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Abstract  
 

Fuchs endothelial corneal dystrophy (FECD) is the most common form of corneal dystrophy and the 

leading indication of corneal transplant surgery worldwide.  Over the past decade, greater insight into 

the genetic changes causative of FECD has provided clinicians with an opportunity to improve our 

understanding of this dystrophy and to explore  new potential therapeutic avenues. 

In this thesis, I investigate the genotype-phenotype correlations identified in a cohort of 342 FECD 

patients recruited from Moorfields Eye Hospital.  By first studying the CTG trinucleotide repeat 

expansion within the TCF4 gene (termed CTG18.1), the causal variant in the majority of FECD patients, 

I have shown the existence of significant demographic differences between FECD patients who carry 

this mutation (ExpPos) and those who do not (ExpNeg).  I have also demonstrated a significant 

correlation between repeat expansion size  and disease severity in ExpPos  subjects, as longer repeat 

length was associated with younger age at transplantation. 

I then carried out phenotype analysis on ExpNeg patients who were identified to harbour other FECD-

associated variants via whole exome sequencing. The findings within this subgroup support the 

classification of corneal decompensation secondary to mutations in the COL8A2 gene as a clinical entity 

distinct from FECD, in view of significant differences in both disease onset and severity.  

Investigation of the FECD cohort further highlighted the rare concurrent presentation of keratoconus 

in this population.  Although we found no definitive genetic link between the two diseases, this study 

highlights the clinical challenges that arise in the diagnosis and management of patients presenting with 

the dual pathology.   

Finally, to translate the advances made in the field of molecular genetics into improved treatment 

options for FECD patients, I discuss the design of a Phase 1 clinical trial to evaluate the therapeutic 

potential and safety of an antisense oligonucleotide  therapy targeting ExpPos FECD. 
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Impact Statement  

 

A New Approach to FECD 

 

This study enhances our understanding of Fuchs Endothelial Corneal Dystrophy (FECD) genetic 

heterogeneity and highlights that  although corneal oedema secondary to endothelial dysfunction is 

the final common pathological outcome for patients clinically diagnosed as FECD, at the molecular level 

the basis for their disease may vary considerably.  

 

Through detailed evaluation of phenotypic characteristics of patients harbouring different mutations, 

this study highlights clinically significant variations in disease onset, severity and progression within 

genetically defined subgroups of FECD.  These findings not only contribute to an evolving understanding 

of this common sight threatening disease but also signals the need for a shift in clinical perspective 

when evaluating patients with FECD.  This study contributes to the development of a personalised 

genetic medical model that informs FECD patients in regards to disease prognosis and potential new 

treatments.  By clearly defining genotype-phenotype correlations and understanding the natural 

history of the disease, we can begin to identify optimal treatment windows for new and emerging gene-

based FECD therapeutics.   

 

Through the collaborative  work of the clinicians and scientists, we have been able to channel the 

knowledge gained through this project along the following avenues: 

 

Successful Design and Development of the First in Human Antisense Oligonucleotide Therapy Trial For 

FECD 

In September 2021, Moorfields Eye Hospital, the Institute of Ophthalmology and ProQr therapeutics 

opened recruitment to the FuchsFocus Phase I Clinical Trial of an antisense oligonucleotide aimed at 

ameliorating the pathological changes observed in FECD .  This open-label, single dose exploratory study 

represents the world’s first trial to evaluate the safety and tolerability of a gene-based therapy for the 

treatment of FECD.   

 

Validating genetic testing for FECD in the presence of emerging therapies 

As we work to translate new gene-based treatments from bench to bedside, we have also begun to 

increase awareness of the value of identifying the underlying genetic cause of FECD in clinical practice. 

To support the effort to build a genetic risk profile of patients with FECD in routine NHS practice so that 
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we can identify patient sub-populations that are likely to receive the greatest benefit from current or 

new therapies and determine optimal therapeutic windows, we have applied for the most common 

genetic cause of this condition (CTG18.1 repeat expansion within the TCF4 gene) to be included in the 

National Genomic Testing Directory. 

 

Ongoing Research into the Genotype-Phenotype correlations underlying FECD  

The insight gained from this study has highlighted the need for to build a phenotypic database of 

patients with FECD to support future work and improve our understanding of this disease.  We continue 

to work with colleagues in academia and pharmaceutical industry to better understand the natural 

history of this disease, evaluate new parameters by which to define disease progression, and identify 

potential new therapeutic targets for this condition.  
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1.1 Background 

 

Fuchs endothelial corneal dystrophy (FECD) was the first identified as a progressive bilateral corneal 

degeneration by Ernst Fuchs in 1910.  Although first assumed to be a bilateral disease of the epithelial 

layer and described by Fuchs as Dytrophia Epithelialis, FECD is primarily a disease of the corneal 

endothelium.  This common corneal dystrophy leads to considerable visual morbidity and presents a 

significant burden of disease across the world.  It is the fourth leading indication for corneal transplant 

surgery internationally (Gain, Jullienne et al. 2016).  Given the global shortage of appropriate donor 

corneal tissue, this treatment is not easily accessible to the majority of FECD patients.  Even following 

successful transplantation, the grafted endothelial cells are susceptible to immune mediated rejection 

episodes and eventual graft failure.  Consequently, there exists a drive for alternative therapeutic 

strategies to treat this patient population. 

 

In the century since the condition was first described, we have begun to develop a deeper 

understanding of both the genetics and the pathophysiology of FECD.  It is hoped that a finer 

understanding of the disease, as well as an appreciation of its natural history, will guide the 

development of future preventative treatments that could negate the need for surgical intervention.   

 

As we continue to witness breakthroughs in the field of gene-based therapy in ocular disease, we hope 

to translate these successes to FECD.  This study aims to contribute towards an improved understanding 

of FECD genotype-phenotype correlation and guide future treatment strategies for this disease.  
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1.2  The Normal Cornea 

 

1.2.1. Basic Anatomy and Function of the Cornea 

 

The adult cornea is a is 11-12mm in diameter horizontally and 9-11mm vertically.  It is approximately 

500 m thick centrally and increases in thickness towards the periphery to  a depth of approximately 

700m (Fares, Otri et al. 2012). The cornea is convex structure that flattens from the apex to the 

periphery.  The central cornea if therefore steeper relative to the peripheral cornea.  It possesses a 

refractive index of 1.376 and along with the overlying tearfilm forms the major refractive component 

of the eye (Helmholtz and Southall 1924). 

 

The cornea is made up of 5 distinct layers: 

 

a) Epithelial Layer 

The corneal epithelial layer is formed by non-keratinized, squamous epithelial cells that create a 

transparent defensive barrier on the ocular surface.  This layer is an even thickness of 50m across 

the surface of the cornea.  The epithelial cell population consist of 3 subtypes:  Superficial cells, 

wing cells and columnar basal cells.  The basal cells are the only epithelial cells that are able to 

proliferate.  Through secondary differentiation, basal cells give rise to wing cells that remain in an 

intermediate state of differentiation as well as terminally differentiated superficial.  

 

Multiple junctional complexes exist between the different epithelial cells.  Tight junctions between 

the superficial cells create a barrier to the tear film and chemicals within the ocular surface 

environment.  In addition, cell adhesion proteins such as occludins, desmosomes and 

hemidesmosomes are found throughout the epithelial multilayer that provide a further barrier 

function to external solutes. However, within the deeper basal and wing cell layers, gap-junctions 

do allow selective permeability to small molecules.   Gap junctions in the basal cell layers are 

believed to mediate intercellular communication and play an important role in cell differentiation 

(Mantelli, Mauris et al. 2013). 

 

In response to injury, epithelial cells in the vicinity of the damaged cells lose junctional complexes 

and begin to flatten and spread to cover the area of epithelial defect.  Epithelial cell proliferation 

and migration occurs from the limbus towards the site of injury.  In the final stage, 



 22 

hemidesmosomes and gap junctions are reformed followed by synthesis and assembly of 

extracellular matrix (Thoft and Friend 1983). 

 

b) Epithelial Basement Membrane 

The epithelial basement membrane lies posterior to epithelium and is secreted from basal epithelial 

cells.  The anterior layer of the basement membrane, the lamina lucida, is made up of laminins and 

is structurally distinct from the posterior lamina densa which consist of collagen, laminins, 

glycoproteins and proteoglycans. This layer provides an anchoring point for the epithelial cells to 

the stroma (Saikia, Medeiros et al. 2018). The corneal basal epithelial cells have small 

protuberances on the basal surface known as hemidesmosomes.  The hemidesmoso(Bourne, 

Johnson et al. 1982)  attach to anchoring filaments of laminin and Type Vll collagen within the 

lamina lucida and lamina densa respectively to form the “hemidesmosome-stable adhesion 

complex”(Torricelli, Singh et al. 2013). 

 

 

c) Bowman’s layer 

Corneal epithelial cells are anchored to an underlying basement membrane layer known as 

Bowman’s layer.  This acellular layer is approximately 8-12m thick and is formed primarily of 

Collagen Type l and Type lll as well as proteoglycans (Wilson 2020).  Bowman’s layer is secreted by 

the stromal keratocytes and the posterior layer of the membrane is noted to be continuous with 

the anterior stroma.  As Bowman’s layer is routinely removed during refractive laser procedures 

with little detriment to the cornel structure and function, the exact role of this layer is not fully 

understood.  Although it has been hypothesized that this acellular layer contributes to the 

structural integrity of the epithelial layer and may provide a physical barrier to microbial 

penetration (Wilson and Hong 2000). 

 

d) Stroma 

The corneal stromal layer account for 90% of the corneal thickness.  Keratocytes are the main 

cellular component of the stroma but make up approximately only 3 % of the stromal volume.  

These cells secrete collagen, glycosaminoglycans and matrix metalloproteinases to maintain the 

structural integrity of the stromal layer.  The stroma is made up predominantly of Type l and Type 

lV collagen, although small amounts of Collagen lll and V are also present (Ihanamaki, Pelliniemi et 

al. 2004).   The highly ordered structure of the collagen fibres is essential to the transparency of 

the cornea (Meek and Boote 2004).  The mean diameter of the collagen fibres and the mean 
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distance between these fibres is maintained at less than half the wavelength of visible light (400-

700nm).  This exact arrangement leads to a pattern of interference from scattered light rays that 

enables passage of an incident ray of light through the cornea (West-Mays and Dwivedi 2006).  If 

this highly ordered structure if altered by oedema or scarring, the cornea loses its transparency. 

 

Proteoglycans form the extracellular matrix of the stroma and consist of a core protein (keratocan, 

lumican, mimecan, decorin or biglycan attached to glycosaminoglycans (GAGs). The primary GAG 

in the stroma is keratan sulphate dermatan sulphate (Xuan, Wang et al. 2016). The role of the highly 

charged extracellular matrix components is to provide both structural stability and to aide 

intrafibrillar spacing that is essential to corneal clarity (Kao and Liu 2002). 

 

e) Descemet’s membrane (DM) 

Descemet’s Membrane is composed primarily of Collagen Type Vlll in addition to Collagen Type lV, 

fibronectin and laminin (Levy, Moss et al. 1996).  Type Vlll collagen is a short-chain protein that 

forms both heterotrimers and homotrimers made up of two alpha chains, 1(Vlll) and 2(Vlll) 

(Greenhill, Ruger et al. 2000).  In healthy adult DM, collagen forms a highly ordered transparent 

structure (Levy, Moss et al. 1996).  The anterior banded layer (ABL) of the DM is made up of wide 

spaced collagen fibres that are identified as Collagen Vlll.  In the healthy adult human cornea, the 

collagen fibrils in the ABL exhibit a characteristic banded pattern and remain static in the postnatal 

period.   The posterior non-banded layer (PNBL) is a fine granular layer that continues to increase 

in size in the post-natal period through the secretion of amorphous material from corneal 

endothelial cells.  In FECD, increased secretion of an abnormal amorphous material by CECs leads 

to formation of a pathological posterior collagenous layer on the inner DM (Levy, Moss et al. 1996, 

Gottsch, Zhang et al. 2005).   

 

f)  Endothelium 

 

The endothelium is a monolayer of cells that form the innermost layer of the cornea.  As the cells 

mature, they arrest in the G1 phase of mitosis and possess limited proliferative capacity.  The cells 

are held in a non-mitotic state by a combination of factors that prevent transition to S phase 

(p27kip1, TGF-ß) and cell-cell contact inhibition (Joyce, Harris et al. 2002, Joyce, Zhu et al. 2009).  

To enable the most efficient coverage of the posterior corneal surface, this limited number of cells 

forms a hexagonal mosaic in which cells are connected by tight junctions and desmosomes (Rao, 

Lohman et al. 1982, Waring, Bourne et al. 1982).  In adults, the endothelial layer is approximately 
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1.5-2.5 m thick.  At birth, the human cornea consists on average of 3000-4000 cells/mm2, with 

this number continuing to decline with age (Bourne, Nelson et al. 1997, Gambato, Longhin et al. 

2015).  Physiological CEC loss is known to occur at an exponential  rate, with a greater decrease in 

density occurring up to approximately 18 years of age.  The observed  decrease in CEC density 

occurs in part due to normal ocular growth and increase in corneal size(Joyce 2003). The rate of 

decline platos and stabilises in adulthood to a rate of 0.3%-0.6% per year.(Murphy, Alvarado et al. 

1984, Bourne, Nelson et al. 1997, Hollingsworth, Perez-Gomez et al. 2001).   The average CEC 

density in a 15 year old is 3400/mm2 versus 2300/mm2 in an 85 year old (Bourne 2003).   

 

Corneal endothelium cells (CECs) play a crucial role in maintaining the transparency of the cornea.  

The hydrophilic, glycosaminoglycan rich content of the corneal stroma creates a negative osmotic 

pressure gradient between the stroma and aqueous in the anterior chamber.  This osmotic gradient 

induces fluid flow from aqueous into the corneal tissue.  The normal stromal swelling pressure of 

approximately 50mmHg is counterbalanced by the CECs that act both as a physical barrier to fluid 

as well as an active pump which drives fluid out of the stroma to create a relative state of 

dehydration.  The dual mechanism by which endothelial cells maintain corneal detergence was first 

postulated more than 30 years ago and is known as the “Pump-Leak hypothesis” (Riley 1985). 

 

The fluid pump function of the corneal endothelial cell layer is coordinated by a combination of ion 

pumps, channels and exchangers that are located on the apical and basolateral cell surface 

(Maurice 1972).  The Na+/K+-ATPase active co-transporter forms the main endothelial pump 

working in concordance with HCO3-, Cl- and carbonic anhydrase transporter (Fischbarg and Lim 

1974).  In addition, aquaporin (AQP) water channels (Kenney, Atilano et al. 2004)  and SLC4A11 

sodium borate cotransporters are both intrinsic membrane proteins that  contribute to the 

maintenance of corneal deturgescence by allowing active transport of H20 from CECs (Vilas, 

Loganathan et al. 2013).  At present, the exact interplay between the ion and water channels of the 

CEC pump is not fully understood, but the importance of individual components is beginning to 

come to light (Bonanno 2012). A proposed mechanism is that the Na+/K+-ATPase pump creates a 

low intracellular concentration of Na+ and high intracellular concentration K+ to enable efflux of 

fluid from the cornea.  The pump’s ability to maintain the osmotic gradient is dependent on the 

bioavailability of HC03-, Cl- and carbonic anhydrase. Experimental models that deprive CECs of 

these three chemical components demonstrate an inhibitory effect on the endothelial pump 

mechanism (Winkler, Riley et al. 1992, Riley, Winkler et al. 1995).   
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Knock-out Slc4a11 mouse models have been shown to develop corneal oedema associated with 

increased concentration of NaCl in the stroma, thus supporting the role of this transmembrane 

cotransporter in maintaining the corneas fluid-ion balance (Groger, Frohlich et al. 2010).  In 

contrast, the exact function of AQP channels in corneal dehydration remains controversial.  

Although it has been shown that AQP1 channels are reduced in FECD (Macnamara, Sams et al. 

2004) (Kenney, Atilano et al. 2004), knockout mouse models of this channel did not exhibit corneal 

oedema (Agre 1998).   

 

In addition to the CEC active transport mechanisms, evaporation is also known to increase the 

osmolality of the tear film leading to passive egress of fluid from the stroma to the ocular surface 

(Bourassa, Benjamin et al. 1991).   

 

As the proliferative capacity of human CECs is limited, damage or loss of these cells can only be 

compensated for by the migration and spread of existing endothelial cells.  As this occurs, the cells 

are more variable in size (polymegathism) and begin to lose the normal hexagonal structure leading 

to greater variability in shape (polymorphism)(Rao, Lohman et al. 1982). When the cell loss results 

in CEC density below 400-500/mm2, the cornea decompensates leading to accumulation of fluid 

within the stroma, loss of clarity and subsequent visual loss (Waring, Bourne et al. 1982, Crawford, 

Ernst et al. 1995).   
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1.3 Fuchs Endothelial Corneal Dystrophy (FECD) 
 

Fuchs Endothelial Corneal Dystrophy (FECD) accounted for thirty nine percent of transplants performed 

in 116 countries in 2012, making it the leading indication for corneal transplantation across the globe  

(Gain, Jullienne et al. 2016).  

 
 

1.3.1 Clinical Presentation of FECD 

 

FECD is a disease that can be differentiated into a more common late-onset form and a rarer early onset 

form.  Prevalence of the disease in patients above the age of 50 years ranges between 3.7-11%, 

depending on region and ethnicity, Table 1 (Lorenzetti, Uotila et al. 1967, Nagaki, Hayasaka et al. 1996, 

Kitagawa, Kojima et al. 2002, Zoega, Fujisawa et al. 2006, Higa, Sakai et al. 2011, Eghrari, McGlumphy 

et al. 2012).  Late-onset FECD is recognized to exhibit a female to male preponderance of approximately 

2.5: 1 – 3.5:1 (Krachmer, Purcell et al. 1978, Afshari, Pittard et al. 2006, Elhalis, Azizi et al. 2010).  

 

Population studied Prevalence (%) of late 

onset FECD/ Primary 

corneal guttate 

Female:Male 

Ratio 

Publication 

Overall Female Male  

Singaporean Chinese 6.7 8.5 4.4 2:1 (Kitagawa, Kojima et al. 2002) 

Japan: 

Southwestern Island 4.1 5.8 2.4 2.4:1 (Higa, Sakai et al. 2011) 

Monzen-machi 3.7 5.5 1.5 3.7:1 (Kitagawa, Kojima et al. 2002) 

Iceland 9.2 11 7 1.6:1 (Zoega, Fujisawa et al. 2006) 

USA: 

Florida 3.9 4 3.8 1.05:1 (Lorenzetti, Uotila et al. 1967) 

Tangier Island 11 25.3 14.1 1.79:1 (Eghrari, McGlumphy et al. 

2012) 

 

Table 1:  Population based prevalence of FECD. Cross sectional population studies of FECD have shown 

that the disease exhibits variation in prevalence across different regions and ethnicities.  The cross 

sectional population-based studies tabulated here investigated the presence of late onset FECD in 

patients above 40-years of age.  Primary central corneal guttata were the main outcome measure in all 

the quoted/ mentioned/ referenced/ studies. 
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FECD typically presents with blurring of vision that exhibits a diurnal variation, with more pronounced 

loss of acuity on waking that improves slightly throughout the day (Adamis, Filatov et al. 1993).  As the 

eyelids are closed during sleep, no evaporation of fluid occurs from the ocular surface and absorption 

of atmospheric oxygen is reduced.  Even in healthy corneas, this causes a reduction in tear osmolality 

as well as tissue hypoxia that leads to  an increase in corneal thickness on waking (Mandell and Fatt 

1965, Leung, Bonanno et al. 2011).  In FECD, the diurnal variation is more pronounced due to the 

additional underlying dysfunction of corneal hydration control (Mandell, Polse et al. 1989, Fritz, 

Grewing et al. 2019) .   

 

The formation of central guttata on Descemet’s membrane also contribute to visual compromise as  

patients report symptoms of glare due to diffraction of light by these excrescences (Wacker, McLaren 

et al. 2015).  Studies have also noted that even early in the course of the disease the anterior corneal 

anatomy is altered by loss of stromal keratocytes and abnormal subepithelial cells (Amin, Baratz et al. 

2014).  These anterior corneal changes in FECD are believed to contribute to decreased visual function 

occurs due to an increase in forward scatter of light as well as optical aberrations from the cornea (van 

der Meulen, Patel et al. 2011, Amin, Baratz et al. 2014, Wacker, McLaren et al. 2015). As the disease 

progresses, the central guttata become more confluent and progressive endothelial cell loss eventually 

leads to the failure to maintain a balanced fluid exchange between the corneal stroma and aqueous.  

As stromal oedema accumulates, the highly ordered equidistant spacing of collagen fibrils is lost and 

the cornea’s refractive capacity is compromised (Cristol, Edelhauser et al. 1992, Wacker, McLaren et al. 

2015). 

 

As the stromal oedema progresses, epithelial and subepithelial bullae begin to form both within and 

under the water logged epithelial surface respectively (Adamis, Filatov et al. 1993). The rupture of these 

superficial bullae within the highly innervated epithelial layer leads to increased ocular discomfort 

(Elhalis, Azizi et al. 2010).  In the most advanced stages of FECD, patients can develop large epithelial 

bullae that are prone to rupture causing not only significant pain but also an increased risk of infection 

due to the mechanical breakdown of the corneal epithelial barrier (Elhalis, Azizi et al. 2010).  

Longstanding disruption of normal stromal architecture in addition to epithelial breakdown leads to 

formation of subepithelial fibrous scar tissue deposition between the epithelium and Bowmans 

membrane (Waring, Bourne et al. 1982, Adamis, Filatov et al. 1993).  As a result, the cornea opacifies 

and patients suffer from significant visual loss (Elhalis, Azizi et al. 2010).   
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1.3.2 Pathophysiology of FECD 
 
This bilateral disease of the posterior cornea results in progressive corneal endothelial cell loss and 

abnormal deposition of extracellular matrix posterior to Descemet’s membrane, causing it to thicken 

and leading to formation of focal excrescences known as guttata.  It is hypothesized that in the early 

stage of the disease, endothelial cell loss occurs due to a combination of intrinsic cellular dysfunction 

as well as an increased susceptibility to oxidative stress.  Although the underlying pathology of 

endothelial cell death and thickening of Descemet’s membrane in FECD is not yet fully understood, 

certain distinct mechanisms are thought to contribute to the endothelial dysfunction: 

 
 
 
 

1.3.2.1 Endothelial Cell Dysfunction in FECD 
 

a. Epithelial to Mesenchymal Transformation 
 

Epithelial to mesenchymal transition (EMT) is a normal physiological process observed in in both normal 

development as well as wound healing .  However, this change in cellular morphology is also recognized 

to occur in pathological process, including FECD.  Early electron micrograph studies have shown that 

endothelial cells in FECD undergo fibroblastic change resulting in an epithelial-like morphology 

(Iwamoto and DeVoe 1971).  This was further confirmed by the identification of epithelial cell markers 

(pancytokeratin, CK7 and vimentin) within the endothelial cells of FECD tissue (Hidayat and Cockerham 

2006).   

 

b. Oxidative Stress 

Oxidative stress leading to DNA damage and accelerated apoptosis have both been linked to the more 

common late-onset FECD, which manifests clinically after the 4th decade of life.  As endothelial cells are 

arrested in a post-mitotic state, these cells are highly susceptible to oxidative damage. Jurukunas et al 

have demonstrated that markers of oxidative damage are co-localized to corneal guttae in FECD tissue 

(Jurkunas, Bitar et al. 2010).  The same study further highlighted that mitochondrial DNA (mDNA) 

damage was increased in FECD suggesting a role in the pathogenesis of the disease.  Further gene 

expression studies corroborate a reduction of mitochondrial DNA expression as well as downregulation 

of proteins that play a protective role against oxidative stress (nuclear ferritin, glutathione S-tranferase-

pi, heat shock protein 70-kDa) in FECD tissue (Gottsch, Bowers et al. 2003).   
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c. Apoptosis 

DNA damage, such that occurs as a result of oxidative stress, is a major trigger of apoptosis (Roos and 

Kaina 2013).  Apoptosis, a highly regulated form of programmed cell death, is known to occur in FECD 

(Borderie, Baudrimont et al. 2000).  Apoptosis of endothelial cells, evidenced by condensed nucleus, 

decreased cell size and DNA fragmentation were demonstrated in more than 75% of FECD samples 

(Borderie, Baudrimont et al. 2000, Li, Ashraf et al. 2001).  However, it remains unclear if this mode of 

cell death plays a primary or secondary role in the disease process. 

 

1.3.2.2 Abnormalities of Descemet’s Membrane in FECD 

 

In adult onset FECD, the DM becomes thickened by the pathological deposition of wide spaced collagen 

and amorphous material by CECs to form an abnormal posterior collagenous layer (PCL) between DM 

and endothelial cells (Levy, Moss et al. 1996, Gottsch, Zhang et al. 2005).  As a result, the regular array 

of co-localized collagen fibres (collagen Vlll1 and collagen Vlll2) becomes disorganised.  Nodules 

consisting mainly of collagen Vlll develop from the PCL and form refractile excrescences on the 

posterior DM, known as guttata (Gottsch, Zhang et al. 2005).  Guttata create a barrier to normal ion 

transport and disrupt the solute barrier function of the endothelium. (Chiou, Kaufman et al. 1999, Li, 

Ashraf et al. 2001).   

 

In advanced cases of FECD a retrocorneal fibrous membrane can develop and is believed to derive from 

corneal endothelial mesenchymal transformation into fibroblasts (Michels, Kenyon et al. 1972, Roy, 

Leclerc et al. 2015).  This fibrous change is not unique to FECD though as it has also been observed in 

pseudophakic bullous keratopathy as well as following surgical removal of DM, indicating it is a common 

feature of advanced endothelial cell dysfunction (de Oliveira and Wilson 2020).   
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1.3.3 Classification of Fuchs Endothelial Corneal Dystrophy 

 

Over the years, a variety of anatomical and morphological grading systems have been proposed to allow 

staging of FECD. The Krachmer grading system was developed in 1978 and is a morphological grading 

scale that remains the most commonly applied method of evaluating severity of FECD, Table 2 

(Krachmer, Purcell et al. 1978, Louttit, Kopplin et al. 2012):   

 

Krachmer Grade Slit lamp biomicroscopy findings 

Grade 0 No apparent disease.  Up to 11 central guttae on each cornea. 

Grade 1 Definitive onset of the disease.  Twelve or more central, nonconfluent 
guttae in at least one eye. 

Grade 2 A zone of confluent central guttae 1 to 2 mm in horizontal width. 

Grade 3 A zone of confluent central guttae 2 to 5 mm wide. 

Grade 4 A zone of confluent central guttae greater than 5 mm wide. 

Grade 5 A zone of confluent central guttae greater than 5 mm wide plus oedema of 
the corneal stroma and/or corneal epithelium. 

 

Table 2:  Krachmer grading scale of Fuchs Endothelial Corneal Dystrophy.  The table details the 5 levels of the 

Krachmer grading scale used to evaluate clinical severity of FECD on the basis of morphological changes observed 

on slit lamp biomicroscopy.  This grading system prioritises  the occurrence and distribution of corneal guttae, 

while the existence of corneal oedema is only assigned to the most advanced stage of FECD. 

 

One of the drawbacks of this subjective grading scale that it is susceptible to interobserver variation 

(Repp, Hodge et al. 2013).  Also, in cases of early FECD, the staging criteria for Grade 1-4 do not account 

for the possibility of mild corneal oedema early in the course of the disease .   

Recent studies have introduced a Krachmer Grade 6 for eyes that have undergone corneal 

transplantation (Soliman et al 2015).  However, this stage reflects the high threshold for surgical 

intervention that was applied to patients when Penetrating Keratoplasty (PK) was the only available 

treatment.  With the advent of less invasive Endothelial Keratoplasty (EK), the threshold for performing 

surgical intervention in FECD has decreased to reflect the lower risk and improved post-operative 

outcome of this technique (Price and Price 2017).  As glare due to central guttata or diurnal variation 

with even mild  corneal oedema can adversely affect a patient’s ability to perform everyday tasks, EK 

surgery is now offered earlier in the course of FECD.  Even a patient with a Krachmer Grade of 2 who 

was having difficulty with glare secondary to confluent central guttata could be offered the option of 

endothelial keratoplasty if visual disability  was significantly interfering with activities such as driving.    
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To address these limitations, various studies have been performed to define new anatomical and 

optical measures of FECD (Table 3).  Efforts to improve the repeatability of slit lamp assessment of the 

cornea, to evaluate the changing distribution of corneal oedema and to assess the pattern of aberrant 

refraction of light through the cornea in FECD, have all been proposed to improve staging of this 

disease.  Further to this, there is now a greater emphasis on measuring the patients’ own experience 

of the disease through Patient Reported Outcome Measures (PROMs).  The Visual Function and Corneal 

Health Status (V-FUCHS) is a standardized and validated questionnaire developed to allow patient-

reported quantification of visual disability specifically in the FECD patient population (Wacker, Baratz 

et al. 2018)  
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Author 
M

odality of assessm
ent 

Baseline G
rading System

 
Conclusion 

Lim
itation 

Kopplin et al 
2012 
(Kopplin, 
Przepyszny et 
al. 2012) 

Central corneal 
thickness m

easured by 
ultrasonographic 
pachym

etry 
 

Slitlam
p biom

icroscopy 
assessm

ent of central or 
paracentral guttae w

ere 
graded according to the 
confluence of guttae and 
presence of corneal epithelial 
or strom

al oedem
a 

 Krachm
er grading score 

applied 
 Cases in w

hich strom
al or 

epithelial oedem
a w

as 
observed overlying regions of 
focally dense guttae w

ere 
graded according to the 
diam

eter of the area of guttae 
w

ith oedem
a independently 

recorded 

An increase in CCT occurs w
ith 

increasing severity of FECD
, including at 

low
er FECD

 grades in w
hich clinically 

observable oedem
a is not present 

- D
oes not consider repeatability of CCT 

m
easured by ultrasonic pachym

etry 
 - The m

easurem
ent of thickness only in the 

central cornea m
ay underestim

ate of the 
thickest area of the cornea w

hen m
ore 

severe disease is located in the 
paracentral region 

 - Study does not account for diurnal 
variation  

 
 

Am
in et al 

2014 
(Am

in, Baratz 
et al. 2014) 

Anterior and posterior 
corneal high-order-
aberrations (H

O
As) 

m
easured from

 the 
confocal im

age light 
intensity profile 
  

Slitlam
p biom

icroscopy 
assessm

ent of central or 
paracentral guttae w

ere 
graded according to the 
confluence of guttae and 
presence of corneal epithelial 
or strom

al oedem
a 

 G
rade 0: N

orm
al corneas, 

devoid of any central guttae  
G

rades 1–2: M
ild  

G
rades 3–4: M

oderate G
rade 

5–6: Severe 
(If corneas had clinically 
detectable corneal oedem

a, 
they w

ere assigned to grade 6 
irrespective of the distribution 
of guttae) 
 

Anterior corneal cellular and structural 
abnorm

alities begin early in the course 
of FECD

, before the onset of clinically 
evident oedem

a 
  

- Confocal m
icroscopy show

s a higher level of 
variation than Scheim

pflug im
aging w

hen 
assessing backscatter  

 - Specular reflection  in confocal im
ages 

lim
ited the  sensitivity to detect subtle 

posterior changes in the m
ild stages of the 

disease previously 
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Eghrari et al 
2015 
(Eghrari, 
G

arrett et al. 
2015) 

Retroillum
ination 

photography analysis of 
slit-lam

p flash 
photography after 
pupillary dilation 

Slitlam
p biom

icroscopy 
assessm

ent of central or 
paracentral guttae w

ere 
graded according to the 
confluence of guttae and 
presence of corneal epithelial 
or strom

al oedem
a 

 G
rade 0: N

orm
al corneas, 

devoid of any central guttae  
G

rades 1–2: M
ild  

G
rades 3–4: M

oderate G
rade 

5–6: Severe 
(If corneas had clinically 
detectable corneal oedem

a, 
they w

ere assigned to grade 6 
irrespective of the distribution 
of guttae) 
 

Retroillum
ination photography analysis 

provides an objective assessm
ent of 

the num
ber and distribution of guttae 

in FECD
 and dem

onstrates enhanced 
definition of severity at advanced 
stages of disease 
   

- Clinically tim
e consum

ing m
ethodology  

 
- Counting of guttata are dependent on 

quality of im
ages obtained  

 
- M

easurem
ent rem

ains dependent on 
classification based on guttata rather than 
presence of oedem

a, thus significant 
overlap betw

een eyes w
ith 4+ and 5+ 

grading 

W
acker K et al 

2015 
(W

acker, 
M

cLaren et al. 
2015) 

W
avefront errors from

 
the anterior and 
posterior corneal 
surfaces w

ere derived 
from

 Scheim
pflug 

im
ages and expressed 

as Zernike polynom
ials 

 

As per Eghrari et al 2015 
Anterior corneal H

O
As w

ere increased 
in m

oderate and advanced FECD
 prior 

to clinically visible corneal oedem
a 

 Posterior cornea H
O

As and corneal 
backscatter w

as increased even in m
ild 

FECD 
 Increased posterior corneal H

O
As and 

anterior and posterior corneal 
backscatter w

ere associated w
ith low

er 
endothelial cell count  
 and thicker corneas in FECD 

- Suggests new
 m

easure of visual 
com

prom
ise in FECD

, highlighting changes 
occurring on the anterior corneal surface 
early in the course of the disease, but 
does not provide a grading system

  
 

- W
avefront m

easurem
ent requires  use of  

a rotating Scheim
pflug cam

era but fixation 
and im

aging can be difficult in m
ore 

advanced disease 
 

- The study did not quantify the level of 
corneal oedem

a and therefore could not 
assess the influence of strom

al oedem
a 

on H
O

A and backscatter 
M

claren et al 
2014 
(M

cLaren, 
Bachm

an et al. 
2014) 

Local contiguous cell 
density determ

ined 
using a variable fram

e 
m

easure of confocal 
m

icroscopy im
ages of 

the endothelium
 

As per Eghrari et al 2015 
Effective Endothelial Cell D

ensity in 
confocal im

ages provides an objective 
m

eans of assessing the corneal 
endothelium

 in FECD
  

Allow
s a larger sam

ple area reducing 
sam

ple bias  

- Assum
e that the local ECD

 is 
representative of viable cell density in all 
areas of the im

age  
- In advanced disease guttae becam

e m
ore 

confluent, brightness of their im
ages 
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becam
e less uniform

 and assessm
ent is 

m
ore challenging 

- Endothelial cell density and viability  
assum

es that the area covered by guttae 
is non-functional, although w

e did not 
m

easure either pum
p or barrier function. 

Syed et al 
2017 
(Syed, Tran et 
al. 2017) 

Endothelial 
photographs of central 
and peripheral in vivo 
confocal m

icroscopy 
w

ere used to perform
 

m
anual cell counts 

centrally and 
peripherally in 
advanced FECD 
 

G
rade 1 – nonconfluent guttae 

G
rade 2 – presence of any area 

of confluent guttae, but 
w

ithout oedem
a or clinical 

thickening 
G

rade 3 – confluent guttae 
w

ith oedem
a or clinical 

thickening 
G

rade 4 – oedem
a associated 

w
ith w

hitening or haze 

In advanced FECD
, severity is best 

determ
ined by the peripheral ECC 

com
pared w

ith the central ECC, visual 
acuity, clinical disease grade, and CCT 
 

- M
anual counting of cells introduces a m

argin 
of hum

an error and is labour intensive 
- In advance cases, the “Region of Interest” 

w
as selected to allow

 for at least a single 
countable cell introducing an inconsistency in 
defining an area of as central or peripheral  

W
acker et al 

2018 
(W

acker, 
Baratz et al. 
2018) 

M
easuring patient-

reported visual 
disability to validate a 
new

 patient-reported 
visual disability 
questionnaire, the 
Visual Function and 
Corneal H

ealth Status 
(V-FU

CH
S) instrum

ent 

As per Eghrari et al 2015 
The V-FU

CH
S instrum

ent allow
s 

standardized, com
prehensive, and 

rapid assessm
ent of disease-specific 

visual disability  in FECD
, w

ith a 
particular focus on the effect of glare 
on visual disability 

- Assum
es that participants can estim

ate 
abstract concepts, such as glare, and can 
transform

 these to num
erical scales 

relative to w
hat is considered norm

al 
- M

argin of error in interpretation as 
responses can be influenced by socio-
econom

ic background (eg. ability to drive, 
vocation) 

Abbreviations:  Q
O

V- quality of vision, FECD – Fuchs Endothelial Corneal Dystrophy, V-FU
CH

S- Visual Function and Corneal H
ealth Status,  
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1.3.4 Advances in the field of genetics and the study of FECD 
 

1.3.4.1 The Human Genome Project 

 

The Human Genome Project (HGP) was launched on the 1st of October 1990 with the goal of analysing 

the full human genome (Green, Watson et al. 2015)( https://www.genome.gov/human-genome-

project/results).  By the very nature of scientific methodology required to achieve such large scale 

sequencing, the HGP was also able to pioneer the development of industrial scale resources for gene 

mapping and sequencing across the globe.  The project was biology’s first example of “big-science” with 

20 different centres across 6 different countries working together towards a common goal.  On the 14th 

of April 2003 (the 50th anniversary of the discovery of the DNA double helix), the HGP published a near 

complete sequence of the human genome (International Human Genome Sequencing 2004).   

 

1.3.4.2  The Human Genome 

 

The human genome is comprised of the complete set of genetic information stored within 

deoxyribonucleic acid (DNA). Four nucleotide bases make up DNA: adenine (A), cytosine (C), guanine 

(G) and thymine (T) (Read 2019).  The human genome is made of approximately 3.2 billion base pairs 

of DNA, with nuclear DNA forming 99.9995% of the coded genetic information while mitochondrial DNA 

contributes to the remaining 0.0005% (International Human Genome Sequencing 2004). 

 

Within the nucleus of the cell, DNA is coiled into packages of 22 chromosome pairs and an additional X 

and Y sex chromosome(Read 2019).  The chromosomes comprise units of DNA known as genes that 

encode for the formation of proteins.  Within each somatic chromosome there exists corresponding 

allele pairs: each allele carries a variant form of a given gene, meaning it is one of two or more versions 

of the gene sequence at the same location on a chromosome.  Genes are divided into coding and non-

coding sequences known as  exons and introns, respectively. Before genes are transcribed into proteins 

introns are typically spliced out leaving only the protein-coding portion of DNA.  Although introns may 

be referred to as ‘non-coding’ they are  known to perform important regulatory functions in directing 

gene expression and can themselves encode functional RNAs. The human nuclear genome is estimated 

to contain between 20,000 and 25,000 genes. In addition to the nuclear genome, the mitochondrial 

genome contributes a further 37 known genes that are important in regulation of oxidative 

phosphorylation, cellular metabolism apoptosis and regulation of proteins for energy production. 
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An estimated 8000 protein coding genes, sometimes referred to as house-keeping genes, are expressed 

in almost all cell types.  These genes are ubiquitously expressed as they play a vital role in the routine 

maintenance of gene expression such as transcription, translation, RNA processing and metabolism.  

However, the majority of genes are transcribed only in specific tissues in accordance with their 

biological function within the cell. Therefore, at any given timepoint, only a fraction of genes are 

expressed through transcription. 

 

The process of interpreting the genetic code to enable protein formation begins with transcription of 

the DNA sequence into messenger RNA (mRNA) (Read 2019).  An RNA polymerase enzyme first binds 

to a promoter site on the DNA sequence, upstream from the target gene.  By proceeding in one 

direction (3’ to 5’), the polymerase enzyme unwinds the DNA strand, exposing DNA base pairs to allow 

attachment of complementary mRNA nucleotides.  The process continues until a termination sequence 

is reached.  The mRNA molecule is referred to as a primary transcript at this stage.     

 

Before the primary mRNA leaves the cell nucleus to enter the cytoplasm, it must undergo splicing to 

form a functional mRNA sequence.  Splicing involves the removal of non-coding intron sequences to 

leave only the protein coding section to form mature protein-coding mRNA.  Most genes also contain 

alternative-splice-sites that allow specific but varied combinations of the genes exons to be transcribed.  

These variations are known as isoforms.  The process of alternative splicing allows different proteins to 

be created from the same original gene sequence.  The expression of a specific isoform may be tissue 

specific.  In the human genome, 95% of multi-exonic genes are alternatively spliced to allow an 

increased diversity of proteins encoded by the genome.  The resulting proteins from a single gene may 

therefore have similar structures and but perform different functions. 

 

Once the primary mRNA has been spliced, it is a mature transcript that can move from the nucleus into 

the cytoplasm where translation begins.  Translation is a process by which amino acids are assembled 

along the mRNA strand to form a polypeptide chain.  Transfer RNA (tRNA) molecules are an essential 

component of this process as each specific amino acid must first bind to its corresponding 3’ end site 

before being transported to the corresponding site on the mRNA template.   The ribosome is the 

cytoplasmic site of protein synthesis.  Ribosomes initiate translation by binding to the AUG site of the 

mRNA. This is followed by the binding of the tRNA-amino acid complex to its surface to enable base 

pairing to occur.  The ribosome then zips along the mRNA template, creating peptide bonds between 

adjacent amino acids  forming a polypeptide chain until a stop codon is reached.  
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Further diversity can be introduced to protein formation through posttranslational modification (PTM) 

of the newly synthesized peptide chain.  Modifications that can occur at this stage include cleavage into 

smaller polypeptides or combination with other peptide chains to form larger protein structures.  The 

exact modifications are catalysed by enzyme recognition of specific binding sites to allow alteration not 

only of the protein  structure but also its functional capabilities. 

