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General introduction 

The cornea is an avascular and transparent tissue that allows light to enter the front 

of the eye. It measures 10–12 mm in diameter and 500–600 μm in thickness, and 

accounts for most of the eye’s refractive power.1 The cornea is composed of five 

layers (Figure 1), with the top layer comprising a stratified sheet of corneal epithelial 

cells covering the outer surface.2,3 Epithelial cells act as a biological barrier to block 

the passage of foreign material and provide a smooth surface that absorbs nutrients. 

The next layer, named the Bowman’s layer, is a collagen-based acellular membrane 

synthesized by the stromal keratocytes; it separates the epithelium from the stroma.2,3 

The middle layer of the cornea is the stroma and accounts for 80%– 90% of the tissue 

thickness, conferring most of its biomechanical strength and optical properties.2,3 

The stroma is composed of highly structured extracellular matrix proteins such as 

collagen and is populated by keratocytes that maintain its homeostasis. The next 

layer is the Descemet’s membrane composed of collagen types IV and VIII, laminin, 

and nidogen among other proteins4 which are produced by the corneal endothelial 

cells (CECs)2,3 of the innermost layer of the cornea. In adults, the Descemet’s 

membrane is 3–10 μm thick.5 Due to its avascular nature, the cells populating the 

cornea obtain nutrients and oxygen through diffusion from the eye’s anterior 

chamber and from the limbal vasculature. 

 

 

Figure 1. The human cornea is composed of five layers: the corneal epithelium, Bowman’s layer, 

corneal stroma, Descemet’s membrane and corneal endothelium. 
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CECs are an important cell population in the cornea because of their structure and 

function and their loss is implicated in corneal disease. CECs originate from the 

neural crest of the neuroectoderm,6 which is different from other cell populations 

found in the ocular surface such as corneal or conjunctival epithelial cells that 

originate from the cranial ectoderm. After embryonic development, human CECs are 

arrested at the G1 phase, and are unable to proliferate. Consequently, the corneal 

endothelium lacks regenerative capacity through cell division. Nevertheless, there is 

ongoing discussion whether a peripheral population of CECs retains some 

proliferative capacity.7–10 On the contrary, CEC of other species such as rodents and 

rabbits, retain a high proliferative capacity and can repopulate the endothelium in 

response to damage.11 

 

Regarding their function, CECs act as an active metabolic pump transporting ions 

(such as Na+, K+, Cl-, and HCO3
-) and metabolites (such as glucose and lactic acid), 

leading to a net stromal to aqueous humor solute flux. Moreover, the tight junctions 

present in CECs act as a barrier to prevent the imbibition of water to the corneal 

stroma.12,13 This process maintains the slight dehydration of the cornea and is 

fundamental to its transparency (Figure 2). 

 

 

Figure 2. CECs act as an active metabolic pump, transporting ions and metabolic remnants from the 

stroma to the aqueous humor, thus maintaining the cornea in a slightly dehydrated state. 
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The average CEC density in healthy adults aged 20 to 39 years is 3000 cells/mm2. 

CEC density decreases by 0.6% each year, reaching an average CEC count of 2600 

cells/mm2 in adults aged 60 to 79 years.14 Iatrogenic damage after surgery, infection 

or genetic diseases such as Fuchs’ endothelial corneal dystrophy (FECD) can cause 

dysfunction and accelerated loss of CECs, resulting in corneal endothelial disease, 

characterized by corneal edema and opacity. Corneal opacity is one of the leading 

causes of blindness worldwide, and an estimated 12.7 million people worldwide are 

awaiting treatment.15 

 

The state-of-the-art therapy for treating corneal endothelial disease is the selective 

replacement of the dysfunctional monolayer of CECs with that of a donor, namely 

Descemet’s membrane endothelial keratoplasty (DMEK).16 Therefore, novel 

regenerative medicine therapies will be measured in comparison to DMEK. DMEK 

has set the bar high with a relatively low cost and a graft survival measured 85% 

twelve months after intervention.17 Nevertheless, this therapy has shortcomings: 

First, the global availability of donor tissue cannot fit the demand. Advances in 

corneal transplantation are improving its reproducibility and accessibility, 

decreasing the threshold for intervention at earlier disease stages and increasing the 

donor tissue demand aggravating the donor shortage. It has been estimated that there 

is only one donor cornea available for every 70 patients in need.15 Furthermore, 

DMEK grafts have a limited lifespan, and graft survival is reduced to 77% two years 

after surgery.17 Re-grafting is already the second indication for corneal 

transplantation with 16% of the cases in Europe.18 Secondly, graft delivery is 

challenging and the stripping of endothelial tissue by novice surgeons in the 

operation room can result in iatrogenic damage of the donor graft. Finally, there is 

the need to develop novel therapies to treat patients groups that cannot benefit from 

DMEK such as patients with complex eyes where the operation is technically 

challenging, patients with glaucoma drainage devices, and patients with a failed 

penetrating keratoplasty due to endothelial decompensation 
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Over the years, several strategies have been pursued to improve therapeutic options 

for corneal endothelial disease. Approaches to regenerate the corneal endothelium 

offer a solution to the current donor cornea scarcity. The pharmacological 

modulation of the endothelium using rho-associated kinase inhibitors offers the 

possibility to regenerate this tissue through an increased cell migration and 

proliferation without the need of donor tissue.19–21 Nevertheless, it has only shown 

success in a few cases of relatively young patients with intact peripheral 

endothelium.19–21 Protocols for generating CECs into quantities that could address 

the current tissue shortage and the possible strategies to deliver them, whether using 

a cell injection or a scaffold,  have now become a therapeutic reality with several 

clinical trials taking place worldwide.22 One of the most promising strategies is the 

isolation and primary culture of human CECs,23–27 which led to a successful clinical 

trial in 2018.25 Despite this landmark clinical trial, this therapy has limitations 

preventing its adoption.  

 

The primary culture of CEC is a challenging technique, culture success is limited to 

young donors, and major cell alterations appear after the second passage with the 

current culture protocols, limiting the amount of cells suitable for therapy.22 More 

recently, the development of the first protocols to derive human CECs from induced 

pluripotent and human embryonic stem cells has opened the possibility to obtain 

CEC without the need of donors.28–30 In addition to cell-based therapies, acellular 

corneal endothelial graft equivalents could provide a treatment option for specific 

disease conditions without the need of donor tissue or cells, though it is not yet well 

understood for how long these constructs could keep corneal deturgescence.31,32 

Finally, gene modulation therapies to treat corneal endothelial disease may be used 

to treat pre symptomatic patients or those presenting early symptoms, drastically 

reducing the need for donor tissue.33–35 Nevertheless, we have no tools to predict the 

progression of the disease to know if treatment would be actually required and gene 

modulation therapies would address the existing guttae in patients with FECD. 
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A central technology used in this thesis to gain knowledge on CECs and improve 

regenerative medicine therapies is single cell RNA sequencing (scRNAseq). The 

corneal layers have been traditionally regarded as bulk units and analyzed with 

conventional transcriptomics, missing on information of cellular subtypes. 

scRNAseq offers the possibility to gain transcriptomic knowledge of single cells, 

accounting for the cellular heterogeneity within corneal layers, providing the basis 

to improve current primary cell expansion protocols, for future profiling of corneal 

disease states, to help guide pluripotent stem cells into different corneal lineages, and 

to understand how engineered substrates affect corneal cells to improve regenerative 

therapies.  

 

Outline of this thesis 

In Chapter 2, the approaches currently studied for regenerating the human corneal 

endothelium are introduced. This chapter summarizes possible sources for cell 

therapy and their delivery methods, novel drugs and materials for the regeneration 

of the corneal endothelium, and gene therapy approaches to treat corneal endothelial 

disease. Moreover, this chapter gives an overview of the current clinical trials 

worldwide using regenerative medicine approaches and describes the regulatory 

framework in the European Union, with the aim to help scientists and clinicians to 

bring therapies from bench to bedside.  

 

Chapter 2 further proposes how the field is likely to develop and how each patient 

could be treated in order to take most advantage of the new therapeutic arsenal. 

Namely, lamellar corneal transplantation is currently the default procedure to treat 

corneal endothelial disease. In the coming years, research will reveal a deeper 

understanding of what spectrums and types of corneal endothelial disease could be 

successfully treated with each approach. It is possible that young patients with early 

corneal endothelial disease could be candidates for genetic modulation. On the other 

hand, patients with a relatively intact peripheral corneal endothelium could be treated 
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with pharmacological approaches, and severe or advanced cases of corneal 

endothelial disease could be treated with lamellar keratoplasty or cell therapy 

delivered by injection or using a carrier. A personalized medicine approach will 

allow greater access to therapy for more people and tackle the global donor shortage. 

Finally, this chapter gives a perspective on the ethics and societal challenges these 

therapies face. 

 

Chapter 3 outlines an example of the symbiosis between our laboratory and the 

clinic. This chapter reports a translational study to determine if a novel device for 

the transport of preloaded and ready-to-transplant corneal endothelial donor tissue 

can deliver the tissue to the operating theater as successfully as the conventional pre-

stripped whole cornea transport. These types of devices have the potential to reduce 

costly operating theater time and the risk of iatrogenic tissue damage. Moreover, 

they will allow eye banks to send only the tissue necessary for Descemet’s membrane 

endothelial keratoplasty (DMEK), optimizing availability of donor tissue for other 

surgical procedures.15,36 

 

As previously introduced, the cornea is a complex tissue composed of five layers 

that are populated by different cell types and subtypes. To develop regenerative 

medicine therapies for the cornea, it is crucial to understand the complexity of all the 

cells populating this tissue. In Chapter 4, we report a single cell RNA sequencing 

(scRNAseq) analysis to elucidate the heterogeneity of the cells present in the healthy 

human cornea. To do so, we isolated and sequenced 19,472 corneal cells from eight 

healthy donors. The transcriptomic cell census that we created identified 

subpopulations with different roles in the maintenance of corneal homeostasis and 

provided a baseline to improve primary cell expansion protocols, for future profiling 

of corneal disease states, and to understand how engineered substrates affect corneal 

cells to improve regenerative therapies. Furthermore, our study identified markers 

exclusively expressed in cells comprising the epithelial limbal stem cell niche, highly 
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proliferating epithelial cells, and stromal keratocytes, which could be used as 

reference to improve current corneal cell replacement therapies. 

 

In Chapter 5, we focus on CECs. The primary culture of human CECs can generate 

an adequate number of cells from one donor to graft multiple recipients,24,25 an 

approach successfully demonstrated in a landmark clinical trial in Japan in 2018.17 

This approach could offer a solution to the current donor tissue shortage breaking 

the established paradigm of one donor cornea–one recipient eye. The 5-year 

outcomes of this clinical trial are promising,37 but various limitations have prevented 

the approach from being adopted worldwide. First, the CEC cultures are only 

successful if derived from donors younger than 45 years. Second, forcing CECs to 

enter a proliferative state can cause an undesired endothelial-to-mesenchymal 

transition resulting in loss of function. Third, a lack of cellular markers prevents 

sorting clinical-grade CECs. We hypothesize that primary cultured human CECs are 

highly heterogeneous and instead of evaluating the cultures as bulk entities, we 

analyzed them at the single-cell level. To do so we isolated, cultured, and sequenced 

the transcriptome of 42,220 CEC from three different donors, at five different time 

points over three different passages. Our scRNAseq analysis revealed clusters of 

high-quality therapy-grade CECs, and other clusters of cells entering a senescent and 

fibrotic state, confirming the heterogeneity of primary cultured CECs. Our study also 

revealed crucial transcriptomic differences across the therapy-grade and 

senescent/fibrotic CEC clusters, which were further validated at the protein level. 

This chapter portrays the heterogeneity at the single cell level of primary cultured 

CECs, providing a baseline for the deep understanding necessary to overcome the 

limitations of using cultivated CECs for regenerative medicine. 

 

To further understand the regenerative capacity of CECs, we studied how in vivo 

proliferation differs between species. In humans, sheep and other higher-order 

mammals, CECs are arrested at the G1 phase of the cell cycle.11 However, CECs of 

rodents and rabbits retain a high proliferative capacity, and can repopulate the 
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endothelium in response to damage.11 In Chapter 6, we describe a transcriptome 

comparison between human, sheep, rabbit, and mouse CECs to unravel the 

mechanisms governing corneal endothelial regeneration and proliferation. Our 

dataset provides a comprehensive transcriptome comparison of species with 

proliferating and quiescent CECs that can be used to improve current cell expansion 

protocols and identify novel drug targets to promote corneal endothelial proliferation 

and regeneration. 

 

Chapter 7 highlights and discusses the major findings of this thesis and concludes 

with recommendations for future research. Finally, in Chapter 8, we provide a 

perspective on how this thesis could impact the field of corneal endothelium 

regenerative medicine. 
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Abstract 

The state of the art therapy for treating corneal endothelial disease is transplantation. 

Advances in the reproducibility and accessibility of surgical techniques are 

increasing the number of corneal transplants, thereby causing a global deficit of 

donor corneas and leaving 12.7 million patients with addressable visual impairment. 

Approaches to regenerate the corneal endothelium offer a solution to the current 

tissue scarcity and a treatment to those in need. Methods for generating corneal 

endothelial cells into numbers that could address the current tissue shortage and the 

possible strategies used to deliver them have now become a therapeutic reality with 

clinical trials taking place in Japan, Singapore and Mexico. Nevertheless, there is 

still a long way before such therapies are approved by regulatory bodies and become 

clinical practice. Moreover, acellular corneal endothelial graft equivalents and 

certain drugs could provide a treatment option for specific disease conditions without 

the need of donor tissue or cells. Finally, with the emergence of gene modulation 

therapies to treat corneal endothelial disease, it would be possible to treat 

presymptomatic patients or those presenting early symptoms, drastically reducing 

the need for donor tissue. It is necessary to understand the most recent developments 

in this rapidly evolving field to know which conditions could be treated with which 

approach. This article provides an overview of the current and developing 

regenerative medicine therapies to treat corneal endothelial disease and provides the 

necessary guidance and understanding towards the treatment of corneal endothelial 

disease.  
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Introduction 

The cornea is the clear window that lets light into the eye. This avascular tissue 

measures 10–12 mm in diameter and 500–600 μm in thickness in adults, and has a 

light refractive index of 1.38.1 The outer surface of the cornea is composed of a 

stratified sheet of corneal epithelial cells. The Bowman’s layer, a collagen-based 

acellular membrane synthesized by the stromal keratocytes, separates the epithelium 

from the stroma. The corneal stroma accounts for 80–90% of the corneal thickness, 

conferring most of the tissue mechanical strength. It is mainly composed of highly 

structured collagen fibers and extracellular matrix proteins and populated by a 

scattered population of keratocytes, which maintain stromal homeostasis. The inner 

part of the cornea is lined by a monolayer of tightly packed hexagonal corneal 

endothelial cells (CECs) which reside in contact with the stroma on the Descemet’s 

membrane. The adult Descemet’s membrane is a 3–10 μm thick2 basement 

membrane primarily composed of collagen type IV and VIII 3 generated by the 

CECs. 

 

CECs are thought to originate from the embryonic neural crest cells in the periocular 

mesenchyme. After embryonic development, human CECs are arrested at G1 phase, 

thus are unable to divide and lack regenerative capacity of this layer through cell 

division. Nevertheless, there is ongoing discussion whether a peripheral population 

of CECs retains some proliferative potential.4–7 Functionally, CECs act as an active 

metabolic pump transporting ions, namely Na+, K+ and Cl-, bicarbonate, glucose, and 

lactic acid leading to a net basolateral/stromal to apical/aqueous humor solute flux 

acting as a barrier preventing the imbibition of water from the anterior chamber of 

the eye to the corneal stroma.8,9 This maintains the slightly dehydrated state of the 

cornea, a process called deturgescence that is fundamental to its transparency. 

 

The average CEC density in healthy adults aged 20 to 39 years is 3000 cells/mm2. 

This density decreases 0.3% yearly, reaching an average of 2600 cells/mm2 in the 
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endothelium of healthy adults aged 60 to 79 years.10 Iatrogenic damage after surgery, 

infection or genetic diseases such as Fuchs’ endothelial corneal dystrophy (FECD) 

can cause dysfunction and accelerated loss of CECs. Corneal endothelial disease is 

characterized by a loss of barrier function causing corneal edema and opacity 

impairing sight. Corneal opacity is one of the leading causes of blindness worldwide, 

and an estimated 12.7 million people worldwide are awaiting treatment.11   

 

State-of-the art: cornea transplantation 

Corneal transplantation is the state-of the-art therapy for corneal endothelial disease. 

Since the first transplantation performed by Eduard Zirm in 1905, the cornea has 

become the most transplanted tissue worldwide. In 2012, 184,576 corneal 

transplantations were performed in 116 countries.11  

 

Penetrating keratoplasty effectively restores vision, but ten-year graft survival rates 

vary from 36–90%.12,13 The major limitations of this technique are high rates of 

allograft rejection and complications related to the use of sutures: astigmatism, 

infection, and wound dehiscence.14  

 

Endothelial keratoplasty enables selective replacement of diseased corneal 

endothelium with that of a donor. Descemet stripping automated endothelial 

keratoplasty (DSAEK) remains the most widely used technique,15 but Descemet’s 

membrane endothelial keratoplasty (DMEK) is on the rise.16 DMEK was first 

described in 2006, and allows selective replacement of the recipient’s dysfunctional 

endothelium and Descemet’s membrane.17 DMEK offers excellent and rapid 

recovery of vision18 with a low risk of allograft rejection.19,20 However, it is 

technically challenging and graft detachment requiring intervention complicates 

about one fourth of cases.15 
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Current research is focused on pre-loaded DMEK grafts (Figure 1) which could be 

directly transported from the eye bank to the operation theatre making the procedure 

available for novice surgeons worldwide, reducing surgery time21–26 and improving 

cost-effectiveness.27 In an effort to overcome tissue shortage, the use of hemi28 and 

even quarter DMEK29 grafts has been reported. Nevertheless, given the low CEC 

densities reported after these procedures, increased graft detachment compared to 

conventional DMEK, cases of persistent peripheral corneal edema and bullae, and 

narrow indication for use (i.e. FECD), these techniques remain controversial and 

have not gained popularity. Other strategies explored to overcome tissue shortage 

have been the use of one donor cornea to treat two patients with different corneal 

pathologies, a technique also known as a split-cornea approach. The split-cornea 

approach optimizes the donor tissue use allowing a DMEK and a deep anterior 

lamellar keratoplasty to be performed with grafts originating from the same 

cornea.30,31 

 

 

Figure 1. Image of a DMEK graft in the preloaded DMEK cartridge system (DMEK RAPID Geuder 

system) in a flask containing organ culture media (A). The cartridge with transport support for the 

preloaded DMEK graft has two liquid permeable plugs that allow gentle washing steps and staining of 

the graft within the transport cartridge indicated by the arrow heads (B). Full arrows indicate the stained 

DMEK graft. This figure was obtained from Català et al. 2020.22 Licensed under a Creative Commons 

Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0) 

https://creativecommons.org/licenses/by-nc-nd/4.0/. 
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Surgical removal of 4–5 mm of Descemet’s membrane without subsequent 

endothelial transplantation has been described in selected cases of relatively young 

patients with FECD with central guttae and relatively healthy peripheral 

endothelium.32–34 This technique known as Descemet’s stripping only (DSO) or 

Descemetorhexis without endothelial keratoplasty (DWEK) is still in an early stage 

of development (Figure 2). Current limitations are its unpredictable outcomes and a 

long recovery period during which the cornea remains swollen. To improve its 

success, this technique may require the use of pharmacological modulation with 

Rho-associated protein kinase (ROCK) inhibitors or the use of acellular corneal 

endothelial graft equivalents to promote corneal endothelial regeneration, which are 

further discussed in Sections 5. Acellular corneal endothelial graft substitutes and 6. 

Pharmacological modulation of the corneal endothelium.  

 

 

Figure 2: Schematic representation of Descemet’s stripping only (DSO). First the pupil is 

pharmacologically dilated for a better red reflex. Then a caliper is used to mark the central 4-5 mm 

diameter of the cornea. A cleavage hook is then used to fashion a small Descemet’s membrane tag at 

the edge of the 4–5 mm mark. The tag is then grasped by forceps and Descemet’s membrane is stripped. 

 

Advances in corneal transplantation are improving its reproducibility and 

accessibility, leading to increasing numbers of transplantations worldwide and 

decreasing the threshold for intervention at earlier disease stages. Unfortunately, the 

increase in transplantation activity aggravates the global donor tissue shortage. It has 
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been estimated that there is only one donor cornea available for every seventy 

patients in need and 12.7 million people require a corneal transplantation 

worldwide.11 Moreover, considering the COVID-19 pandemic, tissue requisites to 

be deemed acceptable for transplant have become more stringent, affecting the 

global corneal tissue supply.35 While improving donor cornea logistics and attitudes 

to donation in different societies could partially improve the current donor shortage, 

in our view, one of the most appealing ways to tackle the current tissue shortage 

problem and to make the treatment available to those in need is to develop novel and 

improve ongoing approaches for corneal endothelial regeneration (Figure 3). 

 

Cell sources for corneal endothelial regenerative medicine 

In order to tackle the current tissue scarcity and make therapy available for more 

patients the in vitro expansion or the de novo generation of CECs from pluripotent 

stem cells or other cell sources is needed. However, challenges remain that must be 

overcome. The main barriers for the in vitro culture of CECs, are the difficulties of 

forcing quiescent cells to proliferate while avoiding endothelial to mesenchymal 

transition (EndMT), which would lead to a cellular transdifferentiation towards a 

myofibroblastic phenotype causing a cellular loss of function. But also the strict 

selection parameters for the donor tissue suitable for primary expansion. The 

alternative of differentiating CECs from pluripotent stem cells or other cell sources 

requires the development of protocols and strict end-point parameters to assure that 

the final cell source resembles CECs. 
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Figure 3. There are multiple approaches for corneal endothelial regeneration that have been studied or 

are under development. These include cornea transplantation, cell therapies, acellular graft substitutes, 

pharmacological and genetic modulation of the corneal endothelium. 

 

Primary culture of corneal endothelial cells 

Attempts to culture human CECs date back to the early 1980s. At the time, published 

protocols significantly differed in the method used for isolating the corneal 

endothelium and the culture media composition for in vitro expansion. The selection 

of the culture media focused on increasing the in vitro proliferation capacity of CECs 

with different preparations of basal media (Ham’s F12, Medium 199, Dulbecco’s 
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Modified Eagle Medium or OPTI-MEM-I), growth factors (nerve growth factor, 

basic fibroblast growth factor or epidermal growth factor), and additives (pituitary 

extract, calcium chloride, ascorbic acid, insulin and sodium selenite among others). 

The isolation techniques varied from dissecting pieces of corneal endothelium and 

culturing the cells via explants,36–38 generating a single-cell suspension by scraping 

the endothelial surface with a curved scalpel,38,39 or treating the corneal endothelium 

in situ with a collagenase-based enzymatic cocktail to generate single-cell 

suspensions.40–42 Explant isolation was time-consuming and difficult to reproduce 

because of the manual variations in the technique, drawbacks which made it difficult 

to implement in a therapeutic setting. Moreover, the previous isolation methods were 

prone to contamination with stromal fibroblasts, which were undesired as the 

fibroblastic population would outgrow the CEC population due to its faster rate of 

proliferation. Furthermore, the significant donor-to-donor variability in cause of 

death, age, use of drugs or ethnicity made the first steps for the validation and 

generation of protocols to culture primary CECs more difficult. 

 

In 2004, research performed by Amano and colleagues paved the way for the use of 

primary cultured human CECs in regenerative medicine. In these experiments, it was 

demonstrated that primary cultured CECs isolated from corneal explants could 

reconstruct the corneal endothelium of ex vivo human corneas43 and could reverse 

corneal edema in rabbits and rats.44–46 

 

After the introduction of Descemet’s stripping in the early 2000s, primary culture 

protocols evolved to adopt the peel and digest approach. In this method the corneal 

endothelium was first mechanically stripped from the cornea and then digested into 

a single-cell suspension using a collagenase-based enzymatic digestion. This 

approach both increased reproducibility and drastically reduced the risk of 

contamination by other corneal cell types,47–51 a necessary improvement to protocols 

for generating cells for clinical use.  
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Forcing CECs to exit their G1 phase quiescence, and enter a proliferative state,  may 

unwittingly induce an undesired EndMT resulting in a loss of cellular function.52 

EndMT is typified by a number of cellular events such as loss of cell–cell junctional 

proteins, loss of cellular polarity, reorganization of the actin cytoskeleton, increased 

cell mobility, abnormal extracellular matrix production, and changes to gene 

expression.52 EndMT is therefore one of the greatest threats in primary endothelial 

culture as it can render a cell product useless at best, and dangerous at worst. To date, 

a wide range of media and supplements have been used to culture CECs, with the 

main focus on promoting proliferation while maintaining the phenotype and 

avoiding a transition towards a mesenchymal state. By combining different basal 

media, fetal bovine serum and either epithelial growth factor48–51 or basic fibroblast 

growth factor,42,44,45,51 protocols have efficiently promoted in vitro proliferation 

while maintaining the cell phenotype.  

 

Comparative studies performed in Mehta’s51 and Engelmann’s53 groups have shown 

how different media compositions affect the primary cultured CECs. In 2015, Peh 

and colleagues developed a unique protocol using a dual media approach to expand 

the corneal endothelial cells and then maintain their phenotype in vitro.54 The dual 

media approach allowed first the expansion of the cells and then the maintenance of 

a confluent monolayer of corneal endothelial cells for a week using a low 

proliferation media and has since been widely adopted in the field55–58 (Figure 4). 

 

Different supplements and additives, such as pituitary extract, transferrin, ascorbic 

acid, calcium chloride or sodium selenite have also been studied. One of most 

successful approaches to increase cell proliferation and survival has been the 

addition of Y-27632 ROCK inhibitor, a small molecule blocker of apoptotic 

pathways.54,59–61 Other approaches have been the use of human serum,62 conditioned 

media which increases protocol variability due to human serum inconsistency63,64 

and a serum-free approach,53 to study possible alternatives to the use of fetal bovine 

serum. The addition of L-ascorbate 2-phosphate,65 an antioxidant to reduce oxidative 
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stress, and TGF-β inhibitors to avoid EndMT,66 have also been assessed for the 

primary expansion of CECs. 

 

 

Figure 4. Human corneal endothelial cell culture from donor tissue. Phase contrast light microscope 

image showing typical hexagonal cell morphology (A). Immunofluorescence analysis shows the 

presence of zonula occludens-1 (ZO-1) (B), Na+/K+ ATPase (C), CD166 (D) and Prdx6 (E) expressed 

by primary corneal endothelial cells. Scale bar is 100 µm (A) and 50 µm (B-E). This Figure was kindly 

provided by Dr Mohit Parekh. 

 

The improvements in the design of protocols for CEC in vitro expansion led to a 

first-in-human clinical trial. In 2018, Kinoshita and colleagues reported using 

primary cultured CECs to successfully restore the vision of patients with bullous 

keratopathy and FECD.59 This landmark clinical trial succeeded in translating basic 

research into the clinical setting, demonstrating the therapeutic potential of primary 

cultured CECs.  

 

Despite the current advances in primary culture of CECs, many questions remain 

unresolved. While cell seeding density67 and young donor age68,69 have been directly 

correlated to the proliferative potential and maintenance of the CEC phenotype, these 

do not necessarily translate to a successful primary culture. Donor-related factors, 

namely the use of drugs70 or oxidative stress due to high cell metabolic activity or 
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high exposure to ultraviolet light,71,72 could affect proliferation and phenotype 

maintenance. Sorting donors based on specific characteristics such as cause of death, 

age, previous pathologies, use of drugs, and other relevant factors, could be crucial 

to explain the varying success of in vitro expansion, though this requires further 

research and considerable numbers of research cornea. Nevertheless, developing a 

comprehensive and specific donor analysis could help to predict if a certain donor 

cornea would lead to successful in vitro CEC expansion and ultimately reduce waste 

tissue.  

 

Another complicating factor is the method of donor tissue preservation. Most 

research performed to date has been done using corneas preserved in cold storage 

for up to 14 days. In Europe however, a warm organ culture media is usually the 

preferred preservation method. Most European countries cannot directly adapt the 

data obtained with cold storage preserved corneas to organ culture–preserved 

corneas. To date, there are few reports using donor corneas preserved in organ 

culture media.73,74 The question that remains unresolved is how different storage 

conditions affect the expansion of primary human CECs. 

 

Another problem to overcome is that forcing cells to exit their natural quiescence 

could so fundamentally change them and result in genetic and phenotypic alterations 

(Figure 5). In vitro expansion can potentially introduce alterations in the genomic 

signature, affecting their phenotype with functional implications. Primary CECs can 

only be passaged two times before presenting genetic and functional alterations, 

limiting the number of cells that can be generated from a single donor cornea.56,75,76 

Furthermore, it is possible that during the in vitro expansion of CECs, different cell 

populations arise. Identifying the sub-populations that best resemble the native CECs 

based on specific markers is of utmost importance for their therapeutic application. 

Nevertheless, such specific markers have not been identified yet, representing 

another urgent area of attention.  
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Figure 5. Phase contrast light microscope images of human CECs in a corneal endothelium biopsy (A), 

primary cultured human CECs (B) and primary cultured CECs showing a characteristic morphological 

change experienced during primary expansion correlated with a cell loss of function and possible 

endothelial to mesenchymal transition (C). Scale bar is 100 μm. 

 

Finally, mostly high quality corneas in terms of cell density, i.e. more than 2500 

cells/mm2, and a young age (less than 40 years) that have been used for the primary 

expansion of CECs. This considerably limits the number of suitable corneas, a 

challenge given the shortage of donors. The use of older corneas57,58,74 or discarded 

endothelial peripheral rims of corneas used for surgery, where cells are thought to 

be more proliferative,4,73,77 would increase the availability of primary cultured cells 

to be used in therapy. Mehta and colleagues have recently isolated primary cells from 

corneas deemed unsuitable for transplantation for reasons related to connective 

tissue disorders, diabetes mellitus or low CEC density, to directly treat corneal 

bullous keratopathy in a rabbit model. This approach has the potential to increase the 

pool of cells available for therapy since this procedure uses non-cultured cells, and 

the corneas would be used for either lamellar surgery or discarded from the donor 

pool.78 Using alternative cell sources for CEC primary culture and regenerative 

medicine could drastically increase the availability of cells for therapeutic use. 

Nevertheless solutions for the low proliferation and rapid loss of phenotype seen 

with the current protocols need to be found.  
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Pluripotent stem cells  

A new source of CECs for use in regenerative medicine could be generated from 

pluripotent stem cells (Figure 6). Since Yamanaka and colleagues first introduced 

the concept of induced pluripotent stem cells (iPSCs) in 2006,79 stem cell–based 

personalized regenerative medicine has become a reality. CECs differentiated from 

pluripotent stem cells could be used for disease modelling and in vitro drug testing. 

Due to the low rejection index of donor tissue experienced during cornea 

transplantation, therapy-grade CECs could be successfully generated from both 

embryonic pluripotent stem cells and iPSCs. Nevertheless, such hypothesis still 

needs confirmation. When generating CECs from iPSCs from the patient, this risk 

of rejection could be further reduced. Moreover, current international initiatives to 

establish homozygous HLA iPSC banks will allow to overcome the logistical and 

financial difficulties of derivating iPSC from every single donor.80 Overall, 

differentiating human pluripotent stem cells to CECs presents several advantages, 

such as the faster in vitro expansion of pluripotent stem cells compared to primary 

cultured CECs and independence from donor corneas. However, protocols for 

deriving CECs from pluripotent stem cells are still at an early developmental stage.  

 

An intuitive way of designing a protocol for differentiating pluripotent stem cells, 

whether embryonic or iPSC, into CECs is to follow an approach inspired by 

developmental biology. CECs derive from neural crest during embryonic 

development81 and most protocols published to date differentiate pluripotent stem 

cells into CEC–like cells following initial neural crest induction.82–92 The approaches 

used to generate a neural crest–like population from human pluripotent stem cells 

focus on the inhibition of the SMAD signaling pathway using the ALK5/TGF-β type 

I receptor kinase inhibitor SB431542 combined with either the bone morphogenetic 

protein antagonist Noggin,82,83,86 or the Wnt pathway regulators IWP2 and 

CHIR99021.84,90–92 Interestingly, the use of dual SMAD inhibition with SB431542 

and Noggin does not seem an intuitive method to induce a neural crest–like state as 

it is generally considered to be a neuroectoderm induction method.93–95  
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Figure 6. Characterization of human pluripotent stem cell derived CECs. Phase contrast light 

microscope image shows typical hexagonal cell morphology (A). Immunofluorescence analysis shows 

the presence of commonly used CEC markers ZO-1 (B), Na+/K+ ATPase (C) and CD166 (D) expressed 

by human embryonic stem cell derived CECs. Representative data conducted with Regea08/017 human 

embryonic stem cell line. Scale bar is 200 µm. This Figure was kindly provided by Pyry Grönroos from 

Professor Heli Skottman’s Lab. 

 

Once the neural crest–like stage has been achieved, several approaches have been 

followed to induce the CEC fate. First, exposing the cells to platelet-derived growth 

factor-B (PDGF-B), Dickkopf-related protein 2 (DKK2) and basic fibroblast growth 

factor results in the generation of confluent hexagonal cells with a CEC–like 

phenotype.82,83,86,92 A combination of SB431542 with the ROCK inhibitor H-1125 

can also generate CEC–like cells.85 Moreover, a study from Skottman and colleagues 

portrayed the importance of retinoic acid for further differentiating neural crest like 

cells to CEC–like cells.84 In addition, the use of a recombinant laminin coating, 

instead of the animal–derived matrigel, could reduce the undesired batch-to-batch 

variability and allow a xenogeneic–free culture.84 
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The use of primary cell conditioned media has also shown success in differentiating 

neural–crest like cells to CEC–like cells.86,90 A similar differentiation approach has 

been used for differentiating rodent pluripotent stem cells into CECs through the 

neural crest–like stage.87–89 

 

Although the developmental biology approach seems intuitive, competing 

approaches for inducing a direct differentiation without passing through the neural 

crest precursor stage are also being studied.96–99 Direct differentiation of pluripotent 

stem cells into CEC–like cells has been reported by either using primary cell culture–

conditioned media,96,99 triggering spontaneous differentiation by cell seeding in 

corneoscleral disks,97 or the use of a defined media containing cholera toxin, 

epithelial growth factor and the ROCK inhibitor Y-27632.98 

 

In recent years, significant progress has been made thanks to dedicated efforts to 

develop protocols for differentiating human pluripotent stem cells into CECs; 

nevertheless, there remain unsettled challenges. One of the biggest challenges is cell 

purity. Given the potential of these cells, undesired side populations may arise during 

differentiation, and these often vary between differentiation batches because of the 

low efficacy of current protocols. Since differentiation protocols are highly complex, 

characterization should be performed using an array of markers for every stage of 

differentiation. For early neural crest or periocular mesenchyme identification p75100 

or Pitx2101 should be detected. Finally, the recent identification of CEC markers such 

as CD166 and sPrdx6,102 comparable to ΔNp63α or keratin 12 in corneal epithelial 

cells, could open the possibility to enrich for cell populations expressing these 

markers and improve current differentiation protocols.  

 

In addition to purity, there are a number of other challenges to overcome. It is crucial 

to demonstrate that the differentiated cells are functional and safe, and therefore 

suitable for therapeutic use. Functional characterization is needed to confirm the 

active metabolic pump activity. It is also not fully understood how the differentiation 



Chapter 2 

 

 

32 

protocols affect the (epi)genomic signature of the cells and whether they induce 

DNA alterations in the cells such as epigenetic modifications and karyotype 

abnormalities. Finally, it is crucial to prove that differentiation is complete and the 

generated cells do not maintain any stem cell–associated pluripotency, which might 

lead to tumorigenic potential. Scientists aiming to bring pluripotent stem cell–

derived CECs to therapy should put special focus on investigating and resolving the 

aforementioned matters.  

 

Other cell sources 

The differentiation of pluripotent stem cells into CECs is considered a promising 

method for generating a therapeutic cell source for regenerative medicine. There is 

growing and encouraging evidence that tumor generation will not present a 

prohibitive risk for therapy, but this concern still requires careful consideration. 

Moreover, difficulties to generate pure populations of pluripotent stem cell–derived 

CECs makes it difficult to implement them in a therapeutic setting. Together, these 

are reasons to consider other cell sources. 

 

Transdifferentiation is a method for rapidly and reproducibly generating CECs with 

therapeutic potential without the associated risk and difficulties of pluripotent stem 

cell differentiation. It involves the reprogramming of mature somatic cells into cells 

of a different mature somatic lineage. Various cell types have been 

transdifferentiated to CEC–like cells capable of reverting corneal edema in rabbit 

animal models. These include bone marrow derived endothelial precursors,103 neural 

crest cells,88 and corneal stromal stem cells.89 Interestingly, skin derived 

precursors104,105 and mesenchymal stem cells106 have also been transdifferentiated to 

CECs in a process resembling a reversed endothelial to mesenchymal transition. In 

order to implement such approaches in a therapeutic setting it is crucial to 

demonstrate the stability of transdifferentiation to assure a safe therapy and avoid a 
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return of the cells to their somatic origin improve the transidfferentiation efficiency 

and purity of the existing protocols. 

