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Chapter 1 

INTRODUCTION 

Corneal endothelium: structure, functions and pathologies 

The human cornea is an avascular tissue with a crucial function in vision by 
serving, amongst others, that supports the light stream through the lens and the 
retina and as a barrier to the external environment. The cornea is organized in 
three main cellular layers: the epithelium, the stroma and the endothelium, while 
the limbus acts as a stem cell reservoir for the corneal epithelium.1 The human 
corneal endothelium can be histologically identified as resembling simple 
cuboidal tissue and it marks the posterior part of the cornea.2 This tissue is 
formed by a single layer of tightly-packed cells that display an hexagonal 
morphology on the apical side, facing the aqueous humor, while the surface on 
the basal side towards the Descemet’s membrane, a basement membrane formed 
by secretions from the endothelium itself, is irregular (Figure 1).3-5  

 

 

Figure 1: The human cornea. Schematic representation of the human cornea and its position 
within the human eye. Several layers can be distinguished: corneal endothelium (in pink, average 
thickness of 5 µm), Descemet’s membrane (in yellow, average thickness of 10-12 µm), corneal 
stroma (in green, average thickness of 500 µm), Bowman layer (in red, average thickness of 8-14 
µm) and corneal epithelium (in blue, average thickness of 50 µm). Thickness of the corneal layers 
is not drawn to scale. 



 

9 
 

1 

Introduction and outline of the thesis 

Human corneal endothelial cells (hCEC) have an approximate thickness of 5 µm 
and a diameter of 20 µm and maintain the stromal hydration (fundamental for 
the preservation of corneal transparency) through transmembrane ion 
transporters coupled with Na+/K+-ATPase and Mg2+-ATPase on the basolateral 
side of the cells.6-10 Within the endothelial layer, hCEC shape and migration are 
maintained by actin filaments,11 while cadherin and different catenin isoforms 
are mainly involved in apical cell junctions.12 Other type of junctions present in 
the corneal endothelium are tight junctions, associated with the Zonula 
Occludens (ZO)-1 complex,13 and gap junctions, responsible of the electrical 
communication between cells mediated by the connexin-43 protein.14 As hCEC 
are not thought to be capable of replicating in vivo because they cannot overcome 
the G1 phase in the cell cycle,15-17 their density and number decline naturally with 
the age, at a rate of about 0.6% per year (10.9 cells/mm2 per year, according to 
confocal microscopy measurements).18,19 At birth, the average hCEC density is 
3500 – 4000 cells/mm2,20 which declines to 2300 cells/mm2 by age 85.18 
Moreover, hCEC density is reported to be higher in the peripheral and 
paracentral areas compared to the center of the endothelium.21 Damaged and 
dead hCEC are replaced by a mechanism of cell migration of the neighboring 
cells, that guarantees a restoration of functionality in the affected area but also a 
lower cell density.22 Below the arbitrary threshold of 500 cells/mm2, the 
endothelium does not have enough pumping power to guarantee a correct 
corneal hydration, leading to loss of corneal clarity, impairment of visual acuity 
and, finally, corneal blindness.23  

Two of the most common pathologies occurring at the corneal endothelial level 
are Fuchs endothelial corneal dystrophy (FECD), a condition in which 
extracellular matrix (ECM) deposits called guttae – together with hCEC death – 
result in impaired vision,24 and bullous keratopathy, where small vescicles 
defined bullae arise after endothelial damage and contribute to the formation of 
a corneal edema.25 The treatment of corneal endothelial pathologies by corneal 
transplantation has largely improved over the past few decades and the steps 
conducted in the field of corneal endothelial transplantation gave the possibility 
to many people to restore vision and to resume a normal life.26  
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Surgical treatments of corneal pathologies 