 

 

1.3.4.3 Genetic Variants 

 

A mutation is a permanent change that occurs within the DNA sequence.  Mutations can be broadly 

classified under two headings (Read 2019): 

▪ Hereditary (germline) mutations:  These changes in the DNA sequence are inherited from a 

parent and can be found in every nucleated cell in the body 

▪ Acquired (somatic) mutations:  The change within the DNA sequence occurs at a particular 

timepoint in a person life and presents only in certain affected cells.  These mutations can be 

the result of environmental factors such as UV light or exposure to carcinogens. These changes 

cannot be passed on to the next generation 

 

A mutation can occur either on a single allele leaving a normal corresponding gene sequence on the 

paired allele (heterozygous) or be found on both alleles meaning that no normal gene sequence could 

be potentially expressed (homozygous). 

 

Mutations occur on either a small or large scale.  Large scale mutations include chromosomal anomalies 

such as trisomy (the presence of an extra chromosome), and structural breakage of a chromosome 

leading to errors in re-joining.  These relatively rare abnormalities can be observed through cytogenetic 

studies such as karyotyping, analysis of G,C,R-banded chromosomes and visualisation via fluorescent in 

situ hybridisation (FISH) or comparative genomic hybridisation (CGH).  

 

Small scale mutations are more common and can be divided into three main classes: 

• Substitution 

Substitutions commonly occur in the form of replacing a singly base which is known as a point 

mutation.  Due to the degenerate nature of the genetic code that allows different codons to code 

for the same amino acid, not all point mutations result in an amino acid change.  Such substitutions 

are called silent mutations.  A mutation point mutation that does result in a change can either be a 
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missense mutation, resulting in a single amino acid change, or a nonsense mutation, which forms 

the code of a stop codon (UAA,UAG, or UGA) resulting in premature termination of the polypeptide 

chain formation. 

• Deletion or insertion 

Deletion or insertion of a base pair into the genetic sequence can results in an additional or missing 

amino acid in the polypeptide chain.  As a sequence of three base codons (a “reading-frame”) codes 

for a single amino acid, if the number of base pairs is disrupted by a number that is not divisible by 

three it leads to a significant disruption of the DNA template.  This  resulting “frameshift mutation” 

alters the downstream sequence and fails to code for the correct protein.   

• Duplication  

A duplication is made up of one or more nucleotides that have been abnormally copied and 

repeated one or more times.  Repeat expansions (multiplication of a repetitive base sequences 

within DNA) are a form of mutation that fall under this subcategory. 

• Inversion 

An inversion occurs when two or more nucleotides are reversed within the original sequence to 

create a mirrored complement of DNA 

 

1.3.4.4 Mechanisms of Mutational Effect 

 

The majority of mutations in the human genome occur within non-coding regions of the genome and 

therefore do not result in changes to the phenotype (Anthony Griffiths 2020).  Should an alteration in 

the gene sequence lead to a change in the protein polypeptide sequence formation, a downstream 

change in phenotype can occur as a result of either a gain-of-function or a loss-of-function of the 

encoded protein. 

 

Should a mutation in both alleles lead to a total loss in gene function (as seen in recessive disorders), a 

complete loss of the gene product would occur (Read 2019, Anthony Griffiths 2020).  However, if the 

mutation was heterozygous, thus allowing for the presence of one functioning allele, a partial loss of 

function would be observed.  Whether or not this mutation would result in a clinical manifestation of 

disease phenotype would depend on the quantity of gene product required to sustain normal function.  

Should only half of the normal gene product be required for physiological function to be maintained, 

then a heterozygous mutation may not lead to a change in phenotype.  Conversely, if half the normal 

gene product is not adequate for normal functioning (haploinsufficiency), then even a heterozygous 
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mutation can lead to abnormal phenotypic characteristics and create the impression of autosomal 

dominant inheritance. 

 

Gain-of-function mutations are not strictly a mutation that leads to the attainment of an entirely new 

capability.  It is most often the result of a change in regulation that leads to a protein being expressed 

in erroneous tissue or at the wrong time. For example, a mutation could lead to a receptor activating 

in the absence of a ligand or an alteration in an enzyme’s structure that allows it to respond to a 

different substrate.   Mutations in growth promoting genes such as oncogenes are commonly observed 

in cancer where the gain of function manifests as abnormal amplification of a specific gene product.  

Another sub-type of this mutation is through the production of an RNA with novel toxic properties.  In 

addition to causing defects in RNA molecules that play an essential role in cell homeostasis, RNA toxicity 

can occur as a result of abnormal RNA transcription.  This is a common feature of dynamic RNA 

mutations whereby microsatellite repeats within a gene sequence become unstable.  This instability 

leads to expansion of the repeat sequence through multiplication of tandem repeats.  When this 

expanded sequence is transcribed it may form an RNA sequence containing the expanded tandem 

repeat that can be toxic to the host cell.  In these cases the pathological effect on the cell is not directly 

related to the function of the mutated gene. 

 

Differentiating between gain and loss-of-function can be difficult, for example in cases of a mutation 

leading to a decreased expression of an inhibitory molecule which in turn causes aberrant increase in 

expression of it intended target. It is important therefore to not only understand the molecular changes 

that occur as a result of a change in the gene sequence, but also the downstream effect on the 

individual’s phenotype. 

 

Single nucleotide variants due to nucleotide substitution are the most common form of point mutation.  

The presence of such a change to the genetic sequence may or may not have an impact on the encoded 

protein.  Within the human genome, there are 64 different codons that encode just 20 different amino 

acids (Read 2019).  It is therefore possible that a single point mutation could lead to a change in 

sequence within a codon, that still allows it to code for the same amino acid (a synonymous 

substitution). 

A point mutation that does lead to a change in amino acid (non-synonymous variation) can exert an 

effect on protein structure via a few different pathways (Read 2019): 
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a. Polarity:  The presence of side chains on the amino acids allows them to be classifies as 

non-polar, charged polar and un-charged polar.  Should a change in sequence results in an 

amino acid being substituted for one within its own class, the effect on the overall structure 

of the protein would be less than that of an amino acid from a different class. 

b. Steric effect:  A substitution of an amino acid for one of varying size can also have significant 

implications on protein structure.  For example, glycine is the smallest amino acid and if a 

substitution with larger amino acid occurs the protein folding structure may be significantly 

altered.   

c. Molecular bond formation and compatibility:  Cysteine is an amino acid that is able to form 

disulphide bonds that form strong covalent bonds and reinforce the protein structure.  A 

point mutation that leads to loss of a cysteine molecule can therefore have significant 

impact on the integrity of the protein structure.  Similarly, proline is known to be 

incompatible with certain folding patterns and can therefore cause disruption if substituted 

into a protein structure. 

 

 

1.3.4.5 Genomic Variation and Population Genetics 

 

Changes in the base sequence are termed variants.  Traditionally, if the population frequency of a DNA 

variant is >0.01 it would be considered “common” and known as a polymorphism.  Changes resulting 

in point mutations are also referred to as single nucleotide polymorphisms or SNPs.  Should the 

frequency of the variant fall below 0.01 it was described as a “rare” variant (Anthony Griffiths 2020).  

The application of 0.01 as the cut-off for labelling the commonality of a change in sequence was 

however an arbitrary value.  To provide a more accurate assessment of the frequency of SNPs, an 

international project was developed with the aim of developing a haplotype map of the human 

genome.  A haplotype refers to a genotype sequence of a short segment of a chromosome. The 

International HapMap Project was an organization that aimed to develop a haplotype map (HapMap) 

of the human genome, to describe common patterns of human genetic variation (Haiman and Stram 

2008)( https://www.genome.gov/10001688/international-hapmap-project).  A genome wide map of 

SNPs was developed to show the frequency of 106 SNPs derived from 11 different populations.  The 

findings of the HapMap study lead to a refined  classification of SNPs as a minority DNA variant with a 

frequency >0.05.  Following the completion of the HapMAp project, further study into human genetic 

variation has been undertaken by The 1000 Genomes Project (abbreviated as 1KGP). 
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Based on the map of SNP variation, candidate genes for each SNP could then be studied to investigate 

an association to  a particular disease phenotype.  Statistical analysis of the association between an SNP 

and a particular phenotype can then provide an “odds ratio”: the probability of a phenotype 

corresponding to a genotype relative to the whole population (Haiman and Stram 2008, Anthony 

Griffiths 2020).  Although the identification of a rare SNP can mean a direct causative relationship with 

a disease phenotype, in most cases the SNP allele lies adjacent to a non-SNP allele that is the cause of 

the disease manifestation (Anthony Griffiths 2020). 

 

 

1.3.4.6 Next Generation Sequencing 

 

In addition to the deeper understanding of the human genome and the function of various the 

nucleotide sequences, the Human Genome Project lead to a surge of technological advances that 

revolutionised the speed and efficiency of gene sequencing.  The late 1990s witnessed the introduction 

of new sequencing methodologies that lead to the development of commercial “Next Generation 

Sequencing” (NGS) modalities (Yohe and Thyagarajan 2017).   

 

The development of NGS sequencing has enabled large scale  sequencing of whole exomes and whole 

genomes in a time and cost  efficient manner. The term “massively parallel DNA sequencing” is 

eponymous with NGS as it described the basis of the technology that is employed:  the sequencing of 

millions of DNA fragments simultaneously (Read 2019).  NGS platforms are fully automated and are 

able to record the sequence during the sequencing reaction itself.  While older techniques allowed 

scientist to sequence up to 800 bases, this new technology enabled read lengths of up to 14,000 

nucleotides (Reuter, Spacek et al. 2015).  

 

 

1.3.4.7 Genome Databases and Bioinformatics 

 

As advances in mapping and sequencing of the human genome were made, large computer based 

repositories were developed to store the generated data.  This lead to the formation of large open-

access genome databases as well as software to enable gene mapping and detailed searches of gene 

sequence data (Wang, Kong et al. 2013).  These shared genome browsers allow the user to navigate 

the human genome to the level of a single nucleotide and also to draw comparisons with other 
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genomes to asses for levels of gene conservation.  Examples of eukaryotic genome browsers available 

online include Ensembl, NCBI Genome Data Viewer and UCSC Genome Browser. 

 

In addition to genome browsers, more clinical databases have been created to report on genotyped 

phenotype correlations.  The Clinvar database (https://www.ncbi.nlm.nih.gov/clinvar/) for example is 

an open access online resource that aims to provide data on whether a variant is either known to be 

associated with a disease and if so, what the clinical significance of the variant is to the phenotype.  In 

addition to providing links to relevant publications on the variant, the database also provides an 

assessment of the likely pathogenicity.   

 

 

1.3.4.8 In silico prediction tools 

 

Once a missense mutation has been identified, the next question that needs to be answered if whether 

or not the change leads to disruptive effect on the encoded protein (Read 2019).  As it would be difficult 

to develop functional assays to study every missense variant identified, in silico prediction tools have 

been developed to perform this task.  The term ”in silico” describes a computation analysis of 

multiprotein alignments to predict the likely effect of a missense mutation.  By comparing related 

proteins known as “paralogs” within a species and “orthologs” between species, the relative 

consistency of an amino acid placement is assessed (Read 2019).  If all studied proteins show the same 

amino acid at the same position (highly conserved), it is inferred that the peptide has a vital role and a 

change at that point would have a significant effect. To further understand the potential consequence 

of the amino acid substitution on the polypeptide structure, computer analysis of the 3-dimensional 

structure can be carried out through comparisons to similar known protein homolog templates (Xiang 

2006).  Such analysis can identify if the change has potentially effected an active site of functional 

importance. 

 

Examples of open-access in silico programs that are able to carry out such high throughput 

multialignment assessments include: 

• SIFT (Sorting Intolerant From Tolerant):  http://sift-dna.org/ 

• POLYPHEN-2: http://genetics.bwh.harvard.edu/pph2/ 

• PROVEAN: http://provean.jcvi.org/index.php 

• Align-GVGD: https://agvgd.iarc.fr 

• SNPs&GO:  https://snps.biofold.org/snps-and-go/snps-and-go.html 
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As each of these programs is able to produce a prediction that is approximately 70% accurate, it is best 

to run at least two programs to allow a consensus approach to the prediction of mutational effect. Two 

commonly used combination of programs for deriving an accurate prediction are SIFT and PolyPhen-2.  

The SIFT matrix predicts the impact of a substitution based on the assumption that the more conserved 

a sequence is across species, the less likely it is to tolerate a mutation (Sim, Kumar et al. 2012).  In 

addition to predicting the impact of the substitution on protein function, Polyphen-2 can be used to 

supplement the SIFT findings assessing the effect on the 3 dimensional protein structure.  Following 

assessment of the level of disruption that occurs as a result of an amino acid change, we are also able 

to assess the level to which the amino acid is conserved across orthologues.  Disruption of a highly 

conserved protein would be expected to have greater consequence than that occurring in an amino 

acid chain that shows a higher degree of variability across species (Read 2019). 

 

 

1.3.4.9 Genome -wide Association Studies 

 

With the development of high-density SNP genotyping chips, it is now possible to perform genotyping 

of 500,000 or more SNPs across a genome in a single session.  Genome wide association studies are 

performed by applying this technology to sequence a phenotyped cohort who display signs and 

symptoms of the same disease compared to a matched control cohort.  Study participants are  screened 

for selected markers of genetic variation obtained from the HapMap project database of common SNPs 

within the population (Tam, Patel et al. 2019). 

 

Should a genetic variant be found to be more common in the cohort of patients suffering from the 

disease, it is considered to be “associated” with the condition.  GWAS report the measure of risk of the 

variant being associated with the disease in the form of an odds ratio (Read 2019, Tam, Patel et al. 

2019).  It should be noted that although a variant may be shown to be associated with the disease, it 

could be an indication that the variant is situated adjacent to the disease causing mutation and not 

necessarily that it is the cause of the pathology.  To investigate the association further, sequencing of 

the effected region is required to identify the disease causing mutation. 
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1.4.4.10  Application of whole exome sequencing (WES) to identify disease causing mutations 

 

Sequencing of the protein-coding exome provides information on both coding-DNA and protein 

variants.  As the exome makes up approximately 1% of the genome, it is easier to carry out sequencing 

of this section of DNA compared to the whole genome (Read 2019).   Whole exome sequencing 

therefore provides an efficient way of analysing the DNA sequence of patients to identify changes 

within the protein coding region of their genome (Petersen, Fredrich et al. 2017). 

 

When an alternative sequence of DNA is identified, it is termed a DNA variant.  The term polymorphism 

is used to describe a common DNA variant that does not lead to phenotypic changes.  A sequence 

variation that is known to be disease causing however is termed a mutation (Read 2019). 

 

To allow us to predict the effect of a specific change in amino acid, protein sequence similarity searching 

programs such as SIFT and Polyphen-2 are then applied.  Once a variant is identified as potentially 

disease causing, familial aggregation analysis should be sought to confirm that the same genetic change 

can be identified in other affected family members.  Demonstrating segregation of the variant with the 

disease phenotype provides confirmation of a disease causing mutation (Read 2019). 

 

 
1.3.5 Fuchs Endothelial Corneal Dystrophy Associated Genes 

 

FECD is recognized as a multifactorial disease with complex underlying genetic changes.  Although it 

has been attributed to an autosomal dominant mutations in certain forms of early-onset disease 

(Biswas, Munier et al. 2001), the majority of cases display a more heterogenous but still typically 

autosomal dominant inheritance pattern with reduced penetrance (Cross, Maumenee et al. 1971, 

Krachmer, Purcell et al. 1978, Louttit, Kopplin et al. 2012).  It has now been shown that the majority of 

FECD cases are attributed to a mutation in the TCF4 gene (Wieben, Aleff et al. 2012, Xing, Gong et al. 

2014, Nakano, Okumura et al. 2015, Zarouchlioti, Sanchez-Pintado et al. 2018).  The clinical picture of 

the disease in both early and late onset also demonstrate variable severity, manifesting as mild to 

severe corneal decompensation.  To date, 16 genetic variations have been associated with early and 

late onset FECD.   
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Figure 1:  Illustration depicting the multiple mechanisms that are hypothesised to contribute to the 

pathophysiology of Fuchs Endothelial Corneal Dystrophy.  A wide array of genetic variants have been 

associated with FECD and are believed to contribute directly or be associated with disease through 

multiple pathways.  The resultant cellular dysfunction presents as a common phenotype of corneal 

endothelial decompensation that leads to progressive visual loss. 

 

 

1.3.5.1 ZEB1 

The ZEB1 gene, previously known as TCF8, is located on chromosome 9.  The gene encodes for a zinc 

finger transcription factor and is upregulated by the E2-2 protein encoded by TCF4 (Cano and Portillo 

2010).  Loss-of-function mutations of ZEB1 are known to result in endothelial dysfunction as a result of 

haploinsufficieny and present clinically as posterior polymorphous dystrophy (PPCD) (Krafchak, Pawar 

et al. 2005).  Heterozygous missense ZEB1 variants have also been associated with late-onset FECD 

(Riazuddin, Zaghloul et al. 2010).  Although the exact role of the ZEB1 protein in unknown, PPCD-

associated ZEB1 mutations have been associated with COL4A3 overexpression (Krafchak, Pawar et al. 

2005).  Further to this, dysregulation of α-type IV collagens represents a common link between ZEB1 

mutations and the clinical phenotypes of PPCD3, FECD and keratoconus (Lechner, Dash et al. 2013).  It 

is therefore postulated that aberrant collagen production may be the underlying cause of disease in 

FECD associated with ZEB1 mutation.  
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ZEB1 is also believed to play a role in epithelial-mesenchymal transition by repressing E-cadherin 

expression in non-corneal pathology (Eger, Aigner et al. 2005).  Similarly, the E2-2 protein encoded by 

TCF4 induces EMT through indirect mechanisms, including upregulation of ZEB1 expression (Sobrado, 

Moreno-Bueno et al. 2009).  Given that TCF4 is involved in ZEB1 regulation and that both transcription 

factors regulate EMT this unifying feature of EMT dysregulation has been noted as a common feature 

of both PPCD and FECD (Baratz, K.H. et al., 2010; Li, Y.J. et al., 2011; Riazuddin, S.A. et al., 2011; 

Thalamuthu, A. et al., 2011). However, the exact mechanism of pathogenesis for both diseases remain 

unresolved.  

 

1.3.5.2 LOXHD1 

Lipoxygenase homology domain-containing 1 (LOXHD1) gene codes for a protein localized to the plasma 

membrane (Grillet, Schwander et al. 2009).  It is a highly conserved protein that is not commonly 

expressed in healthy corneal endothelial tissue (Riazuddin, Parker et al. 2012).  Riazuddin et al. 

identified 15 heterozygous missense variants in the LOXHD1 gene associated with late-onset FECD.  The 

study reported one presumed causal variant in LOXHD1 that was transmitted in an autosomal dominant 

pattern by affected members of a multigenerational family with autosomal dominant late-onset FECD.  

The study presented immunohistochemical evidence that a heterozygous point mutation led to an 

upregulation LOXHD1 with the resulting protein products forming toxic aggregates within endothelial 

cells.  To date, the findings of this study have not been replicated.  

 

 

1.3.5.3 SLC4A11 

SLC4A11 encodes a sodium borate cotransporter located within the corneal endothelium (Vilas, 

Loganathan et al. 2013).  Heterozygous mutations within this gene have been suggested to cause late-

onset FECD in a small number of individuals  (Vithana, Morgan et al. 2008).  Both homozygous and 

compound heterozygous mutations in this gene are well established to cause autosomal recessive 

childhood-onset congenital hereditary endothelial dystrophy (CHED) and Harboyan syndrome, a 

combination of CHED and progressive sensorineural deafness (Vithana, Morgan et al. 2006, Ramprasad, 

Ebenezer et al. 2007).  In FECD patients harboring mutations in the SLC4A11 gene, it hypothesized that 

intracellular retention leads to failure of protein to correctly localize on the basolateral membrane of 

the endothelial cell (Vilas, Morgan et al. 2011).  In studies of Slc4a11 knock-out mouse models, one 

group demonstrated normal corneal endothelial phenotype, although the corneal thickness was noted 

to be slightly increased (Lopez, Rosenblatt et al. 2009). Two other groups reported that the knock-out 
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mouse model did exhibit corneal pathology:  Han et al. showed that corneas exhibited progressive 

corneal oedema secondary to decreased endothelial cell density (Han, Ang et al. 2013), while Zhang et 

al. reported abnormal ion transport activity in knock-out mouse models along with reduced endothelial 

cell proliferative capacity and EMT transformation (Zhang, Ogando et al. 2017). 

 

1.3.5.4 COL8A2  

In 2001 an early-onset endothelial disease was mapped to the short arm of chromosome 1 (1p34.3-

p32) in a three-generation family.  The disease was  subsequently attributed to a heterozygous 

missense mutation, c.1363C>A p.Q455K (Ensembl transcript: ENST00000397799) in COL8A2 (Biswas, 

Munier et al. 2001).   Subsequently, two further missense mutations  in COL8A2 were attributed to 

early-onset FECD, c.1349T>G p.L450W (Ensembl transcript: ENST00000397799) (Gottsch, Sundin et al. 

2005, Liskova, Prescott et al. 2007, Eghrari, Riazuddin et al. 2016) and c.1363_1364CA>GT p.Q455V  

(Ensembl transcript: ENST00000397799) .  Further reports by Liskova et al and Mok et al supported the 

role of this mutation in FECD in British and Korean probands (Liskova, Prescott et al. 2007) (Mok, Kim 

et al. 2009).   

 

Identification of missense mutations in COL8A2 led to the development of knock-in mouse models for 

both the p.Gln455Lys and p.Gln450Trp substitutions (Jun, Meng et al. 2012, Meng, Matthaei et al. 

2013).  Col8a2Q455K/Q455K mice show a phenotype highly similar to FECD with progressive endothelial cell 

loss, morphologic changes of the endothelial cells and characteristic DM guttae (Jun, Meng et al. 2012).    

The p.Gln450Trp mouse model exhibited a milder disease phenotype with less endothelial cell loss and 

fewer guttae compared to the p.Gln455Val mice (Meng, Matthaei et al. 2013).   

 

 

1.3.5.5  TCF4 CTG18.1 

  

In 2010, a GWAS by Baratz et al. identified a loci on chromosome 18 spanning the transcription factor 

4 gene (TCF4) that showed a strong association with FECD (Baratz, Tosakulwong et al. 2010).  The study 

suggested that the pathway regulated by the transcription factor TCF4 was a major contributor to the 

disease process of FECD.   

  

The initial findings of the GWAS was followed by a ground breaking study  by Wieben et al. that 

identified a trinucleotide CTG repeat expansion within the third intron of TCF4 gene on Chromosome 

18, as the causative mutation in adult onset FECD (Wieben, Aleff et al. 2012).  At least one expanded 
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copy of the CTG repeat (termed CTG18.1) exceeding the threshold of 50 repeats was found in 79% of 

FECD patients in the cohort compared to 3% of controls.  A CTG expansion size of >50 was therefore 

suggested as a causative mutation in FECD.  This finding has since been replicated in various multi-

ethnic patient populations worldwide (Mootha, Gong et al. 2014, Nanda, Padhy et al. 2014, Wieben, 

Aleff et al. 2014, Xing, Gong et al. 2014, Nakano, Okumura et al. 2015, Vasanth, Eghrari et al. 2015, 

Eghrari, Vahedi et al. 2017, Foja, Luther et al. 2017, Rao, Tharigopala et al. 2017, Zarouchlioti, Sanchez-

Pintado et al. 2018). 

 

The discovery of an underlying trinucleotide repeat mutation suggests that FECD shares a similar 

pathophysiology to other neurodegenerative disease such as Huntington’s disease and myotonic 

dystrophy (Hannan 2018).  A study by Winkler et al. has since identified the presence of clinical and 

cellular hallmarks of FECD in patients with myotonic dystrophy, further elucidating a shared disease 

pathway (Winkler, Milone et al. 2018). 

 

 1.3.5.5.1 Pathophysiology of Repeat Expansion Positive FECD 

 

To date, there exists 3 mechanisms by which the CTG18.1 repeat expansion is hypothesized to lead to 

endothelial dysfunction in FECD (Figure 2).  Although all three pathways could cause cellular 

dysfunction independently, it is possible that all three mechanisms occur concurrently in repeat 

expansion mediated FECD. 

 

 

 
Figure 2:  Three pathogenic mechanism contributing to the pathophysiology of TCF4 CTG18.1 expansion 

mediated Fuchs Endothelial Corneal Dystrophy (FECD). Direct and indirect RNA toxicity, dysregulation of 
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TCF4 protein expression and repeat-associated non-ATG (RAN translation) are three independent 

mechanisms of cellular dysfunction that could occur concurrently in the development of FECD.  (Adapted 

from Foja et al. 2017 and Zarouchlioti et al.2018)  

 

1.4.5.5.1.1  RNA Toxicity 

RNA toxicity as a mechanism of disease was first characterized in myotonic dystrophy type 1(DM1) and 

has since been described in other repeat-expansion (microsatellite)-mediated diseases (Fragile X-

associated tremor/ataxia syndrome, amyotrophic lateral sclerosis/) Frontotemporal Degeneration 

(Duan, Sharma et al. 2014).  RNA toxicity can be considered a gain-of-function mutation as the product 

of the mutant RNA has a toxic effect on the cell.  When a tandem repeat expansion is transcribed it 

forms an elongated RNA molecule.  This enlarged molecule can exert a toxic effect either by directly 

binding vital RNA-binding proteins or the abnormal molecule chain can form a foci that is toxic due to 

its ability to sequester other RNA-binding proteins.  Trapping of freely circulating RNA binding proteins 

such as Muscleblind Like Splicing Regulator 1 (MBNL1) and Nuclear Mitotic Apparatus protein 

1(NUMA1) can disrupt their normal function of splicing gene transcripts.  In DM1, the process of MBNL1 

sequestration to RNA CTG repeat sequences was shown to lead to downstream mis-splicing events and 

cellular toxicity (Du, Cline et al. 2010). It was therefore hypothesized that a similar pathological process 

may occurs in FECD. 

 

Studies have since confirmed that, similar to DM1, nuclear RNA foci are present within endothelial cells 

derived from patients with CTG18.1 expansion. Immunofluorescence staining has demonstrated that 

these RNA aggregates sequester RNA binding proteins MBNL1 and MBNL2 (Figure 3) (Du, Aleff et al. 

2015, Zarouchlioti, Sanchez-Pintado et al. 2018).  Further evidence was provided by RT-PCR of RNA 

extracted from expansion-positive cultured endothelial cells which revealed aberrant splicing events in 

MBNL1, MBNL2 and NUMA1 (Zarouchlioti, Sanchez-Pintado et al. 2018, Rong, Hu et al. 2019).  In 

subjects harboring the repeat expansion, it was shown that depletion of the RNA binding proteins lead 

to abnormal splicing resulting in the formation of truncated gene products within the endothelial cell. 
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Figure 3:  RNA toxicity secondary to sequestration of vital RNA-binding protein MBNL1.  RNA binding proteins 

such as MBNL play a vital role in the correct splicing of gene transcripts.  The transcription of the abnormal 

CTG tandem repeat leads to the formation of mutant RNA hairpin loops that sequester MBNL leading to the 

formation of toxic foci within the corneal endothelial cell.    The resulting decrease in freely available MBNL 

leads to aberrant splicing events downstream.  

 

1.3.5.5.1.2 Dysregulation expression of TCF4  

The TCF4 gene comprises 20 annotated coding exons.  Expression of the gene is known to be highly 

varied as a result of alternative splicing as well as the generation of multiple first exons that vary with 

each isoform.  Multiple isoforms of TCF4 have been identified in the corneal endothelium, some of 

which are thought to be tissue specific (Eghrari, Vasanth et al. 2018).  Due to the highly variable nature 

of the isoforms, it has proven difficult to determine specifically which transcripts are affected in 

expansion-positive disease. However, it is hypothesized that the CTG18.1 expansion may specifically 

affect the expression of CEC-specific TCF4 isoforms and hence explain the tissue specificity of the 

disease.  

 

Intron retention has been postulated as a possible underlying cause for the reduced expression of TCF4. 

An intron would normally be spliced out of a primary transcript to allow to formation of the final RNA 

product prior to translation.  However, in the event of intron retention of the CTG18.1 tandem repeat, 

the repeat sequence would not be removed and would remain un-spliced in the mature mRNA 

(Sznajder, Thomas et al. 2018).  Intron retention can lead to reduced gene expression by activating 

nonsense mediated decay via the introduction of premature stop codons and also by reducing the 

export of mRNA from the cell nucleus. This mechanism may therefore contribute to the 

pathophysiology of CTG18.1 expansion mediated FECD.  
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1.3.5.5.1.3  RAN translation 

The process of protein translation can only be initiated by a ribosome binding to the ATG start codon 

of a mRNA strand.  Repeat associated non-ATG (RAN) translation in an unconventional protein 

translation mechanism whereby translation is initiated despite the absence of an ATG initiation codon.  

RAN translation therefore has the potential to lead to the repeat expansion being translated in a variety 

of reading frames, as well as in both the sense and antisense direction.  This aberrant form of translation 

is recognized to occur in DNA repeat disorders such as spinocerebellar ataxia types 8 (SCA8) and 31 

(SCA31), familial forms of amyotrophic lateral sclerosis, frontotemporal dementia, Huntington disease 

and myotonic dystrophy type 2 (Zu, Pattamatta et al. 2018) as well as non-coding repeat expansion 

diseases, including myotonic dystrophy type 1 (Zu, Gibbens et al. 2011).   

 

 

 
 

Figure 4:  Overview of potential proteins products produced by RAN translation of a CTG expansion 

transcript.  Initiation of mRNA translation at different start points, in both the sense and antisense direction 

can lead to aberrant formation of poly- Leucine, -Cysteine, -Alanine, -Glutamine and -Serine proteins as 

shown above. Formation of these homopolymeric polypeptides can lead to the formation of nuclear and 

cytoplasmic inclusions that are thought to contribute to disease pathogenesis.  

 

 

Soragni et al. have shown that RAN translation occurs in FECD CTG18.1 expansion positive tissue (Figure 

4). Their study reports that   RAN peptides are translated from the sense but not antisense strand of 

RNA transcripts (Soragni, Petrosyan et al. 2018).  Transfection of the RAN translation polypeptides into 

healthy corneal endothelial cells was shown to induce cytotoxicity, thus supporting the concept that 
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toxicity is a result of transcription of the non-coding CTG.CAG expansion.  The study also confirmed the 

finding that a repeat length threshold needs to be exceeded to allow the formation of RAN translation 

product (Zu, Gibbens et al. 2011).  This would in part explain the association of repeat lengths of >50 

with FECD. 

 

 

  

 1.3.5.6  Genes recently associated with FECD by GWAS  
 

In 2017, Afshari et al. reported the results of a GWAS analysing  2075 FECD cases and 3342 control 

subjects that not only validated the previously identified effect of the TCF4 locus, but also identified 3 

novel loci of genome-wide significance (P<5 x 108)(Figure 5)(Afshari, Igo et al. 2017): 

I. LINC00970/ATP1B1 rs1022114 (intergenic region) 

II. LAMC1 rs3768617 (intronic region) 

III. KANK4 rs79742895 (intronic region) 

 

 

 

Figure 5 :  Results from Genome Wide Association study by Afshari, Igo et al. 2017.  The vertical axis 

shows the negative log P values from 8 680 745 single nucleotide polymorphisms.  The horizontal axis 

is marked by a red line to indicate the cut off for genome-wide significance , P=5 x 10-8.  Three novel 

loci, LINC00970/ATP1B1 rs1022114, LAMC1 rs3768617 and KANK4 rs79742895, are shown to exceed 

the threshold of significance in addition to the already established TCF4 locus (PMID 28358029). 
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1.3.5.6.1  LINC00970/ATP1B1  

A SNP in the intergenic region between LINC00970 and ATP1B1 was noted to have a strong association 

to FECD, with a  meta-P value of 9.9 x 10 -19  at rs1022114  (Afshari, Igo et al. 2017).  In transriptomic 

data profiles from the same study, LINC00970 gene has not been shown to be expressed in the cornea 

while ATP1B1 is highly expressed in normal corneal endothelium.  ATP1B1 encodes the beta subunit of 

Na+/K+ATPase pump that plays a role in transmembrane ion transport modulation (Li, Yang et al. 2011).  

It is therefore plausible to hypotheses that variants modulating this expression of function of ATP1B1 

could result in failure of the ion pump mechanism leading to increased corneal hypertonicity and 

subsequent corneal oedema.  It has not however been shown to contribute to formation or 

maintenance of Descemet’s membrane components to imply a role in DM thickening seen in FECD 

 

 

1.3.5.6.2  LAMC1  

Laminins are an extracellular matrix glycoprotein that play an integral structural role in the formation 

of basement membranes.  Laminins are heterotrimers formed by three separate non-identical short 

chains that are each encoded by distinct genes: alpha, beta and gamma.   Multiple isoforms have been 

described for each of these chains.  LAMC1 encodes laminin subunit gamma 1 that is highly expressed 

in the corneal DM and endothelial cells (Afshari, Igo et al. 2017).   

 

 

 

1.3.5.6.3  KANK4 

The GWAS by Afshari et al was the first study to show that KANK4 rs79742895 was significantly 

associated with FECD (Afshari, Igo et al. 2017).  The gene is a member of the KANK family (KANK1-4) 

which encode ankyrin-repeat domain containing proteins (Kakinuma, Zhu et al. 2009). KANK genes have 

mainly been found to be expressed in kidney cell lines where they have been shown to regulate actin 

cytoskeleton formation, but recent studies have shown KANK4 can be localized to the corneal 

endothelial cytoplasm (Sarkar, Roy et al. 2002).   
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1.4 Aims and Hypothesis 
 

The primary objective of this study is to investigate genotype-phenotype correlations in patients 

diagnosed with FECD.  A total of 342 FECD patients recruited from Moorfields Eye Hospital were initially 

genotyped for the FECD associated TCF4 CTG18.1 expansion.  Whole exome sequencing (WES) was 

subsequently performed for patients found to be repeat-expansion negative to allow identification of 

other possible underlying disease-causing variants.  The phenotype of both the repeat expansion-

positive and repeat expansion-negative groups was then analyzed to understand the influence of the 

underlying genetic changes on the clinical manifestation, natural progression of the disease, along with 

associations to concurrent corneal pathology.  The findings of this study were then applied to designing 

a robust clinical trial protocol to guide future gene based therapies for the treatment of Fuchs 

Endothelial Corneal Dystrophy. 
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RESULTS Chapter  2.0 
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2.1 Background 

 

The identification of the CTG18.1 triplet repeat expansion as a genetic cause of FECD raises the 

possibility that repeat length may influence phenotypic characteristics of the disease. A recognised 

feature of repeat expansion diseases is the presence of a correlation between the length of the repeat 

region with  disease severity and age-of-onset (Furtado, Suchowersky et al. 1996, Rosenblatt, Abbott 

et al. 2003). For example, Huntington’s disease is a neurodegenerative condition caused by an 

expanded CAG repeat on chromosome 4 (Gusella, Wexler et al. 1983, 1993).  The size of the CAG repeat 

displays an inverse correlation to the age of disease presentation, with longer expansions resulting in a 

younger age of onset (Andrew, Goldberg et al. 1993, Duyao, Ambrose et al. 1993).  The neuromuscular 

degeneration Myotonic dystrophy type 1 (DM1) is caused by an unstable CTG intron repeat expansion 

within the dystrophia myotonica protein kinase (DMPK) gene on chromosome 19.   In DM1, the size of 

the triplet expansion exhibits a positive correlation with muscular disability and an inverse correlation 

with age of onset (Jaspert, Fahsold et al. 1995, Groh, Groh et al. 2011, Overend, Legare et al. 2019). 

 

To date, several studies have investigated CTG18.1 expansion status and how this correlates 

with various phenotypic outcomes related to severity of disease in FECD.  Four previous studies 

reported a significant positive correlation between the presence of a CTG18.1 triplet repeat >40 and 

disease severity in FECD (Soliman, Xing et al. 2015, Vasanth, Eghrari et al. 2015, Eghrari, Vasanth et al. 

2017, Soh, Peh Swee Lim et al. 2019).  All four studies applied different thresholds for the assessment 

of disease severity (Table 1).  Eghrari et al demonstrated that a higher proportion of patients harbouring 

the repeat expansion had undergone keratoplasty while Vasanth et al reported that the presence of 

the intron repeat lead to an increased Krachmer score with respect to age, within the same cohort of 

patients.  Neither of the two studies analysed the impact of repeat expansion length as a continuous 

variable, to assess the effect of longer repeat length on disease severity.  Soliman et al is the only study 

to show that within their repeat expansion positive cohort, longer CTG18.1 repeat length correlated to 

a higher proportion of patients requiring keratoplasty.   

 

All three studies  by Vasanth et al, Eghrari et al and Soliman et al respectively, did not comment 

on whether subjects had undergone cataract surgery prior to the assessment of disease severity.  Soh 

et al is currently the only publication that has addressed the issue of cataract surgery accelerating 

corneal decompensation by excluding post-cataract surgery patients from their analysis (Seitzman 

2005, Soh, Peh Swee Lim et al. 2019).  In their prospective study of 51 FECD patients, a threshold of 

“significant clinical progression” was defined as: central corneal thickness increased to >700μm, 
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endothelial cell count  decreased to <700 cells/ mm2 or undergoing keratoplasty for treatment of FECD. 

These three criteria were assessed in two cohorts of FECD that were classified as expansion positive 

versus expansion negative status.  The repeat expansion length (defined as 40) and the age of subjects 

at the time of reaching threshold severity were not analysed. Soh et al reported that although a higher 

rate of disease progression was noted in the repeat expansion group  compared to the expansion 

negative group in the first 5 years of from diagnosis, the association was no longer statistically 

significant at 8 years and 10 year follow up.  This finding is however of limited value as no correction 

was made for the age of the subject at the time of diagnosis or follow up.  Table 1 summarises the 4 

published studies on the genotype-phenotype correlation of TCF4 CTG18.1  repeat expansion status in 

FECD. 

 To date, no study has investigated the impact of TCF4 CTG18.1  repeat expansion length on 

the phenotype of an FECD cohort adequately stratified to account for prior surgical intervention.  

 
 

 

2.2 Aims  

The aim of this study is to determine if TCF4 CTG18.1 triplet repeat expansion status correlates 

with disease severity of FECD in a Moorfields Eye Hospital FECD patient cohort.  In addition to 

comparing the demographic and clinical characteristics of the expansion-positive versus expansion-

negative FECD subjects, the effect of the CTG18.1 repeat length on disease severity will also be 

investigated.  By gaining a deeper understanding of how the CTG18.1 triplet repeat expansion 

correlates with the disease phenotype, this study aims to improve our ability to advise patients 

regarding the natural course of their disease based on genotyping of CTG18.1.  A secondary outcome 

of this study is to identify the limitations of assessment of FECD patients in daily clinical practice so as 

to inform future trial design for gene based therapies.  
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Author 
Population 

Categorisation of 
CTG

18.1 Intron 
Repeat Expansion 

Status 

Threshold of severity 
applied 

Findings 
Lim

itations of study 

Solim
an 

et al 
2015 

139 index cases 
w

ith FECD  
 Sub-analysis on 
the w

hite 
population of 
FECD cases as 
they 
represented the 
vast m

ajority of 
the re- ported 
cohort  
(n = 122) 

The alleles w
ere 

separated into 4 
groups based on 
the CTG

 triplet 
repeat length of 
the largest allele: 
− 

< 40  
− 

40 - 84  
− 

85 - 120  
− 

> 120 

Traditional Krachm
er 

grading of 1-5 (ref) w
ith 

an additional G
rade 6 for 

patients w
ho had 

undergone keratoplasty 

The Krachm
er grade of disease 

severity w
as greater in FECD cases 

w
ith the CTG

18.1 triplet repeat 
expansion in TCF4 than in those 
w

ithout the expansion.  
 The CTG

 triplet repeat allele 
length w

as positively correlated 
w

ith the Krachm
er grade of 

severity 

− 
Assigning of a Krachm

er grade 6 to 
patients post keratoplasty does not 
take into consideration m

odern 
surgical techniques that w

ould allow
 

earlier surgical intervention (ref) 
 

− 
N

o data w
as provided to indicate 

type of keratoplasty surgery and 
subject’s cataract surgery status at 
tim

e of grading 

Vasanth 
et al 
2015 

574 late-onset 
FECD cases and 
354 controls  

Expansion-
positive: any allele 
w

ith 40 CTG
 

repeats  
Expansion 
negative: <40 CTG

  
  

Traditional Krachm
er 

grading of 1-5 (ref) w
ith 

an additional G
rade 6 for 

patients w
ho had 

undergone keratoplasty 
         

 

Regression analyses 
dem

onstrated a significant 
correlation betw

een disease 
severity and age in individuals 
w

ho harbour repeat expansion 
>40 in both hom

ozygous 
(p=0.008) and heterozygous 
(p=0.021) carriers of the repeat 
expansion 

− 
Im

pact of variation in length of 
repeat expansion 40 as a 
continuous variable w

as not analysed 
− 

Assigning of a Krachm
er grade 6 to 

patients post keratoplasty does not 
take into consideration m

odern 
surgical techniques that w

ould allow
 

earlier surgical intervention (ref) 
− 

N
o data w

as provided to indicate 
form

 of keratoplasty surgery and 
subject’s cataract surgery status at 
tim

e of grading 

Eghrari 
et al 
2017 

Retrospective 
case-control 
study of the 

Expansion-
positive: any allele 

Analysed relationship 
betw

een age, gender, 
H

igher proportion of expansion 
positive subjects had undergone 
transplantation (21.8%

) com
pared 

− 
Im

pact of variation in length of 
repeat expansion 40 as a 
continuous variable w

as not analysed 



 
59 

sam
e patient 

population 
studied by 
Vasanth et al 
2015 

w
ith 40 CTG

 
repeats  
Expansion 
negative: <40 CTG

  
 

triplet expansion, and 
keratoplasty 

to those w
ithout the expanded 

allele (12.9%
), a significant 

association (p=0.007).  
 Also noted a significant difference 
in survival function over tim

e 
(p=0.027indicating earlier age of 
surgery in expansion positive 
subjects. 