 

Taking a different approach, Joyce and colleagues used human mesenchymal stem 

cells to heal the damaged endothelium in human corneas ex vivo.107 They showed 

that human mesenchymal stem cells have the capacity to adhere and repopulate 

denuded areas in the corneal endothelium, and possibly providing paracrine support 

to surrounding CECs, recovering the corneal endothelial barrier. Despite the 

successful preliminary results, further studies will be required in order to identify the 

interactions of these cells with their environment and how their genetic and 

phenotypic signature correlates with the native corneal endothelium. 

 

Need for standardization of endpoint parameters 

Whatever the approach for generating cells for regenerative medicine, whether 

primary expansion from donor cells, derivation from pluripotent stem cells, or the 

use of other cell sources, it is crucial to reach a consensus on endpoint parameters to 

assess their quality. In this section we present a perspective on the assessment criteria 

that generated CECs should fulfill to be used for therapeutic purposes. 

 

Morphology 

A parameter that can be readily assessed is the morphology of the generated CECs. 

A cellular hexagonal morphology upon reaching confluence in culture could be 

assessed to preclude the presence of spindle-shaped fibroblastic morphologies 

associated with a mesenchymal transition. Rating the circularity index of the 

generated cells confirming the hexagonality and a low polymorphism is a quality 

check that should be performed.54,67,74,108 In addition to that, Yamamoto and 

colleagues have been able to correlate the physical intercellular interactions in a bi-

dimensional in vitro system with a better regeneration of the corneal endothelium 

after cell injection.109 This could be used as a tool to correlate a physical marker with 

the suitability of the generated cells for therapeutic use.  
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Genotype and phenotype 

For their use in regenerative medicine CECs should possess a gene and protein 

expression comparable to native human CECs. As previously reviewed by Ni 

Dhubhghaill and colleagues, the most frequently used markers to characterize the 

generated CECs are Na+/K+ ATPase (ATP1A1), ZO-1 (TJP1) and collagen type VIII 

(COL8).110 While each are important markers to establish the presence of 

metabolically active transporters, extracellular matrix production and tight junctions, 

respectively, these markers are not specifically expressed in the corneal endothelium 

but also in many other cell types such as lung111 or intestinal epithelium,112 and even 

in corneal epithelial cells.113 The hexagonal phenotype is not even exclusive to the 

CECs in the eye; it is also prominent in the retinal pigment epithelium. Therefore, 

for better characterization of the generated cells, it is of utmost necessity to prove 

the expression of specific markers for corneal endothelium. CD166102,114,115 and 

sPrdx6102 (Figure 4) have been recently identified as CEC markers within the cornea 

that correlate to therapeutic success. Moreover, a recent study by Thuret and 

colleagues suggested that the hexagonal shape of the CEC apical surface and the 

interdigitated shape of the CEC basal site together with the expression of functional 

and structural proteins such as CD56, CD166, Vimentin, N-cadherin and integrin 

a3b1 is an important hallmark of human CECs.113 

 

It is also important to show the absence of fibroblastic markers associated with an 

EndMT or contamination by stromal fibroblasts, namely CD44 or CD73.114 To 

conclude that the generated CECs are of sufficient quality to use in regenerative 

medicine, the characterization should thus be done by assessing a panel of diverse 

markers. An example of this is the panel developed and used by Kinoshita and 

colleagues59,116,117 They reported that CD166+CD24-CD26-CD44-CD105-CD133- 

cells have the correct gene expression and phenotype to be used in therapy. In this 

panel, CD166 was used as a marker for CECs and the negative makers were analyzed 

to exclude the fibroblastic-like phenotype.59,116,117 
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Karyotype  

During the expansion of primary CECs, they are stimulated to exit their arrested 

phase to proliferate. This has the potential to induce karyotype abnormalities in their 

genome.118,119 Likewise, the generation and culture of iPSCs can also cause 

karyotype abnormalities120 and less commonly aneuploidy.121,122 To prove that the 

cells are safe to use in regenerative medicine, it is crucial to confirm that they retain 

a normal and safe karyotype after their manipulation. 

 

Kinoshita and colleagues set the basis for a clinical trial using primary expanded 

CECs and monitored the cell karyotype during primary expansion, nevertheless no 

endpoint parameter was established on what would be a suitable karyotype for 

therapeutic use.59 In Singapore, a batch of cultured CECs is deemed unsuitable for 

therapy if there is a clonal chromosomal addition or deletion, such as more than two 

metaphase cells showing the same chromosomal trisomy, or more than three cells 

showing the same monosomic abnormality, or there is the presence of more than 20 

cells in the metaphasic phase.123 

 

Functionality  

In order to maintain corneal deturgescence and transparency, it is necessary to 

demonstrate that the generated cells possess their active metabolic pump activity. 

The expression of transporters, namely Na+/K+ ATPase or the electrogenic sodium 

bicarbonate cotransporter 1 (SLC4A4), is insufficient proof of functionality alone, as 

protein expression could not necessarily correlate to an active metabolic pump 

activity in the cells. To date, in vitro, ex vivo and in vivo methods have been 

developed to test the functionality of CECs.  

 

A rapid way of demonstrating functionality is an in vitro test designed to show active 

metabolic substance transport, namely ion transport, across a monolayer of CECs. 

The most commonly used methods are transepithelial electrical resistance (TEER) 

measurements56 and Ussing’s chamber measurements.43,44,89,96 While the first does 
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not strictly measure transport, the sensitivity to external factors (electrode distance 

to measurement membrane, cell monolayer sensitivity to temperature, pH changes 

and cell shedding plus sensitivity of the instrumentation to vibration oscillations) of 

the latter makes it a difficult technique to implement. 

 

Another possibility to assess the functionality of the CECs is to assess their active 

repair in ex vivo corneas. Maintaining the ex vivo corneas in a setting that mimics 

physiological conditions allows the measurement of corneal thickness and its 

correlation to cell functionality.124,125 To fully mimic the human physiological 

conditions in an ex vivo cornea, Thuret and colleagues developed a bioreactor that 

opens the possibility to use ex vivo corneas for functionality testing (Figure 7).126  

 

Finally, animal models of corneal edema have also been used to test cellular 

functionality by measuring the decrease in the induced corneal edema.127–130 

Depending on the selected model and due to interspecies physiological differences, 

it is crucial to perform the required controls. For instance, while rabbits are one of 

the most frequently used animal models, they possess a self-healing corneal 

endothelium. Animal models represent a valuable method to check safety and 

efficacy during research and development of cellular therapies.130 Nevertheless, 

animal models used are only representative for bullous keratopathy and there is a 

lack of accurate FECD models. Finally, it is not ethically justifiable to routinely use 

animal models as quality control to test each single batch of generated cells before 

clinical use. 

 

Demonstrating CEC functionality is arguably the most important prerequisite for a 

successful regenerative medicinal product. Although there is no perfect test, it can 

be accurately assessed using a combination of methods. Nevertheless, there remains 

a need to develop straightforward functional testing platforms to be used in quality 

control before the use of each CEC batch for therapy. Organ-on-a-chip technology131 

consists of microfluidic cell culture chips that can successfully mimic physiological 
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responses of organs. Such a system is an interesting candidate to develop a high-

throughput functional model of the corneal endothelial barrier to be systematically 

used as a quality control check for every batch of generated CECs. 

 

 

Figure 7. Bioreactor used for the preservation of corneas in physiological-like conditions. The general 

set up of the bioreactor system inside a CO2 culture incubator (A) includes a bag with fresh media for 

the corneal endothelial side (1), a medium waste bag (2), a flask with fresh media for the corneal 

epithelial side (3), two peristaltic pumps (4 and 5), a pressure sensor (6), and a miniature solenoid valve 

(7). (B) Empty inside of the bioreactor chamber. Bioreactor corneal chamber containing a porcine 

cornea after sealing the chamber (C) and during corneal medium immersion phase during operation 

(D). This Figure was obtained from Guindolet et al., 2017.126 Licensed under a Creative Commons 

Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0) 

https://creativecommons.org/licenses/by-nc-nd/4.0/. 

 

Strategies for delivery of corneal endothelial cells 

Advances in primary culture of CECs, pluripotent stem cell differentiation and 

generation of CECs from other cell sources are highly promising approaches for 

developing a cellular therapy to treat corneal endothelial disease. However, their 

success hinges on a suitable method to deliver them into the cornea (Figure 8). Cells 

must be delivered alive and with sufficient potential to adhere to the posterior part 
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of the cornea. The main two methods currently studied for delivery of CECs are cell 

injection into the anterior chamber of the eye and the use of different substrates in 

the effort of bioengineering corneal endothelial grafts.130 

 

Cell injection 

Cell injection is the delivery of CECs in a simple and minimally invasive manner via 

injection in the anterior chamber of the eye (Figure 9). In the early 2000s, Mimura 

and colleagues set the basis for the delivery of primary cultured CECs via 

intracameral injection in a rabbit bullous keratopathy model.46,132 After this proof-

of-concept work, research proceeded in optimizing the technique of CEC delivery 

via cell injection. 

 

Gravity, for example, has been shown to increase CEC adherence to the posterior 

part of the cornea. After cell injection, subjects must stay in prone position for two 

to three hours to enable the attachment of CECs.133,134 Co-delivery of the cells with 

the ROCK inhibitor Y-27632 combined with prone position of the recipient 

significantly improved cell adhesion 134–136. Another strategy explored the 

enhancement of CEC attachment by the use of magnetic force using cells laden with 

ferromagnetic beads.132,137,138 

 

In the pioneering first-in-human clinical trial using primary cultured CECs, 

Kinoshita and colleagues reversed corneal edema in cataract surgery–derived 

bullous keratopathy patients and FECD patients with an injection of primary cultured 

CECs together with Y-27632.59 The landmark clinical trial from Kinoshita and 

colleagues has been a major milestone in the development of a cell therapy for 

treating corneal endothelial disease, and has promoted the identification of the 

aspects that need to be addressed to ensure an efficient and safe therapy. In the recent 

5-year follow up study, the clinical reversal in the endothelial disease was retained 

in 10 of the 11 patients.139 This landmark clinical trial raised several questions.  
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Figure 8. Regardless of the origin of the therapy-grade CECs, whether primary cultured or pluripotent 

stem cell–derived, it is crucial to develop strategies to deliver them alive and with sufficient potential 

to adhere to the posterior part of the cornea. Currently, the approaches studied for the delivery of CECs 

are cell injection into the anterior chamber of the eye and the use of different substrates to bioengineer 

corneal endothelial grafts. This schematic overview highlights the differences of such approaches for 

the efficient delivery of CECs. 

 

Interestingly, two different protocols for CEC primary expansion, with or without 

transforming growth factor β inhibitor SB431542, and two different techniques for 

removing damaged corneal endothelium were used.140 Moreover, one recipient 

received an injection of 5×105 cells while the other recipients received a cell injection 

of 1×106 cells introducing another variable factor during the clinical trial. The 

recipients’ CEC densities 24 weeks after injection ranged from 947 to 2833 
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cells/mm2 with an average density of 1924 cells/mm2 59 which decreased to an 

average CEC density of 1257 cells/mm2 after 5 years.139 It would be interesting to 

understand how donor and patient characteristics could influence this parameter and 

if the use of postoperative ROCK inhibitors could reduce the loss of CECs after their 

injection.  

 

In cases of advanced FECD, where the Descemet’s membrane is altered by the 

presence of guttae, the CEC attachment and monolayer formation is highly 

impaired.141,142 This can induce complications when treating these subjects with cell 

injection. In the clinical trial by Kinoshita and colleagues, seven patients with FECD 

were treated, and the guttae did not seem to improve after 2 and 5 years. 

 

Okumura and colleagues performed a proof-of-concept study where they compared 

the outcomes of CEC injection in two rabbit model groups: in the first group the 

CECs were scraped leaving the Descemet’s membrane intact, and in the second 

group, a 4 mm diameter Descemetorhexis was performed.143 After 14 days, corneal 

thickness and transparency in both groups was comparable, although recovery in the 

descemetorhexis group was slower.143 In a recent study by Mehta and colleagues, 

CEC injection was also performed in two rabbit models: in the first group the CECs 

were scraped leaving the Descemet’s membrane intact, whereas in the second group 

a complete Descemetorhexis was performed.136 Interestingly, after three weeks, 

corneas in the complete Descemetorhexis group that received a CEC injection 

remained swollen with an approximate thickness of 850 μm, whereas in the group 

where Descemet’s membrane was left intact, and received a CEC injection, 

decreased to 582 μm.136 These studies suggest that the presence of Descemet’s 

membrane in the recipient cornea is crucial for a successful outcome of CEC 

injection. Nevertheless, partially removing altered parts of Descemet’s membrane in 

a controlled manner followed by a CEC injection could be an option for treating 

FECD.  
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Cell injection is not yet an efficient method regarding the number of cells used. 

Namely, the number of CECs commonly used, 1×106 cells per cornea, is 

approximately 4 to 5 times higher than the cell count in the healthy human corneal 

endothelium. Based on our calculations, CECs isolated from a single donor can be 

expanded to 5×106 to 10×106 cells at confluence by the second passage. Adopting 

the cell injection numbers from Kinoshita’s clinical trial, 1×106 cells per cornea, 5–

10 patients could be hypothetically treated with one single donor. Improving cell 

adherence and survival during this procedure would reduce the number of cells 

needed to treat one diseased cornea, allowing more patients to benefit from this 

technique. This can be complemented by strategies such as the isolation of CECs 

from tissues deemed unsuitable for transplant for direct cell injection (Ong et al. 

2020,78 Section 3.1. Primary culture of corneal endothelial cells).  

 

Furthermore, it is necessary to understand how non-adhered CECs distribute. To 

date, there are few studies showing the biodistribution of injected CECs and the 

effect they may have both within the recipient’s eye and systemically. Brunette and 

colleagues described the deposition of cells behind the eye lens capsule after CEC 

injection.129 The capacity of CECs to cross the eye’s trabecular meshwork to 

systemically disperse in the body appears to be unlikely.144 Although one patient 

suffered severe glaucoma after CEC injection, it was likely secondary to steroid use, 

and while the trabecular meshwork did not reveal blockage after gonioscopy, CECs 

could have been removed by macrophages that subsequently blocked drainage. 

Finally, it could be possible that the regeneration of the corneal endothelium in the 

patients with Fuchs’ endothelial corneal dystrophy is due to the patient’s own CECs, 

triggered by the ROCK inhibitor and not by the injected cells. To exclude this 

possibility, a control group consisting of a DSO/DWEK procedure with and without 

ROCK inhibitor may be considered in future studies.  

 

There are currently three ongoing clinical trials using cell injection of primary 

cultured human CECs worldwide, which will soon provide valuable new data to 
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advance towards the implementation of this technology in the therapeutic setting. 

These comprise a phase I clinical trial (identification number NCT04191629) which 

studies the delivery of primary cultured CECs with ferromagnetic beads in Mexico, 

and two phase III clinical trials (identification numbers UMIN000034334 and 

UMIN000012534) to further study CEC injection in Japan. 

 

Tissue engineered corneal endothelium  

Another strategy to deliver CECs is the use of carriers or scaffolds to make 

bioengineered corneal endothelial grafts (Figure 9). The appeal of this strategy is 

that the cells could be delivered to the correct place in a controlled manner, having 

already formed a confluent cell monolayer that is ready to start functioning. 

Moreover, the use of cell carriers or scaffolds would also reduce the number of cells 

needed compared to cell injection, thereby increasing the number of patients that 

could benefit from the therapy. Based on our calculations, where CECs from a single 

donor can be expanded to 5×106 to 10×106 cells, and considering that a corneal 

endothelial graft should be composed of approximately 2×105 CECs, we estimate 

that 25 to 50 patients could be treated from a single donor with this delivery method. 

Contrary to cell injection, where its potential to treat FECD is still uncertain, this 

delivery strategy could be applied to treat most corneal diseases, similar to DSAEK 

or DMEK. Nevertheless, this approach presents additional challenges compared to 

cell injection. 

 

To bioengineer a corneal endothelial graft, the substrate or material needs to conform 

to specific requisites. It should be strong enough to undergo surgical manipulation 

without breaking, but possess a thickness comparable to DSAEK or DMEK. The 

selected scaffold should be transparent and its refractive index close to 1.38 to match 

the cornea,1 and be permeable to ions, nutrients and metabolic remnants such as 

lactic acid. Equally important, it needs to promote CEC adhesion and phenotype, but 

should also adhere to the recipients’ corneal stroma. It is imperative that the selected 

carrier does not trigger fibrotic reactions which can damage the recipients’ eye. 
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Although not essential, biodegradability is an appealing feature so that the 

transplanted cells would generate their own Descemet’s membrane while the carrier 

slowly degrades over time. 

 

 

Figure 9. The functional evaluation of two CEC delivery methods suggests that CECs can be both 

successfully delivered using a cell injection or a cell carrier. Primary cultured human CECs were 

delivered to two bullous keratopathy rabbit models using either a stromal CEC carrier (TE-EK) or a 

cell injection (CE-CI) and showed comparable corneal edema reduction (A and B). In Group B control 

the corneal endothelium was stripped without receiving any treatment. In Group C control the corneal 

endothelium was stripped following a transplant with the carrier without cells. In Group 2 control the 

corneal endothelium was stripped following an injection with CECs. In Group 3 control the 

endothelium was scrapped following treatment with Y-27632 ROCK inhibitor eye drops. Slit lamp 

images of rabbit eyes before clinical intervention (pre-op) and 1 and 3 weeks after clinical intervention 

show transparency recovery in corneas treated with either CE-CI or TE-EK (C). Flat-mount Alizarin 

red staining of rabbit corneas receiving treated with TE-EK or CE-CI show the presence of CECs 

mosaic (D). Sections of rabbit corneal endothelium and rabbit corneal stroma were also stained as 

controls (D). This Figure was adapted from Peh et al. 2019.136 Licensed under a Creative Commons 

Attribution 4.0 International License (CC BY 4.0) https://creativecommons.org/licenses/by-nc-nd/4.0/. 
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There are currently two main classifications of carriers for CECs, namely biologic 

scaffolds derived from tissues and synthetic or artificial scaffolds. Alternatively, 

some research groups are trying to develop bioengineered endothelial monolayer 

sheets, comprising only CECs and their extracellular matrix by culturing the cells on 

thermoresponsive gel substrates. In this section, we discuss the main advantages of 

the different strategies for bioengineering corneal endothelial grafts.  

 

Biologic scaffolds 

Biologic scaffolds are tissue-derived CEC carriers commonly generated by 

decellularization of biological membranes or decellularization and modification of 

biological matrices, resulting in a scaffold that can be used as a cell carrier (Table 

1).  Bovine corneal posterior lamellae,145 porcine Descemet’s membrane,146 modified 

porcine corneal stroma,96 and modified fish-scales147 have been used as scaffolds for 

CECs. Nevertheless, their xenogeneic origin might rouse skepticism because of the 

associated risk they could contain remnants of cellular material but also might not 

provide the best support for human cells. 

 

As an alternative to xenogeneic sources, decellularized human tissues and biological 

membranes have also been used as scaffolds for CECs. Modified donor corneal 

stroma136,148–152 (Figure 10), amniotic membrane,153–155 lens anterior capsule,156–160 

and Descemet’s membrane160 have been used as sources for generating CEC carriers.  

 

Considering data from pre-clinical studies, stromal scaffolds have been the most 

successful in reverting corneal edema and recovering cornea transparency in 

rabbits.136,148,151 Conversely, lens anterior capsule carriers triggered strong fibrotic 

reactions in minipig eyes’161 and amniotic membranes did not fully revert corneal 

edema in cats.154 There is currently an ongoing phase I clinical trial in Singapore 

(identification number NCT04319848) for delivering primary cultured CECs using 

decellularized and modified human corneal stromal carriers to patients suffering 
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from corneal endothelial disease. This study is at an early recruitment phase and 

more information will be available in the coming years.  

 

 

(Figure 10 - legend on next page)  
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The attraction of using biological scaffolds rests with their somatic origin, as there 

is no better biocompatibility than that of a native tissue. Nevertheless, biological 

carriers present some other hurdles. Generating CEC carriers from donor tissue will 

always be dependent on donor availability and require adequate tissue banking. 

Countries lacking this infrastructure may have difficulties in using tissue-derived 

CEC carriers. Furthermore, the donor-to-donor variability may influence the final 

characteristics of the generated carriers and it is uncertain of how this will affect the 

final therapy. 

 

 

 

 

 

 

 

 

Figure 10. Bioengineered human corneal endothelial graft. Human CEC stained with Alizarin Red on 

a human stromal cell carrier (A). Only the CECs grown on the stromal carrier show the characteristic 

red staining caused by calcium deposits in the tight junction regions of the bioengineered endothelial 

graft. Cell nuclei were stained with Hoechst 33342. Scanning electron microscopy (B) and semi-thin 

sections stained with toluidine blue (C) showed a uniform cell monolayer on the stromal cell carrier. 

Transmission electron microscopy confirmed the adherence of the CEC on the stromal collagen fibers 

(D). Na+/K+ ATPase and ZO-1 immunofluorescence staining were comparable in CECs grown in tissue 

culture plastic (E and F) and CECs grown on the human stromal carrier (G and H). (I) Shows another 

bioengineered endothelial graft stained with Alizarin Red. The bioengineered endothelial graft could 

be successfully detached from the culture tissue plastic (J), rolled and loaded in an insertion cartridge 

(K), and released through the narrow opening of the insertion cartridge (L) without showing 

morphological alterations. After culture of CEC the bioengineered graft was loaded in an injector (M) 

and grafting was simulated in an ex vivo cadaver human eye globe (N). OCT measurement revealed 

that the bioengineered graft followed and adjusted to the posterior curvature of the recipient cornea (O). 

This figure was obtained from He et al. 2016.150 Licensed under a Creative Commons Attribution-

NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0) 

https://creativecommons.org/licenses/by-nc-nd/4.0/. 

 



Corneal endothelium regenerative medicine 

 

 

47 

Polymer scaffolds 

Polymer scaffolds are CEC carriers that can be generated from naturally occurring 

polymers derived from biological sources or from synthetic polymers. Using 

different approaches such as crosslinking,162 spin-coating,163 and electrospinning,164 

these materials can be fabricated into CEC carriers with properties resulting from 

both the polymer and the fabrication techniques (Table 1). The main advantages of 

polymer scaffolds are the independence from donor tissue and the ability to generate 

an abundant amount of material in a rapid and reproducible way to create a highly 

defined product for clinical use. Nevertheless, using carriers from non-physiological 

origins may result in adverse reactions. 

 

Commonly used naturally occurring polymers have been collagen, including 

collagen vitrigel,44,159,165–172 collagen-derived gelatin,173,174 and silk fibroin.175–182 The 

data have been variable, and animal experiments have revealed the main 

shortcomings of these carriers. For example, collagen carriers have difficulties 

staying attached to the recipients’ corneal stroma, and the scaffolds tend to detach 

after 2 weeks.170 Other studies with collagen-derived carriers did not monitor carrier 

integration beyond two weeks after implantation165,166 leaving the graft integration 

question unanswered. 

 

Similarly, gelatin-based scaffolds also present integration problems; a study reported 

that four weeks after implantation, 60% of the transplanted scaffolds detached from 

the recipients’ corneal stroma.174 Silk fibroin scaffolds have also been tested in 

animal models, nevertheless they triggered fibrotic reactions on recipient rabbits’ 

corneal stroma175 making them ineligible for therapeutic use. There is an urgent need 

to overcome the previously mentioned shortcomings of these carriers in order to 

translate them into the clinical setting. 

 

Many synthetic polymers have also been studied as CECs carriers. Examples of 

synthetic polymers used have been polycaprolactone (PCL),183 poly(ethylene glycol) 
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(PEG),184 polylactic acid (PLA),185 chitosan,186 gelatin methacrylate (GelMA),187 

chemically modified agarose,188 and combinations of polymers such as silk fibroin–

glycerin189 and chitosan–PCL.190,191 These synthetic approaches purport to allow a 

degree of design flexibility of the material to fit the clinical purpose as well as 

offering the consistency that biologic scaffolds cannot. 

 

Despite promising results in terms of the physical properties of the carrier, cell 

survival, adherence, and phenotype maintenance, there is only one in vitro study 

performed using primary cultured CECs.187 The biocompatibility characterization of 

the other studied carriers has been performed by using immortalized cell 

lines183,185,192,193 or primary cultured CECs from non-human origin.186,189–191 To better 

understand if the generated carriers are a good platform for regenerative medicine, 

it is compulsory to demonstrate biocompatibility and phenotype maintenance with 

primary cultured human CECs. Animal experiments are crucial to demonstrate that 

the generated scaffolds can integrate in the recipient’s corneal stroma without 

triggering a fibrotic reaction. 

 

Bioengineered endothelial monolayer sheets 

Conversely, different groups are studying the possibility to deliver CECs in the form 

of bioengineered endothelial monolayer sheets. The appeal of this method is that the 

grafts are assembled by the cells’ own extracellular matrix, generating a fully 

biocompatible construct with a decreased risk of adverse reactions upon implantation 

(Table 1).  

 

To generate such sheets, CECs are cultured on thermoresponsive polymer substrates. 

After cell confluency has been reached, and through a decrease of temperature, the 

CEC monolayer is detached from the thermoresponsive culture surface, resulting in 

a highly compacted cell sheet, or ultrathin corneal endothelial graft.194–199 These 

bioengineered endothelial monolayer sheets appear to be an elegant approach to 

deliver CECs into the cornea. Moreover, they present a biocompatibility advantage 
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compared to the cell carriers. However, these ultrathin cell sheets are particularly 

fragile and their manipulation inside the eye can be technically challenging. It is of 

utmost importance to develop techniques to enable their accurate and reproducible 

delivery into the recipient cornea. Loading such sheets on gelatin or hyaluronic acid 

carriers has been proposed to reduce their manipulation.200–202 Nevertheless, this 

approach shares similarities with the use of CEC carriers and their potential 

biocompatibility and integration problems. 
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Table 1. Studied corneal endothelial cell carrier types, developmental stage and preparation methods 

 

  

References 

 

Type of carrier 

Stage of development 

Preparation method Endothelialization 

Biologic scaffolds - Decellularized tissues 

Arnalich-Montiel et al. 

2019152 

Human corneal stroma lamellae 

DSAEK in rabbits 

1. Cryostat cutting (150 µm) 

5–6 lamellae per cornea 
2. Decellularization (SDS, DNAse) 

Human. Primary culture  

Bayyoud et al. 2012145 Bovine corneal stroma lamellae 

In vitro 

1. Microkeratome cutting 

Undefined thickness 

2. Decellularization (Tris–EDTA, SDS and Aprotinin) 

Human. Primary culture 

Choi et al. 2010149 

 

Human corneal stroma lamellae 

In vitro 

1. Microtome cutting (120–200 µm) 

3-4 lamellae per cornea 

2. Decellularization (Triton and NH4OH) 

Human. Primary culture 

He et al. 2016150 

 
Human corneal stroma lamellae 
Simulation of DSAEK on a post–mortem human 

eyeball 

1. Femtosecond laser cutting (<100 µm) 
10–12 lamellae per cornea 

2. Decellularization (ethanol. SDS, DNAse I) 

Human. B4G12 cell line 
 

Honda et al. 2009148 Human corneal stroma lamellae 
DSAEK in rabbits 

1. Dissection with tissue dissection scalpel (100–150 µm) 
2–3 lamellae per cornea 

2. No decellularization 

Human. Primary culture 

Parekh et al. 2018147 

 

Tilapia fish scale 

In vitro 

1. Protease/surfactant/DNase/RNAse/surfactant/acetic acid/nitric acid 

decalcification  

Average thickness: 100–120 µm 

Human. Primary culture  

Peh et al. 2017151 

 

Human corneal stroma lamellae 

DSAEK in rabbits 

Clinical Trial (NCT04319848) 

1. Femtosecond laser cutting (100 µm) 

Single posterior lamella with its Descemet’s membrane  
2. Freezing but no decellularization 

Human. Primary culture  

Zhang et al. 201496 Porcine corneal stroma lamellae 

DSAEK in rabbits 

1. Dissection with tissue dissection knives 

Undefined thickness 
2. Decellularization (freeze-drying + air-drying) 

Human. hESC-derived 
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Biologic scaffolds - Decellularized membranes 

Diao and Hong 2015146 Porcine Descemet’s membrane 

In vitro 

1. Microkeratome cutting + air bubble Descemet’s detachment 

2. Decellularization (EDTA + cell scrapping) 

No 

endothelialization 

Fan et al. 2011 and 

2013153,154 

Human amniotic membrane 

Animal experiments in cats (penetrating keratoplasty covered with 
endothelialized amniotic membrane) 

1. Manual cutting of human amniotic membrane 

2. Decellularization (trypsin–EDTA + cell scraping) 

Human. 

Immortalized cell 
line 

Ishino et al. 2004155 

 

 

Human amniotic membrane 

Animal experiments in rabbits (penetrating keratoplasty covered with 
endothelialized amniotic membrane) 

Decellularization (mechanical, EDTA) Human. Primary 

culture  

Kopsachilis et al. 2012156  

 

Human crystalline lens anterior capsule 

In vitro 

1. Manual cutting on post-mortem lens 

2. Decellularization (trypsin–EDTA, distilled water) 

Human. Primary 

culture  

Spinozzi et al. 2019 and 

2020159,160 

Telinius et al. 2020161 

 

Human crystalline lens anterior capsule 
Ex vivo simulation of DMEK on human cornea on artificial anterior 

chamber (Spinozzi) 

DMEK in Gottingen minipigs (Telinius) 

1. Manual cutting on post-mortem lens 
2. Decellularization (ethanol, trypsin-EDTA, sponge mechanics) 

Human. Primary 
culture  

Spinozzi et al. 2020160 Human Descemet’s membrane 

Ex vivo simulation of DMEK on human cornea on artificial anterior 

chamber 

1. Descemet’s membrane trephining (Ø 8.0 mm) and stripping 

2. Decellularization (ethanol, trypsin–EDTA, sponge mechanics) 

Human. Primary 

culture 

Van den Bogerd et al. 

2018158 

 

Human crystalline lens anterior capsule 
In vitro 

1. Manual cutting on post-mortem lens 
2. Decellularization (trypsin–EDTA, distilled water) 

Human. Primary 
culture  

Yoereuk et al. 2009157 Human crystalline lens anterior capsule 
In vitro 

1. Manual cutting on post-mortem lens 
2. Decellularization (trypsin–EDTA) 

Human. Primary 
culture 
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Polymeric scaffolds – naturally occurring polymers 

Aghaei-Ghareh-Bolagh 

et al. 2019179 

 

Silk fibroin and tropoelastin  
Biocompatibility by implantation under the skin in mice 

Mixture of 75% human tropoelastin and 25% silk fibroin 
Flat moulding and heating at 160°C for 8 hours. 

Thickness: 28–93 µm 

Human. B4G12 line 

Bourget et al. 2016172 

 

Extracellular matrix self-assembled in vitro by 

keratocytes 

Collagens I,V,VI,XII, lumican and decorin 
In vitro 

1. Corneal keratocyte culture of a newborn child 

2. Two–layer assembly for increasing strength 

Thickness: 40 µm 

Human. Primary culture 

Choi et al. 2018178 

 

Silk fibroin + lysophosphatidic acid 

In vitro 

Film of natural silk fibroin + 8% lysophosphatidic acid  

Cross-linked by methanol and UV  

Thickness: 6–8 µm 

Rabbit. Primary culture 

Kim et al. 2015, 2016  

and 2018180-182  
- Silk fibroin + Human collagen I 2015 
- Silk fibroin + aloe vera extract 2016 

- Silk Fibroin + β Carotene 2018 

In vitro (2015, 2016, 2018) 
DMEK in rabbits (2016) 

Manufacture of a natural silk fibroin film. Coating with human Collagen 
I, unknown thickness 2015 

Manufacture of a film composed of silk fibroin + 3% aloe vera extract. 

Thickness: 6–8 µm 2016 
Mixture of silk fibroin and β Carotene. Methanol cross-linking/rinsing 

unknown thickness 2018 

Rabbit. Primary culture 

Kimoto et al. 2014174 

 

Gelatin A 

DSAEK in monkeys 

Moulding of a curved and cross-linked sheet by heating to 140°C 

Thickness: 20 µm 

Monkey. Primary culture 

Koizumi et al. 2007170 Collagen I Vitrigel 

DSAEK in monkeys 

Commercially available collagen I vitrigel scaffold. Monkey. Primary culture 

Levis et al. 2012169 

 

Rat tail collagen I 

Real Architecture For 3D Tissues (RAFT) 
In vitro + DSAEK simulation of the material alone in a 

porcine eyeball ex vivo 

1. Hydrogel of 80% rat tail collagen I + 10% minimum essential medium 

+ 10% endothelial culture medium 
2. Compression dehydration on smooth, flat plastic 

Thickness: 60–200 µm 

Human. B4G12 cell line and 

primary culture 

Madden et al. 2011177 

 
Silk fibroin 
In vitro 

 

Manufacture of a natural silk fibroin film from the cocoons of Bombyx 
mori. Fabrication by PDMS casting. Coating with collagen IV (origin?) 

Thickness: 5 µm 

Human. B4G12 line and 
primary culture 

Mimura et al. 200444 Collagen I 

DSAEK in rabbits 

1. Cross-linked collagen network (origin?) 

2. Alkaline solution/drying/UV sterilization/rehydration 

Thickness: 40–50 µm 

Human. Primary culture  
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Palchesko et al. 2016171 

 

Collagen IV + laminin on the surface of a collagen I 

disc 
In vitro 

Complex 7–step process 

Collagen I gel (unspecified origin), human placenta collagen IV, mouse 
sarcoma cell laminin. 

Thickness: 10 µm 

Bovine and human. Primary 

culture 

Ramachandran et al. 

2020176 

Silk fibroin 

In vitro 

Manufacture of a natural silk fibroin film from the cocoons of Bombyx 

mori. Fabrication by PDMS casting. Coating with FNC coating® 

Thickness: 15 µm 

Human. Primary and 

HCEnC-21T cell line 

Spinozzi et al. 2019159 

 

Collagen I 
Simulation of DSEK (and not DMEK because it is too 

sticky) on human cornea on an artificial anterior 

chamber 

Collagen sheets (unspecified origin) 
Thickness: 20 µm 

Porcine. Primary culture 

Vázquez et al. 2016168  

 

Human Collagen I 

DMEK in rabbits 

Molding of collagen I membrane extracted from clinical grade human 

bone. Cross-linking UV 

Thickness: 20 µm 

Rabbit and Human. Primary 

Culture 

Vázquez et al. 2017175 

 

Silk Fibroin 
DMEK in rabbits 

Manufacture of a natural silk fibroin film from the cocoons of Bombyx 
mori. 

Thickness: 10 µm 

Rabbit and Human. Primary 
Culture 

Watanabe et al. 2011173 

 
Gelatin hydrogel A (porcine) 
In vitro 

Preparation of gelatin films: drying and coating with collagen IV 
(origin?) 

Thickness: 50 µm 

Human. Primary culture  

Yamaguchi et al. 

2016167 

Atellocollagen 

DSAEK in rabbits 

Commercially available Atelocollagen hydrogel scaffold (CM-24). 

Coating with Viscosat® 

 

Human. Primary culture 

Yoshida et al. 2014 and 

2017165,166 

Atelocollagen clinical-grade porcine 

-Biocompatibility of the material alone (without CECs) 
in the rabbit cornea and in the anterior chamber 2014 

-DMEK in rabbits 2017 

Collagen I Vitrigel by moulding a curved sheet and UV cross–linking. 

Atelocollagen (Nippon Meat Packers,Inc, Osaka, Japan) 
Thickness: 20 µm 

Human. Primary culture  
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Polymeric scaffolds – synthetic polymers 

Chen et al. 2015193 

 

Silk fibroin + poly (L-lactic acid-co-ε-caprolactone) 

(P(LLA-CL)) 

In vitro 

Silk fibroin electroweaving + P(LLA–CL) (25 :75) 

Thickness: 56 ± 4.20 µm 

Human. B4G12 line 

Kruse et al. 2017183 

 

PCL and Poly(lactic-co-glycolic) acid (PLGA)  

In vitro 

Electrospinning of a membrane by a prototype machine 

PCL or PLGA solution + chloroform 
Disinfected with isopropanol 

Thickness: 109 ± 17 µm 

Human. HCEC-12 line 

Liang et al. 2011186 

 

Chitosan hydrogel, hydroxypropyl chitosan (HPCTS) 

and sodium alginate dialdehyde. 

Open surgery in rabbits 

Mixture of the 3 components that gels at room temperature 

Encapsulation of suspended endothelial cells 

Rabbit. Primary culture 

Ozcelik et al. 2014184 

 

Poly (ethylene glycol) hydrogel (PEG)  

Biocompatibility by simulation of cell–free DSEK in 
sheep  

1. Solution of glycerol ethylate+sebacoul chloride+ α, ω-dihydroxypoly 

(ε–caprolactone) (PCL)+ dichloromethane 
2. Cross-linked by hydrochloric acid and alcohol 

Thickness: 50 µm 

Sheep. Primary culture 

Rizwan et al. 2017187 

 

Gelatin methacrylate (GelMa)  

In vitro 
Biocompatibility of the material (without endothelial 

cells) in the anterior chamber of rabbits 

UV-crosslinked hydrogel of gelatin A and methacrylate 

Surface microstructured by molding to facilitate cell adhesion 
Thickness: 138 ± 5 µm 

Human. Primary culture 

Salehi et al. 2014192 

 

Nanofibers of poly (glycerol sebacate) (PGS) and 

polycaprolactone (PCL) 

In vitro 

Electro-woven matrix manufacturing of PGS and PCL 

Nanofiber size: 300–500 nm 

Thickness unknown 

Human. HCEC-12 line  

Seow et al. 2019188 Agarosse corsslinked with GRGD, lysine, poly-lysine 

or gelatin 
In vitro 

Mold casting of chemically cross linked agarose materials 

Thickness: 15–20  µm 

Rabbit. Primary culture  

Song et al. 2019189 

 

Silk Fibroin + Glycerin 

In vitro 

Film of natural silk fibroin + 1% glycerol  

Crystallized by methanol 
Thickness: 7 µm 

Rabbit. Primary culture 

Van Hoorick et al. 