For many years, the only effective treatment was a full thickness transplant, or 
penetrating keratoplasty (PK), which requires the removal of all layers of the 
damaged cornea and the replacement with a donor cornea. This type of invasive 
surgery requires the application of sutures, that have to stay in place typically up 
to 1 year. Moreover, the rehabilitation is very slow, as it may take several years 
to achieve a full recovery.27 In the late 1990s, a new surgical technique was 
introduced, named posterior lamellar keratoplasty or deep lamellar endothelial 
keratoplasty (DLEK). With the replacement of the corneal endothelium through 
a limbal incision, this technique was considered a breakthrough because less 
incisions or sutures were needed, thus solving most of the issues related to the 
classic PK.28,29 Despite the promising results in terms of fast recovery of visual 
acuity and contained cell loss at 6 months after surgery,30 the procedure was still 
challenging from a technical point of view, as the manual dissection of both the 
donor and the host stromal beds were required.31    
In the early 2000s, a more selective technique called Descemet’s stripping 
endothelial keratoplasty (DSEK) was developed. The major difference between 
DSEK and its precursor was the selective removal (i.e. “stripping”) of the host’s 
damaged Descemet membrane together with the endothelium: this step was 
called “descemetorhexis32 and was followed by the replacement of the damaged 
tissue with a thin layer of stroma which has attached the healthy Descemet’s 
membrane and endothelial layer coming from a donor. Once the donor tissue is 
implanted into the eye, an air bubble that usually lasts a few days supports the 
new tissue. Strong advantages of this technique compared to PK are a better 
postoperative vision, a quicker recovery of vision and lower postoperative 
complication rates.32-34   
In 2006, Gerrit Melles introduced an even more selective technique for 
endothelial keratoplasty. This technique was called Descemet’s membrane 
endothelial keratoplasty (DMEK) and represented a milestone in the history of 
corneal transplantation. Briefly, this approach permits the selective replacement 
of the damaged corneal endothelium with the Descemet’s membrane and 
healthy endothelium coming from a donor, with no additional layers such as the 
stroma.35 Early standardization of the surgical technique facilitated acceptance 
among surgeons,36,37 and nowadays this technique represents a very efficient 
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treatment for the abovementioned corneal pathologies and its application 
improves visual outcomes and reduces the risk of graft rejection (Figure 2).38-40 

 

 

 

Figure 2: Development of endothelial keratoplasty. For many years, the only possibility to 
perform a corneal transplantation was penetrating keratoplasty (PK), a technique that required 
the application of sutures, with consequent very slow recovery of the patient. From the late 
1990s, this surgical technique evolved to endothelial keratoplasty with the purpose of selectively 
removing the damaged endothelium. Scientific and technical progress led to the development of 
deep lamellar endothelial keratoplasty (DLEK), followed by Descemet stripping endothelial 
keratoplasty (DSEK) and Descemet membrane endothelial keratoplasty (DMEK), the most 
selective corneal transplantation surgical technique currently available (Adapted from: Current 
Treatment Options for Fuchs Endothelial Dystrophy, Editors: Cursiefen, Jun. Chapter 5: 
Baydoun, Dapena, Melles - Evolution of Endothelial Keratoplasty) 

 

Nevertheless, as for many fields in tissue transplantation, use of endothelial 
keratoplasty is restricted by a lack of donor tissue available, because of a global 
shortage of donors. The reasons are multiple: increase in life expectancy, social 
and religious motivations, strict criteria for tissue release, etc.23,41,42 Nowadays, it 
has been estimated that there is only 1 donor cornea available for every 70 
patients in need of a transplantation worldwide.43 As a result, techniques have 
been developed to use the available donor tissue more efficiently. The latest 
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surgical approaches explored against the global tissue shortage include Descemet 
stripping only (DSO), also known as Descemetorhexis without endothelial 
keratoplasty (DWEK), and hemi- and quarter-DMEK as some of the most 
promising and innovative ones.44-46 

DSO has been progressively applied as a treatment for patients affected by 
central FECD and is based on the removal of the central guttae, without 
replacement by donor tissue. The rationale behind the implementation of this 
technique is that, if the guttae are confined to the corneal center, a planned 
“guttaectomy” to remove the diseased areas would boost the repopulation of 
this part of denuded stroma by the surrounding healthy hCEC.47 Varying success 
rates have been reported for this technique in terms of the restoration of corneal 
clarity, by re-population of the stripped area by peripheral endothelial cells.48-50  

