 2mL of each of the fractions were carefully 

layered on top of each other in a 15mL falcon tube with the densest 80% fraction at 

the bottom. Digested human limbal cells suspended in 2mL SM medium were layered 

on top before centrifugation at room temperature, 300xg, for 20 minutes, with 

acceleration and braking set to 0. The cells at the interface of each fraction were 

collected and washed three times in PBS, counted, and processed for analysis by CFE 

assay, flow cytometry, or stored in RNAlater (Ambion) for qPCR.  

2.2.2 MACS positive selection  

Digested human limbal epithelial cells were washed in PBS+1%FBS+2mM EDTA (FACS 

buffer) and incubated sequentially with unconjugated polyclonal rabbit primary 

antibody for ABCB5 (Gentex), PE-conjugated goat anti-rabbit secondary antibody 

(Mitenyi Biotec), each for 30 minutes, and anti-PE microbeads (Mitenyi Biotec) for 15 

minutes at 4oC with washing and centrifugation between each incubation. LS columns 

(Mitenyi Biotec) were prepared by placing in a QuadroMACS separator and rinsing 

with 3mL MACS buffer. Cell suspension was passed through the column, the effluent 

discarded, and the ABCB5+ cells bound in the column flushed out with MACS buffer, 

collected, counted, and processed for analysis with the staining panel described 

below, excluding further ABCB5 antibody.  

2.2.3 MACS depletion  

Dead and apoptotic cells were removed from the limbal digests with the dead cell 

removal kit and LS columns (Mitenyi Biotec), and then incubated in unconjugated 

EpCAM-IgG1 monoclonal mouse antibody (ThermoFisher), unconjugated CD90-IgG1 

monoclonal mouse antibody (ThermoFisher), and APC conjugated CD105-IgG1 



 Materials and Methods 
 

35 
 

monoclonal mouse antibody (EBioscience) for 30 minutes at 4oC. Cells were washed 

and further incubated in anti-IgG1 microbeads (Mitenyi Biotec) for 15 minutes at 4oC, 

before passing through pre-prepared LD columns in a QuadroMACS separator. The 

eluted solution containing the enriched cell population was collected, counted, and 

processed for analysis.  

2.2.4 Cell sorting  

Human limbal cells were incubated in PE-conjugated CD200-IgG1 monoclonal mouse 

antibody (BioLegend) for 30 minutes at 4oC, before washing and resuspension in FACS 

buffer. DAPI was added as a live/dead stain and cells incubated for 10 minutes at 4oC 

before being sorted on a BD FACSAria and gated on CD200high, FSClow. Enriched 

CD200+ populations were processed for analysis.  

2.2.5 Flow Cytometry  

Cells were incubated in APC-conjugated anti-PAX6 (496, NovusBio), and 

unconjugated anti-ABCB5 (polyclonal rabbit, GeneTex) with an AF555 conjugated 

goat anti-rabbit secondary antibody (polyclonal rabbit, BD) and LIVE/DEAD Fixable 

Aqua Dead Cell Stain Kit (ThermoFisher). Analysis was performed on an LSRFortessa 

(BD) and data was gated, compensated, and displayed on FlowJo software V10 (Tree 

Star, San Carlos, CA). 

2.2.6 Colony Forming Efficiency (CFE) Assay  

1500 human limbal cells were seeded in a 6-well plate on growth arrested feeder 

layer of 3T3 cells at a density of 4.8x104cell/cm2 in SM medium. Medium was changed 

every other day, and cells cultured for 7-12 days. When colonies reached a diameter 

of 2mm, wells were washed with PBS and fixed with cold methanol at 4oC for 30 

minutes before staining with 1% Toluidine Blue for 30 minutes at 37oC. Colonies were 

identified as holoclones, meroclones, or paraclones, imaged, and counted to 

calculate CFE: 
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𝐶𝐹𝐸 (%) =  
𝑁𝑜. 𝑜𝑓 ℎ𝑜𝑙𝑜𝑐𝑙𝑜𝑛𝑒 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 > 2𝑚𝑚

𝑁𝑜. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
 𝑥 100 

 

2.2.7 RNA isolation and qPCR  

RNA was isolated from cells using the PicoPureTM RNA Isolation Kit (ThermoFisher). 

Quantitative real-time RT-PCR was performed on the CFX96 Real Time System 

Thermal Cycler (BioRad) using a custom configured PrimePCR Multiplex 

Immunoassay System (BioRad) with the following PrimePCR probes: ABCB5 (ID: 

qHsaCIP0031906), ABCG2 (ID:qHsaCEP0058168), CD105 (ID:qHsaCIP0027737), 

HPRT1 (ID:qHsaCIP0030549), K12 (ID:qHsaCEP0055161), K14 (ID:qHsaCEP0055128), 

Lgr5 (ID:qHsaCEP0035443), PAX6 (ID:qHsaCIP0028341). The PCR conditions were as 

follows: 1 activation cycle at 95oC, 2 minutes; 40 denaturation cycles at 95oC, 5 

seconds; 40 anneal/extension cycles at 60oC, 30 seconds; 1 melt curve cycle at 65-

95oC (0.5oC increments) at 5 seconds/step. Expression results were based on cycle 

threshold (Ct) values and calculated as relative fold change between the target gene 

and HPRT reference gene. 

2.2.8 Multiplex cytokine & chemokine profiling 

Experiment carried out by Dr. Pervinder Sagoo. 

Analysis of supernatants from primary human limbal tissue derived stromal or 

epithelial cells was performed using Bio-Plex Pro™ Human Chemokine Panel 40-Plex 

(Bio-Rad Laboratories) according to the manufacturer's instructions. The samples 

were diluted in lysis buffer and the sample diluent of the kit. Data was measured and 

analysed using the Bioplex 3D system and the Bioplex Manager software according 

to manufacturer's instructions. All samples were measured in duplicate. We excluded 

findings where the concentration was above the manufacture-defined reliable range 

from the analysis. Statistical significance calculated by two-way ANOVA (P<0.05, 

**P<0.01). 
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2.3 Mouse model of LSCD and LESC transplantation  

2.3.1 Animals:  

In all experiments non-obese diabetic (NOD)-scid-IL2rnull (NSG) mice were used as 

recipients, BALB/c-GFP (CByJ.B6-Tg(UBC-GFP)30Scha/J) mice were used as 

transplantation donors, and 2C-TCR Tg x Rag1 KO mice and CD2-dsRed mice were 

used as T cell donors. All mice were bred in our animal facility under specific 

pathogen-free conditions and littermates were randomly assigned to experimental 

treatment groups. All donors were killed by a rising concentration of CO2 and 

confirmed by cervical dislocation. 

2.3.2 Epithelial sheet preparation  

Full thickness corneas were dissected from the enucleated whole eyes of GFP 

transgenic donor mice and incubated in a 24-well plate in 1mL of Hanks Balanced Salt 

Solution (HBSS, Gibco) containing 50mg/mL Dispase II (neutral protease, grade II, 

Roche),  50μM Y-27632 ROCK inhibitor, and 1:100 DNAse (Sigma Aldrich) for 10 

minutes at 37oC on a plate shaker at 350rpm. Corneas with loosened epithelial sheets 

were gently washed with PBS before transplantation. 

2.3.3 LESC fibrin gel preparation 

Thin fibrin gels were prepared with 300µL fibrinogen (10mg/mL) combined with 

300µL thrombin (10U/mL) in a 12 well plate before being set at room temperature 

for at least 1 hour before plating with irradiated 3T3 fibroblasts. Human corneas were 

dissected and digested by standard collagenase protocol (Method 2.1.2) prior to 

seeding on fibrin gels and culture.   
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2.3.4 LSCD and LESC transplantation  

Mice were anaesthetised prior to surgery with inhalation of isoflurane, subcutaneous 

injection of 0.02mL of 50mg/mL carprofen, and topical administration of tetracaine. 

LSCD was induced in the left eye only by 2 minute soak of the cornea in 20% EtOH 

followed by extensive PBS washing and gentle debridement of the loosened 

epithelium with a small surgical sponge. The eye surface was coated with neat FBS 

before a minimum of 2 pre-prepared GFP+ epithelial sheets were placed stromal side 

down onto the recipient cornea and air dried briefly. Mouse contact lenses were pre-

prepared by fixing whole enucleated NSG eyes in 4% PFA for 30 minutes, followed by 

dissection of the full thickness cornea. This lens was then placed over the graft during 

surgery, before the eyelid was closed and secured with a single suture with 8-0 

Ethilon. Sutures were removed after 4 days and eyes were imaged to detect evidence 

of engrafted cells using a Leica dissecting microscope equipped with fluorescence 

filters. 

2.3.5 Intravital multiphoton imaging 

Experiment carried out by Dr. Pervinder Sagoo. 

Two-photon imaging of mouse corneas were performed using an upright microscope 

(DM6000B, Leica Microsystems) with a 20X/0.95 NA water-dipping objective 

(Olympus). Excitation was provided by a Chameleon Ultra Ti:Sapphire (Coherent) 

tuned to 950 nm. The following filter sets were used for imaging second harmonics 

generation (SHG)/ GFP/ PE, and Hoechst/ GFP: 483/32 BP, 495 LP, 520/35 BP, 562 LP, 

607/20 B; 483/32 BP, 495 LP, 520/35 BP. Datasets were processed and analysed using 

Imaris (Bitplane) and FiJi softwares. 

2.3.6 2C-TCR graft rejection  

Cells harvested from the spleens and lymph nodes of 2C-TCR donor mice were 

screened by flow cytometry for T cells, before i.v. tail vein injection of 1.5x106 CD8 T 

cells in 150μL per mouse along with 0.5% of residual CD4/CD19+ cells. Mouse body 

weights were recorded to monitor for signs of graft-vs-host disease. Grafts were 
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serially imaged daily over the course of 13 days before mice were killed and corneas 

harvested, dissected, and digested in PBS containing 1:100 Pen/Strep, 1:200 DNAse, 

and 4.5mg/mL collagenase-D for 1 hour at 37oC, 5% CO2. Cells were washed in PBS 

containing 1% FBS, and 2mM EDTA and stained for flow cytometry with the following 

antibodies: AF700 conjugated anti-CD8 (53-6.7, Ebioscience), AF647 conjugated anti-

Ki67 (B56, BD), BV711 conjugated anti-CD3 (145-2C11, BD), BV605 conjugated anti-

CD69 (H1.2F3, BD), BV421 conjugated anti-EpCAM (G8.8, Biolegend), BUV737 

conjugated anti-CD62L (MEL14, BD), PeCy7 conjugated anti-CD11b (M1/70, 

Ebioscience), PE-Dazzle 594 conjugated anti-CD45.1 (A20, Biolegend), PE conjugated 

anti-CD44 (IM7, Biolegend), and DAPI. Analysis was performed on an LSRFortessa 

(BD) and data gated, compensated, and displayed on FlowJo software V10 (Tree Star, 

San Carlos, CA).  

 

2.3.7 dsRed T cell graft rejection 

Cells harvested from the spleens and lymph nodes of B6-dsRed mice were mashed 

through a 70μm cell strainer in PBS with 1% FBS, and 2mM EDTA, before a 5 minute 

incubation at room temperature in ACK lysing buffer (Gibco). CD8 T cells were 

selected using the Dynabeads Untouched Mouse CD8 Cells Kit (ThermoFisher), 

resuspended in T cell medium (TCM) containing RPMI (Gibco), 10% FBS, 1:100 beta-

2-mercaptoethanol, 1:100 Pen/Strep, and 5μL/mL HEPES buffer (Gibco). Cells were 

cultured for 4 days in vitro with BALB/c splenocytes, irradiated at 20Gy at a ratio of 

1:1 in 6-well plates to expand BALB/c alloreactive B6-dsRed CD8 T cells. On day 4 all 

cultures were harvested, ficoll separated, and placed back in culture with 30U/mL IL-

2 (Cambridge Bioscience) until day 8. Cells were harvested from culture and 

adoptively transferred to recipient NSG mice by i.v tail vein injection of 2x106 CD8 T 

cells per mouse, along with 0.5x106 freshly isolated T- cell depleted B6 splenocytes. 

Mouse body weights were recorded to monitor for signs of graft-vs-host disease. 

Grafts were serially imaged every 2-3 days over the course of rejection until graft size 

had been reduced by approximately 50%, at which point mice were killed, corneas 

dissected, and digested in PBS containing 1:100 Pen/Strep, 1:200 DNAse, and 

4.5mg/mL collagenase-D for 2 hours at 37oC, 5% CO2. Cells were washed in PBS 
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containing 1% FBS, and 2mM EDTA and stained for flow cytometry with the following 

antibodies: PerCP-Cy5.5 conjugated anti-CD11b (M1/70, Biolegend), APC-eFluor780 

conjugated anti-Ly6C (HK1.4, Ebioscience), AF647 conjugated anti-CD44 (IM7, 

Biolegend), BV711 conjugated anti-CD3 (145-2C11, BD), BV605 conjugated anti-CD69 

(H1.2F3, BD), BUV737 conjugated anti-CD62L (MEL14, BD), BUV 395 conjugated anti-

CD8 (53-6.7, BD), LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (ThermoFisher). Analysis 

was performed on an LSRFortessa (BD) and data gated, compensated, and displayed 

on FlowJo software V10 (Tree Star, San Carlos, CA). 

2.3.8 CFP T cell graft rejection 

Cells harvested from the spleens and lymph nodes of B6-CFP mice were mashed 

through a 70μm cell strainer in PBS with 1% FBS, and 2mM EDTA, before a 5 minute 

incubation at room temperature in ACK lysing buffer (Gibco). CD4 T cells were 

selected using the Dynabeads Untouched Mouse CD4 Cells Kit (ThermoFisher), 

resuspended in T cell medium (TCM) containing RPMI (Gibco), 10% FBS, 1:100 beta-

2-mercaptoethanol, 1:100 Pen/Strep, and 5μL/mL HEPES buffer (Gibco). Cells were 

cultured for 4 days in vitro with BALB/c splenocytes, irradiated at 20Gy at a ratio of 

1:1 in 6-well plates to expand BALB/c alloreactive B6-CFP CD4 T cells. On day 4 all 

cultures were harvested, ficoll separated, and placed back in culture with 30U/mL IL-

2 (Cambridge Bioscience) until day 8. Cells were harvested from culture and 

adoptively transferred to recipient NSG mice by i.v tail vein injection of 2x106 CD4 T 

cells per mouse, along with 0.5x106 freshly isolated T- cell depleted B6 splenocytes. 

Mouse body weights were recorded to monitor for signs of graft-vs-host disease. 

Grafts were serially imaged every 2-3 days to detect presence of T cells. 

