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36Cultured Cells for Corneal 
Endothelial Therapy

M. P. De Miguel, M. Cadenas Martín, A. Moratilla, 
and F. Arnalich-Montiel

Key Points
•	 Corneal endothelial therapeutics has been 

transformed by lamellar endothelial 
transplants.

•	 Recent developments in endothelial cell cul-
ture techniques make it possible to expand 
ex vivo the corneal endothelial cells.

•	 Expanded cells can be delivered subsequently 
by direct injection into the anterior chamber or 
in sheet constructs made up of different 
materials.

•	 Recent advances have been achieved in differ-
entiation protocols from extraocular cells 
capable of differentiating into corneal endo-
thelial cells such as embryonic stem cells and 
adipose-derived mesenchymal stem cells.

�Introduction to Corneal Endothelial 
Transplant

The cornea is a five-layered tissue that provides 
two-thirds of the total refractive power of the eye, 
and it is the first barrier protecting the intraocular 

content. The corneal endothelium, the inner layer, 
is in charge of maintaining the cornea in a rela-
tively dehydrated state and therefore transparent. 
The endothelial cell layer failure leads to corneal 
swelling, loss of transparency, and blindness. In 
the past, penetrating keratoplasty (PK) had been 
the gold standard surgical treatment of corneal 
diseases for any layer, including primary endo-
thelial diseases [1]. Central endothelial cell den-
sity (ECD, expressed in cells per mm2) decreases 
at an average rate of about 0.6% per year in nor-
mal corneas throughout adult life [2]. In a normal 
individual, this decline in endothelial cells (EC) 
does not impair corneal transparency, even in 
centenarians, and only if the density falls below 
the threshold of 300–500 cells per mm2, irrevers-
ible corneal edema can lead to blindness [3]. This 
event can occur following intraocular surgeries, 
traumas, or dystrophies. In fact, blindness due to 
corneal edema is the indication of corneal graft-
ing of one in every three recipients.

Human corneal endothelium is held in a non-
replicative state within the eye [4]. It has been a 
common belief that in vivo, corneal endothelium 
has limited wound-healing capacity, mainly by 
using residual EC which, by enlargement and 
migration, covers the space left by the lost cells 
without division [5]. Joyce [6] demonstrated that 
hCECs are arrested in the G1-phase of the cell 
cycle in  vivo. Mitotic inhibition has been sug-
gested to be due to contact-dependent inhibition 
and the transforming growth factor beta (TGF-ß) 
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found within the aqueous humor [4]. However, a 
series of clinical observations suggest the ability 
of endothelial regeneration in  vivo from the 
human corneal periphery after implanting free 
floating Descemet membrane in the anterior 
chamber or in the newly described technique 
known as Descemet stripping only in selected 
cases [3, 7, 8].

Currently, the only effective and proven way 
to restore endothelial function universally is to 
perform an allogenic graft. Since Melles [9] revo-
lutionized the field in 2004 describing desce-
metorrhexis, a method to dissect only Descemet 
Membrane (DM) from the recipient eye, leaving 
the posterior lamella intact, and after Price [10] 
and Gorovoy [11] pioneered the procedure known 
as Descemet stripping endothelial keratoplasty 
(DSEK) [10], a variety of endothelial kerato-
plasty techniques have taken over PK as the elec-
tive procedure in endothelial keratoplasty. 
Nowadays, all the different approaches include 
“descemetorrhexis,” and the difference lies in the 
tissue grafted:

	1.	 In DSAEK, or Descemet stripping automated 
endothelial keratoplasty, the graft is prepared 
using a microkeratome and includes not only 
DM and endothelium but also part of the pos-
terior stroma [11]. It has been widely adopted, 
and the eye bank produces precut tissue which 
is used directly by the surgeon [12]. Although 
the correlation between preoperative graft 
thickness and clinical outcomes has been dis-
puted [13, 14], there is a tendency to believe 
that thinner grafts are associated with better 
visual acuity. Ultra-thin DSAEK is a variant 
of the technique where grafts are around 100 
microns to improve the visual acuity of stan-
dard DSAEK [15].

	2.	 In DMEK, or Descemet membrane endothe-
lial keratoplasty, a step forward in the endo-
thelial keratoplasty developed by Melles [16, 
17], the graft consists of endothelium and DM 
without any stroma, around 10–15  microns 
thick. Compared to DSAEK, DMEK has bet-
ter visual outcomes, faster recovery time, and 

a lower immune rejection rate. It is the gold 
standard in the treatment of endothelial dis-
eases, although it has not been adopted every-
where yet, due to the higher surgical skills 
needed. In settings with the scarcity of donor 
tissue, this technique has evolved to hemi-
DMEK [18] or quarter-DMEK [19], allowing 
one donor to provide tissue for several recipi-
ents by dividing the graft into two or four 
pieces, respectively.