Hemi- and quarter-DMEK are corneal transplantation techniques that were 
introduced by the Netherlands Institute for Innovative Ocular Surgery (NIIOS), 
with the purpose of increasing the pool of available donor tissue by two and four 
times, respectively. For the hemi-DMEK, two semicircular endothelial sheets of 
12 mm of diameter were obtained from one corneoscleral rim by completely 
stripping the DM from the posterior stroma and cutting the untrephined graft 
in half. This way, a hemi-DMEK graft has a comparable surface area to a 
standard, trephined DMEK graft and two patients could be treated from one 
donor cornea (Figure 3A).44,51 Results from 10 patients treated with hemi-
DMEK surgery showed similar visual outcomes to conventional DMEK surgery 
up to 4 years of postoperative follow-up. At the same time, the steep decrease 
in ECD after 6 months could be a consequence of a distinct mechanism of cell 
migration and ECD measurements taken in different areas compared to the 
conventional DMEK.52,53  

The Quarter-DMEK technique went one step further towards the optimization 
of the donor tissue available, by reducing the size of the DM graft in order to 
obtain 4 grafts from one donor cornea.54,55 Briefly, the corneo-scleral button is 
divided into 4 equal parts and the DM is then completely stripped off, resulting 
in 4 smaller DM grafts of 5-6 mm along the radial edge (Figure 3B). The 
obtained Quarter-DMEK graft is then transplanted by positioning the graft in 
the central part of the posterior stroma, inducing the donor endothelial cells to 
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migrate adjacently to the graft. Best- corrected visual acuity (BCVA) was 
comparable to a standard DMEK surgery up to 6 months follow-up. The 
decrease in ECD, despite a steep decline after 6 months, also stabilized thereafter 
up to 2 years of follow-up.45,56 Nevertheless, corneas treated with Quarter-
DMEK surgery cleared slower compared to a conventional DMEK treatment, 
especially in the limbal area of the Quarter-DMEK graft.45 

 

 

Figure 3: Hemi- and quarter-DMEK graft preparation. Schematic description of the 
preparation of hemi- and quarter-DMEK grafts. For hemi-DMEK grafts, a full-size endothelial 
graft is cut longitudinally in 2 semicircular halves with a 11-12 mm diameter, so to roughly cover 
the surface area of a standard DMEK graft of 8-9.5 mm diameter (A). Quarter-DMEK graft 
preparation requires the division of a full-size endothelial graft into 4 parts, with two longitudinal 
cuts, in order to obtain 4 quarter-DMEK grafts with a diameter of 5-6 mm (B). 

   
A first cell migration study conducted on in vitro cultured Quarter-DMEK grafts 
showed an increase of cell migration between day 4 and day 6 of culture, but 
only from the cut edges. In contrast, there was no cell migration from the limbal 
round edge area, most likely due to the peripheral collagen fibers that impaired 
cell migration.57 In order to stimulate migration of cells “trapped” in the collagen 
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structure, another in vitro cell migration study was conducted on cultured 
Quarter-DMEK graft, but this time the limbal edge of the Quarter-DMEK 
grafts was “customized” with small cuts and trephinations. Moreover, the grafts 
were cultured in a thermoresponsive gel, to facilitate the passage of nutrients of 
the culture media. While cell migration increased from the radial cut edges of the 
grafts, as a result of more favorable culture conditions, little to no cell migration 
was again observed from the limbal area, despite the modifications of the far 
periphery.58 These results suggested that the peripheral area could be populated 
by a different type of cells that act as a cell reservoir, rather than displaying a 
migrative phenotype. 