 
− 

N
o data w

as provided to indicate 
form

 of keratoplasty surgery and 
subject’s cataract surgery status at 
tim

e of grading 

Soh et 
al 2019 
 

Prospective 
study of 51 
subjects 
follow

ed up to 
assess the tim

e 
from

 diagnosis 
to developm

ent 
of “significant” 
clinical 
progression 
defined as 
Threshold 
Disease 
 Follow

-up 
period: 12 years 
 Average follow

 
up period 4.32 
years 

Subjects w
ith 

new
ly diagnosed 

FECD w
ith 

m
inim

al disease 
severity Krachm

er 
G

rade 4 w
ere 

divided into: 
− 

Expansion-
positive: any 
allele w

ith 40 
CTG

 repeats 
− 

Expansion 
negative: <40 
CTG

  
 

Threshold disease w
as 

m
et by m

eeting any of 
the 3 criteria defined 
below

 in at least one eye 
assessed yearly: 
 − 

CCT increased to 
>700μm

 
**All m

easurem
ents 

w
ere acquired 

betw
een 10am

 to 
3pm

, to account for  
diurnal variations in 
CCT 

− 
ECD decreased to 
<700 cells/ m

m
2 

− 
Keratoplasty for 
treatm

ent of FECD
 

 **Eyes that underw
ent 

cataract extraction 
surgery during the 
course of follow

-up w
ere 

excluded from
 analysis 

− 
L40 patients are at greater 
risk of FECD progression and 
developm

ent of Threshold 
disease w

ithin the first 5 years 
follow

ing diagnosis 
− 

Threshold Disease rates at the 
5-year tim

e point w
ere 87.5%

 
for the L40 group and 47.8%

 
for the L<40 group (p = 0.012) 

 
− 

The difference betw
een 

cohorts w
as no longer 

statistically significant at the 
8-years (92.9%

 vs 78.9%
, p = 

0.278) and 10-years (92.9%
 vs 

84.2%
, p = 0.426) tim

e points 

− 
N

o indication of subject age at given 
tim

epoint of severity assessm
ent.  

Assessm
ent of clinical progression is 

based on lim
ited follow

 up period 
and not the natural history of the 
disease over a subject’s lifetim

e 
− 

Im
pact of variation in length of 

repeat expansion 40 as a 
continuous variable w

as not analysed 
− 

Average follow
 up period of 4.32 

years and only 33 subjects at final 
review

  
− 

natural variation in central corneal 
thickness in the norm

al population 
w

as not accounted for 
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Table 1: Sum
m

ary of publications investigating the genotype-phenotype correlation of TCF4 CTG
18.1 Triplet Repeat Expansion on disease severity.  All four 

studies reported a significant positive correlation betw
een the presence of the CTG

18.1 repeat expansion and increased disease severity.  Solim
an et al is the 

only study to show
 that longer repeat length w

as associated w
ith m

ore severe disease based on Krachm
er score.   In analysing expansion status as a binary 

value (expansion-positive versus expansion-negative ),  Eghrari et al  show
ed that a higher proportion of patients harbouring the m

utation had undergone 

keratoplasty w
hile Vasanth et al reported that the presence of the intron repeat lead to an increased Krachm

er score w
ith respect to age in the sam

e cohort of 

patients.  Soh et al are the only publication to date to exclude subjects w
ho had undergone cataract surgery w

hen analysing disease progression in FECD.  

H
ow

ever, w
hen Soh et al studied the m

ore stratified cohort, the im
pact of repeat length 40 as a continuous variable w

as not considered and patient age w
as 

not corrected for in the analysis of disease progression. 
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2..3  Methods 

 

2.3.1 Patient recruitment 

Three hundred and forty-two probands with a clinical diagnosis of FECD were enrolled for genotyping 

and retrospective review of the disease phenotype.  FECD diagnosis was made on the basis of slit lamp 

biomicroscopy examination findings of Descemet’s membrane guttae and evidence of endothelial 

dysfunction in the form of central corneal oedema. I personally reviewed the notes and available images 

of all patient that had been recruited top the study, spoke patients personally in order to ascertain 

missing information in regards to demographics and disease progression.  Where relevant I contacted 

effected family members and obtained additional imaging. 

 

Approval for this study was obtained from the Moorfields Eye Hospital Research and Ethics Committee 

[ Moorfields Eye Hospital (MEH) ethics committee (REC reference 09/H0724/25)] 

 

2.3.2 Consent 

All patients involved in the study gave informed written consent for analysis of genetic data, storage of 

genetic data and access to medical records. 

 

2.3.3 Phenotyping  

The clinical data collected by retrospective case review of medical records included slit lamp 

biomicroscopy findings of guttae and corneal oedema as well as clinical history of patient visual 

symptoms.  Due the retrospective nature of data analysis performed in this study, it was not possible 

to obtain objective measures of the number of guttata as per traditional Krachmer grading.   In addition, 

as the incidence of visually-significant cataracts is high amongst patients in this study cohort whose 

average age was above 60 years old, visual acuity was not taken as a reliable gauge of FECD severity.  

Instead, where possible, acuity and assessment of guttata were utilised as part of a Modified Clinical 

Staging (MCS) score adapted from Suh et al , shown below in Table 2 (Leejee H. Suh 2008). 

 

Clinical notes and correspondence from opticians and general practitioners were used to ascertain the 

time of diagnosis of FECD and the time at which the patients first reported onset of symptoms (e.g. 

Diurnal variation in vision, blurring of vision in the absence of other ocular co-morbidities).  

Demographic data such as ethnicity and family history were recorded and patients were contacted 

directly when this data was not documented in the medical records. 
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Stage  Symptoms Clinical Findings Visual Acuity (Snellen) 

Stage l No symptoms Few to moderate corneal 

guttae 

Normal  

(6/6) 

Stage ll Mild to moderate loss 

of vision, no pain 

Moderate to numerous 

corneal guttae, mild corneal 

oedema 

Mild to moderate 

reduction  

(6/9 to 6/24 ) 

Stage lll Moderate to severe loss 

of vision and pain 

Confluent corneal guttae, 

moderate to severe corneal 

oedema, epithelial bullae 

Moderate to severe 

reduction 

(6/30 to 6/120) 

Stage lV Severe loss of vision, 

reduced pain 

Subepithelial scar, fewer 

epithelial bullae 

Severe reduction (6/120 

or worse) 

 

Table 2: Modified Clinical Staging (MCS) score of Fuchs Endothelial Corneal Dystrophy.   

The clinical staging system shown here is a modification of the clinical staging system adapted from 

Adamis et al. by Suh et al. in the 2008 edition of  Cornea and External Eye Disease (Adamis, Filatov et 

al. 1993, Leejee H. Suh 2008).  The application of symptoms in relation to gross clinical findings on slit 

lamp examination and range of visual acuity were easily adaptable as a retrospective staging criterion 

in the analysis of FECD. 

 

 

Patients’ surgical history of all ocular surgery was noted with particular attention to date of first corneal 

transplantation for treatment of FECD and date of first cataract surgery. When available, central corneal 

thickness data (ultrasound pachymetry data device, Pachymate DGH55 DGH Technology) was obtained 

at the time of listing for corneal transplant surgery.   

 

 

2.3.4 TCF4 CTG18.1 Genotyping 

 

DNA extraction was performed from blood samples to enable sequencing of the CTG18.1 trinucleotide 

repeat region within the TCF4 gene.  A short tandem repeat (STR) assay was performed to genotype 

the CTG18.1 allele, in accordance with methods previously published by Wieben et al.9 In brief, 

genomic DNA was amplified using a 5’FAM conjugated primer (5’ -CAGATGAGTTTGGTGTAAGAT-3’ ) and 

an unlabelled reverse primer (5’-ACAAGCAGAAAGGGGGCTGCAA-3’). Post PCR product separation was 
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performed on the ABI 3730 Electrophoresis 96 capillary DNA analyser (Applied Biosystems). Data 

analysis was performed using GeneMarker software (SoftGenetics). 

Genotyping work was performed by  Beatriz Sanchez-Pintado , Nathaniel J Hafford Tear, Amanda Sadan 

as part of the publication by Zarouchlioti  et al with additional samples processed by myself 

(Zarouchlioti, Sanchez-Pintado et al. 2018).  Details of genotyping are provided in Appendix A. 

 

2.3.5 Statistical Analysis 

 

Statistical analysis was performed to investigate the potential differences in disease characteristics 

between CTG18.1 expansion-positive and CTG18.1 expansion- negative FECD cohort. 

 

Ethnicity and gender were treated as nominal data sets and cross-tabulated against expansion status.  

The cross-tabulation compared the observed and expected frequencies in each cell of the table. It then 

determined whether there was a statistically significant difference between the observed and the 

expected values. Adjusted residuals of < -2.5 or > 2.5 were considered statistically significant. 

The statistical test applied was then determined according to the number of variables investigated.   

As per the gold standard method if the expected value was less than 5, then the Fisher exact test used 

but if expected value greater than 5 then the Chi-squared test was used.  

 

To determine the presence of a statistically significant relationship between ocular comorbidity 

distribution in the expansion-positive cohort compared to the expansion-negative cohort, the Chi 

square test was applied (p< 0.05 indicated significance).   

 

Further analysis was performed on the expansion-positive cohort to determine the effect of repeat 

expansion length on disease phenotype.  To characterise disease severity, the following parameters of 

disease severity were investigated:  age of first corneal transplant, central corneal thickness at time of 

listing for surgery and modified clinical grading (MCG) score.  Three patients with keratoconus were 

excluded from the analysis of disease progression as this form of corneal ectasia causes thinning of the 

stroma which could potentially mask/offset the corneal thickening seen in FECD secondary to stromal 

oedema. 

 

Ordinal regression analysis was used to determine if there was an association between expansion 

length and MCG score after accounting for age. Linear regression was performed to determine if there 
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was an association between CCT and expansion length after accounting for age at the time of first 

corneal graft.   

 

To further stratify the cohort of FECD patients, patients with corneal decompensation following 

cataract surgery were excluded to allow analysis of FECD patients with spontaneous corneal 

decompensation with no prior intraoperative damage to the cornea. Spearman correlation analysis was 

used to study non-parametric correlations with a Fisher Z transformation to compare differences 

between correlations. 

 

Non-parametric continuous and ordinal data sets were analysed using a Mann-Whitney U test to 

determine if there was a difference between the expansion positive and negative groups. Mann-

Whitney U test was used when the dependent variable was ordinal (MCG score) and the independent 

variable was dichotomous categorical variable (expansion-positive or negative). A p value of <0.05 

would suggest a statistically significant difference between both groups. 
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2.4 Results 

 

2.4.1  Comparisons Between the Repeat Expansion Positive Cohort and the Repeat Expansion 

Negative Cohort 

 

The FECD cohort of 342 patients was first divided into CTG18.1 expansion-positive and expansion-

negative subgroups depending on the longest allele detected in each patient.   Based on findings of a 

previous study that investigated Caucasian FECD patients from the MEH population, an expanded allele 

was defined as one carrying a trinucleotide repeat sequence with  50 CTG repeats (Zarouchlioti, 

Sanchez-Pintado et al. 2018).  Patients with at least one allele in the CTG18.1 locus with a length that 

was equal to or greater than 50 repeats were categorised as expansion-positive, while those with both 

alleles found to have fewer than 50 repeats were categorised as expansion-negative.  Within this 

current study of the MEH FECD population, no patients were found to have repeat lengths between 37 

and 50.  Therefore, the more conservative threshold of 50 repeats was applied when defining 

expansion positive FECD.  Zarouchlioti et al had previously reported a highly significant association 

between ≥ 50 repeats on at least one allele and FECD (OR = 76.47; 95% CI: 47.45–123.2; p = 5.69 x 

10_71)(Zarouchlioti, Sanchez-Pintado et al. 2018).  More than three quarters of this study cohort (n= 

265, 77.4%; )was found to be expansion-positive (Figure 1). 

 

 

 

Figure 1: TCF4 CTG18.1 repeat expansion distribution.  The histogram displays the frequency 

distribution of CTG repeat length when considering the number of repeats in the  longer allele of the 

Moorfields Eye Hospital Fuchs Corneal Endothelial Dystrophy study subjects. Two hundred and sixty 

five (77.48%) of the patients in this study were found to be repeat expansion positive defined as 50 

CTG repeats. 
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2.4.1.1 Patient Demographics 
 

2.4.1.1.1  Ethnicity 

The FECD cohort was predominantly Caucasian, with 302 subjects (88.3%) self-identifying as white 

British or white other.  Collectively, the non-Caucasian cohort constituted 24.7% of the expansion 

negative cohort and only 7.9% of the expansion positive cohort (Table 3).  A statistically significant 

association was found between the ethnicity and expansion status (X2  = 31.57, p < 0.001).  Specifically, 

Black/Afro-Caribbean patients were more likely to be expansion negative than positive (75% vs. 25%) 

while White Caucasian patients were more likely to expansion positive (81% vs. 19%) (Table 3). The 

distribution of subjects of South Asian ethnicity showed a greater proportion were repeat expansion 

positive while an almost equal distribution of patients of Chinese ethnicity were found in both groups.  

The numbers of Chinese and Asian patients in this study were however too small to draw statistically 

significant conclusions regarding FECD in subjects of this ethnicities.  No statistically significant 

relationship was found between expansion status and other ethnic groups (Appendix B, Table 1). 

 

 

 Number Repeat Expansion 
Negative 

Repeat Expansion 
Positive 

Total FECD cohort 342 77/342     (22.5%) 265/342    (77.5%) 

Females 188/342    (55%) 53/188     (28.2%) 135/188    (71.8%) 

Males 154/342    (45%) 24/154     (15.6%) 130/154    (84.4%) 

Patient Ethnicity:  

Caucasian 302/342    (88.3%) 58/302      (19.2%) 244/302   (80.8%) 

Black/ Afro-Caribbean 16/342      (4.7%) 12/16       (75.0%) 4/16          (25.0%) 

South Asian 12/342      (3.5%) 6/12          (50.0%) 6/12          (50.0%) 

Other 8/342        (2.3%) 0/8                (0%) 8/8            (100%) 

Chinese 4/342        (1.2%) 1/4           (25.0%) 3/4            (75.0%) 

 

Table 3:  Ethnicity of FECD patients subdivided by repeat expansion status. The majority of patients 

within the MEH FECD Fuchs cohort were Caucasian (88.3%), 92.1% of whom were found to be repeat 

expansion positive.  The repeat expansion-negative cohort of was more ethnically diverse (24.7% non-

Caucasian) than the repeat expansion-positive cohort (7.9% non-Caucasian). 
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2.4.1.1.2  Gender 

 
The FECD cohort was noted to be predominantly female, as women accounted for 55.0% (188/342) of 

individuals in the study.  Males were more likely to be expansion positive than females (84.4% vs 71.8%) 

(Figure 2).   A statistically significant association was shown between the gender and expansion status 

:  X2 (1, N=342) = 7.71, p < 0.005 (Appendix B, Table 2).   

 

Figure 2:  Distribution of FECD patients based on gender and expansion status.  A higher percentage of 

male subjects were noted to be an expansion positive (84.4%) compared to female subjects who carried 

the mutation (71.8%).  

 

 

 

2.4.1.1.3  Ocular Comorbidities 
 
The most common ocular comorbidity apart from cataract noted in the FECD cohort was glaucoma 

(n=27, 7.9%).   Figure 3 shows the breakdown of ocular comorbidities according to expansion status. 

Overall, a greater incidence of concomitant ocular disease was noted in the expansion negative cohort 

(n=16, 20.7%) than the expansion positive cohort (n= 37, 13.9%), although the difference was not 

statistically significant (Appendix B, Table 3).  
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Figure 3:  Ocular Co-morbidities within the FECD cohort.  The percentage of patients effected by non-

cataract related ocular comorbidities is shown for both the expansion positive and expansion negative 

cohorts. A greater prevalence of comorbidity was noted within the expansion negative cohort 

compared to the expansion negative cohort but no statistically relationship was noted between disease 

status and ocular pathology.  

(AMD: age-related macular degeneration, FECD: Fuchs Endothelial Corneal Dystrophy ) 
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2.4.1.1.4  Family history 
 

Thirteen participants in the study (3.8%) reported a family history of FECD.  Eleven expansion positive 

patients self-reported a positive family history, of which 8 knew of at least one affected first degree 

relative, 2 reported 2 affected first degree relatives and 1 reported a maternal uncle with a known 

diagnosis of FECD (Table 4).   

 

 

Repeat 

Expansion 

Status 

Length of  

repeat 

expansion  

Ethnicity Gender Affected family member(s) effected 

Positive 97 Caucasian M Brother 

Positive 103 Other F Son 

Positive 92 Caucasian F Mother  

Positive 70 Caucasian F Sister   

Positive 81 Caucasian F Father 

Positive 112 Caucasian M Mother  

Positive 107 Caucasian  F Mother, Sister, Nephew (affected sister’s son) 

Positive 96 Caucasian M Sister   

Positive 95 Caucasian F Maternal aunt, maternal uncle 

Positive 86 Caucasian F Mother 

Positive 81 Caucasian M 2 Brothers 

Negative 15 Caucasian F Mother, Sister, Nephew 

Negative 29 Caucasian F Father  

 

Table 4: Table of family members reported to show symptoms of FECD within the MEH FECD study 

cohort.  Of the 13 participants who reported a family member diagnosed with FECD, 84.6% were repeat 

expansion positive.  In 72.7% of cases, the effected family member was a first degree relative. 

 

 

2.4.1.1.5 Age of Diagnosis 

The age-of-diagnosis was available for 233/342 study participants.  The average age at which FECD was 

diagnosed is 64.4 years; the range of diagnosis was between 23 years and 89 years of age.  Eight 

subjects (3.43%) were diagnosed before the age of 40 years and were considered an early-onset variant 
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of the disease in keeping with the IC3D classification (Weiss, Moller et al. 2015) . Only 2 of the 8 early-

onset patients were positive for the CTG18.1 expansion.  In the early-onset group, 2 patients (25%) also 

had keratoconus; one expansion positive and the other expansion negative. 

 

The age at which patients reported the onset of visual symptoms (i.e. blurring of vision that improved 

through the day or blurring of vision/glare that was not f related to other coexisting ocular pathology) 

was available for 243/342 patients.  The majority of FECD patients (75.6%) were diagnosed following 

the onset of symptoms, but in the remainder the diagnosis was made as an incidental finding prior to 

patients reporting visual disturbance related to guttata (glare) or corneal oedema (blurring of vision).   

 
 
 
 
2.4.1.2 Surrogate markers for disease severity 
 

To investigate the correlation between severity of corneal endothelial disease in FECD and the repeat 

expansion status of the patients, the following surrogate markers of disease severity were applied to 

the study participants: 

 

2.4.1.2.1 Age at the time of first corneal transplant surgery  

 

Corneal transplant surgery is offered to patients when endothelial disease has progressed to a level 

that significantly effects visual acuity and impacts activities of daily living.  Age of first corneal graft 

surgery was therefore applied as a surrogate marker of severity as it indicated a timepoint in the 

patient’s life when corneal disease had reached a threshold that warranted surgical intervention.   

 

a. Influence of CTG18.1 repeat expansion status on the age at first corneal transplant surgery  

Age of surgery data was available for 262 FECD patients: 198 expansion-positive and 64 expansion-

negative.  Analysis of the relationship between the dependent variable of age of first surgery and 

the independent, dichotomous categorical variable of expansion status by Mann-Whitney U 

analysis showed no statistically significant difference was between age of grafting and expansion 

status (U = 5900, p= 0.408).  A Wilcoxon Signed Rank test was also performed to challenge the 

hypothesis that there is not shared underlying similarity between the repeat expansion positive 

and expansion negative FECD cohort as assumed by the Mann Whitney U test.  The Wilcoxon W 

analysis also demonstrated an absence of a statistically significant relationship between age of 

surgery and expansion status (W= 7980, p=0.408)(Figure 4) (Appendix B, Table 4). 
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Figure 4: Bee swarm plot of age of first corneal transplantation within the MEH FECD cohort in 

accordance with expansion status.  Age of surgery data was available for 262 FECD patients: 198 

expansion-positive and 64 expansion-negative.  Analysis of the relationship between the dependent 

variable of age of first surgery and the categorical variable of expansion status showed no statistically 

significant difference was between age of grafting and expansion status (U = 5900, p= 0.408).   

 

 

b. Correlation between age at first corneal transplant surgery and CTG18.1 repeat length within the 

expansion-positive cohort 

To assess the correlation between disease severity and the length of the intronic repeat in 198 

subjects, Spearman's rho analysis was applied to measure the strength and direction of association 

between the two variables.  The results demonstrate a statistically significant, but weak negative 

correlation between expansion length and age of grafting, (r = - 0.251, n=198, p =0.001)(Figure 5).  

This informs us that the longer the length of the triplet repeat the expansion, the younger the age 

of first corneal transplantation.   
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Figure 5:  Correlation analysis of the relationship between age of first corneal transplant surgery and 

repeat expansion length in the Expansion Positive FECD cohort.   Spearman's rho analysis demonstrates 

a weak but statistically significant,  negative correlation between expansion length and age of grafting, 

(r = - 0.251, n=198, p =0.001).  Therefore, the longer the repeat length the younger the age of first 

corneal transplantation.   

 

c.  Comparison of age at first corneal transplant surgery (endothelial keratoplasty) within the repeat 

expansion-positive cohort stratified to exclude prior cataract surgery 

Cataract surgery can accelerate endothelial cell loss and it is a potential cause for corneal 

decompensation, particularly in patients with FECD (Seitzman, Gottsch et al. 2005).  To exclude the 

confounding variable of secondary endothelial cell damage at the time of cataract surgery, patients 

who underwent cataract surgery prior to corneal transplantation were excluded from the analysis 

of the expansion positive cohort.  In this stratified subgroup analysis of expansion positive FECD 

patients, there remains a weak negative correlation between expansion length and age of grafting, 

(r = - 0.254, n=112, p =0.007) (Appendix B, Table 5). 

 

Repeat Expansion Length of the longer allele within the ExpPos Cohort 
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2.4.1.2.2  Modified clinical grading score  
 

Modified clinical grading (MCG) scores were applied retrospectively to 255 subjects based on analysis 

of clinical data available at the time of the first corneal graft surgery. The MCG score is assessed as an 

ordinal variable (i.e. the disease severity is analysed as ordered categorical data rather than a 

continuous variable) applying a Mann-Whitney U test.  Adjusting for age of surgery, no statistically 

significant difference was noted between the disease severity graded by MGS between the repeat 

expansion positive  and repeat expansion negative cohort (U = 5229, p = 0.318) (Appendix A, Table 6). 

 

When analysing the repeat expansion positive cohort, ordinal regression was performed  on the 

dependent variable of MCG score against the repeat expansion length, while accounting for age of first 

corneal graft.  By doing so, it was possible to investigate the presence of a statistically significant 

relationship between repeat expansion length  and MCG while eliminating the effect of the age of first 

corneal transplant.  No statistically significant association between the MCG score and repeat 

expansion length was noted after accounting for age of first corneal transplant (p =0.148) (Appendix B, 

table 7).  

 

 

2.4.1.2.3 Central corneal thickness (CCT) at the time of first corneal graft surgery 

 

Central corneal thickness data at the time of listing for first corneal transplant surgery was available for 

172 patients.  Linear regression modelling was performed to adjust for age of surgery in order to assess 

for the correlation between repeat expansion status and Central Corneal Thickness . Analysis of 

variance (ANOVA). found no association between the expansion status and CCT after accounting for 

the age at first grafting (p=0.663) (Appendix B, Table 8).   Therefore, no statistically significant 

relationship was identified to denote a difference between the CCT at a given age at the time of surgery 

between the expansion positive and expansion negative cohorts.   
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2.5 Discussion 

 

Analysis of the phenotypic characteristics of the 342 FECD patients in this study has ascertained  clinical 

features that differentiate the repeat expansion positive (ExpPos) cohort from the expansion negative 

(ExpNeg) cohort.  In terms of demographic data, the MEH FECD cohort was found to be predominantly 

Caucasian (88.3%).  FECD patients of Caucasian origin were more likely to be expansion positive (92.1%) 

while the repeat expansion negative cohort was more ethnically diverse (24.7% non-Caucasian).  Chi 

Square analysis of the categorical variables of ethnicity and expansion status showed a statistically 

significant association between ethnicity and expansion status, as Caucasian probands are statically 

more likely to be expansion positive while Black/Afro-Caribbean patients are more likely to be 

expansion negative (Chi square 34.7, p<0.001). 

 

FECD was also noted to be more common in females (55%; 188/342), consistent with findings of 

previous publications (Krachmer, Purcell et al. 1978, Rosenblum, Stark et al. 1980, Wilson and Bourne 

1988).  Recent studies by Jurkunas et al have shown that, even in cases of differing underlying genetic 

mutations, female FECD patients display an increased endothelial cell susceptibility to oxidative stress 

(Miyajima, Melangath et al. 2020).   In vivo FECD models have shown that UVA light causes impaired 

oestrogen metabolism in female patients that could confer an additional risk of FECD in genetically 

susceptible individuals (Liu, Miyajima et al. 2020).  In this study we noted that male FECD patients were 

more likely to be expansion positive than female FECD patients.  Our finding that males in the MEH 

FECD cohort were statistically more likely the be repeat-expansion positive (Chi square = 7.71, p < 

0.005) was comparable to the results published by Vasanth et al who reported a similar male 

preponderance in their expansion positive group (Vasanth, Eghrari et al. 2015).   

 

Within the MEH FECD cohort, ocular co-morbidities were found in both the expansion-positive and 

expansion-negative groups; however, there were no statistically significant differences between the 

two groups.  Glaucoma was the most common concomitant ocular disease in this study, with a 

prevalence of 7.9%. Population based prevalence studies of glaucoma in Caucasian patients above the 

age of 70 years have published values from 2.2% to 8.5% (Klein, Klein et al. 1992, Leske, Connell et al. 

1994, Mitchell, Smith et al. 1996, Wensor, McCarty et al. 1998, Friedman, Jampel et al. 2006).  The wide 

range of reported prevalence makes it difficult to draw comparisons with the prevalence of glaucoma 

in the MEH FECD cohort. 
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Although glaucoma and FECD may share a common mechanism of cellular dysfunction in the form of 

oxidative stress (Borderie, Baudrimont et al. 2000, Jurkunas, Bitar et al. 2010, Kimura, Namekata et al. 

2017, Moazzeni, Mirrahimi et al. 2019), the exact relationship between the two conditions remains 

uncertain (Krachmer, Purcell et al. 1978, Ali, Whitson et al. 2011, Nagarsheth, Singh et al. 2012, Rice, 

Wright et al. 2014).  A post hoc analysis of the FECD Genetics Multi-Centre Study cohort by Nagarshet 

et al is the largest study to report a higher prevalence of glaucoma or ocular hypertension in patients 

with severe FECD versus controls (control subjects were matched according to age, gender, and 

ethnicity to FECD cases) (Nagarsheth, Singh et al. 2012).   Although the overall incidence of glaucoma 

was 6.6% in FECD patients versus 6.0% in controls, further analysis by the Nagarseth group showed 

that, after adjusting for age, in more severe FECD cases (defined as Krachmer grade 4 through 6) the 

prevalence rose to 11.2% for index cases and 8.5% for affected family members.  The grading system 

applied retrospectively to the MEH FECD does not allow direct comparison to the findings of the 

Nagerseth study in regards to the relationship between FECD severity and prevalence of glaucoma. The 

grading system utilized in our study indicates that 82.6% of glaucoma patients within the MEH cohort 

showed signs of corneal oedema at the time of enrollment, which could tentatively be classified as 

severe by the traditional Krachmer score (although number and confluence of guttata are not known).  

As 82.2% of the total MEH FECD cohort met these criteria of severity, no statistically significant 

relationship could be demonstrated between FECD grade and glaucoma in this study (X2 = 0.196, 

p=0.406).  

 

Although reports of a higher prevalence of glaucoma in both FECD patients and affected family 

members, would support a proposed genetic link between the two conditions (Krachmer, Purcell et al. 

1978, Nagarsheth, Singh et al. 2012), a mechanical cause may underlie the relationship between the 

two diseases.  Studies by Brunette et al (Brunette, Sherknies et al. 2011) and Shousha et al (Shousha, 

Perez et al. 2010) have shown that corneal oedema leads to progressive bowing of the posterior corneal 

curvature into the anterior chamber angle of patients with FECD.  Both studies reported that as the 

oedema increases and spreads peripherally, the posterior surface of the cornea comes into closer 

contact with the anterior chamber angle, thus narrowing the drainage passage of aqueous leading to 

elevated intraocular pressure in severe FECD.  

 

Keratoconus was another corneal disease noted as a dual pathology within this FECD cohort. Due to 

the small numbers of patients studied (n=3), no statistically significant association could be found 

between this corneal ectasia and FECD expansion status.  However, it was interesting to note that the 

incidence of keratoconus within the MEH FECD cohort (0.9%) was higher than had been previously 
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published in the majority of reported populations, with the exception of the Maori (2.25%) and Western 

Australian population(1.2%)(Papali'i-Curtin, Cox et al. 2019, Chan, Chong et al. 2021) (Table 5) 

(Kennedy, Bourne et al. 1986, Pearson, Soneji et al. 2000). This finding is in keeping with reports of an 

association between the two conditions (Lipman, Rubenstein et al. 1990, Jurkunas and Azar 2006, 

Cremona, Ghosheh et al. 2009). To further investigate the association between keratoconus and FECD, 

I have carried out a separate study to investigate this dual pathology (Chapter 4).  

 

Publication Population [Diagnostic Criteria] Prevalence 
Kennedy et al. 1986 
(Kennedy, Bourne 
et al. 1986) 

Population based epidemiolocal study of Olmsted County, Minnesota 
[Scissors movement on retinoscopy and keratometry] 

 
0.05% 

 
Ihalainen et al. 
1986 (Ihalainen 
1986) 

Clinical and epidemiological features of keratoconus (KC) were 
studied in a series comprising all the 212 KC patients treated at Oulu 
University Central Hospital from 1964 to 1984   
[Diagnostic criteria not specified] 
 

 
 

0.03% 

Pearson et al. 2000 
(Pearson, Soneji et 
al. 2000) 

10-year retrospective review of hospital records of an ophthalmology 
department in the United Kingdom with a catchment population of 
approximately 900 000 (87% white, 11% Asian, 2% other) 
[Diagnostic criteria not specified] 
 

Asian: 0.23% 
White: 0.06% 

Godefrooijiet al. 
2017 (Godefrooij, 
de Wit et al. 2017) 

Data was extracted from the largest health insurance provider in the 
Netherlands [Diagnostic criteria not specified] 

0.27% 

Bak-Nielsen et al. 
2019 (Bak-Nielsen, 
Ramlau-Hansen et 
al. 2019) 

All patients diagnosed with keratoconus in the National Danish 
Patient Register 1977-2015  
[Diagnostic criteria not specified] 
 

 
0.04 % 

 

Papali'i-Curtin et al. 
2019 
(Papali'i-Curtin, Cox 
et al. 2019) 

Population- based prospective cross-sectional study 1916 students 
with a mean age of 14.6 years from 20 schools in Wellington New 
Zealand 
[Videokeratography measurement of algorithm based 
(Belin/Ambrόsio) enhanced ectasia display score of 1.88 or more] 

0.52% overall 
 

2.25% Maori 
participants. 

Chan et al. 2021 
(Chan, Chong et al. 
2021) 

1259 20 year old participants in a multigenerational, longitudinal 
cohort study based in Perth, Western Australia 
[Videokeratography measurement of algorithm based 
(Belin/Ambrόsio) enhanced ectasia display score of 2.6 or more] 

 
1.2% 

 

Table 5:  Summary of publications investigating the prevalence of Keratoconus in predominantly Caucasian 

populations.  Both large scale epidemiological studies of national databases (Godefrooij, de Wit et al. 2017, Bak-

Nielsen, Ramlau-Hansen et al. 2019) and hospital based studies of patient populations (Ihalainen 1986, Kennedy, 

Bourne et al. 1986, Pearson, Soneji et al. 2000) have shown a high degree of variation in the prevalence of 

keratoconus in the population (0.03% to 0.27%).  Pearson et al and Papali'i-Curtin et al were able to show that 

ethnicity played an important role in the prevalence of this condition which was noted to be almost 4 times higher 

in Asian and Maori subjects compared to the Caucasian cohort of the study.  The prevalence of 0.9% within the 

predominantly Caucasian MEH FECD cohort is therefore noted to be  higher than previously reported in all but 

that of the Australian population (1.2%). 
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Although studies have reported that FECD is an inherited disease, displaying both complete and 

incomplete patterns of segregation, only 3.8% of participants in this cohort reported a family history 

(Magovern, Beauchamp et al. 1979, Sundin, Jun et al. 2006, Mootha, Gong et al. 2014, Saade, Xing et 

al. 2018).  Of those who reported a positive family history, 84.6 % (n=11/13) were white and found to 

harbour the repeat expansion.  This finding likely represents an ascertainment bias as 92.1% (265/342) 

of patients within the study were expansion-positive and Caucasian.   To ensure that this data was not 

skewed by  poor documentation in clinical notes, study participants were contacted directly to clarify if 

any relatives were known to have FECD or history of previous corneal transplant surgery.   Within our 

FECD study population, the average age at which the condition was diagnosed was 64.4 years.  It is 

therefore possible that patients of this age may not have known if their parents had also been 

diagnosed with FECD.  As the treatment offered for corneal decompensation 20 years ago was 

penetrating keratoplasty, the threshold for intervention would have been higher and may explain to a 

degree why patients did not report older family members having undergone corneal transplantation.  

The low reporting of affected siblings however is an anomaly in this study and must be considered a 

limitation in regards to accuracy of retrospective data analysis and history taking.  As reported by Elhalis 

et al, the indolent course of the disease  in addition to the late onset of the dystrophy, results in failures 

both in recognizing the condition as well as  in establishing full pedigrees of patients with FECD (Elhalis, 

Azizi et al. 2010).  

 

In regards to the age of clinical presentation, 96.6% of this study cohort consisted of late-onset FECD 

(average age of diagnosis 64.4 years; range of 23- 89 years).  The threshold age of 40 years was used as 

a cut-off to define early and late-onset disease (Weiss, Moller et al. 2008).  Only 8 patients were 

diagnosed before the age of 40 years, the youngest at 23 years of age.  Of the 8 early onset patients 

only 2 (25%) were repeat expansion-positive.  One of the early onset patients was diagnosed with 

keratoconus first and FECD was an incidental finding based on the presence of central guttata.  This 

patient remained asymptomatic in terms of diurnal variation with no signs of corneal oedema.  Further 

analysis of the age at which patients reported visual symptoms rather than the age of diagnosis, showed 

that in 24.4% of patients the diagnosis was made as an incidental clinical finding before the onset of 

visual symptoms (glare, diurnal variation).   

 

To assess the correlation between expansion status and disease progression, age of first corneal 

transplant, Modified Clinical Score (MCS) staging and central corneal thickness were used as surrogate 

markers of disease severity. There was no statistically significant difference in all three measures of 

severity when the FECD population was divided in a binary manner into expansion-positive and 
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expansion-negative cohorts.  Studies by Soh et al, Vasanth et al and Eghrari et al have all reported 

increased disease severity in expansion-positive FECD patients harbouring the CTG18.1 mutation 

compared to those who were expansion negative.   The absence of a difference in disease severity 

based on expansion status within the MEH FECD cohort compared to published data could be attributed 

to the following factors: 

 

A. Bias in severity introduced by recruitment methodology 

FECD patients within the MEH study were recruited at the time of listing for surgery or on the day 

of surgery.  Only one of the 342 patients in this study had not undergone corneal transplantation.  

This is significantly higher than the Eghrari et al study in which only 18.5% of the cohort required 

transplantation.  Additionally, as a tertiary referral centre it is possible that the MEH cohort of 

patients is biased towards a more severe disease phenotype, with patients being followed up at 

their local eye units and referred to MEH when surgery is indicated. 

 

B. Discrepancy in grading of FECD severity 

Studies by Vasanth et al and Soliman et al categorised post keratoplasty eyes as Krachmer Grade 6 

in accordance with the original grading system that was developed in the era of penetrating 

keratoplasty (Krachmer, Purcell et al. 1978). However, application of Krachmer Grade 6 to patients 

who have undergone endothelial keratoplasty overestimates the level of disease severity. The 

introduction of endothelial keratoplasty as a surgical technique allows surgeons to intervene much 

earlier in the course of the disease and patients benefit from faster post-operative recovery (Anshu, 

Price et al. 2012).  The threshold at which the risks of surgery (infection, suture loosening, graft 

rejection) are outweighed by the benefits  is therefore much lower, leading to earlier intervention 

in FECD.    On the basis of the MCS system applied in this study, 82.2% of FECD patients underwent 

corneal transplantation at Grade 2 and  3. 

 

C. Error in defining the ExpNeg cohort as a single disease entity 

In dividing the study cohort by the presence or absence of the CTG18.1 trinucleotide repeat 

expansion, an assumption is made that the expansion negative cohort consists of patients with a 

single underlying disease.  However, the repeat expansion negative cohort remains an as yet 

undefined genetically heterogenous population (Wieben, Aleff et al. 2018). The following chapter 

will aim to investigate the repeat expansion negative FECD cohort in greater detail to address this 

area of uncertainty. 
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Interestingly, when analysis the of the ExpPos FECD cohort separately, it was confirmed that a negative 

correlation exists between the length of the CTG18.1 repeat expansion and age of corneal 

transplantation. Longer CTG18.1 expansion length was therefore associated with patients having to 

undergo corneal transplant surgery at a younger age.  To date,  Soliman et al are the only study that 

have analysed the impact of repeat expansion length on FECD severity.  By adopting keratoplasty as a 

marker of  severity in FECD, the study demonstrated a correlation between increased CTG18.1 repeat 

length and earlier age of surgery (Soliman, Xing et al. 2015).   However, certain caveats must be applied 

in analysing the results of their study.  It was not stated if patients who had undergone cataract 

extraction and intraocular lens implantation prior to corneal decompensation were excluded from the 

analysis.  In this study and that of  Soh et al, it is recognised that cataract surgery accelerates endothelial 

cell loss in FECD and therefore the data was stratified to exclude patients who had lens surgery prior to 

keratoplasty (Seitzman, Gottsch et al. 2005, Soh, Peh Swee Lim et al. 2019).  In the MEH repeat 

expansion positive cohort, the statistically significant correlation between longer repeat length and 

younger age of first corneal surgery was found to be consistent in the stratified cohort of expansion 

positive FECD.   
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Reported Correlation  
with Repeat 

Expansion Status 

Number of 
subjects 
(p value) 

Clinical Significance 

Ethnicity 342 
(p = 0.001) 

▪ Black/Afro-Caribbean patients were more likely to be 
expansion negative  

▪ White patients were more likely to be expansion 
positive 

Gender 342 
(p = 0.005) 

▪ Male FECD patients are more likely to be repeat 
expansion positive female patients 

Age of first corneal 
transplantation in 
expansion positive 
subjects 

198 
(p=0.002) 

▪ The longer the length of the triplet repeat the 
expansion, the younger the age of first corneal 
transplantation 

 
Age of first corneal 
transplantation in 
expansion positive 
subjects stratified to 
exclude post cataract 
surgery patients 

112 
(p=0.007) 

▪ When the cohort of repeat expansion positive 
patients was stratified to exclude the confounding risk 
of cataract surgery in accelerating corneal 
decompensation, longer repeat expansion length was 
still noted to correlate with younger age of corneal 
graft surgery 

 
Table 6:  Summary of FECD  disease characteristics that were shown to correlate significantly with 

repeat expansion status or length. This study found that white male FECD patients were the most likely 

to harbour the repeat expansion.  In repeat expansion positive patients, it was note that the longer the 

repeat expansion the younger the age of corneal transplant surgery, indicating more rapid disease 

progression with longer repeat length.  This association remained statistically significant when the FECD 

cohort was stratified to exclude patients who had undergone cataract surgery prior, a known 

exacerbating cause of corneal decompensation. 
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2.6 Limitations of this study 

 

One of the main challenges of assessing disease progression in FECD is defining an objective and 

repeatable measure of disease severity.  In this study, visual acuity data could not be used as an 

independent measure of visual function as cataracts are a common cause of visual impairment in 

patients over the age of 60 years.  It was therefore difficult to ascertain if a drop in visual acuity was 

due to opacification of the lens secondary to cataract formation or as result of the loss of corneal clarity 

secondary to progressive corneal oedema in FECD. 

 

Central corneal thickness (CCT) data is another parameter by which to measure corneal endothelial 

function, as the thickness increases as the cornea decompensates (Mandell, Polse et al. 1989, Kopplin, 

Przepyszny et al. 2012).  However, the reliability of this measure is compromised by the natural history 

of the disease which exhibits diurnal fluctuation in corneal oedema (Fritz, Grewing et al. 2019).  Central 

corneal thickness is at its peak in the early part of the day and decreases in thickness as the day 

progresses.  Due to the normal variation in central corneal thickness within the population, there exists 

an added difficulty in assessing disease progression based on CCT in patients unless a baseline value of 

corneal thickness is available (Brandt, Beiser et al. 2001). 