2.3.9 BMDC T cell preparation: 

Bone marrow (BM) was harvested from tibias and femurs of BALB/c donor mice 

gender matched with proposed recipients, and collected into 70% EtOH for 1 minute 

before flushing out BM with a syringe and needle, passed through a 40µm cell 

strainer, and centrifuged at 1500rpm for 10 minutes. Cell pellet was resuspended in 

1mL ACK lysis buffer for 1 minute, diluted in RPMI, and recentrifuged. BM cells were 
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resuspended in T cell medium containing RPMI (Gibco), 10% FBS, 1:100 beta-2-

mercaptoethanol, 1:100 Pen/Strep, and 5μL/mL HEPES buffer (Gibco), and plated in 

a flat bottom 24-well plate at a density of 2.5x106 cells per well in 1mL TCM + 20ng/mL 

GM-CSF. Cells were incubated for 6 days at 37oC, 5% CO2, and received fresh 

TCM+GM-CSF every other day. On day 6, 1µg/mL LPS was added to fresh medium to 

mature the BMDC overnight before harvesting on day 7. BMDCs were washed in PBS 

containing 1% FBS, and 2mM EDTA and stained for flow cytometry with the following 

antibodies: APC conjugated anti-CD86, BV650 conjugated anti-IA/E, eF450 

conjugated anti-CD11c, PeCy7 conjugated anti-CD11b, PeCy5 conjugated anti-CD80, 

PE conjugated anti-H-2Kd, LIVE/DEAD Fixable Aqua Dead Cell Stain Kit 

(ThermoFisher). Analysis was performed on an LSRFortessa (BD) and data gated, 

compensated, and displayed on FlowJo software V10 (Tree Star, San Carlos, CA). T 

cells were isolated from dsRed donor splenocytes using the Dynabeads Untouched 

Mouse CD8 Cells Kit (ThermoFisher) as described above. T cells were seeded with 

mature BMDC in culture at a ratio of 1:10 BMDC (stimulator) : T cell (responder), with 

5x106 per well in a 6 well plate. Cells were incubated for 4 days before resuspension 

in fresh TCM+ 10IU/mL IL-2 (Peprotech) in new 24 well plates (leaving BMDC adhered 

to original 6 well plates. T cells were incubated for 48hours in IL-2 before collection 

and dilution ready for i.v adoptive transfer. T cells were harvested from culture, 

counted, and adoptively transferred to recipient NSG mice by i.v tail vein injection of 

2x106 T cells per mouse, along with 0.5x106 freshly isolated T- cell depleted B6 

splenocytes. Mouse body weights were recorded to monitor for signs of graft-vs-host 

disease. Grafts were serially imaged every 2-3 days over the course of rejection at 

which point mice were killed, corneas dissected, and digested in PBS containing 1:100 

Pen/Strep, 1:200 DNAse, and 4.5mg/mL collagenase-D for 2 hours at 37oC, 5% CO2. 

Cells were washed in PBS containing 1% FBS, and 2mM EDTA and stained for flow 

cytometry with the following antibodies: PerCP-Cy5.5 conjugated anti-CD4, AF700 

conjugated anti-CD8, AF647 conjugated anti-CD44 (IM7, Biolegend), BV650 

conjugated anti-IA/E, BV605 conjugated anti-CD69 (H1.2F3, BD), BUV737 conjugated 

anti-CD62L (MEL14, BD), PE-Cy5 conjugated anti-CD3, PE conjugated anti-EpCAM, 

and LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (ThermoFisher). Analysis was 
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performed on an LSRFortessa (BD) and data gated, compensated, and displayed on 

FlowJo software V10 (Tree Star, San Carlos, CA). 
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CHAPTER 3. ESTABLISHING A MOUSE MODEL OF LSCD 

AND LESC TRANSPLANTATION 

While corneal alkali burns are reported as the most common LSCD cause, there are 

significant limitations to the methods, models, and effectiveness reported in the 

literature [23]. Wide variability in factors such as the animal model used, the cause 

of injury, classification and severity of LSCD, treatment protocols, and the lack of 

necessary detail in methods, all contribute to the lack of consistency and problems 

recreating published results. 

The most common animal used is the rabbit [104-106], as their eye is closest in size 

and structure to the human eye, although mice are also becoming more commonly 

used in corneal studies [107-109].  Differences in the structure of the mouse cornea 

compared to human must be considered, for example the lack of Palisades of Vogt at 

the limbus and a thinner central cornea, however the wide availability of fluorescent 

reporter and knock out strains make them useful as a tool to study immunological 

mechanisms. Using mice over rabbits or other larger animal models also follows the 

principles of the 3R’s to reduce the numbers and harm done to animals in research.  

Another issue with published models is the inconsistency in the induction of LSCD, 

with methods ranging from mechanical debriding the epithelium with Algerbrush or 

scalpel, to chemical injury with heptanol, sodium hydroxide, or ethanol. In a review 

of corneal alkali burns in animal models, Kethiri et al. (2019) demonstrated that only 

50% of the recipients were developing total LSCD [110]. 

This chapter describes the development of a reliable and reproducible mouse model 

which recapitulates the classic clinical disease phenotype of LSCD, as well as 

establishing a protocol for the transplantation of donor derived corneal epithelial 

cells containing LESC to reverse the underlying LSCD phenotype.  
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3.1 Experimental chemical injury to the mouse cornea recapitulates 

clinical features of LSCD 

Ocular surface chemical burns and injuries account for the majority of causes of 

clinical LSCD and resulting indication for therapeutic limbal stem cell transplantation 

[23]. We have developed an experimental model of chemical injury to induce LSCD in 

mice in order to simulate and understand the pathological process seen in human 

patients. Briefly exposing the surface of the mouse eye to a 20% solution of ethanol 

for two minutes, damaged and loosened surface corneal epithelium from the central 

corneal and limbal regions could then be carefully debrided using a small surgical 

sponge as illustrated in Figure 3.1.  

 

 

  

Figure 3.1 Schematic diagram illustrating the surgical protocol for the induction 

of LSCD in the mouse cornea.  
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During this procedure all mice received anaesthesia and analgesia, and only a single 

eye was operated on to reduce severity. Using this method, the corneal epithelial 

layer was completely removed without any abrasive or mechanical injury to the eye 

or damage to the underlying stromal or endothelial corneal layers as determined by 

immunofluorescent imaging, shown in Figure 3.2. Chemical injury induced 

macroscopic changes in corneal morphology indicative of LSCD including 

development of corneal haze (loss of transparency) and corneal barrier dysfunction 

were detectable from day 3 post-injury, which later developed into persistent 

epithelial defects, fibrovascular pannus formation across the limbus, and superficial 

neovascularisation of the central cornea (Figure 3.3).  

 

 

Figure 3.2 Immunofluorescent imaging of murine corneal layers following 

induction of LSCD.  The loss of normal corneal epithelial cells is visualised through 

cell nuclear staining with DAPI (blue stain) and the loss of K12 expressing 

differentiated corneal epithelial cells. 
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Figure 3.3 In vivo imaging of LSCD progression in the murine cornea following 

chemical injury. Chemical burn injury of the cornea followed by debridement 

removes corneal surface epithelium, identified by the development of corneal 

macroscopic features of LSCD. These include loss of corneal clarity (top panel), 

corneal barrier dysfunction identified by fluorescein stain uptake (middle panel), and 

neovascularisation detected by intravascular injection of Dextran-Rhodamine (Dex-

Rhod) (lower panel). Images show days 3-14 post-injury compared to untreated 

control, and are representative of at least 4 independent experiments. 
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These features also correlated with significant corneal oedema as detected by 

spectral optical coherence tomography carried out by Dr. Pervinder Sagoo (Figure 

3.4), beginning within one day of initial injury and progressively increasing between 

7-28 days. Loss of limbal epithelial cell progenitors leads to long-term loss of 

differentiated epithelium (K12+ cells) and the presence of abnormal conjunctival 

epithelium (K19+ cells) and goblet cell derived mucins (Mucin-5AC+ cells) [111]. The 

presence of these changes to cellular composition, induced by chemical injury, was 

confirmed by RT-PCR analysis of corneal tissues both pre- and post-injury as shown 

in Figure 3.5.  

 

  

  

Figure 3.4 Analysis of corneal topography following LSCD corneal injury, by 

spectral optical coherence tomography. Corneal thickness was measured and 

plotted from spectral optical coherence tomography images, which demonstrate an 

increase in corneal thickness between day 1 – 28 following corneal injury relative to 

an untreated control. 
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Corneal conjunctivalisation and infiltration of goblet cells into central corneal regions 

were detected by histological analysis of corneas following injury. Figure 3.6 

demonstrates a clear loss of differentiated epithelial cells corresponding with the 

appearance of conjunctival epithelium and goblet cells, in contrast to the healthy 

intact epithelium of the untreated control (top row) [112]. Also the thickness of the 

injured cornea relative to the untreated control is increased in these IHC images, 

further confirming the presence of corneal oedema. Incomplete loss of LESC 

following LSCD induction would result in the eventual re-epithelialisation of the 

corneal surface, as described in several other studies using alternative experimental 

models of epithelial injury [113, 114]. Corneal haze, vascularisation, and epithelial 

integrity were also imaged regularly and assessed in a double-blind manner, graded, 

with the results summarised in Figure 3.7 [35]. Combined, this data confirms that an 

irreversible form of experimental LSCD can be established in a mouse model which 

consistently and accurately recapitulates features of the clinical disease. 

Figure 3.5 Quantitative PCR analysis of the murine cornea following induction 

and development of LSCD. Chemical injury to the murine cornea resulted in the loss 

of corneal epithelium and the invasion of conjunctival epithelium as part of the LSCD 

phenotype. Gene expression data shows the loss of K12, and increase in expression 

of Cytokeratin-19 and Mucin 5A between days 3-28 post injury. 
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Figure 3.6 Immunohistochemical imaging of the murine cornea following 

induction and development of LSCD. Immunohistochemical staining of corneas 

following LSCD injury showed a loss of K12 expression and the arrival of K13 

expressing conjunctival epithelial cells and Periodic Acid Schiff (PAS) positive stained 

goblet cells into the central cornea as indicated by arrows. Images shown are 

representative of at least 4 independent experiments. 
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Figure 3.7 Visual assessment and scoring of the progression of LSCD. Visual 

scoring of the severity of several features of LSCD, corneal haze, vascularisation, and 

epithelial integrity on a scale of 1-5, where 1=least severe and 5=most severe. All 

images were assessed by three double blinded individuals. 
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3.2 The corneal response to chemical injury is an acute inflammatory 

episode characterized by a stromal & epithelial wound healing 

response. 

Corneal inflammation results in the loss of several factors required for ocular immune 

privilege which can significantly influence the outcome of full thickness corneal 

transplantation [115, 116]. As the condition of the LSCD graft bed is also likely to 

influence the success of LESC transplant outcome we therefore next examined 

changes in chemokine, cytokine, and cellular components of the acute and chronic 

immune response to LSCD. FACS analysis of a single cell suspension from the LSCD 

mouse cornea following injury (Figure 3.8) demonstrated a biphasic pattern of innate 

immune cell infiltration with peaks at days 3 and 14 post-injury. This observation was 

clear for neutrophils; identified by positive staining for Ly6G and CD11b, as well as 

for macrophages and monocytes; identified by positive staining for Ly6C and F4/80. 

Few dendritic cells, identified by CD11c and MHC class II, are present in the cornea in 

the early stages of LSCD.  

Flow cytometry performed at 3 weeks following injury determined the cell number 

of CD45+, CD3+ CD8+ cells, macrophages, monocytes, and neutrophils using cell 

counting beads. This data showed a significant difference between LSCD and an 

untreated control for the number of CD45+ cells and the number of macrophages 

present in the cornea at this time point (Figure 3.9) with an increase in CD45+ and 

macrophages in response to LSCD induction. The presence of MHC class I and II 

expressing cells in LSCD corneas compared to controls was evaluated at the 3 week 

post injury time point (Figure 3.10). It was observed that the expression of class I was 

significantly higher in the LSCD cornea than the healthy control implying a greater 

number of nucleated cells present. The gMFI for MHC class II expression was not 

significantly different in this case. Data from other time points during this experiment 

was limited due to issues with very low cell numbers obtained from the cornea for 

flow cytometry. 
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Figure 3.8 FACS plots showing the infiltration of immune cells into the LSCD 

mouse cornea following injury. Corneas of LSCD B6 mice at each time point were 

digested into a single cell suspension and analysed by FACS for the presence of 

neutrophils, dendritic cells, and monocytes & macrophages. The representative plots 

above show a clear infiltration at days 3 and 14 post injury for neutrophils and 

macrophages & monocytes, but very few dendritic cells. N=4 for each time point. 
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Figure 3.9 Summary of FACS data showing the infiltration of immune cells into 

the mouse cornea 3 weeks post LSCD. Corneas of LSCD B6 mice 3 weeks following 

injury were digested into a single cell suspension and analysed by FACS for the 

presence of CD3+ cells, CD8 T cells, neutrophils, monocytes & macrophages. This 

figure shows the absolute number of cells per cornea, assessed by counting beads, in 

comparison between an LSCD cornea and an untreated control. Data shown is 

representative of mean ±S.E.M plotted for each mouse. N=4 animals per group, *P < 

0.05, **P < 0.01, ***P < 0.001 compared to untreated mice, two-way analysis of 

variance (ANOVA).  
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Figure 3.10 Summary of FACS data showing the detection of MHC class I and II 

the mouse cornea 3 weeks post LSCD. Corneas of LSCD B6 mice 3 weeks following 

injury were digested into a single cell suspension and analysed by FACS for the mean 

fluorescence intensity of MHC class I and II, in comparison between an LSCD cornea 

and an untreated control. Data shown is representative of mean ±S.E.M plotted for 

each mouse. N=4 animals per group, *P < 0.05, **P < 0.01, ***P < 0.001 compared 

to untreated mice, two-way analysis of variance (ANOVA).  
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Further investigation into the LSCD corneal tissue by gene expression analysis using 

a targeted cornea inflammatory gene panel, in Figure 3.11, demonstrated an acute 

chemokine and proinflammatory cytokine response to chemical injury. Most notably, 

a rapid and significant increase in CXCL1 and the proinflammatory cytokine IL-1β was 

detected within several hours after corneal injury. Elevated expression of the 

inflammatory cytokines IFNγ and TNFα were also detectable from 1-3 days following 

injury. The biphasic pattern of upregulation of IFNγ expression at days 3 and 14 was 

indicative of tissue infiltrating myeloid cells recruited to the cornea after 3 days and 

approximately 2 weeks after injury, as seen in Figure 3.8. Significant increases in 

expression of several other chemokines and cytokines were also detected at day 3 

post-injury (mean fold expression ±S.E.M, α-Enolase 6.7±1.4, Insulin growth factor 

43±16.4, IL-10 7.4±2.8), whereas others were either not significantly differentially 

regulated (TATA box binding protein 2.8±1.5, Calreticulin 2.8±0.9), or remained 

undetected (IL-4). Several angiogenic and lymphangiogenic factors are reported as 

acute stromal cell stress and epithelial would healing responses, including vascular 

endothelial growth factor (VEGF) -A and -C, vascular endothelial growth factor 

receptor 2 (VEGF-R2), and fibroblast growth factor-2 (FGF-2), all of which were 

significantly upregulated early post-injury (Figure 3.11) [117-119]. 
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Figure 3.11 Gene expression of key inflammatory mediators and angiogenic 

factors expressed in response to LSCD induction. Quantitative RT-PCR analysis of 

change in gene expression in corneal tissue following LSCD shown as fold change in 

gene expression 6 hours, or 1-56 days after LSCD induction, relative to untreated 

corneas. Red lines indicate 2-fold increase in expression. Data shown is 

representative of 2 independent experiments, with mean ±S.E.M plotted for each 

mouse. N=5 animals per group, *P < 0.05, **P < 0.01, ***P < 0.001 compared to 

untreated mice, one-way analysis of variance (ANOVA).  
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Analysis of whole corneal tissues was also performed by ELISA to detect key 

proinflammatory mediators following LSCD induction (Figure 3.12), which similarly 

demonstrated a rapid and significant increase in the expression of CXCL1, IL-1β, IFNγ, 

and TNFα. While these factors returned to near baseline levels in later stages post-

injury, mildly elevated levels of IL-1β persisted, suggesting the presence of continued 

low-grade corneal inflammation. In addition to corneal resident myeloid derived 

APCs, production of these proinflammatory factors immediately following injury 

would also likely be derived from stromal and residual epithelial compartments [120-

122].  