2020185 

Poly D-L-lactic acid (PDLLA)-gelatin 

In vitro 

Multi-step spin coating of: 

Gelatin A, PDLLA, gelatin B. 

Membrane harvesting by gelatin A solution in 40°C water bath 

Thickness: 0.8–1 µm  

Human. B4G12 line 

Wang et al. 2012190 Chitosan + polycaprolactone (PCL)  

In vitro 

1. Mixture of 75% chitosan and 25% polycaprolactone 

2. NaOH drying/neutralization/rinse/ethanol 70%/UV sterilization 

Bovine. Primary culture 

Young et al. 2014191 

 

Chitosan + polycaprolactone (PCL) 
In vitro 

Preparation of chitosan+polycaprolactone solutions/evaporation/NaOH 
treatment/70% ethanol sterilization/UV treatment/Rinsing 

Bovine. Primary culture 
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Bioengineered endothelial monolayer sheets 

Hsiue et al. 2006200 

Lai et al. 2013201 

Gelatin A 
Animal experimentation in rabbits 

Cell culture on pNIPAAm thermoresponsive gel to generate ultrathin 
corneal endothelial grafts 

Gelatin disc used as transplant substrate (Thickness: 700–800 µm). 

Endothelial sheet glued upside down on the disc and inserted to have the 
cells directly against the cornea. The gelatin is then resorbed 

Human. Primary culture 
 

Ide et al. 2006198 NONE 

In vitro 

Cell culture on poly(N–isopropylacrylamide) (pNIPAAm), which is heat-

sensitive and allows the endothelium to be detached in a ultrathin corneal 

endothelial graft by lowering the temperature to 20°C 

Human. Primary culture  

Lai et al. 2015202 Recombinant hyaluronic acid 

Animal experimentation in rabbits 

Cell culture on PIPAAm thermoresponsive polymer to generate ultrathin 

corneal endothelial grafts 

Cross-linked hyaluronic acid disc used as transplant substrate (Thickness: 

700 µm). Endothelial sheet glued upside down on the disc and inserted to 
have the cells directly against the cornea. The hyaluronic acid is then 

resorbed 

Rabbit. Primary culture 

 

Madathil et al. 2014197 NONE 

In vitro 

Cell culture on NGMA thermoresponsive polymer (pNIPAAm + 

glycydyl methacrylate), which is heat-sensitive and allows the 
endothelium to be detached in a ultrathin corneal endothelial graft by 

lowering the temperature to 20°C 

Rabbit. Primary culture 

Sumide et al. 2006196 NONE 
In vivo. PK in rabbit models, ultrathin endothelial graft 

is attached on recipient’s dissected corneal stromal bed 

and then re-inserted in the recipient eye 

Cell culture on poly(N–isopropylacrylamide) (pNIPAAm), which allows 
the endothelium to be detached in a ultrathin corneal endothelial graft by 

lowering the temperature to 20°C 

Human. Primary culture 

Teichman et al. 2013 and 

2015194,195 

NONE 
Lamina coating and chondroitin sulfate 

In vitro 

Cell culture on a heat-sensitive support of poly (vinyl methyl ether) 
(PVME) and vinyl methyl ether and maleic acid (PVMEMA) coated 

with laminin, chondroitin–6–sulfate and cyclo(arginine–glycine–aspartic 

acid–D–tyrosine-lysine) cRGD peptides. Ultrathin corneal endothelial 
graft is detached by lowering the temperature to 20°C 

Human. HCEC-12 line 
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Acellular corneal endothelial graft substitutes  

Development of surgical techniques such as DSO or DWEK revealed that in specific 

cases of FECD, the regeneration of corneal endothelium could be achieved without 

the use of a donor endothelial graft, challenging the current state-of-the-art. 

Nevertheless, DSO/DWEK are limited to early-stage disease in relatively young 

patients and recovery is long and unpredictable. Endothelial graft substitutes 

comprising of synthetic or tissue-derived matrices could aim to promote corneal 

healing when implanted after DSO/DWEK procedures. With this technique, no 

donor graft would be required. The potential advantage is that acellular corneal 

endothelial graft substitutes may promote or facilitate proliferation and migration of 

peripheral CECs to repopulate acellular regions, and also support corneal 

deturgescence and edema reduction upon implantation.  

 

Mehta and colleagues were the first to report the use of acellular corneal endothelial 

graft substitutes in 2017.203 In their study, the corneal endothelium was stripped off 

rabbit eyes and decellularized human Descemet’s membrane was introduced 

similarly to a DMEK procedure, a process called Descemet membrane transfer. The 

animal group receiving allogenic decellularized Descemet’s membrane showed an 

increased corneal endothelial migration and a faster edema reduction compared to 

the control group which did not received an allogeneic transplant (Figure 11). There 

is currently an ongoing clinical trial in Singapore studying such technique in humans 

(identification number NCT03275896). The first clinical results were recently 

published, and the first transplantation of a 4 mm diameter decellularized 

Descemet’s membrane into a patient was successful in improving the patient’s best-

corrected Snellen visial acquity from 6/18 to 6/7.5 at 6 months after transplant.204 

Moreover, corneal thickness was reduced from 603 μm to 569 μm and central CEC 

density was 889 cells/mm2 204. This first proof-of-concept study paves the way to 

study acellular corneal endothelial graft substitutes to promote CEC healing and 

edema reduction. 
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Figure 11. Descemet’s membrane transfer (DMT) on a rabbit model. Eleven days after DMT the 

corneas appeared to be clear in the center (A). A small opaque area could be seen in the periphery of 

the Descemet’s graft, at the descemetorhexis edge (B). Optical coherence tomography showed that 

corneal thickness of rabbits receiving a Descemet’s membranes transplant did not differ from control 

animals (C). Rabbit eyes showed a central corneal clarity of 0 or 1 8 days after DMT (D). Corneal 

thickness recovery of eyes receiving DMT was comparable to the animal control group were the cells 

were scraped, leaving a region of the Descemet’s membrane denuded (scrape) and significantly better 

compared to the animal control group that underwent a descemetorhexis (peel) (E). Central endothelial 

cell area was greater in the corneas receiving DMT compared to the scrape group (F). Scanning electron 

microscopy revealed that CECs could migrate over the Descemet’s membrane graft, forming a 

complete monolayer (G). CEC bridged over the edge of the Descemet’s membrane graft edge, indicated 

with white arrows (H). Immunofluorescence analysis of ZO-1 revealed that the bridging CECs formed 

an uninterrupted cell monolayer over the transferred Descemet’s membrane (I). Scale bar: 50 μm (H) 

 

A second approach proposed the use of a synthetic graft substitute to reverse corneal 

endothelial disease. There is currently an ongoing randomized multi-center clinical 

trial (identification number NCT03069521) aimed to evaluate if a Contomac Ci26-

based implant (EndoArt), is successful in reversing corneal edema and promoting 

sight recovery. The EndoArt implant was designed to prevent fluid infiltration into 
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the cornea, thereby preventing and reversing corneal edema. While the data on this 

study are still restricted, preliminary results from eight patients with chronic corneal 

edema are encouraging.205 Out of these eight patients, seven presented a reduction of 

corneal edema and recovery of transparency after EndoArt implantation. In one 

patient, surgery failed due to hypotomy and a rescue penetrating keratoplasty was 

performed. In the seven successful surgeries the construct detached from the 

recipients’ cornea and had to be repositioned by rebubbling until correctly attached 

to the cornea (Figure 12). The cornea remained clear in the seven patients for up to 

4 months. 

 

 

Figure 12. Slit lamp image of a patient’s eye one day after EndoArt implantation. Courtesy of Dr Ruth 

Lapid-Gortzak, Amsterdam University Medical Center, the Netherlands. 

 

Despite initial positive results, the exact timespan over which the cornea will remain 

transparent and whether corneal edema will reoccur remains uncertain. Furthermore, 

more data are needed to determine the precise detachment rate and if corneal 

nutrition will be affected in the long-term due to the impermeability of the construct. 

Improvements in the material attachment to the recipients’ cornea would be required 

to enable widely acceptance of such device. Moreover, based on currently available 

data, CECs are unable to migrate over the EndoArt, the effect of which remains to 

be seen. Overall, although acellular graft substitutes offer an attractive solution to 

current tissue shortage, future studies are needed to determine if they are successful 

enough to be implemented in a large scale clinical setting and for what indication.  
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Pharmacological modulation of the corneal endothelium 

The pharmacological modulation of the corneal endothelium to promote cell 

survival, proliferation and migration has also been studied as a potential treatment 

for corneal endothelial disease, showing promising preliminary results (Table 2). 

The appeal of this therapeutic modality is that the patients’ endothelium could 

regenerate with a minimal procedure of intracameral or topical delivery of a drug. 

While it might seem that the risks of using a pharmacological modulation of the 

corneal endothelium are rather low, as it would always be possible to perform a 

rescue DMEK/DSAEK if the patients are not recovering after a reasonable treatment 

time window to avoid subepithelial or stromal scarring, it is important to monitor 

possible infiltrations of the trabecular meshwork or development of iridocorneal 

endothelial type syndrome caused by the therapeutic drug. 

 

ROCK inhibitors are one of the most promising candidates for treating corneal 

endothelial disease. ROCK is a protein kinase downstream of the effector GTPase 

Rho, which plays a crucial role in cytoskeleton regulation. The first drug candidate 

identified was Y-27632, which showed potential to trigger CEC repair and survival 

in vitro.61,206 After showing success in reducing corneal edema and recovering visual 

acuity in rabbit and monkey bullous keratopathy models,207,208 a first clinical trial 

was performed in Japan (identification number UMIN000003625). This trial 

comprised two different groups. First, a group of eight patients were treated, four 

with FECD and four with bullous keratopathy. Briefly, the damaged CECs were 

surgically removed gently, preserving the Descemet’s membrane. After this minimal 

surgical procedure, the eight patients were treated with topical delivery of 10 mM 

Y-27632 using eye drops six times a day for 7 days. Cornea thickness was reported 

at 3 and 6 months after treatment. In the four patients suffering from central corneal 

edema caused by FECD, a decrease of corneal thickness, from an average of 740 μM 

to an average of 640 μm was reported after 6 months. Conversely, the corneal 

thickness did not reduce after the treatment with Y-27632 in the four patients with 
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bullous keratopathy and diffuse corneal edema.207,208 The second group consisted of 

three patients suffering from bullous keratopathy after cataract surgery, where the 

Descemet’s membrane was partially detached and lost. These patients were directly 

treated with topical delivery of 1 mM Y-27632 six times a day for 4 months and four 

times a day for 2 months using eye drops.209 After 3 months of treatment, the corneal 

edema was reduced from values of 900–610 μm to values of 580–503 μm and visual 

acuity recovered to 20/20 in 2 patients and 20/25 in one patient.209 These studies 

implied the success of the therapy depends on the disease background and highlight 

the importance of developing a controlled dosage and treatment duration. 

 

Ripasudil, another ROCK inhibitor, has also shown success in reducing corneal 

edema and recovering corneal clarity in a bullous keratopathy rabbit model.210 Y-

27632 and Ripasudil target the ATP-dependent kinase domains of ROCK1 and 

ROCK2 with an IC50 of 0.11 M and 0.051 M for ROCK1 and 0.17 M and 0.019 M 

for ROCK2 respectively.211 The increased efficacy and affinity of Ripasudil 

compared to Y-27632 for ROCK1 and ROCK2, indicated by the lower IC50, is due 

to the addition of a fluorine atom in the isoquinoline moiety.212,213 Both ROCK 

inhibitors show a comparable ocular distribution reaching the highest concentration 

in the cornea 15 to 30 min after instillation.211 In vitro studies suggest that ripasudil 

might promote an increase in cell proliferation, migration and adhesion,214 thus 

causing the regeneration of the corneal endothelium. In 2016, a first-in-human study 

was performed in Australia. Two patients with FECD who underwent a DSO/DWEK 

procedure and did not experience corneal clearing after 2 and 3 months were treated 

with topical delivery of ripasudil 0.4% eye drops 6 times a day for 2 weeks. One 

month after treatment, the CECs had repopulated the bare stroma of both patients 

and corneal opacity was reduced.215 In the same study, another eye that did not clear 

2 months after a DSO/DWEK procedure was treated with the topical delivery of 10 

μM Y-27632 using eye drops six times a day for 2 weeks without success. 
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ROCK inhibitors have shown success in clinical trials, but the number of patients 

involved in these studies is very low, though there are a number of studies currently 

recruiting. In order to conclude if ROCK inhibitors have a beneficial effect treating 

corneal endothelial disease, there is the urgent need to perform larger randomized 

control trials with a DWEK control group and specifically defined dosing and 

therapeutic length. 

 

Furthermore, there is the need to understand each disease case such that we are able 

to identify which patients will benefit from the therapy and which patients are not 

suitable candidates. Crucial considerations could be patient age, genetic background, 

the stage of the disease, the absence/presence or amount of bullae, the peripheral 

CEC density, and the shape and size of the Descemetorhexis. Part of this challenge 

is that the biological action of ROCK inhibitors is not well understood, for example 

whether they increase cell survival, proliferation or migration. 

 

There are currently four ongoing phase II, randomized and double-blinded clinical 

trials using topical delivery of Ripasudil for treating FECD. A first study in Germany 

(identification number NCT03575130) will involve 21 participants and study the 

topical delivery of Ripasudil 0.4% eye drops after a DWEK procedure six times per 

day for 2–4 weeks. The control group will undergo a DWEK procedure and will be 

treated with placebo artificial tears. A second clinical trial in the United States 

(identification number NCT03813056) will involve 72 participants and will study 

the benefits of Ripasudil 0.4% eye drops delivered six times per day for 2–4 weeks 

after a DMEK procedure. The control group will undergo a DMEK procedure and 

will be treated with placebo artificial tears. A third study (identification number 

NCT03249337) will compare Ripasudil dosing regimen of 3 times a day with 6 times 

a day in patients who underwent a DSO/DWEK procedure for FECD. Finally, a 

fourth international multicenter trial (identification number NCT04250207) will 

involve 60 participants and will study the topical delivery of two different doses of 

Ripasudil (K-321 solution) eye drops after a DWEK procedure on FECD patients. 
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Half the controls that will undergo DWEK will receive placebo only and the other 

half will receive twice daily placebo and twice daily Ripasudil. These studies will 

give more insight into the use of ROCK inhibitors for treating corneal endothelial 

disease. 

   

To date, ROCK inhibitors have been the most studied drugs for treating corneal 

endothelial disease, but there is also promising research exploring other 

pharmacological tools to promote corneal endothelial regeneration. Different growth 

factors such as epidermal growth factor,216 platelet-derived growth factor217 and 

fibroblast growth factors218 have been studied to promote migration and proliferation 

of CECs for tissue regeneration. Nevertheless, their potential benefit comes with the 

risk of causing an undesired EndMT.52,219 Research in this field identified an 

engineered FGF-1 molecule, TTHX1114,220 which has shown potential in vitro and 

in vivo to trigger corneal endothelial regeneration without any relevant side effects 

(United States patent registry number US 2016/0263.190 A1). There is currently an 

ongoing phase I/II clinical trial in the United States (identification number 

NCT04520321) studying the safety and efficacy of TTHX1114 for treating corneal 

endothelial disease. This study is at an early recruitment phase. 

 

There has also been research specifically focusing on the pharmacological 

modulation of FECD. It is known that the extracellular environment of FECD 

increases the risk of an endothelial to mesenchymal transition leading to a loss of 

function of the corneal endothelium.142 One of the better understood factors causing 

this transition is the increase of TGF-β.52,219 TGF- β inhibitors can reduce the 

endothelial to mesenchymal transition of CECs in vitro221 suggesting the potential of 

these pharmacological tools to treat patients with FECD. 

 

Another characteristic of the pathological profile of FECD is the cell death due to an 

increase in oxidative stress.222 N-acetyl cysteine (NAC), a scavenger of reactive 

oxygen species, has been shown to reduce CEC death in vitro and in a transgenic 
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COL8A2L450W/L450W mouse model223,224 and CEC ultraviolet damage model.225 

Nevertheless, the COL8A2 transgenic model does not develop corneal edema and 

the animal model developed by Liu et al.225 is a UV damage model, not a model of 

FECD. Sulforaphane has also been identified as an oxidative stress reducer by 

phosphorylating and activating Nrf2, a transcription factor that promotes expression 

of antioxidative stress proteins, and has been shown to decrease CEC apoptosis in 

vitro.226,227 Oxotremorine, a selective muscarinic acetylcholine receptor agonist, and 

mefenamic acid, a nonsteroidal anti-inflammatory drugs, have also shown to 

decrease oxidative stress and increase survival in human CECs in vitro.228 These data 

suggest that pharmacological tools could be used as a potential treatment for Fuchs’ 

endothelial corneal dystrophy. However, there is a clear need for double blinded 

randomized controlled clinical trials to generate higher level evidence.
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Table 2. Studied drugs and their developmental stage for the treatment of corneal endothelial disease 

 

Drugs for the treatment of corneal endothelial disease 

Drug Drug class Possible mechanism of action Developmental stage Ongoing clinical 

trials 

References 

Y-27632 Inhibitor of Rho-associated, 
coiled–coil–containing, 

protein kinase 1 

Increase in CEC survival, proliferation 
and/or migration 

In humans 
Completed clinical trial: 

UMIN000003625 

No Okumura et al. 2013, 
2015207,209 

Koizumi et al. 2013208 

Ripasudil Inhibitor of Rho–associated, 

coiled–coil–containing 
protein kinase 1 

Increase in CEC survival, proliferation 

and/or migration 

In humans Yes 

NCT03575130, 
NCT03813056, 

NCT04250207, 

and 
NCT03249337 

Okumura et al. 2016210 

Moloney et al. 2017215 

Schlötzer-Schrehardt 

et al. 2020214 

TTHX1114 Engineered human fibroblast 

growth factor 1 protein 

Promotion of CEC proliferation In humans  Yes 

NCT04520321 

Xia et al. 2012220 

SB431542 Inhibitor of the TGF–β type I 
receptors ALK5, ALK4 and 

ALK7 

Decrease of endothelial to mesenchymal 
transition 

In vitro (immortalized human CEC 
lines) 

 

No Okumura et al. 2017221 

Sulforaphane Nrf2 transcription factor 
activator 

Oxidative stress and apoptosis reduction In vitro (immortalized human CEC 
lines) 

No Ziaei et al. 2013226 

N-acetyl 

cysteine 

(NAC) 

Scavanger of reactive oxygen 

species 

Oxidative stress and apoptosis reduction In vitro (immortalized human CECs) 

In vivo (early onset FECD mouse 

model) 

No Halilovic et al. 2016224 

Kim et al. 2014223 

Liu et al. 2020225 

Oxotremorine Selective muscarinic 

acetylcholine receptor agonist  

Oxidative stress and apoptosis reduction In vitro (bovine CECs) No Kim et al 2017228 

Mefenamic 
acid 

Nonsteroidal anti-
inflammatory drug inhibitor 

of cyclooxygenase 1 and 2 

Oxidative stress and apoptosis reduction In vitro (bovine CECs) No Kim et al. 2017228 
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Genetic modulation of the corneal endothelium 

One of the leading causes of corneal endothelial disease are genomic alterations in 

patients, which the gene or protein subsequently affect CECs. Developing tools for 

correcting these genetic alterations or avoiding their associated effects could 

potentially reduce the need for corneal transplantation, making more corneal donor 

tissue available for other purposes. 

 

There are currently four corneal endothelial dystrophies with a clear genetic origin, 

namely: polymorphous corneal dystrophy (PPCD), congenital hereditary endothelial 

dystrophy (CHED), X-linked endothelial dystrophy (XCED), and FECD.229 The first 

three are rare,229 while FECD, a disease of autosomal dominant nature with 

incomplete penetrance, has a global estimated prevalence of 4–5% in people above 

40 years old230 and is the leading indication for corneal transplantation worldwide.231 

The development of a genetic modulation therapy to specifically treat FECD could 

have a major impact on reducing the need for corneal donor tissue.  

 

The pathophysiology of FECD has been extensively reviewed elsewhere.230,231 

Although alterations in different genes, among them SLC4A11, ZEB1 or COL8A2, 

have been associated with the disease, the most common genetic alteration is an 

intronic CTG trinucleotide repeat expansion in the transcription factor 4 (TCF4) 

gene.230,231 The role of the CTG repeat expansion has been thoroughly reviewed 

elsewhere.230 The CTG repeat expansion has a prevalence in Fuchs’ patients ranging 

from 26% to 79%, depending on group ethnicity,230 which positions the CTG 

trinucleotide repeat expansion in the TCF4 gene as the most viable genetic target for 

developing a genetic modulation therapy. While there is not yet a clearly identified 

genetic mechanism to explain the effect of this trinucleotide expansion on the TCF4 

gene, there is evidence for three hypotheses: a dysregulated TCF4 protein expression 

leading to a protein loss–of–function, RNA repeat–mediated toxicity, or toxic repeat 

peptide generated by repeat–associated non–AUG dependent (RAN) translation.230 
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In this section, we discuss the possible therapeutic approaches for corneal endothelial 

genetic modulation based on the altered TCF4 gene origin of FECD. 

 

Gene augmentation 

Gene augmentation consists of the delivery of a functioning copy of a specific 

defective gene aimed to correct a disease caused by a protein loss of function. The 

most commonly used systems for nucleic acid transfer have traditionally been viral 

vectors, such as adeno associated viral vectors (AAVs) and adenoviral vectors 

(AVs).232 AAV serotypes AAV-7, AAV-8 and AAV-9 have shown strong tropism 

for ocular tissues,233 being good candidates for such approach. The size of TCF4 

messenger RNA, around 8000 bp, is a key consideration for developing viral 

delivery methods. TCF4 can be too large to be delivered with specific AAV 

serotypes.234 Specific AAV serotypes, namely AAV-5 have been successful in 

deliverying genes up to 8900 bp235 and could be used to deliver a functioning copy 

of TCF4 messenger RNA to CECs. Non-viral delivery strategies such as liposomal 

gene delivery or DNA–protein conjugates have also been studied.232 Lessons learnt 

from gene augmentation therapies focused on treating other eye diseases236 could 

facilitate the generation of a gene augmentation therapy if the corneal endothelial 

disease origin was closely related to an altered protein expression. Given that the 

cells are arrested in G1 phase, the CECs are an attractive target for gene therapies as 

the cells do not divide and are therefore more likely to retain their delivered material. 

Furthermore, the immune-privileged nature of the eye provides an advantage of 

likely allowing the repeated delivery of gene therapy products. Gene augmentation 

studies on retinal congenital blindness due to RPE65 deficiency have shown that the 

repeated subretinal administration of an AAV-based gene therapy in the contralateral 

eye did not cause immune reactions even if the recipient presented circulating anti-

AAV antibodies.237,238 Other studies have also assessed the low presence of AAV 

neutralizing antibodies in the aqueous humor in humans239,240 and after the subretinal 

delivery of AAV-based gene therapy treatment in dogs.241 These data suggest that 

repeated delivery of a gene therapy product in the anterior chamber is unlikely to 
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generate immune reactions that could affect the therapy efficacy or the recipient’s 

eye. Nevertheless, further studies are required to understand the possible immune 

reactions following repeated administration of gene therapy products in the anterior 

eye chamber. 

 

Antisense oligonucleotide-based modulation 

Antisense oligonucleotides are a strategy for treating genetic diseases caused by 

either RNA repeat–mediated toxicity or the generation of toxic repeat peptides by 

RAN translation. Antisense oligonucleotides such as small interference RNA 

(siRNA) or micro RNA (miRNA) are complementary sequences to messenger RNA 

(mRNA) that trigger their blockage or elimination.242 Designing specific antisense 

oligonucleotide strategies targeting the mRNA transcripts containing the CUG 

trinucleotide expansion would allow the removal of their associated deleterious 

effects, as only the non-expansion containing allele would be translated.  

 

Three reports have studied the use of antisense oligonucleotides in order to reverse 

CTG expansion associated toxicity for FECD.243–245 These studies demonstrated that 

antisense oligonucleotides could diminish the toxic effects associated to the CUG 

expansion in TCF4 mRNA in human CEC lines.243–245 Moreover, the delivery and 

uptake of antisense oligonucleotides was assessed ex vivo in human corneas244 and 

in vivo using mouse models.243,246 Nevertheless, in vivo functionality and reduction 

of the disease associated phenotype has not yet been assessed.  

 

Antisense oligonucleotide therapies could be an elegant approach to treat FECD, 

nevertheless there are some key aspects that need to be taken into consideration. 

Namely, it is crucial to develop an efficient delivery method. The therapeutic RNA 

must be delivered to the back of the cornea either by topical delivery or intracameral 

injection without compromising its structure and the antisense oligonucleotide must 

be targeted and internalized by the CECs. Furthermore, an antisense oligonucleotide 

therapy will require life-long treatment as RNA oligonucleotides degrade quickly in 



Chapter 2 

 

 

68 

vivo, meaning that the therapeutic agent will have to be delivered on repetitive basis. 

Apart from the effect on a patient’s daily life, it is necessary to determine the cost-

effectiveness of such therapeutic approaches. Finally, antisense oligonucleotides 

targeting CTG repeat could also bind to the same repeat elsewhere in the genome, 

potentially evoking an undesired off-target effect. 

 

CRISPR/Cas9-based modulation 

Nucleases offer the possibility to modulate genomic regions by cleaving specific 

targets and promote cellular responses for DNA damage repair. With the use of 

nucleases, genomic regions can be removed, and/or genes can be modified or 

inserted if a DNA template sequence is co-delivered with the desired nuclease.236 

The ease of target modulation and the high specificity for sequence cleavage of 

clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 system 

compared to other programmable nucleases such as zinc finger nucleases and 

meganucleases247 positions CRISPR/Cas9 as the preferred genome editing tool to 

reach therapeutic use. CRISPR/Cas9 for genome editing and gene regulation has 

been thoroughly described elsewhere.248,249 

 

CRISPR/Cas9 could potentially be used to remove CTG expansions in the TCF4 

gene in order to revert the mutation causing Fuchs’ endothelial corneal dystrophy 

regardless of the genetic mechanism causing the disease and the number of CTG 

repeats present. Efforts for developing CRISPR/Cas9 therapies to correct other 

diseases caused by trinucleotide expansion, such as Huntington’s disease,250,251 paves 

the way for this approach. 

 

Being a relatively new approach, studies published using CRISPR/Cas9 technology 

to correct genetic alterations related to corneal endothelial dystrophies are currently 

very limited. In 2020, Rong and colleagues demonstrated the possibility to reduce 

the accumulation of TCF4 mRNA containing the CUG expansion by targeting it with 

an endonuclease defective Cas9, similar to an antisense oligonucleotide therapy  
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technology known as CRISPR interference.252 In a different strategy, Uehara and 

coworkers demonstrated that the removal of COL8A2 gene allele containing a 

missense mutation using CRISPR/Cas9 prevented a mouse model from developing 

early onset Fuchs’ endothelial corneal dystrophy.253 While still in an early stage, 

these first studies have set the basis for the continued development of this approach. 

 

While CRISPR/Cas9 is a promising therapeutic tool for the treatment of corneal 

endothelial dystrophies, it is important to highlight some of its limitations. For 

example, it is necessary to develop a delivery platform of both the Cas9 protein and 

single guide RNA, assuring that both can reach the CECs in the back of the cornea. 

This delivery platform should be administered topically or via an intracameral 

injection. Despite outperforming other nucleases in high-fidelity targeting, 

CRISPR/Cas9 could still cut or edit off-targets. It will be crucial to study the 

potential off-target effects that such therapy could generate in the cornea and eye in 

order to assure its safety.  

 

General considerations 

There are crucial aspects that must be considered for designing a successful genetic 

modulation strategy, which have been extensively reviewed elsewhere,254 some of 

which need to be addressed for developing a successful genetic modulation strategy 

for treating corneal endothelial dystrophies. It will be important to elucidate the main 

genetic mechanism behind the corneal endothelial dystrophy in order to strategically 

design a successful therapy, as each genetic modulation strategy is best-suited to 

certain genetic disease mechanisms. Furthermore, defining the relationship between 

genotype and disease phenotype is of utmost importance. For example, there are no 

readily available techniques to determine the size of known trinucleotide repeats in 

CECs apart from gene sequencing, which is impossible to perform without a biopsy 

of the corneal endothelium and should be avoided due to potential tissue damage. It 

is crucial to develop such techniques in order to detect genetic alterations related to 
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corneal dystrophies as well as characterizing the effect of genetic modulation 

therapies.  

 

The current lack of in vitro and in vivo models for FECD also hamper the research 

of genome modulation strategies. The development of in vitro and animal disease 

models presenting the genetic and phenotypic characteristics of late-onset FECD is 

paramount to study delivery and safety, including genotoxicity studies, but also to 

determine clinically meaningful end-point parameters to assess the efficacy of the 

selected approach.  

 

Finally, while genetic modulation of the corneal endothelium could correct the 

genotype behind the disease, it will not necessarily treat existing symptomatology. 

For this reason, it remains to be understood when it would be most successful and 

feasible to treat patients, and whether it must be done before symptomatology 

appears, for example by performing a genetic background check on a 

presymptomatic patient, or at an early disease stage, when symptoms start to 

develop. 

 

Societal challenges and ethical perspective 

There is currently a global donor corneal tissue shortage, whereby only one in 

seventy patients worldwide have access to donor tissue for transplant. Underlying 

this figure is an imbalance between corneal blindness and access to corneal 

transplantation in different regions. Most of Western European countries, Northern 

American countries, Brazil, Singapore and Australia do not suffer from severe tissue 

donor shortage.11 In fact, countries such as the United States of America, Italy or the 

Netherlands are net exporters of corneal donor tissue. On the other hand, African, 

Asian, and some South American and Middle Eastern countries suffer from great 

tissue scarcity 11. The reasons behind such tissue scarcity are the lack of 

infrastructure that would allow cornea tissue donation, processing and storage, such 
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as tissue banks but also cultural reasons that prevent tissue donation among citizens. 

It is essential to understand this unbalanced global map while developing therapies 

for treating corneal endothelial disease. 

 

Corneal endothelial regenerative medicine aims to create an alternative to corneal 

transplantation, which would especially benefit the countries suffering from major 

tissue scarcity problems. Unlike Europe and the United States, where bullous 

keratopathy and FECD are the major indications for corneal transplantation,11 the 

main indication for corneal transplantation in countries suffering from major tissue 

scarcity are infectious keratitis and trauma11,255 and these cannot be treated by corneal 

endothelial regenerative therapies. Nevertheless, 18% and 22% of the corneal 

transplantations in Africa and Asia, respectively, are still indicated for corneal 

endothelial disease.255 Alleviating this burden would liberate donor corneas for other 

indications.  

 

Corneal endothelial regenerative medicine approaches also raise questions from a 

societal perspective. Cell and gene therapies will likely be more expensive than 

corneal transplantation. As a reference, the Holoclar autologous stem cell therapy 

for treating limbal stem cell deficiency has a selling price of USD 105,000 per eye 

in Europe256 and Voretigene neparvovec, commercially known as Luxturna, a gene 

therapy for correcting the defective RPE65 gene in retinal cells has a selling price of  

USD 850,000 per patient in the UK.257 Cost effectiveness of CEC therapies could be 

addressed by the use of cell carriers. A recent analysis by Mehta and colleagues 

suggested the selling price of a tissue-engineered CEC graft could be comparable to 

a donor graft.258 From the patient perspective, at present, the only therapy for 

advanced disease is corneal transplantation. CEC injection could potentially address 

donor shortage and avoid the limitations of DMEK such as graft dislocation, and 

technically challenging surgery, especially in cases such as failed grafts and poor 

visibility. Currently, most patients are diagnosed and treated after a significant loss 

of CECs. Gene therapy could halt and potentially reverse the degeneration of CECs 
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in early FECD patients, obviating the need for transplantation. In turn, FECD 

patients with central guttae and clear periphery could benefit from Descemet 

stripping only in combination with ROCK inhibitors that obviate the need for 

allogeneic donor tissue or long-term use of steroids and associated side effects. 

 

Any regenerative therapies will require cGMP facilities to produce the therapeutic 

product and will be strictly quality controlled by the national regulatory authorities. 

The field of translational medicine, while it purports to “bring the bench to bedside” 

the reality is significantly more complicated than that in reality. After a successful 

clinical trial, any therapeutic product must either provide a very strong rationale for 

a return on investment to elicit commercial interest or face a future where it can 

neither be produced under the European Union Hospital Exemption, a European 

Union regulation foreseen in Regulation (EC)1394/2007 with defined minimal 

criteria intended to provide patients the possibility to benefit from an innovative 

individual treatment in the absence of valid therapeutic alternatives, nor clear the 

hurdles of Marketing Authority. In fact, the very first ATMP to achieve marketing 

approval in Europe, ChondroCelect, a product composed mainly of autologous 

chondrocytes, has already been withdrawn from the market due to the high cost 

associated with its production rendering it difficult to attain reimbursement. While 

advances in technology and scale could reduce costs in future, regenerative therapies 

are only foreseeable in richer self-sufficient countries, with few exceptions of 

countries such as Japan, which suffers from donor shortage and has a cell therapy 

program. As the costs of treatment become more reasonable in the future, however, 

such advanced therapies will become more accessible and feasible for countries that 

suffer most from tissue scarcity.  

 

The current view is that an expensive therapy in a country that is self-sufficient in 

donor tissue should provide an improvement upon the therapeutic outcome of the 

existing therapy. For a cellular or genetic therapy for corneal endothelial disease, 

they should therefore be benchmarked against the price and outcomes of the current 
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DMEK. CEC therapies could allow better control of the number of live cells 

delivered compared to manually dissected or peeled grafts. Bioengineered grafts 

could be seeded with a higher CEC density (≥3,000 cells/mm2), potentially 

increasing graft survival. Moreover, to effectively tackle the worldwide donor tissue 

scarcity, it is necessary to promote a global approach. If a cellular or genetic therapy 

is employed in a country that is self-sufficient in terms of corneal transplants, this 

would generate a local donor cornea surplus. Countries with major tissue scarcity 

would indirectly benefit from such a situation as they would be able to import 

sufficient corneas. Finally, affordable logistic solutions to transport bioengineered 

endothelial grafts and frozen CECs suspensions over long distances could allow 

countries lacking a GMP infrastructure to benefit from CEC therapies.   

 

On the other hand, DSO combined with pharmacological modulation and acellular 

grafts present distinct advantages compared to endothelial keratoplasty, CEC, or 

genetic therapies. Their relatively low cost and the minimal infrastructure needed 

could allow their implementation, especially in countries with severe donor tissue 

scarcity, thereby reducing the need for corneal transplantation. Moreover, the use of 

regenerative approaches in self-sufficient countries could indirectly benefit countries 

in need by freeing donor tissue for use. Nevertheless, both DSO and acellular grafts 

have drawbacks compared to DMEK or cell therapies. DSO is unlikely to benefit 

patients with advanced Fuchs disease or bullous keratopathy, and the long-term 

outcomes of such interventions remain to be determined. Furthermore, in case of 

DSO failure, the corneal edema will worsen, and it will require access to donor 

corneas as only an endothelial graft will be able to improve it, a major drawback in 

countries suffering from tissue scarcity. Moreover, DSO is only suitable for FECD 

patients, and most patients in developing countries have bullous keratopathy. 

 

Regenerative therapies should be weighed or combined with the global development 

of efficient eye bank infrastructures and ocular surgery facilities as well as promoting 

organ donations though legislation and education of populations that are reluctant to 
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donate organs due to religious, cultural or other concerns. The current worldwide 

shortage of donor corneas, which is expected to increase as the population grows 

older, can only be tackled with a global effort and a communal attitude. 

 

Approaches for corneal endothelium regenerative medicine 

regulatory framework in the European Union: from bench to 

bedside 

To make the successful translation of the therapies discussed in this review from 

bench to bedside, it is imperative to consider the regulatory framework and strategy 

at an early stage of development. In the European Union, there is specific guidance 

on good manufacturing practices and clinical development of therapies to assure 

quality and safety of the product. Depending on the approach taken for corneal 

endothelial regeneration, a therapy can be classified as a medical device, an 

advanced therapeutic medicinal products (ATMP), or a medicinal product. The 

different classifications have a significant impact on the regulatory path to the 

patient. 

 

Medical devices are products or equipment intended for a medical use, and are 

generally regulated on a Member State level according to Regulation (EC) 2017/745. 