 

Another potential measure of FECD progression is through quantifying of endothelial cells at the central 

cornea.   Accurate and reproducible measurements are however difficult as the presence of oedema 

as well as guttate can cause poor image quality and difficulty in visualising endothelial cells.  Automated 

specular microscopy analysis of endothelial cells is commonly utilised in clinical settings as a time 

efficient manner of obtaining cell count measures.  However, automated analysis is known to 

significantly overestimates endothelial cell density in the presence of high polymegathism and larger 

cell size in FECD (Huang, Maram et al. 2018). It has also been shown that inter-examiner variability can 

differ by -17% to +14% cell/mm2 depending on the instrument, introducing further difficulty in the 

interpretation of endothelial cell count as a measure of FECD progression (Cheung and Cho 2000, 

Nichols, Kosunick et al. 2003)  

 

In this study, the retrospective application of the MCS score allowed subjective grading of disease 

severity at the time of corneal transplantation.  However, this method of measuring disease severity 

created very broad parameters for each stage of the disease. The inability to define clear stages of FECD 

progression compromised the accurate staging clinical disease progression. 
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The retrospective nature of this study further highlighted the real-life clinical limitations of data 

collection and documentation in a busy NHS service.  Clinical measures of corneal thickness and 

endothelial cell count are valuable in circumstances of clinical uncertainty to aid diagnosis.  However, 

in cases of clear clinical signs on slitlamp examination, these ancillary tests were often not performed 

as these measures do not influence the decision to proceed with surgery.  Instead, the effect of the 

disease on the quality of life and the patient’s subjective symptoms in regards to limitations on activities 

of daily living influenced the clinical decision for surgical intervention.  For this reason, corneal 

transplantation was taken an alternative  surrogate marker for assessing disease severity in this study. 

 

As we continue to investigate the genotype -phenotype correlation in repeat expansion mediated FECD, 

it is important that we draw on the lessons learned from similar studies in the field of neuropathology.  

Huntington’s disease (HD) was the earliest expansion mediated disease in which a correlation was 

demonstrated between longer repeat length, earlier age of onset and death as well as higher grade of 

neuropathological staging (Vonsattel 2008). The Vonsattel grading system is widely used as a research 

tool for staging HD by measuring distinct topographic image changes within the brain as a marker of 

disease severity (Myers, Vonsattel et al. 1988).  However, subsequent studies have shown that the 

application of this topographic staging criteria did not correlate to the actual clinical severity of disease, 

when assessing both cognitive and functional scores of HD patients just prior to death (Myers, Vonsattel 

et al. 1988, Rosenblatt, Abbott et al. 2003, Pillai, Hansen et al. 2012).  It has therefore called into 

question the findings of studies that reported a clear relationship between repeat expansion length and 

disease severity based on this commonly applied grading system.  
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2.7 Conclusion 

 

 It is vital that we continue to investigate parameters by which to define the phenotypic characteristics  

of our FECD patient population.  Studies such as this highlight the real life challenges of deep clinical 

phenotyping and help to guide the development of appropriate criteria by which to  measures disease 

progression. By clearly defining genotype-phenotype correlations and understanding the natural 

history of the disease, we can begin to identify optimal treatment windows for new and emerging gene 

based FECD therapeutics. It is hoped that early intervention in patients identified to harbour the 

mutation could delivered prior to the onset of characteristic disease features such as corneal guttae, 

loss of CECs and subsequent stromal oedema. 

The findings of this study support the theory that CTG18.1 repeat expansion length does influence 

disease progression.  This finding is in keeping with the proposed hypothesis that longer CTG18.1 repeat 

expansion cause increased accumulation of toxic RNA aggregates within the cell and greater somatic 

instability with increased repeat length.  The resulting accelerated dysfunction of corneal endothelial 

cells could explain the earlier corneal decompensation reported in patients harbouring longer repeat 

expansions. It would therefore be advisable that therapies aimed at halting disease progression should 

be prioritised for patients with longer repeat length and administration at a younger age should be 

considered.  Repeat length could also further guide our decision making in planning surgical 

intervention for patients with longer repeat length.  If endothelial compromise is greater in those with 

longer repeat length, it is possible that endothelial cell loss following lens extraction surgery may be 

greater in those effected individuals.  Further prospective studies will need to be carried out to improve 

our understanding of this disease phenotype and the relationship to the underlying genetic change. 
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3.1 Introduction 

 

The study of molecular pathology can be divided into two phases:  Firstly, seeking to understand the 

effect of a genetic sequence change on the gene function and secondly to understand the effect of the 

genetic change on a person’s phenotype (Strachan and Read 2019).  The identification of the CTG18.1 

intronic repeat expansion mutation as the predominant genetic cause of FECD has led to the 

recognition of interesting genotype-phenotype correlations, discussed in chapter one.  It has also 

highlighted the differences between FECD patients who are positive for the intron repeat sequences 

and those who do not harbour the mutation.  Nearly a quarter of patients diagnosed clinically as having 

FECD, may experience similar corneal dystrophy symptoms, but at a molecular level the underlying 

cause of their disease is different (Wieben, Aleff et al. 2014, Zarouchlioti, Sanchez-Pintado et al. 2018). 

 

As we enter an era of personalised medical care that allows us to offer patients not only improved 

treatments, but clearer guidance in terms of prognosis based on their genetic code, it is imperative that 

we continue to investigate the underlying mutations and genotype-phenotype correlations of the 

almost one in four FECD patients in whom we are yet to understand the molecular basis of their disease.  

This chapter aims to understand the genotype-phenotype correlation of the  FECD patients within the 

MEH FECD cohort who were found to be CTG18.1 repeat expansion-negative (ExpNeg). 

 

 

 

 

  



 86 

3.2 Methods 

 

From the overall cohort of CTG18.1 ExpNeg-patients, 78 patients were selected for whole exome 

sequencing on the basis of research funding availability.  In addition to the original FECD cohort, a 

patient initially diagnosed as having another form of corneal endothelial cell dystrophy (Posterior 

polymorphous corneal dystrophy) was also included for whole exome sequencing in view of ambiguity 

in the diagnosis. 

 

3.2.1 Whole Exome Sequencing (WES) 

WES analysis was outsourced to Novogene where sequencing libraries were generated by SureSelect 

Human All Exome V6 kit (Agilent, USA).  This exome design targets only coding regions from RefSeq, 

CCDS, GENCODE &UCSC Known Genes on which variant functional annotations were based.  Libraries 

were sequenced on HiSeq4000 sequencer (Illumina). Raw sequencing data was returned in FATSQ 

format which provided both the nucleotide sequence as well as a corresponding quality score of the 

data. 

 

▪ 3.2.1.1 Alignment of read data and variant calling 

Alignment of reads and variant calling was performed by Dr Nikolas Pontikos, resident 

bioinformatician at UCL.  `the process of variant calling involves the identification of single 

nucleotide polymorphisms (SNPs) and small insertions and deletion (indels) from next generation 

sequencing data. 

▪ 3.2.1.2 Variant Filtering of WES data 

Variants were first filtered for those present in genes already known to be associated with FECD 

and for those reported to be associated with FECD in a recent GWAS by Afshari et al. (Table 

1)(Afshari, Igo et al. 2017).  The rare variants were filtered for a frequency of  0.01 in the 1000 

Genome project, ESp and UCLex datasets. 

 

3.2.2 Pathogenicity Prediction Tools 

▪ 3.2.2.1 In silico prediction tools were utilised to  enable mutational effect analysis: 

a. Polymorphism Phenotyping V2 (PolyPhen2)  

Polyphen2 (http://genetics.bwh.harvard.edu/pph2/) was utilised to predict the possible impact 

of amino acid substitution on the structure and function  of a human protein. The program 

assigned a score from 0.0 to 1.0, with 0 representing a benign or tolerated change and 1 being 

deleterious to the protein based on physical and comparative considerations. 
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b.  Sorting Intolerant from Tolerant (SIFT) Prediction 

The SIFT algorithm (https://sift.bii.a-star.edu.sg) was applied to predict the effect of an amino 

acid substitution on the function of the polypeptide structure formed.  The prediction is based 

on the degree of conservation of amino acid residues in sequence alignments derived from 

closely related sequences. The algorithm produces a score ranging from 0 to 1, with 0 

representing a deleterious effect while 1 is well tolerated.  

c. Splice Predictor Tools 

SpliceAid2 (http://193.206.120.249/splicing_tissue.html) was utilised to predict the effect on a 

variant on splicing if it was predicted to occur in a position involved in mRNA splicing (Piva, 

Giulietti et al. 2012).  Human Splice Site Finder version 3.1 (http://www.umd.be/HSF3/) was 

also applied to predict the effect of variants on splicing motifs (Desmet, Hamroun et al. 2009). 

 

▪ 3.2.2.2 Variant Effect Predictor analysis was also performed through the Ensembl genome 

browser (https://www.ensembl.org/index.html).  Ensembl provided the following information: 

− Genes and transcripts affected by the variants 

− The location of the variants : upstream of a transcript, in coding sequence, in non-coding RNA 

or in regulatory regions 

− Consequence of your variants on the protein sequence: stop gained, missense, stop lost or 

frameshift 

− Identifies known variants  and associated minor allele frequencies (MAF) from the 1000 

Genomes Project 

− Reconfirms SIFT and PolyPhen-2 scores  

 

▪ 3.2.2.3 Online Mendelian Inheritance in Men (OMIM) 

OMIM (https://www.omom.org/) was used to identify existing genotype-phenotype correlations 

between genetic disorders and their clinical traits 

 

▪ 3.2.2.4 BioEdit Alignment Editor 

ClustalW on the BioEdit sequence alignment editor (version 7.1.30) was used to align multiple 

protein sequences to identify gene sequences that were similar across species, thus indicating a 

level of amino acid conservation  
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3.2.3 Filtering strategy applied in investigating the CTG18.1 Expansion Negative Cohort 

Whole exome analysis was carried out on the selected cohort of 77 CTG18.1 ExpNeg FECD probands 

and 1 additional candidate in whom the diagnosis of endothelial dystrophy was uncertain due to the 

unusual phenotype. WES analysis and sequencing was outsourced to Novogene, a commercial 

sequencing provider.   

 

Raw sequence analysis was aligned and annotated courtesy of Dr Nicolas Pontikos (UCL resident 

bioinformatician).  Variant filtration was then performed by Miss Amanda Sadan (PhD student) to 

exclude those with MAF >0.01 in the control dataset.  The control datasets utilised in this process were 

the 1000 Genome project, ESP and UCLex. Variants were then filtered into 2 phases: 

▪ Genes previously associated with FECD  

▪ Genes found to have a significant association with FECD by a recent GWAS (Afshari, Igo 

et al. 2017) 

 

Variants were then prioritised on the basis of functional impact, pathogenicity and frequency in the 

control data sets. Following filtration, the identified variants were validated by Sanger sequencing of 

amplified regions containing the variant. A schematic representation of the filtering strategy is shown 

below in Figure 1 along with the genes that were investigated detailed in Table 1. 
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Associated 

Gene or loci 
Protein OMIM Most 

significantly 
associated 

SNP 

Reference 

Gene harbouring presumed Causative variant(s)  
TCF4 Transcription factor 4 613267 rs613872 

rs784257 
Baratz et al. 2010 
Wieben et al. 2012 
Afshari et al. 2017 

COL8A2 Collagen Type VIII Alpha 2 
Chain 

136800 NA Biswas et al. 2001 

COL8A1 Collagen Type VIII Alpha 1 
Chain 

120251 NA Hopfer et al. 2005 

SLC4A11 Solute carrier family 4 (sodium 
borate cotransporter), member 
11 

613268 NA Vithana et al. 2008 

ZEB1 Zinc finger E box-binding 
homeobox 1 

613270 NA Mehta et al. 2008 

AGBL1 ATP/GTP-binding protein-like 1 615523 NA Riazuddin et al. 2013 
LOXHD1 Lipoxygenase homology 

domain-containing 1 
NA NA Riazuddin et al. 2012 

Associated loci identified via Genome Wide Association Study 
KANK4 KN motif- and ankyrin repeat 

domain- containing protein 4 
NA rs79742895 Afshari et al. 2017 

LAMC1 Laminin, gamma-1 NA rs3768617 Afshari et al. 2017 
LINC00970/ 

ATP1B1 
ATPase, Na+/K+ transporting, 
beta-1 polypeptide 

NA rs1200114 Afshari et al. 2017 

OMIM: online inheritance in man; GWAS: genome wide association study; SNP: single nucleotide 
polymorphism 
 
Table 1 :  Summary of genes and loci associated with Fuchs endothelial corneal dystrophy (FECD) 

[Adapted from Fautsch et al. 2021(Fautsch, Wieben et al. 2021)].  Genes previously associated with  

differing phenotypes of FECD were applied in a filtering strategy  to identify potential candidate genes 

in the TCF4 repeat expansion-negative cohort. 
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Figure 1:  Whole exome sequencing (WES) filtering strategy employed by this study to identify potential 

FECD-associated variants and enable genotype-phenotype correlation analysis.  The flow chart 

illustrates the process by which variants identified via WES were stratified to identify those already 

known to be associated with FECD as well as those known to have a highly significant association with 

FECD.  The functional impact, pathogenicity and frequency of the identified variants was analysed and 

those that were noted to be more likely to be disease causing were prioritised for phenotype analysis. 

 

 

The filtering strategy successfully identified 15 rare variants (MAF 0.01) in 14 CTG18.1 ExpNeg FECD 

subjects.  Figure 2 shows the breakdown of the cohort in which variants of interest were identified 

within FECD-associated genes.  

 
 

77 CTG18.1 ExpNegFECD Probands & 1 
Proband of uncertain Endothelial 

dystrophy 

Identification of sequence changes with 
Minor Allele Frequency < 0.01    

Previously associated FECD Genes Newly Identified Genes by GWAS with 
high significance to FECD 

Assessment of impact, pathogenicity and frequency 
in bioinformatic databases and in silico analysis 

Assessment of clinical features of probands and segregation analysis to 
identify Phenotypic characteristics of TCF4-negative FECD 
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Figure 2: Pie chart depicting the percentage of the FECD repeat-expansion negative subjects 

investigated by Whole Exome Sequencing that were found to harbour rare variants in genes associated 

with FECD as well as genes reported in a genome wide association study (GWAS)  as promising 

candidate genes.  The filtering strategy successfully identified 15 rare variants (MAF 0.01) in 14 repeat 

expansion-negative subjects. The underlying genetic cause of disease in eighty percent of the subjects 

studied remains unresolved. 

 
 
3.2.4 Patient Recruitment 
 
For patients in whom rare variants were detected, family members were contacted to enable 

phenotyping and further segregation analysis.  The study followed the tenets of the Declaration of 

Helsinki and was approved by Moorfields Eye Hospital Research Ethics Committee (09/H0724/25).  

 
 
3.2.5 Phenotyping 
 
3.2.5.1 Clinical Data Collection 

Retrospective review of clinical notes from subjects was supplemented wherever possible with 

prospective assessment to obtain: Snellen best-corrected visual acuity (BCVA), slit-lamp biomicroscopy 

assessment of the corneal changes and clinical history of disease symptoms as well as past ocular 
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history.  The same prospective assessment of subjects’ family members was also sought in all cases of 

identified variants.   

 

 
3.2.5.2 Imaging and structural assessment 

Slit lamp camera images were obtained  along with corneal topography (Pentacam, Oculus Optikgeräte 

GmbH, Wetzlar, Germany) and in-vivo confocal microscopy (IVCM, Heidelberg). Expert interpretation 

of the confocal images was provided by Mr Scott Hau (Lead corneal imaging specialist, Moorfield Eye 

Hospital). 

 
3.2.5.3 Pathology 

When available, sections of corneal tissue removed at the time of endothelial keratoplasty were stained 

with haematoxylin and eosin prior to light microscopy evaluation by Consultant Ophthalmic Pathologist, 

Dr Caroline Thaung.  Histological features attributed to FECD include thickened and laminated 

Descemet’s membrane, excrescences from DM posteriorly in keeping with guttate, corneal stromal 

oedema resulting in loss of normal stromal architecture, epithelial bullae and blebs as well as reduced 

endothelial cells. 
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3.3.1.1 COL8A2 

 

3.3.1.1.1 Background 

 

COL8A2 encodes a non-fibrillar short chain collagen that forms a major component of Descemet’s 

membrane. Collagen Type VIII is made up of 2 similar α chains:  the alpha 1 chain and the alpha 2 chain.   

In 2001, Biswas et al performed a genome wide search on three generations of a  family that exhibited 

clinical features of early onset FECD.  Linkage analysis highlighted the transmission of a critical 6-7cM 

region on the short arm of chromosome 1 (1p34.3-p32).  It was recognised that the COL8A2 gene 

localised to this area  and was an ideal candidate gene for further investigation.  A heterozygous 

missense mutation c.1364C>A, leading to the substitution of lysine for glutamine p.Q455K was 

identified in COL8A2.  The mutation was found to co-segregate with the disease phenotype in 12 

affected family members (Biswas, Munier et al. 2001).  Probands in this family, in addition to two other 

pedigrees harbouring the identical mutation, all developed clinical features of FECD at an early age.   

 

Intriguingly, Biswas et al also identified the same mutation in 2 affected individuals from an additional 

family who had undergone penetrating keratoplasty for a presumed diagnosis of Posterior 

Polymorphous Corneal Dystrophy (PPCD2; OMIM 609140).  On this basis the authors concluded that 

the same missense variant could cause both early-onset FECD and PPCD.  PPCD is a rare corneal 

endothelial dystrophy that normally exhibits an autosomal dominant inheritance pattern.  The severity 

and phenotype of this particular endothelial dystrophy is highly variable and can present as early as the 

first decade of life.  The underlying pathophysiological process in PPCD is the transition of corneal 

endothelial cells to an epithelial-like cell state, due to dysregulation epithelial to mesenchymal (EMT) 

governing transcription factors) (Liskova, Dudakova et al. 2018).  These abnormal endothelial cells 

abnormally proliferate and multi-layer. Consequently, they are not able to deturgesce the cornea thus 

resulting in corneal oedema in more severe cases.  Clinically the condition presents as an irregular 

posterior corneal surface and occasional opacities of variable size and shape clinically described as 

bands or geographic or vesicular lesions.   

 

Two further  robustly verified disease-associated COL8A2 mutations have since been reported to co-

segregate with autosomal dominant endothelial disease; c.1349T>G, p.(L450W) (Gottsch, Sundin et al. 

2005, Liskova, Prescott et al. 2007, Eghrari, Riazuddin et al. 2016) and c.1370-1371CA>GT, p.(Q455V) 

(Mok, Kim et al. 2009).  The p.Q450V, was identified by Gottsch et al. (Gottsch, Sundin et al. 2005) in 

21 cases of FECD and one patient with PPCD.  In the FECD cohort, the disease presented with an early-



 96 

onset and exhibited a unique phenotype.  In contrast to late-onset FECD, patients with this mutation 

exhibited a fine, patchy distribution of guttata. On confocal specular microscopy, the guttata were 

mildly elevated and occurred within the endothelial cell body, as opposed to the more typical 

appearance of guttata at the endothelial cell junction.  Descemet’s membrane in these subjects did not 

demonstrate posterior excrescences characteristic of FECD, but showed ’buried’ guttata that were 

covered by excess amorphous material. A peripheral distribution of oedema was also reported with 

anterior microcystic corneal changes.  This distinct clinical phenotype was subsequently reported to be 

predictive of the p.Q450V mutation in a patient with no known family history of FECD (Eghrari, 

Riazuddin et al. 2016).   Penetrating keratoplasty histology specimens demonstrated that DM from 

these patients was thicker than both control tissue and late-onset FECD.  Descemet’s membrane from 

these cases did not demonstrate posterior excrescences characteristic of FECD.  It was hypothesized 

that guttata visualized on slit lamp examination of these patients occurred as a result of distortion of 

light passing through thickened DM (Gottsch, Zhang et al. 2005).  Liskova et al. also reported a similar 

phenotype of atypical guttata central to the endothelial cell and the absence of DM excrescences on 

histology in a British family with the p.Q450W mutation (Liskova, Prescott et al. 2007).  Of interest, one 

10 year old patient with the p.Q450W mutation was noted on confocal microscopy by Gottsch et al. to 

exhibit an atypical phenotype which showed mulberry like focal excrescences across multiple corneal 

endothelial cells, a phenotype more characteristic of PPCD (Babu and Murthy 2007).   

  

In 2009, Mok et al. observed the p.Q455V in the Korean FECD population and reported early-onset 

FECD patients identified to have the glutamine substitution of valine were observed to have a fine 

distribution of guttate in contrast to the late onset FECD (Mok, Kim et al. 2009).   

 

In this section, I describe two patients with early-onset FECD who are positive for the p.Q455K mutation 

in COL8A2.  I aim to describe the clinical phenotype of this mutation and to differentiate the features 

of this disease from late-onset FECD and PPCD.   

  



 97 

3.3.1.1.2 Genotyping of COL8A2  
 

Analysis of the genes already known to be associated with FECD in the CTG18.1 ExpNeg cohort 

identified a heterozygous missense variant, c.1363C>A, p.Q455K within the COL8A2  in two subjects: 

▪ Proband COL-A 

▪ Proband COL-B 

The variant was not present in any of the control datasets.  The two unrelated probands were identified 

to harbour the same heterozygous COL8A2 missense mutation, c.1363C>A, p.Q455K previously 

reported by Biswas et al (Biswas, Munier et al. 2001) (Figure 1).   

 

a. In Silico Pathogenicity and conservation Assessments  

 

The SIFT score was 0.35 which indicated that it was possible that the point substitution was deleterious 

to the protein function.  The Polyphen2 predicted the variant to be tolerated with a score of 0.346.   

 

Multiple Sequencing Alignment was performed and showed that the conservation of the amino acid 

glutamine at p.Q455 was highly conserved across 9 orthologues (Figure 3). 

 

 

Figure 3:  Multiple Sequencing Alignment showing conservation of amino acid residue p.Q455 COL8A2 

across orthologues.  The amino acid residue Q (Glutamine) is well conserved across 9 orthologues.  The 

altered amino acid residue in c.1363C>A, p.Q455K is highlighted in red. 
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b. Molecular modelling 

A three dimensional homology model of the Collagen VIII heterotrimer was developed on the basis of 

structural similarity to the published FLJ00201 protein 

(https://www.ncbi.nlm.nih.gov/protein/BAB84955.2). The model was built from the PDB “4auo-

collagen” structure using the PHYRE2 software (Kelley and Sternberg,2009).  The p.Q455K variant of 

the COL8A2 protein is predicted to cause a structural change in the trimer surface (Figure 4).  The  

outward facing configuration of the structural abnormality is anticipated to disrupt the interaction with 

other collagen fibrils rather than affect the organisation of the trimer itself. The figure was drawn USING 

MacPymol.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Molecular model of Collagen VIII mutant.  A three-dimensional homology model of the 

Collagen VIII heterotrimer was model was built from the PDB “4auo-collagen” structure using the 

PHYRE2 software (Kelley and Sternberg,2009) and the figure was drawn using MacPymol software.  The 

pink strand shown here represents the COL8A1 protein while the green and blue structures are two 

COL8A2 strands.  The p.Q455K variant of the COL8A2 protein is predicted to cause a structural change 

in the trimer surface (highlighted by arrow).   

  

Reference sequence:      agalgqkgdl glpg Q pglrg psgipglqgp 
Variant sequence:           agalgqkgdl glpg K  pglrg psgipglqgp 
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3.3.1.1.3 Phenotypic Characteristics of two COL8A2 Probands 

  

 Proband COL-A is a 51-year-old Caucasian female referred to Moorfields Eye Hospital at the age of 51 

years for management of post penetrating keratoplasty astigmatism in her left eye.  Corneal transplant 

surgery was performed at the age of 30 years for corneal decompensation secondary to Fuchs 

Endothelial Corneal Dystrophy (FECD).  The initial diagnosis of FECD was made at the age of 20 years 

when the patient first began to see halos of light and noted blurring of vision in the left eye.  The patient 

reported that the unoperated right eye developed similar visual symptoms in her mid-forties.  The right 

eye was noted to have confluent central guttae but no oedema on slitlamp examination.  The 

endothelial cell count in the right eye was 1600/mm2 and the central corneal thickness was within 

normal limits at 552 µm.  The left corneal graft was found to have a reduced endothelial cell count of 

898/mm2 but maintained a central corneal thickness of 546 µm. 

 

At the time of presentation, the patient’s best unaided Snellen visual acuity in the right eye was 6/9 

and the left eye was 1/60 unaided.  The vision in both eyes improved with refractive correction to 6/4 

in the right eye (glasses) and 6/9 in the left eye (contact lens).  Proband COL-A reported a positive family 

history as both her father (lll:3) and paternal first cousin (lV:1) have been diagnosed with FECD.  On 

optician review, her two sons aged 35 years (V:1) and 25 years (V:2) did not have signs of FECD and 

remained asymptomatic.  Her paternal great grandmother (l:2) is also known to have lost her vision in 

both eyes at a young age but the underlying diagnosis is not known. Unfortunately, DNA from these 

individuals was not available for testing, however her unaffected mother was determined to be 

wildtype for the allele (Figure 5).  

 

Proband COL-B is a 25-year-old Caucasian male of Polish decent who was referred to Moorfields Eye 

Hospital by his optician due to bilateral reduced vision secondary to FECD.  The patient complained 

primarily of diplopia which was noted to be in worse in the daytime.  The unaided Snellen visual acuity 

in the right eye was 6/36 improving to 6/24 with pinhole and 6/18 with no improvement on pinhole in 

the left eye.  The right eye was known to be amblyopic.  On slitlamp examination he was noted to have 

bilateral confluent granular changes across the posterior corneal surface. Confocal microscopy 

demonstrated guttata with polymegathism and polymorphism of the endothelial cells (Figure 8C).  The 

right central corneal thickness was 705 µm and the endothelial cell count was 1221/mm2.  The left eye 

was less severely affected with a central corneal thickness of 609µm and an endothelial cell count of 

1249/mm2.  It was interesting to note that in both eye endothelial dysfunction resulting in oedema 
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occurred despite maintaining a relatively high endothelial cell count.  Following bilateral Descemet 

membrane endothelial keratoplasties (DMEK) the BCVA improved to 6/6 right eye and 6/6 left eye.  

 

Proband Col-B’s mother (individual I:1, 3X) developed bilateral corneal decompensation at the age of 

24 years but had declined surgery. At 44 years of age her acuity was counting fingers in both eyes.  DNA 

from other family members, including the affected mother, was not available to allow genotyping 

(Figure 6). 

 

 

 

 
 
 
Figure 5:  Pedigree of Proband COL-A (lV.3), a 51 year old Caucasian female who is heterozygous for the p.Q455K 

missense variant.  The subject’s father (lll.3) and first cousin (lV.1) were also known to have developed corneal 

endothelial decompensation necessitating keratoplasty.  The probands mother (lll.4) and husband (lV.4) were 

both wild type for the mutation and did not exhibit features of corneal pathology.  It was not possible to obtain 

blood samples from relatives of the proband. 
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Figure 6:  Pedigree of Proband COL-B (ll.2), a 25 year old Caucasian male who is heterozygous for the 

p.Q455K missense variant.  The subject’s mother (l.2) was also known to have developed corneal 

endothelial decompensation in her twenties but declined the option of surgical intervention.  It was not 

possible to obtain blood samples from relatives of the proband. 

ll.1 (Proband) 
c.1363C>p.Q455K ll.2 

30 yrs 
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3.3.1.1.4 Corneal Imaging and Histopathology 
 
Slitlamp images of the Proband COL-A’s right, unoperated eye revealed mild corneal haze with no 

associated stromal oedema to suggest endothelial decompensation.  Retro-illumination imaging of the 

same eye demonstrated fine granular changes in Descemet’s membrane that extended to the 

peripheral cornea. (Figure 7A).  These changes can be observed more clearly on magnification of the 

peripheral cornea (Figure 7B).  

 

Specular microscopy of Proband COL-A’s right eye showed that in addition to generalised 

pleomorphism and polymegathism of the endothelial cells, fine low elevation guttata were found 

occurring central to the endothelial cell (Figure 8A). 

 

Slitlamp and specular images were not available for Proband B.  However, previously unpublished 

specular microscopy images of a 32 year old male reported by Liskova et al.  be  heterozygous for 

missense variant, c.1363C>A, p.Q455K demonstrate a similar pattern of elevation occurring central to 

the endothelial cell (Liskova, Prescott et al. 2007) (Figure 8B).   

 

Confocal images for Proband COL-B confirmed the generalised pleomorphism and polymegathism of 

the endothelial cells.  The cornea was also noted to show an atypical appearance of areas of hypo-

reflectivity associated with occasional central hyper-reflectivity at the apical border of the endothelial 

cells  (Figure 8C).  The areas of hyper reflectivity could represent guttata buried within Descemet’s 

membrane.  

 

Histopathology was available for corneal samples obtained at the time of corneal transplant surgery 

from Proband B. Haematoxylin and eosin staining of these specimens showed bilateral nonspecific 

endothelial cell loss. The Descemet’s membrane was not found to be thickened and there was a notable 

absence of guttata (Figure 9). 
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Figure 7:  Slitlamp images of Proband A’s unoperated right eye . 
 
(A) Slit lamp image of Proband COL-A (51-year-old female) shows mild corneal haze with no stromal 
oedema to suggest endothelial decompensation.  The subject does not report symptoms of diurnal 
variation in her vision. 
 
(B) Retroillumination image of Proband COL-A demonstrates fine granular changes in Descemet’s 
membrane that extend to the peripheral cornea.  The inset image is a magnification of the fine, 
confluent changes observed in the DM  
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Figure 8:  Corneal endothelial cell imaging of three subjects harbouring mutations in COL8A2. 

 

(A) Specular microscopy image of Proband COL-A showing fine low elevation guttata occurring central 

to the endothelial cell.  The patient harbours the heterozygous p.Q455K missense variant. She remains 

asymptomatic in this eye and there is no corneal oedema. The endothelial cell count in the right eye 

was 1600/mm2 and the central corneal thickness was within normal limits at 552 µm 

 

 

(B) Specular microscopy of the left eye of  a 32 year old male subject heterozygous for the p.Q455V 

missense variant.  The previously unpublished image is courtesy of Dr Petra Liskova  shows large, 

guttata occurring central to the endothelial cell in the presence of significant endothelial 

polymegathism and polymorphism. 

 

(C) In vivo confocal microscopy (IVCM) of Proband COL-B harbouring the heterozygous p.Q455K 

missense variant shows findings revealed generalised pleomorphism and polymegathism of the 

endothelial cells an atypical appearance of  areas of hypo-reflectivity associated with occasional central 

hyper-reflectivity at the apex of the endothelial cells. The areas of hyper-reflectivity may correspond to 

buried guttata within Descemet’s membrane   
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Figure 9: Magnified image of histology specimen obtained from Proband COL-B.  The image shows a 

cross sectional view of a folded sheet of Descemet's membrane devoid of stroma.  

A) Descemet’s membrane was not noted to be thickened on this sample but no exophytic guttata 

were visualised on the posterior surface 

C) Endothelial cells are noted to be present on the posterior surface but the cell population is found 

to be depleted.  

  

A 
C 
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3.3.1.1.5 Discussion  

 

Here clinical features of two individuals with endothelial disease associated with a heterozygous 

missense mutation c.1363C>A, p.Q455K in the COL8A2 gene, have been identified within the CTG18.1 

ExpNeg cohort.  Both probands described in this section, as well as their affected relatives, first 

developed visual symptoms in their early twenties. This relatively early-onset of disease compared to 

CTG18.1 repeat ExpPos FECD is a consistent feature in the majority of published individuals harbouring 

COL8A2 mutations (Biswas, Munier et al. 2001, Gottsch, Sundin et al. 2005, Mok, Kim et al. 2009). The 

corneal changes are also reported to be markedly asymmetric, as was the case with proband B who 

maintained a Snellen visual acuity of 6/6 in one eye but required a penetrating keratoplasty in the 

contralateral eye 20 years previously (Magovern, Beauchamp et al. 1979, Liskova, Prescott et al. 2007).   

 

Published findings of specular and confocal microscopy of patients carrying the COL8A2 mutation 

identified areas with abnormal endothelial cell morphology with small refractile structures localizing 

within the boundaries of the endothelial cells (Gottsch, Zhang et al. 2005, Liskova, Prescott et al. 2007).  

In this study, specular images of Proband Col-A’s right eye showed similar fine, low elevation refractile 

structures (presumed to be guttata) occurring central to the endothelial cell.  One previous report also 

described large mulberry-like excrescences surrounded by small guttata in a patient with a p.L450W 

mutations in COL8A2.(Gottsch, Zhang et al. 2005).  A survey of the specular images obtained in this 

study did not identify similar groupings of excrescences in our subjects 

 

The confocal microscopy findings in late-onset FECD include areas of hyporeflectivity with an occasional 

central hyperreflective change (Chiou, Kaufman et al. 1999). Gottsch et al. reported that confocal 

specular microscopy detected single, low elevation guttata associated with individual cells in early-

onset COL8A2 disease as opposed to sharply raised guttae with high elevation and areas of coalescence 

in the late-onset FECD (Gottsch, Sundin et al. 2005).  In COL8A2-associated dystrophy, the 

hyporeflective regions are comparatively fainter than seen in late-onset FECD and the hyperreflective 

lesions are positioned more eccentrically (Gottsch, Sundin et al. 2005).  Confocal images from Proband 

COL-B demonstrated similar atypical areas of hyporeflectivity associated with the occasional finding of 

central hyper-reflectivity at the apex the endothelial cells. These appearances are similar to the 

‘epithelioid’ cells reported in both irido-corneal endothelial syndrome (ICE) and posterior 

polymorphous corneal dystrophy (PPCD) (Chiou, Kaufman et al. 1999, Anderson, Badawi et al. 2001). It 

should be noted that neither vesicular nor band-like structures commonly associated with PPCD were 

observed in either of the patients in this study. 
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Three dimensional homology modelling of the Collagen Vlll was performed and predicted that he 

mutation would lead to a structural change on the surface of the protein.  The  point mutation leads to 

an outward facing configuration of the structural abnormality which is anticipated to disrupt the 

interaction with other collagen fibrils rather than affect the organisation of the trimer itself. Type VIII 

collagen is a non-fibrillar short chain collagen molecule that is a heterodimer formed of α1(VIII) and 

α2(VIII) polypeptide subunits that are encoded by the COL8A1 and COL8A2 genes (Muragaki, Jacenko 

et al. 1991, Muragaki, Mattei et al. 1991, Ricard-Blum 2011).  A change in the interaction between this 

major extracellular matrix component of endothelial basement membranes could feasibly alter both 

the structural and functional relationship between Descemet’s membrane and the corneal endothelial 

cell layer thus resulting in the abnormal appearance of buried guttata occurring central to the 

endothelial cell (Muragaki, Mattei et al. 1991, Biswas, Munier et al. 2001). 

 

On histology, previous studies have noted that Descemet membrane from individuals with COL8A2-

associated disease is thicker than normal (Magovern, Beauchamp et al. 1979, Biswas, Munier et al. 

2001, Gottsch, Zhang et al. 2005, Liskova, Prescott et al. 2007). Over time a fibrillar layer appears on 

the on the posterior aspect of Descemet’s membrane and the shallow guttata are buried and appear 

as refractile bodies within Descemet’s membrane (Zhang, Bell et al. 2006). Consistent with these 

previous reports, there was no histological evidence of elevated guttata on the two samples from 

Proband COL-B (Figure 9).  Biswas et al. reported two patients with the p.Q455K mutation who had 

endothelial cell multilayering, intercellular desmosome attachments and surface cells with short 

microvilli consistent with epithelial-like metaplasia (Biswas, Munier et al. 2001). This led to a diagnosis 

of PPCD in the family, although these features have not been reported in other papers.  It was noted 

that histological assessment of DM from Proband COL-B showed that it was not thickened.  One reason 

for this could be the difference in surgical technique used to obtain the sample at the time of 

Descemet’s membrane endothelial keratoplasty (DMEK).  Published histological findings on COL8A2 

tissue have been performed on penetrating keratoplasty samples that allow imaging and staining of full 

thickness corneal samples. DMEK surgery employs a scoring and scraping technique to peel the 

membrane off the posterior aspect of the cornea.  It is therefore possible that sheering of the layers 

could have occurred and that the sample does not consist of the complete Descemet’s membrane.  

Eghrari et al. reported that  Descemet’s membrane was removed in strips when performing endothelial 

keratoplasty on a proband carrying the p.L450W mutation, and although histology confirmed an 

absence of guttata the DM thickness was not commented upon (Eghrari, Riazuddin et al. 2016). 
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 In this thesis, I describe the occurrence of the heterozygous p.Q455K mutation in two unrelated 

probands affected by primary endothelial disease and provide a comprehensive summary of published 

COL8A2-associated phenotypes.  Both subjects in this study displayed an early-onset of the corneal 

disease associated with an atypical corneal phenotype of guttata buried within Descemet’s membrane.   

Characterisation of the clinical phenotype and a review of the previously published cases (Table 1), 

supports the hypothesis that mutations in COL8A2 are associated with an early-onset primary 

endothelial dystrophy that is clinically distinct from both FECD and PPCD (Aldave, Han et al. 2013, 

Eghrari, Riazuddin et al. 2016).  

 

The results reported here add support for the classification of the COL8A2-associated corneal dystrophy 

as a clinical entity distinct from both FECD and PPCD.  Although corneal oedema secondary to 

endothelial dysfunction is the final common pathology for all primary corneal endothelial dystrophies, 

there are significant differences in disease severity and genetically distinct forms. Patients with COL8A2 

mutations represent a rare subgroup with an early-onset phenotype. Ongoing genomic investigations 

are anticipated to further define other genetically distinct and rare forms of corneal endothelial disease. 
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3.3.1.2 COL8A1 

3.3.1.2.1 Background  

Having established that disease-associated variants in the COL8A2 gene lead to a distinctive early-onset 

FECD phenotype , the COL8A1 gene also represents an attractive  potential candidate gene for patients 

with similar phenotypic presentations, given that both encode polypeptides that function as a 

heterodimer.  

Knock-out mouse models of both the Col8a1 and Col8a2  genes have been shown to develop ocular 

anterior segment dysgenesis with no other major systemic abnormalities. In these animal models, the 

phenotype manifested as bilateral protruding, globoid corneas resembling keratoglobus.  When frozen 

sections of the abnormal corneas were obtained, transmission electron microscopy revealed 

exceedingly thin Descemet’s membrane, with an absence of the anterior banded layer that should have 

formed in-utero.  Although the finding of thin DM is not in keeping with classic FECD, the 

immunohistochemical assessment confirmed more typical endothelial cell polymegathism and 

polymorphism  (Hopfer, Fukai et al. 2005). 

To date, only one study by Aldave et al. has investigated the possible association between COL8A1 and 

COL8A2 mutations with familial late-onset FECD (Aldave, Rayner et al. 2006).   Although this study was 

not able to confirm any associations between mutations in COL8A1 and FECD, the gene was not 

screened in early-onset FECD cohort.  It would stand to reason that as the disease phenotype of the 

COL8A2 mutations manifested in early life, variants in the COL8A1 may be found within the early-onset 

subset of FECD. 
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3.3.1.2.2 Genotyping  

 

A single unique non-synonymous variant, c.619A>T, p.I207F was identified in the COL8A1 gene in 

proband COL-C.   

 

a. In Silico Pathogenicity and conservation Assessments  

The SIFT score was 0.1 which indicated that the point substitution was deleterious to the protein 

function.  The Polyphen2 also predicted the variant was deleterious with a score of 0.9701.   

 

Multiple Sequencing Alignment was performed and showed that the conservation of the amino acid 

alanine at p.I207 was highly conserved across 9 orthologues (Figure 10). 

 

 
Figure 10:  Multiple Sequencing Alignment showing conservation of amino acid residue p.I207 COL8A1 across 

orthologues.  The amino acid residue I (Isoleucine) is well conserved across 9 orthologues.  The altered amino acid 

residue in c.619A>T, p.I207F is highlighted in red. 

 
 
b. Familial Segregation Analysis 
 
Segregation analysis of the heterozygous c.619A>T, p.I207F COL8A1 variant in proband COL-C showed 

that the variant did not segregate with the disease phenotype in the family.  Both proband COL-C’s 

affected siblings were shown to be wild type as was his affected father.  The probands un-affected 

mother was shown to carry the same COL8A1 heterozygous variant as the proband (Figure 2).  The 

variant is therefore shown not to be the disease-causing mutation in this family pedigree. 
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3.3.1.2.3 Phenotyping 

 

Proband COL-C is a Caucasian male subject diagnosed with early-onset FECD at the age of 31 years. At 

the time of diagnosis, slitlamp biomicroscopy revealed significant central corneal oedema with a central 

corneal thickness of 723m and vision of 6/24 Snellen in the right eye.  The left eye exhibited milder 

corneal decompensation with a thickness of 597m and Snellen Best Corrected Visual Acuity  (BCVA) 

of 6/9. 

 

The subject had not undergone any previous ocular surgery leading up to the corneal endothelial 

transplantation to the right eye at the age of 32 years.  It was noted intraoperatively that the 

Descemet’s membrane in the eye was thicker and more adherent than normal. Corneal transplantation 

was performed on the left eye 6 months later. 

 

 At the time of enrolment in the study, proband COL-C was aware that his father had also recently been 

diagnosed with a corneal disease in Italy.  His father (Figure 11, l.1) was diagnosed with FECD and 

concomitant cataract at the age of 56 years.  He reported symptoms of diurnal variation in vision from 

the age of 50 years.  His vision at the time of assessment was Snellen BCVA of 6/24 in the right eye and 

6/18 in the left eye.  On examination, both corneas had developed signs of corneal decompensation 

with the right eye measuring a central corneal thickness of 602 m and 583 m on the left.  The 

endothelial cell count in the right eye was 697/mm2 and 866/mm2 in the left eye.  Bilaterally, the 

appearance of confluent guttata appeared to be located within a thickened Descemet’s membrane 

rather than as posterior excrescences from the membrane (Figure 12, 3A and 3B).   