 

Figure 3.12 Murine corneal chemokine and cytokine expression levels in 

response to LSCD induction. Detection of chemokine and cytokine levels in whole 

murine corneal tissue by ELISA 6 hours, or 1-56 days after LSCD induction, relative to 

untreated corneas. Data shown is representative of 2 independent experiments, with 

mean ±S.E.M plotted for each mouse. N=5 animals per group, *P < 0.05, **P < 0.01, 

***P < 0.001 compared to untreated mice, one-way analysis of variance (ANOVA).  
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To explore this further, we examined the capacity of enriched murine corneal stromal 

and epithelial subsets to produce other factors capable of remodelling the corneal 

microenvironment. Primary corneal cell subsets were cultured in the presence of 

single proinflammatory cytokines IL-1β, TNFα, IFNγ, or a combination of all three, 

which have previously been found to be elevated in LSCD corneas. These stromal and 

epithelial cell subset supernatants were then screened by ELISA for the induction of 

chemokine protein production (Figure 3.13). Corneal stromal cells secreted high 

concentrations of CXCL1 and CXCL2 in response to IL-1β, and high concentrations of 

CCL5 and CCL7 in response to IFNγ. A further increase was detected in levels of CCL5 

when cells were treated with a combination of all three cytokines (CytM). The 

epithelial response to the same cytokines was more restricted, with only levels of 

CCL5 significantly increased in response to IL-1β, IFNγ, or CytM. This data together 

suggests that activated corneal stromal cells are important for generating the 

inflammatory environment of the LSCD graft bed. Combined, the proinflammatory 

cytokine and chemokine responses was detected post-injury would serve to 

dramatically alter the corneal microenvironment by inducing neovascularisation, as 

well as recruiting neutrophils, macrophages, and other myeloid subsets. Inhibition of 

any of these key parameters or processes may therefore serve to minimise the 

inflammation seen following LSCD injury. 
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Figure 3.13 Murine corneal chemokine and cytokine levels expressed by cultured 

primary murine corneal epithelial and stromal cells. Supernatants from enriched 

cultured primary mouse stromal and epithelial cells were screened for chemokine 

production by ELISA following 24 hours in vitro with proinflammatory cytokines IL-1β, 

TNFα, IFNγ, or a combination of all three (CytM). *P < 0.05, **P < 0.01, ***P < 0.001, 

one-way ANOVA, compared to no stimulation (Nil). 
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3.3 Development and optimisation of a protocol for LESC 

transplantation. 

With the model of LSCD well established, we next developed an experimental model 

of limbal epithelial stem cell transplantation. Our novel model, utilising GFP 

expressing donor cells, allows the in vivo long-term tracking of LESC engraftment and 

outgrowth and was achieved by transplantation of murine corneal and limbal derived 

epithelial sheets onto the recipient’s LSCD induced cornea. Immunodeficient NSG 

mice were used as recipients in all transplant experiments, for two main reasons: (i) 

firstly, during protocol optimisation, transplantation into a recipient with minimal 

immune function would be expected to optimise the success of the grafting 

procedure and subsequent engraftment. This would therefore allow us to identify 

whether graft failures were due to technical issues rather than any immune 

involvement. (ii) secondly, transplantation of donor LESC requires time for 

engraftment, and for differentiated epithelial progeny to repopulate the recipient 

cornea. While in the clinical setting the use of systemic immunosuppressive therapy 

prevents graft rejection, here we have opted to use an immunodeficient strain as 

recipients instead. As LESC donors, transgenic mouse strains which ubiquitously 

express GFP as a fluorescence reporter were used to allow transplanted cells to be 

observed and serially tracked in vivo by fluorescence stereomicroscopy. 
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Developing a successful experimental protocol for transplantation of donor-derived 

limbal epithelial cells to the recipient cornea proved to be a significant challenge, with 

some of the unsuccessful protocols attempted and their outcomes summarised in 

Figure 3.15. The suspension method, where donor mouse corneas were 

enzymatically digested into a single cell suspension using either dispase or 

collagenase, and then added into round plastic tubing placed directly over the 

exposed corneal surface, allowed the greatest numbers of cells to be transferred to 

the eye, however cells suspended in fluid did not adhere to the surface of the eye 

[123]. In contrast, these donor corneal cell suspensions were able to readily adhere 

to a thin layer of fibrin gel in in vitro culture which could then be used as a carrier 

membrane to transfer the attached cells to the cornea. However, we were unable to 

produce a gel thin enough to flex and cover the convex surface of the eye successfully 

while also remaining thick enough to avoid disintegration during cell culture, despite 

this protocol being previously described [17]. The most effective method initially 

attempted was to transfer intact corneal epithelial cell sheets derived from 

incubating an enucleated donor eye in dispase solution, which disrupts the basement 

membrane and loosens an intact sheet of epithelium from the stroma [124, 125]. 

Optimising the duration of tissue digestion to release the corneal epithelium proved 

Figure 3.14 Illustration detailing the development process to establish and 

optimise a mouse model of LESC transplantation. 



 Establishing A Mouse Model of LSCD and LESC Transplantation 
 

62 
 

to be crucial in producing an intact and viable cell sheet, which could be separated 

within 10 minutes of dispase treatment. Using this intact sheet method, long-term 

limbal epithelial cell engraftment could be detected within the recipient cornea 

(Figure 3.16), although this was still extremely limited.  

  

Figure 3.15 Representative images contrasting several unsuccessful transplant 

methods in the mouse cornea. These images of GFP+ mouse epithelial cell transplant 

serve as examples as to the typical outcomes and failures resulting from three 

methods of transplant: cell suspension, cells confluent on a thin fibrin gel, and whole 

epithelial sheet. Images show GFP expressing cells at day 0 during transplant and 

their absence or minimal presence at day 3 after suture removal.  
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To further improve donor cell engraftment, we investigated strategies to improve the 

integrity of donor cell sheets and better preserve epithelial cells during digestion. Y-

27632, a Rho-associated protein kinase (ROCK) inhibitor, has been shown to 

accelerate limbal epithelial proliferation ex vivo, improve wound closure rates in a rat 

model of corneal wounding, and reduce apoptosis of corneal endothelial cells [126, 

127]. When included in the dispase digestion buffer we observed a marked 

improvement in the integrity of cell sheets and the ability to manipulate their shape 

and positioning during surgery without damaging it (not shown). However, addition 

of this reagent did not improve engraftment success rates. 

As well as the transplant method and quality of donor cells, the condition of the graft 

bed is believed to be important to engraftment success. Whether it is growth arrested 

3T3 cells in vitro, or the stromal cells of a healthy cornea, in order to adhere and 

expand, LESCs require the growth factors produced by such a feeder layer. We 

hypothesised that the chemical-injury used to induce LSCD may have created a 

hostile microenvironment into which we were transferring LESC, and this ultimately 

Figure 3.16 Representative images of inefficient intact epithelial sheet 

transplant method in the mouse cornea. These images of three representative GFP+ 

mouse epithelial cell transplant serve as examples of successful but inefficient and 

slow growing grafts. Images show GFP expressing cells at day 3 post transplant and 

their limited growth by week 3. 
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compromised their subsequent engraftment, therefore we next sought to investigate 

methods to improve the condition of the recipient corneal graft bed. Sodium 

hyaluronate (Na-HA), a component of the extracellular matrix (ECM), has been widely 

used during ocular surgery, and is reported to effectively treat corneal erosion, alkali 

burns, and to accelerate epithelial would healing [128-132]. Matrigel is a gelatinous 

protein mixture consisting of most of the components of the ECM, and has been used 

as such for culturing LESCs in vitro [133, 134].  Solutions of these components were 

used to coat the recipient cornea prior to transplantation in an attempt to provide a 

more favourable environment and promote engraftment, however no improvement 

in engraftment success was achieved.  

It was observed that many of the transferred donor cells were lost from the corneal 

surface on closing and suturing the eyelid, and over the subsequent few days post-

transplantation. To counter this issue we developed a protective mouse contact lens, 

formed of a formaldehyde fixed, full thickness, dissected mouse cornea, to place over 

the graft once the donor epithelial sheet was transferred to the eye. This physical 

barrier offered sufficient protection of the transferred cells during the initial days 

after transplantation and seemed to be key to success, resulting in improvements in 

the number of transferred cells engrafting.  
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3.4 Limbal epithelial stem cell transplantation prevents and reverts 

the LSCD phenotype. 

Combining the protective contact lens with the short duration of dispase digestion, 

epithelial sheet production, and ROCK inhibitor treatment, the model began working 

reliably and consistently. This optimised protocol was then capable of reproducibly 

achieving complete expansion and coverage of the cornea within two weeks of 

transplant (Figure 3.18), in comparison to early versions of this mouse model in which 

the number of transplants resulting in successful engraftment was less than 5%. Of 

these early minor successes, the majority consisted of only single or small clusters of 

engrafted cells.  

However, the individual engrafted cells were capable of regenerating the entire 

cornea of recipient NSG mice over the course of 6 months and were observed to 

gradually reverse LSCD and re-form a healthy, transparent, multi-layered corneal 

epithelium. Where transplanted cells did not engraft, LSCD continued to develop 

unchecked, with sustained inflammation, neovascularisation, and conjunctivalisation 

compared to healthy regenerated corneas (Figure 3.17). Technical improvements 

since these early experiments, outlined in section 3.3 above, significantly improved 

efficiency, achieving an engraftment success rate of 60-80% and consistently 

resulting in 40-80% coverage of the cornea by donor-derived cells by day 7 post-

transplantation. 
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Figure 3.17 Long term in vivo imaging of individual transplanted LESC in an LSCD 

murine cornea. Serial imaging of two representative mice. LSCD was induced in 

immunodeficient NSG, followed by transplant of GFP+ murine epithelial sheets 

containing LESC. Initial engraftment consisted only of single cells which were 

observed to expand and cover the entire surface of the eye over the course of 6 

months. Far right column shows a comparison between successful and failed grafts 

under white light, revealing the absence of an LSCD phenotype in the former, and 

severe LSCD in the latter.  

Figure 3.18 Short term in vivo imaging of transplanted LESC in an LSCD murine 

cornea using an optimised protocol. LSCD was induced in immunodeficient NSG, 

followed by transplant of GFP+ murine epithelial sheets containing LESC. Initial 

results using an optimised protocol consisted of a large patch of engrafted cells which 

rapidly expanded to cover the entire surface of the eye within 14 days.  
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With a working protocol established we were then able to extend the transplant 

model from immunodeficient NSG mice, to using fully immunocompetent B6 mice. In 

order to confirm complete re-epithelialisation of the cornea, we performed intravital 

multiphoton microscopy imaging of a syngeneic GFP+ mouse limbal epithelial graft 

from B6-GFP donor, fully engrafted onto a CFP+ recipient (B6-CFP) mouse eye. This 

imaging was performed with the assistance of Dr. Pervinder Sagoo. Images in Figure 

3.19 show complete re-epithelialisation of the central cornea to the limbus, with an 

intact recipient-derived conjunctival region and a clear defined boundary between 

epithelium and stroma in the central cornea.  

 

  

Figure 3.19 2-photon imaging of B6-CFP recipient with transplanted B6-GFP 

corneal epithelium. Intravital 2-photon imaging of a representative syngeneic mouse 

cornea with GFP expressing corneal epithelial cells successfully engrafted into a B6-

CFP recipient. These images, 3 weeks post transplant, show full engraftment and 

complete regeneration of corneal epithelium after injury and transplant with donor 

cells, plus a distinct and defined border where the epithelium meets the conjunctiva 

and limbus. Images representative of 3 independent experiments. 
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Similar to data shown in Figure 3.5, quantitative PCR analysis was performed to 

compare the expression of K12, K19, and Muc5AC between an engrafted fully 

regenerated cornea 4 weeks post-transplant and an LSCD only mice, both relative to 

a healthy untreated control. Figure 3.20 demonstrates the reversal of the LSCD 

phenotype in the grafted recipients, with a return of CK-12 expressing cells to normal 

levels, and the complete loss of CK-19+ conjunctival cells, as well as a significant 

decrease in expression of Muc5AC conjunctival derived goblet cells.  

 

 

  

Figure 3.20 Quantitative PCR analysis of the murine cornea following induction 

of LSCD and reversal with transplanted donor murine corneal epithelial cells. 

Chemical injury to the murine cornea resulted in the loss of corneal epithelium and 

the invasion of conjunctival epithelium as part of the LSCD phenotype. Transplant of 

donor murine corneal epithelial sheets containing LESC is able to reverse this 

phenotype as demonstrated by qPCR. Gene expression data shows no expression the 

loss of K12 in LSCD only controls compared to grafted mice, and the lack of expression 

of Cytokeratin-19 in grafted mice compared to LSCD controls. Mucin 5A expression is 

detected in grafted mice, although at lower levels than LSCD controls. Data was 

collected at 4 weeks post transplant, and expression is relative to an untreated 

control. N=3. 
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3.5 Summary 

In order to investigate LSCD it was necessary to develop a clinical animal model which 

accurately recapitulates the key clinical features of the disease. Evidence for this 

included in vivo imaging of neovascularisation and epithelial defects, and 

immunofluorescence histology showing the loss and gain of both epithelial and 

conjunctival cell types respectively, corroborated by qPCR gene expression analysis. 

Further investigation into the in vivo physiological response to LSCD demonstrated 

the cellular infiltration into the cornea, as well as the secretion of inflammatory 

mediators and angiogenic factors involved.  

Development of the protocol for transplantation of donor LESCs was a lengthy and 

challenging process, with many of the strategies and modifications attempted having 

little or no effect. Despite this, the current established protocol works with high 

reproducibility and is capable of completely regenerating the recipient NSG mouse 

cornea with GFP expressing corneal epithelial cells. The use of fluorescently labelled 

donor epithelial cells has allowed the growth kinetics of these cells to be imaged once 

engrafted, even when originating from single or small clusters of cells localised to the 

central cornea. Multiphoton imaging of a regenerated cornea confirmed a full 

thickness epithelium which re-established a boundary at the epithelial-conjunctival 

junction, and qPCR gene expression analysis showed the reversal of the LSCD 

phenotype. 

In summary, the development of an in vivo model of LSCD and LESC transplantation 

has allowed us to visualise and track the engraftment and growth kinetics of LESC as 

they regenerate the damaged mouse cornea. It also plays a key role in the next 

objective of this study; investigating the role inflammation and the immune response 

in LESC engraftment and transplant failure. 
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CHAPTER 4. DETERMINING THE ROLE OF THE INNATE 

AND ADAPTIVE IMMUNE RESPONSES IN 

LESC TRANSPLANT REJECTION 

Despite the immune privileged status of the healthy human eye, these protective 

mechanisms can become compromised in patients with LSCD, resulting in significant 

inflammation and a response by the adaptive and innate immune response. 

Keratoplasty is one of the most commonly performed organ transplants, and 

allogeneic keratoplasty is usually a highly successful procedure with a 90% first year 

survival rate even without HLA matching [27]. However, this differs from procedures 

such as cultured limbal epithelial transplantation (CLET) which typically involve a 

highly inflamed, vascularised, and compromised graft bed or limbal niche. For 

patients receiving these allogeneic epithelial cell transplantations in the cornea there 

is a high risk of graft rejection by the host immune system, with 75% of allografts 

failing within 3 years, despite systemic immune suppression [35].  

Currently publications investigating the role of the immune system are limited, and 

so the exact mechanism of action is not clear. One such question is whether the 

rejection involves the direct recognition of donor derived passenger APCs by recipient 

T cells, or indirect allorecognition of donor MHC presented by recipient APCs. It is 

established that donor derived macrophages do not survive ex vivo culture [33], 

however it is not clear how this affects the levels of MHC class I and II in allogeneic 

grafts, or how this affects the relative involvement of CD8+ and CD4+ T cells in the 

adaptive response. Understanding the precise cellular involvement during each stage 

of corneal epithelial allograft rejection would lead to improvements to clinical 

practice, and the potential development of treatments to block or dampen the 

immune response. 

This chapter describes the investigation into the role of innate and adaptive immune 

responses in the rejection of transplanted epithelial cell sheets containing LESC, using 

our previously described mouse model of LSCD and transplantation.   
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4.1 Transplantation of allogeneic LESC into an immunocompetent 

mouse model of LESC results in graft rejection. 