	3.	 In DSO, or Descemet stripping only, there is 
no grafting, only a descemetorrhexis, and 
relies on primary healing of the peripheral 
endothelium [8]. There is a need for longer 
term comparison studies, but it has several 
advantages over the other two procedures, it 
requires only basic skills, it does not need 
donor tissue, there is no risk of rejection, and 
there are no early postoperative complications 
such as DM detachment. On the other hand, a 
good peripheral endothelial cell count is 
needed, the disease must be limited to the 
5 mm-central part, and although it may pro-
vide similar visual outcomes to DMEK, it 
requires longer periods to achieve transpar-
ency with lower endothelial cell counts as a 
baseline point. The instillation of ROCK 
inhibitors has been used to speed up recovery 
and to salvage failing cases [20].

�Cultured Corneal Endothelial Cells

Human corneal endothelial cells (hCECs) are 
arrested at G1 phase of the cell cycle, and do not 
proliferate in vivo, in part due to contact inhibi-
tion but also presumably because of lack of 
growth factor stimulation even when damage to 
the endothelial layer occurs [21]. Therefore, the 
supply of human corneal tissue is limited; there-
fore, in vitro CEC culture is an option to increase 
the number of cells for potential therapeutic pur-
poses. However, this is challenging by the very 
biology of CECs, and it is important to consider 
several factors:
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�Donor Factors

�Age of Donors
For cell culture of corneal endothelial cells, it is 
essential to start from a source of viable and pro-
liferating cells, i.e., young human corneal tissue. 
Most human corneas are used for transplantation, 
leaving those of old donors with less endothelial 
cell count for research. It has been shown that in 
the corneas of young donors (<30 years old), the 
mean cell density is 3000 cells/mm2, while in old 
donors (> 50 years old), it is 2700 cells/mm2 [22].

There are also differences in cellular morphol-
ogy within these two groups, young donor endo-
thelial cells show homogeneous hexagonal 
morphology, while older donor cells were poly-
morphic. Proliferative capability was maintained 
from young donor CECs, maintaining their mor-
phology and characteristics until the third pas-
sage, while old donor CECs were senescent 
earlier during the culture [23] hence culturing 
cells from old donors is more challenging.

�Tissue Preservation
The quality of donor corneas also depends on tis-
sue preservation conditions. There are two funda-
mental methods, maintenance in Optisol-GS and 
organ culture. Optisol-GS corneal storage 
medium (Bausch & Lomb, Irvine, California), a 
hybrid of K-sol and DexSol media containing 
chondroitin sulfate and dextran, is stored at 2 °C 
to 8 °C for 14 days [24]. Meanwhile, organ cul-
ture maintains the corneas between 31  °C and 
37 °C for up to 28 days, using different culture 
media. Most of these media are supplemented 
with serum such as CorneaMax, but serum-free 
media such as Human Endothelial-SFM is also 
used [25]. Viability comparison studies showed a 
dead cell percentage of 9.34%  ±  4% and 
0.46% ± 0.3% in Optisol-GS and organ culture, 
respectively [26]. Nevertheless, successful cell 
culture was obtained from tissue preserved in 
both conditions. Although the viability is higher 
with organ culture, in both cases proliferation, 
hexagonal morphology and expression of typical 
CECs markers are achieved.

�Cell Isolation Protocols

Isolation of hCECs is one of the most critical 
steps for a successful culture. The most com-
monly used method is the peel-and-digest proto-
col by Peh’s Laboratory [23]. The endothelium 
along with the Descemet membrane is separated 
from the rest of the cornea, and this is enzymati-
cally digested by collagenase. This enzyme gen-
tly digests the junctions of the endothelial cells to 
the Descemet membrane (DM), consisting 
mainly of ECM proteins like collagen IV.  The 
intercellular junctions mediated by ZO-1 are 
maintained as well as cell-to-basement mem-
brane interactions [23]. Other enzymatic meth-
ods have also been tried, such as trypsin, causing 
complete degradation of the CECs when too 
aggressive, or separation by EDTA and pipetting, 
a technique by which the CECs did not maintain 
viability either [27, 28].