Acellular corneal endothelial graft substitutes or endothelial keratoprostheses would 

be considered medical devices, nevertheless classification boundaries might vary on 

a case-by-case approach. Regulation (EC) 2017/745 issued by the European 

Commission regulates medical devices repealing the previous Directive 93/42/EEC 

which regulated medical devices at national level. The European Medicines Agency 

(EMA) has no responsibility for the regulation of medical devices unless the medical 

device contains a medicinal product as an ancillary substance in which case scientific 

opinions are provided. 
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ATMPs are medicinal products based on cells or gene transfer and can be classified 

as cell therapeutic medicinal product (CTMP), gene therapeutic medicinal product 

(GTMP) or tissue engineering product (TEP). The EMA regulates ATMPs via a 

centralized procedure under the ATMP Regulation (EC) 1394/2007. As it currently 

stands, a CEC-based therapy, whether delivered as cell injection or as part of a tissue 

engineered corneal endothelial graft, will be categorized as an ATMP. On the other 

hand, genetic modulation approaches would only be categorized as ATMPs if the 

active substance is a biological medicinal product, meaning it is produced or 

extracted from a biological source. Examples for this would be gene delivery via 

viral vectors or plasmids. It is important to highlight that CRISPR-Cas9 based 

therapies would be considered ATMPs if delivered via viral or plasmid vector, but 

if delivered as a Cas9 recombinant protein together with a synthetic guide RNA, they 

would potentially fall outside the ATMP framework and could be classified as 

medicinal products. Nevertheless, there is no precedent for such case yet, and every 

case should be assessed individually. The boundaries for product classifications can 

change over time and should always be determined for the specific product.  

 

A substance or a combination of substances with properties to restore, correct or 

modify physiological conditions in humans are considered medicinal products. The 

EMA regulates medicinal products under Directive 2001/83/EC. This includes 

recombinant proteins and pharmaceuticals that can be used for modulation of the 

corneal endothelium, but also synthetic oligonucleotides. 

 

Apart from categorizing the different approaches, other regulations are needed for 

the translation of such therapies to the clinic. Regarding clinical trials, their 

implementation and conduction within the European Union is controlled by the 

Clinical Trials Information System (CTIS) under the Regulation (EC) 536/2014. 

Nevertheless, the competences for approval and supervision of clinical trials remain 

in hands of Member States. A manufacturing authorization issued by Member State 

national authorities is required for all stages of the clinical trials. And there are 
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specific requirements that need to be addressed for ATMPs. Namely, Regulation 

(EC) 536/2014 establishes that investigational medicinal products (IMPs) need to 

comply with Good Manufacturing Practices (GMP) to assure the safety and 

reliability of the clinical trial. GMP manufacturing should be considered at an early 

pre-clinical developmental stage to enable successful transition towards the clinical 

setting. Furthermore, every batch of the treatment used for the clinical trial needs to 

be certified by a qualified person within national authorities. 

 

Directive 2009/120/EC establishes a case by case risk-based approach when 

assessing the potential benefits of an ATMP therapy for market authorization. The 

risk analysis may consider the cell source (xenogeneic, allogenic or autologous), cell 

proliferation capacity, cell manipulation, functionality, and preclinical and clinical 

data regarding functionality, safety and efficacy of a cell therapy. Directive 

2010/84/EC defines a pharmacovigilance system to collect, detect, assess, and 

monitor possible adverse effects. Finally, directives 2004/23/EC, 2006/17/EC and 

2006/86/EC provide guidance for process donation, procurement, testing, storage 

and traceability in case a therapy originates from human tissues. 

 

To facilitate navigation through the regulatory framework and understand the 

requirements needed at every developmental stage, researchers and developers are 

encouraged to seek advice at an early preclinical stage as well as during later clinical 

development. Within the EMA, legal and regulatory scientific guidance can be 

enquired through the EMA innovation taskforce and the small and medium 

enterprise (SME) office. Moreover, the scientific advice working party of the EMA 

can provide scientific advice and guide researchers throughout the different steps of 

a therapy development process, based on a case-by-case approach. National advice 

can also be requested from certain member states of the European Union. The request 

of early guidance by researchers or developers will provide the necessary tools to 

understand the requirements for the approval of specific products at every 

development stage and allow a smooth navigation through the regulatory framework.  
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Finally, experience learned with the marketing approval of other ophthalmologic 

therapies, such as the process for marketing authorization of Holoclar 259,260, might 

be valuable guidance to understand the requirements that should be met to prove 

safety and efficacy of a therapy so that a positive benefit–risk balance can be 

achieved.  

 

Conclusions and future directions 

Advances in protocols for the expansion of primary human CECs and their in vivo 

delivery are challenging the current one donor–one patient paradigm. It is very likely 

that research will develop protocols to successfully culture older donor corneas but 

also increase the number of CEC that can be obtained from a single donor. 

Furthermore, future research on the derivation of CECs from pluripotent stem cells 

may generate a new cell source for therapy, thereby obviating the need for allogeneic 

donors. A current clinical trial in Japan using iPSC–derived corneal epithelial cells 

for treating patients with limbal stem cell deficiency (UMIN000036539) could set 

the ground for future pluripotent stem cell–based therapies to treat corneal diseases.  

 

Future results on the ongoing CEC–based clinical trials in Japan and Singapore will 

provide deeper understanding on the feasibility of CECs delivery methods. It is 

highly possible that the amount of CEC used in cell injection can be reduced 

compared to the currently used million cells/eye, which will allow to increase the 

number of patients treated from a single donor. Moreover, the ongoing clinical trials 

will help defining clinical endpoints for CEC therapies, highly relevant for 

regenerative medicine therapies as they are an integral part of the regulatory 

approval.261 Finally, synthetic CEC carriers would enable a more cost–effective, 

limitless and standardized alternative. 

Acellular corneal endothelial grafts provide an alternative therapeutic approach that 

will be dramatically cheaper, and especially beneficial in developing countries. 
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Future clinical trials will help to understand how long a cornea can be kept 

transparent using such devices. 

 

Lamellar corneal transplantation is presently the default procedure to treat corneal 

endothelial disease. With an increase in the available therapeutic arsenal, it is critical 

to select the best treatment option for each patient. In the coming years, research will 

allow deeper understanding of what spectrums of corneal endothelial disease could 

be successfully treated with each approach. It is possible that young patients with 

long CTG repeats in the TCF4 gene and early to moderate FECD could be candidates 

for genetic modulation. On the other hand, FECD patients with a good peripheral 

corneal endothelium could be treated with ROCK inhibitors alone or in combination 

with DSO/DWEK. Severe bullous keratopathy and advanced FECD could be treated 

by lamellar keratoplasty or cell therapy delivered by injection for bullous 

keratopathy cases or using a carrier for FECD cases. A personalized medicine 

approach will allow greater access for more people to therapy and tackle global 

donor shortage. 
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Abstract 

This study compares the effect of the transport of conventionally pre-stripped DMEK 

tissue with the DMEK RAPID preloaded transport system from Geuder AG 

(Heidelberg, Germany). Endothelial cell loss, tissue integrity, endothelial cell 

phenotype and viability were assessed and compared. Twelve DMEK grafts were 

pre-stripped by the cornea bank and transported using two conditions: conventional 

flask (n=6) or a preloaded transport cartridge (DMEK RAPID, n=6). After transport, 

tissues were analyzed for cell density, denuded areas, immunolocalization of corneal 

endothelial markers ZO-1, CD166 and Na/K ATPase, histology analysis and cell 

viability staining with Hoechst, calcein AM and ethidium homodimer. Endothelial 

cell loss (10.35% vs. 9.15%) did not differ between transport conditions. Histological 

analysis confirmed the integrity of the Descemet’s membrane and endothelial cell 

layer with both transport conditions. Similarly, the corneal endothelial cell mosaic 

was conserved in both conditions. The ZO-1 tight junctions confirmed the integrity 

of the confluent corneal endothelial cell monolayer. CD166 and Na+/K+ ATPase 

detection with immunofluorescence was also comparable. A similar percentage of 

dead cells was reported in both conditions (18.1% vs. 16.73%). Moreover, the 

surface covered with calcein-positive cells (59.02% vs. 61.95%) did not differ 

between transport conditions. Our results suggest that DMEK grafts can be 

prestripped, preloaded into a novel transport cartridge and shipped to the clinic with 

comparable endothelial cell loss, phenotypical marker expression and viability to 

conventional pre-stripped donor tissue.  
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Introduction 

Descemet membrane endothelial keratoplasty (DMEK) has emerged as the treatment 

of choice for corneal endothelial dysfunction owing to excellent visual recovery and 

low risk of rejection.1–5 Eye bank-prepared tissue has helped to reduce intraoperative 

complications related to tissue preparation. However, the final steps of tissue 

preparation, namely separating the donor tissue from the corneal button, staining 

with trypan blue, rinsing with balanced salt solution, and loading into an injector, are 

left to the surgeon. The recent development of preloaded DMEK transport systems 

has the potential to reduce costly operation theatre time and the risk of iatrogenic 

tissue damage. Moreover, they will allow eye banks to send only the tissue necessary 

for DMEK surgery, optimizing donor availability for other purposes.6,7 To date, two 

preloaded DMEK transport protocols have been developed and studied.8–10 These 

allow the transport of pre-stripped DMEK tissue in either a modified Jone’s tube8 or 

a modified lens insertion carrier.9 More recently, Geuder AG (Heidelberg, Germany) 

has developed a method, for transporting the pre-stripped DMEK tissue in a 

preloaded glass cannula similar to the one used for its injection in the operation 

theater. The aim of this study is to compare the DMEK RAPID preloaded transport 

method, developed by Geuder AG, with the conventional pre-stripped method used 

to date. Determining whether the DMEK tissue arrives equally viable for transplant 

in both conditions is necessary before the implementation of this preloaded transport 

system in the clinical setting.  
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Materials and methods 

Ethical statement 

This research was performed in compliance with the tenets of the Helsinki 

Declaration. Twelve human cadaveric corneoscleral tissues (Table 1), which were 

unsuitable for transplantation due to medical history reasons, such as high-risk 

behavior, were obtained from the Cornea Department of the ETB-BISLIFE Multi 

Tissue Center (Beverwijk, the Netherlands) following consent from the next of kin 

of all deceased donors.  

 

Shipping conditions 

All tissues were preserved post-mortem in organ culture media at 31°C before use. 

Organ culture media comprised the following: minimum essential medium (Biowest, 

Nuaillé, France) supplemented with 20 mM HEPES (Sigma, Saint Louis, MO, 

USA), 26 mM sodium bicarbonate (Sigma, Saint Louis, MO, USA), 2% (v/v) 

newborn calf serum (ThermoFisher Scientific, Waltham, MA, USA), 10 IU/mL 

penicillin, 0.1 mg/mL streptomycin and 0.25 μg/mL amphotericin (Sigma, Saint 

Louis, MO, USA). The tissues were processed and transported in two different 

conditions: The first condition used was the conventional method used for shipping 

DMEK tissue grafts, in which the pre-stripped endothelial tissue was laid-flat on the 

corneal stromal bed. The second condition was the preloaded DMEK RAPID from  

Geuder (Geuder AG, Heidelberg, Germany) (Figure 1), in which the corneal 

endothelium was pre-stripped with the endothelial cells facing outwards and was 

loaded in a Geuder preloadable glass cannula for DMEK (Geuder AG, Heidelberg, 

Germany).  

 

During transportation, the tissue was conserved in transport media (organ culture 

media with 6% (w/v) dextran (Sigma, Saint Louis, MO, USA)) at ambient 

temperature in line with clinical practice.  Transport of the DMEK tissues was 

performed within the Netherlands, from the ETB-BISLIFE Multi Tissue Center in 
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Beverwijk (North Holland) to the Maastricht University Medical Center+ (Limburg). 

All tissues were received and analyzed 36 – 48 h after the DMEK pre-stripping only 

or preloading. 

 

Figure 1. Representative images of DMEK tissue in the pre-loaded transport condition using the 

DMEK RAPID Geuder system. A is the cartridge with preloaded DMEK tissue in the transport flask 

containing transport media. B is the cartridge with transport support for the pre-loaded DMEK tissue. 

Full arrows indicate the stained DMEK tissue roll in the Geuder cartridge. Arrow heads indicate two 

liquid permeable plugs that allow gentle washing steps and staining of the graft within the transport 

cartridge. 

 

Preparation of tissue for transport 

The corneas (n=12) were vacuum fixed in a punch base. The corneal endothelium 

was first trephined using a 10 mm diameter trephine (e.janach, Como, Italy) and the 

Descemet membrane was gently stripped leaving it attached to the cornea by a hinge. 

After the first stripping, the DMEK graft was left to lay on top of the corneal stromal 

bed and further trephined using a 8.5 mm diameter trephine (Moria, Doylestown, 

PA, USA). For the pre-stripped only transport method (n=6), the 8.5 mm diameter 

DMEK graft was left on top of the corneal stroma attached by a hinge. The pre-

stripped cornea was then transported in a glass bottle containing approximately 50 

mL of transport media. The average total time required for preparation of pre-

stripped only DMEK tissue was 20 min. For the preloaded transport method (n=6), 

the 8.5 mm DMEK graft was separated from the cornea and rolled with the 
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endothelial side facing outwards. The endothelial roll was then stained by dragging 

it through a drop of trypan blue solution (0.4%), washed with BSS, transferred to a 

35 mm culture dish with transport media and gently suctioned using a syringe into a 

preloadable glass cannula for DMEK containing transport media (Geuder AG, 

Heidelberg, Germany). The loaded glass cannula was sealed with plastic plugs at 

both the funnel and rear sides and transferred to a T25 tissue culture flask (Corning, 

Corning, NYS, USA) completely filled with approximately 70 mL of transport media 

for transport. The total time required for the preparation of preloaded transport 

DMEK tissue was approximately 30 min. Tissue marking for graft orientation was 

not used in this study as tissue marking may be more traumatic to preloaded tissue.11 

 

Study design 

This study included twelve donor corneas, six in the pre-stripped only DMEK group 

and six in the preloaded DMEK group. From each group, three whole DMEK rolls 

(n=6) were used for viability staining. The remaining DMEK rolls (n=6) were used 

as following: two DMEK rolls from each group (n=4) were divided, one half was 

used for immunofluorescence and the other half used for hematoxylin and eosin 

staining. The remaining rolls (n=2) were used for immunofluorescence (Figure 2).  

 

 

Figure 2. Schematic representation of timings and tissue use in this study. IF: 

immunofluorescence assay, H: histology.  
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 Table 1. Donor information. ECD: endothelial cell density (cells/mm2) 

Cornea 

number 
Age Sex 

Hours between 

death and excision 

Days in 

preservation 
Cause of death 

ECD before 

stripping 

ECD after 

stripping 

ECD after 

transport Experiment 

Preloaded 01 34 M 15 22 Stroke 3000 3000 2500 

Phase contrast, 

histology, 
immunofluorescence 

Preloaded 02 58 M 16 28 Non-specified 2700 2700 2500 
Phase contrast, 
histology, 

immunofluorescence 

Preloaded 03 76 F 20 16 Stroke 2600 2600 2400 
Phase contrast, 

immunofluorescence 

Preloaded 04 62 M 26 26 Respiratory failure 2800 2800 2800 Viability assay 

Preloaded 05 68 F 37 8 Aortic aneurysm 2800 2800 2600 Viability assay 

Preloaded 06 69 M 32 25 Septicemia 2500 2500 2100 Viability assay 

Prestripped-

only 01 
34 M 15 22 Stroke 3100 3100 2700 

Phase contrast, 

histology, 
immunofluorescence 

Prestripped-
only  02 

57 F 27 27 Hemorrhage 2300 2300 2000 

Phase contrast, 

histology, 

immunofluorescence 

Prestripped-

only  03 
76 F 20 16 Stroke 2600 2600 2400 

Phase contrast, 

immunofluorescence 

Prestripped-

only 04 
66 F 29 21 

Chronic obstructive 

pulmonary disease 
2800 2800 2600 Viability assay 

Prestripped-

only  05 
76 F 26 22 

Acute myocardial 

infraction 
2900 2900 2400 Viability assay 

Prestripped-

only  06 
69 M 32 25 Septicemia 2700 2700 2500 Viability assay 
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Tissue analysis with phase contrast microscopy 

All tissues (n=12) were analyzed before and after Descemet’s membrane stripping 

at the Cornea Department of ETB-BISLIFE to determine the cell density and identify 

possible denuded areas using an upright microscope. Following transport, the 

preloaded DMEK rolls were released into a 35 mm culture dish filled with BSS 

ophthalmic irrigation solution (Alcon, MO, USA) and pre-stripped only DMEK 

tissues were fully stripped. DMEK tissues for immunofluorescence and histology 

were stained with 0.4% trypan blue solution for 30 s and washed with BSS 

ophthalmic irrigation solution (Alcon, MO, USA), then unfolded on a glass slide and 

analyzed with an Eclipse TS100 microscope (Nikon, Tokyo, Japan) to determine the 

cell density and denuded areas (n=6). The tissues for viability assay (n=6) were 

immediately incubated with the viability assay.  

 

Histological analysis 

Four corneal endothelial rolls (two of each transport condition, n=4), were fixed in 

4% paraformaldehyde (PFA) for 20 min at ambient temperature. After fixation, the 

tissues were halved, with one half used for histological analysis and the other for 

immunofluorescence analysis. The half used for histological analysis was placed 

overnight in a Citadel 2000 automated tissue processor (ThermoFisher Scientific, 

Waltham, MA, USA) and embedded in paraffin. The paraffin-embedded endothelial 

rolls were sectioned using a Microm HM 355S microtome (ThermoFisher Scientific, 

Waltham, MA, USA) and mounted on glass slides. The mounted sections were then 

stained for hematoxylin and eosin in order to identify any morphological changes in 

the Descemet’s membrane and endothelium integrity. In brief, samples were first 

dewaxed with xylene and rehydrated with decreasing series of ethanol (100%, 96%, 

70%, 50%) following by water. After rehydration, the tissue samples were stained 

with hematoxylin Gill III (Sigma, Saint Louis, MO, USA) for 5 min following a 

wash with running water for 5 min. Then, the samples were stained with eosin 

(Sigma, Saint Louis, MO, USA) for 1 min, dehydrated with increasing series of 

ethanol (70%, 96%, 100%) and then cleared with xylene. Finally, the samples were 
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mounted using DPX mounting media (Sigma, Saint Louis, MO, USA). Descemet’s 

membrane thickness was analyzed using the ImageJ software distributor Fiji.12 

Briefly, a line was drawn across the Descemet’s membrane with the line-drawing 

tool and measured to determine the thickness of the membrane.  

 

Immunofluorescence analysis 

Two full DMEK tissues (one of each transport condition, n=2) and the four 

remaining halves of fixed DMEK tissues (two of each transport condition, n=4), 

were used for immunofluorescence analysis. The tissues were stained for ZO-1, 

Na+/K+ ATPase and CD166 (n=3 for each transport condition). Briefly, the DMEK 

tissues were fixed in 4% PFA for 20 min at ambient temperature and the cells were 

permeabilized with 0.2% Triton X-100 in PBS for 10 min. After permeabilization, 

non-specific antibody interactions were blocked with 2% BSA solution in PBS for 1 

h at ambient temperature. Tissues were incubated overnight at 4°C with primary 

antibodies diluted in 2% BSA solution. After primary antibody incubation, tissues 

were washed three times in PBS and then incubated with secondary antibodies and 

Hoechst 33342 for 50 min at ambient temperature in the dark. The DMEK tissues 

were then washed three times in PBS and mounted with coverslips with ProLong 

Gold antifade reagent (Thermo Fisher Scientific Waltham, MA, USA). Cells were 

examined on an Eclipse Ti-E inverted microscope equipped with a spinning disk 

(Nikon, Tokyo, Japan). All the information of the primary and secondary antibodies 

used can be found in Table 2.  

 

Endothelial cell triple staining for viability 

Six DMEK tissue`s (three of each transport condition), were triple-stained with 

Hoechst 33342, ethidium homodimer-1 and calcein AM to determine the viability of 

the corneal endothelial cells after transport as previously described.13 Briefly, the 

tissues were first washed in BBS solution to remove serum esterase from the media. 

The whole endothelial rolls were then incubated in a BBS solution containing 4 μM 

ethidium homodimer-1, 2 μM calcein AM and 3 μM Hoechst 33342  (Thermo Fisher 
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Scientific, Waltham, MA, USA) for 45 min at ambient temperature in the dark. After 

the incubation, the corneal endothelial rolls were unfolded on a glass slide and flat 

mounted using relaxation incisions without mounting media. A tile scan of the whole 

corneal endothelium was performed on an Eclipse Ti-E inverted widefield 

microscope (Nikon, Tokyo, Japan). The percentage of dead cells (nuclei stained with 

ethidium homodimer) compared to the total number of cells (nuclei stained with 

Hoechst) found in the unfolded corneal endothelial rolls was calculated using ImageJ 

software distributor Fiji12. To perform the particle analysis, the images were 

converted to binary format and the stained cell nuclei were selected by circularity 

(circularity range 0.3 – 1) and size (size range: 25 – 670 μm2) and counted. The 

surface percentage covered with calcein AM and the denuded areas were also 

calculated using Fiji. For calcein AM quantification, the images were converted to 

binary and the percentage of area covered was calculated. For the denuded areas, the 

denuded regions were manually selected and their surface area was measured. 

 

Table 2. Primary and secondary antibody details 

 

Statistical analysis  

R Statistical Software14 (v. 3.2.4) was used for statistical analysis. Descriptive values 

are shown as mean ± standard deviation. Data were analyzed to check for statistical 

significance using a Student’s t-test, considering samples with equal variances and a 

0.05 significance level.  

Antibody/stain Manufacturer Reference number Concentration 

Mouse anti-CD166 primary BD Biosciences  559260 2.5 μg/mL 

Rabbit anti-Zona Occludens 1 

(ZO-1) primary 

Thermo Fisher Scientific 402200 2.5 μg/mL 

Mouse anti-Na+/K+ ATPase 

primary 

Abcam 

 

Ab7671 10 μg/mL 

Goat anti-mouse Alexa Fluor 

488 secondary 

Thermo Fisher Scientific 

 

A11001 5 μg/mL 

Donkey anti-rabbit Alexa 

Fluor 568 secondary 

Thermo Fisher Scientific 

 

A10042 5 μg/mL 

Hoechst 33342 Thermo Fisher Scientific 

 

H1399 1 μg/mL 
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Results 

Donor characteristics 

Baseline donor characteristics did not differ between both transport conditions. The 

average donor age for the pre-stripped only and preloaded transport conditions was 

63 (±15.87) and 61.2 (±14.68) years, respectively. The interval between death and 

tissue retrieval was 24.83 (±6.24) hours for the pre-stripped only and 24.33 (±8.91) 

hours for the preloaded condition. The average days in culture media of the donor 

tissue for pre-stripped only and preloaded conditions were 22.17 (±3.76) and 20.83 

(±7.55) days, respectively.  

 

Tissue preparation 

Eye bank pre-stripping (n=12) and preloading (n=6) were performed by one 

experienced technician and was successful in all cases.  

 

Tissue analysis after shipping 

All tissues (n=12) were received without evident damage. One of the preloaded 

DMEK tissues lost the trypan blue coloring and was not visible inside the cannula; 

the remaining five maintained the trypan blue coloring on arrival. All tissues 

analyzed with light microscopy (n=3 per transport condition) preserved the integrity 

of the corneal endothelial cell mosaic regardless of the transport condition (Figure 

3A, C). The DMEK tissues had minimally denuded areas in the periphery, which 

were comparable in both transport conditions (Figure 3B, D). Baseline endothelial 

cell count and cell loss did not differ between transport conditions. There was also 

no significant difference in central endothelial cell count (cells/mm2) before and after 

transport in both conditions (pre-stripped only: 2733 ±273 vs. 2450 ±243; preloaded: 

2733 ±175 vs. 2483 ±232). 
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Figure 3. Representative phase contrast images following transport of pre-stripped only (upper row) 

and preloaded (lower row) DMEK rolls. A and C are images of the central part of the corneal endothelial 

rolls, showing that the cell morphology and confluency were unaffected by either transport condition. 

B and D show minimally denuded areas (arrow heads) in the periphery of tissues transported in both 

conditions. Scale bar: 100 μm. 

 

Histological analysis of DMEK tissues 

The hematoxylin and eosin staining of the DMEK tissue transported in both 

conditions showed the presence and integrity of a monolayer of endothelial cells on 

the Descemet’s membrane (Figure 4). Descemet’s membrane thickness was 

statistically similar in both conditions, namely 3.67 μm (±0.21) for preloaded and 

3.86 μm (±0.18) for pre-stripped only. These data indicated no macroscopic 

alterations in the Descemet’s membrane or the endothelial cells for either transport 

condition. 
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Figure 4. Representative images of hematoxylin and eosin stained sections of corneal endothelial 

DMEK tissues transported as either pre-stripped only or preloaded endothelial roll. The thickness of 

the Descemet’s membrane in the endothelial rolls was comparable in both conditions, namely 3.67 μm 

(±0.21) for preloaded and 3.86 μm (±0.18) for conventional, p= 0.48. Moreover, a monolayer of cell 

nuclei stained with hematoxylin was present on the Descemet’s membrane in both conditions. B and D 

are a zoomed region of interest from images A and C, respectively. Scale bar: A and C: 50 μm; B and 

D: 25 μm. 

 

Immunofluorescence analysis of corneal endothelial phenotypical markers on 

DMEK tissue 

Samples transported in both conditions were analyzed to detect the presence of 

CD166, Na+/K+ ATPase and ZO-1 proteins (Figure 5). The phenotype markers for 

the corneal endothelium CD166 and Na+/K+ ATPase showed a similar expression in 

both conditions (Figure 5A, B, D, E). Moreover, the presence and expression of ZO-

1, indicates the integrity of the cell monolayer and the maintenance of these tight 

junctions after the DMEK processing in both conditions (Figure 5C, F). The data 
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obtained indicated that the phenotypical markers of corneal endothelial cells were 

maintained in both conditions after transport.  

 

 

Figure 5. Representative images of immunofluorescence stainings of phenotypical and functional 

protein markers (green) of the corneal endothelial DMEK tissues transported in both pre-stripped only 

and preloaded conditions. Cell nuclei (blue) were stained with Hoechst. A and D are 

immunofluorescence analysis for CD166, B and E for Na+/K+ ATPase and C and F for ZO-1. All the 

protein markers expression was comparable in both transport conditions, and showed integrity of the 

tight junctions in the corneal endothelial monolayer in both conditions. Scale bars: 50 μm. 

 

Viability staining for DMEK tissues  

The viability triple staining with Hoechst, calcein AM and ethidium homodimer 

were used to assess the viability of the DMEK tissues transported in both conditions 

(Figure 6). The whole-DMEK tissue staining of calcein AM (Figure 6C, G) and 

ethidium homodimer (Figure 6D, H) were similar in tissues transported in both 

conditions. The percentage of dead cells, calcein-covered area and denuded areas 

was calculated with Fiji analysis software and was statistically similar in DMEK 

tissue transported in either condition. The percentage of dead cells was 16.73% 

(±7.45) for the preloaded transport and 18.1% (±5.01) for the pre-stripped only 
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transport condition. The calcein-covered surface in the preloaded condition was 

61.95% (±7.63) and in the pre-stripped only condition was 59.02% (±8.58). The 

denuded areas were 8.11% (±3.2) in the preloaded condition and 5.83% (±1.61) in 

the pre-stripped only condition. These data reveals that the transport condition had 

no effect on the viability of the DMEK tissue for transplantation. 

 

Figure 6. Representative images of live/dead triple staining of full corneal endothelial DMEK tissues 

transported in both pre-stripped only (A-C) and preloaded (E-H) transport conditions. A and E are 

merged images of Hoechst (blue), calcein (green) and ethidium homodimer (red). B and F are zoomed 

in of the regions indicated in A and E with a square. C and G are calcein fluorescent regions. D and H 

are ethidium homodimer fluorescent regions. The percentage of dead cells is statistically equal in 

DMEK tissue transported in either condition, being 16.73% (±7.45) for the preloaded transport 

condition and 18.1% (±5.01) for the pre-stripped only transport condition, p=0.81. Furthermore, the 

calcein-covered surface (green surface) and the denuded areas (acellular areas) appear to be equal in 

DMEK tissue transported in either condition. The calcein-covered surface in the preloaded condition 

was 61.95% (±7.63) whereas in the pre-stripped only condition was 59.02% (±8.58), p= 0.68. The 

denuded areas were 8.11% (±3.2) in the preloaded condition and 5.83% (±1.61) in the pre-stripped only 

condition, p= 0.33 . n=3 preloaded, n=3 pre-stripped only. Scale bar: A, C, D, E, G and H: 1 mm; B 

and F: 100 μm. 
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Discussion 

In this laboratory study, we compared the DMEK RAPID transport system from 

Geuder AG with conventional eye bank pre-stripped DMEK. Our results show no 

significant difference in endothelial cell density, tissue histology, surface marker 

expression and endothelial cell viability, suggesting this system is suitable for 

clinical use.  

 

Previous studies describe different methods to preload DMEK grafts at the eye 

bank.8–10 These allow the transport of pre-stripped DMEK tissue in either a modified 

Jone’s tube8 or a modified lens insertion carrier.9 Unlike the other preloaded 

transport systems, the DMEK RAPID employs a smooth-surface and smooth-edged 

borosilicate glass cartridge that allows the surgeon to inject the sensitive donor tissue 

directly into the patient’s anterior chamber without manipulation of the endothelium 

through an astigmatism neutral incision.15–17 Moreover, the high transparency of the 

glass cannula enables correct orientation of the lamella to be controlled during 

surgery. 

 

Storage and transport were not associated with significant central endothelial cell 

loss in both conditions, despite the use of Dextran due to eye bank regulations.18,19 

The denuded areas in the periphery of the donor grafts (Figure 3), irrespective of 

transport conditions, likely represent stress lines caused by pre-stripping and/or 

tissue handling during experiments. Histological analysis (Figure 4) confirmed the 

integrity of Descemet’s membrane and endothelial cell layer and revealed no 

difference in Descemet’s membrane thickness (3.67 μm vs 3.86 μm) between 

transport conditions. Regarding the endothelial cell phenotype, in both conditions 

the corneal endothelial cell mosaic was conserved. The ZO-1 tight junctions detected 

with immunofluorescence (Figure 5C, F) confirmed the integrity of the confluent 

corneal endothelial cell monolayer. CD166 and Na+/K+ ATPase detection with 

immunofluorescence (Figure 5A, B, D, F) was also comparable in both conditions, 
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confirming the maintenance of corneal endothelial specific proteins (CD166) and 

metabolic functional endothelial transporters (Na+/K+ ATPase) in both conditions. 

  

The viability assay showed similar percentage of dead cells in both transport 

methods (18.1% vs. 16.73%). Moreover, the calcein-covered surface (59.02% vs. 

61.95%) did not differ between transport conditions. A comparable percentage of 

cells in both transport conditions were still alive but not metabolically active, 

reflected by the lack of calcein-associated fluorescence and the lack of ethidium 

homodimer nuclear staining. This cell population was only recognized thanks to the 

triple staining (Hoechst, calcein AM and ethidium homodimer) used in these 

experiments. Viability studies performed only with calcein AM would not recognize 

this population of cells. The findings reported in this study are in line with previous 

publications on preloaded tissue for DMEK using a modified Jone’s tube8 or a 

modified lens insertion carrier9. The cell viability determined by the calcein-covered 

surface ranged from 37.8% to 70.1% with these transport techniques.10 Compared to 

the previously studied preloaded techniques, the Geuder transport system shows 

favorable cell viability (61.95%) compared to the modified Jone’s tube (61.95% vs 

37.8%) and a comparable cell viability to the modified lens insertion carrier (61.95 

vs 70.1%).10 Given the limited number of suitable tissues, the current study focused 

on the effects of the new transport system from Geuder in comparison to 

conventional pre-stripped only method. A future side-by-side comparison of existing 

preloaded DMEK transport methods would give further clinically relevant data. 

 

With this study, it can be concluded that the DMEK RAPID preloaded transport 

system delivers DMEK donor tissue with comparable endothelial cell density, 

phenotypical marker expression and viability to conventional prestripped donor 

tissue. Implementation of this system could facilitate the transition to DMEK for 

novice surgeons, shorten the duration of surgery, and takes advantage of the tissue 

preparation skills of eye bank professionals to minimize iatrogenic endothelial cell 

loss. 
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Human cornea scRNAseq atlas 

Abstract 

The cornea is the clear window that lets light into the eye. It is composed of five 

layers: epithelium, Bowman’s layer, stroma, Descemet’s membrane and 

endothelium. The maintenance of its structure and transparency are determined by 

the functions of the different cell types populating each layer. Attempts to regenerate 

corneal tissue and understand disease conditions requires knowledge of how cell 

profiles vary across this heterogeneous tissue. We performed a single cell 

transcriptomic profiling of 19,472 cells isolated from eight healthy donor corneas. 

Our analysis delineates the heterogeneity of the corneal layers by identifying cell 

populations and revealing cell states that contribute in preserving corneal 

homeostasis. We identified expression of CAV1, HOMER3 and CPVL in the corneal 

epithelial limbal stem cell niche, CKS2, STMN1 and UBE2C were exclusively 

expressed in highly proliferative transit amplifying cells, CXCL14 was expressed 

exclusively in the suprabasal/superficial limbus, and and NNMT was exclusively 

expressed by stromal keratocytes. Overall, this research provides a basis to improve 

current primary cell expansion protocols, for future profiling of corneal disease 

states, to help guide pluripotent stem cells into different corneal lineages, and to 

understand how engineered substrates affect corneal cells to improve regenerative 

therapies.  
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Introduction 

The healthy cornea is a transparent and avascular tissue that allows light to enter the 

eye and accounts for most of its refractive power. The cornea is composed of five 

layers: its outer surface is a stratified sheet of corneal epithelial cells that reside on 

the Bowman’s layer, a collagen-based acellular membrane synthesized by the 

stromal keratocytes. The keratocytes populate the corneal stroma, the middle layer 

of the cornea that is composed of structured collagen fibers and other extracellular 

matrix proteins. The corneal endothelium forms a thin monolayer of tightly packed 

hexagonal cells that line in the innermost surface of the cornea and reside in close 

contact to the stroma on the Descemet’s membrane. 

 

Corneal structure and transparency are governed by the functions of the cell types 

populating each layer. Epithelial cells act as a biological barrier to block the passage 

of foreign material and provide a smooth surface that absorbs nutrients. Keratocytes 

maintain extracellular matrix homeostasis responsible for the cornea’s 

biomechanical and optical properties, and endothelial cells serve as active pumps 

transporting ions, metabolites and fluid to maintain corneal hydration and 

transparency. 

 

Selective replacement of dysfunctional single corneal layers with that of a donor,1 

the autologous transplantation of primary cultured corneal epithelial limbal stem 

cells,2 and the treatment of endothelial dysfunctions with primary cultured allogeneic 

corneal endothelial cells3 are already a therapeutic reality. Gaining deeper 

understanding of corneal cell profiles and their transcriptomic signatures can be 

highly relevant for the improvement of such therapies. 

 

In order to further understand the cellular complexity of this heterogeneous tissue, 

we provide a high-quality single-cell ribonucleic acid sequencing (scRNAseq) 

dataset from 19,472 corneal cells isolated from four female and four male donors. 
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With it, we depict the diverse cell populations and provide a comprehensive cell atlas 

of the healthy human cornea. The transcriptomic cell census identified 

subpopulations with different roles in the maintenance of corneal homeostasis and 

provides a baseline to improve primary cell expansion protocols, for future profiling 

of corneal disease states, to help guide pluripotent stem cells into different corneal 

lineages, and to understand how engineered substrates affect corneal cells to improve 

regenerative therapies. Furthermore, this dataset identified markers exclusively 

expressed in cells comprising the limbal epithelial stem cell niche, highly 

proliferating epithelial cells, and stromal keratocytes which could be used as 

reference to improve current corneal cell replacement therapies. 
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Materials and methods 

Ethical statement 

This study was performed in compliance with the tenets of the Declaration of 

Helsinki. Ten human donor corneas (Table 1) deemed unsuitable for transplantation 

were obtained from the Saving Sight Eye Bank (Kansas City, MO, USA) and the 

ETB-BISLIFE Multi-Tissue Center (Beverwijk, the Netherlands) were used for this 

study. Both male and female donor corneas, with ages ranging from 22 to 79 years 

and preserved either in Optisol-GS at 4°C or in Organ culture media at 31°C were 

used.  Organ culture media comprised the following: minimum essential medium 

supplemented with 20 mM HEPES, 26 mM sodium bicarbonate, 2% (v/v) newborn 

calf serum (Thermo Fisher Scientific), 10 IU/mL penicillin, 0.1 mg/mL streptomycin 

and 0.25 μg/mL amphotericin.  The tissues used for scRNAseq had no history of 

ocular disease, chronic systemic disease or infection such as HIV or hepatitis B. 