With the protocol for LESC transplantation well established in the immunodeficient 

NSG mouse model, we designed experiments to interrogate the mechanism of 

engraftment in a more clinically relevant immunocompetent model. Transplant of 

allogeneic GFP+ corneal epithelial sheets from a BALB/c-GFP donor into B6 recipients 

showed early signs of limbal epithelial allograft rejection, demonstrated by the 

characteristic epithelial rejection line or smoothing of the graft peripheral edge 

between days 7 and 28 (Figure 4.1). This was not observed in B6 recipients which 

received autologous B6-GFP grafts. Longer term imaging in the recipients of 

allogeneic grafts (Figure 4.2) showed the same edge smoothing, in addition to the 

loss of the GFP+ corneal graft on the cornea over the course of a month as it was 

rejected by the host. 
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Figure 4.1 In vivo imaging of the onset of epithelial graft rejection in the mouse 

cornea. Representative images show the characteristic smoothing of the peripheral 

edge of a GFP+ limbal epithelial allograft. Top images show a syngeneic transplant of 

B6 donor into B6 recipient, bottom images show allogeneic BALB/c donor cells into 

B6 recipient, at both day 7 and day 28 post transplant. N=3.   

Figure 4.2 Long term In vivo imaging of epithelial allograft rejection in the 

mouse cornea. Representative images show the characteristic smoothing of the 

peripheral edge of a GFP+ limbal epithelial allograft, and shrinking of the graft over 

the course of 35 days post transplant. White dotted line marks the outer edge of the 

cornea. N=3. 
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Results from multiple transplant experiments, both autologous and allogeneic, are 

summarised in a Kaplan Meier survival plot (Figure 4.3), where mean allograft survival 

time was 46 days (± S.D 16 days) without additional immunosuppressive therapy.  

 

Cellular infiltration within the transplanted cornea was assessed using flow cytometry 

in four experimental groups of B6 mice: BALB/c allograft recipients; B6 autograft 

recipients; LSCD only controls; and untreated healthy controls. FACS data showed the 

differences in the presence of T cells (CD3+), macrophages and monocytes (CD11b+, 

Ly6C+), NK cells (NK1.1+), and epithelial cells (EpCAM+) at day 28 post-transplant 

(Figure 4.4). Absolute cell numbers were quantified using counting beads during flow 

cytometry, allowing the generation of Figure 4.5. This data shows several significant 

differences between allogeneic BALB/c grafted recipients and the untreated heathy 

controls with respect to the number of all cell types present in the cornea at 28 days 

post-transplant. A significant difference was also observed between the untreated 

control and the B6 autograft recipient group with respect to the absolute number of 

neutrophils present at the time of analysis, with total cell numbers controlled using 

flow cytometry counting beads. 

Figure 4.3 Kaplan Meier plot of limbal epithelial allograft survival in a mouse 

model. Kaplan Meier plot of autograft (B6 > B6 recipient, n=10) and allograft (BALB/c 

> B6 recipient, n=11) survival in a mouse model of limbal epithelial transplantation. 

Data pooled from 3 independent experiments.  
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Figure 4.4 FACS plots of cellular infiltration into the mouse cornea during LESC 

graft rejection. Representative flow cytometry plots of digested corneal tissue 28 

days after epithelial sheet transplantation, showing the infiltration of immune cell 

subsets into the cornea during graft rejection. N = 3 per treatment group. 
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Figure 4.5 FACS summary data of cellular infiltration into the mouse cornea 

during LESC graft rejection. Summary plot of absolute numbers of lymphocyte and 

myeloid cell subsets detected in corneal tissue during onset of graft rejection (n=5-6 

per group) *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA, compared to 

untreated mice. 
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Luminex analysis of cytokines and chemokines was performed of whole digested 

corneal tissue following either LSCD, autologous B6, or allogeneic BALB/c 

transplantation to determine any correlation between graft rejection and 

cytokine/chemokine concentrations in the LSCD cornea. Cytokines/chemokines 

investigated were known to be involved in corneal remodelling and 

microenvironment inflammation. Figure 4.6 and Figure 4.7 show the results displayed 

as a heatmap representing the fold change in expression for all cytokine and 

chemokines respectively, clustered by highest expression level. This data 

demonstrated that for both cytokines (Figure 4.6) and chemokines (Figure 4.7) there 

were significant differences in expression between recipients of allogeneic BALB/c 

grafts, and the untreated control mice. Expression of cytokines IL-16 and IL-1β by 

allogeneic recipients was significantly increased compared to autologous recipients, 

while IL-10, IFNγ, and IL-6 were only increased relative to the control. Chemokines 

with significant expression differences between allogeneic and autologous recipients 

include CCL5, CXCL11, CCL3, CCL17, CCL1, CCL2, CCL7, and CCL22. 
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Figure 4.6 Identification of cytokines associated with allospecific graft rejection 

using Luminex analysis. Luminex analysis of cytokine expression in whole corneal 

tissues following LSCD induction, or transplantation of limbal epithelial grafts from 

autologous (B6-Tx) or allogeneic (Balb/c-Tx) mice. Top panel shows fold changes in 

normalized protein levels relative to untreated control mice, expressed as a heat map 

of minimum and maximum levels (indicated values) detected for each analyte (n=7 

per group). Bottom panels show the concentration of analytes with significantly 

differentially expressed protein levels where *P < 0.05, **P < 0.01, ***P < 0.001, 

analysed by one-way ANOVA, compared to untreated mice. 
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Figure 4.7 Identification of chemokines associated with allospecific graft rejection 

using Luminex analysis. Luminex analysis of chemokine expression in whole corneal 

tissues following LSCD induction, or transplantation of limbal epithelial grafts from 

autologous (B6-Tx) or allogeneic (Balb/c-Tx) mice. Top panel shows fold changes in 

normalized protein levels relative to untreated control mice, expressed as a heat map of 

minimum and maximum levels (indicated values) detected for each analyte (n=7 per 

group). Bottom panels show the concentration of analytes with significantly differentially 

expressed protein levels where *P < 0.05, **P < 0.01, ***P < 0.001, analysed by one-way 

ANOVA, compared to untreated mice. 
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4.2 2C-TCR+ T cell mediated graft rejection  

During early stages of in vivo model development, several preliminary experiments 

were conducted using the limited number of successfully/partially successfully 

grafted NSG mice, investigating the role of CD8+ T cells in graft rejection (schematic 

representation of experimental design shown in Figure 4.8). In one such experiment, 

three NSG mice were transplanted with BALB/c-GFP corneal epithelial cells, which 

initially expanded to cover approximately 25% of the cornea before growth slowed 

and stalled. It should be noted that for two of these mice the grafts were 

morphologically consistent with epithelial cells during in vivo imaging, however one 

showed evidence of engraftment of GFP+ corneal stromal cells which had engrafted 

into the exposed stroma. At this point CD8+ T cells from 2C-TCR Tg x Rag1 KO mice 

which have antigen specificity for the MHC Class I BALB/c alloantigen (H2-Ld) 

expressed by donor grafts were adoptively transferred into the mice which had 

previously received corneal grafts. The process of subsequent complete graft 

rejection was visualised and imaged over the following two weeks (Figure 4.9). The 

two epithelial grafts initially remained stable and even continued to grow until day 8 

after adoptive T cell transfer, at which point the density of the graft became visibly 

reduced. By day 10, the edges of the graft had receded, the density was further 

decreased, and then by day 13 all signs donor graft cells had disappeared. Graft size 

was calculated as a proportion of the visible corneal surface, and these percentages 

are displayed in Figure 4.9.   

Figure 4.8 Schematic diagram outlining the experimental plan and timeframe 

of this experiment investigating the role of 2C-TCR+ CD8+ allogeneic T cells in 

corneal epithelial graft rejection. 
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Figure 4.9 Graft rejection timeframe in response to 2C-TCR+ CD8+ allogeneic T 

cell transfer. Top panel shows images of engrafted GFP+ epithelial or stromal cells in 

the BALB/c mouse cornea after adoptive transfer of 2C-TCR T cells, throughout graft 

rejection over the course of 13 days. Bottom panel shows a graph plotting the 

timeframe of graft rejection above. Graft size calculated and plotted as a percentage 

of the visible cornea covered by GFP+ fluorescence. N=3 mice (all shown), errors bars 

shown as SEM.  
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Once GFP+ cells were no longer visible on the cornea, mice were taken down, their 

corneas digested and analysed by flow cytometry. Due to extremely low cell numbers 

harvested from the isolated corneas no conclusions could be drawn however this 

served as a useful preliminary experiment. Figure 4.10 shows the proliferation of total 

corneal epithelial cells (detected by Ki67 and EpCAM staining), for each of the three 

grafted mice as well as healthy control corneas. Due to the variation between each 

of the three grafts results were examined individually rather than taking average 

results. These are plotted relative to the average of three healthy untreated control 

corneas in the bottom panel, showing that the remaining epithelial cells in the 

rejected mouse corneas were at similar levels to the healthy control.  

While limited due to sample size, investigation of the cellular infiltration in the 

transplanted corneas was also carried out using flow cytometry after staining and 

gating for CD11b+ monocytes and macrophages, and CD8+ T cells (Figure 4.11). The 

results from this corneal tissue analysis indicate that two days after complete graft 

rejection, between 20-30% of the cells in the injured left cornea were CD8+ T cells, 

accompanied by large numbers of infiltrating monocytes and macrophages. This 

infiltration was not observed in the healthy right cornea of the same mice.  
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Figure 4.10 Epithelial proliferation in the mouse cornea following rejection of 

epithelial grafts in response to 2C-TCR allogeneic T cell transfer. Top panel shows 

FACS plots of the healthy right eye (control) and left eye (LSCD + rejected graft), 

showing proliferation (Ki67+) of corneal epithelial cells (EpCAM+). Bottom panel 

shows epithelial proliferation data plotted separately for each of the mice, where 

N=3. Cells were gated during flow cytometry on forward vs side scatter profile for size 

and doublets, and live/dead staining. 
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Figure 4.11 Cell infiltration in the mouse cornea following rejection of epithelial 

grafts in response to 2C-TCR allogeneic T cell transfer. Top panel shows FACS plots 

of the healthy right eye (control) and left eye (LSCD + rejected graft), showing the 

infiltration of CD8+ T cells and CD11b+ monocytes into the cornea. Bottom panel 

shows infiltration data plotted separately for each of the mice, where N=3. Cells were 

gated during flow cytometry on forward vs side scatter profile for size and doublets, 

and live/dead staining. 
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4.3 CD8+ T cell mediated graft rejection 

To continue investigating the role of CD8+ T cells in our mouse model of corneal 

epithelial graft rejection, an alternative protocol was developed to avoid the use of 

2C-TCR transgenic T cells (Figure 4.12). We used NSG mice which had previously 

received BALB/c-GFP grafts which had expanded and stratified into multiple layers to 

completely reverse LSCD and regenerate a healthy cornea over the course of 6 

months (Figure 3.17). CD8+ T cells stably expressing dsRed fluorescent protein were 

isolated from CD2-dsRed transgenic mice using negative selection dynabeads 

(ThermoFisher untouched CD8 mouse kit), and selectively expanded in vitro for 

specificity to the BALB/c alloantigen, through co-culture with BALB/c irradiated 

splenocytes, using previously described methods [135].  

 

  

Figure 4.12 Schematic outlining the experimental plan designed to investigate 

the role of CD8 T cells in corneal epithelial graft rejection. 
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CD8+ T cells expressing dsRed+ were adoptively transferred to the grafted NSG mice, 

with graft survival tracked and imaged over the following month until the grafts had 

reached the point of an estimated 50% rejection as measured by percentage cornea 

area covered (Figure 4.13). All of the mice used in this experiment maintained their 

body weight, showing no signs of developing graft-vs-host disease (GvHD). Small 

numbers of single dsRed+ T cells were visible at the periphery of the cornea by day 5 

post T cell transfer, which steadily infiltrated further into the cornea over the next 

few weeks, with dense clusters of cells appearing throughout the centre of the graft. 

By day 31 post-T cell transfer, the epithelium had significantly reduced in both size 

and density, correlating with the encroachment of the conjunctiva and blood vessels 

onto the newly exposed stroma. The image containing merged red and green 

channels make clear the position of T cells relative to the remaining graft tissue, and 

multiphoton imaging indicating that T cells are capable of penetrating through to the 

basal layer and not just on the surface of the epithelium. 
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Figure 4.13 Rejection of epithelial grafts following adoptive transfer of dsRed 

CD8+ T cells in the mouse cornea. Serial imaging of NSG mouse cornea showing 

transplanted GFP+ epithelial graft rejection and the re-emergence of an LSCD 

phenotype, following adoptive transfer of RFP+ CD8+ T cells, N=2. Graft size 

calculated and plotted as a percentage of the visible cornea covered by GFP+ 

fluorescence. Bottom left panel shows a representative image of the mouse cornea 

with both red and green channels merged to show T cell position overlaid on 

remaining graft tissue at day 31. Bottom right panel shows multiphoton microscopy 

of infiltrating T cells localized to the basal epithelial junction of allogeneic cells, N=3. 
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During active graft rejection corneal tissues were harvested for analysis by flow 

cytometry (Figure 4.14). Untreated contralateral eyes were also analysed as healthy 

control tissues. Healthy corneas of the two grafted and rejected mice contained 2-3 

fold more epithelial cells than in the LSCD corneas, and of the epithelial cells 

remaining on the grafted corneas, only 4-11% of those epithelial cells were positive 

for GFP expression. The EpCAM+ cells identified in the grafted corneas were likely 

inflamed epithelial cells or conjunctival cells as they were a much larger in size (as 

determined by scatter plots) compared to the small cuboidal epithelial cells isolated 

from healthy corneas. The EpCAM data indicates that there was approximately a 50% 

reduction in epithelial cells in the left cornea compared to the right, which is as 

expected given that the eyes were harvested at the time predicted to coincide with 

50% rejection. Although markers of conjunctival epithelium and blood vessels were 

not included in this staining panel, we can see from the imaging in Figure 4.13 that 

LSCD has indeed progressed, and the space previously occupied by epithelial graft is 

hazy and highly vascularised. Between 29-38% of the cells in the rejected cornea were 

CD3+dsRed+ and therefore CD8+ T cells, while the infiltration of CD8+ T cells into the 

healthy right corneas of these mice was negligible. Staining for markers of T cell 

memory and activation status, CD44 and CD69, in this experiment was inconclusive 

due to technical and compensation issues, while between 31-36% of dsRed+ cells in 

the injured corneas were positive for Ly6C indicating early activation status. Antibody 

staining issues were predominantly due to very low cell numbers and a lack of 

suitable controls for testing the entire panel under experimental conditions. 
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Figure 4.14 Flow cytometry plots of the rejection of epithelial grafts following 

adoptive transfer of immune cells in the mouse cornea.  Representative flow 

cytometry plots showing cell infiltration in the mouse cornea during graft rejection. 

Top 6 plots show the healthy control eye, bottom 6 plots show the LSCD + grafted 

eye. Plots (from L-R) show the following: cell size and granularity, epithelial cell size, 

presence of GFP+ cells, infiltration of T cells, infiltration of monocytes and 

macrophages, infiltration of neutrophils. N=2. 
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4.4 CD4+ T cell mediated graft rejection 

We continued to investigate the role of T cells in corneal epithelial graft rejection, 

specifically CD4+ T cells. Using the previously described protocol, T cells were isolated 

from a cyan fluorescent protein (CFP) expressing strain of B6 mice and expanded in 

vitro through co-culture with BALB/c splenocytes as an allo-stimulation assay. 

Subsequently purified CFP+ CD4+ T cells were adoptively transferred to graft 

recipients and serially imaged throughout the course of the experiment, as outlined 

in Figure 4.15.  

As seen in the representative images of Figure 4.16, there appeared to be no rejection 

of the GFP+ corneal allograft over the course of the 63 days observed after transfer 

of allo-stimulated CD4+ T cells. A small cluster of CFP+ cells around day 35, which 

increased to a larger number of fluorescent cells detected around the peripheral edge 

of the graft by day 42. However, these disappeared within several days and were not 

accompanied by either loss of GFP+ cells or the re-emergence of an LSCD phenotype. 