Cell viability is checked routinely in eye banks 
using Trypan blue positive cell count, using 
Trypan Blue staining (0.25%), and counting blue 
stained cells as dead cells. Using this method and 
a hemocytometer for counting, viability and plat-
ing density can also be checked after cell isola-
tion [26].

�Coatings

In vivo, endothelial cells adhere to the Descemet 
membrane via extracellular matrix proteins. The 
extracellular matrix is composed of different 
collagens, laminin, and fibronectin among oth-
ers. With the idea of creating a biomimetic envi-
ronment, these and other cell adhesion coatings 
have been evaluated for culturing endothelial 
cells. Comparison of wells precoated with 
Fibronectin, Poly-D-Lysine, Collagen I, 
Fibronectin/Collagen I, or FNC Coating Mix 
[29] showed that the coating with the higher 
adhesion with almost 100% of cells attached 
after rinsing while maintaining cell morphology 
was FNC Coating Mix, followed by Collagen I 
and Fibronectin/Collagen I (with 90% of cells 
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attached). On the downside, FNC Coating Mix 
is a commercially formulated reagent contain-
ing bovine fibronectin and bovine collagen I 
among other components so it is useful for cell 
culture but not suitable for clinical studies [29, 
30]. Other studies have shown collagen IV as an 
optimal coating for the culture of CECs for tis-
sue engineering as it is part of the endothelial 
basement membrane [31].

�Media

Different culture media have been used for the 
expansion of CECs, usually with a dual approach, 
with a proliferation medium followed by a main-
tenance medium.

For proliferation, combinations of one or two 
media with external growth factors have been 
used. The media include DMEM, DMEM/F12, 
Opti-MEM-I, and Ham’s F12/M199, compared 
by Peh [23]. CECs cultured with DMEM or 
DMEM/F12 do not go beyond the first or second 
passage, while using Opti-MEM-I or Ham’s F12/
M199, the cells start to show typical endothelial 
markers such as Na+/K+ ATPase or ZO-1 from 
passage 3 [23]. As human CECs do not prolifer-
ate, external factors and supplements have been 
used to overcome the cell cycle arrest such as 
serum, ascorbic acid, FGF, or insulin [32]. 
However, hexagonal morphology was not 
achieved by culturing in proliferation media 
alone. For the maintenance of CECs five media 
were compared, including HCEC growth medium 
(F99), MEM with FCS, and humanized endothe-
lial SFM, the latter being the one with the best 
results in terms of lower endothelial cell apopto-
sis [33, 34].

Parekh [35] cultured CECs using only a pro-
liferation medium based on Ham’s F12/M199. 
Other groups used Opti-MEM-I with 8% FBS 
and supplemented with ROCK inhibitor 
(Y-27632) [36–38]. One of the most effective 
protocols is Peh’s Laboratory [23], which uses a 
proliferation media with Ham’s F12/M199 with 
5% FBS, 20 μg/mL ascorbic acid, 1% ITS, 10 ng/
mL FGF2 and 1% antibiotic/antimycotic com-
bined a maintenance media Human endothelial-

SFM 4% FBS, 50  μg/mL gentamicin, and 1% 
antibiotic/antimycotic (Fig. 36.1).

�Carriers for DSAEK and DMEK

Following the isolation of hCECs, the next step is 
to engineer a scaffold mimicking DM and use it 
as a graft. This scaffold needs to provide a favor-
able environment for endothelial cell expansion 
and maintenance as well as a robust tissue that 
can be handled easily for transplantation. In 
recent decades, studies have been carried out 
using both natural and synthetic materials that 
can serve as grafts with CECs. Today, in addition 
to using biomaterials as scaffolds, their use is 
being studied to increase cell viability and long-
term transplantation success [39].

�Natural Scaffolds

Natural scaffolds can be obtained from different 
animal sources, which mimic components of 
DM, improving biocompatibility, proliferation, 
and maintaining the phenotype of CECs. 
However, since they are derived from animals, 
their composition is not well defined, and the 
resulting scaffolds show little optical transpar-
ency and weak mechanical properties.

Initially, as with coatings, the use of natural 
polymer from the extracellular matrix such as 
collagen was considered because of its biocom-

Fig. 36.1  Phase contrast microphotograph of a human 
CEC culture showing the typical polygonal cell morphol-
ogy. Bar: 200 μm
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patibility properties, low immunogenicity, and 
degradability. However, the laminas were not 
consistent, difficult to handle, and easily degraded 
by proteases. To solve this, different hardening 
techniques have been used, such as chemical 
crosslinking or physical crosslinking by ultravio-
let light, rendering suboptimal results [40, 41]. 
Over time, technologies have appeared that allow 
for the creation of plastic compressed collagen 
films, based on Real Architecture for 3D Tissues 
(RAFT) that allow rapid production of grafts 
with improved mechanical properties without 
compromising biosafety; however, transparency 
is not adequate, and there are no in vivo studies 
yet [42].