 

“Cell-based” treatment of corneal pathologies 

To solve the global tissue scarcity of donor graft suitable for transplantation, 
“cell-based” approaches aimed to repair the damaged endothelial layer have been 
developed as an alternative to corneal endothelial keratoplasty. The main idea 
behind this approach is that hCEC could be isolated and cultivated in vitro, as 
hCEC have been shown to be able to proliferate if given the appropriate 
stimuli.59 Finding out how to optimize in vitro hCEC proliferation has been a 
major target for many researchers in order to develop a reliable cell culture 
protocol by also taking into account the confounding aspect of lack of donor 
material from which to isolate and expand hCEC in vitro.  

To bypass the dependency on scarce donor tissue, approaches have included the 
immortalization of CEC via viral transfection,60,61 the disruption of the balance 
of cell cycle regulators,62,63 the induction of genetic transformations that resulted 
in immortalized hCEC lines,64 and optimization of hCEC culture conditions.65-67 
The first three approaches have serious impediments for a future clinical 
application, such as viral transformation, overexpression of exogenous genes, or 
aberrant karyotypes, since regulatory committees may describe them as 
dangerous and with a tangible possibility of inducing cancer in humans.  

The possibility of using stem cells as a potential source of in vitro cultured CEC 
for clinical purposes has been described in the last years. Despite several 
protocols to derive hCEC from embryonic stem cells,68-71 many concerns 
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regarding the use of stem cells, both on the ethical and safety level, appeared to 
have limited its suitability for further clinical application.72   
Another potential source investigated for CEC production is the population of 
induced pluripotent stem cells (iPSC), a type of stem cells that can propagate 
indefinitely and be modified into any other cell type in the body, given the 
appropriate stimuli.73 A practical application of this definition was the 
establishment of different protocols to derive CEC from iPSC, either from 
murine or human iPSC, under chemically defined conditions.74,75 Nevertheless, 
the possibility to use iPSC as an effective source for cultured CEC is tempered 
by both biological factors, such as the still largely unknown conditions favoring 
the differentiation from human iPSC to CEC, and safety reasons, given the 
potential oncogenic risk linked to iPSC.76,77 Moreover, like for the stem cells, in 
the absence of specific markers for hCEC it is difficult to properly distinguish 
the different cell types in culture.77   
Mesenchymal stem cells (MSC) are nowadays easily retrieved from different 
human tissues, and in a theoretical way their use (similarly to other pluripotent 
cell types) seems more appropriate in comparison to primary hCEC, given their 
lower proliferative ability.78 Both multipotent MSC and iPSC are derived from 
adult tissues, therefore fewer ethical issues arise, unlike embryonic stem cells. 
Moreover, a transplant of autologous MSC removes one of the side effects of 
allogenic grafts, namely immune-suppressive drugs to prevent rejection. MSC 
are a good candidate as a source for CEC production because, during human 
eye development, CEC differentiate from periocular mesenchymal cells.79-81 In 
addition, these two cell types share the ability to express adhesion proteins such 
ZO1 and N-cadherin.12 However, a definite protocol to establish an in vitro CEC 
population derived from pluripotent or stem cells has not been identified so far. 

Despite the growing number of approaches to alternative sources for in vitro 
hCEC culture and expansion, the use of research-grade corneas still represents 
the preferred source, although donor characteristics and storage conditions of 
the donor material have an influence on the success rate of hCEC cultures.67,82-

84 The establishment of a reliable cell culture protocol for hCEC isolation and 
growth requires a fine-tuning of all the procedures involved: isolation of the 
corneal endothelium from donor corneas, enzymatic digestion of the corneal 
endothelium to obtain hCEC, seeding of the resulting hCEC cell suspension 
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using the most suitable combination of culture media and growth factors, and 
expansion and proliferation on appropriate substrates that mimic the in vivo 
condition (Figure 4). 