The reasons for the failure to identify persisting CFP+ CD4+ T cells are unclear, and 

since blood sampling was not performed we cannot be sure that the transferred T 

cells survived long enough to cause any graft rejection. 

 

Figure 4.15 Schematic diagram outlining the experimental plan designed to 

investigate the role of CD4 T cells in corneal epithelial graft rejection. 
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Figure 4.16 Rejection of corneal epithelial grafts following adoptive transfer of 

immune cells in the mouse cornea. Representative serial imaging of NSG mouse 

cornea with transplanted GFP+ epithelial graft showing any detected cell infiltration 

into the cornea following adoptive transfer of CFP+ CD4+ T cells. N=4.   
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4.5 CD8+ and CD4+ T cell mediated graft rejection 

The previous experiments were designed to test the model of allograft rejection and 

to identify whether CD8+ and CD4+ T cells were important for mediating corneal 

allograft rejection. The next step was designed to be more representative by 

transferring both CD4+ and CD8+ T cells along with APCs into the recipient (Figure 

4.17).  

Mature bone marrow derived dendritic cells (BMDC) were harvested from BALB/c 

donors, cultured, and matured before being co-cultured with dsRed CD4 and CD8 T 

cells. Once BMDCs were expanded, LPS treatment was used to mature the cells to 

increase their expression of co-stimulatory molecules CD80/86, which prime T cells 

via CTLA4 and CD28 signalling. The stimulatory potential of matured BMDCs would 

therefore be expected to increase the number of allospecific T cells expanded during 

subsequent in vitro co-culture. Figure 4.18 demonstrates the change in expression of 

both CD80 and CD86 co-stimulatory molecules as well as MHC class I and II molecules 

between immature BMDCs and mature BMDCs. 
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Figure 4.17 Schematic outlining the experimental plan designed to investigate 

the role of CD4+ and CD8+ T cells in corneal epithelial graft rejection. 

Figure 4.18 Flow cytometry plots of immature and mature BMDCs after LPS 

stimulation. Representative flow cytometry plots showing the expression of MHC 

class I and II, as well as the co-stimulatory molecules CD80 and CD86 in BMDCs, gated 

on cell size, doublets, live/dead staining, and CD11c expression. N=3. 
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Once T cells had been expanded in vitro, their stimulatory potential was investigated 

in a mixed lymphocyte reaction assay (MLR). Following stimulation with either 

allogeneic BALB/c splenocyte, autologous B6 splenocytes, or polyclonal CD3+CD28+ 

beads, CFSE stained cells were analysed by flow cytometry to assess their 

proliferation in response to stimulation, shown in Figure 4.19 and summarised in 

Figure 4.20. Results show that CD4+ T cells show similar levels of proliferation in 

response to allogeneic cells and polyclonal beads, with little to no response to 

autologous stimulators, demonstrating that the T cells which had been expanded 

through in vivo culture are those which would respond to the BALB/c antigen of the 

corneal epithelial grafts. However, the results for CD8+ T cells showed no 

proliferation. This may indicate issues with their expansion in culture, however given 

that there is no response to any of the three different sources of stimulation, the 

problem is more likely to be with the MLR assay or CFSE labelling rather than the in 

vitro stimulation. 
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Figure 4.19 Flow cytometry histograms of CD8+ and CD4+ T cells after expansion 

with allogeneic BMDCs and restimulation in an MLR. Flow cytometry plots showing 

the proliferation of the expanded CFSE labelled CD4 and CD8 T cells in response to 

stimulation with either autologous B6 splenocytes, allogeneic BALB/c splenocytes, or 

polyclonal CD3+ stimulator beads. N=3. 
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Figure 4.20 Summary of MLR experiments showing the proliferation of 

allogeneic CD4+ and CD8+ T cells in response to stimulators. Summary of flow 

cytometry data showing the proliferation of the expanded CFSE labelled CD4 and CD8 

T cells in response to stimulation with either autologous B6 splenocytes, allogeneic 

BALB/c splenocytes, or polyclonal CD3+ stimulator beads. N=3. 
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NSG recipient mice received dsRed CD4+ and CD8+ T cells along with APCs generated 

by depleting B6 whole splenocytes of T cells using dynabeads, recipient mice and 

controls were serially imaged throughout the course of graft rejection. Generally, two 

patterns of rejection were observed, shown in Figure 4.21. In several mice, we 

observed a rapid influx of red fluorescent cells to the cornea followed by the loss of 

graft tissue and re-emergence of the LSCD phenotype within several days. The 

alternative pattern of rejection observed involved a much slower infiltration of 

fluorescent cells and a significantly longer time before any reduction in graft size was 

observed.  

Figure 4.21 Representative images showing two common patterns of graft 

rejection seen in this experimental transplantation model. Representative images 

of serial imaging of NSG mouse cornea showing transplanted GFP+ epithelial graft 

rejection and the re-emergence of an LSCD phenotype, following adoptive transfer 

of dsRed+ CD8+ and CD4+ T cells, N=4.  
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Throughout the time course of this experiment, samples of peripheral blood were 

taken by tail vein sampling in order to assess the presence of transferred T cells in the 

recipient mice. Blood samples were stained and gated on cell size, doublets, live/dead 

markers, as well as dsRed and CD3 markers before being analysed by flow cytometry. 

Cell numbers obtained were very low and unsuitable for quantifying absolute 

numbers of cells, however this data has been used to calculate the relative 

proportions of CD4+ and CD8+ T cells remaining in the blood, shown in Figure 4.22. 

Ratios remained stable through each of the time points assessed, and any differences 

were not significant, however this does indicate that cells survived and remained 

detectable throughout the entire rejection process. 

 

 

Given the relatively unpredictable nature of the rejections occurring in this model, 

the endpoint was altered from previous experiments in which mice were taken down 

as 50% graft loss occured. Instead, corneas, draining and non-draining lymph nodes, 

and spleen, were harvested within 3 days of complete graft loss. Cell counting beads 

were included in cell suspensions once digested, in order to quantify absolute cell 

numbers, and T cells were identified by dsRed+ CD3+ staining as well as using anti-

Figure 4.22 Summary of flow cytometry data showing the presence of T cells in 

peripheral blood during graft rejection. Summary of flow cytometry data from 

mouse peripheral blood, showing relative proportions of CD4+ and CD8+ T cells 

present in circulation during corneal epithelial allograft rejection. N=4 



Determining the Role of the Innate and Adaptive Immune Responses in LESC 
transplant rejection 
 

98 
 

CD4 and anti- CD8 antibodies. Also included in this flow cytometry panel were anti-

CD44 and anti-CD62L, two markers of T cell activation and differentiation status, to 

further investigate T cell phenotype. Example flow cytometry in Figure 4.23 

demonstrate that the majority of those detected were effector memory cells (CD62L- 

CD44+), with very few central memory (CD62L+ CD44+) or naïve T cells (CD62L+ 

CD44-). Cell counting data and the frequency of cells relative to the total live cells are 

calculated and represented in Figure 4.24, however there are no trends of 

significance.  
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Figure 4.23 Representative flow cytometry plots showing the T cell analysis of 

tissues from grafted and rejected mice. Representative flow cytometry data showing 

the infiltration of CD4+ and CD8+ T cells into the graft rejecting cornea, as well as the 

memory phenotype of those T cells by CD44 and CD62L expression. Tissues examined 

includes left draining lymph node (LDLN), right draining lymph node (RDLN), non-

draining lymph nodes (NDLN), spleen, left and right cornea. N=4. 
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Figure 4.24 Summary of flow cytometry data, comparing the presence of CD4+ 

and CD8+ T cells in each of the organs examined following corneal graft rejection. 

Graph showing the relative numbers of CD4+ and CD8+ T cells as a percentage of the 

total live cells analysed within each tissue, including left draining lymph node (LDLN), 

right draining lymph node (RDLN), non-draining lymph nodes (NDLN), spleen, left and 

right cornea. N=4. 
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4.6 Summary 

This chapter documents further developments to our mouse model of corneal 

epithelial transplantation for the reversal of LSCD, through several experiments 

which attempted to interrogate the immune response to allografted corneal tissue. 

Changing from the use of immunodeficient NSG recipients, to fully 

immunocompetent B6 recipient mice showed the characteristic signs of early graft 

rejection, and allowed us to calculate the kinetics of complete rejection of donor 

cells. Flow cytometric analysis of digested corneal tissue obtained during or shortly 

after graft rejection showed the presence of significant cellular infiltration (including 

CD3+ T cells, monocytes and macrophages, and neutrophils) into the allografted 

cornea compared to the healthy control eye. This data suggests that the graft 

rejection in these mice was a specific targeted response to the detection of 

alloantigen. Identification of key chemokines and cytokines present in the corneal 

inflammatory microenvironment was performed through Luminex assay of rejected 

allograft recipient corneas, showing significantly increased expression of cytokines IL-

16 and IL-1β, and chemokines CCL5, CXCL11, CCL3, CCL17, CCL1, CCL2, CCL7, and 

CCL22. 

The development of multiple adoptive transfer experiments allowed some progress 

to be made into further understanding the involvement of key cell types in the 

rejection mechanism, however several practical issues have limited this area of 

research throughout the project. The loss of our breeding pair of the 2C-TCR Tg mice 

forced the development of alternate means of producing allospecific T cells which 

was achieved by isolation and co-culture with mature BALB/c bone marrow derived 

dendritic cells. Using this method, CD8+ and CD4+ T cells were transferred to mice, 

both in isolation and combined, along with APCs to observe their effect on stable 

donor epithelial grafts. Given the extremely small tissue size and low total cell 

numbers harvested from recipients, data obtained post-rejection was limited, 

requiring experimental repeats and further investigation.  
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CHAPTER 5. OPTIMISING CULTURE, IDENTIFICATION, 

AND ISOLATION OF HUMAN LESC 

Limbal epithelial stem cells (LESC) comprise a very rare population of the cornea, with 

less than 0.5% of cells from freshly isolated human limbal tissue identified as such [8]. 

Although there are several strategies for phenotyping LESC by examining intracellular 

markers, holoclone forming potential, dye exclusion, or negative expression of 

differentiation markers, it is currently an impractical procedure. Indirect methods of 

isolating potential LESC include centrifugation on a density gradient, magnetic bead 

selection, or FACS using novel putative LESC markers [17, 18, 136]. With a lack of 

suitable cell surface markers to identify LESC, isolating this rare cell population is 

technically challenging although a potentially useful strategy for improving 

transplantation outcomes.  

One suggested hypothesis is that sheet stem cell content is directly related to 

engraftment success, where higher percentages of LESC improve numbers of cells 

engrafted and wound healing rates, or low LESC content is linked to graft failure. The 

licenced tissue engineering product ‘Holoclar®’ is reported to contain between 1-9% 

LESC with a success rate for autologous transplants of 72% within 1 year of transplant, 

however longer-term outcomes are not yet reported. It also unclear regarding the 

specific stem content of the epithelial sheets and how this affects engraftment or 

prolonged survival.  

This chapter primarily discusses the need for an optimised protocol for the isolation 

of limbal epithelial stem cells from human corneas, and whether using this to vary 

the quantity and distribution of LESC within grafts could potentially improve 

engraftment success. Continued development of the mouse model of LSCD resulted 

in a humanised model, in which fluorescently labelled primary human corneal 

epithelial cells could be transplanted without risk of rejection in immunodeficient 

mice. 

  



 Optimising culture, identification, and isolation of human LESC 
 

103 
 

5.1 Primary human corneal tissue digestion and culture 

To begin to investigate how the phenotype, composition, and number of LESCs within 

grafts influenced outcome and function, we first sought to establish protocols for the 

extraction, ex vivo culture, and expansion of primary human limbal tissue derived 

LESCs. Once established, these protocols were used to generate CLET preparations 

with defined numbers and cell types for study in an in vivo model of transplantation 

to reverse LSCD.  

As previously described, the process for ex vivo culture of epithelial sheets for 

transplantation requires the use of human amniotic membrane (HAM), which is 

difficult and costly to obtain for use in research. As we were unable to source HAM 

we instead opted to use four alternative strategies for the isolation of LESCs from 

human corneas, based on collagenase, dispase, or trypsin digestion, or tissue explant 

culture. Using these protocols, we were able to generate epithelial cultures from 

primary human tissue. Cell numbers, viability, and cell expansion achieved are 

detailed in Table 1 of Figure 5.1 .  

While several of the methods above produced adequate cell numbers from the 

digested tissue with good viability, the resulting cultures were often contaminated 

with stromal cells. These cells adhered to the tissue culture plastic more rapidly than 

the epithelial cells and then proliferated faster, resulting in overgrowth of the dish. 

When digested epithelial cells were seeded onto a feeder layer of growth-arrested 

3T3 cells, they adhered in the spaces between the cells, and as the cells proliferated, 

the feeders were pushed outwards from the colonies. Eventually when the culture 

was completely confluent, few or no feeder cells remained on the dish, as seen in 

Figure 5.1. If this growth was allowed to continue epithelial cells began to stratify and 

differentiate, forming 3D structures similar to the structural layers formed in vivo. 

While trypsin digestion (method 3) proved to be optimal, in terms of maintaining a 

high degree of viability and the generation of large numbers of corneal epithelial cells, 

this protocol was not optimised until several enrichment experiments had already 
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been performed. For this reason, overnight collagenase digestion and explant culture 

methods were used for early LESC enrichment experiments. 
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Figure 5.1 Methods of primary human corneal tissue digestion and culture. 

Table 1 details four different methods of isolating corneal epithelial cells from 

primary human corneal tissue, including data on cell numbers and viability post-

digestion and culture. Representative images show examples of confluent cells 

following digestion and culture, in both purely epithelial and stromal cultures as well 

as epithelial outgrowth from a limbal explant. Image representing explant culture is 

produced from multiple microscopy images stitched together using ImageJ to show 

a single explant. 
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5.2 Primary human corneal epithelial cell inflammatory profile 

The treatment of clinical LSCD requires LESC transplantation either by direct grafting 

of large segments of healthy limbal tissue (autologous or allogeneic) or the 

transplantation of an ex vivo bioengineered sheet of corneal epithelial cells 

containing 1-10% LESC[33]. To examine the potential impact of the inflammatory 

LSCD graft bed on subsequent engraftment of LESC transplant, we analysed 

chemokine and cytokine protein production by cultured human corneal cell 

populations following exposure to the proinflammatory cytokines IL-1β, IFNγ, and 

TNFα, previously identified in our experimental model of LSCD. Separate cultures of 

stromal and epithelial cells were enriched from primary human corneal tissue and 

analysed by multiplex immunoassay (Luminex) to determine the concentrations of 40 

different inflammatory chemokines (Method 2.2.8) following ex vivo stimulation. All 

assayed proteins were detected above background levels with the exception of 

CXCL13, IL-2, IL-4, and CCL24, which were therefore excluded from any subsequent 

analysis. Primary human limbal tissue derived cell cultures were established in vitro 

and specific cell subsets sorted from the expanded populations based on expression 

of CD105 and EpCAM to identify stromal and epithelial cells respectively. In non-

inflammatory conditions the proteins secreted by purified stomal and epithelial cells 

were similar except for several potent chemo attractants including CXCL12, IL-1β, IL-

6, IL-8, IL-16, CCL2, CCL17, CCL21, and CCL27. They were present at significantly 

higher concentrations in stromal cell cultures compared to epithelial cultures (Figure 

5.2).  