Other natural polymers have been tried such 
as gelatin or chitosan. Gelatin has great poros-
ity, permeability to water, helps cell adhesion, 
and is widely available [43]. However, gelatin 
hydrogels do not provide stability as a graft, 
and there is a risk of carrying bovine spongi-
form encephalopathy due to the source of gela-
tin [44]. Chitosan is a biomimetic polysaccharide 
derived from chitin and has great biocompati-
bility but low strength. To create a hard con-
struct, it was combined with other natural 
materials, and a graft consisting of hydroxy-
ethyl chitosan, gelatin, and chondroitin sulfate 
was created and tested on CECs, showing 
promising results but causing in vivo inflamma-
tion in animal models [45].

An approach using silk fibroin precoated with 
collagen type IV, has also been evaluated for 
human CEC culture [46]. Silk fibroin a natural 
fibrin derived from silk has low immunogenicity 
and good transparency but on its own cannot 
maintain a CEC culture, lacks elasticity and 
mechanical strength, and can cause hypersensi-
tivity. Using non-mulberry silk combined with 
other materials shows better biocompatibility, but 
further studies need to be done [47].

Other biologically derived scaffolds are mem-
branes such as amniotic membrane, decellular-
ized cornea, and human anterior lens capsule. In 
both, the high dependency on the human donor is 
a limitation.

The human amniotic membrane is a collagen-
based scaffold that can be used intact, decellular-
ized or lyophilized and possesses 
anti-inflammatory, anti-fibrosis, and anti-
angiogenic properties that reduce potential graft 
rejection and have been used in other ocular 
applications [27]. The main problems are avail-
ability and lack of mass manufacturing, sub-
optimal transparency with a low biodegradation 
rate in long-term transplantation, and risk of con-
tamination and transmission of infectious dis-
eases [48].

Decellularized corneas provide the perfect 
substrate for CECs to grow while maintaining 
optimal transparency and ultrastructure. 
Decellularization removes native cells and other 
immunogenic compounds while preserving the 
structural and functional proteins of the stroma 
[49]. Different corneal scaffolds have been used, 
from porcine corneas to human. Due to a low 
number of donated corneas and a lengthy decel-
lularization process, obtaining various lamellae 
per cornea with the femtosecond laser method is 
vital for the usage of this material as a scaffold 
[30]. There are various studies with clinical 
applications leading to corneal edema relief [50, 
51].

Human crystalline lens capsule is composed 
of collagen IV and sulfated glycosaminoglycans. 
The anterior lens capsule is a byproduct of cata-
ract surgery and presents biomechanical proper-
ties similar to DMEK grafts, can be used 
decellularized with good biocompatibility and 
inherent transparency; however, there are limita-
tions due to their small diameter and high depen-
dency on the supply of cadaveric eye donors [52].

In addition, a natural material xenograft using 
decellularized fish scales is being assessed. It 
presents a collagen I pattern similar to the human 
cornea and provides a cost-effective available 
substrate for corneal grafts. CECs adhesion is 
adequate but can be improved with FNC coating, 
and proliferation is irregular, but post-
modification fish scale scaffolds show some 
promise due to their inherent transparency being 
similar to DSAEK grafts [53].
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�Synthetic Scaffolds

There are interesting materials because their 
properties such as the structure, shape, chemical 
composition, mechanical strength, and durability 
can be customized. Therefore, many authors try 
to find the best synthetic scaffold-based to regen-
erate the corneal endothelium.

Kruse [54] compared scaffolds of poly 
(methyl-methacrylate) (PMMA), poly (lactic-co-
glycolic acid) (PLGA) and polycaprolactone 
(PCL) for the culture of hCECs. PLGA fibers 
were spun from a solution with a mass concentra-
tion of 5  w/v% in 75% chloroform and 25% 
methanol. PCL fibers were spun from a 14 w/v% 
solution in 75% CHCl3 and 25% MeOH. PMMA 
fibers were produced from a 16 w/v% solution of 
75% CHCl3 and 25% MeOH. Even using identi-
cal production parameters, the three scaffolds 
differed significantly in terms of viscosity, pore 
size, thickness, and light transmittance. Then, 
40,000 cells/cm2 of human corneal endothelial 
cell line (HCEC-12) were seeded onto the scaf-
folds and cultured for a week. The results revealed 
that HCEC-12 mainly grew on the surface and 
retained physiological morphology, but the for-
mation of a uniform monolayer was not evident 
in PLGA. The PCL scaffold maintained high cell 
viability, while PMMA showed cytotoxicity. In 
conclusion, PLGA and PCL electro-spun scaf-
folds showed similar biocompatibility, but only 
PLGA maintained the characteristic polygonal 
shape of hCECs.