 

Manual dissection of the corneal tissue 

Eight donor corneas were dissected for scRNAseq. First, cells were isolated from six 

corneas that were manually dissected to separate the epithelial, stromal and the 

endothelial layers to ensure the gentlest possible enzymatic dissociation of each 

layer. The corneas were vacuum fixed in a punch base (e.janach) endothelial-cell 

side up, stained with trypan blue solution (0.4%) for 30 s and washed with BSS 

ophthalmic irrigation solution. The corneal endothelium was then gently lifted 

following the Schwalbe line using a DMEK cleavage hook (e.janach) and fully 

stripped using angled McPherson tying forceps. The remaining tissue was trephined 

using a 9.5 mm Ø Barron vacuum punch (Katena) in order to separate the epithelium 

and stroma from the scleral ring. The remaining two corneas were used for limbus 

isolation. A surgical scalpel was used to cut the limbus into approximately 1 × 2 mm 

fragments, which were then rinsed with PBS. 
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Table 1. Donor cornea information 

Cornea Gender Age 

(years) 

Preservation Eye bank Experiment 

01 Female 62 Optisol (4°C for 5 

days) 

Saving Sight 9.5 mm Ø trephined cornea 

scRNAseq 

02 Male 22 Optisol (4°C for 6 

days) 

Saving Sight 9.5 mm Ø trephined cornea 

scRNAseq 

03 Male 75 Optisol (4°C for 10 

days) 

Saving Sight 9.5 mm Ø trephined cornea 

scRNAseq 

04 Female 48 Optisol (4°C for 8 

days) 

Saving Sight 9.5 mm Ø trephined cornea 

scRNAseq 

05 Male 75 Organ culture media 

(31°C for 21 days) 

ETB-

BISLIFE 

9.5 mm Ø trephined cornea 

scRNAseq 

06 Female 75 Organ culture media 

(31°C for 15 days) 

ETB-

BISLIFE 

9.5 mm Ø trephined cornea 

scRNAseq 

07 Female 71 Organ culture media 

(31°C for 18 days) 

ETB-

BISLIFE 

Limbus scRNAseq 

08 Male  79 Organ culture media 

(31°C for 14 days) 

ETB-

BISLIFE 

Limbus scRNAseq 

09 Female 78 Organ culture media 

(31°C for 7 days) 

ETB-

BISLIFE 

Immunofluorescence 

10 Male 71 Organ culture media 

(31°C for 8 days) 

ETB-

BISLIFE 

Immunofluorescence 

 

Tissue dissociation to single cells 

The six manually dissected corneal tissues were enzymatically treated to obtain 

single cell suspensions. The stripped corneal endothelium was incubated with 2 

mg/mL collagenase (Sigma) solution in human endothelial serum free media (SFM) 

(Thermo Fisher Scientific) for 1–2 h at 37°C followed by a 10 min incubation with 

Accutase (Thermo Fisher Scientific) at 37°C to obtain a single cell suspension. The 

cells were centrifuged for 5 min at 800 × g and resuspended in 0.5 mL of human 

endothelial SFM media. 

 

The corneal epithelium–stroma tissues were treated with 1.5 mg/mL collagenase and 

0.2 mg/mL bovine testis hyaluronidase (Sigma) in DMEM/F12 (Thermo Fisher 
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Scientific) for approximately 1 h at 37 °C. The released corneal epithelium was 

suctioned with a P1000 micropipette and further treated with Accutase for 10 min at 

37°C to obtain a single cell suspension of corneal epithelial cells. The cells were 

centrifuged for 5 min at 800 × g and resuspended in 0.5 mL of DMEM/F12. The 

remaining corneal stroma was treated with 1.5 mg/mL collagenase and 0.2 mg/mL 

bovine testis hyaluronidase in DMEM/F12 for 5–7 h to obtain a single cell 

suspension of corneal keratocytes. After the incubation, the cells were centrifuged 

for 5 min at 800 × g and resuspended in 0.5 mL of DMEM/F12 media. 

 

The limbus fragments isolated from the two corneas for limbal isolation were 

digested with four trypsinization cycles. In each cycle, the limbus fragments were 

incubated in 10 mL of 0.05% trypsin/0.01% EDTA (Thermo Fisher Scientific) at 

37°C for 30 min. The trypsin containing dissociated cells were transferred to a 50 

mL centrifuge tube containing 10 mL DMEM/F12 media and centrifuged for 5 min 

at 300 × g, after which the cells were resuspended in 0.5 mL of DMEM/F12 media. 

The undigested limbal fragments were placed again in 10 mL of 0.05% 

trypsin/0.01% EDTA for the following trypsinization cycle. The cells isolated from 

the limbus of the two donor corneas were pooled for the following steps. 

 

Methanol cell fixation 

After dissociation, the single cell suspensions were passed through a 100 μm Ø cell 

strainer, centrifuged for 5 min at 300 × g and resuspended in 1 mL ice-cold PBS to 

eliminate any medium remnants. Next, the cells were again centrifuged for 5 min at 

300 × g and resuspended in ice-cold PBS at a ratio of 200 μL PBS per 1×106 cells 

followed by the dropwise addition of ice-cold methanol, at a ratio of 800 μL per 

1×106 cells. The cells were stored at -80°C until sequencing. 

 

Single-cell RNA sequencing (scRNAseq) 

Single-cell mRNA sequencing was performed at Single Cell Discoveries according 

to standard 10x Genomics 3’ V3.1 chemistry protocol. Prior to loading the cells on 



 

 

 

129 

 

Human cornea scRNAseq atlas 

the 10x Chromium controller, cells were rehydrated in rehydration buffer. Cells were 

then counted to assess cell integrity and concentration. Approximately 9,000 cells 

(comprising 3,000 cells from each of the three layers) from corneas 01, 02, 03 and 

04 were separately loaded by layer and cornea. Furthermore, 3,000 cells (1,000 cells 

from each of the three layers) from corneas 05 and 06, and 3,000 cells from corneas 

07 and 08 (from the limbal samples) were separately loaded by cornea. 

The resulting sequencing libraries were prepared following a standard 10x 

Genomics protocol. 

 

Bioinformatic analysis of scRNA-seq data 

BCL files resulting from sequencing were transformed to FASTQ files with 10x 

Genomics Cell Ranger mkfastq. FASTQ files were mapped with Cell Ranger count. 

During sequencing, Read 1 was assigned 28 base pairs, and were used for 

identification of the Illumina library barcode, cell barcode and UMI. R2 was used to 

map the human reference genome GRCh38. Filtering of empty barcodes was done 

in Cell Ranger. The data from all samples were loaded in R (version 3.6.2) and 

processed using the Seurat package (version 3.2.0).56 More specifically, cells with at 

least 1000 UMIs per cell and less than 20% mitochondrial gene content were retained 

for analysis. The data of all 10x libraries was merged and processed together. The 

merged dataset was normalized for sequencing depth per cell and log-transformed 

using a scaling factor of 10,000. The patient effect was corrected using the 

integration function of Seurat and used for dimensionality reduction and clustering 

of all cells or cells selected per layer. Cells were clustered using graph-based 

clustering and the original Louvain algorithm was utilized for modularity 

optimization. The differentially expressed genes per cluster were calculated using 

the Wilcoxon rank sum test and used to identify cell types. Putative doublets were 

computationally identified using scDblFinder (v1.2.0).57 
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Primary culture of limbal cells 

Human primary limbal cells were harvested from corneal tissue of cadaveric donors 

(ages ranging from 36 to 79 years) with informed consent. Human limbal cells were 

cultured as previously described.58,59 In short, a surgical scalpel was used to cut the 

limbus of the corneas into approximately 1 × 2 mm fragments, which were then 

rinsed with PBS. The limbus fragments were then incubated in 10 mL of 0.05% 

trypsin/0.01% EDTA (Thermo Fisher Scientific) at 37°C for 30 min. The trypsin 

containing dissociated cells were transferred to a 50 mL centrifuge tube containing 

10 mL culture media and centrifuged for 5 min at 300 × g, after which the cells were 

resuspended in 0.5 mL of culture media. The undigested limbal fragments were 

placed again in 10 mL of 0.05% trypsin- EDTA for another trypsinization cycle. 

Culture medium consisted of 2:1 mixture of DMEM/F12 media (Thermo Fisher 

Scientific) supplemented with 2 mM GlutaMAX (Thermo Fisher Scientific), 10% 

fetal bovine serum (Thermo Fisher Scientific), 125 IU/L insulin (Humulin R, Lilly), 

0.2 mM adenine (Merck), 1,1 μM hydrocortisone (Merck), 8.5 ng/ml cholera toxin 

(Sigma), 2 nM triiodothyronine (Sigma), 10 ng/ml epidermal growth factor 

(Amsbio), and 100 IU/mL penicillin-streptomycin (Thermo Fisher Scientific). The 

limbal cells were plated on a feeder layer of lethally irradiated 3T3-J2 fibroblasts 

(fibroblast feeder-layer density 40,000 cells/cm2). The 3T3-J2 fibroblast 

immortalized cells line was a kind gift of Prof. Howard Green (Harvard Medical 

School, Boston, MA, USA). When confluent, limbal epithelial stem cells were 

passaged by 0.05% trypsin/0.01% EDTA (Thermo Fisher Scientific) treatment and 

seeded at a density of 15,000 cells/cm2 in a Nunc chamber slide (Thermo Fisher 

Scientific). 

 

Immunofluorescence 

Two human donor corneas and primary cultured limbal cells were used for 

immunofluorescence analysis. The corneas were cut in half transversally, embedded 

in a cryomold containing Tissue-Tek O.C.T. compound, snap frozen in liquid 

nitrogen, and stored at -80°C until sectioning. For sectioning, 10 μm consecutive 
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sections were cut on an adhesive cryofilm type 3C(16UF) using a modified 

Kawamoto method60, to help preserve the morphology of the tissue during 

sectioning. The sections were left to dry for 10 min prior to use. The corneal sections 

and the primary limbal cells cultured on a chamber slide were fixed with 4% 

paraformaldehyde, permeabilized with 0.1% Triton X-100 in PBS for 10 min and 

blocked with 2% BSA solution in PBS for 1 h followed by overnight incubation at 

4°C with primary antibodies diluted in 2% BSA blocking solution: mouse 

monoclonal [1F5D3] anti-Ube2c (1:100 dilution; Thermo Fisher Scientific), mouse 

monoclonal [1F7G5] anti-CKS2 (1:100 dilution; Thermo Fisher Scientific; 37-

0300), rabbit polyclonal anti-P63 (p63α) (1:100 dilution; Cell Signaling Technology; 

4892), rabbit polyclonal anti-CPVL (1:100 dilution; Thermo Fisher Scientific), 

rabbit polyclonal anti-HOMER3 (1:250 dilution; Atlas Antibodies), rabbit 

polyclonal anti-CXCL14 (1:200 dilution; Thermo Fisher Scientific), rabbit 

polyclonal anti-caveolin1 (1:300 dilution; Abcam; ab2910), rabbit monoclonal 

[EP1573Y] anti-Stathmin 1 (1:100 dilution; Abcam), and mouse monoclonal [4A4] 

anti-P63 (ΔNp63)  (1:100 dilution; Abcam; ab735). The tissue sections and primary 

limbal cells were washed five times and incubated with secondary antibodies diluted 

in 2% BSA blocking solution, goat anti-rabbit A488 (1:300 dilution; Thermo Fisher 

Scientific) or goat anti-mouse A568 (1:300 dilution; Thermo Fisher Scientific), for 

50 min at ambient temperature in the dark. Cell nuclei were stained with 0.5 μg/mL 

DAPI for 10 min. The samples were washed five times in PBS, mounted with 

coverslips with Fluoromount G mounting medium (Thermo Fisher Scientific) and 

examined on a Nikon Eclipse Ti-E inverted microscope equipped with a X-Light 

V2-TP spinning disk (Crest Optics). 
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Results 

Five major cell clusters were identified in the corneal tissue 

Six donor corneas and the limbi of two donor corneas (Table 1) were manually 

dissected and dissociated into single cells for single-cell RNA sequencing. After 

filtering low quality cells, the transcriptome profiles of 19,472 cells were further 

analyzed (Figure 1a). 

 

Data of the 19,472 sequenced cells were embedded in a uniform manifold 

approximation and projection (UMAP) and unbiased low resolution clustering 

revealed five major cell clusters (Figure 1b, left). The expression of specific corneal 

layer marker (keratin 5 (KRT5) for epithelium4, keratocan (KERA) for stromal cells5, 

and transporter-like protein 11 (SLC4A11) for endothelium6) identified the three 

main layers within the five identified clusters (Figure 1c). Differential gene 

expression profiling of the clusters further confirmed the identification of a corneal 

epithelial cell cluster comprising 5,964, a corneal stromal cell cluster comprising 

12,344 cells, a corneal endothelial cell cluster comprising 842 cell, and non-corneal 

clusters of blood/lymphatic vessel endothelial cells comprising 36 cells, and immune 

cells comprising 216 cells (Figure 2). Cell clusters from the three corneal cell layers 

were further classified separately at higher resolution in different corneal layer–

specific subclusters (Figure 1b, right). 
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Figure 1. Cell clusters from all three corneal layers and two additional clusters of immune and 

blood/lymphatic endothelial cells were identified with scRNAseq analysis. Experimental overview for 

scRNAseq (a). UMAP of the 19,472 sequenced cells with the identified five major cell clusters (b, left). 

Cell clusters from the three corneal cell layers were further subclustered in different cell subpopulations 

(b, right). Single cell expression level UMAP of specific corneal layer markers supports cell cluster 

identification (c): SLC4A11 is corneal endothelial specific, KERA is corneal stromal specific, and KRT5 

is corneal epithelial specific.  

 

Nine cell clusters were identified within the corneal epithelium 

A major cluster of 5,964 corneal epithelial cells was identified and further analysis 

revealed nine subclusters (E0-8, Figure 3a). Differential gene expression profiling 

was used for further identification of the subclusters. Cluster E3 presented a high 
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expression of stromal cell markers KERA, lumican (LUM), and aldehyde 

dehydrogenase 3 member A1 (ALDH3A1),5,7,8 as well as a reduced expression of 

corneal epithelial marker keratin 12 (KRT12)9,10 compared to the other epithelial 

subclusters (Figure 3b and Supplementary Figure S1). Putative doublet analysis of 

cluster E3 suggested epithelial–stromal keratocyte cell doublets (Supplementary 

Figure S2). Cluster E7 was identified as conjunctival epithelial cells based on high 

expression of conjunctival markers such as keratin 13 (KRT13), keratin 15 (KRT15), 

and keratin 19 (KRT19),11,12 and the low expression of the corneal epithelial marker 

KRT12 (Figure 3b and Supplementary Figure S1).  

 

Cells forming clusters E6, E8 and E8 showed increased expression of corneal limbal 

markers keratin 14 (KRT14)13,14, KRT15,15,16 and S100 calcium binding protein A2 

(S100A2)17 compared to the other identified clusters suggesting their location in the 

corneal limbus (Figure 3b and Supplementary Figure S1). Interestingly, cluster E6 

showed an increased expression of the superficial epithelium limbus marker17 S100 

calcium binding protein A8 (S100A8) compared with clusters E0 and E8 and a 

reduced expression of the basal corneal epithelial cell markers connexin 26 (GJB2), 

connexin 30 (GJB6), and integrin β4 (ITGB4),18–20 (Figure 3b and Supplementary 

Figure S1) leading to its identification as a population of wing/superficial epithelial 

cells in the limbus or peripheral cornea. Cluster E0 presented an increased expression 

of GJB6, and GJB2, which are predominantly found in basal corneal epithelium18 

suggesting these cells formed a basal corneal epithelial cell population in the limbal 

stem cell niche or peripheral cornea (Figure 3b and Supplementary Figure S1). 

Finally, the high expression of mitogenic factors Ki-67 (MKI67)21, survivin 

(BIRC5)22 and H2A histone family member X (H2AFX)23 in cluster E8, as well as 

the differential expression of transit-amplifying cell marker CD10924, suggested that 

cluster E8 was formed by highly proliferative transit-amplifying cells in the limbal 

stem cell niche or peripheral cornea (Figure 3b and Supplementary Figure S1). No 

quiescent limbal epithelial stem cells expressing ABCB5, ABCG2 and CD20024–27 

were identified in this dataset (Supplementary Figure S1).  
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Figure 2. The heatmap of the top 10 differentially expressed genes for each cluster showed distinct 

transcriptomic profiles for the five major cell clusters and allowed cell cluster identification.  
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Cluster E5 presented high expression of GJB6 and ITGB4 associated with basal 

epithelium18 and KRT12, and KRT3 associated with terminally differentiated corneal 

epithelium27–29, along with a reduced expression of KRT14 compared to clusters E6, 

E8, and E0, and no expression of KRT15, suggesting these cells were corneal 

epithelial basal cells originating from the limbus (Figure 3b and Supplementary 

Figure S1). Cluster E1 was identified as post-mitotic and terminally differentiated 

migratory epithelial cells based on the expression of genes associated with cell 

migration such as RHOV30 and tight junction formation and obliteration CLDN731 

together with a high expression of corneal epithelial cell markers KRT12, KRT3, and 

KRT5. This cluster retained a low expression level of KRT14, implying their limbal 

origin (Figure 3b and Supplementary Figure S1).  

 

(Figure 3 - legend on next page) 
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Cluster E4 was composed of cells with a high expression of KRT12, KRT3, and KLF5 

suggesting this cluster was terminally differentiated cells from the central corneal 

epithelium (Figure 3b and Supplementary Figure S1). The cells forming cluster E2 

presented a high expression of KRT12, KRT24, and CXCL17 associated with 

wing/superficial central epithelium (Figure 3b and Supplementary Figure S1). 

 

scRNAseq reveals novel specific markers for the corneal limbal stem cell niche 

and transit-amplifying cells 

Differential gene expression analysis of the basal corneal limbal epithelial cells 

(cluster E0), and the transit-amplifying cells (cluster E8), showed that genes 

encoding for caveolin-1 (CAV1), probable serine carboxypeptidase (CPVL), homer 

scaffolding protein 3 (HOMER3), and C-X-C motif chemokine 14 (CXCL14) were 

highly expressed in both clusters (Figure 3c), suggesting they could be markers of 

the human limbal stem cell niche. Moreover, the expression of the markers highly 

correlated in clusters E0 and E8 (Figure 3d), again suggesting their identity of 

corneal epithelial cells located in the limbal stem cell niche. Interestingly, a cluster 

of basal corneal epithelial cells (cluster E5) retained some expression of the 

identified markers, in line with the limbal origin annotated for this cluster.  

 

Figure 3. A major cluster of 5,964 corneal epithelial cells was identified with scRNAseq analysis. The 

UMAP revealed nine different cell subclusters: a cluster of basal limbal epithelial cells (E0), a cluster 

of migratory epithelial cells (E1), a cluster of wing/superficial epithelial cells (E2), a cluster of stromal-

epithelial doublets (E3), a cluster of central epithelial cells (E4), a cluster of basal central epithelial cells 

originating from the limbus (E5), a cluster of wing epithelial cells in the limbus (E6), a cluster of 

conjunctival cells (E7), and a cluster of highly proliferative transit-amplifying cell (E8) (a). Violin plots 

show marker genes for corneal epithelium (KRT12), central (CLDN7), superficial (KRT24), suprabasal 

(GJB6), basal (ITGB4), and limbal (KRT14) corneal epithelium, as well as proliferation (MKI67), 

conjunctival (KRT13) and stromal (KERA) markers, for the identification of cell subclusters (b). 

Differential gene expression identified novel epithelial limbal niche–specific markers and proliferative 

epithelial cell–specific markers, and are visualized as violin plots (c). Correlation analysis confirmed 

the co-expression of limbal niche–specific markers in peripheral/limbal epithelial cell populations (d). 
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To confirm these findings, expression of the markers in the corneal epithelial limbus 

and central cornea was assessed by immunofluorescence (Figure 4 and 

Supplementary Figure S3). Caveolin-1 and CXCL14 were expressed in the limbus 

of the cornea, whereas caveolin-1 was minimally expressed and CXCL14 absent in 

the central cornea (Figure 4 and Supplementary Figure S3). Interestingly, CXCL14 

was expressed in the suprabsal/superficial limbus and not in the limbal stem cell 

niche. Central basal corneal epithelial cells retained minimal expression of both 

ΔNp63 and caveolin-1 (Figure 4 and Supplementary Figure S3), suggesting their 

limbal origin. In contrast, HOMER3 and CPVL were expressed both in the limbus 

and in the central cornea, where central basal epithelial cells appeared to have higher 

expression (Figure 4 and Supplementary Figure S3). Caveolin-1 expression was 

further validated on human primary cultured corneal limbal epithelial cells, where it 

was expressed in ΔNp63-positive limbal epithelial stem cells (Supplementary Figure 

S4). 

 

Differential gene expression analysis on the transit-amplifying cells (cluster E8) 

revealed that the expression of CKS2, STMN1, and UBE2C was exclusive to this 

cluster. Expression of cyclin-dependent kinase 2, stathmin-1, and ubiquitin 

conjugating enzyme E2 C, was exclusive to the limbus and absent in the central 

cornea (Figure 4, Supplementary Figure S3, and Supplementary Figure S5). Cyclin-

dependent kinase 2 was further validated on human primary cultured corneal limbal 

epithelial cells, where it was expressed in in p63α-positive limbal epithelial stem 

cells (Supplementary Figure S6). 
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Figure 4. Immunofluorescence of caveolin-1 (CAV1), CXCL14 and CKS2 (red) on human corneal 

tissue cryosections confirmed differential protein expression in the limbus/periphery, and absence 

(CKS2, and CXCL14) or minimal expression (caveolin-1) in the central cornea. Basal corneal epithelial 

cells retained minimal expression of both ΔNp63 and caveolin-1, suggesting their limbal origin. 

HOMER3 and CPVL were expressed in the limbus, but also in the central cornea, where central basal 

epithelial cells appeared to have higher expression. P63 (ΔNp63 or p63α) was used as a corneal 

epithelial limbal cell marker (green). Cell nuclei were stained with DAPI (white). The yellow dashed 

line indicates the boundary between epithelium (above) and stroma (below). Scale bars represent 50 

μm. 

 

Four cell clusters were identified within the corneal stroma 

A major cluster of 12,344 corneal stromal cells was identified, and further analysis 

revealed four different subclusters of corneal stromal cells (S0-S3, Figure 5a). High 

expression of stromal keratocyte markers LUM, KERA, or ALDH3A15,7,8 suggested 

that clusters S0, S1 and S2 were stromal keratocytes (Figure 5b). Cluster S2 showed 
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increased expression of extracellular matrix proteins such as COL12A1, COL6A2, 

COL6A1, and LAMB2 suggesting these were activated keratocytes that played a 

crucial role in maintaining the corneal stromal extracellular matrix (Figure 5b and 

Supplementary Figure S7). Cluster S3 showed a decreased expression of keratocyte 

markers LUM, KERA, and ALDH3A1 and increased expression of the fibroblastic 

marker CD4432–34 compared to clusters S0, S1 and S2 (Figure 5b and Supplementary 

Figure S7). The myofibroblast-specific marker, α-smooth muscle actin (ACTA2),35,36 

was not detected in cluster S3 (Supplementary Figure S7), suggesting it is composed 

of keratocytes that are in transition to stromal myofibroblasts. 

 

 

Figure 5. A major cluster of 12,344 corneal stromal cells was identified with scRNAseq analysis. The 

UMAP revealed four different cell subclusters, three keratocyte clusters (S0-S2), with one having a 

high extracellular matrix protein secretion profile (S2) and a cluster of keratocytes transitioning to 

stromal myofibroblasts (S3) (a). Violin plots show marker genes for stromal keratocytes (KERA and 

LUM), stromal fibroblasts (CD44), collagen (COL6A2 and COL12A1) secretion for the identification 

of cell subclusters, and NNMT expression exclusive to the stroma within the cornea (b). Single cell 

expression level UMAP of NNMT further confirms differential expression of NNMT in the stromal 

cluster (c). 
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Finally, differential gene expression analysis of the major stromal cluster compared 

to the clusters associated with the corneal epithelial and endothelial layers identified 

that the expression of nicotinamide N-methyltransferase (NNMT) was exclusive to 

the corneal stromal cluster, suggesting that this gene could be used as a novel corneal 

stromal marker (Figure 5b and c). 

 

Two cell clusters were identified within the corneal endothelium 

A major cluster of 842 corneal endothelial cells was identified and further analysis 

revealed two different subclusters of corneal endothelial cells (En0-1, Figure 6a). 

Both clusters showed expression of corneal endothelial cell markers CD166 

(ALCAM) and sPrdx1 (PRDX1)37,38 and functional markers Na+/K+ ATPase 

(ATP1A1)6 and sodium bicarbonate transporter-like protein 11 (SLC4A11)6 

confirming the corneal endothelial phenotype (Figure 6b and Supplementary Figure 

S7). Differential expression analysis revealed that cluster En0 possessed a lower 

expression of tight junction protein zona occludens-1 (TJP1)6 and focal adhesion 

regulator microtubule-actin cross-linking factor-1 (MACF1)39 compared to cluster 

En1 (Figure 6b), suggesting cells in cluster En0 could preferentially migrate upon 

corneal endothelial damage to contribute to tissue repair. Furthermore, cluster En1 

possessed a higher expression of COL4A3 (Figure 6b) suggesting these cells could 

play an important role on Descemet’s membrane homeostasis. Interestingly, both 

clusters retained expression of PITX2, a periocular mesenchyme marker associated 

with progenitor endothelial cells.40,41 No endothelial fibroblasts were identified, 

evidenced by the absence of ACTA2 and CD44 (Supplementary Figure S8). 
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Figure 6. A major cluster of 842 corneal endothelial cells was identified with scRNAseq analysis. The 

UMAP revealed two different endothelial cell subclusters, a cell cluster with high collagen synthesis 

(En2) and another cell cluster with low tight junction and focal adhesion protein expression (En1)  (a). 

Violin plots show marker genes for corneal endothelium (ALCAM), ion and bicarbonate transporters 

(ATP1A1 and SLC4A11 respectively), tight junction proteins (TJP1), focal adhesion protein regulator 

(MACF1), collagen secretion (COL4A3) and periocular mesenchyme (PITX2) (b). 
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Discussion 

Gaining transcriptomic information at the single cell level of human corneal cells 

enables a greater understanding of this heterogeneous tissue. In this study, we have 

performed a scRNAseq analysis of the healthy cornea to create a comprehensive cell 

atlas of the human cornea (Figure 7). Moreover, scRNAseq analysis enabled the 

identification of novel markers of the limbal epithelial stem cell niche, transit-

amplifying cells, and stromal keratocytes. The data generated can serve as a 

reference cell atlas with a major impact in the further improvement and development 

of cell replacement therapies or regenerative medicine approaches for treating 

corneal blindness. This research further complements scRNAseq analysis of the 

developing human cornea42 and of the human corneal limbus43,44. 

 

The corneal epithelium appeared to be the most heterogeneous corneal layer with 9 

identified cell clusters. The transcriptomic signature of epithelial cells from the basal, 

wing and superficial layers of both central and limbus/peripheral cornea were 

identified. A population of conjunctival epithelial cells was detected (cluster E7; 

Figure 3), likely representing contamination from the dissection process. Moreover, 

a cluster of highly proliferative transit-amplifying cells (cluster E8) was detected. 

No quiescent limbal epithelial stem cells expressing ABCB5, TCF4, CD200 and 

ABCG2 were identified (Supplementary Figure S1). This result is in line with the 

study of Li et al., where out of 16,360 cells specifically isolated from the adult 

corneal limbus region, only 69 cells were identified as limbal epithelial stem cells, 

corresponding with 0.4% of the total sequenced cells.43 Because our data present 

sequencing information of 5,964 corneal epithelial cells, it is possible that there 

might not have been enough sequencing depth to detect such a rare population. 

Moreover, and in line with these results, in a recent study by Dou et al., expression 

of ABCB5 and ABCG2 was also minimally detected 47,627 cells isolated from the 

human corneal limbus, and was also associated to limitations in the sequencing 

depth.44 These are opposing findings to the results presented by Collin et al. 2021, 
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where a major cluster of 893 (4%) limbal progenitor/stem cells was detected in a 

pool of 21,343 sequenced cells isolated from corneoscleral buttons.42 

 

 

Figure 7. scRNAseq data analysis identified nine epithelial, four stromal and two endothelial corneal 

cell clusters. This figure presents a summary of the cell type and location of each cluster in the healthy 

human cornea, generating a comprehensive cell census of the healthy human cornea. In the epithelium: 

a cluster of basal limbal epithelial cells (E0), a cluster of migratory epithelial cells (E1), a cluster of 

wing/superficial epithelial cells (E2), a cluster of stromal-epithelial doublets (E3), a cluster of central 

epithelial cells (E4), a cluster of basal central epithelial cells originating from the limbus (E5), a cluster 

of wing epithelial cells in the limbus (E6), a cluster of conjunctival cells (E7), and a cluster of highly 

proliferative transit-amplifying cell (E8). In the stroma: three keratocyte clusters (S0-S2), with one 

having a high extracellular matrix protein secretion profile (S2) and a cluster of keratocytes 

transitioning to stromal myofibroblasts (S3). In the endothelium: a cell cluster with high collagen 

synthesis (En2), and a cell cluster with low tight junction and focal adhesion protein expression (En1). 
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Differential analysis identified the expression of CAV1, HOMER3, CXCL14, and 

CPVL to be exclusive to cell clusters comprising the corneal epithelial stem cell 

niche (Figure 3). In line with our findings, Collin et al. recently reported the 

exclusivity of CXCL14 and CPVL to the corneal epithelial stem cell niche.42 

Immunofluorescence analysis confirmed the expression of caveolin-1 and CXCL14 

in the limbus, and their absence in the central cornea (Figure 4). Nevertheless, 

CXCL14 was expressed in the superficial layers of the limbus but not the limbal 

stem cell niche. HOMER3 and CPVL were both expressed in the limbus, and in the 

central cornea, where central basal epithelial cells appeared to retain higher 

expression of these markers (Figure 4). We further validated the finding of caveolin-

1 with immunofluorescence in primary cultured limbal stem cells (Supplementary 

Figure S4). These results suggest that caveolin-1 could be used for the identification 

of epithelial limbal stem cells, with the advantage that it is a cell membrane marker, 

whereas p63 is expressed in the nucleus. This could open the door to isolating and 

enriching these cells for regenerative therapies.  

 

Furthermore, our study also revealed novel makers specific to transit-amplifying 

cells, namely CKS2, STMN1, and UBE2C. We further validated these findings with 

immunofluorescence, and confirmed their expression in the limbus and periphery of 

human corneas. Furthermore, expression of CKS2 was also assessed in primary 

cultured limbal stem cells (Supplementary Figure S6), suggesting this is a suitable 

marker for identifying highly proliferative transit-amplifying cells. Interestingly, 

primary limbal cells expressing a lower level amount of ΔNp63 and p63α, based on 

fluorescence intensity, also showed a reduced expression of caveolin-1 and cyclin-

dependent kinase 2 respectively (Supplementary Figures S4 and S6). Interestingly, 

two recent studies also reported STMN1 and UBE2C to be specific markers of limbal 

transit amplifying cells.43,45 Finally, in a 2019 single cell transcriptome study, Kaplan 

et al. hypothesized that the stemness of mouse limbal epithelial stem cells could be 

regulated through autophagy.46 The identification of caveolin-1, a facilitator of 

caveolin-mediated endocytosis, as a marker of the human corneal limbus in our study 
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could support this hypothesis. Nevertheless, further research is required to confirm 

this theory. 

 

It is important to highlight that as previously reported, the corneal epithelium sheds 

superficial layers when corneas are preserved in media47 and it is very likely that this 

cell atlas does not fully portray the most superficial layer of corneal epithelial cells. 

Two types of cornea preservation conditions, namely in Optisol-GS medium and 

organ culture medium, were used for this research, in line with clinical practice in 

the United States of America and Europe, respectively. No major differences in cell 

clustering were found between preservation conditions. 

 

Three clusters of the corneal stroma were identified as corneal keratocytes (clusters 

S0, S1 and S2; Figure 5). Cluster S2 was identified as cells with a key role in 

extracellular protein secretion to maintain the homeostasis of the stroma. 

Furthermore, we identified a cluster (S3) of keratocytes transitioning to 

myofibroblasts, though a fully differentiated myofibroblast phenotype expressing 

alpha smooth muscle actin was not identified. Interestingly, our analysis did not 

identify a population of corneal stromal stem cells expressing ABCB5 and ABCG2, 

as previously identified by Funderburgh and colleagues. 48–50 Our hypothesis is that 

the expression of these genes is induced by the primary expansion of corneal 

keratocytes and is not found in the cornea.48–50 Finally, differential gene expression 

analysis identified that the expression of NNMT was exclusive to the corneal stroma, 

suggesting this could be used as a novel marker to identify corneal stromal cells. 

Interestingly, the study by Li et al. reported differential expression of NNMT in a 

cluster of 69 quiescent limbal stem cells expressing ABCB5 and ABCG2.43 As 

previously mentioned, perhaps due to limitations in sequencing depth, we did not 

find a population of limbal stem cells expressing ABCB5 and ABCG2, and therefore 

unable to confirm these results. Since Li and colleagues did not include a population 

of corneal stromal cells in their differential analysis, it also explains why NNMT was 

not detected as a stromal marker in their study. It is possible that NNMT is expressed 
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specifically in both ABCB5+/ABCG2+ quiescent limbal stem cells and in corneal 

stromal cells. 

 

Two cell clusters were identified forming the corneal endothelium (Figure 6). Both 

clusters showed high expression of corneal endothelial markers such as CD166 

(ALCAM), sPrdx1 (PRDX1), ZO-1 (TJP1), or SLC4A11, confirming the endothelial 

phenotype. Nevertheless, expression of CD200, reported as corneal endothelial cell 

marker in a previous study,51 was not detected in our dataset, suggesting it might not 

be a specific marker for corneal endothelial cells. Despite sharing great similarity, 

one of the clusters (En1) expressed more extra cellular matrix proteins, suggesting 

that these cells could play a crucial role on maintaining the Descemet’s membrane. 

Cell cluster En0 showed lower expression of tight junction proteins and focal 

adhesions, suggesting these cells could preferentially migrate upon corneal 

endothelial damage and contribute to tissue repair via migration or cytosolic 

expansion. Interestingly, our study did not detect a population of precursor 

endothelial cells, as discussed in previous studies.52,53 Nevertheless, both corneal 

endothelial cell clusters detected retained expression of PITX2, a marker associated 

with neural crest-derived corneal endothelial cell precursors.40,41 These data suggests 

that it is highly possible that a progenitor-like state is not exclusive to the peripheral 

corneal endothelium but to cells across the endothelium. 

 

Interestingly, no corneal endothelial fibroblasts were detected in this study, indicated 

by the lack of expression of fibroblastic markers α-smooth muscle actin (ACTA2) 

and CD44 (Supplementary Figure S8), which is in contrast to a previous report.42 It 

is likely that the bulk enzymatic corneoscleral tissue desegregation performed by 

Collin et al., affected the susceptible corneal endothelial cells, causing endothelial 

cells transcriptomic bias portrayed in scRNAseq dataset, as showed in other 

studies.54,55 We performed a more gentle approach to obtain single endothelial cells 

for sequencing, first dissecting the tissue and mechanically stripping the endothelium 
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from the cornea, and then treating the endothelial cells with a shorter enzymatic 

digestion.      

 

Overall, this study provides significant information to help understand the 

heterogeneity of the healthy human cornea, as well as understanding the gene 

expression stratification across cells present in the same corneal layer, while 

providing novel markers to identify specific cell types. Moreover, this transcriptomic 

cell atlas offers a baseline for future studies with the aim of regenerating corneal 

tissue or further developing corneal cell replacement therapies. 
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Supplementary Information 

Supplementary Figure S1 

  

Supplementary Figure S1. Violin plots show additional marker genes for the identification of corneal 

epithelial clusters. 
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Supplementary Figure S2 

 

Supplementary Figure S2. Putative doublets were computationally identified using scDblFinder 

(v1.2.0) and epithelial cell cluster E3 was identified as a cluster of stromal-epithelial doublets.  
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Supplementary Figure S3 

 

Supplementary Figure S3. Immunofluorescence of caveolin-1 (CAV1), CXCL14 and CKS2 (red) on 

human corneal tissue cryosections confirmed differential protein expression in the limbus/periphery, 

and absence (CKS2, and CXCL14) or minimal expression (caveolin-1) in the central cornea. Basal 

corneal epithelial cells retained minimal expression of both ΔNp63 and caveolin-1, suggesting their 

limbal origin. HOMER3 and CPVL were expressed in the limbus, but also in the central cornea, where 

central basal epithelial cells appeared to have higher expression. P63 (ΔNp63 or p63α) was used as a 

corneal epithelial limbal cell marker (green). The yellow dashed line indicates the boundary between 

epithelium (above) and stroma (below). Scale bars represent 50 μm.  
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Supplementary Figure S4 
 

 

Supplementary Figure S4. Immunofluorescence analysis of caveolin-1 (CAV1) expression in primary 

cultured human corneal limbal epithelial stem cells. Limbal epithelial stem cells expressing ΔNp63 (a, 

green) also showed expression of caveolin-1 (b, red), as observed in the image overlay (d). Cell nuclei 

were stained with DAPI (c). These results suggest caveolin-1 could be a selective marker for corneal 

limbal stem cells. Scale bars represent 100 μm. 
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Supplementary Figure S5 

 

Supplementary Figure S5. Immunofluorescence of UBE2C and stathmin-1 (STMN1) on human 

corneal tissue cryosections confirmed differential protein expression in the limbus/periphery, and 

absence in the central cornea. P63 (ΔNp63 or p63α) was used as a corneal epithelial limbal cell marker 

(green). Cell nuclei were stained with DAPI (white). The yellow dashed line indicates the boundary 

between epithelium (above) and stroma (below). Scale bars represent 50 μm. 
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Supplementary Figure S6 

 

Supplementary Figure S6. Immunofluorescence analysis of cyclin-dependent kinase 2 (CKS2) 

expression in primary cultured human corneal limbal epithelial stem cells. Limbal epithelial stem cells 

expressing p63α (a, green) also showed expression of CKS2 (b, red), as observed in the image overlay 

(d). Cell nuclei were stained with DAPI (c). Scale bars represent 100 μm. 
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Supplementary Figure S7 

 

Supplementary Figure S7. Violin plots show additional marker genes for the identification of corneal 

stromal clusters. 
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Supplementary Figure S8 

 

Supplementary Figure S8. Violin plots show additional marker genes for the identification of corneal 

endothelial clusters. 
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Supplementary Figure S9 

In line with the study by Collin et al. 2021,1 our scRNAseq study shows differential 

expression of SARS-CoV-2 entry receptors ACE2, TMPRSS2, TMPRSS42-4 in the 

corneal epithelium, and NRP15 in both corneal epithelium and stroma. This results 

are in line with the hypothesis of the cornea as a potential SARS-CoV-2 entry site 

(Supplementary Figure S7). Finally, the lack of SARS-CoV-2 entry receptors in the 

corneal endothelium (Supplementary Figure S7), the most often selectively 

transplanted corneal layer, supports the safety of donor tissue for endothelial 

keratoplasty. 