Exposure to proinflammatory cytokines resulted in significant increase in the levels 

of proinflammatory mediators produced by both epithelial and stromal cells (Figure 

5.3). Significant differences in expression of CXCL2 and GMCSF between epithelial 

and stromal cells were also detected, suggesting that the stromal compartment may 

drive early inflammatory cell recruitment and activation following LSCD. While both 

epithelial and stromal cells significantly upregulated production of IL-8, CXCL5, 

CXCL6, CXCL10, and CXCL11, epithelial cells produced more CX3CL1, IL-6, MIP1α, 

CCL2, and CCL3 on proinflammatory cytokine stimulation. Many of the chemokines 
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and cytokines expressed by human corneal stromal and epithelial cells following the 

inflammatory response to LSCD can induce remodelling of the corneal tissue while 

also providing potent chemotaxis signals to infiltrating inflammatory cells.  
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Figure 5.2 Basal expression of chemokine & cytokines by cultured human 

corneal stromal and epithelial subsets in vitro.  Supernatants from human limbal 

tissue derived stromal (white bars) or epithelial cells (grey bars) were screened for 

chemokine and cytokine mediators by multiplex immunoassay. Several other factors 

were undetected (CXCL13, Eotaxin-2/CCL24, IL-2, IL-4, CXCL11/I-TAC). Data shows 

mean concentration and boxplots whiskers of 10-90th percentile of n=10 individual 

limbal donor tissue derived cell cultures. Statistical significance calculated by two-

way ANOVA (*P < 0.05, **P < 0.01).  
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Figure 5.3 Primary human limbal CLET derived cells produce chemokine and 

cytokine mediators following proinflammatory cytokine stimulation.  Supernatants 

from human limbal tissue derived stromal (white bars) or epithelial cells (grey bars) 

cultured in the presence of proinflammatory cytokines IL-1b, IFNg and TNFa or a 

combination of all three cytokines (CytM) were screened for the presence of 

chemokine and cytokine mediators by multiplex immunoassay. Data shows the fold-

increase in detected protein concentrations relative to unstimulated control cell 

cultures. Boxplots show mean and whiskers 10-90th percentile of n=10 individual 

limbal donor tissue derived cell cultures. Statistical significance compared to 

unstimulated (*), or between stromal and epithelial cultures (+) calculated by two-

way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001).  
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5.3 Enrichment of human corneal epithelial cells 

Once protocols for the digestion and culture of human corneal epithelial cells had 

been optimised, we began investigating methods to isolate LESCs from primary 

human corneal cell digests.  

5.3.1 Percoll density gradient centrifugation 

Human limbal tissue was digested using an overnight collagenase digestion protocol 

followed by Percoll gradient centrifugation for further enrichment of LESC. This 

method has been previously described using mouse limbal cells, where a population 

of cells retained within the densest fraction (80% Percoll) were enriched for the LESC 

markers ABCG2 and Lgr5, and exhibited a side population phenotype associated with 

LESCs [136]. Digested corneal cells obtained from three individual donors were 

separated by Percoll gradient, and cells of the 40% and 80% Percoll fractions were 

then seeded for a colony forming efficiency (CFE) assay on a feeder layer of irradiated 

3T3 fibroblasts. Flow cytometry data shown in Figure 5.4 shows the relative live cell 

proportions of EpCAM+ epithelial cells, CD90+ stromal cells, and PAX6+ABCB5+ 

LESCs. Scatter plots show the difference in size between the 40% and 80% fractions, 

with larger cells in the 40% as expected. No statistically significant difference in 

epithelial, stromal, or LESC populations were detected either between each of the 

fractions, or relative to unsorted controls. It should also be noted that cells were fixed 

in PFA in order to stain with the intracellular PAX6 antibody, which was used to 

identify potential LESC along with an antibody against ABCB5. Cells seeded for CFE 

assays were fixed and stained with Toluidine Blue in order to identify and quantify 

holoclone-like cells, which are known to be LESC if they retain their proliferative 

potential and holoclone forming ability during single cell sub-culture. Figure 5.4 

shows that although the CFE for all groups was extremely low, that of the densest 

80% fraction was significantly higher compared to the 40% fraction.  
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Figure 5.4 Enrichment of primary human limbal epithelial cells on a Percoll 

density gradient analysed by flow cytometry. Representative flow cytometry plots 

of human corneal cells centrifuged on a Percoll density gradient and collected from 

either the 40% or 80% fraction and analysed for expression of stromal marker CD90, 

epithelial marker EpCAM, and LESC markers ABCB5 and PAX6 after fixation and 

antibody staining. Data is quantified and presented as a mean percentage of the total 

live cell counts, compared to an unsorted control sample (±SEM). N=3. Microscopy 

images show results of a colony forming assay to asses holoclone-like cells, plated of 

cells from each fraction (±SEM). Statistical significance between 40% and 80% 

fractions, calculated by t test (*p<0.05) N=3.   
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This experiment was repeated using three different corneal donors using the same 

method with results analysed by qPCR, looking at the expression of several key 

corneal markers and the results are shown in Figure 5.5. ABCG2, ABCB5, K14, LGR5, 

CD34, and CD200 were all included as potential markers of LESC or limbal basal 

epithelial cells.  There was a 5-fold increase in the expression of LGR5, a G-coupled 

protein receptor present in multiple stem cell niches including the limbus in the 80% 

fraction. This increase was relative to the unsorted cell population although failed to 

reach statistical significance. Other markers included conjunctival and differentiated 

epithelial markers which also showed no significant change in expression. qPCR data 

from cells of the 40% fraction was not included as the RNA quality of isolated cells 

was too poor to perform DNA synthesis. The CFE assays contained multiple holoclone 

colonies, with far fewer meroclones or paraclones compared to that of Figure 5.4, 

and showed a significantly higher holoclone forming efficiency, indicating an LESC 

content 9 times higher in the 80% fraction compared to the unsorted cells. 
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Figure 5.5 Enrichment of primary human limbal epithelial cells on a Percoll 

density gradient analysed by qPCR. qPCR summary data of human corneal cells 

centrifuged on a Percoll density gradient and collected from the 80% fraction and 

analysed for expression of epithelial and LESC markers. Data is presented as mean 

fold change in gene expression relative to an unsorted control (±SEM). No expression 

changes of significance. N=3. Microscopy images show results of a colony forming 

assay to asses holoclone-like cells, plated of cells from the 80% fraction. Statistical 

significance between control and 80% fractions, calculated by t test (***p < 0.001) 

N=3.   
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5.3.2 Magnetic activated cell sorting 

An alternative technique for enrichment using magnetic activated cell sorting (MACS) 

was also tested for positive selection of cells expressing LESC markers. Digested 

corneal cells were labelled with an antibody against the cell surface marker ABCB5 

and passed through a positive selection MACS column to isolate those expressing the 

LESC marker. The flow cytometry plots in Figure 5.6 demonstrate a large increase in 

the population of ABCB5+ cells, however, the expression of PAX6 in this population 

was the same as in the ABCB5- population indicating that these were unlikely to be 

LESC. Given the large percentage of ABCB5+ cells in the unsorted control it is likely 

that there was an issue with the specificity of the antibody and/or the gating strategy 

used. Both enriched and control populations were processed for RNA isolation, cDNA 

synthesis, and qPCR analysis for the expression of key LESC genes relative to an 

unsorted control population of cells. Also included in this qPCR panel were ABCB5, 

CD34, and Keratocan, however they were excluded from the analysis due to 

insufficient Ct values from experimental samples and controls, resulting in no 

expression data. Genes for LESCs or basal epithelial cells ABCG2, Lgr5, and PAX6 

showed a 2-4 fold upregulation in expression; K14 showed no change; while K12, a 

marker of differentiated epithelium, showed a 2.9- fold change in the enriched 

population compared to the unenriched control cells. However, the qPCR data 

further confirmed no significant change in any gene expression in the enriched 

population, and several markers including ABCB5 were not detected in the sample. 

Due to these results CFE assays were not subsequently performed with these 

samples. 

  



 Optimising culture, identification, and isolation of human LESC 
 

115 
 

 

 

  

Figure 5.6 Enrichment of primary human limbal epithelial cells by MACS 

positive selection column analysed by flow cytometry and qPCR. Representative 

flow cytometry plots of human corneal cells positively selected for ABCB5 expression 

on a MACS positive selection column, showing histograms of PAX6 expression. qPCR 

summary data shows cells analysed for expression of epithelial and LESC markers. 

Data is presented as mean fold change in gene expression relative to an unsorted 

control (±SEM). No expression changes of significance analysed by t test . N=4 
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5.3.3 Fluorescence activated cell sorting 

The third enrichment strategy attempted was cell sorting by flow cytometry. While 

this can be a powerful method for isolating small populations of rare cells, its success 

relies on the use of antibodies specific for the target cells. As shown in Figure 5.6, as 

well as the results of many optimisation experiments, ABCB5 is not suitable for this 

purpose with the antibodies commercially available at the time. Recently published 

data from our collaborators in the Lako laboratory at the University of Newcastle has 

shown that CD200 is a novel cell surface marker for LESCs [18]. This cell surface 

marker was used to sort cells from digested four human limbal rings which had been 

cultured and expanded in vitro. The gating strategy represented in Figure 5.7 shows 

how after scatter, singlet, and live/dead gates, CD200 is plotted against an empty 

channel to exclude autofluorescence. This population is then gated on CD200-high, 

FSC-low to identify the LESCs. CD200+ sorted cells were analysed by qPCR for several 

key LESC and epithelial markers, however the results show that the only gene with 

significantly higher expression was CD200, with ABCB5 not detected suggesting a 

technical problem with the antibody or staining protocol.  
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Figure 5.7 Enrichment of primary human limbal epithelial cells by cell sorting 

for CD200 expression analysed by qPCR. Representative flow cytometry plots 

showing gating strategy for selection of CD200+ human corneal epithelial cells, 

including gating for single cells and a live/dead stain (data not shown). qPCR summary 

data of human corneal cells sorted by CD200+ or CD200- populations, analysed for 

expression of epithelial and LESC markers. Data is presented as mean fold change in 

gene expression relative to an unsorted control (±SEM). Statistical significance in 

CD200 expression between positive and negative populations (**p<0.1), as analysed 

by multiple comparison two-way ANOVA. N=4.  
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5.4 Development of a humanised mouse model of LESC 

transplantation 

As well as developing strategies to enrich a stem cell population from human limbal 

tissue, we also chose to further develop our mouse model of LSCD and 

transplantation. By using immunodeficient NSG mice as recipients, human cells 

would be able to be grafted without risk of rejection. By generating a stock of GFP 

lentivirus we were able to begin optimising a protocol for the ex vivo transduction of 

primary human corneal epithelial cells. Figure 5.8 shows flow cytometry plots of 

human cells which were transduced with a range of virus concentrations calculated 

as multiplicity of infection (MOI) following titration, demonstrating that an MOI of 10 

was the most effective, achieving transduction efficiencies of >65% (as determined 

by GFP expression). Near uniform expression of GFP by microscopy confirmed that 

transduction was successful.  

Figure 5.8 GFP+ lentiviral transduction of primary human corneal epithelial 

cells in vitro culture. Flow cytometry plots showing the expression of GFP in primary 

cultured human corneal epithelial cells transduced by a GFP lentivirus at varying 

concentrations (also gated by cell size, singles, and live/dead stain). Representative 

images show transduced corneal epithelial cells expressing GFP in culture. 
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Sheets of lenti-GFP primary human limbal epithelial cells were generated by culturing 

limbal digests on temperature sensitive tissue culture dishes until confluent. At this 

point, GFP expression was confirmed by microscopy and intact epithelial sheets were 

harvested by lowering the temperature of the dish to <25oC causing the adherent 

cells to cleanly detach from the dish without trypsin. These sheets were transplanted 

into prepared LSCD NSG recipient mice as either single or multiple layers of sheets. 

This was due to imperfect technique resulting in breakages of the delicate epithelial 

sheets. Once grafts were applied, the protective lenses were placed on top and eyes 

were sutured closed. The images shown in Figure 5.9 show the placement of the 

sheets during surgery. However, at day 4 most of the grafted cells were attached to 

the protective lens and disappeared when the lens was removed. By day 7 no sign of 

the small remaining clusters of grafted cells remained, and severe LSCD developed 

shortly after in all recipients including the LSCD control. 

In a separate subsequent experiment three human limbal rings were digested, 

cultured to confluency before being harvested and sorted by flow cytometry for 

CD200 expression using the previously described gating technique. Cells of each 

group (CD200+ or CD200-) were then seeded onto a thin layer of pre-prepared fibrin 

gel and left to adhere for 3 hours in tissue culture. Prior to transplantation cells were 

labelled with CFSE (instead of GFP transduction) to reduce the steps involved in the 

protocol. Single intact sheets were then transplanted onto each of the LSCD NSG 

recipients, in one of four groups: CD200+ sorted cells; CD200- sorted cells; or 

unsorted cells; while the contralateral eye was used as an untreated control. The 

presence of engrafted cells were confirmed by in vivo imaging during surgery (shown 

in Figure 5.10), and while very few were visible on day 4 upon removing the 

protective lens this was possibly due to the CFSE label having diluted rather than graft 

failure. Corneas were imaged and visually graded using three criteria: corneal haze, 

epithelial irregularity, and vascularisation. The mean scores at the point of takedown 

in Figure 5.10 showed no significant differences between any of the experimental 

treatment groups. 
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Figure 5.9 Transplantation of GFP+ human corneal epithelial cells into a mouse 

model of LSCD. Representative flow cytometry plots showing the gating and 

expression of GFP in cultured human corneal epithelial cells following lentiviral 

transduction. Representative in vivo imaging shows sheets of GFP+ cultured human 

corneal epithelial cells transplanted onto the LSCD cornea of recipient NSG mice in 

multiple layers over the course of 7 days. N= 3 mice per treatment group. 



 Optimising culture, identification, and isolation of human LESC 
 

121 
 

 

  

Figure 5.10 Transplantation of CD200+ CFSE labelled human corneal epithelial 

cells into a mouse model of LSCD. Representative in vivo imaging of CFSE labelled 

human corneal epithelial cells sorted for expression of CD200 by flow cytometry 

transplanted onto the LSCD cornea of recipient NSG mice. Imaged over the course of 

14 days and visually graded for corneal haze, epithelial irregularity, and 

vascularisation. Scores are averaged and summarised from day 14 post transplant, 

plotted as mean ±SEM.  N=3 mice per treatment group.  
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Mice were taken down after two weeks, the corneas digested, and analysed by flow 

cytometry. Vascularisation and epithelialisation were assessed through antibody 

staining against murine vascular cell adhesion molecule (VCAM) and murine EpCAM, 

shown in Figure 5.11. Assessing these factors by flow cytometry was a more 

quantitative measure of vascularisation and epithelialisation than the visual 

assessment method. Cells were quantified using FACS counting beads and presented 

as cell numbers per cornea, although the data showed little variation between 

experimental groups and none of significance. Corneas were also assessed for levels 

of expression of MHC class I and II, as an upregulation of Class I would be indicative 

of epithelial activation, although no changes of statistical significance were observed.  

Infiltration of myeloid cells into the cornea was assessed and quantified by CD45, 

CD11b, and Ly6G with counting beads in Figure 5.12. The representative flow plots 

showed very little difference in the presence of CD45+ cells between the three 

experimental groups, confirmed by the calculated means. Neutrophil presence was 

determined by the CD11b+ Ly6G+ population, and showed far greater levels of 

neutrophil infiltration in the CD200- grafted group compared to both the CD200+ and 

unsorted control groups, however again, there was no statistical significance. 

 

  



 Optimising culture, identification, and isolation of human LESC 
 

123 
 

 

 

Figure 5.11 Vascularisation and epithelialisation of the LSCD mouse cornea 

following transplantation of CD200+ CFSE labelled human corneal epithelial cells. 

Representative flow cytometry plot showing gating strategy for EpCAM and VCAM 

following digestion of LSCD treated mouse corneas. Cell numbers are quantified by 

FACS counting beads and plotted as mean cell number (±SEM) for VCAM+ cells. MHC 

class I and II EpCAM+ cells are shown as mean gMFI (±SEM). N=3 mice per treatment 

group. 
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Figure 5.12 Myeloid cell infiltration in the LSCD mouse cornea following 

transplantation of CD200+ CFSE labelled human corneal epithelial cells. 