One strategy to increase the cellular yield refers to the use of different areas of 
the human cornea. Trabecular meshwork from discarded corneoscleral rims has 
been described as a potential source for the establishment of hCEC cultures.85,86 
Moreover, a recent study conducted on cells from the transition zone (TZ), an 
area that includes the peripheral endothelium, the trabecular meshwork and the 
Schwalbe’s line where the cells are increasingly being considered as adult stem 
cells.87-90 Results showed that TZ cells could be potentially cultured in vitro when 
outgrown from human TZ explant, as they displayed proliferative capacity. An 
increase in the level of endothelial genes at the expense of the level of stem cells 
genes was also observed at later passages.91 However, a different gene expression 
profile described for the hCEC residing in the peripheral areas of the corneal 
endothelium represents one of the major issues in elaborating a strategy for the 
establishment of an in vitro culture from these cells.92 Indeed, it has been 
described that the cell population in the far periphery seems to be composed by 
different cell types, some of them expressing stem cell or fibroblastic markers.93 

The current two strategies to deliver cultured hCEC onto the posterior corneal 
surface are corneal endothelial cell sheet transplantation and cell injection into 
the anterior chamber of the eye. Endothelial cell sheet transplantation requires a 
suitable cell carrier, which can have a natural origin or be a bioengineered matrix, 
and is still at a pre-clinical stage. On the other hand, cell injection obviates the 
need for a cell carrier, as the cultured CEC are injected directly into the patient’s 
anterior chamber, and first clinical results are available since a couple of years.94,95 
Both strategies rely on the development of a robust and reproducible protocol 
for the in vitro culture and expansion of hCEC, that has to comply to good 
manufacturing practice (GMP) regulations in order to be suitable for clinical 
applications.  
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Figure 4: Human CEC isolation and culture protocol. In vitro hCEC culture starts from the 
peeling of the endothelial graft from a donor cornea. Tissue digestion allows the formation of 
single cells that are put in the condition to proliferate onto coated culture wells. Upon 
confluency, hCEC are passaged and expanded for several passages in order to obtain the suitable 
amount of cells for transplantation.  
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OUTLINE OF THE THESIS 

Corneal transplantation still represents the elected method for the treatment of 
corneal endothelial pathologies. However, the worldwide shortage of donor 
corneas induced the exploration of approaches to use the donor tissue more 
efficiently or to be more independent from donor tissue. This thesis will illustrate 
the improvements of new strategies for cell-based corneal endothelial 
regeneration, alternative to corneal endothelial surgical transplantation, by 
bridging the gap between in vitro experiments and clinical models. In the studies 
described, we first address the establishment of a GMP-compliant protocol for 
in vitro hCEC culture for clinical application and then we focus on endothelial 
cell sheet transplantation, describing both in vitro and in vivo applications of 
expanded CEC-carriers constructs made by biocompatible materials.  
In Chapter 2, a thorough overview of the current cell-based alternatives to 
corneal endothelial transplantation, as well as a focus on the challenges in the 
elaboration of a reliable protocol for in vitro hCEC culture and in the choice of 
the most suitable carrier for corneal endothelial cell sheet transplantation, is 
described.   
In Chapter 3, we describe in detail a “modified” dual-media approach for in vitro 
hCEC isolation from single donor corneas derived from elderly donors to 
improve the success rate of establishing viable cell cultures.  
In Chapter 4, the mechanism of action of a GMP-compliant collagenase is 
investigated to improve the cellular yield during cell isolation and to work 
towards a GMP-compliant hCEC culture protocol for clinical applications.  
In Chapter 5, we describe the efficacy of bioengineered collagen carriers and 
human anterior lens capsule as substrates for pCEC expansion. The resulting 
cell-carrier sheets are tested in an in vitro surgery model as tissue-engineered 
alternative grafts for DMEK.  
In Chapter 6, we use bioengineered collagen membranes, human anterior lens 
capsule and Descemet’s membrane deprived of its cellular layers for hCEC 
expansion. An in vitro surgery model is used to compare the different cell-carrier 
constructs in comparison to the DMEK references model.  
In Chapter 7, we describe the outcomes of in vivo testing of pCEC-HALC sheet 
transplantation in a pig model.   
In Chapter 8 and 9, different and future outcomes are discussed. 
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