 

 

Supplementary Figure S9. Single cell transcriptome expression level UMAP of SARS-CoV-2 cell 

receptor ACE2 (a) and receptor-associated NRP1 (b), TMPRSS2 (c), and TMPRSS4 (d) protein 

expressing genes. 
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Abstract 

The primary culture of donor-derived human corneal endothelial cells (CECs) is a 

promising cell therapy. It confers the potential to treat multiple patients from a single 

donor, alleviating the global donor shortage. Nevertheless, this approach has 

limitations preventing its adoption, particularly culture protocols allow limited 

expansion of CECs and there is a lack of clear parameters to identify therapy-grade 

CECs. To address this limitation, a better understanding of the molecular changes 

arising from the primary culture of CECs is required. Using single-cell RNA 

sequencing on primary cultured CECs, we identify their variable transcriptomic 

fingerprint at the single cell level, provide a pseudo temporal reconstruction of the 

changes arising from primary culture, and suggest markers to assess the quality of 

primary CEC cultures. This research depicts a deep transcriptomic understanding of 

the cellular heterogeneity arising from the primary expansion of CECs and sets the 

basis for further improvement of culture protocols and therapies. 
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Introduction 

The cornea is the transparent window transmitting light into the eye. The inner part 

of this avascular tissue is covered by a monolayer of hexagonal corneal endothelial 

cells (CECs)1 that maintain corneal transparency and hydration by their pump and 

barrier function.2 Human CECs are arrested in a non-proliferative state and lack 

regenerative capacity. Consequently, damage to CECs due to surgery, inherited 

diseases, or acquired conditions results in irreversible corneal oedema, impairing 

vision.3  

 

Corneal transplantation is the current therapy for treating corneal endothelium 

dysfunction. Still, only one donor cornea is available for every 70 patients in need, 

leaving 12.7 million people awaiting treatment worldwide.4 A first landmark clinical 

trial showed that primary cultivated CECs can restore corneal transparency, breaking 

the one-donor–one-recipient paradigm.5,6 Encouraged by the long-term success of 

this therapy,7 clinical trials are ongoing in Japan (UMIN000034334 and 

UMIN000012534), Mexico (NCT04191629) and Singapore (NCT04319848) to 

assess the therapeutic potential of cultured CECs.   

 

Nonetheless, the transplantation of cultured CECs has limitations preventing its 

wider adoption. Primary CEC cultures are only successful when derived from donors 

younger than 45 years of age, limiting the pool of donor corneas suitable for this 

technique. Furthermore, cultures become heterogeneous over time, and significant 

alterations diminishing the cell phenotype and functionality are observed after the 

second passage.8 Notably, there is a lack of clear parameters to identify therapy-

grade cells.9 Recently, cell morphology10 and a set of markers: CD44, CD105, CD24, 

and CD133, also referred to as the E-ratio, have been used as exclusion criteria for 

therapy-grade CECs.11 If we were able to identify additional or other cell-specific 

markers we could selectively assess and enrich for therapy-grade CECs. 
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To deconstruct the heterogeneity and gain knowledge on the alterations arising from 

the primary culture of CECs , we used single-cell RNA sequencing (scRNA-Seq) to 

profile 42,220 primary human CECs from six corneas of three donors at five time 

points over three passages in culture. Our analysis revealed that the culture 

diversified over time into heterogeneous subpopulations including cells less 

desirable for therapy that were entering a senescent or fibrotic state. We identified 

markers that can be used in combination to assess for therapy-grade cells and enrich 

for desired cell populations. Pseudo time analysis further uncovered the different 

trajectories arising during culture. Together, our study sheds light on the various 

routes followed by CECs in culture, identifies novel markers to increase culture 

efficiency, and presents a roadmap to improve culture protocols.  
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Materials and methods 

Research-grade donor human corneas and ethical statement  

This study was performed in compliance with the tenets of the Declaration of 

Helsinki. All research-grade human donor corneas used for primary culture were 

obtained from the Lions Eye Institute for Transplant & Research (Tampa, USA), 

with informed consent from the next of kin. The research involving human-derived 

corneas was performed in accordance to Maastricht University and Dutch national 

regulations. All corneas had an endothelial cell density of at least 2800 cells/mm2, 

deemed unsuitable for transplantation, and were preserved in Optisol-GS at 4°C for 

up to 14 days prior to their use (Table 1). 

 

Table 1. Donor cornea information. COD= cause of death, GI= Gastrointestinal, MVA= motor vehicle 

accident, ECD= endothelial cell density, OS= oculus sinister, OD= oculus dexter. 

Donor Sex Age (years) Preservation time (days) COD ECD OS/OD (cells/mm2 ) 

Donor 1 Male 34 12 Trauma 3195/2917 

Donor 2 Male 29 11 GI bleed 2832/2878 

Donor 3 Female 27 14 MVA 2861/3159 

 

Isolation and culture of primary human corneal endothelial cells 

Six paired corneas, from two male and one female donor aged 27 to 34 years, were 

used for isolation and primary culture of endothelial cells. Donors had no history of 

ocular disease, chronic systemic disease, or pathological infection such as HIV, 

Hepatitis B and C, HTLV-I/II, syphilis, or SARS-CoV-2.  

 

Prior to isolation, the endothelial–Descemet’s corneal layer was manually stripped 

as follows: the corneas were vacuum fixed in a punch base (e.janach) endothelial cell 

side up and trephined with a 10 mm Ø corneal punch at a fixed depth of 100 μm 

(e.janach). To delimit the endothelial trephined line, corneas were stained with a 

trypan blue solution (0.4%) for 30 s, and washed with balanced salt solution sterile 

irrigating solution (BSS; Alcon). The corneal endothelium was then gently lifted 
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using a DMEK cleavage hook (e.janach) and fully stripped using angled McPherson 

tying forceps.  

 

Human corneal endothelial cells were isolated and cultured as previously reported.5 

Briefly, the stripped endothelium–Descemet’s layer was incubated with 2 mg/ml 

collagenase A (Roche) solution in human endothelial serum free media (SFM) 

(Thermo Fisher Scientific) for 2–5 h at 37°C followed by a 5 min incubation in 

TrypLE express (Thermo Fisher Scientific) to generate small clumps of corneal 

endothelial cells. Cells from each cornea were seeded equally across 2 wells of a 24-

well plate coated with fibronectin collagen (FNC) coating mix (Athena Enzyme 

Systems) in M5 stabilization media (human endothelial SFM (Thermo Fisher 

Scientific) supplemented with 5% fetal bovine serum (FBS), 100 U/mL penicillin–

streptomycin, and 0.25 μg/mL amphotericin B) supplemented with 10 μM Y-27632 

(STEMCELL Technologies). Subsequently, corneal endothelial cells were cultured 

in M4 proliferation medium (1:1 Ham’s F12 (Thermo Fisher Scientific) and M199 

(Thermo Fisher Scientific) supplemented with 5% FBS, 20 μg/mL ascorbic acid 

(Sigma), 1 × ITS (Thermo Fisher Scientific), 10 ng/mL human recombinant bFGF 

(Sigma), and 10 μM Y-27632 (STEMCELL Technologies)); media was refreshed 

every other day. Upon reaching 90% confluency, after approximately 8–10 days of 

culture, cells were cultured in M5 stabilization media for 7 days. After this, corneal 

endothelial cells were treated with TripLE express and passaged into wells pre-

coated with FNC-coating mix at a seeding density of 10,500 cells/cm2 in M5 

stabilization medium. All cell culture was performed in incubators with humidified 

atmosphere of 37°C and 5% CO2. 

 

Preparation of single cell suspension and methanol fixation 

Cells from five different culture time points were methanol fixed for sequencing. 

Namely, cells at days 2 and 5 of culture after isolation in M4 proliferation media at 

passage 0, and cells at confluency after 7 days of culture in M5 stabilization media, 

at passages 0, 1, and 2. 
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To generate a single cell suspension, primary cultured corneal endothelial cells were 

treated with TripLE express for approximately 30 min at 37°C. Then cells were 

centrifuged for 5 min at 800 × g and resuspended in 1 mL ice-cold Dulbecco’s 

phosphate-buffered saline (DPBS). Next, the cells were centrifuged for 5 min at 800 

× g and resuspended in ice-cold DPBS at a ratio of 200 μL DPBS/1 × 106 cells, 

followed by the dropwise addition of ice-cold methanol at a ratio of 800 μL DPBS/ 

1 × 106 cells. The fixed cell suspensions were stored at -80°C until sequencing. 

 

Single-cell RNA sequencing 

scRNAseq of primary cultured CECs was performed at Single Cell Discoveries 

(Utrecht, the Netherlands) following standard 10× Genomics 3’ V3.1 chemistry 

protocol. Cells were rehydrated and loaded on the 10× Chromium controller as 

follows. Approximately 10,000 cells were loaded per each sample specified in Table 

2. The resulting sequencing libraries were prepared following a standard 10× 

Genomics protocol and sequenced with an Illumina NovaSeq 6000 platform; read 

length: 150 bp, paired-end. 

 

Table 2. 10x genomics sample loading and library information 

Library Donor and time point (cell count ratio) 

G1 Donor 3 day 5 proliferation + donor 2 confluency passage 0 (1:3) 

G2 Donor 3 confluency passage 0 + donor 2 day 5 proliferation (3:1) 

G3 Donor 3 confluency passage 1 + donor 1 day 2 proliferation (3:1) 

G4 Donor 3 confluency passage 2 + donor 2 day 2 proliferation (3:1) 

G5 Donor 1 confluency passage 0 

G6 Donor 1 confluency passage 1 

G7 Donor 1 confluency passage 2 

G8 Donor 2 confluency passage 1 

G9 Donor 2 confluency passage 2 

 

Bioinformatic analysis of scRNA-seq data 

The BCL files resulting from sequencing were transformed to FASTQ files with 10× 

Genomics Cell Ranger mkfastq following its mapping with Cell Ranger count. 
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During sequencing, Read 1 was assigned 28 bp, and were used for identification of 

the Illumina library barcode, cell barcode and unique molecular identifier (UMI). R2 

was used to map the human reference genome GRCh38. Filtering of empty barcodes 

was done in Cell Ranger. The data from all samples were loaded in R (version 

4.2.0)12 and processed using the Seurat package (version 4.1.1).13 More specifically, 

for each library a UMI cutoff was used to filter out low quality cells because of the 

differences between the libraries (i.e. g1 – 500, g2 – 3000, g3 – 500, g4 – 1313, g5 

– 4000, g6 – 4000, g7 – 4000, g8 – 4000, g9 – 4000) (Table 2). Additionally, cells 

with less than 10% mitochondrial gene content were retained for analysis. The data 

of all 10× libraries were merged and processed together. The merged dataset was 

normalized for sequencing depth per cell and log-transformed using a scaling factor 

of 10,000. The multiplexed samples were demultiplexed based on their snp profile 

using Souporcell.14 Briefly, the bam file and barcodes of each library were used as 

input together with the reference genome GRCh38. Besides the default parameters, 

the number of clusters was set to the number of multiplexed samples per library. The 

demultiplexing information for each cell was added to the metadata object in Seurat. 

The patient and library effect was corrected using Harmony,15 as implemented in 

Seurat and used for dimensionality reduction and clustering of all cells. Cells were 

clustered using graph-based clustering and the original Louvain algorithm was 

utilized for modularity optimization. The differentially expressed genes per cluster 

were calculated using the Wilcoxon rank sum test and used to identify cell types. 

Putative doublets were computationally identified using scDblFinder (version 

1.2.0)16 but did not compose a separate cluster and therefore were not removed from 

the dataset (Figure S9). Pseudo time analysis was performed using the Monocle-3 

package (version 1.0.0).17 Gene set enrichment analysis was performed on lists of 

differentially regulated genes without prefiltering step. Gene lists were preranked 

using the signed -log10 (P adj) and subjected to enrichment analysis using fgsea 

package (version 1.22.0)18 and gage (version 2.46.1)19 with curated and hallmark 

gene sets from MSigDB Collections (version 7.5.1).20,21 To prune selectively the 

resulting pathways and GO terms, enrichment was considered when up- or 
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downregulated gene sets were detected using both methods. The CEC dataset was 

integrated with the previously published cornea atlas.22 The library effect was 

corrected for using harmony, followed by dimensionality reduction. The cluster 

information from the separate analysis was used to overlay in 2D space. The cell 

type of the atlas cells was predicted using the CEC confluency dataset using the cell 

label transfer functionality from Seurat.  

 

Immunofluorescence 

Primary cultured CECs at time point confluency passage 2 deriving from all three 

donors were used for immunofluorescence analysis. CECs were fixed in 4% PFA for 

15 min at ambient temperature and the cells were permeabilized with 0.1% (v/v) 

Triton X-100 in phosphate buffered saline (PBS) for 10 min. After permeabilization, 

non-specific antibody interactions were blocked with blocking buffer (2% (w/v) 

BSA solution in PBS) for 1 h at ambient temperature. CECs were incubated 

overnight at 4°C with primary antibodies mouse monoclonal anti-CD166 [3A6] 

(1:200 dilution, BD Biosciences), rabbit polyclonal anti-ZO1 (1:100 dilution, 

Thermo Fisher Scientific), mouse monoclonal anti-CD44 [Hermes-3] (1:400 

dilution, Abcam), rabbit polyclonal anti-VMO1 (1:100 dilution, Prestige 

Antibodies), rabbit polyclonal anti-THBS2 (1:100 dilution, Abcam), rabbit 

monoclonal anti-CD10 [EPR22867-118] (1:100 dilution, Abcam), rabbit 

monoclonal anti-NCAM1 [CAL53] (1:100 dilution, Abcam), and rabbit polyclonal 

anti-CGNL1 (1:200 dilution, Atlas antibodies) diluted in blocking buffer. After 

primary antibody incubation, tissues were washed three times in PBS and then 

incubated with secondary antibodies goat anti-mouse A488 (1:400 dilution; Thermo 

Fisher Scientific), and donkey anti-rabbit A568 (1:400 dilution; Thermo Fisher 

Scientific) diluted in blocking buffer for 50 min at ambient temperature in the dark. 

Cell nuclei were stained with 1 μg/mL Hoechst 33342 (Thermo Fisher Scientific) for 

10 min. The CEC samples were then washed three times in PBS and examined on 

an Eclipse Ti-E inverted microscope (Nikon) equipped with an X-Light V2-TP 

spinning disk (Crest Optics).  
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Statistical and quantitative analysis of scRNAseq data 

All the statistical analysis for scRNAseq were performed in R (version 4.2.0) with 

the packages described in the methods detail section. Briefly, differentially 

expressed genes were detected using a Wilcoxon Rank-Sum test, statistical 

significance was defined as p < 0.01. GSEA revealed differentially enriched gene 

sets from MSigDB Collections, statistical significance was defined as p < 0.05. 
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Results 

scRNAseq reveals different subpopulations of CECs arising from primary 

culture 

Six paired human corneas, from two male and one female donor (Table 1), were used 

for isolation, primary culture, and scRNAseq of CECs (Figure 1A). Cells from five 

different time points in culture were loaded for sequencing as specified in Table 2. 

Namely, cells at days 2 and 5 of culture after their isolation in M4 proliferation media 

at passage 0, and cells at passages 0, 1, and 2, at confluency after 7 days of culture 

in M5 stabilization media. The cultures showed characteristic CEC morphology over 

time (Figure 1B, Figure S1) and expressed the desired CEC proteins such as CD166 

and zonula occludens-1 (ZO-1) (Figure 1c). 

 

After filtering for cells with a minimum of 1,000 transcripts, the transcriptome 

profiles of 42,220 cells were embedded in a uniform manifold approximation and 

projection (UMAP). Cells from all donors were distributed homogeneously across 

the UMAP (Figure S2). Unbiased low-resolution clustering revealed six major cell 

clusters (Figure 2A), all of which expressed CEC markers ALCAM (CD166), 

PRDX6, SLC4A11, PITX2, and ATP1A1,9,23,24 confirming their endothelial identity 

(Figure 2B). The absence of keratocyte markers CD34, KERA, and ALDH1A1,25,26 

and epithelial markers KRT12, KRT14, and PAX627,28 confirmed the absence of 

contaminating cell types from corneal stroma and epithelium (Figure S3). 

Differential gene expression profiling was used for cluster identification.  
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Figure 1. Human CECs were successfully isolated and cultured for scRNAseq 

(A)  Schematic representation of the experimental overview. 

(B)  Phase contrast images of CEC over the different time points selected for scRNAseq confirm 

the desired hexagonal morphology of the cells. Scale bars represent 100 μm. 

(C)  Immunofluorescence assessment of CEC markers CD166 and ZO-1 confirm the phenotype 

of the primary cultured cells at passage 2. Scale bars represent 50 μm. 
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Figure 2. scRNAseq analysis reveals distinct clusters of primary cultured CECs 

(A)  UMAP of the 42,220 sequenced cells reveals six cell clusters. 

(B)  Gene expression UMAP of typical CEC markers namely ALCAM (CD166), PRDX6, PITX2, 

SLC4A11, and ATP1A1 confirms the endothelial identity of the sequenced cells. 

(C)  Violin plots of show gene expression for markers of endothelium (ALCAM, COL4A3), 

senescence (CDKN2A, TAGLN), proliferation (MKI67, CENPF), and fibrosis (CD44, 

ACTA2). 

(D)  Bar charts show the distribution of cells of each donor per cluster (top) and the time point 

composition of each cluster (bottom). 

 

Clusters 0 and 5 presented increased differential gene expression of typical CEC 

markers, SLC4A11, COL4A3,23 CDH2,29 and ALCAM, compared to the other 

sequenced cells, suggesting these clusters were composed of therapy-grade CECs 

(Figure 2C and S4). Cluster 1 was identified as CECs transitioning towards a 

senescent phenotype due to the high differential expression of senescence markers 

such as MT2A,30 CDKN2A (p16),31 and TAGLN 32 (Figure 2C and S4). Cluster 2 was 
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composed of highly proliferative CECs expressing MKI67, 33 CENPF, 34 and 

PTTG135 (Figure 2C). Cluster 4 was composed of fibrotic CECs with increased 

differential expression of ACTA2 (α-smooth muscle actin (SMA)),36 CD44,37 and 

COL6A138 (Figure 2C and S4). Finally, our analysis revealed that cluster 3 was 

mainly composed of cells in passage 0 (at both day 2 and day 5) (Figure 2D) that 

differentially expressed ribosomal-associated genes (Figure S5). This finding 

suggested that cells at an early culture stage clustered together due to the necessary 

adaptation to in vitro culture conditions and the use of proliferation media, which led 

us to further explore the cells that had been cultured to confluency in passages 0, 1 

and 2. 

 

scRNAseq reveals seven distinct subpopulations of primary cultured CECs at 

therapeutically relevant time points 

To identify the meaningful differences at therapeutically relevant time points and 

remove the clustering bias introduced by the adaptation to primary culture conditions 

after cell isolation, we separately analyzed the CECs at confluency in passages 0, 1, 

and 2. These time points are the most therapeutically relevant, as CECs are most 

suitable for therapy after 7 days in M5 stabilization media up to passage 2.8,39  

 

After removing sub-confluent cells from day 2 and day 5 (in passage 0) of culture, 

the transcriptome profiles of 37,158 CECs at confluency in passages 0, 1, and 2 were 

embedded in a UMAP. Unbiased low-resolution clustering revealed seven cell 

clusters (Figure 3A) with distinct transcriptomic signatures. Cells from all donors 

were distributed homogeneously across the UMAP (Figure S6). Differential gene 

expression analysis was used for identification of each cell cluster (C0–C6).  
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(Figure 3 - legend on next page) 
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Increased differential expression of typical CEC markers, such as COL4A6,23 

SLC4A11, ATP1A1, COL4A3, and CDH2 suggested that clusters C0 and C1 were 

composed of therapy-grade CECs (Figure 3B and S7). Further analysis by gene set 

enrichment analysis (GSEA) revealed that highly metabolically active cells 

comprised these clusters (Figure 3C), with a distinct hallmark for oxidative 

phosphorylation in cluster C0 (Figure 3D). These markers are also found in native 

functioning human CECs, suggesting these cells were therapy-grade CECs. Cluster 

C3 was composed of proliferating CECs with differential high expression of MKI67 

(KI-67), CENPF, and PTTG1 (Figure 3B and S7). GSEA further confirmed enriched 

gene sets and significant hallmarks related to cell proliferation (Figure 3C, D).  

 

 

 

 

Figure 3. scRNAseq analysis reveals seven distinct CEC clusters at therapeutically relevant time 

points 

(A) UMAP of the 37,158 cells at confluency time points reveals seven cell clusters. 

(B)  Violin plots show gene expression for markers of endothelium (SLC4A11, ALCAM, 

ATP1A1), proliferation (MKI67), senescence (CDKN2A, TAGLN), fibrosis (CD44, ACTA2), 

and extracellular matrix production (COL4A2).  

(C)  Gene set enrichment analysis (GSEA) reveal differentially expressed gene sets across cell 

clusters (p <0.05). 

(D)  Significant differentially expressed hallmark gene sets across clusters (p <0.05) show 

endothelial to mesenchymal transition in lower quality CEC clusters C2, C4 and C5; and 

proliferation hallmarks in cluster C3. 

(E)  Bar charts show composition of cell clusters across the different sequenced samples (left), 

and across the different time points (right). 

(F) Heatmap of the top 50 differentially expressed genes across clusters C3 and C5 (p <0.01) 

shows a subpopulation of CEC within cluster C3 that highly resembles the cells comprising 

cluster C5. 

(G) UMAP of the reclustering analysis of cell clusters C3 and C5 with original clusters (left) and 

newly detected clusters (right). 
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Clusters C2 and C4 were composed of CECs with increased differential expression 

of senescence related genes. Namely, CDKN2A (p16), TAGLN, and MT2A (Figure 

3B and S7) in cluster C2 and CDKN1A (p21),40 CDKN2A (p16), and TAGLN in 

cluster C4 (Figure 3B and S7), suggesting these cells were transitioning towards an 

undesirable senescent and fibrotic phenotype. Cluster C4 had a high extracellular 

matrix production suggested by the differential high expression of COL4A1, 

COL4A2, COL5A1, and FBLN5 in cells that maintained the expression of endothelial 

markers such as SLC4A11, and COL4A3 (Figure 3B and S7).  

 

In contrast, cells in cluster C2 presented a low expression of CEC markers such as 

ALCAM, SLC4A11, CDH2, and ATP1A1 (Figure 3B and S7). GSEA revealed that 

both clusters C2 and C4 had a significant hallmark for epithelial to mesenchymal 

transition (Figure 3D), confirming these cells were transitioning towards senescence 

and fibrosis. GSEA revealed that cluster C2 was enriched for genes related to 

alterations in the matrisome production, upregulation of p53 pathway, and 

upregulation on Rho GTPase pathway, which are known to regulate cellular 

senescence41,42 (Figure 3C), and cluster C4 expression was enriched for genes related 

to matrisome, extracellular matrix organization and matrisome associated genes 

suggesting a remodeling of the extracellular matrix (Figure 3C). Cluster C5 was 

composed of fibrotic cells differentially expressing the fibrosis-associated markers 

COL6A1, COL6A3, CD44, and ACTA2 (Figure 3B). The cells in cluster C5 had 

diminished expression of ALCAM (CD166) and lacked SLC4A11 expression, two 

CEC markers. GSEA further suggested enriched expression of genes related to the 

matrisome and matrisome associated processes and increased signaling by G-

coupled protein receptors and receptor tyrosine kinase (Figure 3C), with a significant 

hallmark for epithelial to mesenchymal transition for cells in cluster C5 (Figure 3D). 

Finally, Cluster C6 was composed of CECs with differential high expression of 

typical endothelial markers such as SLC4A11, COL4A3, and CDH2 (Figure 3B) 

suggesting they were therapy-grade CECs. These cells differentially expressed 

higher GOLGA8A and GOLGA8B, suggesting a possible increase in secretory 
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pathways. GSEA did not reveal significant upregulation of gene sets nor significant 

hallmarks compared to other clusters.  

 

Longer culture times decrease proliferation and increase transitioning to 

senescence 

Our scRNAseq data analysis revealed that at longer culture time points, namely 

confluency in passage 2, there was an increase in the number of cells transitioning 

to a senescent/fibrotic phenotype (cluster C2 and C4) and a decrease in the number 

of proliferative cells (cluster C3) compared to earlier time points (Figure 3E). 

Interestingly, the number of cells in cluster C4 decreased over culture time (Figure 

3E) while cells in cluster C2 increased over time. This could be because the cells in 

C4 are early senescent cells and transition to later senescent cells in cluster C2. 

Regarding fibrotic CECs in cluster C5, these cells were detected as early as passage 

1, but were also present in passage 2 at lower prevalence compared to passage 1. 

Finally, the prevalence ratio of therapy grade CECs (cluster C0 and C1) was 

maintained over time points (Figure 3E) showing the presence of therapy-grade 

CECs over all culture passages. 

 

scRNAseq subclustering analysis revealed two distinct transcriptomic profiles 

of proliferating cells 

The CEC marker ALCAM, and the fibrotic markers CD44 and ACTA2 were 

heterogeneously expressed across different cells comprising  proliferative cluster C3 

(Figure S8), suggesting it contained a subcluster of highly proliferative fibrotic 

CECs. Correlation and differential expression analysis revealed similarities between 

a subcluster of C3 with the fibrotic cells present in cluster C5 (Figure 3F). This was 

confirmed by a reclustering analysis of only clusters C3 and C5, which showed that 

a small subpopulation of cells originating from cluster C3 clustered together with the 

cells originating from cluster C5 (Figure 3G). This finding confirms the presence of 

a subpopulation of highly proliferative fibrotic CECs within cluster C3. 
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Primary cultured CECs resemble native human CECs 

To assess how comparable primary cultured CECs are to native human CECs, we 

integrated the transcriptome of cells cultured to confluency in passages 0, 1, and 2 

with a previously published cornea scRNAseq atlas.22 To do so, the cluster 

information from both the CECs in the cornea cell atlas and this study were overlaid 

in 2D space (Figure 4A). The clustering analysis revealed that the CEC clusters 

originating from the native human corneal endothelium (Atlas En0 and Atlas En1) 

clustered adjacent to primary CEC clusters C6, C1 and C0, suggesting these cell 

clusters share comparable transcriptomic profiles (Figure 4A). 

  

 

Figure 4. Therapy grade primary cultured CECs resemble human native CECs.  

(A) Integrated data UMAP of primary cultured CECs at confluency and native human CECs from 

the previously published cornea cell atlas (Catala et al. 2021). The integration analysis shows 

that native CECs (Atlas 0 and Atlas 1) cluster adjacent to high quality primary cultured CEC 

clusters (clusters C0, C1, and C6) suggesting clusters C0, C1 and C6 can be considered 

therapy-grade primary cultured CECs. 

(B) The cell type of the atlas CECs was predicted using the CEC confluency dataset using the 

cell label transfer functionality from Seurat. 99.4% of the atlas cells were attributed to clusters 

C0, C1 and C6, further suggesting the therapeutic standard of these clusters. 
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To further understand the similarity of native human CEC to primary cultured cells, 

we performed a cluster prediction analysis of the atlas CECs using the clustering 

analysis of cells at confluency. The prediction analysis revealed that 99.4% of the 

atlas CECs were associated to clusters C1 (53.9%), C6 (45.1%), and C0 (0.4%) 

(Figure 4B), suggesting these clusters are similar to native human CECs and could 

be used for therapeutic purposes. Furthermore, our prediction analysis found that no 

native CECs were associated with the senescent and fibrotic clusters C2 and C5, or 

the proliferative cluster C3 (Figure 4B).  

 

Pseudo time reconstruction and evaluation reveal the dynamics of CEC profiles 

arising from primary expansion 

To assess how the cells transition between clusters over time, we performed a pseudo 

time reconstruction of the cells at confluency in passages 0, 1, and 2. Our first 

analysis revealed that the CECs originating from clusters C0, C1, and C6, 

transitioned into the senescent cells in cluster C2, and then became the fibrotic cells 

in cluster C5 (Figure 5A). Interestingly, the last cluster the pseudo time trajectory 

identified were the proliferative cells in cluster C3. We hypothesize this is due to the 

presence of a side population of fibrotic proliferative cells within cluster C3 (Figure 

3F, G), which might interfere with the pseudo time trajectory analysis. To reduce 

such bias and identify gene trends over the pseudo time trajectory, we performed a 

pseudo time analysis of the confluent cells excluding cluster C3 (Figure 5B). In line 

with the first analysis, the pseudo time trajectory revealed that the CECs from 

clusters C0, C1, and C6 transitioned into the transitioning senescent cells in cluster 

C2, and then the fibrotic cells in cluster C5 (Figure 5B) showing that primary 

cultured CECs transition towards senescence and fibrosis over culture time.  
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Figure 5. Pseudo temporal trajectory reconstruction reveals the dynamics of primary cultured 

CECs. 

(A) Monocle 3 pseudo temporal trajectory reconstruction on UMAP reduction of the scRNAseq 

confluency time points reveals the CEC cluster dynamics over primary culture. UMAP 

reduction is colored by pseudo time bins with dark blue being the earliest and yellow 

corresponding to late. 

(B)  Monocle 3 pseudo temporal trajectory reconstruction on UMAP reduction of the scRNAseq 

confluency time points excluding proliferative cluster C3 reduces bias and reveals the 

temporal dynamics of the CEC clusters at confluence level. UMAP reduction is colored by 

pseudo time bins with dark blue being the earliest and yellow corresponding to late. 

(C) Pseudo time reconstruction reveals differential gene expression trends over CEC clusters. 

Our analysis revealed a reduction over time of CEC markers SLC4A11, ATP1A1, COL4A3, 

and ALCAM, while PRDX6 expression was constant. Conversely, CD44, MME, and VMO1 

expression significantly increased over time.  
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The pseudo time reconstruction revealed that the expression of functional markers 

such as SLC4A11 and ATP1A1 was reduced over time, showing that senescent 

(cluster C2 and C4) and fibrotic (cluster C5) cells had a highly reduced expression 

of crucial functional markers (Figure 5C). Moreover, pseudo time reconstruction 

also revealed reduced expression of COL4A3 and ALCAM over time (Figure 5C). 

Interestingly, the expression of PRDX6, a known marker of CECs, remained constant 

and did not decrease over time in the senescent (C2 and C4) and fibrotic (C5) clusters 

(Figure 5C). Besides crucial CEC markers, our analysis also revealed a significant 

increase of CD44 expression over time in clusters C2 and C5 CECs. Furthermore, 

the expression of MME (CD10) and VMO1 in the pseudo time analysis was increased 

in the senescent and fibrotic clusters C2 and C5 (Figure 5C). These genes were also 

differentially expressed in lower quality clusters C2 and C5, respectively, and can 

be candidates to assess quality of primary cultured CECs.        

 

 scRNAseq transcriptomic profiles for quality assessment of primary cultured 

CEC correlate with protein level expression  

The differential gene expression across CEC clusters and the pseudo time 

reconstruction both showed that the quality of the primary cultured CEC could be 

evaluated with a specific set of markers to differentiate therapy-grade CEC (clusters 

C0, C1, and C6), from lower quality CECs transitioning towards a senescent or 

fibrotic phenotype (clusters C2 and C5). The expression of ALCAM (CD166), 

CGNL1 (cingulin-like protein 1), and NCAM1 (CD56) were higher in the clusters 

comprising therapy-grade CECs (clusters C0 and C1), and lower in the cells in 

clusters C2 and C5 (Figure 6A). Additionally, the expression of CD44, MME 

(CD10), VMO1, and THBS2 were higher in the fibrotic cells in cluster C5 and lower 

in the cells in clusters C0, C1, and C6 (Figure 6A), representing markers that could 

be used to exclude low quality CECs. 
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(Figure 6 - legend on next page) 
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To confirm the findings at the transcriptomic level were also present at the protein 

level, we assessed protein expression on primary CEC cultures with a characteristic 

hexagonal morphology associated with therapy-grade CECs and on primary CEC 

cultures composed of cells with spindle shape morphology, a characteristic of cells 

undergoing an endothelial to mesenchymal transition, referred as low quality 

primary CECs (Figure 6B). Immunofluorescence analysis confirmed that CGLN1, 

NCAM1 (CD56) and ALCAM (CD166) were exclusively expressed by good quality 

CECs and not expressed in the cultures containing CECs with an altered morphology 

(Figure 6C). Furthermore, immunofluorescence analysis also confirmed that CD44, 

MME (CD10), THBS2, and VMO1 were exclusively expressed by low quality CECs 

and not expressed in high quality CEC cultures (Figure 6C). 

 

 

 

 

 

Figure 6. scRNAseq analysis suggests specific markers for CEC quality assessment. 

(A)  Gene expression UMAP of differentially expressed markers in clusters of therapy-grade 

CECs (clusters C0 and C1) and clusters of senescent/fibrotic CECs (cluster C5). NCAM1, 

CGNL1, and ALCAM were differentially expressed in clusters CO and C1 (p < 0.01). MME 

and CD44 were differentially expressed in clusters C2 and C5. THBS2 and VMO1 were 

differentially expressed in cluster C5 (p < 0.01). 

(B)  Phase contrast images of a high quality therapy-grade CEC culture showing the typical 

hexagonal cell morphology and a low quality culture of primary human CECs showing the 

characteristic morphological alterations of an endothelial to mesenchymal transition. Scale 

bars represent 100 μm. 

(C) Immunofluorescence analysis shows expression of CD166 (green), NCAM1 (red), and 

CGNL (red) in high quality CEC cultures (N=2) and absence of expression in lower quality 

CEC cultures (N=2). Immunofluorescence analysis shows expression of CD44 (green), MME 

(CD10) (red), THBS2 (red), and VMO1 (red) in lower quality CEC cultures (N=2) and the 

absence of expression in high quality CEC cultures (N=2). Cell nuclei were stained with 

Hoechst 33342 (blue). Scale represent 100 μm. 
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Discussion 

In this study, we present a single-cell roadmap of human CECs in culture, revealing 

the diverse trajectories of individual cells. Our scRNAseq census of 42,200 primary 

cultured CECs revealed the presence of 7 clusters in therapeutically relevant time 

points, including therapy-grade CECs expressing SLC4A11, ALCAM, and COL4A3 

(clusters C0, C1 and C6); highly proliferative CECs expressing MKI67 and CENPF 

(cluster C3); lower quality CECs entering senescence and EMT expressing 

CDKN1A, CDKN2A, and TAGLN (clusters C2 and C4); as well as fibrotic CECs 

expressing CD44, and ACTA2 (cluster C5). We assessed to which extent CECs in 

culture resemble native human CECs and analyzed how these CEC populations 

diverge over culture time, giving insights into the alterations arising during primary 

culture. Moreover, our transcriptomic profiling provides an array of combinatorial 

markers to differentiate therapy-grade CEC from cells undergoing senescence and 

EMT, thereby paving the way for improving culture protocols and guiding the 

selection of cells for therapy. The transcriptomic data we obtained will help better 

our understanding of the mechanisms involved in the alterations occurring during 

primary culture of CECs leading to a loss of function and phenotype.  

 

Our analysis showed that proliferating sub-confluent CECs sequenced at day 2 and 

day 5 clustered together (cluster 3), with high differential expression of ribosomal-

related genes. We hypothesize that this is most likely due to their necessary 

adaptation to in vitro culture conditions and the use of proliferation media, which 

biased the first clustering. These findings led us to separately explore the 37,158 

cells at confluency in passages 0, 1, and 2. Our analysis revealed three clusters of 

therapy-grade CEC (clusters C0, C1, and C6) based on the high differential 

expression of functional CEC markers SLC4A11 and ATP1A1 and the CEC markers 

ALCAM, PRDX6, and COL4A3. These cells were the majority in all passages, 

comprising 70% of all the sequenced cells. GSEA revealed that cells in C0 and C1 
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were metabolically active with increased expression of genes related to oxidative 

phosphorylation, in line with the crucial activity and function of CECs.43  

 

The integration analysis of the dataset from this study with native CECs from a 

previously published cornea cell atlas revealed that native CECs clustered close to 

clusters C0, C1 and C6, suggesting the similarity of these cells. Cluster prediction 

analysis on native CECs revealed that these cells would group within clusters C1 

(53.9%), C6 (45.1%), and C0 (0.4%). The low 0.4% prediction for cluster C0 is 

interesting because the primary cultured cells still expressed high levels of 

endothelial markers, namely SLC4A11, ATP1A1, ALCAM, and PRDX6. We 

hypothesize the low prediction might be due to a slight increase in ribosomal protein 

expression or a difference in the number of genes/cell which can be a technical 

sampling variation compared to clusters C1 and C6, which skews the cell clustering. 