 

The proband’s younger sister (Figure 11, ll.1) was 30 years old at the time of assessment and showed 

early signs of FECD in the form of fine granular, confluent corneal guttata but no signs of corneal 

oedema (Figure 12, 3C).  The central corneal thickness in the right eye was 545m and 551m in the 

left eye.  The BCVA in both eyes was 6/5. The confluent nature of guttata that extended across the 

posterior corneal surface led to difficulty in specular imaging and quantification of corneal endothelial 

cells. 

 

The probands 38-year-old sister (Figure 11,ll.3) showed early signs of corneal change in the form of 

fine, granular guttata noted be more prominent in the peripheral cornea (Figure 13, 4A).  Guttata were 

not evenly spread across the corneal surface and were found to be more prominent along the 

peripheral and inferior cornea.  Sections of the cornea were noted to maintain a normal appearance 
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both on specular and confocal microscopy as shown in Figure13,  4B and 4C.  The less diffuse pattern 

of guttata in Proband COL-C’s older sister and father allowed quantification of endothelial cells on 

specular microscopy: 3182/mm2 in the right eye and 3527 /mm2 in the left.  Central corneal thickness 

in the right eye was 549m and 559m in the left eye. 

 

The proband’s 52-year-old mother and 38-year-old sister showed no signs of corneal disease on 

slitlamp examination and specular imaging. 

 

3.3.1.2.4 Corneal Imaging and Histology 

 

a.  Histology 
 
Histology specimens of Descemet's membrane were obtained from Proband COL-C at the time of 

Descemet’s Membrane Endothelial keratoplasty. On Haematoxylin and Eosin staining, prominent 

exophytic guttata were noted at the junction of endothelial cells (Figure 15).  Although endothelial cells 

were present, the cell population was noted to be depleted.   In addition, scattered lymphocytes were 

present on the posterior surface suggestive of a reactive inflammatory phenomenon of the endothelial 

layer.  Subsequent reference lab PCR testing was found to be negative for Herpes simplex virus, 

Varicella Zoster Virus and Cytomegalovirus. 

 
 
b.  Confocal Imaging 
 
 
In vivo confocal microscopy (IVCM) of Proband COL-C’s siblings and father  shared similar characteristics 

of generalised pleomorphism and polymegathism of the endothelial cells (Figure 5).  The finding of dark 

round hypo-reflective regions with occasional central white reflex found on IVCM were typical of 

corneal guttae. Within the areas of hypo-reflectivity, there were occasional central hyper-reflectivity at 

the apex of the cells which was a more atypical finding. Aside from the pleomorphic endothelial cells, 

occasional hyper-reflective inflammatory cells were seen, particularly in Proband COL-C’s father (Figure 

14 A). 
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3.3.1.2.5  Discussion 
 

Although the COL8A1 gene is a potentially promising candidate gene in early-onset FECD, the findings 

of this study do not support that the c.619A>T, p.I207F variant was causative of disease in this proband 

and affected family members.  In terms of phenotypic characteristics, the clinical presentation of the 

disease in this family displayed a variable age of onset.  Although the proband displayed an early onset 

of the disease, both his sisters have yet to manifest symptoms of corneal decompensation despite 

showing signs of fine, granular corneal guttata. Even between the two siblings, CT who is 8 years 

younger than DT shows more advances signs of corneal disease. Although the probands father was 

diagnosed in the 5th decade of life, it remains possible that signs of endothelial disease may have been 

visible at an earlier age. 

 

It was also interesting to note that similar to the finding of “buried guttata” in COL8A2 mutations, the 

proband’s father displayed coarse guttata that appeared to be located within the thickened Descemet’s 

membrane, rather than the more typical posterior excrescences of the Descemet’s membrane (Zhang, 

Bell et al. 2006).  Histology samples obtained from IT however did not mirror these findings, as the 

guttata were noted to be the more typical focal protuberances on the posterior surface of Descemet’s 

membrane.   

 

 A notable finding on histological assessment of the probands Descemet’s membrane as well as on in 

vivo confocal microscopy of his younger sister’s cornea, was the presence of inflammatory cells within 

Descemet’s membrane. No episodes of ocular inflammation were recorded in Proband COL-C’s clinical 

history and his sister showed no other signs of inflammation at the time of assessment.  These finding 

are in keeping with previous reports of in vivo confocal microscopy studies that revealed even in early 

FECD, density of inflammatory cells were significantly increased within the stroma compared to both 

normal corneas and pseudophakic bullous keratopathy (Aggarwal, Cavalcanti et al. 2018).  

Immunohistochemical studies have also identified the serum amyloid A1 within the corneal stromal 

cells of FECD patients, supporting a role for chronic inflammation in this dystrophy.  Gene expression 

studies have similarly shown a significant expression level of genes involved in helper T-cell activation, 

signalling and neuro inflammation in both CTG18.1 ExpPos and ExpNeg FECD (Chu, Hu et al. 2020).  

Although it is possible that the oxidative stress pathway involved in endothelial cell death and apoptosis 

could lead to a subclinical inflammatory reaction in FECD, further study is required to understand the 

mechanism of immune activation in this dystrophy (Jurkunas 2018). 
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I.2 (M
other)  

H
et. c.619A, p.1207 
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Figure 12:  Slitlamp biomicroscopy images of first-degree relatives of proband COL-C affected by FECD.  
(A) Slit-beam illumination of Proband COL-C’s 56-year-old father, shows stromal oedema, confluent 
guttata and thickened Descemet’s membrane.   
(B) A magnified image on retroillumination of the proband’s father’s central cornea shows the atypical 
nature of the course guttata that appeared to be located within a thickened Descemet’s membrane 
rather than as posterior excrescences.   
(C) A retroillumination slitlamp image of the proband’s 30-year-old sister, who shows signs of fine, 
granular guttata distributed across the cornea in the absence of stromal oedema. 
 

 

A B 

C 
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Figure 13: Imaging of Proband COL-C’s 38-year-old sister  
(A) Retroillumination of the cornea shows the appearance of guttata that were noted to be more prominent 
on the peripheral cornea compared to the central cornea. 
(B) Specular microscopy imaging shows large well defined corneal guttata surrounded by endothelial cells 
that retain normal morphology and density.  The endothelial cell count in this eye was maintained at 
3182/mm2  
(C) Confocal imaging confirms the normal appearance of endothelial cells with only a small number of small 
guttata visualised 
(D) Confocal imaging of the peripheral cornea out width the central 4 mm shows the presence of larger 
more defined guttata in the presence of normal endothelial cell stricture and density

A 

B C D 
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Figure 14:  Confocal images of Proband IT_1639’s affected siblings and father. 
(A) Proband COL-C’s 30-year-old younger sister shows endothelial cell polymegathism and polymorphism 

in the presence of multiple large guttata noted to occur within the endothelial cell border.  The arrow 
shows well defined hyperreflective point occurring at the level of the corneal endothelium that are in 
keeping with inflammatory cells 

(B) Proband COL-C’s 30-year-old elder sibling shows preservation of endothelial cell structure and an 
endothelial cell density within normal limits.  Guttata are shown noted but are occurring mainly at the 
endothelial cell junction.  No inflammatory cells were noted in any sections of the scan. 

(C) Proband COL-C’s 56-year-old father’s scans show markedly abnormal endothelial cells with marked 
polymegathism and polymorphism.  Although less marked than the finding in the probands sister (A), 
inflammatory cells were found occurring at the endothelial cell layer. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15:  Descemet’s membrane and endothelial cell layer removed at the time of partial thickness 
endothelial keratoplasty from Proband COL-C stained with haematoxylin and eosin, viewed at a 
magnification of x40. The arrows highlight the following histological features of the tissue viewed on cross 
section: (A)Exophytic guttata, (B)Inflammatory lymphocytes and (C)Scanty endothelial cells.  No marked 
thickening of Descemet’s membrane was noted on the pathological specimen 

A 

B 

C 

A B C 
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3.3.2 
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with FECD 
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3.3.2.1 SLC4A11 

 

3.3.2.1.1 Background 

 

The SLC4A11 protein is made up of a cytoplasmic domain and a membrane domain that localizes to the 

basolateral surface of the corneal endothelial cell.  The transmembrane structure of the protein 

facilitates its function as a co-transporter within the endothelial cell fluid pump.  It has been shown to 

function as a Na+ independent H+(OH-) Na+/OH- transporter, NH3 transporter, Na+/OH- co-transporter 

and allows H20 movement across the cell (Malhotra, Loganathan et al. 2019).   

 

 SLC4A11 mutations are hypothesized to cause corneal decompensation by two different pathways: 

a. Impaired solute transport  

SLC4A11 mutant proteins fail to fold in the correct orientation and the misfolded proteins are then 

recognised as abnormal and retained by the endoplasmic reticulum. Retention of the protein then 

leads to intracellular degradation (Kumar, Bhattacharjee et al. 2007, Vithana, Morgan et al. 2008, 

Riazuddin, Vithana et al. 2010).  Abnormal proteins that do manage to localise to the cell membrane 

remain unable to function normally in maintaining endothelial cell detergence (Malhotra, 

Loganathan et al. 2019).  A combination of compromise in function as well as impaired protein 

localisation to the endothelial cell surface are therefore thought to contribute to the impaired 

transmembrane water flux in FECD (Vilas, Loganathan et al. 2013). 

 

b. Impaired endothelial cell adhesion 

Structural analysis of SLC4A11 has shown that the extracellular loop 3 of the protein is located 

within the cytosolic domain and plays a functional role both in dimeratisation of SLC4A11 molecules 

as well as a possible anchoring mechanism between endothelial cells and Descemet’s membrane 

(Malhotra, Jung et al. 2020).  Specifically, it has been shown that SLC4A11-EL3 regulation is closely 

linked to COL8A1 and COL8A2 expression, another gene product known to be associated with FECD 

(Biswas, Munier et al. 2001, Gottsch, Sundin et al. 2005, Liskova, Prescott et al. 2007, Malhotra, 

Jung et al. 2020). 

 

Identification of rare variants within the SLC4A11 gene and understanding the position of the variant 

within the complex structural domain of the protein are therefore of great interest in understanding 

the mechanism of dysfunction in FECD. 
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3.3.2.1.2 Genotyping 

 

WES analysis identified 3 nonsynonymous heterozygous variants in the SLC4A11 gene in 3 individuals: 

SLC-A, SLC-B and SLC-C (Table 3). 

 

Patient 

Identifier 

Nucleotide 

change 

Within 

SLC4A11 

Amino 

Acid 

change 

In Silico 

Pathogenicity 

Assessment 

(PolyPhen2 

/SIFT) 

Control Datasets Implications of 

findings 

UCL ex 

ESP 

Control 

Dataset 

1000 

Genome 

Project 

Dataset 

SLC-A 
c.937G>C p.V313L 0/0.56 NA NA NA 

Non-synonymous,  

well tolerated 

SLC-B 
c.931G>A p.G311S 0/0.25 NA 0.000077 NA 

Non-synonymous, 

well tolerated 

SLC-C 

c.245G>T p.R82L  0.998/1 0.000148 0.000077 0.0005 

Non-synonymous 

, tolerated by SIFT 

but deleterious by 

PolyPhen2 

 

Table 3:  Three heterozygous variants in SLC4A11 were identified through whole exome sequencing.  The 

PolyPhen2 and the SIFT score for the three nonsynonymous variants were not indicative of a disease-causing 

mutation.  

 

 

a.   In silico pathogenicity assessment and multiple sequencing alignment  

 

The variant p.V313L was a unique change that did not appear in all three control datasets.  The amino 

acid Valine was not found to be well conserved across orthologues and in silico analysis predicted that 

the substitution for Leucine would be well tolerated. 

The variant p.G311S was only found in the ESP control data set with a MAF of 0.000077.  The amino 

acid Glycine was not highly conserved across orthologues and both the SIFT score (0.25) and the 

PolyPhen2 score (0) predicted the change to Serine would be well tolerated. 

 

The substitution of Arginine for Leucine at position 82 was found to have a MAF of 0.000148 in the 

UCLex control database,  0.0005 in the 1000 Genome control dataset and 0.000148 in the UCLex control 

dataset. Arginine was shown to be well conserved across orthologues and although the SIFT score of 1 
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suggested that the variant was benign, the PolyPhen2 score of 0.998 indicates a potentially deleterious 

change (Figuren16). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16:  Multiple Sequencing Alignment showing conservation of amino acid across orthologues 

corresponding to 3 nonsynonymous heterozygous variants in the SLC4A11 gene in 3 individuals.   

The position of altered amino acids is highlighted in red across orthologues 

A. Amino acid residue p.V313was not highly conserved multiple species  suggesting the variant 

c.937G>C, p. V313L could be tolerated 

B. Amino acid residue p.G311 in multiple species demonstrates that the affected residue is not highly 

conserved across orthologues and the heterozygous mutation c.931G>A, p.G311S may therefore 

be tolerated 

C. Amino acid residue p.R82 is shown to be well conserved across 9 orthologues suggesting that the 

change reported in c.245G>T, p.R82Lwould not be well tolerated. 

 
 

A 

B 

C 
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b. Molecular modelling of SLC4A11 
 
 
A three-dimensional homology model of the SLC4A11 protein dimer (Figure 17) was built from the PDB 

structure c5jhoa using PHYRE2 software (Kelley and Sternberg,2009) and MacPymol software.  The 

variant p.R82L (c.245G>T) was noted to occur inside the -sheets of the protein structure while the 

p.G311S (c.931G>A) and p.V313L (c.937G>C)  variants occur in a loop near the dimer interface. The 

changes occurring at the interface could potentially disrupt the structure of the SLC4A11 dimer. 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 17:  Molecular model of SLC4A11 protein homodimer.   

The figure shows a three-dimensional homology model of the SLC4A11 dimerised protein based on PDB 

5jho. The ribbon structures in the figure represent -helices and the thicker arrows represent -sheets. The 

three amino acids that were identified to have undergone non-synonymous point substitutions in this study 

[p.R82L (c.245G>T), p.G311S (c.931G>A) and p.V313L (c.937G>C)] are highlighted in red.  
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3.3.2.1.3 Phenotyping 

 

A non-synonymous heterozygous SLC4A11 variant c.937G>C, p.V313L was identified in SLC-A , an Afro-

Caribbean female subject who was first diagnosed with FECD at the age of 36 years (early-onset). She 

reported that symptoms began with diurnal variation in both eyes 10 years before at the age of 26 

years. At the time of diagnosis, the BCVA was 6/12 in both eyes and slitlamp biomicroscopy of the 

cornea identified confluent central guttata and mild stromal oedema in both eyes.  The patient was 

reviewed over a ten-year period by which time both corneas were noted to have progressed to more 

severe corneal oedema and the patient reported that diurnal variation in vision was affecting her ability 

to work.  Her vision remained BCVA 6/12 in both eyes.  Imaging of endothelial cells and endothelial cell 

count were not available for this subject.  Combined endothelial keratoplasty and cataract extraction 

with intraocular lens insertion were performed on both eyes at the age of 45 years.  She did not report 

a positive family history. 

 

SLC-B is an 80-year-old Asian Indian female who presented with late-onset FECD.  The patient remained 

asymptomatic of diurnal variation in both eyes until the point of undergoing right cataract extraction 

by phacoemulsification with intraocular lens implantation.  Corneal decompensation occurred only 

after cataract surgery at the age of 76 years.  She was referred to MEH for the purpose of undergoing 

right endothelial keratoplasty surgery which was performed at the age of 77 years.  Retrospective 

review of the medical notes showed that despite the presence of central guttata on slitlamp 

biomicroscopy, clinically the left cornea showed no signs of corneal oedema to indicate endothelial 

decompensation. The patient was therefore referred back to her local eye unit for future left cataract 

surgery as she was not assessed as requiring corneal transplant surgery to that eye.  The proband 

reported no family history of the disease and additional family members were unavailable to perform 

segregation analysis of the SLC4A11 variant. 

 
SLC-C is a 77-year-old Caucasian female patient who was diagnosed with late-onset FECD at the age of 

64 years.  Her vision was BCVA 6/9 in both eyes at the time of diagnosis and had not undergone any 

previous ocular surgery. Symptoms of diurnal variation and glare started at the age of 69 years after 

having undergone left cataract extraction and intraocular lens implantation.   She underwent corneal 

transplant surgery to the left eye within the same year.  The right cornea shows signs of guttata and 

corneal oedema, but the patient had opted not to undergo further surgery to that eye. 

 

Familial segregation analysis showed that the proband SLC-C’s unaffected husband is wildtype while 

the variant segregates in both the affected son (II.1, 52 years) and unaffected daughter (II.2, 43 
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years)(Figure 18).  It is possible that as the disease presented as late on set in SLC-C, that future follow 

up of the daughter may reveal clinical signs of FECD in later life. 

 

 

 

 

 

Figure 18: Sanger sequencing chromatogram and familial pedigree of proband SLC-C. The 

chromatogram of the same region the non-synonymous heterozygous variant c.245G>T  identified in 

Proband SLC-C as well as her affected daughter, unaffected son and husband are shown here.  Both 

children are shown to have inherited the variant form the proband as her husband is shown to be wild 

type.   
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3.3.2.1.4 Discussion 
 

The 3 patients in whom non-synonymous variants were noted in the SLC4A11 gene developed the signs 

and symptoms of the disease at different timepoints in their life.  While SLC-A could be classified as 

early-onset FECD, SLC-B and SLC-C did not develop symptoms of corneal decompensation until later 

life.  Proband SLC-A reached the threshold of requiring corneal transplant surgery in both eyes by the 

age of 45 years.  In the case of both SLC-B and SLC-C however, corneal decompensation only occurred 

following cataract surgery in one eye, while the contralateral eye that had not undergone surgery 

showed no signs of oedema on slitlamp biomicroscopy.  Unfortunately, due to the retrospective nature 

of data collection in these cases, no imaging of the cornea was available to examine the phenotype of 

guttata and oedema in more detail in both cases. 

 

In all three of our study subjects, the amino acid substitution occurred within the cytoplasmic domain 

of SLC4A11 (1-374).  It has been hypothesized that mutations occurring within the cytoplasmic domain 

structure may lead to greater misfolding thus making the abnormal protein an easier target for 

endoplasmic reticular retention.  However, Alka et al. 2019 noted that in the majority of FECD cases 

with SLC4A11 mutations, cell surface trafficking was not the impaired.  Another mechanism of 

endothelial cell dysfunction that has been postulated by Loganathan et al. is a failure of the cytoplasmic 

domain to interact with the membrane domain to allow substrate translocation (Loganathan, Schneider 

et al. 2016).   

 

Two of the variants identified in this study, p.G311S and p.V313L are located within 3 base pairs  of 

each other and were found to be poorly conserved across orthologues along with in silico pathogenicity 

scores that predict the variants to be benign.  To more conclusively determined if these non-

synonymous variants are rare polymorphisms rather than mutations causing repeat ExpNeg FECD, 

further segregation analysis and phenotyping would need to be performed within the extended families 

of the affected probands. Likewise, in vitro characterisation of these variants and their effect on 

SLC4A11 trafficking and function also warrants further investigation.  
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3.3.2.2 ZEB1 

3.3.2.2.1 Background  

Mutations in ZEB1 were first identified to be causative in the endothelial corneal dystrophy Posterior 

Polymorphous Corneal Dystrophy 3 (PPCD3)(Krafchak, Pawar et al. 2005, Aldave, Yellore et al. 2007, 

Liskova, Filipec et al. 2010).  Following the identification of heterozygous frameshift, nonsense 

mutations were in PPCD3, heterozygous missense and nonsense mutation were subsequently found in 

late-onset FECD (Table 4). 

Publication Population ZEB1 Variations 
predicted to be deleterious 

Gupta et al 2015 
(Gupta, Kumawat 
et al. 2015) 
 

82 late-onset FED patients from Northern India p.Glu733Lye 
p.Leu947stop 

 

Mehta et al 2008 
(Mehta, Vithana et 
al. 2008) 
 

74 late onset FECD patients of Chinese 
ethnicity from Singapore 

p.Asn696Ser 

Lechner et al 2013 
(Lechner, Dash et 
al. 2013) 
 

1 multigenerational Caucasian family: variant 
segregates in late-onset FECD proband and 2 
children with keratoconus  

p. Gln640His 

Bhavna et al 2018 
(Rao, Ansar et al. 
2018) 
 

52 late-onset and 5 early-onset FECD cases of 
Indian origin 

p.Q841P 

• Riazuddin et al 
2010 

• (Riazuddin, 
Zaghloul et al. 
2010) 

•  

192 unrelated late onset FECD Caucasian 
patients 
 

p.N78T 
p.Q810P 
p.Q840P 
p.A905G 

1 multigenerational family 
Familial segregation analysis: Mutation was 
present in 7/12 affected family members 
 

p.Q840P 

Table 4:  Summary of associated ZEB1 variants reported in late and early onset FECD. To date 5 

publications have identified variants in ZEB1 that were predicted to be deleterious.  While the majority 

of these cases were reported as isolated cases, in 2 multigenerational families the variant was noted 

only to partially segregate with FECD suggesting that the mutation may be sufficient but not necessary 

for pathogenesis. 
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3.3.2.2.2 Genotyping  

A non-synonymous heterozygous variant c.635C>T, p.T212M was identified within the ZEB1 gene. The 

variant was not present in the 1000 genome project control data set or the UCLex control data set and 

has a MAF 0.000077 in the ESP control data set.  

 

a. In Silico Pathogenicity and Conservation Assessment  

The variant was found to have a SIFT score of 0 and PolyPhen2 score of 0.996, predicting it to be 

deleterious. This amino acid was seen to be well conserved across a diverse range of orthologues were 

aligned (Figure 19).  

 

 

 

Figure 19:  Multiple Sequencing Alignment showing conservation of amino acid residue p.T212 in ZEB1 
across orthologues.  The amino acid residue T(Threonine) is well conserved across 9 orthologues.  The 
altered amino acid residue is highlighted in red. 
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3.3.2.2.3 Phenotyping 

Proband SLC-B who harbours the ZEB1 mutation above was also found to harbour the non-synonymous 

heterozygous variant c.931G>A, p.G311S in the SLC4A11 gene.  Please refer to section 3.3.2.1.3. 

 

3.3.2.2.4 Discussion 

 

The variant in ZEB1 identified in Proband SLC-B altered the amino acid threonine to methionine at 

position 212, a position found to be highly conserved.  The change was also predicted to be deleterious 

by SIFT and Polyphen2,suggesting that the variant may be causative for late-onset FECD in this proband. 

 

Interestingly, this proband was also identified as having a nonsynonymous heterozygous variant 

c.931G>A, p.G311S in the SLC4A11 gene. However, in silico analysis showed that the variant was 

unlikely to be detrimental in the poorly conserved amino acid position.  It is therefore more likely that 

the disease-causing variant in this proband is nonsynomous change occurring in the ZEB1 gene.   

Unfortunately, segregation analysis could not be performed due to lack of available familial samples to 

explore this hypothesis further  Riazuddin et al. are the only study to show segregation of a ZEB1 

mutation (p.Q840P) across a multigenerational family effected by late onset FECD.  Although 12 

members of the family exhibited the phenotype of late onset FECD, only 7 were found to harbour the 

same heterozygous ZEB1 mutation. The study concluded this allele to be sufficient but not necessary 

for pathogenesis. The same study went on to perform a genome-wide scan that identified an additional 

late-onset FCD locus on chromosome 9p (9p22.1-p24.1 haplotype).  They found that in family members 

who carried the variant within ZEB1 in combination the haplotype on chromosome 9p, the FECD 

manifestation was more severe than those who carried only one pathogenic allele. 

It is possible that similar to the findings of Riazuddin et al, the presence of a variant in SLC4A11 could 

cause genetic interaction that influenced the expression of the disease phenotype seen in Proband SLC-

B.  Variants that contribute to complex conditions such as FECD may have a subtle effect on the cellular 

environment in isolation and depend on the presence of other variants to create a change in 

phenotype.   
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3.3.3 

 

 

 

 
 

 

GWAS ASSOCIATED 
FECD GENES 
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3.3.3.1 LAMC1 

 
3.3.3.1.1 Background 
 
The GWAS by Afshari et al. and found that the rs3768617  within the LAMC1 gene to be the most 

significantly associated SNP within this region and went on to show that it conferred a greater risk of 

disease in women compared to men (odd ratio= 1.52 in women, 1.16 in men).   Interestingly, a recent 

study has since identified one potential disease-associated variant in the LAMC1; a heterozygous c. 

1468C>T p.R490W (Ensembl transcript: ENST00000258341)(Wieben, Aleff et al. 2018). The identified 

variant   was observed in a single CTG18.1 repeat expansion-negative FECD patient. It is tempting to 

hypothesise that this variant could be causal for FECD, however, without replication of similar findings 

in additional unrelated FECD patients it is not possible to confirm this association.   

 
3.3.3.1.2 Genotyping 

 

Five probands were found to harbour rare single nucleotide variants in the LAMC1 gene (Table 1). Of 

the variants that were found, two were synonymous changes, thus considered most likely to be benign: 

c.C1836T, p.G612G and c.A4152G, p.A1384A.     

 

The variant c.G4303A, p.A1435T is a non-synonymous variant with an MAF score of 0.000461 in the 

ESP control dataset, 0.0018 in the 1000 genome project dataset and 0.000847 in the UCLex dataset.  

Although the affected amino acid residue was found to be well conserved across orthologues, the 

Polyhen2 score was o and the SIFT score 0.45 (Table 5).  The in silico analysis assessment therefore 

indicated that the variant would be benign and well tolerated. 

 

Both the remaining two variants, c.G1240A, p.G414S and c.G2701A, p.V901M were predicted to be 

deleterious.  The non-synonymous heterozygous variant c.G1240A was not found in any of the control 

datasets and is a unique change.  The Sift score of 0 and the PolyPhen2 score of 0.993 both predict that 

the resulting amino acid substitution from glycine to serine could be deleterious.  The affected amino 

acid was found to be well conserved across orthologues (Figure 20).  The other deleterious non-

synonymous variant c.G2701A (SIFT score 0.05, PolyPhen2 score 0.921) was confirmed as a rare variant 

in both the ESP control dataset and the 1000 Genome project dataset while absent from the UCLex 

Dataset. Protein alignment confirmed that the amino acid was also well conserved across orthologues. 
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Patient 

Identifier 

N
ucleotide 

change 

W
ithin 

LAM
C1 

Am
ino 

Acid 

change 

In Silico 

Pathogenicity 

Assessm
ent 

(PolyPhen2/SIFT) 

Control Datasets 
Im

plications of findings 

U
CL ex 

ESP 

Control 

D
ataset 

1000 

G
enom

e 

Project 

D
ataset 

LAM
-A 

 
c.G

4303A 
p.A1435T 

0/0.45 
0.000847 

0.000461 
0.0018 

N
on-synonym

ous, benign, 

w
ell tolerated,  

LAM
-B 

 
c.G

1240A 
p.G

414S 
0.993/0 

0 
N

A 
N

A 
N

on-synonym
ous, 

potentially deleterious,  

LAM
-C 

 
c.A4152G

 
p.A1384A 

N
A/N

A 
0 

N
A 

N
A 

Synonym
ous heterozygous 

variant 

LAM
-D

 

 
c.G

2701A 
p.V901M

 
0.921/0.05 

0 
0.000308 

0.0009 
N

on-synonym
ous, 

potentially deleterious 

LAM
-E 

 
c.C1836T 

p.G
612G

 
N

A/N
A 

0 
N

A 
N

A 
Synonym

ous heterozygous 

variant 

 Table 5:  Identification of rare variants in LAM
C1 w

ithin the CTG
18.1 ExpN

eg cohort.  O
f the five rare single nucleotide variants that w

ere found, tw
o w

ere synonym
ous changes 

(c.C1836T and c.A4152G
) that w

ere assessed to be benign.  The variant c.G
4303A is a non-synonym

ous variant but in silico pathogenicity tools predicted that this change w
ould 

also be w
ell tolerated and not contributing to the pathogenesis of FECD.  The rem

aining tw
o variants, c.G

1240A and c.G
2701A, w

ere predicted to be deleterious (highlighted 

in bold).   It w
as also noted that c.G

1240A is a unique variant that w
as not present in any of the control dataset. 
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Figure 20:  Multiple Sequencing Alignment showing conservation of amino acid across orthologues 
corresponding to 3 nonsynonymous heterozygous variants in the LAMC1 gene in 3 individuals.  The 
position of altered amino acids is highlighted in red across orthologues. 

a. Amino acid residue p.A1435 is shown to be well conserved across orthologues indicating the variant 
c.4303G>A, p.A1435T would not be tolerated in proband LAM-A  

b. The amino acid residue p.G414 is shown to be well conserved across orthologues suggesting the 
heterozygous c.1240G>A, p.G414S variant in proband LAM-B would not be well tolerated 

c. Amino acid residue p.V901 is shown to be well conserved across 8 of 9 orthologues suggesting that 
the change c.2701G>A, p.V901M reported LAM-D not be well tolerated. 

 
 
 
  

A 

B 

C 
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3.3.3.1.3 Phenotyping 
 

Two subjects were assessed as harbouring potentially disease associated non-synonymous variants in 

the LAMC1 gene: 

 

a) Proband LAM-B is a white Caucasian female with late onset FECD who underwent combined 

endothelial keratoplasty and cataract extraction surgery to the right eye at the age of 68 years.  

The same procedure was performed for the treatment of corneal decompensation and cataract in 

the left eye within 2 years.  It was not possible to provide an age of onset or diagnosis from review 

of the notes and in speaking with the patient.  She reports no family history of ocular disease.  

Unfortunately, retrospective review of the notes and imaging data did not allow for further 

phenotyping of this case 

 

b) Proband LAM-D was a Black African male, diagnosed with late onset FECD.  The patient has 

unfortunately passed away at the time of this study.  He was originally diagnosed elsewhere and 

referred to Moorfields Eye Hospital following failure of a corneal graft performed elsewhere.  No 

FECD phenotyping data was available for this patient. 

 

The 3 remaining probands harbouring variants in the LAMC1 gene were assessed as well tolerated 

genetic changes that were unlikely to be disease causing: 

 

a) Proband LAM-C was also found to harbour the variant c.1363C>A, p.Q455K in COL8A2 in addition 

to the synonymous variant in LAMC1.  Detailed phenotyping is provided in section 3.3.1.1.3.  

b) Proband LAM-A (non-synonymous heterozygous variant, c.4303G>A) is a white Caucasian female 

who was diagnosed with FECD at the age of 68 years.  After undergoing cataract surgery to the left 

eye, it was noted that the signs of corneal decompensation were more advanced in the right eye 

that had yet to undergo any surgery.  Combined cataract surgery and endothelial keratoplasty was 

performed on her right eye at the age of 72 years.  The left eye cornea did not require keratoplasty 

for another 6 years.  

 

c) Proband LAM-E is a white Caucasian male diagnosed with late onset FECD at the age of 65 years.  

The onset of diurnal variation in vision in the right eye occurred a year later only after undergoing 

cataract surgery.  The central corneal thickness was 586 m in the right eye and 549m in the left 

eye.  He underwent keratoplasty to the right eye at the age of 67 years followed by combined 

endothelial keratoplasty and cataract extraction in the left eye at the age of 68 years.  Blood 
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samples for genotyping were available from 2 of the probands unaffected brother and one 

unaffected son (Figure 21). Although both family members were able to provide blood samples via 

their local GP, they were not able to attend for phenotyping.  The probands brother who also 

harboured the same variant did not report any visual symptoms and was not informed of the 

existence of any corneal changes at his last opticians review. 

 

 

3.3.3.1.4 Discussion 

 

Three of the five patients harbouring variants in LAMC1 were female, in keeping with the female 

preponderance reported by Afshari et al (Afshari, Igo et al. 2017).   Of the five rare single nucleotide 

variants that were found, two were synonymous changes (c.C1836T and c.A4152G) that were assessed 

to be benign.  Proband LAM-C who harbours the synonymous variant c.A4152G, is also known to carry 

a variant in the COL8A2 gene which is believed to be the underlying cause of FECD.  Familial segregation 

analysis of proband LAM-E further confirmed that the variant c.C1836T was unlikely to be disease 

causing as it was present in the patient’s 65-year-old brother who was asymptomatic of FECD.  The 

variant c.G4303A is a non-synonymous variant but in silico pathogenicity tools predicted that this 

change would also be well tolerated and not contributing to the pathogenesis of late onset FECD in 

Proband LAM-A, despite being highly conserved.   

 

The remaining two variants, c.G1240A (a unique variant that was not present in any of the control 

dataset) and c.G2701A, were predicted to be deleterious.  Unfortunately, DNA samples were not 

available for the either patient to enable segregation analysis to be performed to further investigate 

the potential pathogenicity of either variant.   
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Figure 21:  Identification and segregation analysis of the rare LAMC1 variant c.1836C>T. Sanger sequence 

chromatogram (courtesy of Miss A Sadan) confirms the presence of the c.1836C>T variant in the effected Proband 

LAM-E as well as the 65-year-old unaffected brother (II.2).  The proband’s son (III.2) was shown to be wild type 

and reported no signs of FECD.  These finding suggests that this synonymous variant is not causative of FECD in 

this family. 

 

 

  

Reference 
Sequence 

c.1836c p.G612 

Proband MM 
Heterozygous 

c.1836C>T p.G612G 

II.2 (Brother) 
Heterozygous 

c.1836C>T p.G612G 

III.2 (Son) 
Wild Type 

c.1863C p.G612 
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3.3.3.2 KANK4 

 

3.3.3.2.1 Background 

 

KANK4 encodes KN motif and ankyrin repeat-containing protein 4,  a protein that is believed to play a 

role in actin polymerization (Chen, Sun et al. 2018).  It has been hypothesized that this protein may 

contribute to both cell-cell contact and tissue integrity, similar to the role of KANK1, 2 and 3 proteins 

(Chen, Sun et al. 2018).  KANK1 has been shown to inhibit cell spreading and migration, and knockdown 

of the gene resulted in enhanced cell migration (Kakinuma, Roy et al. 2008, Roy, Kakinuma et al. 2009). 

It is possible that KANK4 mutations may influence normal endothelial cell migration that should occur 

as a compensatory mechanism following CEC loss.   

 

Recessive mutations in KANK4 have been associated with kidney nephrotic syndrome (Gee, Zhang et 

al. 2015).  Within the renal filtration system, the KANK4 mutations are believed to affect the epithelial 

cells (podocytes) that contributes to ultrafiltration, a form of fluid homeostasis within the glomerulus.  

The podocytes also perform a secondary role in secreting and maintaining the glomerular basement 

membrane (Bowman’s capsule).  It has been suggested that the altered expression of the KANK4 

protein can lead to abnormalities of the cell cytoskeletal structure which manifests as a change in 

podocyte cell structure and disorganization of the glomerular basement membrane.  As podocyte cells 

share common physiological functions of corneal endothelial cells, it is plausible that KANK4 

dysfunction could also lead to the abnormal fluid pump mechanism and changes in Descemet’s 

membrane observed in FECD. 

 

3.3.3.2.2 Genotyping 

 

Proband KAN-A was found to have a heterozygous non-synonymous variant, c.1762G>A, p.A588T, in 

the KANK4 gene. The variant was not present in the ESP or 1000 genome control data set and had a 

MAF 0.000164 in the UCLex control data set. Predicted pathogenicity scores were 0.07 from Polyphen2 

and 0.981509 from SIFT suggesting the variant is benign. The altered amino acid is well conserved 

across numerous species when orthologues were aligned (Figure 3A).  

 

Proband KAN-B harboured a unique non-synonymous heterozygous variant, c.797G>A, p.D266G, was 

identified within the KANK4 gene. Polyphen2 predicted a pathogenicity score of 0.12 for the variant 

suggesting it to be benign, however, SIFT score the variant 0.01621 indicating the variant to be 
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deleterious. The amino acid residue was seen to be conserved to some extent across a diverse range 

of species when orthologues were aligned (Figure 22,B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22:  Multiple Sequencing Alignment showing conservation of amino acid across orthologues 

corresponding to 2 nonsynonymous heterozygous variants in the KANK4 gene in 2 individuals.   

The position of altered amino acids is highlighted in red across orthologues. 

A.  Conservation of amino acid residue p.A588 is shown to be well conserved across orthologues and 

therefore the variant c.1762G>A, p.A588T is not likely to well tolerated 

B. Conservation of amino acid residue p.D266 in conserved in 6 of the 9 orthologues, suggesting that 

the variant c.797G>A, p.D266G may be tolerated   

 

 

 

 

 

 

 

  

A 
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3.3.3.2.3 Phenotyping 

 

Proband KAN-A is a Caucasian female who first reported symptoms of diurnal variation and glare 

secondary to mild corneal decompensation at the age of 65 years.  The disease was noted to be 

symmetrical (MCS score 2) and she had no history of previous ocular surgery.  The vision was Snellen 

Best Corrected Visual Acuity of 6/12+3 at that time.  The following year she underwent bilateral cataract 

extraction and intraocular lens implantation surgery which improved the vision to 6/9.  The mild central 

corneal oedema was noted to be the reason for not achieving 6/6 vision. The option of corneal 

transplantation was discussed with the patient, but she opted not to have surgery at that time as she 

was happy with the level of vision achieved. 

 

Six years later at the age of 72 years, the left corneal decompensation had worsened, and the patients 

underwent endothelial keratoplasty to that affected eye.  The right eye deteriorated slowly over the 

next 3 years at which point corneal transplant surgery was performed to the contralateral eye as well. 

 

Proband KAN-B is a white Caucasian female who was diagnosed with FECD at the age of 61 years.  

Retrospective review of the notes showed that the disease was noted to be symmetrical with signs of 

mild central corneal oedema as well as early cataracts in both eyes. The patient underwent combined 

endothelial keratoplasty and cataract extraction with intraocular lens implantation first to the right eye 

at 61 years of age and subsequently to the left eye within a year. 

 

Neither Proband KAN-A nor Proband KAN-B reported a positive family history and no family members 

were amenable to undergoing clinical examination and segregation analysis of the KANK4 variant. 

 

 

3.3.3.2.4 Discussion 

 

It is not possible to confirm the role of the KANK4 variants identified in this study as causative of FECD. 

It should be noted that the variants found in this study were only partially conserved across orthologues 

and the change was predicted to be well tolerated by SIFT and PolyPhen2.  Recent studies have 

demonstrated that proteins containing ankyrin-repeats do not recognize specific sequences, and 

instead interacting residues are discontinuously dispersed into the whole molecules of both the ankyrin 

repeat protein and its partner (Li, Mahajan et al. 2006).  This adds a further complexity to the process 

of assessing the impact of a single nucleotide variant on the overall function of the protein.  Future 

functional analysis and familial segregation studies are required to clarify the role of this gene in FECD. 
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3.4 Conclusion 

 
 

The findings of this study support the understanding of the extensive genetic heterogeneity of Fuchs 

Endothelial Corneal Dystrophy (FECD).  Although corneal oedema secondary to endothelial dysfunction 

is the final common pathological outcome for all patients clinically diagnosed as FECD, at the molecular 

level the basis for their disease may vary considerably.  Ongoing genomic investigations are needed to 

genetically define other distinct and rare forms of corneal endothelial disease.  There remains a 

significant proportion of the Repeat Expansion Negative cohort of FECD that remains genetically 

undefined.  The scope of investigation of this study this cohort has focused on variants already known 

to be associated with FECD as well as those known to have a highly significant association with FECD. 

As research funding availability arises, further genome wide sequencing of the unresolved section of 

the ExpNeg cohort will be carried out with the aim of identifying variants of interest. 

 

Similar to the findings of the Westminster Health Forum, this study highlights one of the greatest 

challenges that the NHS faces in preparing for this paradigm shift in patient care: fragmented data 

collection and poor quality of patient data input.  In busy present day clinical settings, where the only 

treatment available to patients is surgical intervention, the routine need for nuanced and detailed 

phenotyping of individuals presenting with FECD simply does not arise.  However, as clinicians, it is 

imperative that we change our practice to align with the advances that continue to be made in the field 

of genomic medicine.  As genomic databases such as Online Mendelian Inheritance in Man and HapMap 

continue to thrive alongside advance in personalised medicine, so too should clinicians work toward 

developing unified phenotypic databases that would allow us to define the natural history, prognosis 

and targeted treatment for each specific disease subtype. 

 

As a result of my experience of this study, I have begun to develop a Corneal Genetics clinic to support 

the ongoing corneal genomics research at the UCL Institute of Ophthalmology.  By improving the quality 

and quantity of clinical data collection on the natural history of corneal dystrophies, standardising 

imaging and corneal structural analysis as well as investigating families of affected individuals, the goal 

of our team is to develop a consolidated genotype-phenotype database to understand specific features 

of corneal dystrophies and guide our evaluation of an individual’s targeted treatment in the future. 
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RESULTS CHAPTER 4.0 

 

 

 

 

 

Chapter 4 

 

Investigating the Dual Presentation 

 of Fuchs Endothelial Corneal Dystrophy  

and Keratoconus 
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4.1 Background 

Keratoconus (KC, OMIM 14830) is a non-inflammatory corneal ectasia that leads to progressive thinning 

of the corneal stroma and subsequent steepening of the corneal curvature (Rabinowitz 1998, Davidson, 

Hayes et al. 2014, Gordon-Shaag, Millodot et al. 2015). The resulting change in shape of the corneal 

refractive surface causes an increase in irregular astigmatism, progressive myopia and associated visual 

loss.  At the early stage of the ectasia, refractive correction can be achieved with glasses and  often 

improved further by contact lenses.  However, with progressive thinning of the cornea, the structural 

integrity is compromised further and focal areas of elevation and weakness occur.  