Representative flow cytometry plots showing gating strategy for identifying 

infiltrating CD45+ cells and CD11b+ Ly6G+ neutrophils into the digested LSCD mouse 

cornea following CD200+ human epithelial cell transplantation. Cell numbers are 

quantified by FACS counting beads and plotted as mean cell number (±SEM). N=3 

mice per treatment group.  
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By using CFSE as an in vivo label rather than GFP we were unable to see if any 

transplanted donor cells had remained in the recipient cornea throughout the study. 

To assess this, corneal cells were stained with Human EpCAM and HLA-ABC 

antibodies, but only negligible cell numbers were detected. One single recipient 

mouse in the unsorted transplant group showed significantly higher numbers of cells 

expressing human antigens indicating that some cells, or a small cluster, had survived. 

Given that no other means of assessing the transplant outcomes had shown any 

evidence of this, and it was clear from imaging of the cornea that LSCD had 

progressed unchecked, it is unlikely that these were any engrafted cells, rather 

residual cells which had remained attached to the cornea from surgery. 

 

  

Figure 5.13 Human epithelial cell presence in the LSCD mouse cornea following 

transplantation of CD200+ CFSE labelled human corneal epithelial cells. 

Representative flow cytometry plots showing gating strategy for identifying any 

remaining human epithelial cells in the digested LSCD mouse cornea following 

CD200+ human epithelial cell transplantation. Cell numbers are quantified by FACS 

counting beads and plotted as mean cell number (±SEM). N=3 mice per treatment 

group.  
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Finally, expression of genes associated with corneal inflammation were assessed by 

qPCR in samples of cells taken from corneal digests. Data shown in Figure 5.14 shows 

fold change in gene expression relative to the healthy control for each of the three 

experimental groups. Expression of vascular endothelial growth factor-A (VEGF-A), a 

marker of vascularisation, was significantly higher in the LSCD control group relative 

to both the CD200+ and CD200- groups, suggesting that transplantation may have 

had an ameliorating effect on slowing LSCD progression compared to no treatment. 

Expression of enolase (ENO-1), a marker of epithelial cell differentiation, was also 

significantly higher in the LSCD control group. No other inflammatory or vascular 

markers showed significant increases in expression for any of the groups, and genes 

IFNγ, IL-10, IL-4, and CD8α were analysed but no expression was detected. 

Figure 5.14 Gene expression of corneal markers of inflammation following 

transplantation of GFP+ human corneal epithelial cells sorted for expression of 

CD200 into a mouse model of LSCD. Summary of qPCR data of digested mouse 

corneas following CD200+ human epithelial cell transplantation, analysed for 

expression of key markers of corneal inflammation. Data is presented as mean fold 

change in gene expression relative to an untreated healthy control group (±SEM). 

IFNγ, IL-10, IL-4, CD8α expression analysed but not detected. Statistical significance 

is shown in gene expression for VEGF-A and Eno-1 (**p<0.1), as analysed by  two-way 

ANOVA (*P < 0.05). N=3. 
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5.5 Summary 

This chapter has focused on the development of strategies to successfully isolate and 

culture limbal epithelial cells from human cadaveric limbal tissue, and enrich a 

population of LESCs from these cultures. It was determined that digestion of limbal 

rings using a short incubation in trypsin was the most efficient at generating cultures 

of viable epithelial cells.  Using this approach, we were able to produce human 

epithelial or stromal cultures reliably in large quantities which allowed the 

investigation of their basal inflammatory chemokine and cytokine profile in vitro, as 

well as the response to stimulation by pro-inflammatory cytokines. These results 

demonstrated significantly upregulated expression of potent chemoattractants and 

those involved in tissue remodelling responses.  

Developing methods of isolating and enriching LESCs from limbal epithelial digests 

proved to be a major technical and experimental challenge, which together with a 

general shortage of available human tissue limited the scope of these enrichment 

experiments. Centrifugation of cells on a Percoll density gradient, positive selection 

of ABCB5+ cells by MACS, and cell sorting for CD200+ expression were all found to be 

potentially useful methods for studying LESCs. As no significant conclusions could be 

drawn from this data, further development of these methods will be required before 

their effectiveness can be confirmed. 

Although several attempts at developing a humanised mouse model of LSCD and LESC 

transplantation were made, we did not observe any long term engraftment of human 

cells.  Results from the transplantation of CD200+ human cells did not show any 

reduction in cell infiltration or inflammation in the cornea and failed to prevent the 

re-emergence of the LSCD phenotype. 
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CHAPTER 6. DISCUSSION 

Limbal stem cell deficiency is a painful and debilitating cause of blindness which has 

a significant effect on quality of life. For patients with LSCD, transplantation of donor 

derived LESCs can be an effective treatment, however the use of both auto- and 

allogeneic tissue has high degree of failure despite systemic immune suppression, for 

which the reasons are poorly understood. Through this project we have sought to 

investigate key variables in determining transplantation success, including graft bed 

inflammation and characterising the recipient immune response to allogeneic grafts. 

The findings from each results chapter are discussed independently below.  

 

6.1 Establishing a mouse model of LSCD and LESC transplantation 

Despite several different animal models of LSCD existing in the literature, each has 

several limitations, and few are able to accurately simulate the LESC transplant 

procedure performed in humans. We sought to develop a reliable and reproducible 

mouse model of both LSCD and LESC transplantation with which to further investigate 

the innate and adaptive cellular immune response. Development of the protocol for 

induction of LSCD and transplantation of allogeneic donor LESCs was a lengthy and 

challenging process, with many of the strategies and modifications adopted having 

little or no effect. The use of ethanol and mechanically debriding the cornea proved 

to be effective in the development of an LSCD phenotype in recipient mice, with the 

cornea displaying the characteristic features of the injury as seen in humans, 

including epithelial defects, neovascularisation, conjunctival migration. This was 

demonstrated through fluorescent in vivo imaging, multiphoton imaging, 

immunohistochemistry, and qPCR gene expression analysis to detail the loss of 

differentiated epithelium and invasion of CK-19 expressing conjunctival epithelium 

along with Muc5A expressing goblet cells. These results are in line with data from in 

vivo models in the published literature which used alternative protocols for LSCD 

induction, indicating this method and model was effective at simulating the human 
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LSCD injury phenotype [113, 114]. This LSCD injury model also caused cellular 

infiltration into the cornea and the secretion of inflammatory mediators which we 

analysed using qPCR, ELISA, and flow cytometric analysis of corneal tissues.  

CXCL-1 expressed by corneal epithelium & stroma in response to insult induces 

neutrophil & monocyte infiltration. Neutrophils play a key role in pathogen clearance 

in corneal infections but can also cause inflammation and tissue damage. Studies 

have shown that neutrophil recruitment to the cornea is reduced in a CXCL1 knockout 

mouse model of viral keratitis, indicating it is likely one of the key drivers of early 

cellular infiltration seen in the cornea following LSCD, along with IL-1β, IFNγ, and 

TNFα [117, 137]. This coincides with the LSCD environment gene expression and 

ELISA data (Figure 3.11 and Figure 3.12) which also shows significant increases in 

expression of these same genes, and biphasic pattern of elevated expression of IFNγ 

at days 3 and 14 most likely due to tissue infiltrating myeloid cells recruited to the 

cornea at these time points. Production of these proinflammatory factors 

immediately following injury is likely derived from residual stromal and epithelial 

compartments, while the continued elevated IL-1β suggests a continuous low level of 

corneal inflammation compartments [120-122].  

Several angiogenic and lymphangiogenic genes (VEGF-A, VEGF-C, and VEGF-R2, and 

FGF2) also displayed significant increases in gene expression which are reported as 

acute stromal stress and epithelial wound healing responses in the cornea, as well as 

key drivers of blood vessel growth associated with the corneal neovascularisation 

seen in LSCD [117-119]. Elevated levels are seen up to day 3 post-injury in our qPCR 

gene expression data of LSCD mouse corneas (Figure 3.11) before lowering to non-

significant levels from days 3 onwards suggesting an initial drive towards 

neovascularisation in response to the initial LSCD injury. 

When cultured in vitro in the presence of IL-1β, primary mouse corneal cell stromal 

cells secreted high concentrations of CXCL1 and CXCL2 into the culture supernatant, 

while the epithelial cell response in the same conditions was more limited suggesting 

that activated stromal cells play a larger role in LSCD graft bed inflammation. Levels 
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of chemokines CCL5 and CCL7 were also elevated when stimulated by IFNγ or a 

combination of IL-1β, TNFα, and IFNγ (CytM), both of which act as potent 

chemoattractants, promoting leukocyte migration to inflammation sites. Significant 

levels of CCL5 were detected in stimulated epithelial and stromal cultures, while CCL7 

was only elevated in stromal cultures. 

There continues to be debate in the literature regarding the location of LESCs in the 

cornea, and whether or not they are exclusively confined to the limbal niche, or as 

suggested by Mayo et al. (2008), that they are actually distributed throughout the 

ocular surface[138]. Most evidence in the literature disagrees with this 

hypothesis[139-142]. We observed in our transplant model that small clusters of 

GFP+ donor cells which successfully engrafted in the central cornea were able to 

survive and proliferate to partially regenerate the epithelial surface despite the lack 

of a supporting limbal niche microenvironment. This supports evidence from Chang 

et. Al. (2008) as the outward centrifugal growth of these cells is similar to results 

where cells of the central cornea were also able to grow centrifugally despite removal 

of the limbus in ex vivo human corneas. It may be that the centrifugal growth of single 

cells grafted in the centre of the cornea, as observed in our experiments supports the 

claim that LESC may be scattered throughout the ocular surface, however there are 

a number of caveats. For example when grafting, the epithelial sheets are not always 

perfectly flat and there can be movement post-grafting which can artificially alter the 

position of LESC in these experimental conditions. Further, the edges of the sheets 

usually experience some degradation, with single cells and small fragments breaking 

off to settle on other parts of the cornea where they engraft and proliferate.  

 

6.2 Determining the role of the innate and adaptive immune 

response in LESC transplant rejection 

Results in this chapter focused on the development of our mouse model of corneal 

epithelial transplantation and several experiments designed to interrogate the 
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immune response to allograft tissue. in vivo imaging showed characteristic signs of 

graft rejection in immunocompetent recipient mice, and flow cytometric analysis of 

digested corneal tissues post-rejection detailed demonstrated significant cellular 

infiltration of immune cell subsets into the allografted cornea. Furthermore, the 

cytokines and chemokines present in the corneal inflammatory microenvironment 

were determined through Luminex assay, showing significant differences in 

expression between allogeneic and autologous recipients. Establishing protocols for 

the adoptive transfer of purified immune cell subsets into allografted NSG recipient 

mice proved a technical challenge. Several experiments to investigate the role of 

fluorescently labelled CD8+ and CD4+ T cells in allograft rejection showed the 

accumulation and infiltration of CD8+ T cells at the peripheral allograft edge as well 

as throughout the epithelial surface during rejection. Unfortunately practical issues 

have limited this area of research, and as such experimental repeats and further 

optimised investigation is required before conclusions can be drawn. 

Current clinical management of patients with acute ocular surface injuries aims to 

minimise inflammation as well as preventing continued epithelial and stromal 

damage, and to promote re-epithelialisation. Treatments include anti-inflammatory 

therapies such as topical corticosteroids to reduce inflammatory cell infiltration. LSCT 

is not recommended during active inflammation and should be delayed until ocular 

surface inflammation has subsided or is well controlled with medications [36]. The 

corneal epithelium is the most antigenic of all ocular tissues although in vitro cell 

culture reduces immunoreactivity [143]. Post-operative steroids are essential for 

patients receiving cultured limbal allografts to prevent rejection which can be both 

chronic and acute and is the most commonly reported complication [144]. Late acute 

rejection can also occur after initial engraftment success, indicating long term local 

and systemic immunosuppression is required [37]. 

Data from our mouse model of auto- and allografts show that autograft epithelial 

sheets are able to survive long term despite the inflammatory LSCD environment and 

without immunosuppressants. In comparison, the mice which received allografts 

begin to immediately show signs of acute rejection which without intervention 
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progressively worsened over the course of 35 days. Epithelial rejection in this mouse 

model closely resembled the smooth curved rejection line seen in both humans and 

rabbits [145]. The Kaplan-Meier graft survival plot generated from these pooled 

experiments demonstrate the long-term survival of autografts as well as initial 

allograft survival for around 20 days followed by a gradual but complete failure of all 

transplanted tissue. Differences in survival time between our in vivo mouse model 

and reported post-transplant patient data can be explained predominantly by the use 

of various immunosuppressant therapeutic regimes, such as regular cyclosporine 

eyedrops, in treating human patients. For example, the peak time of immune 

rejection in 10 allogeneic CLET patients was between 1-3 months post-

transplantation in 70% cases [35, 143].  

The descriptions of the immune response in patients who receive CLET allografts has 

been limited and most immunohistological rejection data in humans and animal 

models has focused on the stroma. Our allograft rejection data from the 

immunocompetent B6 mouse model of rejection shows that the predominantly 

infiltrating cell type through the donor epithelium were CD3+ lymphocytes, along 

with monocytes and neutrophils, supporting existing published data in both rats and 

rabbits [146]. The significant number of monocytes also detected in the rejecting 

corneal epithelial allograft may be attributed to the cell debris phagocytosis function 

of macrophages rather than as a primary cause of damage.   

The initial experiment (Figure 4.9) designed to investigate allogeneic graft rejection 

only used two grafted 2C-TCR recipient mice which had not completely regenerated 

the cornea, due to the challenges encountered developing the transplantation 

model. However, this was a useful preliminary experiment to indicate engraftment 

kinetics. While the information gathered from the flow cytometric analysis of the 

corneas was limited, it demonstrated the presence of substantial numbers of CD8+ T 

cells, monocytes, and macrophages confirming their involvement in the graft 

rejection as predicted. Due to lack of the ongoing availability of the 2C-TCR transgenic 

strain of mice, subsequent experiments used transgenic B6-CD2dsRed mice as 

donors. These mice have red fluorescent T cells which enabled us to visualise the 
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rejection process and the experimental end point was set as the point where roughly 

50% of the graft surface area had been rejected. 

The prolonged kinetics of graft rejection observed in this second experiment (Figure 

4.13) were likely multifactorial: firstly the size of the donor grafts are significantly 

larger, covering not only the whole cornea but also forming multiple layers of 

epithelium; and secondly, the T cells used in this experiment had been expanded in 

vitro for specificity to BALB/c alloantigen from within a polyclonal T cell population. 

In comparison, T cells from the 2C-TCR strain express the transgenic T cell receptor 

with specificity for the mouse MHC Class I H-2Ld alloantigen. Since the dsRed T cells 

were pre-stimulated with allogeneic cells, an alloreactive effector cell population was 

expanded and transferred, whereas the 2C-TCR mice used previously were not pre 

stimulated and so possessed alloreactive effector, memory, and naïve T cells. 

Technical difficulties with CD8 antibody staining during post rejection tissue analysis 

prevented the identification of T cells in the corneal tissue, possibly because CD8 can 

be cleaved off from T cells during collagenase digestion [147]. The majority of the 

dsRed- CD11b+ population observed were likely endogenous NSG recipient cells, as 

although these are immunodeficient mice they possess neutrophils and monocytes 

as well as dendritic cells and macrophages, however these are functionally defective 

due to the NOD genetic background [148].  

