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Human posterior corneal epithelium (corneal endothelium) has limited proliferative activity both in vivo and
in vitro. Disease or dysfunction in these cells leads to impaired corneal transparency of varying degrees of severity,
up to blindness. Currently, the only effective standard treatment for corneal endothelial dysfunction is transplan-
tation of donor cornea that contains a pool of healthy and functionally active cells. However, there is a global
shortage of donor corneas, which has led to an unmet clinical need and the fact that only 1 patient out of 10 in
need receives surgical treatment. Therefore, creation of cellular constructs and artificial human corneas containing
healthy endothelium is a very urgent challenge facing modern ophthalmic transplantology. This review presents
the current state of affairs, challenges and prospects for obtaining cultured corneal endothelial cells (CECs)

in vitro for transplantation purposes.
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INTRODUCTION

The human cornea is a transparent, avascular tissue
that is nourished primarily through the anterior chamber
moisture from corneal posterior epithelial cells (otherwi-
se known as the endothelium). The corneal endothelium
is amonolayer of hexagonal cells, lying on a specialized
basement membrane called Descemet’s membrane. Its
main function is to maintain the cornea in a transpa-
rent, relatively dehydrated state by an important layer
of metabolic pumps mediated through Na/K-ATPase [1],
as well as barrier function through ZO-1 tight contact
proteins [2].

It is known that human endothelial cell density is
approximately 6000 cells/mm? during the first month of
life, but gradually decreases with age, with an annual
loss of approximately 0.6% of the total cell population
per year [3]. In healthy individuals, this natural decrease
in density does not result in any clinically significant
impairment of corneal structure and function. In case
of more active endothelial cell loss, for example, due
to surgical interventions or ocular trauma, there may
be partial restoration of the functional integrity of the
endothelial layer due to cell migration and increased
area of healthy cells [3].

When the CEC density falls below the critical
threshold of approximately 500 cells per mm?, the en-
dothelium loses its ability to regulate corneal stromal
hydration, which leads to clouding and, consequently, to
reduced visual acuity [3]. According to the World Health

Organization, corneal diseases in 2020 were the cause of
reduced vision in 7% of the world’s population, and the
third leading cause of blindness and low vision [4]. Pe-
netrating keratoplasty was the gold standard for treating
corneal endothelial diseases for a long time. However, ta-
king the first place today are selective methods of lamel-
lar keratoplasty, namely posterior lamellar keratoplasty
(PLK), in which the donor graft includes a stromal layer
in addition to the endothelium and Descemet’s membra-
ne, and Descemet’s membrane endothelial keratoplasty
(DMEK), in which only the endothelium is transplanted
with the underlying Descemet’s membrane [5—7]. These
techniques today give good clinical and functional out-
comes, while surgical methods of obtaining grafts for la-
mellar keratoplasty continue to improve [8, 9]. However,
organizational and medical and legal problems related to
donation are still an issue in many countries around the
world, which explains the shortage of donor material. On
the other hand, postoperative endothelial cell loss after
PLK and DMEK reaches 35% or more per year [10]
and that leads to the need for repeat keratoplasty [11].
Repeat keratoplasty is the second leading indication for
corneal transplantation in some developed countries of
the world [12].

Thus, there is a real need to study alternative thera-
peutic pathways that would help to reduce dependence
on donor material in the treatment of corneal endothelial
diseases, as well as increase the viability of transplanted
endothelial cells, both donor and recipient.
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PREPARATION AND IN VITRO CULTIVATION
OF CORNEAL ENDOTHELIAL CELLS

One of the ways to solve the problem of corneal en-
dothelial dysfunction is the use of cell culture [13]. How-
ever, these cells proliferate weakly, due to their origin
from neural crest progenitor cells and contact inhibition
and expression of TGF-b factor in the anterior chamber
moisture, endothelial cells are overwhelmingly in the
G1 phase of the cell cycle [14].

Despite this, there is ongoing global effort to obtain
cultured CECs. Mannagh J. et al. published the first re-
port on a successful endothelium culture in 1965. They
suggested immersing isolated corneoscleral discs in
0.06% pronase, incubating them at 37 °C for 2 hours,
and then scraping the endothelium cells. Cultivation
was carried out in an Eagle medium with addition of
6 g/L glucose and 20% fetal bovine serum under stan-
dard conditions. Corneas of donors aged 28 and 70 ye-
ars were used in the experiment. The authors visualized
attached rounded conglomerates of cells after 48 hours,
which took on a characteristic epithelial morphology
after 72 hours. However, on day 10, the cells acquired
a mesenchyme-like morphology, which indicated an
epithelial-mesenchymal transition (EMT) [15].

It is important to note that there has never been a sin-
gle protocol for isolation and cultivation, nor a standard
formula for the nutrient medium and required additives.
This is because the criteria for choosing donor material
have been controversial since the first culture of endo-
thelial cells was obtained. In this review, we present
protocols that made it easier to produce CEC cultures
that did not undergo EMT at least up to passages 2.

DONOR CHARACTERISTICS

Joyce and Zhu conducted a comparative analysis of
the possibility of obtaining cultured CECs. They were
able to present the donor selection criteria (Table) [16].

In addition, exclusion criteria included the presence
of diabetes mellitus, glaucoma, generalized infection
(sepsis), and chemotherapy in the donor [17]. However,
according to several Russian authors, diabetes and cancer
(without the intoxication stage) are the preferred choice
of donor as they can drive endothelial cells to mitosis
[18, 19].