 

Keratoconus is a disease that presents mainly in the younger population and exhibits a male 

preponderance.  Fuchs endothelial corneal dystrophy conversely is a disease of later life with a higher 

incidence among women.  FECD is also more commonly seen in the Caucasian population while the 

prevalence of The estimated incidence of KC is between 3.3-13.3 per 100000 in White European 

population and 19.6-25 per 100000 in South Asians, whilst the prevalence has been predicted to be 55-

57 and 229 per 100000 in these two ethnic groups, respectively (Pearson, Soneji et al. 2000, Georgiou, 

Funnell et al. 2004, Godefrooij, de Wit et al. 2017). 

 Unlike keratoconus which can rarely present unilaterally, FECD is a bilateral disease albeit with 

sometimes varying degrees of severity between each eye (Ferdi, Nguyen et al. 2019).   

In patients with keratoconus, a more objective approach to defining disease progression has been 

adopted as the introduction of new treatment modalities such as corneal cross linking created the need 

to  identify the optimal therapeutic window in the natural history of the disease. Scheimpflug imaging 

scans of keratoconic eyes  allow clinicians to assess and compare tomographical and refractive 3-

dimensional measurements of the cornea at separate time points.  This allows the monitoring of 

keratoconus progression by defined and objective parameters.  A protocol is implemented at MEH to 

define progression based on the Scheimpflug imaging parameters and to allow a more standardized 

approach to (Appendix D).   

In addition to assessing progression of ectasia by these parameters, in cases where the diagnosis of 

keratoconus in uncertain, the profile of both the anterior cornea (anterior float) and posterior corneal 

(back float) are taken in consideration.  Although the anterior profile of the cornea may retain a 

relatively normal shape, ectasia are often found to manifest first as abnormal elevations of the posterior 

corneal curvature.  These posterior changes can persist even in the presence of stromal oedema and 
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belie the existence of a subclinical ectasia.  Careful evaluation of these various corneal measures is 

therefore important in ascertaining the diagnosis of keratoconus in combination with FECD.  

The dual presentation of FECD and Keratoconus in patients is a rare but recognised clinical entity 

(Lipman, Rubenstein et al. 1990, Jurkunas and Azar 2006, Salouti, Nowroozzadeh et al. 2010, Kaushik, 

Jain et al. 2015)(Table 1).  As noted in Chapter 2 (Section 2.5 Discussion) , within the sample of 342 

patients in the MEH FECD study, the incidence of keratoconus was higher than previously reported in 

comparative population studies (0.9% versus 0.03%- 1.2%; average 0.31% ).  This finding highlighted 

the need for a more detailed study of this subset of patients who present with both forms of corneal 

pathology.  

The first reports of concurrent FECD and keratoconus in the literature were in the 1990s (Lipman, 

Rubenstein et al. 1990, Orlin, Raber et al. 1990).  To date there are 13 publications identifying this 

combined pathology, consisting mainly of case reports and case series, with Cremona et al and Parker 

et al publishing largest studies of the condition (Cremona, Ghosheh et al. 2009, Parker, Birbal et al. 

2019).  A summary of the literature to date is provided in Table 1.  Across these publications patients 

were diagnosed at various stages of the disease, from early presentation of visual loss to incidental late 

findings at the time of assessment for cataract surgery.  Orlin et al present the only known case of the 

combined pathology occurring in the paediatric population, while all other cases are reported in 

patients over the age of 30 years (Orlin, Raber et al. 1990).  A meta-analysis of the published data by 

Mylona et al noted that of the total 69 cases, there exists a slight female preponderance of 56.5% 

(39/69) although this was not statistically significant (Mylona, Tsinopoulos et al. 2020).  However, it 

should be noted that in their analysis, Mylona et al included publications by  Darlington et al, Martone 

et al and Alexandrakis et al, that do not fulfil the criteria for the diagnosis of combined keratoconus and 

FECD on the basis that the first 2 case studies reported unilateral guttata while the third case describes 

the development of guttata on corneal graft tissue following graft surgery in keratoconus patients 

(Alexandrakis, Filatov et al. 2000, Darlington, Mannis et al. 2001, Martone, Tommasi et al. 2007).  

Correcting for this, the female preponderance is reduced to 52.9% (36/68).    

It was not possible to ascertain from the literature the interval between the two diagnoses within this 

patient population.  Further to this, there is no published data examining the prevalence of the 

concurrent presentation of KC and FECD.  Cremona et al analysed retrospective data over a 10-year 

period of patients diagnosed with corneal dystrophies at the Wills Eye Hospital, Pennsylvania, United 

States.  Their study of 51 keratoconus patients with other concomitant corneal dystrophies showed 

that the most common dual pathology was FECD (27/51 cases, 52.9%) (Cremona, Ghosheh et al. 2009).  
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This finding is in keeping with FECD being the most common corneal dystrophy and does not in itself 

prove a shared causal link between the two conditions (Vedana, Villarreal et al. 2016).Although some 

reports speculate that a shared genetic cause may underlie the pathophysiology of both conditions, no 

definitive genetic link between the two has been the two conditions has been established . However, a 

recent high powered keratoconus genome wide association study has identified two distinct loci, 

encompassing PIDD1/SLC25A22 (rs7117921, p = 1.09 ×10−26) and ATP1B1 (rs1200108, p = 4.52 × 

10−10)., that had previously also been demonstrated to confer susceptibility to FECD by an 

independent GWAS (Afshari, Igo et al. 2017, Hardcastle, Liskova et al. 2021).  It is yet to be determined 

if these signals of association are driven by distinct or common variants. However, it is tempting to 

speculate that variants at these loci could confer shared suitability for both diseases.  

 

Mazzotta et al are report a single case of a 55 year old subject presenting with clinical symptoms of 

FECD and keratoconus as well as epithelial basement membrane dystrophy who was shown to harbour 

a heterozygous variant in exon 7 (c.1920G>T; p.Gln640His) of the ZEB1 gene.  The variant was believed 

to be disease causing based on previous reported findings by Lechner et al identifying mutations in 

ZEB1 in individuals who presented with isolated FECD and keratoconus, suggesting a possible shared 

mechanism of disease (Lechner, Dash et al. 2013, Mazzotta, Traversi et al. 2014).  However, given the 

lack of segregation analysis reported by both studies it remains plausible that the ZEB1 variant only 

underlies FECD and not KC in these probands.   

 

In cases of combined KC and FECD, penetrating keratoplasty has been the treatment modality of choice 

as it replaces both the ectatic epithelial and stromal layers as well as the thickened basement 

membrane and compromised endothelial layer. However, the published literature further 

demonstrates a shift in surgical management of this patient population away from full thickness corneal 

transplantation towards partial thickness posterior endothelial keratoplasty in cases where endothelial 

decompensation was the primary cause of visual loss (Jurkunas and Azar 2006, Vira, Abugo et al. 2014, 

Price and Price 2017).  In adapting posterior lamellar surgery in a subset of the KCFECD population, it is 

important to consider the implications of residual irregular astigmatisms in the patient population and 

the implications to post-operative visual rehabilitation. 
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Author Year N Gender 
M:F 

Findings 

Lipman et al. 
(Lipman, 
Rubenstein et 
al. 1990) 

1990 1 0:1 Familial component as FECD was noted in three female 
generations and keratoconus in both male and female relatives 
across 2 generations 
 
Criteria of clinical diagnosis not provided.  Histological specimen 
obtained at time of PK showed features of epithelial thickening , 
dimpling of Bowman’s membrane , guttata and thickened 
Descemet’s Membrane 

Orlin et al. 
(Orlin, Raber 
et al. 1990) 

1990 5 2:3 To report clinical findings of 5 patients with combined KF+FECD 
including histopathology of 2 corneas following penetrating 
keratoplasty 
 
Reports the only case in the literature of a child (15 years old) 
showing signs of both pathology 
 

Jurukunas et 
al. 
(Jurkunas and 
Azar 2006) 

2006 8 3:5 Normalisation of corneal pachymetry was shown to occur in a 
subset of patients, potentially masking disease severity 
recommends the routine use of preoperative corneal 
topography and specular microscopy in such case 
 
Diagnostic criteria: KC diagnosed on topographic finding of 
inferior steepening and FECD based on presence  of  guttae  on 
slit-lamp examination and reduced cell counts with 
pleomorphism and  polymegathism  on  specular  microscopy 

Cremona et al. 
(Cremona, 
Ghosheh et al. 
2009) 

2009 27 9:16 FECD was shown to be the most common concomitant corneal 
dystrophy in patients with keratoconus at the Will Eye Institute 
(27/51 cases, 52.9%) 
 
Diagnostic criteria:  KC diagnosed on topographic findings of 
localized steepening, Slitlamp and pachymatric assessment of 
corneal thickness. FECD based on slit-lamp findings of guttata 
and specular microscopy confirmation of guttae, pleomorphism 
and polymegathism. 

Salouti et al. 
(Salouti, 
Nowroozzadeh 
et al. 2010) 

2010 2 0:2 Clinical description of 2 cases of bilateral KC+FECD 
 
KC diagnosed on topographic finding of inferior steepening and 
FECD based on presence  of  guttae  on slit-lamp examination 
and reduced cell counts with pleomorphism and  
polymegathism  on  specular  microscopy 

Vira et al. 
(Vira, Abugo et 
al. 2014) 

2014 4 2:2 Reports the viability of DSEK surgery in KC+FECD 
Specifies that the procedure should be attempted in patient 
who have yet to develop apical scarring secondary to KC 
 
KC diagnosed on topographic finding of inferior steepening and 
FECD based on presence  of  guttae  on slit-lamp examination  

Mazzotta et al. 
(Mazzotta, 
Traversi et al. 
2014) 

2014 1 1:0 Reports the finding of a potential mutation in the ZEB1 gene as 
the underlying cause of the dual pathology 
 
As no comprehensive segregation data was provided, it is not 
possible to conclude that both phenotypes are attributed to this 
single variant.  
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KC diagnosed on topographic finding of inferior steepening and 
FECD based on presence  of  guttae  on confocal laser scanning 
microscopy 

Kaushik et al. 
(Kaushik, Jain 
et al. 2015) 

2015 1 0:1 Case report highlighting the challenge of intraocular lens 
selection in this patient population and the need to anticipate 
the implication of a hyperopic shift should future corneal 
endothelial graft be required 
 
KC diagnosed on topographic finding of inferior steepening and 
FECD based on presence  of  guttae  on slit-lamp examination 
 

Cooper et al. 
 

2017 1 1:0 Reports the viability of DMEK+IOL surgery in KC+FECD 
 
KC diagnosed on topographic finding of inferior steepening and 
FECD based on presence  of  guttae  on slit-lamp examination 

Gupta et al. 
(Gupta, 
Kinderyte et al. 
2017) 

2017 1 1:0 Report surgical outcomes in a case of DMEK+IOL,  highlight an 
unexpected refractive outcome due to the normalization of 
corneal topography 
 
KC diagnosed on topographic finding of inferior steepening and 
FECD based on presence  of  guttae  on confocal laser scanning 
microscopy 

Parker et al. 
(Parker, Birbal 
et al. 2019) 

2019 10 8:2 To report on sixteen eyes of 10 patients with comorbid KC and 
Fuchs endothelial corneal dystrophy (FECD) underwent 
uncomplicated Descemet membrane endothelial keratoplasty 
(DMEK)  

Challenges the concept that breaks in Descemet’s membrane 
lead to hydrops in patients with keratoconus as even complete 
removal of this layer during DMEK surgery did not lead to 
hydrops.   

Diagnostic criteria of KC and FECD not provided. 
McKelvie et al 
(Wang and 
McKelvie 
2020) 
 

2020 1 0:1 Highlights diagnostic monitoring and treatment challenges of 
dual pathology as well as viability of DMEK as a treatment  

Reports atypical late-onset progressive KC in a patient over the 
age of 40 years 

KC diagnosed on topographic finding of inferior steepening and 
FECD based on presence  of  guttae  on slit-lamp examination 
and reduced cell counts with pleomorphism and  
polymegathism  on  specular  microscopy 

 
 

 

Table 1:  Literature review of combined cases of Keratoconus and FECD.  The table summarises the 66 

reported cases to date of patients presenting with both KC and FECD from 1990 to present day.  The findings 

suggest a slight female preponderance of 52.9% (36/68). Orlin et al present the only known case of the 

combined pathology occurring in the paediatric population, while all other cases are reported in patients 

over the age of 30 years.  Studies that discuss surgical treatment highlight the viability of partial thickness 
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endothelial keratoplasty in this patient population, while Parker et al further query the existing 

pathophysiological finding of hydrops in keratoconus based on their intraoperative experience of DMEK in 

this population.   
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4.2 Aims 

The hallmark thinning of the cornea in KC can be masked by the progressive oedema seen in FECD, 

creating a diagnostic challenge to ophthalmologists.  Further to this, the diametrically opposed 

approach to surgical management of these two diseases introduces further uncertainty in the choice 

of corneal transplant technique adopted to provide maximal visual rehabilitation while minimising risk 

to the patient.  It is therefore important to recognise that both conditions can co-exist and highlight the 

clinical appearance of the cornea when both pathologies manifest simultaneously.   

I aim to identify cases of combined FECD and keratoconus in the MEH patient population and to 

document the pattern of first clinical presentation and the natural progression of the disease .  In 

addition, I will report the outcomes of corneal endothelial graft surgery within this cohort so as to 

understand the potential challenges in the diagnosis and treatment of this group of patients. 

Genotyping studies were performed on this sample of patients with combined FECD and KC to 

determine if CTG18.1 expansion underlies the clinical features of FECD seen in this cohort.   
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4.3 Methods 

MEH patients diagnosed with both KC and FECD were identified by first performing a data search of the 

electronic patient record system for the terms “ Fuchs”, ”Keratoconus” and “Ectasia”.  The identified 

patient records were then searched individually to confirm the presence of verified diagnosis of both 

diseases in 17 individuals (32 eyes).  FECD was defined as confluent central corneal guttata on slit lamp 

biomicroscopy.  Keratoconus was diagnosed on clinical examination as well as topographic evidence of 

ectasia (stromal thinning, irregular astigmatism).  

Slitlamp biomicroscopy findings, corneal topography and sequential central corneal thickness (CCT) 

were obtained for the 17 subjects.  Surgical interventions and clinical reasoning for surgical decisions 

were also recorded along with surgical outcomes. 

Genotyping was performed on 11 patients to determine CTG18.1 repeat expansion status (Appendix 

A). Written informed consent was received from all participants who provided blood for this study. 

Genomic DNA was extracted from whole blood using conventional methodologies.  
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4.4 Results 

A total of 17 adult patients were identified as having a diagnosis of combined FECD and keratoconus 

(Table 2).  The cohort consisted of 8 male and 11 female patients.  In all but one patient, keratoconus 

was diagnosed bilaterally.  In the single case of unilateral KC, the contralateral eye was considered a 

keratoconus suspect as signs of ectasia were only noted on the posterior profile of the cornea.  

Most patients who presented were White (n=9, 52.9%) with the remaining population comprised of 6 

Black patients (35.3%) and 2 (11.8%) South Asian patients.   Of the 17 patients, 5 patients were 

diagnosed with keratoconus first, 3 were initially diagnosed with FECD and in 4 patients both 

pathologies were recognised at first presentation.  The average age of patients first diagnosed with KC 

was 37.8 years (ranges: 26 – 46 years) while the average age of patients first diagnosed with FECD was 

50.3 years (range: 38-69 years).  No statistically significant difference was noted between the age of 

diagnosis of the second corneal pathology between patients diagnosed with FECD first versus those 

diagnosed with KC first [t-test: p= 0.8176 (CI: -20.76 -25.25)]. Five patients were referred from other 

hospitals and the sequence of diagnosis could not be ascertained.  Sixteen of the seventeen patients 

were  followed up for an average period of 48 months (range of follow up: 6-91 months). One patient 

did not attend further appointments following the first assessment and diagnosis.  As 3 patients had 

undergone corneal transplant surgery prior to referral to MEH and one patient was listed for 

keratoplasty on the first visit, local follow up data was available for 28 eyes in this cohort.   

In patients where FECD was diagnosed first (3 patients), the time to KC diagnosis was on average 1.3 

years.  The diagnosis of keratoconus was made as a result of routine Scheimpflug imaging scans in 2 

cases and the third patient was noted to show signs of the ectasia on pre-assessment for cataract 

surgery.  When KC was the primary diagnosis, FECD was diagnosed on average 9 years later based on 

slitlamp findings of central guttata and 3 of the 5 also exhibited signs of central stromal corneal oedema.  

Specular microscopy was performed in 8 eyes but endothelial cell count (ECC) could not be obtained in 

3 eyes due to the severity of FECD. Mean ECC was 1769.6±723.08/mm2 and none of the analysed eyes 

had undergone corneal transplantation. Specular images of corneal endothelium revealed abnormal 

mosaic pattern with dark areas and prominent edges compatible with corneal guttata. Pleomorphism 

and polymegathism were also present. 

Ambiguity in diagnosis occurred in one case, as guttae were mistaken for Krukenberg spindles in 

keeping with the known diagnosis of pigmentary glaucoma, causing a delay in the initial diagnosis of 

FECD by 2 years.  “Pseudo” guttata were also considered as a potential differential in this population of 

KC patients in whom some patients achieved Best Corrected Visual Acuity with rigid contact lenses.  
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Contact lens related hypoxia can lead to the appearance of guttata on Descemet’s Membrane, but 

similar to guttata seen in inflammation this finding is transient and improves when contact lens wear is 

reduced (Moshirfar, H et al. 2019).   

Of the 28 eyes of 16 patients studied, 9 showed an increase in central corneal thickness suggestive of 

corneal decompensation secondary to FECD, while 17 eyes showed thinning of the central cornea in 

keeping with KC progression. It was interesting to note that in 6 patients (37.5%), while one eye showed 

signs of thinning the contralateral eye showed signs of increased corneal thickness (Table 3).   

In addition to the diagnosis of the two corneal pathologies, eight patients in this cohort were also noted 

to have other ocular co-morbidities: 5 cases of glaucoma, 1 age related macular degeneration and 1 

patient was diagnosed with floppy eyelid syndrome.  Of the five cases of glaucoma, two were noted to 

have normal tension glaucoma, one case of pigmentary glaucoma, one primary open angle glaucoma 

and one developed secondary glaucoma following corneal graft surgery as a result of topical steroid 

drops (Table 2).  One patient had Ehler-Danlos syndrome, a condition known to be associated with KC 

but not FECD (Ihalainen 1986). 

 

4.4.1 Genetic Analysis 

Blood samples were obtained from 11 patients in this cohort to allow genotyping for the CTG18.1 

repeat expansion (Table 2).  Six patients were positive for the repeat (defined as harbouring at least 

one allele with ≥50 CTG repeats).  Of the 11 patients genotyped, disease onset and diagnosis data were 

available for 9 patients.  The average age of FECD diagnosis in the expansion positive patients was 56.75 

years compared to 46.8 years in the expansion negative individuals.  This difference was statistically 

significant, (Chi square p=0.0434). 

The expansion positive cohort was predominantly White (5/6) while the majority of the expansion 

negative  sample was non-White (4/5).  No statistically significant association was found between the 

ethnicity and expansion status (Chi square p=0.36).  The 5 (71.3%) of the male patients were found to 

harbour the repeat compared to one (25%) of the 4 female patients.  Although this result is in keeping 

with the finding within the larger FECD cohort that men are more likely to harbour the repeat expansion 

(p<0.005) (Chapter 2, section 2.4.1.1.2), the finding within the dual pathology cohort was not found to 

be statistically significant (Chi square p=0.14).  
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Patient ID
 

G
ender 

Ethnicity 
Expansion 

Status 
(Allele 

Length) 

Age of FECD 
diagnosis 

Age of KC 
Diagnosis 

Interval Betw
een 

KC and FECD 
Diagnosis  

(years) 

Surgical Intervention 
(Age of surgery) 

O
ther O

cular 
Co-M

orbidities 

Right 
Left 

KF 1 
M

 
W

hite 
Positive 
(18, 70) 

61 
43 

18 
N

R 
N

R 
N

orm
al Tension 

G
laucom

a 
KF 2 

F 
Black 

N
/A 

55 
30 

25 
N

R 
N

R 
N

orm
al Tension 

G
laucom

a 
KF 3 

F 
Asian 

N
/A 

50 
N

/A 
N

/A 
none 

PK (49) 
N

one 
KF 4 

F 
Black 

N
egative 

(12, 18) 
34 

26 
8 

N
R 

N
R 

N
one 

KF 5 
M

 
Black 

N
egative 

(15, 28) 
38 

39 
-1 

DSAEK (46) 
N

R 
Pigm

entary G
laucom

a 

KF 6 
M

 
W

hite 
Positive 
(12, 83) 

69 
71 

-2 
N

R 
N

R 
Age related m

acular 
degeneration 

KF 7 
F 

Black 
N

/A 
35 

35 
0 

CXL (39) 
 

N
one 

KF 8 
M

 
W

hite 
N

/A 
44 

45  
(unilateral) 

-1 
DM

EK+Phaco 
+IO

L (54) 
PK (48) 

N
one 

KF 9 
F 

W
hite 

N
/A 

N
/A 

N
/A 

N
/A 

PK (68) 
N

R 
Floppy eyelid syndrom

e 
KF 10 

F 
Black 

N
egative 

(15, 18) 
58 

58 
0 

N
R 

N
R 

N
one 

KF 11 
M

 
Asian 

Positive 
(12,125) 

51 
46 

5 
N

R 
N

R 
N

one 

KF 12 
F 

Black 
N

egative 
(16, 16) 

54 
54 

0 
DSAEK+Phaco  

+ IO
L (57) 

DM
EK + Phaco 

+ IO
L (56) 

N
one 

KF 13 
M

 
W

hite 
Positive 
(18, 85) 

N
/A 

69 
N

/A 
DM

EK (69) 
PK (61) 

Prim
ary O

pen angle 
G

laucom
a 

KF 14 
F 

W
hite 

Positive 
(18, 90) 

N
/A 

N
/A 

N
/A 

PK (34) 
N

R 
Secondary glaucom

a 
(steroid response) 

KF 15 
F 

W
hite 

N
/A 

34 
34 

0 
CXL (38) 

CXL (38) 
N

one 
KF 16 

M
 

W
hite 

Positive 
(18, 85) 

46 
44 

2 
N

R 
N

R 
N

one 

KF 17 
M

 
W

hite 
N

egative 
(12, 27) 

50 
50 

0 
PK + Phaco 
+IO

L (52) 
N

R 
N

one 



 
154 

Table 2:   Tabulation of   dem
ographic data, CTG

18.1 repeat expansion status, surgical intervention and  other ocular co-m
orbidities w

ithin the KC FECD patient 

population.  The average age of patients first diagnosed w
ith KC w

as 37.8 years (ranges: 26 – 46 years) w
hile the average age of patients first diagnosed w

ith 

FECD w
as 50.3 years (range: 38-69 years). The data show

s that the population is predom
inantly W

hite w
ith a slight fem

ale preponderance.  Repeat expansion 

status data w
as available for 11 of the 17 patients. A greater proportion of m

ale patients harboured the m
utation but the association betw

een gender and 

expansion status in the dual pathology cohort w
as not found to be statistically significant (p=0.14).  N

o statistically significant association w
as noted betw

een 

the ethnicity and expansion status (Chi square p=0.36).  The average age of FECD diagnosis in the expansion positive patients w
as 56.75 years com

pared to 46.8 

years in the expansion negative individuals.  This difference w
as statistically significant, (Chi square p=0.0434). Co-pathology noted in this patient population 

included 5 patients diagnosed w
ith  glaucom

a , 1 case of age related m
acular degeneration and 1 case of floppy eyelid syndrom

e.  Fourteen eyes in this study 

required surgical intervention in the form
 of  corneal transplantation (n=11) and cross linking (n=3).
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Patient 

ID 
Period of 
Follow Up 
Right Eye 
(months) 

Period of 
Follow Up  
Left Eye 

(months) 

Right Eye Progression Left Eye at Progression 
CCT 
(m) 

K1 
(D) 

K2 
(D) 

Kmax 
(D) 

CCT 
(m) 

K1 
(D) 

K2 
(D) 

Kmax 
(D) 

KF 1 84 84 90 0.1 0.3 5.0 28 1.3 1.1 12.5 
KF 2 96 96  25   

7.8 
 4.0 14.5  3  1.9  

0.1  1.1 
KF 3 25 -  10  0.8  0.3  0.5 - - - - 
KF 4 42 42  18  0.7  2.9  1.7  35  0.1  

0.8  0.4 
KF 5 91 91  94 3.9 3.2 3.6  1  0.9  

1.8  1.3 
KF 6 - - - - - - - - - - 
KF 7 51 51  23  0.7   

0.3 
 0.5 30  0.5  

0.8  0.7 
KF 8 60 14  24  0.1  0.2  0.1  34  1.5  

0.8  0.4 
KF 9 - 66 - - -    4.6  

0.7  2.8 
KF 10 53 53  15  0.3  0.6  0.4  9  1.2  

1.1  1.1 
KF 11 57 57  9  4.0 1.0  2.6  13  4.7  

1.6  3.2 
KF 12 19 7  2  0.2  0.1  0.1  15  0.5  

1.2  0.8 
KF 13 3 - - - - - - - - - 
KF 14 - 21 - - - -  4  0.5  

0.6 0 
KF 15 6 6  6  0.1  1.1  0.5  17  0.1  

0.3  0.1 
KF 16 17 17  5  0.8  1.6  1.2  1  2.0  

1.4  1.7 
KF 17 11 11  11  0.2  0.2  0.1  5  0.9  

0.1  0.5 

Table 3:  Follow up and progression data of KCFED patients documenting changes in corneal curvature 

and central corneal thickness.  Follow up data was available for 28 eyes of 16 patients within this cohort.  

The follow up period ranged from 3 to 96 months (average 44 months) and covered the period from 

first attendance at Moorfields Eye Hospital/diagnosis to the last available follow up review or to the 

point of surgical intervention.  Nine eyes (32.1%) were noted to show an increase in central corneal 

thickness from baseline scans, suggestive of corneal decompensation secondary to FECD,  while 17 eyes 

(60.7%) showed thinning of the central cornea in keeping with progressive ectasia. It was interesting to 

note that in 6 patients (37.5%), while one eye showed signs of thinning the contralateral eye showed 

signs of increased corneal thickness demonstrating that disease progression can show intraindividual 

asymmetry. 
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4.4.2 Surgical Intervention 

Of the 34 eyes in the 17 patients studied, 14 required surgery due to disease progression. Six eyes were 

treated with penetrating keratoplasty (PK), with one case performed as a combined procedure to allow 

removal of cataract and insertion of an intraocular lens.  Of the 6 cases, 3 of the transplants were 

performed at other hospitals prior to referral to MEH. The average age at which patients underwent PK 

was 58 years (range 34 to 68 years).   

Five eyes were treated for corneal decompensation by undergoing posterior lamellar endothelial 

transplantation.  Specifically, 3 eyes underwent DMEK surgery (2 combined with cataract extraction 

and intraocular lens implantation) and 2 eyes were treated by DSAEK surgery (1 combined with cataract 

extraction and intraocular lens implantation).  The average age for DMEK was 59.7 years (range 54-69 

years) and the average age of DSAEK was 51 years (46 and 57 years).   

Patients who underwent surgical intervention  are discussed in greater detail as case studies in the 

following section. 

4.4.2.1 Case studies 

A. Case report KF13  

KF13 is a white male who was first diagnosed with keratoconus in his mid-thirties.  The condition was 

noted bilaterally but was more advanced in the left eye for which he underwent a combined full 

thickness penetrating keratoplasty, cataract extraction and intraocular lens implantation at his local 

hospital at the age of 61 years.  He was referred to Moorfields Eye Hospital a year after surgery for 

treatment of advanced normal tension glaucoma in both eyes.  A right trabeculectomy was performed 

when he was 65 years old.  It was noted at that time that the right eye, which has undergone cataract 

extraction at the age of 62 years, showed signs of corneal decompensation secondary to FECD.  

KF13 was then referred to the corneal service at the age of 69 years with a right best corrected Snellen 

visual acuity of 6/18 ph 6/12  and  Hand Movements vision in the left eye.  The poor vision in the left 

eye was the result  of optic nerve damage secondary to glaucoma, as confirmed by the presence of a 

relative afferent pupillary defect.  The visual acuity in the right eye was attributed in part to central 

corneal oedema visible on slitlamp examination as well corneal structural changes in keeping with 

ectasia.  The scheimpflug tomography scan of the right eye showed an area of inferior steepening on 

the anterior curvature float with milder corresponding changes on the posterior float, indicative of an 

ectasia.  The thinnest point of the cornea was off axis and displaced inferotemporally.  However, due 
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to the presence of corneal oedema, it was noted that even at the thinnest point the cornea maintained 

a thickness of 540m and the central cornea was slightly thickened at 578m (Figure 1).  The changes 

in corneal curvature resulted in irregular astigmatism of 1.5D. 

Genotyping was performed and further confirmed the clinical diagnosis of FECD by identifying a 

homozygous TCF4 intron expansion, 85 repeats in length. 

 

 

 

 

 

 

 

 

Figure 1.  Pre-operative Scheimpflug corneal tomography (Pentacam ) scan of KF13’s right eye at the 

age of 69 years.  The pentacam scan shows an area of inferior steepening on the anterior curvature 

float with milder corresponding changes of the posterior float, indicative of an ectasia.  The thinnest 

point of the cornea is off axis and displaced intertemporally.  The thinnest point of the cornea is 540 

m and the central cornea is 578m.  

 

Clinical evaluation of the corneal changes suggested that oedema was the main cause of visual loss and 

KF13 was listed for DMEK surgery to the right eye.  Following uncomplicated graft surgery, the post-

operative best spectacle corrected visual acuity in the right eye improved to Snellen 6/7.6 and was 

maintained over a 2 year follow up period. Scheimpflug corneal tomography (Pentacam), performed 

25 months following surgery are more evident of corneal ectasia with a prominent area of inferior 

corneal steepening on both the anterior and posterior float.  Resolution of the oedema lead to a 

reduction in central corneal thickness to 452m (Figure 2).  
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Figure 2:  Comparative Scheimpflug corneal tomography (Pentacam) scans performed 25 months 

following Right DMEK surgery in subject KF13.  Resolution of corneal oedema from 584m to 452m 

has created a more evident area of corneal ectasia with a prominent area of inferior corneal 

steepening on the anterior float and posterior elevation shows a maximal increase of 67m.  The 

corneal astigmatism increased by 1.1D but the post-operative best corrected spectacle visual acuity in 

the right eye improved to Snellen 6/7.6 

 
 
 
B. Case report KF12 

KF12 is a Black African female who was referred at the age of 54 years by her optician as a keratoconus 

suspect. The best spectacle corrected Snellen visual acuity was 6/9 in the right eye and 6/12 in the left 

eye on first assessment.  The left eye was noted on presentation to show irregular astigmatism (K1 

37.9D, K2 46.9D) and an area of greatest elevation noted inferiorly (Kmax 54.0D) (Figure 3 B). The 

ectasia was most prominent inferotemporally on both the anterior and posterior elevation profiles. The 
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central corneal thickness was 474m and the thinnest area was 460m.  Although the irregular 

astigmatism and area of maximal elevation was less pronounced in the right eye (K1 39.3D, K2 41.7D, 

Kmax 42.5D), an area of inferotemporal elevation in keeping with keratoconus was noted on the 

posterior elevation scan (Figure 3 A). The central corneal thickness was 469m and the thinnest area 

was 462m. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Scheimpflug corneal tomography (Pentacam) scans obtained from KF12 on presentation at 

the age of 52 years. A: Pentacam scans of the right eye show an area of inferotemporal elevation in 

keeping with keratoconus.  There is a corresponding corneal thinning and irregular astigmatism in the 

right eye. B: Both the anterior and posterior float of the left eye show an area of greatest elevation 

inferotemporally. There a greater degree of corneal astigmatism in the left eye than the right.   

 

At the time of presentation, central guttata and mild stromal oedema were noted bilaterally leading to 

the diagnosis of FECD.  The patient reported diurnal fluctuation in vision, mainly in the left eye, with 

the vision also effected by the presence of a cataract.  KF13 was offered left DMEK surgery in 

A 

B 
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combination with cataract extraction and intraocular lens implant to address both the cataract and 

corneal decompensation secondary to FECD. 

Following the left DMEK surgery in the left eye at age 55 years, the visual acuity  improved but resolution 

of corneal oedema lead to greater prominence of corneal ectasia. The central corneal thickness 5 

months post-transplant dropped to 381m with the thinnest local area of 371m (Figure 4).  The post-

operative best corrected spectacle visual acuity in the left eye was 6/9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Scheimpflug corneal tomography (Pentacam) obtained from KF12 following left DMEK 

surgery.  Resolution of corneal oedema lead to a central corneal thickness of 381m with a thinnest 

area measuring 370m located inferotemporally, -0.59mm from the apex.  With the resolution of 

stromal oedema, a greater normalisation of the corneal thickness spatial profile was noted. Despite the 

residual irregular astigmatism, the patient achieved 6/9 Best Corrected Spectacle Visual Acuity in the 

left eye. 
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Over a 2 year period of monitoring, the right eye showed signs of early cataract and it was felt to be the 

main contributing factor to the decline of best corrected Snellen visual acuity of 6/15.  Cataract surgery was 

performed but required a secondary fragmatome and vitrectomy to remove lens fragments from the 

posterior chamber.  Post lens extraction surgery the right eye remained aphakic and further progression of 

central corneal oedema was noted (CCT 476m). 

In view of both the previous post-operative increase in ectasia that was noted following left DMEK surgery 

as well as the aphakic state of the right eye, DSAEK surgery combined with intraocular lens implantation was 

performed to address endothelial decompensation in the right eye. 

Resolution of corneal oedema following right DSAEK surgery did not reveal significant underlying corneal 

ectasia. The corneal graft (shown in figure 5A) comprised a lamellae of stromal tissue in addition to 

Descemet’s membrane and endothelial cells, thus adding approximately 100m of tissue to the posterior 

corneal surface.  It should be noted, however, that overall irregularity of the corneal curvature on the 

anterior sagittal section was more prominent following the surgery leading to an increase in astigmatism 

from 2.4D at presentation to 4.0D post operatively. The best corrected spectacle visual acuity in the left eye 

following surgery was 6/9.  Over a further 14 months of follow up, both eyes remained stable with no 

progression of ectasia. 
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Figure 5:  Scheimpflug corneal tomography (Pentacam) of KF12 following right corneal transplant 

surgery (DSAEK) surgery and intraocular lens implantation.  A. In a cross-sectional image, the DSAEK 

graft is shown to be fully attached to the posterior surface of the cornea and was noted to be 100m 

thick.  B: The presence of an additional lamellae of transplanted stromal tissue on posterior corneal 

provides additional corneal thickness to the right cornea allowing a central corneal thickness of 491m 

and thinnest area of 414m despite clinical resolution of corneal oedema. Note however that the 

irregular corneal astigmatism of the anterior sagittal section is more prominent in the presence of an 

area of elevation seen inferonasally. 

 

A 

B 
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C. Case Report KF8  

KF8 is a white male who was first diagnosed with FECD at the age of 44 years based on the finding of corneal 

guttata and oedema visualised on slit lamp biomicroscopy.  An incidental finding of bilateral irregular 

astigmatism associated with corneal thinning on Pentacam scans lead to the diagnosis of keratoconus the 

following year. At the time of diagnosis, the left the central corneal thickness was 523m with the thinnest 

area of 504m corresponding to an inferotemporal area of ectasia (Figure 6).  Pentacam scans measured 

irregular astigmatism of 4.3D, with corneal curvature measures of K1 45.1D and K2 49.4D. Due to the 

irregular astigmatism of the corneal surface secondary to keratoconus, the best corrected Snellen visual 

acuity of 6/9 in the left eye was achieved in rigid gas permeable contact lenses.   

 

 

 

 

 

 

 

Figure 6:  Left eye Scheimpflug corneal tomography (Pentacam) of KF8, a 44 year old white Caucasian 

male taken at the time of diagnosis.   Pentacam scans of the left eye show an area of inferotemporal 

elevation in keeping with keratoconus.  There is a corresponding area corneal thinning of 504 m seen 

in the area of greatest elevation.  

 

  In the right eye, the Pentacam scan showed an area of inferotemporal elevation on the sagittal curvature 

scan with a corresponding area of elevation seen on the posterior float to support the diagnosis of 

ectasia(Figure 7).  The central corneal thickness in the right eye was 586m with the thinnest point of the 

cornea measuring 558m. The irregular corneal astigmatism was 1.7D, with corneal curvature measures of 

K1 41.8D and K2 42.6D.  The best corrected Snellen visual acuity achieved in hard contact lenses in the right 

eye was 6/6 unaided.  
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Figure 7: The right Scheimpflug corneal tomography (Pentacam) of KF8, a 44 year old white Caucasian 

male taken at the time of diagnosis.  The scan shows an area of inferotemporal elevation on the sagittal 

curvature scan that was suggestive of keratoconus supported a milder area of corresponding posterior 

elevation to support the diagnosis of ectasia.  The central corneal thickness was 586m with the 

thinnest point of the cornea measuring 558m. The corneal astigmatism was 1.7D on average with K 

reading of K1 41.8D and K2 42.6D. 

 

 

At the time of diagnosis KF8 had become increasingly intolerant of rigid gas permeable and opted to 

pursue surgical intervention.  A left penetrating keratoplasty was performed to treat the combined 

features of irregular astigmatism and endothelial disease. 

Over a period of 7 years follow up, KF8 noted increasing diurnal fluctuation in the right vision which 

was attributed to oedema secondary to FECD.  Due to the increased central corneal thickness and less 

advanced ectasia of the right eye cornea, he was listed for right DMEK surgery combined with cataract 

extraction and intraocular lens implantation Figure 8A.  Following right endothelial transplantation, the 

central corneal thickness reduced from 611m to 485m and the corneal astigmatism normalised from 

4.3D to 1.2D.  The posterior float of the cornea did not show significant areas of elevation post-surgery 
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(Figure 8B).  Unaided visual acuity in the right eye improved to Snellen 6/7.5, in keeping with the 

refractive intraocular lens  selection for emmetropia (-0.58D). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8:  Scheimpflug corneal tomography (Pentacam) of KF8’s right cornea pre and post DMEK 

surgery.  KF8’s right eye at the age of 51 years showed thickening secondary to corneal oedema along 

with irregular astigmatism with an area of inferotemporal steepening.  Clinically it was assessed that 

the predominant pathology leading to visual loss in this eye was corneal oedema and cataract which 

lead to the decision to proceed with right DMEK surgery, cataract extraction and intraocular lens 

implantation.  Following surgery, the scans show resolution of corneal oedema leaving a residual central 

corneal thickness of 485m with the thinnest point measuring 474m.  Despite the reduction in corneal 

thickness, the corneal shape as shown on corneal tomography sections shows a decrease in irregular 

astigmatism compared to preoperative scans.  
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4.4.3 Histopathology 

 

Following full thickness corneal transplant surgery to KF8, KF14 and KF17, the excised corneal 

buttons were sent for histological assessment.  While the epithelial thickness from KF17 was noted 

to be of fairly regular thickness, that of KF14 and KF8 was found to be thin and irregular.  This is in 

keeping with the clinical assessment of KF17 showing signs of less advanced keratoconus with a 

Kmax of 43.4D compared to more advanced changes in corneal curvature seen in KF14 and KF8 with 

Kmax readings of 47.2D and 60.8D respectively. 

In all cases breaks were noted in Bowman’s layer in keeping with keratoconus. Additionally, all 

specimen exhibited thickened basement membrane displaying exophytic guttata along with 

depletion of endothelial cells, supporting the diagnosis of FECD.  

Perls' staining was performed on specimens from KF14 and KF17 which confirmed the presence of 

ferrous deposition in the peripheral epithelium expected in keratoconus. 

 

 

 
 

  

Figure 9: Histopathology samples obtained at the 
time of penetrating keratoplasty (x20 
magnification).  Image A and B show a cross 
sectional Haematoxylin and Eosin stain of full 
thickness corneal specimens obtained from KF17 
and KF8 respectively.  The arrows in both images 
show the epithelial layer which is more irregular in 
the more advance keratoconus of B (KF8) 
compared to A (KF17). The triangles demarcate 
breaks in Bowmans layer, while the guttata on 
thickened Descemet’s membrane are marked by 
stars on the more magnified image A.  Image C 
highlights ferritin deposition stained blue by Perl’s 
stain within the epithelial layer  of KF17. 

A B 

C 
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4.5 Discussion 

This study of 17 MEH patients with co-existing keratoconus and FECD highlights the  clinical challenges 

in both the diagnosis and management of this patient population.  Although 23.5% (n=4) of the cohort 

was diagnosed with both diseases at the time of presentation, in the majority of cases dual pathology 

was only recognised after a period of monitoring.  As keratoconus typically present in early life while 

FECD commonly presents after the 4th decade, the average age of KC diagnosis was 37.8 years while 

first diagnosis of FECD occurred on average at 50.3 years.  This was further reflected in the period 

between diagnosis, as patients first diagnosed with KC were noted to have signs of FECD on average 9 

years later,  while the recognition of underlaying ectasia in FECD patients occurred on average within 

1.3 years.  

Interestingly, only 9 of the 28 eyes (32.14% ) diagnosed with both conditions were noted to show an 

increase in central corneal thickness secondary to corneal endothelial decompensation.  In the majority 

of cases (n= 9, 52.9%), progressive thinning of the cornea secondary to ectasia was the more prominent 

pathological feature. However, the disease process was not symmetrical between the two eyes, as 

noted in the case of 6 patients in whom one eye exhibited an increase in corneal thickness while the 

contralateral eye thinned due to ectasia.  This finding is relevant when counselling patients in regards 

to the natural history of their disease, as different surgical techniques may need to be considered for 

each eye.  This was illustrated in the case report of patient KF8 who required a full thickness corneal 

transplant in the left eye with more advanced keratoconus, but achieved excellent visual rehabilitation 

of the right eye following DMEK surgery which solely addressed the effects of FECD. 