Adoptive transfer of primed CD8+ T cells along with APCs to immunodeficient 

allograft recipients successfully showed long term survival of the transferred T cells, 

as well as localisation to the allogeneic corneal epithelium and rapid onset of graft 

rejection within 7 days. Adoptive transfer of primed CD4+ T cells in similar conditions 

failed to provoke the same reaction, with no presence of transferred cells detected 

post-transplant and epithelial grafts continued to survive unaffected. Similar results 

were obtained with a combination of both CD4+ and CD8+ T cells were transferred, 

detecting only the presence of CD8+ in rejecting corneal epithelial allografts. The 

most likely explanation for these results is that the expanded CD4+ T cells did not 

survive the transfer process or engraftment into the host. Cell numbers and viability 
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were confirmed prior to injection, however as blood sampling was not performed 

during graft rejection, we cannot confirm T cell survival in these mice. 

Graft rejection tracking through the use of fluorescent markers showed a clear 

pattern of CD8+ T cell localisation at the graft edge indicating entry to the cornea via 

conjunctival and limbal vasculature. It was interesting to note that the initial areas of 

graft loss were at the outer edge of the conjunctiva where neovascularisation mostly 

occurs, as these blood vessels provide access for circulating immune cells to reach 

the graft. As LSCD developed over time, increasing numbers of T cells were observed 

to be infiltrating into the centre of the cornea indicating that this was the 

predominant route of entry in this model, supporting the idea of migration of 

circulating T cells into the epithelial layer. Where initially this would occur at the 

vascularised limbus, in cases of LSCD where neovascularisation has developed the 

process is accelerated and infiltration may also invade through the corneal stroma 

[149]. Access to the epithelial layer is increasingly available as epithelial basement 

membrane becomes disrupted and discontinuous with the progression of rejection 

and redevelopment of LSCD. Limiting or halting neovascularisation in the cornea 

through the use of anti-angiogenic agents could form the basis of a potential new 

therapy to prevent graft rejection.  

The essential role of LESC in corneal epithelial wound healing has been supported by 

a number of published studies [150-152]. When limbal cells are damaged or absent, 

wound healing in the cornea is altered or does not occur. Deficiencies of or damage 

to LESC result in partial or total LSCD. This leads to serious corneal problems, such as 

delayed wound healing, stromal neovascularization and ingrowth of conjunctival 

cells, which may ultimately cause corneal opacity and visual loss. Limbal 

transplantation is able to restore wound healing and epithelial resurfacing of the 

entire corneal epithelium, and removal of the central epithelium leads to complete 

wound repopulation by limbal cells. It should be noted that central corneal cells 

significantly contribute to healing of small wounds, but large wounds require limbal 

cell involvement, although it may be delayed for several days [153, 154]. Data from 

our model of LSCD show the complete removal of both central and limbal corneal 
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epithelial cells prevented any regeneration occurring, even when allowing for 

delayed responses, which resulted in the development of the LSCD phenotype.  

Signals activating LESC activation, proliferation, differentiation, and migration into 

the wound site are poorly understood, and it is believed that growth factors, 

cytokines, and chemokines (including those secreted by infiltrating inflammatory 

cells and ECM degradation products) contribute to wound healing. Corneal epithelial 

damage triggers limbal fibroblasts to upregulate keratinocyte growth factor 

expression, which combined with elevated expression the KGF receptor, suggests a 

key role wound healing [64]. 

The tear film has an important role in normal homeostasis of the corneal epithelium, 

contributing to an extracellular microenvironment critical to functions including 

wound healing and inflammatory responses as the lacrimal fluid is known to contain 

both anti- and pro-inflammatory cytokines [155]. IL-6, a pro-inflammatory cytokine is 

produced by a variety of infiltrating immune cell types, particularly macrophages and 

monocytes, and is reported to be significantly elevated in patients with dry eye 

disease. This appears to support our data showing both significant increases in IL-6 

levels detected by Luminex analysis of rejecting corneal tissue and the large 

infiltration of macrophages and monocytes into the same tissue by flow cytometry. 

While the role of IL-6 in inflammation is well established it has also been more 

recently reported that the involvement of both IL-6 and IL-10 in a human corneal 

epithelial wound healing response has been demonstrated [64], and that IL-6 

enhances wound healing and cellular migration in a rabbit corneal epithelial cells 

while the anti-inflammatory cytokine IL-10 is elevated in human patients with corneal 

graft rejection [156-159]. In allogeneic transplanted mice we observed significant 

infiltration of multiple cell types including macrophages and monocytes as well as 

increases in both IL-6 and IL-10, pointing to the role IL-6 plays in cellular migration. In 

LSCD only controls, and mice which received autografts the same trend was not 

observed, with no significant increase in cellular infiltration and only increased IL-10 

expression in the injury only controls.  
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6.3 Optimising culture, identification, and isolation of human LESC 

The development of strategies to enrich LESCs from human corneoscleral rims 

requires access to fresh tissue. Currently there is a global shortage of available tissue, 

and that which is sporadically available to the research community has often been 

stored in organ culture medium for excess of 4 weeks[103]. Most published literature 

regarding the LESCs obtained from these rims used tissue obtained within several 

days of enucleation[104, 160], as it is known that the efficiency and success of limbal 

epithelial cell isolation is negatively impacted by long term storage[161, 162]. When 

digestion protocols described in the literature were used in this project the numbers 

of viable cells obtained were significantly lower than expected, likely due to 

prolonged storage of the corneal tissue. Originally, the aim had been to use freshly 

digested cells for enrichment to develop a simple, rapid strategy for isolating LESCs. 

However, with low starting numbers of viable cells, subsequent flow cytometric 

analysis and enrichment proved technically challenging. After attempting several 

other protocols unsuccessfully, we adopted the explant culture method to generate 

larger quantities of cells for experimental use. However again we faced technical 

challenges such as cells growing slowly, exhibiting a differentiated phenotype, and 

half of all seeded cultures never sprouting from the original limbal explant segment; 

likely another consequence of using older stored tissue. This approach continued to 

be used until the optimisation of trypsin digestion and feeder subculture method 

began to produce large healthy cultures of viable, undifferentiated, corneal epithelial 

cells. It was determined that this protocol will be used for all future experiments. 

The supernatant concentrations of 40 different inflammatory chemokines from in 

vitro cultures of primary human corneal epithelial and stromal cells were analysed by 

Luminex immunoassay in a similar experiment shown in Figure 3.13. Some 

differences were observed between mouse and human corneal cell responses to 

inflammatory cytokine stimulation, for example concentrations of CXCL1 and CCL2 

were significantly higher in mouse stromal cultures compared to epithelial, whereas 

in human cells the opposite was true. It should be noted that in the cultures where 

statistically significant differences were detected, basal expression was higher in 
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stromal cultures compared to epithelial, pointing to a more significant role of 

neutrophil and leukocyte recruitment for the corneal stroma during LSCD which is as 

expected given the absence of epithelium in this injury. 

Percoll density gradients have been successfully used to isolate LESCs from mouse 

cornea by other investigators, however this method has not been published for 

human cells. Our results support the hypothesis that human LESCs can be collected 

within the 80% Percoll gradient fraction, however firm conclusions cannot be drawn 

at this time as further investigation is needed. The results of the colony forming 

efficiency (CFE) assay indicated twice as many holoclone-like cells were present in the 

target fraction compared to the control, although colony numbers were very small 

and these results may be unreliable. In future experiments, greater starting numbers 

of viable cells should be plated in a larger 10cm dish at a higher density rather than 

the 6-well plates we used, in order to allow for an improved chance of forming 

holoclones rather than the larger, more differentiated para- or meroclones. 

Furthermore the identification of true holoclones requires sub-culture of single cells 

harvested from these first holoclone-like colonies, a step which should be included 

for future CFE assays. 

ABCB5 is a limbal stem cell gene required for corneal development and repair, as 

reported by Ksander et al. (2014)[17]. The expression of ABCB5 in the limbus, its key 

role in LESC function, and requirement for restoration of the corneal epithelium in a 

mouse model of CLET have all been demonstrated in several publications from this 

same group. These results were demonstrated using a specific monoclonal antibody 

developed in their own laboratory, however it is currently commercially unavailable.  

Despite the potential of ABCB5, the reproducibility of results from these publications 

has been limited. It is worth noting that data from the same authors sheds doubt on 

the role in stem cell and tissue maintenance, as ABCB5 knockout mice did not show 

epithelial repair defects or the absence of corneal epithelium [29]. Furthermore, RNA 

sequencing analysis of slow cycling cells isolated from a transgenic mouse model by 

Sartaj et al. (2017) did not identify ABCB5 within this population [163]. We were also 



 Discussion 
 

138 
 

unable to identify ABCB5 expression in our enriched LESC populations despite using 

three different commercially available polyclonal rabbit antibodies and were 

therefore unable to corroborate the findings.  

The use of these antibodies resulted in a high degree of non-specific and background 

staining possibly due to the presence of large, differentiated cells present normally 

on the surface of the cornea. These cells tend to stain positive for most markers 

regardless of their true phenotype, and so their presence may partially explain the 

ABCB5 staining profile we observed. We also included intracellular PAX6 analysis 

which is established as a reliable marker of LESCs and to provide sufficient cells for 

accurate flow cytometric analysis we pooled cells isolated from three separate 

experiments [164, 165]. However, we were unable to detect PAX6+ within the 

ABCB5+ population most likely due to the large quantity of dead or differentiated 

cells also present in the sample, therefore no firm conclusions can be drawn at this 

time as the data is very preliminary.  

The preliminary qPCR analysis performed on explant cultured cells enriched by MACS 

depletion was used to investigate the efficiency of each method and the results 

demonstrated increased expression of several LESC genes. We had planned to 

perform flow cytometric cell sorting of LESC as a suitable robustly expressed cell 

surface marker had been identified. Unfortunately, we were not able to optimise 

staining for ABCB5 as our candidate marker based on previous publications, so turned 

our focus to CD200. Data from flow cytometry screening of an expanded population 

of limbal epithelial cells proposed the cell surface marker CD200 as a novel 

proliferative marker of LESC, expressing several established markers including 

ΔNp63, as well as exhibiting holoclone forming efficiency in vitro [18]. Due to time 

constraints we only had time to perform a single experiment using this antibody and 

staining protocol. Future work should develop improved trypsin digestion and 

subculture methods for producing large numbers of epithelial cells to allow better 

comparison between enrichment methods by qPCR and flow cytometry. 
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Being able to visualise, transplant, and image the growth of human corneal epithelial 

cells in our humanised mouse model was essential. This can be done using tracer dyes 

such as CFSE, however their brightness is reduced with every cell division so typically 

only lasts several generations. An excellent alternative was to transduce the cells to 

stably express GFP. Given the shortage of human tissue available we initially 

attempted this using the hTCEpi immortalised cell line and achieved an excellent 

transduction efficiency. However, when transplanted as either a suspension or 

cultured on fibrin gels, we could not achieve durable engraftment. The reasons for 

this were unclear since the cells adhered and grew rapidly on untreated tissue culture 

plastic, and with up to 1 million cells were grafted to a single recipient cornea 

protected by fixed mouse contact lenses during engraftment. We speculate that 

perhaps these cells are more susceptible to the inflammatory environment than the 

successful mouse epithelial sheets, or possibly the absence of primary LESCs in the 

immortalised cell line cultures prevents engraftment. Future experiments to establish 

in vitro co-cultures between the mouse stromal cells and human hTCEpi epithelium, 

stimulated with inflammatory cytokines could help identify the cause, and further 

analysis by flow cytometry and qPCR is needed to understand the phenotype of this 

cell line. 

The transduction of actively growing limbal explants, if successful, could be extremely 

useful for generating large numbers of GFP+ cells, however despite using extremely 

high concentration of lentivirus we failed to transduce the proliferating LESCs in vitro 

cultures. The transduction of trypsin digested cells in early stages of culture showed 

potential, and although only 20% of cells expressed GFP at an MOI = 1 these cells 

were sorted by flow cytometry and reseeded for further culture. Although using a 

higher MOI resulted in greater transduction efficiency, cultures with an MOI of >5 

produced significantly fewer viable cells. While this entire process was lengthy, it 

provided large cultures of GFP+ epithelial cultures for transplantation without the 

need for CFSE labelling.  

The qPCR data presented demonstrated a large increase in expression of LESC 

markers after sorting on CD200 expressing cells. When these were grafted into the 
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humanised mouse using the suspension transplant method there was surprisingly no 

observable difference in engraftment success or prevention of LSCD onset between 

the positive and negative populations.  
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CHAPTER 7. CONCLUSIONS  

We hypothesised that a combination of intrinsic (graft related) and extrinsic 

(recipient microenvironment and immunological) factors determine the success of 

LESC transplant engraftment and ocular surface regeneration. Three primary aims 

were established in order to investigate this effectively. 

Firstly, we aimed to develop a mouse model of LSCD. In summary, we have 

successfully developed a simple, novel method for induction of LSCD which results 

the same clinical injury phenotype observed in human patients, including epithelial 

defects, neovascularisation, cellular infiltration, conjunctival migration, and 

inflammatory mediator secretion. Furthermore, transplantation of donor derived 

epithelial sheets containing LESC to the injured corneas is capable of regenerating the 

lost epithelial surface and reversing the LSCD phenotype in this mouse model. The 

use of fluorescently labelled donor epithelial cells allowed visualisation and tracking 

of engraftment and growth kinetics as LESC repair the damaged mouse cornea. 

Publication of this model and data will aid continued research into the understanding 

of LSCD and LESC transplantation. 

Secondly, we wished to investigate the role of the innate and adaptive immune 

response to allogeneic LESC grafts. Transplantation into fully immunocompetent 

recipient mice demonstrated characteristic signs of early corneal graft rejection, and 

flow cytometric analysis detailed significant cellular infiltration into the allografted 

eye along with identification of cytokines and chemokines of the inflammatory 

microenvironment present during rejection. This is important is it will allow 

researchers to interrogate the immune response while developing strategies for 

suppression or amelioration. Examples of further experimentation could include 

potential therapies such as the use of a neutrophil blocking antibody to prevent 

neutrophil recruitment in the cornea during injury, or VEGF blocking antibody to 

inhibit neovascularisation in response to LSCD inflammation. Our use of adoptive 

transfer experiments allowed some progress to be made into further understanding 

the cell types involved in the allograft rejection mechanism, by transferring purified 
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activated T cell subsets (CD8+ and CD4+) into immunodeficient recipient mice with 

corneal allografts. Unfortunately, several technical issues hindered these 

experiments and limit the conclusions which can be drawn until protocol 

optimisation can be achieved.  

Finally, we were also interested in identifying the variables which determine LESC 

transplant success, such as stem cell content and graft composition. Strategies to 

investigate this revolved around optimising a protocol for the digestion, isolation, and 

culture of LESC from primary human corneal tissue. Using a trypsin digestion-based 

protocol produced large quantities of human epithelial and stromal cells for analysis 

in vitro which determined a significant increase in expression of chemoattractants in 

response to stimulation by pro-inflammatory cytokines, which was in line with similar 

results obtained from mouse cells. Optimising methods of isolating and enriching 

LESCs from corneal digests proved to be a major technical challenge, which together 

with a general shortage of available human corneal tissue limited progression on 

achieving this aim. Enrichment of LESC populations by sorting for the novel marker 

CD200 allowed us to attempt transplantation into a humanised NSG mouse model, 

however no long-term engraftment of human cells was observed and there was no 

marked reduction in corneal inflammation or LSCD severity. This is an exciting 

potential avenue to pursue, as the prospect of a readily available cell surface marker 

for LESC would greatly improve isolation protocols for generating CLET sheets with 

higher stem cell content. One further suggestion for future experiments is that 

digested human corneal epithelial cells could be sorted by flow cytometry for 

expression of proposed LESC markers such as ABCB5 and CD200. These sub-

populations could then be analysed by more sensitive methods to account for 

extremely low cell numbers, for example RNA sequencing to determine the genetic 

profile and relation to putative intracellular markers of LESC. 

In summary, excellent progress has been made in understanding the role of 

inflammation and the immune system in graft rejection and despite several technical 

challenges the mouse model of LSCD and LESC transplantation shows great potential 

for further advancement of the field.  
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