Poly (ethylene glycol) (PEG)-based hydrogel 
films containing sebacoyl chloride (SebCl) and 
5 w/v% of α, ω-dihydroxy-poly (ε-caprolactone) 
(PCL) dissolved in dichloromethane showed 
similar tensile strengths to human corneal tissue 
and more than 98% optical transparency activity 
[55]. In vitro analysis performed with sheep 
CECs on hydrogel films resulted in 100% conflu-
ence with natural morphology after 7  days. In 
vivo studies revealed that the cell-free hydrogel 
implanted on the inner surface of ovine corneas 
for 28 days showed no toxicity or inflammatory 
response and did not compromise the native CEC 

function, as the corneas maintained their optical 
transparency.

Synthetic hydrogels of poly-ε-lysine cross-
linked 60% with octanedioic-acid to a polymer 
density of 0.066  g/mL using 
N-hydroxysulfosuccinimide (NHS) and 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC), 
produced a thin, transparent, porous, and robust 
substrate for corneal endothelial cells culture 
[56]. Their results demonstrated that functional-
ization of the poly-ε-lysine hydrogel with 
arginine-glycine-aspartic acid (RGD) provides a 
suitable surface for 5-week culture of primary 
porcine hCECs and facilitates the generation of 
the confluent monolayer with of ZO-1 and Na+/
K+ ATPase expression.

�Combination of Natural 
and Synthetic Materials

Other authors combine natural and synthetic 
polymers to create a biomaterial with the advan-
tages of both. The mechanical properties of the 
synthetic scaffolds and the extracellular matrix 
(ECM) proteins of natural ones.

Kim [57] created the Col-I-PLGA scaffold by 
combining the appropriate mechanical strength 
of the 5 w/v% PLGA films as a substrate with 5 
μg/cm2 collagen I coating to enhance its biocom-
patibility. This polymer adequately resembled the 
required surface properties to facilitate adhesion, 
migration, and proliferation of primary rabbit 
corneal endothelial cells, as well as roughness, 
appropriate hydrophilicity, stability, and water 
uptake, compared to bare PLGA films. Also, the 
cultured cells on Col I-PLGA scaffolds showed 
significant enhancement in the expression of cor-
neal endothelial cell-associated marker genes 
such as aquaporin and Na+/K+ ATPase, along 
with well-maintained cell morphology.

Palchesko [58] demonstrated that bovine 
CECs cultured in vitro on a polydimethylsiloxane 
surface with an elastic modulus of 50 kPa previ-
ously coated with collagen IV grew in monolayer 
with a polygonal morphology and positive stain-
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ing for the characteristic endothelial marker 
ZO-1.

Rizwan [59] produced an improved gelatin 
methacrylate hydrogel named GelMA+ and UV 
crosslinking. GelMA+ showed an eight-fold 
increase in mechanical strength and slower deg-
radation compared to regular GelMA.  In addi-
tion, primary human CECs at passage 3 from 
donor corneas reached confluence in a monolayer 
with rise ZO-1 expression, higher cell density 
and cell size homogeneity on GelMA+ carrier 
compared to GelMA.

Wang [60] hybridized chitosan and polycap-
rolactone (PCL) and cultured bovine corneal 
endothelial cells on this scaffold and reported 
that the cells reached confluence on day 11, dis-
played a normal polygonal morphology and 
showed ZO-1, Na+/K+ ATPase expression after 
14 days of incubation on the 25% PCL and 75% 
chitosan blend membrane.

An alternative method to is cell sheet engi-
neering. Cells were cultured on the surface of a 
stimuli-sensitive polymer that allows controlled 
cell adhesion and detachment without using pro-
teolytic enzymes.