 The average age of the 17 patients in this study was 55.5 years, with follow up data available for only 

two patients below the age of 40 years.  A longer follow up period may be required to appreciate the 

effect of endothelial decompensation within this patient population.   

Although genotyping data from this cohort was limited, the CTG18.1 expansion status was again noted 

to be more common amongst white patients (83.3%, n=5,) compared to non-white (25%,n=1) and also 

occurred more frequently in men (71.3%, n=7) versus women (25%, n=1).  These findings are in keeping 

with that of the larger FECD population studied in Chapter 2 (Results section: 3.1.1.1, 3.1.1.2).   

Although the average age of FECD diagnosis among the repeat expansion negative patients was 8.2 

years younger than the repeat expansion positive cohort, the finding is not of statistical significance 

due to the limited number of samples.  Overall within this population, KC on average diagnosed later 

and FECD earlier due to the masking of disease created by the presence of the dual pathology. 
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As discussed in Chapter 2, there exists an overlap between the underlying disease processes that occur 

in both FECD and KC.  This is also supported by the overlapping risk loci (PIDD1/SLC25A22 and ATP1B1) 

that have been identified for both conditions independently (Afshari, Igo et al. 2017, Hardcastle, Liskova 

et al. 2021). While the identification of the CTG18.1 repeat expansion in the majority of FECD patients 

has allowed greater insight into the disease mechanism underlying this dystrophy, keratoconus remains 

a genetically heterogenous disease associated with a number of genetic risk loci and environmental risk 

factors that are yet to be fully understood (Davidson, Hayes et al. 2014, Galvis, Sherwin et al. 2015, 

Gordon-Shaag, Millodot et al. 2015, Hardcastle, Liskova et al. 2021).  The TCF4 gene had not been 

previously associated with keratoconus in Genome Wide Association Studies that applied central 

corneal thickness as a marker ectasia (Li, Bykhovskaya et al. 2012, Lu, Vitart et al. 2013, Hardcastle, 

Liskova et al. 2021).  However recent studies have suggested that Corneal Hysteresis (CH) and Corneal 

Resistance Factor (CRF) allow more sensitive measures of corneal changes in keratoconus and could 

therefore be applied in identifying genes associated with keratoconus more accurately (Luce 2005, 

Ortiz, Pinero et al. 2007, Fontes, Ambrosio et al. 2010).  A GWAS performed by Khawaja et al. applied 

CH and CRF as a marker of keratoconus and found a significant association with a locus near TCF4 

(Khawaja, Rojas Lopez et al. 2019). This finding in itself does not show that the TCF4 gene directly 

underlies the pathogenesis of keratoconus, but does highlight that possibility that the gene plays a 

common role in altering corneal biomechanics in both KC and FECD. 

 

Salouti et al. have previously postulated that the shared embryological origin of both corneal stroma 

and endothelium from neural crest cells could be an indication of dysregulation of terminal 

differentiation of these cells that leads to the development of both diseases (Salouti, Nowroozzadeh et 

al. 2010).  However, this hypothesis has not been verified and no shared  abnormality of an 

embryogenesis pathway has been identified in this patient population. 

 

As both KC and FECD are not uncommon in the UK population, it is probable that both conditions could 

manifest together purely by chance and not as a result of a shared pathological pathway.  As FECD 

occurs predominantly in a white population, in order to ascertain if the prevalence of the combined 

condition was occurring at a higher frequency that would be expected by chance alone, prevalence 

data of keratoconus within a predominantly white population would be required to allow a comparative 

assessment.  However as shown in Table X, the range of reported prevalence in the literature ranges 

from 0.03- 1.2%.  Assessment of prevalence of keratoconus is further complicated by the absence of a 

consensus regarding diagnostic criteria which leads to the application of varying indices in defining the 

condition (Gomes, Tan et al. 2015).  It is therefore not possible to definitively conclude if the occurrence 
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of combined keratoconus and FECD is more than would be expected of two randomly occurring 

diseases.    

 

Although the occurrence of this dual pathology may be rare, the clinical significance of recognising this 

condition remains high due to the implications to surgical management of these patients.  The 

measurement of central corneal thickness has been used for assessing corneal decompensation and 

the need for surgical intervention in patients with FECD (Jurkunas and Azar 2006). However, in cases of 

combined keratoconus with FECD, false normalisation of the corneal thickness necessitates a greater 

reliance on clinical judgement to determine the predominant cause of visual dysfunction.   

While corneal tomography is an established imaging modality for diagnosing forme fruste KC and 

documenting ecstatic progression, more recently Scheimpflug imaging has been recommended as a 

useful tool to detect subclinical corneal oedema in FECD (Sun, Wacker et al. 2019). Three specific 

tomographic features of FECD corneas with oedema were described by Sun et al., including: loss of 

parallel isopachs, displacement of the thinnest point of the cornea, and focal posterior corneal 

depression While the documentation of these signs could be useful for early detection of sub-clinical 

corneal oedema in FECD, its utility might be limited in eyes with co-occurrence of KC as some of these 

tomographic features could also be observed in ecstatic cornea. 

 

 

In this study, surgical decision making was mainly guided by slit lamp evaluation of corneal oedema, 

scheimpflug imaging and assessment of corneal curvature in addition to the patients best corrected 

visual acuity in the 4th decade of life.  As corneal decompensation secondary to FECD normally occurs 

in later life, it was conceivable that correction of endothelial decompensation alone could restore vision 

to the level attained prior to the onset of corneal oedema.  

 

 While penetrating keratoplasty was once the surgery of choice to address both stromal ectasia and the 

endothelial dysfunction, this case series highlights the utility of both DMEK and DSAEK surgery in the 

management of this patient population.  Since 2014,  6 cases of DSEK and 2 cases of DMEK have been 

published in the literature for the management of cases of combined FECD and KC were corneal 

decompensation was the dominant pathological process.  Similar to the cases reported in this study, 

endothelial transplantation was shown to provide good visual rehabilitation.  However, in two of the 

three cases in this series (KF 12, KF 13) the irregular corneal astigmatism measurement was shown to 

increase following resolution of oedema as the ectasia became more prominent. This change has not 

previously been reported in the literature.  Although none of the cases reported an increase in 
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prominence of ectasia post operatively, it was interesting to note that similar to KF12’s right eye, two 

cases of DSEK reported by Vira et al demonstrated increased corneal thickness following attachment of 

the additional lamellae of stromal tissue (Vira, Abugo et al. 2014).  In all three cases the pre-operative 

central corneal thickness was noted to be below 500 m despite the presence of stromal oedema .  In 

cases such as these, DSEK offers the benefit of the added lamellar stromal layer that provides structural 

integrity over the thinner DMEK graft and is a safer option to avoid exacerbation of features of ectasia 

postoperatively. 

 

Jurukunas et al have also highlighted that in a case of combined DMEK and cataract extraction with 

intraocular lens implantation, the normalisation of the corneal topography lead to difficulty in 

predicting the refractive outcome as shown by an unanticipated postoperative refractive error of 

+3.75D in their patient (Gupta, Kinderyte et al. 2017).  The unpredictability of the post-transplant 

corneal curvature in this patient population necessitates adequate patient counselling to ensure 

patients are aware that further refractive correction will be required post-surgery.  Within this cohort 

of combined KCFECD, patients were found to achieve good spectacle corrected visual acuity and were 

satisfied with the postoperative outcomes.  It should also be noted that due to the asymmetry of the 

combined disease process, patients should be counselled appropriately in regards to the possible 

treatment modalities.  The case of patient KF8 shows that variations in disease severity between each 

eye may require different surgical interventions that carry  distinct risks and postoperative 

rehabilitation.   

 

In addition to the impact on surgical decision making, the presence of this dual pathology could also 

impact a clinician’s ability to diagnose other comorbidities. Within this study, 7 patients were noted to 

have further pathology which included glaucoma, age related macular degeneration and  floppy eyelid 

syndrome. Of these, glaucoma accounted for 29.4% (5/17), with normal tension glaucoma (NTG) 

making up 40% (n=2) of those cases.  This incidence of NTG is in keeping with the published literature 

but is interesting in that the diagnosis was made in two individuals below the age of 60 years.  NTG is 

more common in patients over the age of 60 years and in those of Asian ancestry unlike the 2 patients 

in this study (white male, black female) (Killer and Pircher 2018).  In both cases, intraocular pressure 

measurements fluctuated and the diagnosis was made on the basis of optic disc changes noted over a 

period of monitoring.  It should be considered that as changes in corneal oedema and hysteresis are 

known to influence intraocular pressure measurements, inaccuracies in  the assessment of eye pressure 

within this patient population are likely to occur (Deol, Taylor et al. 2015).  Although the patient sample 

in this cohort is too small to draw definitive conclusions, optic disc assessment should ideally be 
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performed on a regular basis in addition of intraocular pressure measurement to avoid missing signs of 

glaucoma in these patients. 

 

Publication Age 
(Years)/ 
Gender 

Treatment Pre 
Op  

BCVA 

Post 
Op 

BCVA 

Change in mean 
keratometry 

(Preop, Post Op) 

Change in  
CCT/m 

(Preop, Post 
Op) 

Complications 

MEH 
KCFECD 
Cohort 

69 M DMEK 6/18 6/7.6 0.6D 
(2.7,1.5) 

132 
(584,452) 

 

51M DMEK 
+IOL 

6/9 6/7.5 0.6D 
(42.0D, 42.6D) 

 126 
(611,485) 

 

55 F DMEK 
+IOL 

6/18 6/9 0.1D 
(41.9D,41.8D) 

77 
(457, 381) 

 

57 F DSEK 6/15 6/12 2.0D 
(41.4D,43.4D) 

15 
(476, 491) 

PCR,CMO 

Jurkunas 2017 
(Gupta, 
Kinderyte et 
al. 2017) 

 DMEK 
+IOL 

6/12 6/6 4.5D 
(50.8D, 46.3D) 

 138 
(615, 477) 

Refractive 
surprise  of 

+3.75D 

Cooper 2016 
 

63 M DMEK 6/15 6/7.5  0.7D 
(49.0D, 48.3D) 

 75 
(558,483) 

- 

Vira 2014 
(Vira, Abugo 
et al. 2014) 

41 F DSEK 6/9 6/7.5 2.6 D 
(52.5D, 49.9D) 

 62 
(610, 548) 

 
 
 
 

Graft 
dislocation 

rate of 
16.67% 

41 F DSEK 6/12 6/12 5.8D 
(56.0D, 50.2D) 

 n/a 
(662,-) 

70 M DSEK 6/24 6/6 1.0D 
(44.0D, 42.9D 

 14 
(640, 626) 

70 M DSEK 6/18 6/7.5 0.9D 
(43.2D, 42.3D) 

 21 
(696,675) 

75 M DSEK 6/18 6/12 4.0D 
(48.6D,44.6D) 

42 
(485,527) 

63 F DSEK 6/18 6/7.5 0.5D 
(44.2D, 43.8D) 

84 
(541,625) 

PCR: posterior capsule rupture, CMO: Cystoid Macular Oedema, DMEK: Descemet’s Membrane Endothelial Keratoplasty, 
DSEK: Descemet’s Stripping Endothelial Keratoplasty 
 
Table 4:  Summary of surgical outcomes following both DMEK and DSEK surgery in patients with 

combined keratoconus and FECD.  This study reports an additional 4 cases to the 8 published cases of 

partial thickness endothelial keratoplasty (DMEK and DSEK) in KCFECD patients in whom corneal 

decompensation was the predominant cause of visual decline.  In two of the MEH cases it was noted 

that corneal curvature was more irregular following surgery, with an increase in anterior corneal 

curvature following a case of DMEK and DSEK. In cases of resolution of oedema leading to flattening of 

the corneal surface, Jurukunas et al  further highlighted the potential refractive of a hyperopic outcome 

if the procedure is combined with cataract surgery and intraocular lens implantation.  In all reposted 

cases, BCVA was shown to improve following both DMEK and DSEK surgery. 
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4.6 Limitations of this study  

 

The main limitation of this study is the small number of patients identified as exhibiting signs of both 

corneal pathologies.  Meaningful statistical analysis of the data obtained in regards to patients 

demographics is therefore not possible from this retrospective case series.  Mining of letters from the 

electronic database further limits the patients identified to those with detailed correspondence 

documenting both diagnoses.  It is possible that if patient letters were stored as PDF documents on the 

legacy database or did not have an adequate summary of their diagnosis within the correspondence 

could have been missed by this search.   

 

The limited scope of the data search further hinders assessment of the prevalence of the dual pathology 

within the MEH patient population as a whole.  Without a larger database of diagnosis attributed to 

patients attending the corneal service it is not possible to compare the prevalence of keratoconus 

combined with FECD to the prevalence of each condition independently.   

 

The limited number of blood samples obtained for genotyping was a further limitation of this study and 

did not allow for meaningful assessment of the correlation between disease phenotype and expansion 

status.  A question of interest in the assessment of this cohort would have been the natural history of 

repeat expansion positive FECD compared to expansion negative FECD in the presence of keratoconus.  

It would be of clinical interest to determine if the rate of corneal decompensation differed between the 

two groups as this could further inform the clinicians choice of surgical intervention. 

 

 
4.7 Conclusion 

 

In summary, it is vital that clinicians are aware of the rare but complex presentation of keratoconus and 

FECD as a dual pathology.  The cases reported here in addition to the published literature highlights the 

importance of detailed clinical assessment of disease progression in order to determine the best 

surgical treatment in this patient population.  A greater understanding of treatment options and 

potential complications will serve to improve our ability to counsel this population and provide 

informed and personalised patient care. 
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5.1 Ocular Gene Based Therapies  

As a greater understanding of the genetics and molecular pathogenesis of FECD develops, the focus of 

treatment can begin to shift from alleviating symptoms to targeting the genetic changes and/or the 

downstream molecular signatures that underlie this dystrophy.  The last 25 years has born witness to 

significant achievements in the development of clinically applicable, targeted gene based treatments 

of ocular disease (Figure 1)(Lee, Wang et al. 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The eye is often cited as an ideal target for gene based therapy, for the following reasons (Petit, Khanna 

et al. 2016): 

▪ The blood-retinal and blood-aqueous barrier affords the eye an immune privileged state.  In 

addition to protecting ocular structures from the body’s immune systemic immune response, 

these barrier layers prevent the leakage of gene based therapies into the systemic circulation 

▪ The relatively small size of the eye requires lower doses of both the therapeutic gene as well as 

the delivery modality compared to systemic drug administration 

Figure 1:  Timeline of milestones in ocular gene therapy (Figure obtained from Lee,Wang et al. 

2019)  ADA: adenosine deaminase deficiency, nAMD: neovascular age-related macular 

degeneration, CHM: choroideremia, DMD: Duchenne muscular dystrophy, EMA: European 

Medicines Agency, FDA: food and drug administration, HIV: human immunodeficiency virus,LCA: 

Leber congenital amaurosis, LHON: Leber hereditary optic neuropathy, RP: retinitis pigmentosa, 

SCID: severe combined immunodeficiency, SMD: Stargardt's macular degeneration 
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▪ Direct visualisation of ocular structures allows us to evaluate both the efficacy and potential 

side effect profile of new therapies through a variety of non-invasive methods including 

confocal microscopy, electroretinography and optical coherence tomography.   

▪ The fellow non-treated eye allows for an ideal intraindividual control in clinical trials of new 

treatment modalities  

 

However, despite successes in the field of inherited retinal disease, to date no gene therapy targeting 

inherited corneal disease has transitioned to clinical trials in human subjects (Xue and MacLaren 2020).  

The aim of this chapter is to highlight the ongoing and future work involved in transitioning a targeted 

gene based therapy for FECD to a Phase l Clinical Trial (Figure 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2:  Schematic representation of factors that were evaluated in the design of a Phase I 

clinical trial for the treatment of Expansion Positive Fuchs Endothelial Corneal Dystrophy 

with a targeted gene based therapy. 
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5.2 Developing a novel gene based therapy for FECD 

 

5.2.1 Background 

The earliest gene therapies were developed with the aim of compensating for loss-of-function mutations by 

introducing a copy of the normal gene to the cells in which the deficiency causes disease (Chung, Lee et al. 

2009).  This can be achieved through the application of viral vectors that rely on the ability of viruses to 

invade living cells and deliver their own genetic material into the host (Anguela and High 2019).  Viral vectors 

developed as vehicles for gene therapy are rendered incapable of replicating in order to allow controlled 

delivery of recombinant nucleic acids.   

 

Another approach to gene therapy is by suppressing gain-of-function mutations that lead to formation of 

toxic RNA and/or protein products.  Oligonucleotide based treatments are one such modality that are 

developed with the aim of creating rationally designed nucleic acid chains to bind specific disease-causing 

RNA sequences, thus directly modulating toxic gene expression or function (Juliano 2016). The 3 main forms 

of oligonucleotide based therapies are summarised in Figure 3 (Mehta, Deeksha et al. 2019, Roberts, Langer 

et al. 2020): 

 

 

 
 

Figure 3:  Oligonucleotide Based Gene Therapy. The figure summarises 3 common oligonucleotide based 

gene therapy platforms that carry potential therapeutic application by altering gene expression of an 

affected individual.  
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Of these oligonucleotides based treatments, antisense oligonucleotides (ASOs) have been the first to make 

the transition to ophthalmic clinical practice.  Synthetic ASOs are single stranded oligonucleotides, generally 

12-30 nucleotides in length, designed to bind a specific sequence of target mRNA in a complementary 

manner (Mehta, Deeksha et al. 2019). ASO binding is able to exert its function by exerting a knockdown 

effect on the disease-causing RNA, causing an alteration of splicing pattern or blocking aberrant binding of 

RNA proteins via steric hindrance (Bennett 2019) (Xue and MacLaren 2020).  The first ocular application of 

ASO therapy was in the form of Fomivirsen, an ASO designed to  treat cytomegalovirus (CMV) retinitis that 

was approved by for use in human in 1998 (Mulamba, Hu et al. 1998). Fomivirsen was administered via 

intravitreal injection and provided proof-of-concept that ASO pharmacokinetics maintained functionality 

when delivered via this route.   

 

In a collaborative effort between the Institute of Ophthalmology (UCL), Moorfields Eye Hospital and 

ProQR Therapeutics, the feasibility of designing an ASO aimed at targeting TCF4 CTG18.1 derived 

transcripts was investigated with the aim of reversing the pathologic changes observed in repeat 

expansion positive FECD. In 2018, this lead to the successful development of a  potentially 

transformative gene based therapy for FECD that demonstrated reversal of toxic gain-of-function 

changes  in in vitro models of the disease  (Zarouchlioti, Sanchez-Pintado et al. 2018).   

 

5.2.2 Developing an ASO to Treat Repeat Expansion Positive FECD 

In repeat expansion mediated FECD, the expanded CTG18.1 trinucleotide repeats are transcribed into 

abnormally long RNA chains that are prone to toxic aggregation.  Accumulation of these aggregates 

within the cell nucleus leads to the formation of characteristic RNA foci that exert toxicity  by 

sequestering RNA binding proteins. These RNA binding proteins, including splicing factor muscleblind-

like (MBNL) proteins, are sequestered in ribonucleoprotein structures known as RNA foci (Sznajder, 

Thomas et al. 2018).  Depletion of freely circulating  splicing factors results in a wide-spread changes in 

pre-mRNA splicing regulation which disrupts normal endothelial cell homeostasis (Zarouchlioti, 

Sanchez-Pintado et al. 2018) . 

In order to reverse the toxic gain-of-function induced by the TCF4 CTG18.1 expansion, we studied the 

feasibility of an antisense oligonucleotide (ASO) designed to target the trinucleotide repeat RNA 

transcripts with the aim of preventing formation of foci.  Our hypothesis is that by preventing foci 

formation, the pool of splicing factors could be restored which then leads to normalisation of RNA 

splicing patterns (Zarouchlioti, Sanchez-Pintado et al. 2018).   
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To enable the development of an in vitro model of FECD, a primary corneal endothelial cell culture 

(CEC) was developed by Zarouchlioti et al. from endothelial cells obtained from repeat expansion 

positive FECD patients at the time of corneal transplant surgery (Peh, Chng et al. 2015, Zarouchlioti, 

Sanchez-Pintado et al. 2018). DM and endothelial cells removed at the time of routine DMEK surgery 

were transported to the lab within 24 hours of surgery.  Endothelial cells were then dislodged from DM 

to allow seeding and promote proliferation in order to develop a robust cell line for experimentation.  

These cultured cell colonies were shown to harbour RNA foci formed from the repeat expansion that 

lead to sequestration of mRNA splicing factors muscleblind-like splicing regulator 1 (MBNL1), 

muscleblind-like splicing regulator 2 (MBNL2) and nuclear mitotic apparatus protein 1 (NUMA1) (Figure 

4).  The corneal endothelial cell (CEC) model displayed similar downstream dysregulation of abnormal 

endothelial cell physiology observed in FECD and therefore represented a valid in vitro model of FECD 

disease. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4  mRNA splicing factors MBNL1and MBNL2 are sequestered to RNA foci of corneal endothelial 

cells derived from FECD patients [Image obtained from Zarouchlioti et al. 2018]:  The image above shows 

corneal endothelial cells from a healthy control subject, repeat expansion negative subject (#211) and 

a CTG18.1 repeat expansion positive subject (#206).  The RNA foci are shown to be present in the repeat 

expansion positive cells as shown in red and highlighted by arrows when labeled with a Cy3-(CAG)7 FISH 

probe and DAPI is used to stain nuclei. Similarly, staining of MBNL1 and 2 are highlighted in green with 

corresponding arrows.  The merged image confirms co-localization of the MBNL proteins and RNA foci 

as shown in the bottom row of both panels.  These images confirm the recruitment of mRNA splicing 
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factor to CUG-specific nuclear RNA foci in expansion-positive CECs (Zarouchlioti, Sanchez-Pintado et al. 

2018). 

 

In order to test the therapeutic potential of the ASO designed to target the CTG18.1 intron, Zarouchlioti 

et al.  transfected the CEC model with an antisense oligonucleotide (AON) developed to target the 

CTG18.1 intron repeat.  Following transfection, it was noted that sequestration of splicing factors 

(MBNL1, MBNL2, NUMA1) within RNA foci was significant decreased (Figure 5).  Redistribution of 

splicing factors then lead to the normalisation of RNA splicing patterns within CECs (Zarouchlioti, 

Sanchez-Pintado et al. 2018). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: ASO-Mediated treatment of cultured corneal endothelial cells (CECs) significantly reduces foci 

number and rescues MBNL1 nuclear localization [Image obtained from Zarouchlioti et al. 2018]. The 

images shown here are of CECs 24 hours following treatment with a control ASO and a (CAG)7 ASO 

designed to bind to the CUG repeat expansion. In both images the cell nucleus has undergone staining 

with DAPI while the RNA foci seen in image A have been labeled with a Cy3-(CAG)7 FISH probe that 

appears red while image B shows MBNL1 Fish probe labelling with a fluorescent green probe. The row 

on top shows treatment of the cell lines with a control ASO while the bottom row shows cell lines 

treated with the (CAG)7 study ASO designed to bind specifically to the CUG RNA expansion.  In all cases 

CECs were treated with 200 nM (CAG)7 or control ASO for 24 hr 

A) Treatment with the (CAG)7 ASO shows a reduction is the number of visible RNA foci within the FECD 

corneal endothelial cells compared to the control line in which foci remain visible. 

B) Treatment of repeat expansion positive FECD corneal endothelial cells were further shown to 

reduce sequestration of the RNA splicing factor MBNL1  within RNA foci, with reduction of MBNL1 

puncta and the changes in MBNL1 localization when cells were treated with the (CAG)7 ASO. 

A B 
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To further assess the viability of the ASO in the treatment of FECD in vivo, commercial mouse models 

were used to study the effectiveness and accessibility of the gene based therapy.  Intravitreal (IVT) 

injection of the ASO resulted in uptake within the mouse corneal endothelium in both a dose and time 

dependent manner.  It was also shown that a higher uptake of the ASO between day 2 and 14 following 

IVT was achieved when compared to topical administration (Zarouchlioti, Sanchez-Pintado et al. 2018).   

By restoring normal cell transcription activity, we aim to apply the ASO as a treatment to prevent or 

slow corneal degeneration in patients with ExpPos FECD.  To this end, a first-in-human clinical trial will 

assess the therapeutic potential of this gene based therapy in subjects with genetically confirmed 

ExpPos FECD by evaluating the safety and tolerability of the ASO.   
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5.3 Potential pathways for the delivery of ASO gene therapy to the corneal endothelium 
 

A key factor in the development of a gene-based therapy targeting the corneal endothelium lies in 

identifying an effective and safe route by which to deliver the treatment.    The ideal delivery model 

would allow the therapeutic agent to reach the corneal endothelium with minimal damage to the 

surrounding tissue, illicit no immune response and cause minimal discomfort to the patient.  

Administration of any therapeutic agent to the eye must be able to overcome both anatomical and 

physiological challenges posed by the static barriers formed by the physical structures of the eye, as 

well as dynamic barriers created by ocular surface tear dilution, aqueous turnover with the anterior 

chamber, clearance through tissue blood flow via the choroid and conjunctiva in addition to lymphatic 

clearance (Gaudana, Ananthula et al. 2010).  To date, the two most common routes for delivery of 

therapeutic agents to the eye are topical administration of drops or ointment to the ocular surface and 

intravitreal injection directly into the posterior chamber of the eye. 

 

The corneal epithelium creates the main barrier to transgene delivery via topical administration.  The 

existence of epithelial cell tight junctions as well as the hydrophobic state of this layer creates a barrier 

against pathogens invading the eye.  Although paracellular pathways exist that could transport 

hydrophilic molecules across the epithelium, this is only applicable to small molecules.  Macromolecules 

such as ASOs are therefore not able to cross an intact corneal epithelial layer (Juliano 2016).   

 

Minimally invasive techniques for delivering therapeutic agents directly to the corneal endothelium 

remain in the early stages of development and have not as yet been tested in human subjects (Mohan, 

Tovey et al. 2012).  Table 1 details the pros and cons of new techniques currently being assessed in 

animal models that could produce new avenues for delivery of gene based therapies to patients in the 

future.   

 

At present, the most reliable method by which to deliver targeted treatment to intraocular structures 

remains physical introduction of the therapeutic agent via sharp needle or surgical techniques.   

Injecting directly  into the anterior chamber of the eye to deliver the agent into the aqueous humour is 

a potential mode of delivery, but does present challenges.  In addition to the limited anterior chamber 

space posing greater risk of intraoperative complication during the process of injecting (trauma to the 

cornea, iris or anterior lens capsule), raised pressure within the anterior chamber can result in efflux of 

the injected agent as well as discomfort for the patient.  If only a small volume of fluid can be safely 

injected into the anterior chamber this presents potential difficulties in to achieving a therapeutic 

concentration of the agent with one administration.  Subconjunctival injections would allow a less 
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invasive, more comfortable method of delivering high volumes of a therapeutic agent.  However, issues 

with targeting the corneal endothelium arise as the subconjunctival space is not contained within the 

blood ocular barrier.  

 

Through the development of treatment for retinal pathology, intravitreal drug deliver remains a  tried 

and tested route for intraocular gene based therapy.  Although it is a more invasive route of delivery, 

intravitreal injection allows direct intraocular dosing and achieves sustained drug levels (Avery, Bakri et 

al. 2014).  Intravitreal injection via the pars plana approach allows dosing into the vitreous humor and 

subsequent percolation of the therapeutic agent to both the posterior pole structures as well as the 

anterior chamber, including the corneal endothelium.  Intravitreal injection of antiviral medication has 

been shown to be effective in the treatment of patients with refractory corneal endotheliatis (Yu, Peng 

et al. 2020). The intravitreal route of delivery used in these studies was shown to achieve effective and 

sustained concentrations of medication within the aqueous humor and allowed targeting of the 

endothelium. 

Although the concept of injecting of a drug aimed at the cornea into the posterior chamber may seem 

counterintuitive, it offers the following benefits: 

1.  The safety profile of intravitreal injection is proven and is a commonly performed method of 

ocular drug delivery(Avery, Bakri et al. 2014) 

2. The larger volume of the posterior chamber of the eye allows delivery of a higher volume and 

dose of the therapeutic agent  

3. Vitreous humor turnover is slower than that of aqueous within the anterior chamber, thus 

creating a slow release mechanism of drug distribution and potentially slower clearance rate 

of the drug (Del Amo, Rimpela et al. 2017). 

4. The risk of physical damage to ocular structures is less when injecting into the posterior 

chamber of the eye than the anterior chamber as it allows more space for sharp needle access 

(Johnson, Hollands et al. 2010, Fagan and Al-Qureshi 2013, Falavarjani and Nguyen 2013, 

Orozco-Hernandez, Ortega-Larrocea et al. 2014) 

 

 

It is important to consider that ASO delivery via intravitreal route to the posterior chamber could have 

the potential to induce off‐target effects.  By injecting into the posterior chamber, off-target binding 

may occur as a consequence of complementary binding between the ASO and unintended RNA that 

share a similar sequence to the target RNA within non-corneal ocular tissue (Yoshida, Naito et al. 2019) 
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(Lindow, Vornlocher et al. 2012). In order to minimise this risk, in silico analysis utilising human RNA 

databases to rule out other potential intraocular off-target sites.  Never the less, the design of the Phase 

I trial will take into consideration the possibility of such side effects as well as potential non-sequence 

specific effects of ASO chemistry within the posterior chamber such as vitreous opacities, lenticular 

opacities and cystic retinal changes as highlighted in the ASO treatment trial of CEP290 (Cideciyan, 

Jacobson et al. 2019).  
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Carrier 
M

echanism
 of Action 

Advantages 
Disadvantages 

N
anocarriers 

 (Liaw
, Chang et 

al. 2001, 
Barreleiro, M

ay 
et al. 2003, 
G

ardlik, Palffy et 
al. 2005, Tong, 
Chang et al. 
2007)  

Carrier m
olecules developed w

ithin the range of 
the paracellular pore diam

eter are fused w
ith 

gene plasm
ids to allow

 carriage of the gene 
across the epithelial layer. 
 Allow

 cell penetration via a variety of pathw
ays 

including phagocytosis, m
acro-pinocytosis and 

endocytosis. 
 

▪ 
Allow

s passage of gene therapy 
to the corneal strom

a 
▪ 

PEO
-PPO

-PEO
 copolym

er 
nanoparticle delivery system

s are 
FDA approved for ocular drug 
delivery 

▪ 
Penetration of corneal 
endothelial cells by 
polyam

idoam
ine (PAM

AM
) 

dendrim
er nanoparticles has 

been dem
onstrated in rabbit and 

hum
an corneas in ex vivo culture 

 

▪ 
Requires the use of perm

eation 
enhancers such as EDTA to 
overcom

e the tight junction as 
endocytosis contributes to the 
transport pathw

ay 
▪ 

Topical delivery has not been 
proven to result in endothelial cell 
penetration  

Iontophoresis 
 (H

ughes and 
M

aurice 1984, 
Sarraf and Lee 
1994, Berdugo, 
Valam

anesh et 
al. 2003) 

Im
plem

entation of an electric field to enhance 
delivery of a charged ionic com

pound across a 
cell m

em
brane 

▪ 
Able to aide transport of charged 
m

acrom
olecules  

▪ 
Enhanced drug delivery by this 
m

echanism
 has been show

n in 
hum

an subjects 
▪ 

In vivo anim
al studies have been 

successful in delivering  antisense 
oligonucleotides to all layers of 
rat eyes 
 

▪ 
Can result in corneal epithelial or 
conjunctival oedem

a  
▪ 

Decreased corneal endothelial cell 
counts w

hich m
ay be due to 

applying high current densities to 
sm

all ocular surface 
▪ 

Effect on com
prom

ised FECD 
endothelial cells has not been 
reported 
 

Electro-
perm

eabilization  
 (Zhou and Dean 
2007, H

ao, Li et 
al. 2009, H

e, 
Pipparelli et al. 
2010) 

Adm
inistration of high intensity electrical pulses 

leads to the form
ation of transient pores w

ithin 
the cell m

em
brane 

▪ 
Enables passage of large DN

A 
constructs  

▪ 
In vivo testing on m

urine corneal 
epithelium

 and keratocytes 
confirm

ed gene delivery w
ithout 

signs of inflam
m

ation, oedem
a or 

inflam
m

ation 
▪ 

Ex vivo studies on hum
an corneal 

endothelium
 show

ed successful 

▪ 
O

nly low
 levels of gene delivery 

w
ere accom

plished 
▪ 

Increasing electrical pulse 
intensity and duration enhanced 
gene transfer but dam

ages 
corneal tissue secondary to 
irreversible cell m

em
brane 

dam
age 
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gene transport into the cell 
nucleus w

ith low
 cell death and 

no changes to tight junction 
integrity 
 

U
ltrasound 

m
ediated gene 

transfer  
 (Sonoda, 
Tachibana et al. 
2006) 

Delivery of ultrasound energy in com
bination 

w
ith the presence of m

icrobubbles had been 
show

n to enhance uptake of gene therapies 
into rabbit corneal epithelial cells 
 

▪ 
Allow

s focused gene transfer to 
specific areas of corneal strom

a 
▪ 

N
o im

m
ediate dam

age w
as noted 

to occur to the cornea or 
surrounding structures follow

ing 

▪ 
H

as not as yet been show
n to 

penetrate to the depth of the 
endothelial layer 
 

Bioballistic gene 
transfer 
(Tanelian, Barry 
et al. 1997, 
Shiraishi, 
Converse et al. 
1998) 

Particle m
ediated delivery system

 that 
transfects cell by physically breaching the cell 
w

all utilising low
 pressure helium

 pulses 

▪ 
G

ene expression w
as detected 

w
ithin epithelial cells at day 2 

and day 4 

▪ 
Restricted to epithelial cells 

▪ 
Level off discom

fort in hum
an 

subjects is yet to be assessed 
▪ 

Docum
ented to cause dam

age to 
corneal epithelium

 and strom
a as 

w
ell as inflam

m
ation  

 
Table 1:   Em

erging techniques in the field of  ocular drug delivery.  In order to overcom
e the natural physical and physiological 

protective barriers of the eye,  various m
odalities are being investigated to aid intraocular drug delivery.   H

ow
ever, to date no published 

techniques have been show
n to effectively penetrate to the depth of the corneal endothelial layer w

ithout adverse  effects to the 

surrounding tissue.



 186 

5.4 Understanding the FECD Patient Population 
 

5.4.1 Patient Engagement  

 

In order to ascertain that both patient and research priorities aligned in the design of a first in human 

gene therapy trial, a Patient and Public Involvement (PPI) event was organized with the aim of 

understanding the FECD patients’ perspective and concerns.  It was important that patients understood 

that a Phase l trial would be aimed principally at identifying adverse reactions and would not be 

expected to improve the progression of their disease.  As such, trial participants would not be expected 

to gain any direct benefit as the treatment would be administered prior to planned DMEK surgery.  The 

session was attended by myself, Dr Alice Davidson (Chief Scientist leading the MEH FECD study) and 

two members of the Moorfield’s patient engagement team.  Issues of interest were presented by the 

clinical and research teams to a group of eight FECD patients who has previously undergone corneal 

transplantation (DMEK).   

 

The following information relevant to trial development was ascertained from this sample of patients: 

▪ Subjects were unanimously willing to be subjects in a trial that would not benefit them 

personally but could potentially help other FECD patients in the future 

▪ Although subjects stated that they would prefer a topical treatment, they were not averse to 

intravitreal drug administration  

▪ Subjects preferred the option of a preventative treatment over having to undergo a surgical 

procedure as many felt the period of declining vision that lead to surgery was very stressful 

▪ All patients within this cohort felt they would have benefitted from a genetic test to confirm 

their diagnosis of FECD prior to the onset of symptoms if the option had been available to them 

 

 

5.4.2 Evaluating Patient Burden in Trial Participation  

 

In engaging directly with patients, we recognised that it was vital that patient-experience was 

prioritised to ensure no unnecessary burden was placed on subjects over the course  of the trial.  The 

participants’ comfort was paramount in guiding decisions regarding selection of outcome measures, 

number of clinical visits and  number of interventions.   In discussions between the clinicians leading 

the investigations, scientists from the Institute of Ophthalmology , representatives of the biotechnology 

company (ProQR Therapeutics) and the Moorfields Eye Hospital Research and Ethics Committee, the 

following issues were considered when planning the sequence of trial visits: 
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- The burden on patients was minimised in terms of number of follow ups and intensity 

of investigation at each visit 

- Subjects participation in the trial would not lead to delay in performing corneal 

transplantation 

- Principal investigators would be adequately supported by both the research and 

clinical teams to ensure open lines of communication were available to trial subjects 

should any queries arise 

- The financial burden on participants was minimised by ensuring ethically appropriate 

financial reimbursement is provided for trial related expenses  

 

It was recognised that prioritising these factors was not only essential to allow accrual of trial 

participants but also to minimise drop out over the trial period. 

 

 

5.4.3 Assessing the potential recruitment base of MEH FECD patients 

 

It is planned that 10 ExpPos FECD subjects with signs of corneal decompensation will be recruited to 

participate in this study.  The sample size is not based on power calculations but is an empirical number 

that is considered adequate to fulfil the objectives of the study.   

Based upon the data gained from the study of 342 patients in the MEH FECD cohort, the following data 

has been ascertained about the patient population: 

▪ Between 2014 and 2018: 342 FECD patients aged ≥ 18 were recruited for genotyping (85 

subjects per year) 

▪ Genotyping confirmed that 265/342 (77.5%) patients were ExpPos 

▪ Assessment of disease progression leading to need for surgical intervention: 

- >80% were documented to have significant disease warranting surgery in both eyes at 

time of first review 

- Disease asymmetry was mainly noted in eyes referred following cataract surgery from 

other centres. Second eye surgery was therefore performed as combined cataract 

extraction and endothelial keratoplasty  

- A sampling of the first 100 study patients indicated that 24% underwent bilateral DMEK 

+IOL 

▪ A sampling of the 100 patients first recruited shows bilateral VA of £ 6/12 as 51%  
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▪ 20.8% were noted to have ocular comorbidities which may pose a risk for participation in the 

clinical trial or may influence the results 

▪ In assessing patients as showing clinical signs of early stage versus late stage:  

- 214/342 showed signs of corneal decompensation not advanced enough to cause 

bullae  

- 49/342 had mild oedema with diurnal variation 

 

From this data it was ascertained that approximately 2 FECD patients per month attending MEH would 

meet the recruitment criteria detailed in Appendix E. 
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5.5 Considerations when choosing trial outcome measures  
 

When designing a clinical trial for an ASO based therapy targeting the corneal endothelium, one of the 

challenges that remains to be addressed is the manner in which to reliably assess the efficacy of these 

new treatments.  In order to interpret the findings of gene based clinical trials, it is important that we 

establish a clear understanding of the relationship between the outcome measures and both disease 

severity as well as disease progression. Without establishing clear parameters by which to measure the 

impact of the treatment on the patient’s disease, we will struggle to define the appropriate therapeutic 

treatment window for our FECD cohort.   

 

Although clinical application of corneal gene therapy remains in its infancy, 3 ASOs treating inherited 

retinal diseases (CEP290-associated Leber congenital amaurosis, RHO-associated autosomal dominant 

retinitis pigmentosa and c.2299deG mutation in Usher syndrome type 2) are currently active in the US 

National clinical Trials Database alone (ClinicalTrials.gov. NIH US National Library of Medicine. Available 

at: https://clinicaltrials.gov/. Accessed November 20, 2020)(Xue and MacLaren 2020).  The rapid 

advances in retinal disease therapies lead to the development of the Monaciano Consortium, a panel 

of inherited retinal disease experts working together to develop recommendations addressing existing 

difficulties in gene therapy trial design.  The priorities identified by the consortium are as relevant to 

the field of corneal gene therapy as they are to inherited retinal disease (Thompson, Iannaccone et al. 

2020): 

▪ The measurement of treatment outcome has been identified as an area requiring priority 

review in order to improve the robustness of clinical interventional trials  

▪ Investigators have been tasked with developing appropriate outcome measures for each 

disease as defined by changes in both structure and function. 

▪ It is vital that adequate testing measures should be balanced with the patient experience so as 

not to place an unreasonable burden on the patient.  

▪ In addition to standardization of testing protocols and data analysis, the reproducibility and 

reliability of tests should also be pre-defined 

To date the, the various modalities applied to both the structural and functional measures of corneal 

endothelial disease have not produced a defined staging criterion for FECD.  In clinical practice, slit lamp 

imaging of corneal guttata and clinical oedema has sufficed in guiding surgical treatment choices (Patel 

2019).  In order to assess the viability of ancillary tests of corneal anatomy and function, endothelial 

cell quantification and morphology as well as objective measures of visual function complemented by 
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the subject’s own assessment of visual impairment, several outcome measures have been selected to 

characterise FECD in this study.   Although not all the parameters measured would be expected to 

change following the administration of the ASO in this study, evaluation of the viability of these 

assessments will guide planning for future Phase II trials where disease progression will need to be 

measured.   

The following are considered serious adverse events, based on the route of administration and based 

on what is known from the safety profile of other AONs (Mulamba, Hu et al. 1998, Cideciyan, Jacobson 

et al. 2019): 

▪ Confirmed diagnosis of endophthalmitis  

▪ Retinal detachment  

▪ Persistent (i.e., assessed at 2 successive visits) decrease from baseline in 

BCVA, defined as a loss in BCVA ≥ 15 or more letters (≥ 3 lines)  

▪ Significant changes in ophthalmic examination findings, such as: 

- A persistent increase from baseline in IOP ≥ 10 mmHg (observed at 2 

successive visits) or an absolute IOP value ≥ 30 mmHg, despite appropriate 

treatment 

- Intraocular inflammation of anterior chamber cells or vitreous cells, defined 

as: ≥ 2 grade increase from baseline in anterior chamber cell score; OR ≥ 2 

grade increase from baseline in vitreous cells  

- A ≥ 2 grade increase from baseline in lens opacity according to the AREDS 

lens grading system  

- Decrease or increase ≥ 40 μm in foveal thickness from a baseline measurable 

SD- OCT as confirmed by the masked central reading centre  

- Confirmed CME in the opinion of the Investigator  

 

  



 191 

In order to detect adverse events and to assess the viability of testing modalities within this patient 

population, the following outcome measures have been selected for this trial: 

 

5.5.1 Objective assessment of visual function 

Although an improvement in visual function is not an expected outcome of a Phase 1 clinical trial, 

assessment of visual function remains of vital in order to detect adverse events following treatment. 