Overall, our data shows that CECs in clusters C0, C1, and C6 are good quality CECs 

and are a suitable source for therapy. And while our dataset shows that cells in 

clusters C1 and C6 more closely resemble native human CECs that cells in cluster 

C0, it does not mean that cells in cluster C0 are unsuitable for therapy, but that they 

are distinguishable from native corneal endothelium. 

 

Our scRNAseq analysis also revealed the presence of two clusters composed of 

senescent cells that were transitioning towards a mesenchymal phenotype (clusters 

C2 and C4). Our pseudo time reconstruction showed these cells were originating 

from the therapy-grade clusters C0, C1, and C6. This finding shows the transition to 

senescence of CECs during primary culture. Senescent cells in cluster C2 had 

reduced expression of key functional markers such as SLC4A11, ATP1A1, and 

ALCAM. This finding is in line with a recently published report that demonstrated a 

decrease of SLC4A11 in lower-quality primary CECs.43 The total number of 

senescent cells (clusters C2 and C4) increased over culture time, suggesting the 

CECs transitioned towards senescence over extended culture times. Cells comprising 

cluster C4 decreased over culture time, indicating that they either transition into 
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senescent cells in cluster C2 or represent an end-point cluster, where cells tend to die 

over time. GSEA revealed that cells in cluster C2 had differential gene expression, 

specifically an increase in genes involved in the p53 and Rho GTPase pathways, 

suggesting these pathways might play a key role on the senescence and endothelial 

to mesenchymal transition of primary cultured CECs. P53 is a known senescence 

regulator,41,44 and its inhibition could delay the cellular senescence in primary CECs. 

A study in 2013 revealed that the inhibition of p53 was associated with improved 

morphology and higher expression of CEC markers, namely collagen type 8, Na/K 

ATPase, and N-cadherin, in primary cultured CECs.45 Furthermore, our findings 

suggest that the inhibition of the Rho GTPase pathway can play a key role in delaying 

cellular senescence, further confirming that the use of Rho-associated protein kinase 

(ROCK) inhibitors such as Y-27632 might be a pivotal factor in the protocols for 

primary expansion of therapy-grade CECs. Indeed, previous studies have used Y-

27632 for the primary expansion of CECs.6,46–48 Based on these findings, we 

therefore recommend the use of ROCK inhibitors during the primary expansion of 

CECs. 

 

Our scRNAseq analysis revealed that a cluster of CECs (cluster C5) expressing 

characteristic fibrotic markers ACTA2 and CD44 originated from the senescent cells 

at clusters C2, suggesting a transition from senescence to endothelial to 

mesenchymal transition phenotype. While fibrotic markers were found in later time 

points, we did observe that cells comprising cluster C5 appeared as early as passage 

1, but were then reduced by passage 2. This finding could be due to the sequencing 

sampling limitation of 10,000 cells per sample, making it highly possible that this 

small fibrotic cell population was not sequenced from a culture of hundreds of 

thousands of cells. Our second hypothesis is that after passaging, the fibrotic cells 

could not successfully adhere, causing a reduction of this cell population and 

enriching for good quality cells. 
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Our findings showed that extended culture times decreased the proliferation potential 

of CECs, shown by a reduction in the number of cells in the proliferation cluster C3 

across passages. Moreover, we detected the presence of a subpopulation of undesired 

proliferative fibrotic cells that could potentially overgrow the culture of CECs over 

extended culture periods. In our view, these results show that with the current 

protocols, culturing CECs further than passage 2 is incompatible with their 

therapeutic use, a recommendation in line with previous studies that suggested 

passage 2 as the threshold time point to assure the therapeutic suitability of  primary 

cultured CECs.8,39,49  

 

Selecting and assessing the quality of the primary cultured CECs are a crucial aspect 

to ensure a safe and efficacious therapy. Based on our differential expression analysis 

and pseudo time reconstruction, we show that therapy-grade CEC should be 

identified by the expression of CD166 and NCAM1 membrane proteins together 

with CGNL1, a membrane-associated protein to cellular tight junctions; lack of 

expression of altered extracellular matrix, namely VMO1 and THBS2; and lack of 

expression of membrane proteins CD44 and CD10. While the membrane protein 

markers suggested by our analysis would allow sorting for therapy-grade CECs, we 

believe is equally important to characterize CEC culture quality based on expression 

of other fundamental proteins such as aberrant extracellular matrix production. 

Future studies are required to understand how the expression of these markers 

correlate to therapeutic success. Similar to our suggestion to analyze markers for 

therapy-grade CECs (CD166+, NCAM1+, CGNL1+, CD44-, CD10-, VMO1-, and 

THBS2-), Kinoshita and colleagues proposed the combinatorial marker expression 

referred as the E-ratio (CD166+, CD44-, CD133-, CD24-, and CD105-) to assess for 

therapy-grade CECs. We and they both detected increased CD166 expression in 

therapy-grade CECs and CD44 exclusively expressed in lower quality senescent and 

transitioning CECs. By contrast, our analysis revealed that CD24 and ENG (CD105) 

were heterogeneously and minimally expressed across clusters in some CECs, and 

we did not detect expression of PROM1 (CD133) in any cluster. These differences 
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might be due to the lack of correlation between transcript and protein detection. 

Future studies analyzing such differences can shed light on the suitability of markers 

to assess or enrich for therapy-grade CECs. 

 

While primary cultured CECs have been traditionally assessed as bulk entities 

without accounting for their heterogeneity, our study analyses them at the single-cell 

level over five culture time points in three different passages. Our study provides 

significant information to help understand the changes arising from the culture of 

human CECs, portraying their cellular heterogeneity as well as characterizing their 

variability over extended culture times. These results provide a pivotal dataset that 

can help identify and characterize the undesired cell populations arising from 

primary culture in the attempt to improve current protocols. Our results also show 

the importance of supplementing media for CEC expansion with ROCK inhibitors 

to reduce cellular senescence. Furthermore, based on the results reported in this 

study, we propose a combination of markers to assess the quality of primary cultured 

CECs. Overall, this transcriptomic cell analysis offers a baseline for future studies 

with the aim of improving CEC-based therapies. 
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Supplementary Information 

Supplementary Figure S1 

 
Figure S1. Phase contrast images of each donor time point used for scRNAseq, related to Figure 

1. Phase contrast imaging shows desired endothelial morphology in all of the sequenced samples. Scale 

bar represents 100 μm. 
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Supplementary Figure S2 

 
Figure S2. UMAP projection of cells per time point, related to Figure 2.  Cell distribution UMAP 

per each time point further confirms that cluster is composed of CEC at early culture time points. Each 

donor is represented by color confirming the donor distribution across cell clusters. P0D2: day 2 in 

proliferation media. P0D5: day 5 in proliferation media. P0D14: passage 0 maintenance media. P1D30: 

passage 1 maintenance media. P2D46: passage 2 maintenance media. 
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Supplementary Figure S3 

 

Figure S3. scRNAseq revealed absence of stroma and epithelial contamination, related 

to Figure 2. Gene expression UMAP of stromal markers KERA, LUM, and ALDH1A1 and 

epithelial markers KRT12, KRT14, and PAX6 confirmed absence of contaminant corneal 

side-populations in the primary culture. 
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Supplementary Figure S4 

 

(Figure legend on next page) 
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Figure S4. Violin plots of differentially expressed genes for cluster identification, related to Figure 

2.  Violin plots of differentially expressed genes for cluster annotation. Corneal endothelium: AP1A1, 

COL4A3, CHD2, ALCAM, SLC4A11, PITX2. Senescence: MT2A, CDKN2A, TAGLN. Proliferation: 

MKI67, CENPF, PTTG1. Fibrosis and endothelial to mesenchymal transition: ACTA2, CD44, COL6A1. 
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Supplementary Figure S5 

 
 

Figure S5. Cluster 3 is enriched in ribosomal gene expression. (A) UMAP representation of 

ribosomal gene fraction shows that cluster 3 expresses a high amount of ribosomal genes compared to 

other clusters. (B) Violin plot of ribosomal gene fraction shows further confirms a high expression of 

ribosomal genes in cluster 3 compared to the other detected clusters. 
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Supplementary Figure S6 

 

Figure S6. UMAP projection of cells per time point at confluency, related to Figure 3. Cell 

distribution UMAP per each time point at confluency level shows homogeneous distribution of donors 

across all cell clusters. P0D14: passage 0 maintenance media. P1D30: passage 1 maintenance media. 

P2D46: passage 2 maintenance media. 
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Supplementary Figure S7 

 
(Figure legend on next page) 
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Figure S7. Violin plots of differentially expressed genes for cluster identification, related to Figure 

3. Violin plots of differentially expressed genes for cluster annotation at the confluency time points. 

Corneal endothelium: SLC4A11, ATP1A1, ALCAM, CDH2. Corneal endothelium extracellular matrix: 

COL4A8, COL4A3, COL4A1, COL4A2, COL5A2. Senescence: CDKN2A, TAGLN, MT2A, CDKN1A, 

LGALS1. Cell secretion: GOLGA8A. Proliferation: MKI67, CENPF, PTTG1. Fibrosis and endothelial 

to mesenchymal transition: COL6A3, CD44, FBLN5, COL6A1, ACTA2 
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Supplementary Figure S8 

 

Figure S8. Gene expression UMAP of ALCAM (CD166), CD44 and ACTA2, related to Figure 3. 

Gene expression UMAP shows heterogeneous expression of ALCAM, CD44 and ACTA2 across cell 

cluster C3. 
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Supplementary Figure S9 

 

Figure S9. Identification of putative doublets. Putative doublets were identified with 

scDblFinder. The identified putative doublets were dispersed across all cell clusters and did 

not bias scRNAseq clustering therefore were not removed. 
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Abstract 

The regenerative capacity of corneal endothelial cells (CECs) differs between 

species; in bigger mammals such as humans and sheep, CECs are arrested in a non-

proliferative state. Damage to these cells can compromise their function leading to 

corneal opacity and impaired vision. Corneal transplantation is the current treatment 

for the recovery of clear eyesight, but the donor tissue demand is higher than the 

availability and there is a need to develop novel treatment modalities. In contrast, 

rabbit CECs retain a high proliferative profile and have the capacity to repopulate 

the endothelium upon injury. There is a lack of fundamental knowledge to explain 

the difference across species in the proliferation capacity of CECs. Gaining 

information on their transcriptomic differences could allow the identification of 

crucial drivers of CEC proliferation to enable the development of novel regenerative 

medicine therapies. In this study, we analyzed human, sheep, and rabbit CECs at the 

transcriptomic level. To understand the differences across each species, we 

generated an automated pipeline for the analysis of pathways with different activity. 

Our results revealed that 52 pathways had commonly different activity when 

comparing species with non-proliferative CECs (human and sheep) to species with 

proliferative CECs (rabbit). Our results showed that both Notch and TGF-β pathways 

had increased activity in species with non-proliferative CECs, which might be 

associated with their low proliferation capacity. Overall, this study illustrates 

transcriptomic pathway-level differences between sheep, human, and rabbit CECs, 

which might be used as a reference for the development of novel therapies to 

regenerate the corneal endothelium.  
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Introduction 

The cornea is an avascular and transparent tissue located in the anterior segment of 

the eye that allows light to enter it. It is composed of five layers: epithelium, 

Bowman’s layer, stroma, Descemet’s membrane, and endothelium. The corneal 

endothelium is the innermost layer of the cornea and is composed of a monolayer of 

corneal endothelial cells (CECs) that reside in contact with the stroma on the 

Descemet’s membrane.1 The corneal endothelium function is to actively pump ions 

and metabolites from the stroma into the aqueous humor of the eye, thereby 

maintaining the cornea slightly dehydrated and transparent.2 

 

The regenerative capacity of CECs differs between species. In humans3 and sheep,4 

CECs are arrested in a quiescent state, lacking regenerative capacity through cell 

division. Iatrogenic damage after surgery, genetic diseases such as Fuchs’ 

endothelial cell dystrophy, or infections in species with non-proliferative CECs can 

cause a decrease in their number, compromising the tissue function and leading to 

corneal opacity and impaired vision, also referred as corneal endothelial dysfunction. 

In contrast, rabbit CECs possess a high proliferative capacity and can repopulate the 

endothelium in response to damage.5,6 

 

The standard treatment for corneal endothelial dysfunction is endothelial 

Keratoplasty,3,7 but the increasing number of transplantations are causing a global 

donor cornea shortage leaving 12.7 million patients waiting for treatment.8 There is 

a need to find alternative treatments to address corneal endothelial dysfunction. 

Promoting the proliferation of CECs could be an elegant approach to stimulate tissue 

regeneration and recovery of corneal transparency, but the mechanisms governing 

the differences between proliferative and non-proliferative CECs remain unknown. 

Therefore, to study the possible regulators of CEC proliferation, we performed an 

RNA sequencing (RNAseq) comparison between human, sheep, and rabbit CECs. 

 



  

 

Interspecies transcriptome comparison of the corneal  

endothelial cell proliferation capacity  

215 

This study presents an interspecies transcriptome comparison of CECs originating 

from species with proliferative and quiescent endothelium. We identified pathways 

with different activity, which could be the driving force for CEC proliferation and 

regeneration. These findings can be used to improve current CEC expansion 

protocols and identify novel drug targets to promote corneal endothelial proliferation 

and regeneration. 
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Materials and methods 

Research-grade tissue and ethical statement 

This study was performed in compliance with the tenets of the Declaration of 

Helsinki. All human research-grade corneal tissue (n=5) was obtained from the 

ETB-BISLIFE Multi-Tissue Center (Beverwijk, the Netherlands), with informed 

consent from the next of kin. All human corneas were stored up to 22 days in organ 

culture media at 31 °C and had a minimum endothelial cell density of 2300 

cells/mm2. Organ culture media comprised the following: minimum essential 

medium supplemented with 20 mM HEPES, 26 mM sodium bicarbonate, 2% (v/v) 

newborn calf serum (Thermo Fisher Scientific), 10 IU/mL penicillin, 0.1 mg/mL 

streptomycin and 0.25 μg/mL amphotericin. All eyes from rabbits (n=5) and sheep 

(n=5) were enucleated from the animals used for other experimental procedures 

approved by the ethics committees of Maastricht University (Maastricht, the 

Netherlands), Utrecht University (Utrecht, the Netherlands), and Merck Sharp & 

Dome (MSD) animal testing facility (Boxmeer, the Netherlands) and were 

performed in accordance with Dutch national and European guidelines. All animal 

ocular tissue was used within 4 h after sacrifice. All donor and animal tissue 

information is specified in Table 1. 

 

Isolation of human corneal endothelium 

Of the five human corneal endothelial samples, four were discarded peripheral 

endothelial rims (1.5 mm wide) resulting from tissue preparation for Descemet’s 

membrane endothelial keratoplasty (DMEK) according to clinical practice9 and one 

(Human 5) was a whole endothelium stripped from a cornea deemed unsuitable for 

transplant (Table 1). 

 

The four endothelial rims were lysed in 300 μL TRIzol within 48 h after tissue 

preparation. From the whole cornea, the complete endothelium was manually 

stripped following lysis in 300 μL TRIzol. Briefly, the cornea was vacuum-fixed in 
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a punch base (e.janach) endothelial-cell side up and trephined with a 10 mm Ø 

corneal punch at a fixed depth of 100 μm (e.janach). To delimit the endothelial 

trephined line, the cornea was stained with a trypan blue solution (0.4%) for 30 s, 

and washed with balanced salt solution ophthalmic irrigation solution. The corneal 

endothelium was then gently lifted using a DMEK cleavage hook (e.janach), fully 

stripped using angled McPherson tying forceps, and immediately transferred to 

TRIzol. All sample lysates were stored at -80°C until further use. 

 

Table 1. Donor and animal tissue information. COD = cause of death. N/A = not applicable. 

 

Isolation of sheep corneal endothelium 

All samples (n=5) were obtained from Texel sheep used for a dorsal titanium implant 

study from the animal facility at Maastricht University (Table 1). Five eyes were 

enucleated from 1 to 2-year-old female sheep within 4 h of sacrifice, and 

corneoscleral disks were excised from whole ocular gloves. Corneal endothelial cells 

were enzymatically treated and scraped from the corneoscleral disks because 

Sample name Age Gender Experimental procedure Strain COD (only humans) 

Human 1 66 years Male N/A N/A 

Other acute ischemic heart 

disease 

Human 2 68 years Male N/A N/A 

Paralytic ileus and intestinal 

obstruction 

Human 3 73 years Female N/A N/A 

Acute cerebrovascular 

accident 

Human 4 57 years Male N/A N/A 

Malignant neoplasm 

bronchus and lung 

Human 5 67 years Female N/A N/A Acute heart failure 

Sheep 1 1–2 years Female Dorsal titanium implant Texel N/A 

Sheep 2 1–2 years Female Dorsal titanium implant Texel N/A 

Sheep 3 1–2 years Female Dorsal titanium implant Texel N/A 

Sheep 4 1–2 years Female Dorsal titanium implant Texel N/A 

Sheep 5 1–2 years Female Dorsal titanium implant Texel N/A 

Rabbit 1 9 months Male Aorta stent implant NZ White N/A 

Rabbit 2 9 months Male Aorta stent implant NZ White N/A 

Rabbit 3 9 months Male Aorta stent implant NZ White N/A 

Rabbit 4 3–4 months Female MSD vaccine testing NZ White N/A 

Rabbit 5 3–4 months Female MSD vaccine testing NZ White N/A 
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stripping of the endothelium proved unsuccessful due to the tissue characteristics. 

For this purpose, corneoscleral disks were rinsed with Dulbecco's phosphate 

buffered saline, vacuum-fixed in a punch base (e.janach) endothelial-side up and 

treated with approximately 150 μL of StemPro Accutase (Thermo Fisher Scientific) 

for 20 min at ambient temperature. Corneal endothelial cells were then gently 

scraped using a DMEK cleavage hook (e.janach) and rinsed off the corneoscleral 

disk with approximately 2 mL of minimum essential medium (Thermo Fisher 

Scientific). The cell suspension was then transferred to a 15 mL tube, centrifuged at 

800 × g for 5 min, and lysed in 300 μL TRIzol. All sample lysates were stored at -

80°C until further use. 

 

Isolation of rabbit corneal endothelium 

Eyes were obtained from New Zealand White rabbits used for other experimental 

purposes from the Utrecht University animal facility (n=3) and MSD animal testing 

facility (n=2) (Table 1). The eyes were enucleated 30 min to 4 h after sacrifice, 

corneoscleral disks were excised from whole ocular globes, and the corneal 

endothelium stripped. In brief, corneoscleral disks were rinsed with PBS, vacuum-

fixed in a punch base endothelial-cell side up and trephined with a 10 mm Ø corneal 

punch at a fixed depth of 100 μm. To delimit the endothelial trephined line, the 

cornea was stained with a trypan blue solution (0.4%) for 30 s, and washed with 

balanced salt solution ophthalmic irrigation solution. The corneal endothelium was 

then gently lifted using a DMEK cleavage hook, fully stripped using angled 

McPherson tying forceps, and immediately transferred to 300 μL TRIzol. All sample 

lysates were stored at -80 °C until further use. 

 

RNA isolation and bulk RNA sequencing 

RNA isolation was performed following TRIzol isolation procedure, and RNA 

integrity was assessed on a 2100 Bioanalyzer (Agilent). RNA sequencing was 

performed at Single Cell Discoveries (Utrecht, the Netherlands). Libraries were 

prepared following the CEL-seq2 protocol10 to enable sample multiplexing. Paired-
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end sequencing was performed on Illumina Nextseq500, high output 2 × 75 bp run 

mode, at a sequencing depth of 20 million reads/sample. 

 

Data analysis and pre-processing 

BCL files resulting from sequencing were transformed to FASTQ and read 1 was 

used to identify the Illumina library index and CEL-seq sample barcode. Read 2 was 

aligned to the specific RefSeq reference genome of each species, namely: hg38 for 

human, OryCun2.0 for rabbit, and ARS-UI_Ramb_v2.0 for sheep using the STAR 

genome aligner.11 

 

The data from all samples were loaded in R (version 4.1.2)12 for analysis. Gene 

homology mapping from rabbit and sheep to human was performed using the 

orthogene R-package (version 1.1.0) with the g:profiler method.13 The three datasets 

were combined and only genes with homologs in all three species were included in 

the downstream analyses. Once the data were combined, quantile normalization was 

performed using the limma package (version 3.52.2).14 

 

Pathway analysis  

The human pathway collection from WikiPathways (release 10-07-2022) was used 

for assessing pathway activities in the three species.15 A non-parametric Wilcoxon 

rank-sum test in R was used for identifying pathways with different pathway 

activities between the species (p <0.05, |effect size| > 1). Pathway effect size was 

calculated as the differences of the averaged gene counts for each species compared. 

Disease-related pathways and pathways comprising less than 10 genes were not 

considered for data analysis. Pathway visualization was performed using Cytoscape 

(version 3.9.1).16 
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Results 

Homology mapping of endothelial samples detected 9,757 protein coding 

transcripts commonly expressed across species 

Corneal endothelium was isolated from human, sheep, and rabbit corneas, following 

RNA isolation. RNA integrity numbers ranged from 6.2 to 9.3. All samples were 

sequenced following an adapted CEL-Seq2 protocol on Illumina Nextseq500, high 

output 2 × 75 bp run mode, at a sequencing depth of 20 million reads/sample. After 

mapping to the species reference genome, a comparable number of protein coding 

genes, 16,852, 17,624, and 15,258, were detected in human, sheep, and rabbit, 

respectively. Homology mapping detected 9,757 full homologue protein coding 

genes across species which were then used for further pathway-level analyses 

(Figure 1), homology gene reads were normalized across samples using quantile 

normalization. 

 

Figure 1. Schematic representation of the experimental pipeline and data analysis 
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Corneal endothelial cell transcriptomes differed highly across species 

All endothelial samples showed a normal and comparable distribution of gene 

transcript counts after normalization (Figure 2A).  Pearson’s correlation analysis 

revealed that endothelial samples differed across species, with human and sheep 

having a higher correlation than rabbit (Figure 2B). Principal component analysis 

further confirmed these findings revealing that samples from the same species cluster 

together and rabbit samples cluster more distantly than sheep and human endothelial 

samples (Figure 2C). These findings are in line with the biological difference 

assessed in this study, being human and sheep species with non-proliferative CECs 

versus rabbit a species with proliferative CECs. The samples of all species showed 

expression of typical endothelial markers such as ALCAM (CD166), TJP1 (ZO-1), 

NCAM1, SLC4A4, and ATP1A13,17,18 confirming the isolation of endothelium. 

Moreover, the absence of stromal markers KERA, CD34, and LUM,17,19 absence of 

epithelial markers WNT7A, and PAX6,17,20 and absence of immune markers 

ITGAM,21 CCR7,22 and CD1923 confirmed the absence of contaminating cell types 

(Figure 2D).  

 

Pathway level analysis revealed 52 pathways with different activity between 

proliferative and non-proliferative CECs 

To elucidate possible drivers of CEC proliferation across the species studied, we 

performed a pathway level analysis benchmarking our data against WikiPathways. 

After filtering out disease-related pathways and pathways comprising less than 10 

genes, we performed a non-parametric Wilcoxon rank-sum test to identify up- or 

down-regulated pathways between: (1) human and rabbit, (2) sheep and rabbit, and 

(3) sheep and human CECs. Only pathways with a p-value lower than 0.05 and an 

absolute effect size greater than |1| were retained for analysis in each of the 

comparisons. 
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Figure 2. Human, sheep, and rabbit transcriptomic datasets shows comparable gene count distributions 

after data normalization (A). Correlation analysis shows that human and sheep samples have a higher 

correlation than rabbit corneal endothelium, confirming that rabbit corneal endothelial cells highly 

differed compared to human and sheep (B). Principal component analysis shows that samples 

originating from the same species cluster together, confirming the reproducibility of the sample 

isolation, and further confirms that rabbit corneal endothelial cells highly differed compared to human 

and sheep corneal endothelium (C). All samples had high expression of typical corneal endothelial cell 

markers, namely ALCAM, TJP1, NCAM1, SLC4A11, and ATP1A1; and absence of stromal markers 

(KERA, CD34, and LUM), epithelial markers (WNT7A and PAX6), and immune cell markers (ITGAM, 

CCR7, and CD19) confirming a successful isolation of the corneal endothelial cell transcriptome (D). 
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Our analysis revealed that sheep and rabbit CECs were most different, with different 

activity in 121 pathways (Figure 3A), followed by human and rabbit with 94 

pathways with different activity (Figure 3A). Human and sheep corneal endothelium 

showed different activity in only 54 pathways. These results show that more 

pathways have a different activity when comparing species with non-proliferative 

and proliferative CEC (121 in sheep vs rabbit, and 94 in human vs rabbit), whereas 

species with non-proliferative CEC had fewer pathways with different activity, 

namely 54 in human vs sheep (Supplementary Figure 1).  

 

To further understand the differences between species with proliferative (rabbit) and 

non-proliferative CECs (human and sheep), we selected the pathways that showed 

different activity when comparing both human vs rabbit as well as sheep vs rabbit, 

as these pathways might be related to their differing proliferative potential (Figure 

3B). Our data analysis revealed a total of 52 pathways (Suppl Table 1) with different 

activity in both human vs rabbit and sheep vs rabbit. The detected pathways were 

diverse and included signaling, immune, and metabolic pathways. In all detected 

pathways the effect score correlated with the proliferation potential of the CECs, and 

pathways were more or less active in both human and sheep CECs when compared 

to rabbit CECs. Only 9 pathways were more active in rabbit CECs when compared 

to human and sheep, and 43 were more active in human and sheep when compared 

to rabbit (Figure 3C). These results might indicate that the possible drivers of CEC 

quiescence are pathways with increased activity in sheep and human. 
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Figure 3. Volcano plots of the pathway analysis comparing species with non-proliferative corneal 

endothelial cells (human and sheep) with species with proliferative corneal endothelial cells (rabbit). 

Human vs rabbit (top) have 94 pathways with different activity and sheep vs rabbit (bottom) have 121 

pathways with different activity (A). Venn diagram depicts common pathways with different activity 

level across species, the pathways that have a different activity in species with non-proliferative corneal 

endothelial cells vs species with proliferative corneal endothelial cells, namely human vs rabbit and 

sheep vs rabbit are highlighted with the red circle (B). Heatmap represents the effect size of pathways 

with different activity across human vs rabbit and sheep vs rabbit. Pathway effect size was calculated 

as the differences of the averaged gene counts for each species compared, e.g. human average - rabbit 

average (human vs rabbit). A positive effect size means higher pathway activity in sheep or human 

whereas a negative effect size means higher activity pathway in rabbit (C). 
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Notch and TGF-β signaling pathways are more active in species with non-

proliferative CECs  

For further analysis we did not consider pathways describing the effect of 

experimental procedures or external activities, such as ‘photodynamic activation of 

NRF2’. Based on our research question, we selected pathways that could have 

implications on the CEC proliferative capacity. Our results revealed that Notch and 

TGF-β signaling pathways were more active in human and sheep CECs compared to 

rabbit CECs. These pathways have been demonstrated to induce senescence and 

endothelial to mesenchymal transition in CECs,24–26 and could play a key role in the 

differences in CEC proliferative capacity between species. To better understand the 

implications of these pathways we performed a pathway visualization with 

Cytoscape (Figure 4).  

 

Our analysis on the Notch signaling pathway showed that positive regulators of the 

pathway such as DTX3, APH1A, PCAF, and MAML1 were more expressed in human 

and sheep, while Notch co-repressor genes, namely HDAC1, HDAC2, and CTBP2 

had a similar expression across species, indicating indeed an increased activity of 

this pathway in human and sheep CECs. We hypothesize that the downregulation of 

the Notch pathway could play a role in promoting the proliferative capacity of CECs 

in rabbits while inhibiting proliferation in human and sheep CECs. 

  

Next, TGF-β pathway visualization showed that human and sheep CECs had 

increased expression of TGF-β receptors, TGFBR1 and TGFBR2, and TGF-β ligand 

TGFB1 when compared to rabbit CECs. In addition to this, rabbit CECs had 

increased expression of LTBP1, a TGFB1 inhibitor, and a reduced expression of 

THBS1, an LTBP1 inhibitor. These results together with an increased expression of 

downstream genes FOS and SERPINE1 in human and sheep CECs compared to 

rabbit show an increased TGF-β signaling in species with non-proliferative CECs. 

We hypothesize that the increased activity in the TGF-β signaling pathway in sheep 

and humans may contribute to the growth arrest of CECs. 
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Figure 4. Visual representation of averaged read counts of human, sheep, and rabbit (left to right) of 

the Notch (A) and TGF-β (B) signaling pathways shows an increased activity in species with non-

proliferative CECs, namely human and sheep, and a lower activity in the samples with proliferative 

CECs, namely rabbit. 
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Discussion 

The proliferative capacity of CECs differs between species. While in larger 

mammals such as humans and sheep, CECs are arrested in a quiescent state, rabbit 

CECs retain a high proliferative capacity and can repopulate the endothelium upon 

injury. Nevertheless, there is a lack of fundamental knowledge to explain why CECs 

can proliferate in some species and remain quiescent in others. Gaining information 

on the transcriptomic differences between species with proliferative and non-

proliferative CECs could allow the identification of crucial drivers of CEC 

proliferation to develop novel approaches to regenerate the human corneal 

endothelium. In this study we performed a cross-species RNA sequencing analysis 

between animals with non-proliferative CECs, namely human and sheep, and 

animals with proliferative CECs, namely rabbit. Our data present a reference 

transcriptomic dataset of CECs for human, sheep, and rabbit samples. Our analysis 

proposes a pipeline for transcriptomic homology mapping across species and 

subsequent pathway analysis, which could be applicable for other species 

comparisons. Furthermore, our analysis revealed that 52 pathways are more active 

when comparing two species with quiescent CECs (sheep and human) with a species 

with proliferative CECs (rabbit), which could play a potential role in the regulation 

of CEC proliferation.  

 

We found that the decreased activity of Notch and TGF-β signaling in rabbit CECs 

could play a key role in their proliferation capacity. Based on previous findings, 

increased TGF-β has been shown to suppress proliferation in CECs in vitro 26 and to 

induce senescence in CECs.25 Furthermore, the use of the TGF-β inhibitor SB431542 

has been shown to induce human CEC proliferation in vitro.27,28 Based on our results 

and previous findings, we suggest that TGF-β inhibition can play a crucial role in 

regulating CEC proliferation and could be a target to develop novel regenerative 

medicine therapies. Furthermore, our data shows that Notch signaling is more active 

in human and sheep CECs and could have biological implications in their non-
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proliferative profile. This finding is similar to research performed in the corneal 

epithelial layer. Previous studies on cornea epithelial cells have shown that a 

downregulation of Notch and inhibition of the signaling pathway can cause an 

increase in their proliferative capacity and can contribute to epithelial regeneration 

29,30. Further research is required to understand if Notch signaling can have a similar 

effect on CECs and could be a suitable pathway target to promote corneal 

endothelium regeneration. 

  

While our analysis reveals interesting findings at the transcriptomic level there are 

inherent limitations which require further attention and discussion. First, it is crucial 

to secure public access to updated reference genomes. While human and sheep 

reference genomes have been recently updated with new release versions in 2022 

and 2021 respectively, improving their coverage compared to previous versions, the 

rabbit reference genome (OryCun2.0) has not been updated since 2009, which might 

limit the coverage compared to other reference genomes. It is crucial to promote the 

development of updated reference genomes to ensure a similar coverage of the 

compared species. Secondly, the gene homology mapping across species relies on 

publically available datasets. Our analysis could only identify 9,757 homologue 

genes across species, 63% of the total identified protein coding genes for rabbit and 

approximately 55% of the protein coding genes in sheep and human. It is possible 

that genes without a homologue might play a role on the proliferation capacity of 

CEC, which would then not be portrayed in our results. Further research in 

identifying gene homologues across species can directly impact this research by 

providing platforms for more extensive data analysis. 

 

One of the main caveats in the field, which we also encountered in our study, is how 

to perform data normalization across each species’ transcriptomic data. Each 

species’ gene transcript length may vary, and should be taken into account when 

performing data normalization. Nevertheless, there is currently no existing method 

to perform such correction on transcriptomic datasets of three different species 31,32. 
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Taking into consideration such limitations, we performed a quantile normalization 

which took into account library size and distribution, and performed a non-

parametric Wilcoxon rank-sum test to identify more or less active pathways across 

species. Analyzing the data with typical packages such as DESeq2 which performs 

a parametric test on gene expression would lead to the appearance of many false 

positive and negative results, which might impair the conclusions taken from such a 

study. Several studies are focusing on correcting such differences by mapping to a 

single reference genome, in the case of close species, with the risk of enriching for 

genes in the sample from the same species reference genome.31,33 Future studies will 

shed light on this problem. 

  

Besides analyzing the intrinsic interspecies transcriptome differences, a highly 

interesting follow-up study to our findings would be to compare the transcriptomic 

pathway changes in each species’ CECs upon injury. After a scratch test of the 

cornea endothelium, the human, rabbit, and sheep CECs can be analyzed and 

compared to the transcriptome profiles presented in this study followed by an 

interspecies comparison of the differentially expressed genes upon injury within 

each species. This follow-up study would be a more targeted approach to identify 

differentially expressed genes upon injury and could provide additional information 

on the CEC post-injury CEC proliferation and healing capacity across species. 

 

Overall, our study provides an automated pipeline for cross-species transcriptome 

comparisons and pathway activity analysis, which can be applied to any interspecies 

study. Our data suggests that species with non-proliferative corneal endothelium are 

more similar than those species with a proliferative corneal endothelium. 