Several studies have shown that Poly-N-
isopropylacrylamide (PIPAAm) is a good 
temperature-responsive polymer for generating 
hCEC sheets. Their chains display hydrophobic 
properties at 37  °C so the cultured cells could 
adhere and proliferate on the polymer. In con-
trast, by lowering the culture temperature to 
20 °C, the polymer turns into a hydrophilic state 
with fully extended chains, so the formed cell 
sheets spontaneously detach from the surface 
with intact ECM proteins. The harvested hCECs, 
which exhibit hexagonal morphology with the 
presence of microvilli and cellular interconnec-
tions, were transferred to gelatin disc supports 
for transplantation into the anterior chamber of 
rabbit models. After 2  weeks, the hCEC film 
was attached to the denuded surface of 
Descemet’s membrane with tight junction for-
mation (ZO-1) between cells [61–64]. This 
approach has not gone clinically forward 
because cultured corneal endothelial sheets, as 

cell monolayers, are highly fragile and techni-
cally difficult to transplant into the anterior 
chamber. To overcome this problem, some 
researchers have transplanted cultured corneal 
endothelial sheets with a carrier, but they have 
adhered only temporarily before eventually 
detaching, with the exception of corneal stromal 
laminas, which is a limited source and whose 
necessity hinders the advantages of transplanta-
tion of cultured CEC [65]. However, this ther-
moresponsive polymer has been used for patient 
therapy to enable corneal epithelial reconstruc-
tion [66].

�Stem Cells Induced Differentiation 
to Human Corneal Endothelial Cells

Since the corneal endothelium was shown to be 
derived from neural crest [67, 68], most 
approaches to induce corneal endothelial cell dif-
ferentiation from stem cells in vitro started mim-
icking the developmental process. The strategy 
consisted of a first phase in which stem cells were 
differentiated into neural crest cells and a second 
stage in which corneal endothelial cells were fur-
ther differentiated from these neural crest cells.

Three labs, McCabe [69], Ali [70], and 
Wagoner [71], independently derived corneal 
endothelium from pluripotent stem cells under 
chemically defined conditions with a first step 
called “dual inhibition” to promote neural crest 
cell induction, either embryonic stem cells (ESC) 
or induced pluripotent stem cells (iPSC). McCabe 
[69] and Ali [70] used 10 μM TGF beta signaling 
inhibitor SB431542 and 500 ng/mL BMP signal-
ing inhibitor Noggin in a basal medium of 
DMEM-F12, knock out serum replacement, non-
essential AA, and 8 ng/mL fibroblast growth fac-
tor 2 (FGF2). However, Wagoner [71] used 3 μM 
GSK-3 inhibitor CHIR99021 instead of a BMP 
signaling blocker in a basal medium of DMEM/
F12, bovine serum albumin (BSA), 50  μg/ml 
(+)-sodium L-ascorbate, 10  μg/mL transferrin, 
10 ng/mL Heregulin β-1, 200 ng/mL IGF-I, and 
8 ng/mL FGF2. After a minimum of 3 days, the 
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Fig. 36.2  Confocal images of Na+/K+ ATPase immunofluorescence (in green) in human ADSC-derived CEC using 
Wagoner et al. (left) or Ali et al. (right) differentiation media. DAPI nuclear staining in blue. Bars: 100 μm.

Fig. 36.3  Confocal image of N-Cadherin immunofluo-
rescence in human ADSC-derived CEC using Wagoner 
et al. differentiation media. DAPI nuclear staining in blue. 
Bar: 50 μm

dual inhibitors were replaced by 10  ng/mL 
platelet-derived growth factor B (PDGF-BB), 
10 ng/mL Dickkopf-related protein 2 (DKK-2), 
and 0.1 × B27 supplement for at least 7 days to 
generate hexagonal corneal endothelial-like cells. 
Their analyses revealed increased expression of 
corneal endothelial cell-associated markers such 
as ZO-1 and Na+/K+ ATPase α1 (ATP1A1) as 
well as the key Descemet’s membrane protein, 
Collagen type VIII (COL8A1 and COL8A2).

At the same time, Zhao and Afshari [72] used 
a three-step chemical method. A first dual inhibi-
tion step like previous researchers with 5  μM 
SB431542 and 50  nM BMP signaling inhibitor 
LDN193189, adding a Wnt inhibitor 1 μM IWP2 
to raise eye field stem cell development in a prim-
ing medium of DMEM/F12, N2, B27, BSA, non-
essential AA for 6 days. Next, they derived neural 
crest cells from these stem cells using an induc-
tion medium of DMEM/F12 50:50, N2, B27, 
0.3 mM 2-phospho-l-ascorbic acid supplemented 
with 3 μM CHIR99021. Lastly, they were able to 
differentiate neural crest cells into corneal 
endothelial-like cells, which expressed Na+/K+ 
ATPase, ZO-1, and N-cadherin, with human 
endothelial-SFM, 5% FBS, 0.3 mM 2-phosphate 
ascorbic acid, 1  μM SB431542, and a 2.5  μM 
ROCK inhibitor H-1125.