 

 

a.  Best corrected visual acuity (BCVA) 

BCVA will be measured using Early Treatment Diabetic Retinopathy Study (ETDRS) chart for both 

eyes. Each eye should be tested at 4 metres initially.  Manual refraction will be performed at each 

study visit. 

If the patient cannot read any letters on the ETDRS chart at 1 metre, then their ability to count 

fingers, detect hand movements or light perception should be measured. 

 

b. Contrast sensitivity 

Although visual acuity assessment by the ETDRS chart provides a reliable assessment of visual 

function, patients may have impaired contrast sensitivity despite normal visual acuity. Contrast 

sensitivity is a measure of a patient’s ability to distinguish shades of grey.  Contrast sensitivity 

effects many aspects of vision such as motion detection, visual field, pattern recognition and dark 

adaptation (Richman, Spaeth et al. 2013). In order to measure a subject’s contrast sensitivity,  a 

contrast sensitivity chart that gradually changes the shade or boldness of similar sized optotypes 

will be utilised. This will allow and evaluation of visual function by assessing the subject’s ability to 

detect the difference in luminance between an object and its background (Ginsburg 2003, Richman, 

Spaeth et al. 2013).  

 

 

c. Microperimetry 

Microperimetry is used to test retinal function within the macular area. The assessment allows 

measurement of retinal sensitivity to light across specific locations across the retina.  Each patient 

should be re-tested on the same machine, if possible.  Microperimetry is largely an automated test, 

but tester input is required in setting up the machine and monitoring of test performance.   
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d. Full-field stimulus threshold (FST) and Full-field electroretinogram (ERG) 

Electrophysiological assessment of the retina is useful in establishing the level of any abnormality 

(e.g. photoreceptor/RPE or inner retina) and also the extent, in terms of macular and or/peripheral 

dysfunction. The standard electrophysiological tests that are performed include the electro-

oculogram (EOG), a full-field electroretinogram (ERG) and pattern ERG (PERG). There are 

established protocols for each of these assessments, defined by the International Society for 

Clinical Electrophysiology of Vision (REF).  

 

5.5.2  Anatomical Assessment of Outcome Measure 

 

a. Slitlamp Biomicroscopy and Intraocular Pressure Measurement 

At screening, the main aim of slit lamp biomicroscopy is to confirm the presence of clinically significant 

corneal oedema and to allow grading of corneal guttae in accordance with  a modified Krachmer scale.  

As the application of this scale can be subjective, interobserver variability will be minimised by limiting 

the number of clinical assessors (Eghrari, Mumtaz et al. 2017).  Further ocular examination detailed 

below will be carried out to rule out any further ocular pathology at baseline and to recognise pathology 

that may occur following ASO administration : 

Anatomical Feature Characteristics 

Pupil -noting the size/shape tested in the room light used to measure 
BCVA  
- direct reaction to light 
-presence/absence of afferent pupillary defect 

External adnexa 

 

-presence of lid erythema or other abnormalities 

-evaluation of lashes and lacrimal apparatus;  

Conjunctiva (bulbar and 
palpebral)  

-presence of hyperaemia, pterygium, chemosis, conjunctivitis  

 

Cornea  

 

-Evaluation of epithelium, stroma and endothelium, including 
presence of oedema, guttae  

-Identification of gutta performed on retroillumination post 
dilation 

Anterior Chamber  

 

Quantification of anterior chamber activity in accordance with 
the Standardization of Uveitis Nomenclature (SUN) Working 
Group grading scheme for anterior chamber flare  

Goldmann Applanation 
Tonometry 

Measurement of intraocular pressure 



 193 

Iris Document presence of synechiae, abnormal pigmentation, areas 
of atrophy 

Lens Lens opacity grading  according to the Age-Related Eye Disease 
Study (AREDS) Clinical Lens Grading System (ARLNS)   

Posterior Segment/Fundus 
Examination 

Assessment of vitreous body, retina (macula and peripheral 
retina), choroid and optic nerve 

 

b. Imaging of the Anterior Segment and Posterior Segment 

As the ASO will be administered via an intravitreal route, assessment of post dosing side effects requires 

detailed examination of both the anterior and posterior segment of the eye. The proposed 

investigations and the parameters measures are detailed below: 

 

Imaging Modality Parameters Measured 

Slit-lamp retroillumination 
image post dilation  

 

- Quantification and distribution of guttata within the central 8mm of 
the cornea 

Specular Microscopy 
 

- Quantification of central endothelial cell count before and after ASO 
administration 

Scheimpflug tomography  
 

- Corneal thickness mapping 

- Tomographic changes in posterior elevation including  the maximal 
point of depression on the posterior elevation map 

- Monitoring of changes in symmetry of central isopachs 

- Monitoring changes in the displacement of the thinnest point of the 
cornea 

Anterior segment optical 
coherence tomography  
(AS-OCT) 

- High resolution imaging of layers of the cornea to allow detection of 

changes in corneal structure due to changes in distribution of oedema, 

stromal opacification or changes Descemet’s membrane such as 

thickening or irregularity  

Spectral domain optical 
coherence tomography of 
the retina and nerve fiber 
layer 
(SD-OCT) 

 - objective clinical assessment of progressive retinal changes 

including monitoring of retinal thickness and macula oedema 

 - monitoring for decreased nerve fibre layer thickness measurements 
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5.5.3 Assessment of Bioavailability  

In order to establish bioavailability of the ASO to the endothelium following administration, 

Descemet’s membrane and endothelial cells will be removed at the time of planned  DMEK surgery 

within 2 weeks of treatment. Digital droplet PCR will be performed to quantify levels of aberrant 

splicing of MBNL1 and MBNL2 between treated and untreated eyes will be carried out on the 

endothelial cell layer in order to identify foci and splice factors  as well as to establish fraction of 

absorption as well as distribution of the ASO within the central 8mm of endothelial cells.    

Serum blood samples will also be obtained to assess for potential leakage of the ASO into systemic 

circulation,  

5.5.4 Patient Reported Outcomes Measure 

The Visual Function and Corneal Health Status (V-FUCHS) is a standardized and validated 

questionnaire developed to allow patient-reported quantification of visual disability (Wacker, 

Baratz et al. 2018).  The questionnaire has been tested in both a North American and German 

FECD patient populations where it demonstrated both valid and reliable assessment of visual 

disability (Grewing, Fritz et al. 2020).  

 

 

 

All ophthalmic examinations and endpoints may be reviewed by external experts, in order to provide 

an independent assessment of the corneal/retinal structure or visual function throughout the clinical 

study.  
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5.6 Study Design 

In designing a single dose exploratory Phase I Study of a new gene based treatment for ExpPos FECD, it 

was vital that the standard of care was maintained in the treatment of the trial participants.   The study 

is therefore based on routine clinical practice at Moorfields Eye Hospital for the treatment of FECD 

patients eligible for DMEK, with or without combined cataract extraction with intraocular lens 

implantation  (phaco+IOL) in both eyes.  To assess the safety profile of the ASO, additional safety follow-

ups and assessments were added for the purpose of this study.  

Screening Visits 

Study participant screening should be conducted at least 6 weeks prior to performing DMEK +/- 

phaco+IOL to Eye 1.  

Prior to or at the Screening visit, a blood sample for TCF4 repeat expansion analysis will be obtained to 

ascertain that the participant does harbour the CTG18.1 repeat expansion. 

Patient eligibility will be confirmed first with less intensive clinical assessments (slit lamp biomicroscopy, 

Pentacam scan, endothelial cell count and anterior segment OCT as per routine Moorfields clinical work 

up of FECD patients) and more intensive assessments shall be conducted after eligibility by all other 

criteria have been confirmed at the first screening visit.   

Determination of the first eye to undergo surgery will be at the discretion of the Primary Investigator.  

Surgical and Dosing Visits 

Each participant will go through the following two parts in this study:  

Part A: Without study drug administration:  

Part A of the study starts once DMEK +/- phaco+IOL of Eye 1 has been scheduled and the eligibility of 

the participant has been confirmed during the Screening visit (to be conducted ≤ 6 weeks prior to 

LRS/DMEK of Eye 1).  

At the time of DMEK +/- phaco+IOL of Eye 1, Descemet’s membrane and corneal endothelium will be 

collected for molecular biomarker assessments.  Data generated during this period will serve as intra-

participant control for data generated in Part B.   A recovery period of at least 1 month will be observed 

post-surgery of Eye 1 to monitor for safety events prior to scheduling the DMEK for Eye 2.  Depending 
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on the recovery period necessary post-surgery of Eye 1, as well as the availability of cornea transplant 

material, DMEK of Eye 2 will take place approximately 1 - 6 months after surgery of Eye 1. 

Part B: With study drug administration:  

Part B of the study starts once DMEK +/- phaco+IOL in Eye 2 can be scheduled and eligibility of the 

participant for Part B has been confirmed.   At least 4 weeks prior to the scheduled DMEK +/- phaco+IOL 

in Eye 2, the participant will receive a single dose of the study ASO administered intravitreally in Eye 2.  

Following DMEK +/- phaco+IOL in Eye 2 Descemet’s membrane and corneal endothelium will be 

collected for molecular biomarker assessments.  

(The complete schedule and sequence of visits and assessment is provided in Appendix F) 

 

The open label design proposed in this study and the use of the study participants contralateral eye as 

a control will allow an intraindividual baseline to assess safety and tolerability in addition to assessing 

change in corneal endothelium molecular biomarker data following ASO administration.  

The study has been designed with the aim of achieving the following objectives: 

Primary:  

To evaluate safety and tolerability of an antisense oligonucleotide administered by IVT injection 

Secondary: 

1) To assess the effect(s) of an antisense oligonucleotide on molecular biomarker(s) in 

the corneal endothelium 

2) To evaluate the pharmacokinetics of an antisense oligonucleotide (serum levels) 

3) To explore potential clinical endpoints for use in future studies  

 
Recruitment to the clinical trial based on this framework (Fuchs Focus PQ-504a-001, ClinicalTrials.gov 

Identifier: NCT05052554) opened on 22 of September 2021.  On completion of this this Phase I trial, 

we hope to demonstrate that  ASO mediated treatment of FECD is safe, well tolerated and successfully 

targets the corneal endothelium following intravitreal investigation.  The experience gained from this 

trial will guide future planning of a Phase II clinical trial to allow assessment of the viability of this ASO 

in preventing progression of FECD when administered earlier in the course of the disease.   

 

 
 
 
 



 197 

Part A 
Study Eye 1 

 
 
 

DMEK +IOL 
 

Descemet’s Membrane collection 
for Biomarker Assessment 

 
 
 

Safety Follow Up period of 1 month 
 

 
 

Subject Eligible for Part B? 
 

 
 

YES 
 

 
 

Part B 
 

Study Eye 2 
 
 
 

IVT Dose of 
Study Drug 

 
 

4 weeks 
Observation Period 

 
 

DMEK + IOL 
 

Descemet’s Membrane collection 
for Biomarkers Assessment 

 
 
 

Follow Up of both eyes for 12 months 
 
 

 
Figure 6:   Planned patient treatment pathway over the period of enrolment in a Phase I 

Clinical Trial. 

  

NO 
 

Early Termination Visit 
Continue Follow Up  

in NHS clinic 
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Chapter 6.0  

 

 

 

 

 

 

 

 

 

CONCLUSION 
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This study enhances our understanding of Fuchs Endothelial Corneal Dystrophy (FECD) genetic 
heterogeneity and highlights that although corneal oedema secondary to endothelial dysfunction is the 
final common pathological outcome for patients clinically diagnosed as FECD, at the molecular level the 
basis for their disease may vary considerably.  
 

Through detailed evaluation of phenotypic characteristics of patients harbouring different mutations, 

this study highlights clinically significant variations in disease onset, severity and progression within 

genetically defined subgroups of FECD.  These findings not only contribute to an evolving understanding 

of this common sight threatening disease but also signals the need for a shift in clinical perspective 

when evaluating patients with FECD.  This study contributes to the development of a personalised 

genetic medical model that informs FECD patients in regards to disease prognosis and potential new 

treatments.  By clearly defining genotype-phenotype correlations and understanding the natural 

history of the disease, we can begin to identify optimal treatment windows for new and emerging gene-

based FECD therapeutics.   

 

Ongoing genomic investigations are needed to genetically define other distinct and rare forms of 

corneal endothelial disease and improve our ability to deliver innovative new gene based therapies to 

our patient population. 
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APPENDIX 
 
A  Genotyping for  TCF4 CTG18.1 Repeat Expansion 
 

Whole blood DNA extraction and storage 

DNA was extracted within 2 weeks of blood sample collection.  DNA extraction was performed by 

experienced laboratory technicians using Qiagen Gentra Puregene Blood kit (Qiagen). Following 

extraction, DNA samples were stored at 4C for immediate use or at -20C for long term storage.   

 

Short Tandem Repeat (STR) analysis 

PCR was performed to amplify the TCF4 polymorphic repeat (CTG18.1).  The reagents in table # below 

were combined to create a master mix in a multiple of the number of samples to be analysed: 

 

Reaction 

Component 

GoTaq G2 

colourless 

Master 

Mix (2x) 

TCF4_repeat 

forward 

primer * 

(10M) 

TCF4_repeat 

reverse 

primer** 

(10M) 

ddH20 Total 

volume 

Volume 6.25 L 0.5L 0.5L 4.25L 11.5L 

Final 

concentration 

1x 0.4 M 0.4 M NA NA 

 

* Forward primer that is 5’Fam conjugated to enable sizing of products  via capillary electrophoresis: 

5′-CAGATGAGTTTGGTGTAAGAT-3′ 

** Reverse primer: 5′-ACAAGCAGAAAGGGGGCTGCAA-3′ 

Table 3:  PCR reaction components and volume for STR analysis of CTG18.1 repeat 

 

 

To each 100L PCR tube, 12L of the master mix was added along with 0.5L of DNA sample.  2 control 

reactions were performed in parallel: 

1. No-template-control in which DNA was omitted and replaced with an equivalent of ddH2O to allow 

detection of nucleotide contaminants in the reaction. 

2. Positive control in which a previously sequenced DNA sample was used to confirm primer binding. 
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PCR was performed with an initial denaturation step of 95C for 5 minutes followed by 35 cycles of:  

92C for 30 seconds to denature, 56C for 30 seconds to anneal template then 72C for 90 seconds to 

enable template extension.  A final extension step of 72C for 5 minutes was used. 

 

Agarose gel electrophoresis 

A 2% agarose gel mould was constructed by combining 7.5L SafeView (NBS biologicals) (0.5mg/ml 

ethidium bromide), 150mL of 1X Tris-acetate-EDTA (TAE) buffer (Severn Biotech Ltd) and 3g of agarose 

powder (Bioline). 4L of PCR product was combined with 1L of loading dye (New England Biolabs). 

The 5L sample was then placed into individual wells.  5L DNA ladder (Purple 2-Log ladder) ( New 

England Biolabs) was also run for PCR product sizing. PCR products were visualised and compared 

against the DNA ladder in the ImageLab imaging system (BioRad). An assessment of the bands was 

made to confirm the presence of amplified PCR product.  

 

 

DNA analysis via capillary electrophoresis.   

To prepare the samples for electrophoresis, Rox500 Ladder and Formamide was first combined in a 

1:50 ratio.  9.9L of the Ladder and Formamide solution was the added to 1.1L of amplified DNA in a 

PCR tube.  The DNA was then denatured at 95C for 5 minutes.  Each 11L denatured sample was then 

placed into a PCR plate prior to submission to an experienced technician to undergo capillary 

electrophoresis separation of the sample.  Product separation was performed on the ABI 3730 

Electrophoresis 96 capillary DNA analyser (Applied Biosystems).  The data analysis was then performed 

using GeneMarker software (SoftGenetics).  
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B  Statistical Analysis Chapter 2.0 

 
Ethnicity versus Expansion Status Cross tabulation 

 

 

Expansion50 Total 

Repeat 

Expansion 

Negative 

Repeat 

Expansion 

Positive 

Ethnicity Caucasian Count 58 244 302 

Expected Count 68.0 234.0 302.0 

% within Ethnicity 19.2% 80.8% 100.0% 

Adjusted Residual -4.0 4.0**  

Black/Afro-Caribbean Count 12 4 16 

Expected Count 3.6 12.4 16.0 

% within Ethnicity 75.0% 25.0% 100.0% 

Adjusted Residual 5.1** -5.1  

Asian Count 6 6 12 

Expected Count 2.7 9.3 12.0 

% within Ethnicity 50.0% 50.0% 100.0% 

Adjusted Residual 2.3 -2.3  

Other Count 0 8 8 

Expected Count 1.8 6.2 8.0 

% within Ethnicity 0.0% 100.0% 100.0% 

Adjusted Residual -1.5 1.5  

Chinese Count 1 3 4 

Expected Count 0.9 3.1 4.0 

% within Ethnicity 25.0% 75.0% 100.0% 

Adjusted Residual 0.1 -0.1  

Total Count 77 265 342 

Expected Count 77.0 265.0 342.0 

% within Ethnicity 22.5% 77.5% 100.0% 

(a) 
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Chi-Square Tests for the association of  

Ethnicity with Expansion Status 

 Value df 

Asymptotic 

Significance 

(2-sided) 

Exact Sig. 

(2-sided) 

Pearson Chi-Square 34.695a 4 .000 .000 

Likelihood Ratio 30.210 4 .000 .000 

Fisher's Exact Test 28.689   .000 

N of Valid Cases 342    

(b) 

Table 1: Crosstabulation analysis was performed to ascertain the relationship between subject ethnicity 

versus the expansion status.  Table (a) shows the distribution of patients and the difference between 

the expected and actual frequencies of the subjects based on ethnicity and expansion status.  An 

adjusted residual >2.5 was found in the Black/Afro-Caribbean and Caucasian populations as highlighted 

by **.  Table (b) shows Chi Square analysis of the categorical variables of ethnicity and expansion status 

showed a statistically significant association between ethnicity and expansion status, as Caucasian 

probands are more likely to be expansion positive while Black/Afro-Caribbean patients are more likely 

to be expansion negative (Chi square 34.7, p < 0.001).  Due to the small frequencies of variables, a 

Fisher exact test was performed to ensure the accuracy of results. A statistically significant association 

between ethnicity and expansion status was found (p=0.001). Adjusted residuals were used to 

determine variables were contributing to statistical significance. Caucasians were more likely to be 

expansion positive, while Asians and Afro-Caribbean’s were more likely to be expansion negative. No 

statistically significant relationship was found between expansion status and other ethnic groups. 
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Gender versus Expansion Status Crosstabulation 

 

Expansion Status 

Total Negative Positive 

Gender Female Count 24 130 154 

Expected Count 34.7 119.3 154.0 

Adjusted Residual -2.8** 2.8**  

Male Count 53 135 188 

Expected Count 42.3 145.7 188.0 

Adjusted Residual 2.8** -2.8**  

Total Count 77 265 342 

Expected Count 77.0 265.0 342.0 
     

 

a) Crosstabulation analysis of gender versus expansion status.  Crosstabulation analysis  of gender 

versus expansion status   provides an observed and expected frequencies in each cell of the 

table. A  statistically significant difference was observed between observed and expected as 

adjusted residual values were greater than or equal to +/- 2.5 (highlighted cells). 

 

 

 
 

 

 

 

 

 

b) Chi-square statistical analysis of male gender versus expansion status.  A statistically significant 

association was shown between the gender and expansion status (Chi square = 7.71, p < 0.005). 

 

Table 2: Crosstabulation analysis was performed to ascertain the relationship between gender and 

expansion status.  Table (a) shows the distribution of patients and the difference between the expected 

and actual frequencies of the subjects based on gender and expansion status.  An adjusted residual 

>2.5 was found for both genders (2.8).  Table (b) shows Chi Square analysis of the categorical variables 

of gender and expansion status showed a statistically significant association between gender and 

expansion status, as male probands are more likely to be expansion positive while female patients are 

more likely to be expansion negative (Chi square 7.713, p < 0.005).   

Chi-Square Tests 

 Value df 

Asymptotic 

Significance 

(2-sided) 

Exact Sig.  

(2-sided) 

Exact Sig. 

(1-sided) 

Pearson Chi-Square 7.713a 1 .005 .006 .004 

Likelihood Ratio 7.905 1 .005 .006 .004 

Fisher's Exact Test    .006 .004 

N of Valid Cases 342     
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Table 3: Statistical Analysis of association of ocular comorbidities with repeat expansion status in FECD.  

Pearson Chi Square analysis was performed to determine if a statistically significant difference existed 

between the prevalence of ocular comorbidities in the expansion-positive and expansion-negative 

FECD cohorts.  An additional Fisher exact test was performed given the small cell frequencies to ensure 

the accuracy of results.  No statistically significant association was found between expansion status 

and the presence of glaucoma [ X2 = 0.196 p = 0.406], Age related macular degeneration [ X2 = 0.010 p 

= 0.610], non-AMD related retinal pathology [X2 = 0.037 p = 0.601], keratoconus [X2 = 0.203 p = 0.536] 

or recurrent erosion syndrome[ X2 = 0.889 p = 0.315]. 

(df: degrees of freedom) 

  

Statistical Analysis of Association of Ocular Comorbidities with 
Repeat Expansion Status in FECD 

Number of valid cases: 342 
 

Ocular Comorbidity 
Chi-Square Test  

Fisher's Exact 
Test Value df Exact Sig. 

(1-sided) 

Glaucoma 
 

0.196 1 0.406 0.406 

Age Related Macular 
Degeneration (AMD) 

0.01 1 0.610 0.610 

Non-AMD Retinal 
Pathology 

0.037 1 0.601 0.601 

Keratoconus 
 

0.203 1 0.536 0.536 

RCES 
 

0.889 1 0.315 0.315 
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Table 4. Statistical analysis of the relationship between age of first corneal transplant surgery and the 

presence of the repeat expansion.  The Mann-Whitney U test was applied to the dependent variable of 

age of first corneal transplantation and the independent, dichotomous categorical variable of 

expansion statue (repepat expansion positive versus repeat expansion negative). The Mann-Whitney U 

analysis showed no statistically significant difference was between age of grafting and expansion status 

(U = 5900, p= 0.408).   
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Spearman’s Rho Correlations Analysis 

Age of Transplant Surgery Repeat Expansion Length 

Correlation Coefficient Sig. (2-tailed) 

Repeat Expansion Positive Subjects  

(N= 198) 

-0.251** 0.000 

Repeat expansion subjects with NO 

preceding cataract surgery (N= 112) 

-0.254** 0.007 

**. Correlation is significant at the 0.01 level (2-tailed) 
 

Table 5: Statistical analysis of the relationship between TCF4 repeat expansion length and age of first 

corneal transplantation.  Spearman’s rho analysis was applied to evaluate the relationship between the 

relationship of two continuous variables:  repeat expansion length and age of corneal transplantation.  

This nonparametric test showed a weak but statically significant correlation between expansion length 

and age of grafting, (r = - 0.251, n=198, p =0.001). The direction of the relationship association indicated 

that longer repeat length was associated with a younger age of first corneal transplant surgery.  This 

statistically significant relationship was also noted in the cohort of 112 patients who did not undergo 

cataract surgery prior to developing corneal decompensation (r = - 0.254, n=112, p =0.007). 
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Table 6: Mann Whitney U analysis of the statistical relationship between the Modified Clinical Grading 

Score and age of first corneal transplant surgery.  Analysis of the distribution of  Modified Clinical 

grading score at the time of surgery between the expansion positive and the expansion negative cohort 

was performed by comparing the mean ranks of both cohorts.  No statistically significant relationship 

was found between the repeat expansion positive  and repeat expansion negative cohort (U = 5229, p 

= 0.318).  

 
 
 
 

Model Fitting Information 
Model -2 Log Likelihood Chi-Square df Sig. 

Intercept Only 360.053    
Final 356.231 3.822 2 0.148 

 

Table 7: X Chi-Square goodness of fit test assessing the statistical relationship between repeat 

expansion length and the MCG score. The goodness of fit table for Chi-Square analysis has been used 

to compare the observed sample distribution with the expected probability distribution of repeat 

expansion length and MCG score having accounted for age of first corneal transplant.  No statistically 

significant association was noted (p=0.148).  
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Model Summary 

Mod

el R 

R 

Square 

Adjusted R 

Square 

Std. Error of 

the 

Estimate 

Change Statistics 

R Square 

Change 

F 

Change df1 df2 Sig. F Change 

1 0.079a 0.006 -0.009 77.15064 0.006 0.412 2 132 0.663 

ANOVAa 
Model Sum of Squares Df Mean Square F Sig. 

1 Regression 4904.690 2 2452.345 0.412 0.663b 

Residual 785693.191 132 5952.221   

Total 790597.882 134    

Dependent Variable: Central Corneal Thickness  

Predictors: Repeat expansion status, Age of first corneal transplant surgery 

 

Table 8:    Analysis of Variance (ANOVA) assessing the correlation between Central Corneal Thickness 

(CCT) and age of first corneal graft surgery. ANOVA modelling was performed in order to assess the 

relationship between eh variable of CCT against the predictor of expansion status, while taking into 

consideration the effect of age of first corneal transplant surgery.  No association was found between 

the expansion status and CCT after accounting for the age at first grafting (p=0.663).   
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C Legend to pedigree symbols 
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D Moorfields Corneal Cross Linking Guidelines 
 
Ensure that patients have Pentacam scans and refraction with contact lenses out for a minimum of 2 
weeks (RGP) and 1 week (soft).1 
 
Inclusion criteria for patients to be treated on pooled CXL lists (1 or more) 
1. Confirmed progression (based on current understanding of Pentacam measurement repeatability 

limits) 
Early KC (Kmax < 55D)2 
(1 or more) 

Moderate/ advanced KC (Kmax ≥ 55D)3 

(1 or more) 

• ≥ 1 D increase Kmax 
• ≥ 1 D increase K2 or K1 front 
• ≥ 0.5 D increase back K2 
• ≥ 16 µm decrease minimum thickness 

• ≥ 2.5 D increase Kmax 
• ≥ 2.5 D increase K2 or K1 front 
• ≥ 22 µm decrease minimum thickness 

 
2. High risk of progression (1 or more) 

• Age ≤ 18 years 
• Age 19 – 30 years (incl.) AND Minimum thickness < 400 µm 
• Age 19 – 30 years (incl.) AND Hydrops/graft fellow eye  
 

3. History of progression in referral letter based on serial topography or loss of corrected vision – 
documentation incomplete AND age ≤ 30 years 

 
4. Previous LASIK with ectasia 
 
NB. Patients who are unable to come out of contact lenses prior to Pentacam scanning (and therefore 
ineligible for f/u in EKC) may be offered CXL on pooled list if they are considered at risk of progression 
(i.e. age < 35 years) with continued f/u in Contact Lens clinic.4   
 
Exclusion criteria 
Active surface disease 
*Minimum corneal thickness < 375 µm 
†Age < 16 years  
*Cognitive impairment 
*May be treated off pooled lists in laser suite (consultant led) or †main theatres with paediatric 
anaesthetic cover 
 
Referring patients to pooled lists: Please complete provisional booking under OpenEyes ‘Bruce Allan 
(External)’ firm. Where both eyes require CXL, patients will be offered same-day bilateral treatments 
unless specified in the notes. Where available, please include the Pentacam ‘compare 2 scans’ map for 
the eye(s) to be treated. 
 
Treatment protocol: Epithelium-off, 10 minutes 0.1% riboflavin drops (Vibex Rapid), 30mW/cm2 UVA 4 
minutes (pulsed 1.5 seconds on/off). 
 
Follow-up: Patients are seen at 1 week for BCL removal. Uptodate refraction at high-street optician 
advised for those in spectacles at 1 month. Unless consultant input required (e.g. graft fellow eye, 
uncontrolled AKC etc.), follow-up in the Early Keratoconus Clinic at 6 and 12 months, then yearly up to 
5 years. Contact lens appointments continue separately as before. 
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Retreatment criteria  
Treatment failure should be considered no earlier than 12 months post-CXL using the same 
keratometric indices of progression (Kmax, K2, K1). Pachymetry is not a useful indicator of progression 
post-CXL since corneal thickness measurements may decrease and/or increase up to 24 months after 
treatment.  
 
 
Notes 
1. Maximum 3 scans, or 2 scans if both achieve “OK” quality score (QS). Scans with messages such as 
“data gaps”, “Fix” (fixation), “Lid” or “Blink” will be less reliable for diagnosing progression and will be 
recorded with an amber light in the data base, giving the option of filtering these scans out of audit 
data 
 
2. There is approximately a 95% chance that changes of this magnitude in this group represent real 
change in the cornea.(Flynn et al. 2015) 
 
3. In this group the 95% limits of agreement for K1 and Kmax are close to 4D.  There is approximately 
an 80% chance that changes of 2.5D in these parameters in this group represent real change.(Flynn et 
al. 2015)  Given that crosslinking is a relatively low-risk treatment, we have chosen this lower value as 
a compromise to try to avoid missing large changes in corneal shape. 
 
4. Pending increased CXL capacity, this offer initially is restricted to 16 – 18 year olds (inclusive) i.e. 
those patients at greatest risk of disease progression. ≥ 375µm minimum pachymetry required. If 
fluorescein has already been instilled during contact lens consultation,(Hirnschall et al. 2012) patients 
will be re-scanned on the day of treatment to confirm it is safe to proceed. 
 
References 
Flynn, T. et al., 2015. Differential precision of corneal Pentacam HR measurements in early and 
advanced keratoconus. unpublished data. 
Hirnschall, N. et al., 2012. Effect of fluorescein dye staining of the tear film on Scheimpflug 
measurements of central corneal thickness. Cornea, 31(1), pp.18–20. 
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E Clinical Trial Subject Inclusion and Exclusion Criteria 
 
 

 

Inclusion Criteria 

The subject is eligible for the study if all the following inclusion criteria are met:  

1. Male or female, ≥ 18 years of age at Screening  

2. Clinical diagnosis of FECD3 with:  

a. confirmed presence of trinucleotide repeat (TNR) expansion in the TCF4 gene (50 TNRs 

or more as determined by polymerase chain reaction (PCR)  

b. symmetrical disease progression in the opinion of the Investigator necessitating 

surgical intervention to both eyes 

c. a clinical indication for DMEK in both eyes is defined as : Best Corrected Visual Acuity 

(BCVA) worse than 6/12 Snellen, corneal stromal oedema secondary to corneal 

endothelial failure and patient reported difficulty in performing activities of daily living. 

3. BCVA worse than Snellen 6/12 in both eyes. Concomitant cataracts are considered a normal 

finding however BCVA impairment should not be caused by other ophthalmic disease (e.g., age-

related macular degeneration, glaucoma, optic neuropathies). 

4. Subjects should be willing and able to provide informed consent, comply with the protocol, 

follow study instructions, attend study visits as required and able to complete all study 

assessments, in the opinion of the Investigator.  
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Exclusion Criteria  

The subject is ineligible for the study if any of the following criteria are met:  

1.  Presence of any significant ocular or non-ocular disease/disorder (including medication and 

laboratory test abnormalities) which, in the opinion of the Investigator, may either put the 

subject at risk because of participation in the study, may influence the results of the study, or 

the subject’s ability to participate in the study.  

This includes but is not limited to diagnosis in either eye with:  

1. Concurrent cystoid macular oedema (CMO). 

2. Neovascular age-related macular degeneration, geographic atrophy, myopic macular 

degeneration, moderate to severe non-proliferative and proliferative diabetic 

retinopathy, diabetic macular oedema, macular oedema secondary to retinal vein 

occlusions, or retinal dystrophies or history of retinal detachments. 

3. Visually significant, non-glaucomatous optic neuropathies such as those related to 

ischemic (both arteritic and non-arteritic), toxic, nutritional, myopic, compression, 

infective and inflammatory causes. 

4. Corneal endothelial disease that is associated with significant stromal scarring to such 

an extent that will predictably impair post-operative visual recovery after DMEK. 

5. Corneal endothelial disease that may possibly be attributed to pathologies other than 

FECD3, including but not limited to pseudophakic bullous keratopathy, laser-

peripheral-iridotomy induced bullous keratopathy, iridocorneal endothelial syndrome, 

posterior polymorphous corneal dystrophy, Axenfeld Rieger syndrome, congenital 

hereditary endothelial dystrophy, and any other anterior segment developmental 

anomalies.  

6. History of any form of keratoplasty in either eye.  

7. Prior lens replacement in either eye.  

8. History or presence of ocular herpetic diseases (including herpes simplex virus, 

varicella zoster or cytomegalovirus) in either eye.  

9. Presence of any active ocular infection in either eye.  

10. Receipt within 3 months prior to Screening of any intraocular or periocular surgery 

(including refractive surgery), or an IVT injection or planned intraocular surgery or 

procedure (other than lens replacement or DMEK) during the course of the study in 

either eye.  
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11. Subjects with glaucoma, pseudoexfoliation syndrome, pigment dispersion syndrome, 

or ocular hypertension in either eye.  

12. Current treatment or treatment within the past 12 months with therapies known to 

influence the immune system (including but not limited to cytostatics, interferons, 

Tumour Necrosis Factor-binding proteins, drugs acting on immunophilins, or 

antibodies with known impact on the immune system). Subjects that have been 

treated with systemic steroids within the past 12 months or that require intermittent 

use of topical steroids may be considered for inclusion following approval by the 

Medical Monitor.  

13. Use of any investigational drug or device within 90 days or 5 half-lives of Day 1, 

whichever is longer, or plans to participate in another study of a drug or device during 

the study period.  

14. Any prior receipt of genetic or stem-cell therapy for ocular or non-ocular disease.  

15. History of malignancy within 5 years prior to screening, except adequately treated 

squamous or basal cell carcinoma of the skin or carcinoma in situ of the cervix that has 

been successfully treated.  

16. Pregnant or breastfeeding subjects. Female subjects of childbearing potential and male 

subjects must be sexually inactive by abstinence, which is consistent with the preferred 

and usual lifestyle of the subject, or agree to use highly effective methods of birth 

control.  Women of non-childbearing potential may be included without the use of 

adequate birth control, provided they meet the criteria.  
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F SCHEDULE OF EVENTS OF INVESTIGATIONS 

 
Study Eye 1 

(Control) 

Procedure Screening 
Visit 

DMEK+IOL 

D1 D2 D7 
 

M1 M3 y 
 

M6 y M12 y 

 

Wk1 
 

Wk5 
 

Wk13 
 

Wk25 Wk49 
Informed consent X        
Confirm eligibility 
criteria X      

 
 

Confirmation 
ExpPos status X      

 
 

DMEK+Phaco+IOL   X       
Adverse Events X X X X X X X X 
BCVA (both eyes)  X   X X X X X 
Contrast sensitivity 
(both eyes)  X      X X 
Full-field ERG (both 
eyes)  X      

 
X 

FST l X     X X X 
Slit-lamp 
biomicroscopy 
examination +IOP  X X X X X X X X 
Dilated fundus 
examination  X   X X X 

X 
X 

SD-OCT  X   X X X X X 
Corneal OCT  X X  X X X X X 
Specular 
Microscopy  X X  X X X X X 
Scheimpflug 
tomography 
pachymetry  X    X X X X 
Microperimetry  

X    X X 
 

X X 
Visual field  

X    X  
 

X X 
Fundus and Corneal 
photography  X      

 
X 

Hematology and 
bichemistry X      
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Study Eye 2 
(ASO Treatment) 

Procedure Screening 
Visit 

IVT DMEK+IOL within 14 days of ASO 

D1 D2 D7 
 

M1 M3 y 
 

M6 y M12 y 

 
D1 D2 D7 

Wk1 
 

Wk5 
 

Wk13 
 

Wk25 Wk49 
Informed consent X           
Confirm eligibility 
criteria X 

   

     
 

 
Confirmation ExpPos 
status X 

   
     

 
 

ASO IVT injection  X          
DMEK+Phaco+IOL      X       
Adverse Events X X X  X X X X X X X 
BCVA (both eyes)  X X X    X X X X X 
Contrast sensitivity 
(both eyes)  X 

 X X 
     X X 

Full-field ERG (both 
eyes)  X 

  X 
     

 
X 

FST l X   X     X X X 
Slit-lamp 
biomicroscopy 
examination +IOP  X 

X X X 

X X X X X X X 
Dilated fundus 
examination  X 

X X X 
  X X X 

X 
X 

SD-OCT  X  X X   X X X X X 
Corneal OCT  X  X X X  X X X X X 
Specular Microscopy  X X  X X  X X X X X 
Scheimpflug 
tomography 
pachymetry  X 

X X X 

   X X X X 
Microperimetry  

X 
  X 

   X X 
 

X X 
Visual field  

X 
  X 

   X  
 

X X 
Fundus and Corneal 
photography  X 

   
     

 
X 

Hematology and 
biochemistry X 

 X X 
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Abbreviations:  
AE:   adverse event 
BCVA:   best-corrected visual acuity 
D:  day 
DMEK:   Descemet’s Membrane Endothelial Keratoplasty 
ERG:   electroretinogram 
FST:   full-field stimulus threshold  
IOP:   intraocular pressure 
IVT:   intravitreal 
M:   month 
SD-OCT:  Spectral domain optical coherence tomography 
Wk:   week 
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G List Of Common Terms 

 

Allele A term used to describe the alternative form or 

versions of a gene 

Exon Coding sequence in a gene 

Corneal Dystrophy A group of rare, genetic diseases that affect the 

cornea 

Gene A gene is a region of DNA that encodes a functional 

RNA product 

Genotype An organism's complete set of genes 

Haplotype a set of genetic determinants located on a single 

chromosome, a combination of linked alleles 

transmitted together 

Homozygous Having two identical alleles of a particular gene 

Heterozygous Having two different alleles of a particular gene 

Intron A segment of a DNA or RNA molecule which does not 
code for proteins and interrupts the sequence of 
genes 
 

Mendelian inheritance Mendelian inheritance refers to an inheritance 

pattern that follows the laws of segregation and 

independent assortment 

Messenger RNA (mRNA) Code for a protein that is formed after splicing and 

removal of introns 

Mutation Pathological change in the genetic sequence 

Penetrance The extent to which a particular gene or set of genes 

is expressed in the phenotypes of individuals carrying 

it, measured by the proportion of carriers showing the 

characteristic phenotype 

Phenotype Observable characteristics or traits of an organism 

Proband An individual being studied or reported on 
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Transcription The process by which the information in a strand of 
DNA is copied into a new molecule of messenger 
RNA (mRNA) 
 

Translation process of translating the sequence of a messenger 

RNA (mRNA) molecule to a sequence of amino acids 

during protein synthesis 

Variant Term used to describe an alteration in the gene 

sequence that may be benign, pathogenic, or of 

unknown significance. 
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H Amino Acid Codes 

 

Amino acid Three letter code               One letter code 

alanine ala A 

arginine arg R 

asparagine asn N 

aspartic acid asp D 

asparagine or aspartic acid asx B 

cysteine cys C 

glutamic acid glu E 

glutamine gln Q 

glutamine or glutamic acid glx Z 

glycine gly G 

histidine his H 

isoleucine ile I 

leucine leu L 

lysine lys K 

methionine met M 

phenylalanine phe F 

proline pro P 

serine ser S 

threonine thr T 

tryptophan trp W 

tyrosine tyr Y 

valine val V 
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I Abbreviations 

AD  Autosomal Dominant 

AR  Autosomal Recessive 

CECs  Corneal Endothelial Cells 

CED  Corneal Endothelial Dystrophy 

CHED  Congenital Hereditary Endothelial Dystrophy 

COL8A2 2 chain of type VIII collagen gene 

COL8A1 1 chain of type VIII collagen gene 

DM  Descemet’s Membrane 

DM1  Myotonic Dystrophy 1 

DMEK  Descemet’s Membrane Endothelial Keratoplasty 

DNA  Deoxyribonucleic Acid 

DSAEK  Descemet’s Stripping Automated Endothelial Keratoplasty 

ECM  Extracellular Matrix 

EDTA  Ethylenediaminetetraacetic Acid 

ER   Endoplasmic Reticulum 

ExpNeg Expansion Negative 

ExpPos  Expansion Positive 

FECD  Fuchs Endothelial Corneal Dystrophy 

FISH  Fluorescence in situ hybridisation 

GWAS  Genome Wide Association Study 

HGP  Human Genome Project 

HS  Harboyan Syndrome 

KANK4  KN Motif And Ankyrin Repeat Domains 4 

LAMC1  Laminin Subunit Gamma 1 

MAF  Minor Allele Frequency 

MEH  Moorfields Eye Hospital 

MET  Mesenchymal-to-epithelial transformation 

OMIM  Online Mendelian Inheritance in Men 

PCR  Polymerase chain reaction 

Polyphen2 Polymorphism phenotyping 2 

PPCD  Posterior Polymorphous Dystrophy 
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PTC  Premature Stop Codon 

RAN  Repeat Associated non ATG translation 

RNA  Ribonucleic acid 

SIFT  Sorting Intolerant From Tolerant 

TCF4  Transcription Factor 4 

UCLex  University College London exome control data set 

WES  Whole Exome Sequencing 

ZEB1  Zinc Finger E-box binding homeobox 1 gene 

 

 

 

 

 
 