Furthermore, our data analysis reveals that 52 pathways have different activity when 

comparing species with proliferative CECs (rabbit) to species with quiescent CECs 

(human and sheep). 
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Supplementary information 

Supplementary Figure 1 

 

Supplementary Figure 1. Volcano plots of the pathway analysis in human vs sheep depicts different 

activity level in 54 pathways. 
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Pathway name Pathway ID 

Effect Size 

Human vs Rabbit 

Pvalue Human 

vs Rabbit 

Effect Size 

Sheep vs Rabbit 

Pvalue Sheep 

vs Rabbit 

Effect size Human 

vs Sheep 

Pvalue Human 

vs Sheep 

Glutathione metabolism WP100 2,151381723 7,83E-06 1,333763109 0,00263735 0,817618613 0,021187285 

GPCRs, other WP117 -1,069610544 0,002469105 -1,012212914 0,012609825 -0,05739763 0,638751852 

miRNAs involved in DNA damage response WP1545 1,009731265 0,003279574 1,275640393 0,004458933 -0,265909128 0,855044223 

Thyroxine (thyroid hormone) production WP1981 1,58249933 0,000104373 2,003681276 5,44E-07 -0,421181946 0,434063804 

SRF and miRs in smooth muscle differentiation 
and proliferation WP1991 1,42556584 0,01551432 1,426359984 0,038102819 -0,000794143 0,52536065 

Cell differentiation - index WP2029 1,727202409 0,00353378 1,646132127 0,000400265 0,081070282 0,477913589 

IL-7 signaling pathway WP205 2,240694999 7,13E-06 1,794221517 0,000114961 0,446473483 0,780897923 

IL-17 signaling pathway WP2112 1,411267892 6,06E-06 1,841492929 2,47E-09 -0,430225037 0,362401208 

Endothelin pathways WP2197 -1,589904486 0,000622455 -1,318659024 0,014439021 -0,271245462 0,473616828 

Interleukin-11 signaling pathway WP2332 1,204687808 2,02E-06 1,323401723 2,45E-07 -0,118713915 0,488670106 

Oncostatin M signaling pathway WP2374 1,869383543 5,82E-13 1,686964335 7,25E-10 0,182419208 0,272328498 

Peptide GPCRs WP24 -1,610199064 5,59E-05 -1,552603364 9,30E-05 -0,0575957 0,981279133 

Quercetin and Nf-kB / AP-1 induced apoptosis WP2435 1,490931659 0,000447495 2,460513764 1,85E-06 -0,969582105 0,004390985 

Alpha 6 beta 4 signaling pathway WP244 1,271718006 0,000442489 2,154490961 1,06E-08 -0,882772955 0,021657844 

TCA cycle and deficiency of pyruvate 
dehydrogenase complex (PDHc) WP2453 2,140279267 1,53E-07 2,164972335 3,63E-07 -0,024693068 0,178598554 

Aryl hydrocarbon receptor pathway WP2586 1,745120672 1,23E-07 1,348726468 1,49E-05 0,396394205 0,384723671 

Gastric acid production WP2596 -3,920484099 0,011925234 -3,88822432 0,011159425 -0,032259779 0,823664389 

Notch signaling WP268 1,105651137 0,001304792 1,556776912 6,08E-06 -0,451125775 0,075830938 

Pluripotent stem cell differentiation pathway WP2848 1,142106558 0,012177929 1,503729429 0,000335791 -0,361622871 0,605618402 

Glucocorticoid receptor pathway WP2880 1,208883478 0,000865354 1,133947048 0,00068614 0,074936429 0,751234682 

 

SUPPLEMENTARY TABLE 1. 52 Pathways with a common different activity when comparing Human vs Rabbit and Sheep vs Rabbit. 
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Nuclear receptors meta-pathway WP2882 1,166666173 4,76E-12 1,118518038 9,61E-14 0,048148135 0,82583145 

NRF2 pathway WP2884 1,201457236 1,49E-05 1,22499089 1,06E-07 -0,023533654 0,983459042 

Transcriptional activation by NRF2 in response 

to phytochemicals WP3 1,851190202 0,000116624 1,306644221 0,001335604 0,544545981 0,200373577 

Hepatocyte growth factor receptor signaling WP313 1,4188864 7,52E-05 1,733751548 8,28E-07 -0,314865148 0,128373295 

Methionine de novo and salvage pathway WP3580 1,614354549 0,032870271 1,412016382 0,030168693 0,202338167 0,905991582 

Photodynamic therapy-induced NFE2L2 
(NRF2) survival signaling WP3612 1,1707695 0,024299261 1,142848429 0,025621918 0,027921071 0,927941405 

Photodynamic therapy-induced NF-kB survival 

signaling WP3617 1,077397758 0,004717535 1,457086032 0,000525742 -0,379688274 0,37675763 

IL6 signaling pathway WP364 1,221570512 0,000319259 1,324601328 6,84E-06 -0,103030816 0,635597855 

Apoptosis modulation by HSP70 WP384 1,475418028 0,001747636 1,272055773 0,007980561 0,203362255 0,935226283 

4-hydroxytamoxifen, dexamethasone, and 
retinoic acids regulation of p27 expression WP3879 1,116190834 0,012843455 1,265185218 0,010948671 -0,148994385 0,25872364 

BMP signaling in eyelid development WP3927 1,972201498 0,000399133 1,534076742 0,003392092 0,438124756 0,217962128 

Leptin-insulin signaling overlap WP3935 2,09528424 0,001035407 1,82344973 0,00042081 0,27183451 0,591510552 

miR-509-3p alteration of YAP1/ECM axis WP3967 -2,025707357 3,31E-06 -1,532208109 0,007549813 -0,493499248 0,237621004 

Oxidative stress response WP408 1,494165374 0,000517231 1,264096192 0,005320095 0,230069182 0,635806368 

Inhibition of exosome biogenesis and secretion 

by Manumycin A in CRPC cells WP4301 2,225258356 1,61E-08 2,130830506 1,15E-06 0,09442785 0,456706657 

ncRNAs involved in STAT3 signaling in 
hepatocellular carcinoma WP4337 1,285612363 0,036608456 1,66383334 0,000139561 -0,378220977 0,474483486 

NRF2-ARE regulation WP4357 1,622792244 8,52E-06 1,246502239 0,000168359 0,376290006 0,276631142 

Biomarkers for pyrimidine metabolism 
disorders WP4584 -1,004871049 0,028128626 -1,16222892 0,005635948 0,157357871 0,515974651 

Endochondral ossification WP474 -1,812888859 1,07E-05 -1,221297387 0,001663837 -0,591591472 0,143387899 

Cytoplasmic ribosomal proteins WP477 3,507109619 5,33E-11 3,192785027 1,31E-08 0,314324592 0,31210837 

CAMKK2 pathway WP4874 1,684009636 3,15E-05 1,718992188 2,35E-05 -0,034982552 0,877436604 



Chapter 6 

 

236 

Airway smooth muscle cell contraction WP4962 -1,855532092 0,006979143 -1,97698521 0,000415968 0,121453118 0,943510886 

Riboflavin and CoQ disorders WP5037 -1,021460095 0,001258408 -1,231102923 0,000789328 0,209642828 0,908072237 

Glycolysis in senescence WP5049 3,067505998 0,003177612 2,075195905 0,031254308 0,992310093 0,193486375 

Roles of ceramides in the development of 
insulin resistance WP5181 1,845186768 0,009243993 2,407609337 0,002935555 -0,562422569 0,752969634 

PtdIns(4,5)P2 in cytokinesis pathway WP5199 1,82593528 0,007116697 1,67571373 0,040383449 0,15022155 0,964598395 

Cytokines and inflammatory response WP530 2,215688007 0,002890035 2,11970998 0,009373095 0,095978028 0,915789529 

TGF-beta receptor signaling WP560 1,339036975 3,48E-06 1,57030001 1,49E-07 -0,231263035 0,530314829 

EPO receptor signaling WP581 1,155729346 0,04308632 1,623190139 0,001231006 -0,467460793 0,348768998 

Type II interferon signaling WP619 1,814399682 0,000127894 1,584759989 0,000175036 0,229639693 0,477311973 

Serotonin HTR1 group and FOS pathway WP722 1,744295436 6,82E-09 1,46298378 4,14E-07 0,281311657 0,381625123 

Serotonin receptor 4/6/7 and NR3C signaling WP734 2,010104678 1,35E-07 1,407281882 0,000248749 0,602822796 0,067374541 
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Discussion 

Regenerative medicine (RM) aims to repair, replace, or regenerate cells, tissues or 

organs that have been damaged in order to reestablish physiological function. One 

of the main challenges RM aims to tackle is the donor tissue or organ shortage, which 

is still not solved even with national rules of opt-out organ donation. The cornea is 

no exception to that and the current human donor cornea imbalance requires an 

urgent need to develop novel therapies to treat corneal endothelial disease. The work 

reported in this thesis is aimed towards the development of clinically relevant 

regenerative medicine and cell therapies that could provide treatment to those 

patients without access to donor corneas.  

 

More is needed to maximize donor tissue use 

In addition to developing complex therapeutic approaches there is the need to 

maximize the use of each donor cornea available for transplant. With the advances 

in corneal transplantation techniques, surgeons can selectively replace a damaged 

corneal layer. For example, Descemet’s membrane endothelial keratoplasty 

(DMEK) is used to selectively replace the corneal endothelium affected by corneal 

endothelial disease,1–3 and deep anterior lamellar keratoplasty (DALK) is used to 

selectively replace the epithelium and stroma layers from corneas with stromal 

scarring or dystrophies such as keratoconus.4,5 It is possible to obtain a graft for 

DMEK and a graft for DALK from the same donor cornea, an approach known as 

split-cornea,6,7 optimizing the use of donor tissue. Nonetheless, given the low volume 

of DALKs, this approach is still insufficient to all the patients awaiting for donor 

tissue. Other approaches such as hemi8 and even quarter9 DMEK have been studied 

as approaches to maximize donor tissue use. Nevertheless, these techniques have 

been associated with significant cell loss and can only serve patients with mild 

disease. 
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A crucial aspect to be able to successfully maximize donor tissue use is to be able to 

transport DMEK tissue from areas with donor tissue surplus to areas with donor 

tissue shortage, meeting tissue supply and demand globally. Preloaded DMEK 

transport systems have been recently developed to allow the cornea bank to send an 

already prestripped endothelial graft for DMEK10–12 and have shown that DMEK 

tissue can be transported cross-countries without affecting tissue quality.13 

Furthermore, the use of preloaded DMEK systems can enable the application the 

split-cornea approach into the clinics, and reduce the risk of iatrogenic tissue damage 

when stripping the corneal endothelium from pre-cut corneas on the operation 

theater, allowing novice surgeons to rapidly adapt to the DMEK procedure and 

making sure no donor tissue is lost. In Chapter 3, we performed a validation study 

confirming that stripped corneal endothelial grafts transported using the novel 

DMEK RAPID preloaded transport system reach the operation room with the same 

viability and quality as conventional prestripped endothelial grafts transported on a 

whole cornea. The validation of preloaded DMEK systems is a key aspect for their 

implementation into the clinics, which consequently allows optimization of donor 

tissue.  

 

While preloading devices for DMEK can aid to optimize the use of donor corneas, 

there are aspects which require attention. Before performing the keratoplasty, it is 

necessary to wash with ophthalmic irrigation solution the preloaded endothelium in 

order to remove excess of cornea preservation media. The shear stress generated 

during this procedure could damage the tissue. Moreover, there is often the need to 

re-stain the endothelial graft in order to aid the tissue grafting in its correct position, 

which is laborious and can potentially damage the tissue. Developing preloaded 

DMEK systems that allow for an optimized wash could improve the adoption of 

these devices. Furthermore, the development of a ready-to-inject cornea transport 

media or the use of endothelium staining methods which ensured tissue staining over 

long periods of time without affecting tissue viability could facilitate the adoption of 

these systems.  
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Finally, it is worth to mention that many surgeons are used to transplanting pre-

stripped corneas, as this is currently the default procedure. Changing practice 

patterns to adapt to a novel device might be challenging if this is not directly linked 

to an improvement in the therapeutic outcome, such as for this procedure. The early 

training of novice surgeons with preloaded DMEK devices could change the practice 

patterns enabling a maximization of tissue use. Furthermore, the high costs 

associated to these devices can also prevent its adoption. 

 

How can we obtain sufficient understanding to develop 

translational regenerative medicine therapies? 

Maximizing the use of donor corneas is an elegant approach to provide treatment to 

some patients in need, but it does not solve the current corneal donor tissue shortage. 

There is an imperative need to develop novel approaches to treat corneal endothelial 

disease.  

 

The improvement of protocols to generate and expand corneal cells in the lab opens 

the possibility to treat patients with a cell therapy, drastically reducing the need for 

donor tissue.14–16 Nevertheless, the cornea is a highly heterogeneous tissue, and to 

develop successful cell therapies it is critical to know its characteristics and how the 

cells populating it regulate tissue homeostasis. Without a good reference of cell 

types, generating therapeutically relevant cells is unlikely. Traditionally, the human 

corneal layers have been analyzed as bulk entities because of the lack of readily 

available tools to accurately account for their cellular heterogeneity. With the 

development of single cell RNA sequencing (scRNAseq) techniques, it is possible 

to critically evaluate the cornea at the single cell level to unravel the different 

transcriptomic blueprints of corneal cell types.  
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While many single-cell transcriptomic studies in different tissues have been 

published over the last 5–7 years,17–20 scRNAseq has been only recently translated 

in the field of corneal research, with the first studies published in 2021.21–24 In 

Chapter 4 we performed a high-quality scRNAseq analysis of the healthy human 

cornea to generate one of the first transcriptomic cell census of this tissue. This study 

allows us to further understand the cellular complexity of the human cornea, 

providing transcriptomic information of 19,472 corneal cells isolated from four 

female and four male donors. The deep characterization of corneal tissue we provide 

is of great importance for the development of novel cell therapies and regenerative 

medicine approaches as it provides a baseline and a reference on each corneal cell 

type in regards of phenotype, transcriptome and functionality. These studies are 

likely to have a major impact for future profiling of corneal disease states, to help 

guide pluripotent stem cells into different corneal lineages, and to understand how 

engineered substrates affect corneal cells to improve regenerative therapies.  

Furthermore, this dataset identified markers exclusively expressed in cells 

comprising the limbal epithelial stem cell niche, highly proliferating epithelial cells, 

and stromal keratocytes which could be used as reference to improve current corneal 

cell replacement therapies. Future research might allow to translate these findings 

into the clinic, for example using the novel markers to enrich for proliferative corneal 

epithelial cells. 

 

Besides providing a reference for the development of regenerative medicine 

therapies, scRNAseq can be used as a platform for a targeted improvement of 

existing cell therapies. For example, the primary expansion of human corneal 

epithelial cells (CECs) appears as an alternative to treat multiple patients from a 

single donor. This cell therapy is currently being tested with clinical trials taking 

place mainly in Singapore and Japan, which will give powerful information 

regarding surgical procedure to deliver the cells, graft survival over time, and 

therapeutic outcome. Nevertheless, this technique is far from ideal and has some 

limitations, preventing its worldwide adoption: Primary CEC cultures are only 
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successful if derived from donors younger than 45 years; cell yields are limited; the 

cultures become heterogeneous over extended culture time; cell undergo major 

alterations after passage 2, affecting both cell phenotype and functionality; and there 

is a lack of clear markers to identify cells which will lead to therapy success. In the 

past five to seven years, no major advances on the protocols for the expansion of 

primary human CECs have been made. 

 

In Chapter 5 of this thesis, we report using scRNA as a platform to improve the 

primary expansion protocols and primary CEC-based therapy using single cell 

transcriptomics. We provided the first scRNAseq dataset from 42,220 primary 

cultured human CECs. Our study is a step forward in the field and presents the 

changes in the transcriptome in human CECs over culture time. First, we could 

identify high-quality CECs that are the ideal target for a cell therapy, CECs 

transitioning towards an undesirable senescent phenotype, and CECs that had 

undergone an endothelial-to-mesenchymal transition and presented a fibrotic 

transcriptome profile. Besides the confirmation of the heterogeneity of primary 

cultured CECs, our study allowed us to track changes in genetic pathways activated 

over the detected populations of cells, suggesting possible genetic pathways that 

could be targeted with small molecules for the improvement of primary culture 

protocols. Follow-up studies are required to apply this findings in the attempt to 

improve primary culture protocols. Finally, this study allowed us to identify novel 

markers for the characterization of therapy-grade CECs and those of lower quality, 

which hopefully will have a major impact on the quality assessment of primary 

cultured CEC for its clinical use. 

 

While the recent scRNAseq studies of the native human cornea present novel and 

powerful datasets to understand corneal cell heterogeneity there are aspects requiring 

attention. First, the published studies present datasets of 16,000 to 47,000 corneal 

cells originating from several donors, 21–24 this is a small fraction of cells if we take 

into account that the human cornea is composed of a few million cells. It is very 
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likely that these studies are missing minor corneal cell populations that were not 

detected by scRNAseq. A major relevant study that could be done as a follow-up to 

this thesis would be the integration of the different corneal scRNAseq datasets, to 

generate a cross-study scRNAseq cornea atlas. The integration of the scRNAseq data 

of different studies is not a trivial process, as sequencing technology and depth 

should be accounted for, but this could allow the identification of novel cell 

populations otherwise disregarded. 

 

Overall, the work described in this thesis as well as the recent studies demonstrate 

the power of scRNAseq, we should point out one of its major pitfalls: its elevated 

operational costs. These costs often compromise researchers into performing a deep 

sequencing of a few cells or a shallow sequencing of many cells, when the ideal 

situation would be sequencing many cells at a high sequencing depth such as 50,000-

80,000 reads per cell. Further developments and advances in single-cell 

transcriptomics will likely simplify the protocols and reduce costs, considerably 

increasing its accessibility and having a major impact on regenerative medicine and 

cell therapies. Furthermore, with the emerging of high-throughput multiomics, 

single-cell transcriptomic information will be combined with single-cell 

metabolomics and proteomics, unraveling novel biological processes previously 

unknown.  

 

How can the diversity of the animal kingdom aid to guide the 

development of regenerative medicine therapies?  

In addition to scRNAseq, we deployed bulk RNA sequencing (RNAseq) to 

investigate the mechanisms underlying CEC proliferation, an important goal for 

regenerative corneal therapies. To do so, we investigated the transcriptomic 

differences between human, sheep, and rabbit CECs because their regenerative 

capacity differs. 



Discussion 

  

 

245 

One of the main research focus on corneal endothelial regenerative medicine is to 

force CECs to exit their G1 phase to proliferate and repopulate the damaged tissue. 

Small molecules and recombinant proteins such as Y-27632,25 K-115,26 SB431542,27 

and FGF-128 have been identified to promote endothelial proliferation and 

regeneration. Nevertheless these drugs are far from optimal as they only promote 

regeneration on a low percentage of patients,26,29–32 and could potentially cause a loss 

of cell phenotype and function. There is the need to further understand the 

mechanisms behind the promotion of CEC proliferation to design successful 

regenerative medicine therapies. 

 

In Chapter 6 we followed an interesting approach to elucidate the mechanisms 

behind CEC proliferation by investigating the transcriptomic differences of CECs of 

different animals. The regenerative capacity of CECs differs between species: in 

bigger mammals such as humans and sheep, CECs are arrested at a quiescent state, 

lacking regenerative capacity of this tissue through cell division. In contrast, rabbit 

CECs retain a high proliferative capacity and can repopulate the endothelium in 

response to damage. With this interspecies transcriptome comparison we identified 

genetic pathways up and down regulated in each of the species, which could allow 

the identification of new drug candidates to promote CEC division and tissue repair.  

 

This Chapter portrays how the diversity of the animal kingdom can be understood to 

develop regenerative therapies for treating corneal endothelial disease. The 

comparison across the transcriptome of different species is not a straightforward 

process and requires attention. First, it is crucial to secure public access to reference 

genomes, while human or mouse reference genomes have been recently updated, we 

found that the coverage of the rabbit reference genome (OryCun2.0) was not as deep 

as the ones found for other species and had not been updated since 2009. Moreover, 

the most updated sheep reference genome (ARS-UI_Ramb_v2.0) recently published 

in 2021 did not contain all the gene ENSEMBL identifiers for the newly included 

genes, hindering the downstream analysis of the data. It is of high importance to 
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promote research on improving the publically available reference genomes in order 

to perform more meaningful and complete analysis. Secondly, the homology 

mapping across species also relies on publically available datasets. In our analysis 

we could not include genes for which a homologue had not been described, further 

research in finding gene homologues across species can directly impact this research. 

Finally, the differences in transcript length across species hinders the parametric 

comparison of gene counts across species, and typical packages used for RNAseq 

analysis such as DESeq233 do not account for such differences and should not be 

used in such analysis. For this reason in our analysis we performed a Wilcoxon rank-

sum test, non-parametric test, at the pathway level to detect for differences across 

species. To date, there is no solution this problem. Researchers are focusing in 

correcting such differences by mapping to a single reference genome, in the case of 

close species, with the risk of enriching for genes in the sample from the same 

species.34–36 Alternatively, some studies are trying to correct for each transcript 

length in regards to each species, obtaining promising results.36,37 Future studies will 

shed light into this problem likely solving it.  

 

The research pipeline we developed is not only specific for CEC, but could be 

applicable to other regenerative medicine approaches comparing other species and 

organs. Different animals have shown regeneration of full limbs such as the 

starfish,38 or more recently, a sea slug was proven to fully regenerate the whole body 

from its head.39 Gaining insight into those exceptional cases could unravel novel 

ways to promote tissue regeneration. Besides analyzing the intrinsic interspecies 

transcriptome differences, a highly interesting follow-up study to this thesis would 

be to compare the transcriptomic pathway changes in each species CECs upon injury. 

After a scratch test of the corneas, the human, rabbit, and sheep corneal endothelium 

can be sequenced, then compared to its reference transcriptome presented in this 

thesis following an interspecies comparison of the differentially expressed genes 

upon CEC injury. This follow-up study could give additional crucial information on 

CEC proliferation capacity and healing post-injury across species. 
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Future perspectives on this thesis and corneal endothelial cell 

therapy 

The results presented in this thesis focus on improving therapeutic options for 

corneal diseases, from pragmatic devices to maximize donor tissue use that can be 

immediately implemented to improve overall corneal surgeries and ease the donor 

burden to fundamental knowledge about native corneal cells and understanding the 

changes arising from the primary culture of CECs with the main aim to design 

successful cell therapies. Follow-up studies are required to translate the findings of 

this thesis to improve regenerative medicine approaches. Future research should 

focus on further characterizing the novel limbal and endothelial markers we 

identified to conclude if they indeed lead to more successful therapies. Furthermore, 

with the genetic pathway-level information we gained, it is highly likely to modify 

primary culture protocols to obtain more cells without loss of phenotype, but also to 

identify novel target drugs to promote corneal endothelial proliferation and healing 

in vivo. It is very likely that research based on the findings in this thesis will aid to 

develop protocols to successfully improve primary culture protocols of CECs and 

successfully culture older donor corneas. The presented the pseudotemporal 

transcriptomic changes arising from individual CECs over different culture passages 

could open the possibility to select for small molecules to tackle the alterations 

deriving from the primary culture.  

 

Complementary research to this thesis will also be required to further develop cell 

delivery methods, as the success of such therapies hinges on a suitable method to 

deliver them into the cornea. Therapy-grade cells have to be delivered alive and with 

sufficient potential integrate in the cornea. The main two methods currently studied 

for delivery of CECs are cell injection into the anterior chamber of the eye, which 

its main appeal is its simplicity but uses 1 million cells per eye,14 and the use of 

different substrates in the effort of bioengineering corneal endothelial grafts. CEC 

scaffolds allow to directly position the cells in contact with the cornea, reducing the 
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number of cells needed for therapy to approximately 200,000 per cornea, but requires 

a more technically challenging procedure.40 The clinical trials in Japan and 

Singapore will soon provide novel insight on the delivery methods, but further 

research is required on trying to reduce the amount of CEC needed to treat a cornea 

with a cell injection and developing new scaffolds for bioengineering corneal 

endothelial grafts. A promising approach is the generation of a fully synthetic CEC 

scaffold which could integrate in the recipient cornea. Despite extensive research 

there is not yet a successful synthetic scaffold which can maintain endothelial 

thickness, transparency, resistance, and can integrate to the recipient cornea. 

Synthetic scaffolds would reduce both cost and requirement of donor tissue 

compared to the current stroma-derived scaffolds,40 but also provide standardization 

on bioengineered corneal endothelial grafts.  

 

Finally, due to the immune privileged nature of the corneal endothelium and its 

tolerogenicity, therapy-grade CECs could be successfully generated from both 

embryonic and induced pluripotent stem cells.16 Differentiating human pluripotent 

stem cells to CECs presents several advantages, such as the faster in vitro expansion 

of pluripotent stem cells compared to primary cultured CECs and independence from 

donor corneas. However, protocols for deriving CECs from pluripotent stem cells 

are still at an early developmental stage.41–44 The critical transcriptomic pathways 

and the identification of novel CEC markers described in this thesis, could improve 

pluripotent stem cell differentiation, which offers an unlimited cell source and breaks 

the reliance on donor corneas. 

 

Research and Medicine are advancing towards a personalized 

approach for treating corneal endothelial disease 
Nowadays, endothelial keratoplasty is the default intervention to treat corneal 

endothelial disease. Research on regenerative medicine therapies is increasing the 

therapeutic arsenal to treat corneal endothelial disease. With the increase in the 

therapeutic repertoire, it is the surgeons’ responsibility to critically select the best 
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treatment option for each patient, advancing towards personalized corneal 

endothelium regenerative medicine. In the coming years, research will allow deeper 

understanding of what spectrums of corneal endothelial disease could be 

successfully treated with each approach. For example, it is possible that Fuchs’ 

endothelial cell dystrophy (FECD), with a mildly affected Descemet’s membrane 

and an intact peripheral endothelium, could be treated with a pharmacological 

approach, to promote cell proliferation, alone or in combination with Descemet’s 

stripping only of the central damaged area. On the other hand, advanced FECD could 

be treated by lamellar keratoplasty or cell therapy delivered using a carrier. Patients 

suffering from bullous keratopathy could be treated with a cell injection of hCECs. 

A personalized medicine approach will allow greater access for more people to 

therapy and the cornerstone to tackle global donor shortage.  
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Introduction 

It has been estimated that at least 12.7 million people worldwide require a corneal 

transplantation but have no access to donor tissue.1 This estimation is based on 2012–

2013 data and probably undervalues the current figures, as it does not include 

individuals that require keratoplasty but are not yet registered for transplantation and 

does not account for the future projection of corneal-related blindness.  

 

The loss of vision associated to endothelial dysfunction has a major effect on the 

quality of life and causes difficulty in mobility, increased risk of falls and fractures, 

higher risk of depression and anxiety, and a greater likelihood to entering nursing 

homes, among other impacts.2 Furthermore, vision impairment poses a major 

financial burden associated with a loss of productivity.2 Developing novel 

therapeutic approaches is therefore crucial to provide swift and safe treatment to 

those in need. This thesis aims to assist the development of novel cell and 

regenerative medicine therapies, with the ultimate mission of granting better 

eyesight. In this section, we aim to provide insight into the scientific, economic, and 

societal implications related to the findings presented in this thesis. 

 

Scientific impact 

The research in this thesis has generated novel knowledge and crucial reference 

datasets that can impact the development of novel therapies (Chapters 4, 5, and 6), 

which have been made publicly available in the Gene Expression Omnibus 

(GSE186433) and DataVerseNL (doi:10.34894/X7ZSDZ).    

 

Firstly, the human cornea was traditionally considered to be a tissue composed of 

three main cell types, namely epithelial cells, stromal keratocytes, and endothelial 

cells, a view that does not account for the true cellular heterogeneity. The results 

reported in this thesis portray the human cornea as a highly heterogeneous tissue at 

the single cell level, with each corneal layer comprising several cell populations 
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(Chapter 4). Secondly, our findings revealed the heterogeneity of primary cultured 

corneal endothelial cells (Chapter 5), providing insights into the alterations that 

occur through their primary expansion and identifying markers to enrich for clinical-

grade cells.  

 

Overall, the single cell transcriptomic (scRNAseq) datasets presented in Chapters 4 

and 5 identified subpopulations with different roles in the maintenance of corneal 

homeostasis. These readily available and accessible datasets can provide a reference 

baseline to impact future research. The information gained in Chapter 4 can be used 

for better disease profiling when comparing these data to scRNAseq studies on 

specific corneal diseases. This could allow the identification of disease-specific 

genetic mechanisms in the aim to improve therapies. Secondly, the identification of 

novel cell-specific markers described in Chapter 4 and 5 can play a crucial role in 

the selection of cell types that are suitable for therapy, potentially improving 

therapeutic outcomes of cell-based therapies. These markers can also be used to 

improve stem cell differentiation to specific corneal cell types by targeting the 

enrichment of the specific markers. Besides the cellular markers highlighted in 

Chapters 4 and 5, the transcriptomic pathway-level information provided in Chapter 

5 provides pivotal background to understand the alterations that occur in CECs upon 

their in vitro culture. These findings open the possibility to improve the current 

primary culture protocols by targeting specific pathways with small molecules, 

which could enable sourcing more cells from a single donor or to expand CECs from 

older donors.  

 

In Chapter 6 we used an interesting approach to gain insights on the proliferation 

capacity of CECs. By isolating and comparing endothelial tissue of species with non-

proliferative CECs, namely sheep and human, with rabbit proliferative CECs at the 

transcriptomic level, we were able to highlight pathways that could drive the 

proliferation potential (and thereby regenerative potential) of human CECs. These 

findings open novel paths for the improvement of regenerative therapies for treating 
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corneal endothelial dysfunction by specifically targeting the highlighted pathways, 

but also provide the scientific community with reference datasets of corneal 

endothelial samples of human, sheep, and rabbit, which are readily usable in other 

studies. Besides generating a central reference dataset, we have developed an 

automated pipeline for a cross-species comparison, which has been made publicly 

available in GitHub (Chapter 6). This pipeline is not specific to corneal endothelial 

research and can be applied to any tissue and cross-species comparison, enabling a 

fast and reproducible data analysis in other fields and species comparison. 

 

Impact on clinical translation 

Besides the generation of scientific knowledge associated to this thesis, the findings 

reported in Chapter 6 on the specific markers to select or assess the quality of primary 

cultured corneal endothelial cells have opened the possibility to file for intellectual 

property protection. The patentability of our findings has two major repercussions. 

Firstly, it opens the option to license the markers for the assessment of the therapeutic 

potential of corneal endothelial cells, which might have a direct financial impact in 

case of licensing out the technology to a third party. Secondly and most importantly, 

it opens the possibility for the development and commercialization of a corneal 

endothelial cell–based therapy without some of the barriers currently faced. Namely, 

markers associated with the therapeutic quality of primary expanded corneal 

endothelial cells such as CD166 or CD44 have already been patent-registered in the 

European Union, and can only be used in the therapeutic setting with a license. As 

the success of a cell-based therapy heavily relies on the quality assessment of the 

generated cells, the existing patents might limit the development and application of 

a corneal endothelial cell–based therapy if there is no licensing agreement. The 

discovery and patent protection of the markers reported in Chapter 6 opens an 

alternative possibility for assessing the quality of the corneal endothelial cells 

intended as a cell-based therapy.   
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Societal and ethical impact 

Corneal endothelial regenerative medicine aims to treat those without access to a 

donor cornea. But there is a major worldwide imbalance in corneal-related blindness 

and access to donor corneas in different areas of the world. Most European and North 

American countries can meet the donor tissue demand, and in some specific cases 

such as in the United States of America or the Netherlands, can even export surplus 

corneas to other regions in need. It is in fact in African, Asian and some Middle 

Eastern countries where donor tissue shortage is a major burden, and patients lack 

access to treatment in the short-term.  

 

It is essential to understand the worldwide imbalance when developing regenerative 

medicine approaches for treating corneal endothelial dysfunction. Corneal 

endothelial cell therapies will probably be more expensive than corneal 

transplantation. We can use Holoclar as a reference, an autologous transplantation 

of corneal epithelial stem cells to treat unilateral limbal stem cell deficiency, which 

has a price of EUR 105,000 per eye in Europe.3 Taking this in mind, cell therapies 

to treat corneal endothelial dysfunction are only conceivable in countries with a self-

sufficient donor system, with the exception of Japan or Singapore, countries that 

suffer from donor cornea shortage but have the financial means and facilities for a 

cell transplantation program. The work reported in this thesis can potentially help to 

reduce the costs of a cell therapy. Specifically, improvements to the primary cell 

culture protocols based on our findings could increase the cell pool derived from a 

single donor, reducing the therapeutic cost. Furthermore, the cost effectiveness of 

corneal endothelial cell–based therapies can be dramatically reduced by using cell 

scaffolds, as reported in a recent study.4  

 

From the perspective of a global and communal attitude, the use of a corneal 

endothelial cell therapy in a self-sufficient country could generate a surplus of donor 

corneas, which in turn could be exported to countries without the infrastructure to 
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develop and implement a cell therapy. However, there is the need to justify the 

development and use of a cell-based therapy when there is a treatment and donor 

tissue readily available for those in need. For the approval of a corneal endothelial 

cell–based therapy, which is considered an advanced therapeutic medicinal product 

in the European Union, the therapy must either provide a very strong rationale for a 

return on investment to elicit commercial interest or provide an improvement 

compared to the current lamellar therapy; therefore, a corneal endothelial cell–based 

therapy should be measured against the outcomes of the current DMEK. Considering 

this, primary cultured corneal endothelial cells could be engineered in a “super-

DMEK” graft with a high cell density (≥3,000 cells/mm2), potentially increasing 

graft survival. Finally, logistic solutions to transport bioengineered endothelial grafts 

and frozen cells could also allow countries lacking the necessary infrastructure to 

benefit from a cell-based therapy. 

 

In the short term, developing and applying a corneal endothelial cell–based therapy 

in the countries with major cornea shortages is not feasible. For this reason, we might 

consider the use of other cost-effective therapeutic modalities, such as the 

Descemet’s stripping only combined with the use of Rho associated protein kinase 

inhibitors or the use of the revolutionary endothelial keratoprosthesis with the 

capacity to regulate corneal deturgescence, such as EndoArt. Their relatively low 

cost and the minimal infrastructure needed could allow their implementation, 

reducing the need for transplantation. 

 

In our view, regenerative therapies should be combined with the international 

development of efficient eye bank infrastructures and clinical facilities, as well as 

with promoting organ donation. The present global shortage of donor corneas, 

expected to increase as the world population ages, can only be tackled with an 

international effort and a communal attitude. 
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Summary 

The cornea is the clear window that lets light into the eye. Its inner surface is lined by a 

monolayer of corneal endothelial cells (CECs) that selectively pump ions and other metabolites, 

regulating the corneal hydration and maintaining the transparency of this avascular tissue. 

Human CECs are arrested in a non-dividing state, and their density slowly decreases over the 

years to an average of 2600 cells/mm2 in healthy adults aged 60–79 years. Iatrogenic damage, 

ageing or genetic diseases can cause an accelerated loss of CECs, weakening the endothelial 

function, and thus affecting corneal hydration and causing corneal endothelial disease, which is 

characterized by corneal edema and opacity impairing sight.  

 

Endothelial keratoplasty is the current therapy for corneal endothelial disease. Advances in 

surgical procedures are improving reproducibility and accessibility to corneal transplantation, 

causing an increase in the number of corneal transplantations globally. Unfortunately, there is 

currently a worldwide donor cornea shortage, aggravated by the increasing number of 

transplantations. It has been estimated that only one out of seventy patients in need has access 

to a donor cornea, and 12.7 million people in the world are awaiting treatment. The 

development of regenerative medicine approaches to treat corneal endothelial 

disease is necessary to tackle the increasing demand for donor corneal tissue and to 

provide treatment to those in need. Understanding the fundamental processes 

happening in vitro and in vivo are crucial aspects for developing such therapies and 

for their implementation from bench to bedside. The work described in this thesis 

addresses this need, with our main goal to contribute to the development of such 

innovative therapies. 

 

We review the current and developing approaches for the regeneration of the corneal 

endothelium, presenting its pros and cons, but also providing a social perspective 

and a regulatory guide for the approval of such treatments in the European Union. 

We show experimentally that corneal endothelial tissue could be delivered to the 

operation theater preloaded in an injection cannula, without affecting its quality. This 
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system reduces iatrogenic tissue damage in the operation theater and can allow eye 

banks to send only the tissue necessary for the selective replacement of the corneal 

endothelium, optimizing donor availability for other procedures. We went on to use 

single cell RNA sequencing to elucidate the different cell populations composing the 

healthy cornea and to understand the transcriptomic changes and the emergence of 

side populations that occur during the primary expansion of CECs for therapeutic 

purposes. To understand why rabbits have proliferative CECs and the CECs from 

larger mammals such as humans and sheep are arrested and cannot divide, we studied 

the transcriptomic differences across these species. Finally, we summarize the main 

findings of this thesis, and present a perspective of how this research has impacted 

the field and discussed on how it is likely to develop. 
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Samenvatting 

Het hoornvlies is het doorzichtige venster dat licht het oog inlaat. De binnenzijde 

van het hoornvlies is bekleed met een monolaag van corneale endotheelcellen 

(CEC's) die selectief ionen en andere metabolieten pompen, waarmee ze de 

hydratatie van de cornea reguleren en de transparantie van dit avasculaire weefsel 

waarborgen. Menselijke CEC's verouderen en komen in een niet-delende toestand, 

waardoor de dichtheid in de loop der jaren langzaam afneemt tot gemiddeld 2600 

cellen/mm2 bij gezonde volwassenen van 60-79 jaar. Iatrogene schade, veroudering 

of genetische ziekten kunnen een versneld verlies van CEC’s veroorzaken en de 

endotheel functie verzwakken. Dit tast de hydratatie van het hoornvlies aan en leidt 

tot endotheel ziekte van het hoornvlies, dat wordt gekenmerkt door hoornvlies 

oedeem en vertroebeling wat het gezichtsvermogen aantast. 

 

Endotheliale keratoplastiek is de huidige therapie voor cornea endotheel ziekte. 

Vooruitgang in chirurgische procedures heeft de reproduceerbaarheid en 

toegankelijkheid van hoornvliestransplantatie verbeterd, waardoor het aantal 

hoornvliestransplantaties wereldwijd is toegenomen. Helaas is er momenteel 

wereldwijd een tekort aan donorhoornvlies, gestegen door het toenemende aantal 

transplantaties. Er wordt geschat dat slechts één op de zeventig behoeftige patiënten 

toegang heeft tot een donorhoornvlies, en 12,7 miljoen mensen in de wereld wachten 

op behandeling. De ontwikkeling van regeneratieve geneeswijzen voor de 

behandeling van endotheel ziekte van het hoornvlies is noodzakelijk om de 

toenemende vraag naar hoornvliesweefsel van donoren aan te pakken en om 

behandeling te bieden aan mensen in nood. Kennis over fundamentele processen die 

in vitro en in vivo plaatsvinden, zijn cruciaal voor het ontwikkelen van dergelijke 

therapieën en voor translationele implementatie. Het werk beschreven in dit 

proefschrift richt zich op deze behoefte, met ons belangrijkste doel bij te dragen aan 

de ontwikkeling van dergelijke innovatieve therapieën. 
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We bespreken de huidige en ontwikkelende technieken voor de regeneratie van het 

cornea-endotheel, presenteren de voor- en nadelen, maar bieden ook een sociaal 

perspectief en een regelgevende gids voor de goedkeuring van dergelijke 

behandelingen in de Europese Unie. We laten experimenteel zien dat cornea 

endotheel weefsel geladen in een injectiecanule kan worden getransporteerd naar de 

operatiekamer zonder de kwaliteit ervan aan te tasten. Dit systeem vermindert 

iatrogene weefselbeschadiging in de operatiekamer en kan oogbanken in staat stellen 

alleen het weefsel te sturen dat nodig is voor de selectieve vervanging van het cornea-

endotheel, waardoor de donorbeschikbaarheid voor andere procedures wordt 

geoptimaliseerd. Vervolgens hebben we met het gebruik van single-cell RNA-

sequencing de verschillende cel-populaties waaruit het gezonde hoornvlies bestaat 

opgehelderd om de transcriptomische veranderingen en de opkomst van 

nevenpopulaties die optreden tijdens de primaire expansie van CEC's voor 

therapeutische doeleinden te begrijpen. Om te begrijpen waarom konijnen 

proliferatieve CEC's hebben en de CEC's van grotere zoogdieren zoals mensen en 

schapen overgaan in groeiarrest, hebben we de transcriptomische verschillen tussen 

deze soorten bestudeerd. Ten slotte vatten we de belangrijkste bevindingen van dit 

proefschrift samen en presenteren we een perspectief over de invloed van dit 

onderzoek op het veld en speculeren we over toekomstige ontwikkelingen.  
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