In our opinion, both Ali [70] and Wagoner 
[71] are better protocols than the others men-
tioned above because both have been able to 
achieve the generation of CECs using cells from 

adult patients. This would be advantageous 
because the risk of rejection may be reduced 
when patient-specific autologous cells are used 
for the treatment of corneal endothelial disorders. 
Among them, Ali et  al. [70] show the highest 
advantage because with only 20 days of proce-
dure, they generated CECs with 90.82% pro-
teome similarity to a human corneal endothelium 
(Figs. 36.2 and 36.3).

On the other hand, three other labs derived 
corneal endothelial-like cells from stem cells 
using different cell-conditioned media. 
Obviously, these approaches with conditioned 
media are less applicable to clinical practice, as 
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undefined factors and concentrations of the mol-
ecules present in the conditioned media prevent 
their safe and reproducible use:

Zhang [73] derived corneal endothelial-like 
cells from human ESCs by co-culture for 5 days 
with human corneal stroma cells in a basal 
medium contained DMEM/F12 supplemented 
with 10% FBS, B27, 20 ng/ml EGF and 40 ng/ml 
bFGF to generate an outgrowth of precursors of 
neural crest cells which expressed CD73 and 
FoxC1. Next, the medium was changed to SV-40 
transformed human lens epithelial cell-
conditioned medium for 14 additional days to 
obtain a monolayer of corneal endothelial-like 
cells with positive signals for Na+/K+ ATPase, 
ZO-1, vimentin, and N-cadherin.

Chen [74] promoted neural crest cell differen-
tiation from mouse ESC and mouse iPSC by cul-
turing them in a first stage with embryonic body 
differentiation medium adding 1  μM all-trans 
retinoic acid during 4 days. Then, they induced 
differentiation towards corneal endothelial cells 
by exposing them for 14–17 days to conditioned 
medium collected from rabbit lens epithelial cell 
culture medium. The differentiated cells pre-
sented an up-regulation of corneal endothelial 
cell-associated marker genes as Aquaporin-1, 
ZO-1, Na+/K+ ATPase, N-cadherin, and Collage 
type VIII compared with undifferentiated cells.

In search for adult stem cells capable of CEC 
differentiation, Bosch [75] used dental pulp stem 
cells. They transdifferentiated these stem cells 
into neural crest stem cells with an induction 
medium consisting of DMEM-F12 supplemented 
with 1× B-27, 1× N-2, 20 ng/mL EGF, 20 ng/ml 
FGF2, 5 ng/mL heparin, and 2 mM L-alanyl-l-
glutamine. On day 4, an adequate number of cells 
showed up-regulation of neural crest stem cells 
markers such as AP2, Nestin, and p75; therefore, 
these cells were cultured in the human corneal 
endothelial conditioned medium for a further 
15 days to derive corneal endothelial cells. At the 
end of the differentiation process, gene expres-
sion of typical CEC markers like ZO-1, Na+/K+ 
ATPase pump ATP1A1 and extracellular matrix 
components COL4A2 and COL8A2 were signifi-
cantly increased compared to undifferentiated 
dental pulp stem cells.

�Clinical Studies on CEC 
Transplantation

There are some alternative procedures that are 
currently evaluated under clinical trials and study 
the use of carriers and endothelial cells in 
culture:

	1.	 CECs migrate much more efficiently over 
intact DM rather than bare corneal stroma in 
DSO, leading to the idea that for the treatment 
of FECD, DSO could potentially be improved 
by increasing the size of the descemetorrhexis 
to incorporate most of the large guttas, but 
providing a cell-free Descemet’s membrane 
graft afterwards to complete a descemetor-
rhexis. This way it acts as a support for endo-
thelial cells favoring their proliferation and 
centripetal migration. This technique is known 
as Descemet membrane transfer (DMT) [76]. 
Unlike endothelial keratoplasty, it has the 
advantage of using an acellular graft that is 
widely available and avoiding problems 
related to postoperative graft rejection due to 
the absence of allogeneic endothelium. A 
clinical trial is currently underway to evaluate 
the efficacy of DMT for the treatment of 
FECD in a larger cohort of patients and for 
longer-term monitoring of its safety and effi-
cacy (ClinicalTrials.gov; identifier: 
NCT03275896).

	2.	 Cell culture techniques make it possible to 
expand ex vivo the CEC to subsequently inject 
a cell solution into the anterior chamber [37], 
or else to manufacture constructs made up of 
acellular corneal stroma, acellular Descemet 
membrane or material manufactured by tissue 
bioengineering [51], and colonized by 
expanded CEC.  These grafts could then be 
transplanted onto the recipient in the same 
way as in the previously seen endothelial kera-
toplasties. In both approaches, a single popula-
tion of endothelial cells can be amplified many 
times for distribution to large numbers of 
patients. Currently, within the framework of a 
clinical trial that included 11 patients, it has 
been found that the injection of cells in sus-
pension is capable of effectively treating cor-
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neal edema secondary to various conditions, 
including Fuchs’ Dystrophy and pseudophakic 
bullous keratopathy, in addition to secondary 
corneal edema, argon laser peripheral iri-
dotomy (LPI) or pseudoexfoliation syndrome 
[37]. At 2  years after cell injection, corneal 
thickness was less than 600 μm in 10 eyes, and 
the cornea was thinner than the baseline mea-
sure in all 11 eyes. The same study [37], how-
ever, also found a relatively broad range of 
endothelial counts among trial participants 
2  years after treatment (mean CEC density, 
1534 cells per square millimeter [95% CI, 
1213 to 1855]). Each of the 11 eyes main-
tained corneal transparency. Regarding the 
efficacy of tissue bioengineered constructs, 
there are no human data yet, although a clini-
cal trial is currently underway (ClinicalTrials.
gov; identifier: NCT04319848).

�Concluding Remarks and Future 
Perspectives

Nowadays, we are in an outstanding position to 
develop corneal endothelial cell sheets for endo-
thelial keratoplasty: With respect to culture con-
ditions, reproducible and well-defined culturing 
methods, and conditions have been achieved in 
the last decades [23, 33, 34, 36, 77–79].

Regardless of advances in promoting hCEC 
proliferation, the achieved capacity for expand-
ing human CECs is still highly limited; new 
sources of CECs are therefore sought. The use of 
extraocular cells capable of differentiating into 
corneal endothelial cells is highly desirable. 
Recent advances have been achieved in differen-
tiation protocols from adipose-derived mesen-
chymal stem cells (ADSC) from our lab [80]. 
Our results broaden the type of cells of autolo-
gous extraocular origin that could be employed in 
the clinical setting for corneal endothelial defi-
ciency. In addition, recent in vivo demonstration 
of the functionality of hESC-derived hCEC 
together with nicotinamide [81] provides experi-
mental evidence for a potential approach for 
treating corneal endothelial dysfunction.

Respect to carriers, so far, the most advanta-
geous carrier is a corneal stroma decellularized 
lamina [30, 51, 82]. However, this carrier still 
depends on donors; new advances in biomi-
metic materials and manufacturing protocols 
such as electrospinning, electrogradient trans-
port, shear flow, nano-lithography, flow-induced 
crystallization, vitrification, and advances in 
novel 3D printing techniques such as LIFT, 
laser-assisted bioprinting, and fused filament 
fabrication, and other methods of achieving 
lamellar parallel bundles of collagen, such as 
molecular crowding and densification to a liq-
uid crystalline state [83–86] will aid in the 
search for a donor-independent biocompatible 
carrier.

Further development of these and previous 
approaches by defining the growth factors, the 
signaling pathways implicated in directed differ-
entiation, the use of more practical cells to derive 
hCECs, and the in  vivo demonstration of func-
tionality are urgently needed.

Take Home Notes
•	 Recently, a variety of endothelial kerato-

plasty techniques to restore endothelial 
function have taken over the classical allo-
genic graft. However, there is a scarcity of 
donors to adequate to high and increasing 
demand.

•	 Nowadays, we are in an outstanding posi-
tion to develop corneal endothelial cell 
sheets for endothelial keratoplasty: repro-
ducible and well-defined culturing methods 
and conditions have been achieved in the 
last decades.

•	 The use of extraocular cells capable of dif-
ferentiating into corneal endothelial cells 
from embryonic stem cells and adipose-
derived mesenchymal stem cells is readily 
available.

•	 New advances in biomimetic materials and 
manufacturing protocols such as electrospin-
ning, nanolithography, vitrification, and 
advances in novel 3D printing techniques and 
others will aid in the search for a donor-
independent biocompatible carrier.
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•	 Further development of these and previous 
approaches by defining the growth factors, the 
signaling pathways implicated in directed dif-
ferentiation, the use of more practical cells to 
derive hCECs, and the in vivo demonstration 
of functionality are urgently needed.
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