Table

Donor selection criteria for corneal endothelial cell
culture

Donor age
Endothelial cell density
Average time from death
to corneal preservation
Average time from death
to introduction into experiment

2-79 years
1,800-3,891 cells/mm?

<12 hours

<7 days

Parekh and Ahmad also showed that endothelial cell
culture could be obtained from donors with mean ages
greater than 75 years and mean endothelial cell densities
of 1943.75 + 222.02 kl/mm’. In order to force cell con-
glomerates to adhere to one another during cultivation,
the scientists employed Rho-associated kinase (ROCK)
inhibitors and viscoelastic [17].

CELL ISOLATION METHODS

All currently available corneal endothelium isolation
methods can be divided into 4 groups: mechanical, me-
chanical with the use of enzymes; enzymatic and based
on organ culturing.

In the first of these isolation methods, the endotheli-
um is mechanically separated from Descemet’s membra-
ne and then transferred to the culture surface. Obtaining
a uniform CEC culture is this method’s undeniable ad-
vantage. However, the culture obtained by this technique
has a very low cellular activity, and most of the obtained
cells express markers of early apoptosis [20].

The enzymatic isolation method involves incubation
of the corneoscleral disc with collagenase, dispase, ethy-
lenediaminetetraacetic acid (EDTA) or trypsin solution,
which inevitably leads to a heterogeneous cell culture
containing corneal stromal fibroblast admixtures. Sub-
sequent application of selective culture media does not
yield the expected homogeneous CEC culture [21-23].

Combined use of mechanical and enzymatic methods
provides a gentler isolation of CECs, but the use of en-
zymes requires a long incubation time, which leads to
increased cellular injury [21-24].

Obtaining a heterogeneous cell culture due to the
presence of underlying stromal layers is one of the draw-
backs of the method of organ culture of Descemet’s
membrane with an adjacent endothelial layer. Further-
more, this technique yields a culture with incredibly low
mitotic activity [21].

COMPOSITION OF NUTRIENT MEDIUM

A comparative analysis of basic nutrient media for
obtaining cultured CECs was carried out by Peh G.
et al. [25]. Such nutrient media as DMEM [26], Op-
tiMEM [27], DMEM/F12 [28], and Ham’s F12/M199
[29] were investigated. It was shown that when DMEM
and DMEM/F12 were used, the cell culture lost mitotic
activity after the second passage, the cells became larger
and underwent apoptosis. In turn, the use of OptiMEM
and Ham’s F12/M 199 promoted culture maintenance up
to the third passage with preservation of mitotic activity
and expression of specific epithelial markers, such as
Z0-1 and Na/K ATP-ase. However, despite the presence
of a typical immunocytochemical pattern, the cells lost
their characteristic morphologic shape. According to Zhu
et al., these changes are caused by the presence of the
main fibroblast growth factor in the composition of the
nutrient media, which helps stimulate EMT [30].
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Today, the most effective CEC culture scheme in-
volves the step-by-step use of different nutrient media,
the so-called “two media method”. The first one is a
medium containing the basic serum-free endothelial
medium Human Endothelial SFM, which is necessary
for stabilization of the cell culture and maintenance of
the characteristic phenotype. To activate the prolifera-
tive activity of cells, the culture is placed in the second
medium, Ham’s F12/M199. The use of this approach
allows obtaining a more homogeneous cell culture with a
characteristic morphology and preventing the occurrence
of EMT [31]. Despite the advantages of this method, cur-
rently available preclinical and clinical trials are based on
the use of DMEM/F12 [32] and OptiMEM [33] media.

CULTURE ADDITIVES

In addition to the choice of the basic nutrient medium,
selection of factors that support CEC culture is highly
relevant. Factors such as bFGF [35], LIF [36], EGF [36],
NGF [37], endothelial cell growth supplement [38] and
L-Ascorbic acid 2-phosphate [39] have been reported to
promote endothelial growth. The use of LIF is thought
to delay contact inhibition and, together with bFGF in a
serum-free medium, promote endothelial cell proliferati-
on with preservation of the characteristic phenotype [35].

In scholarly publications, there are reports on the pro-
duction of a non-transformable CEC cell line brought to
passage 224 [39]. In this study, the cells were maintained
in a DMEM/F12-based nutrient medium supplemented
with 20% fetal bovine serum, antibiotics, basic fibroblast
growth factor (bFGF), epidermal growth factor (EGF),
N-acetylglucosamine hydrochloride, glucosamine hydro-
chloride, chondroitin sulfate, oxidation and degradation
products of chondroitin sulfate, carboxymethyl chitosan,
bovine eye extract and culture supernatant of human
corneal stromal cells in logarithmic phase. The presented
result, as stated by the authors, was achieved due to the
use of conditioned medium. Zhu et al. reported that the
use of conditioned keratocyte medium in the logarithmic
growth phase stimulates CEC proliferation better than
the use of bone marrow-derived mesenchymal stem cells
[40]. The presented data possibly show the potential of
using conditioned media to stimulate CEC proliferation.

There is a known pharmacological approach to en-
dothelial repair using ROCK inhibitor Y-27632 [41].
The use of ROCK in culturing helps to regulate cell
shape and movement by affecting the cytoskeleton [42].
ROCK inhibitor Y-27632 has been shown to promote
better cell adhesion, inhibit apoptosis, is non-toxic and
does not alter the morphology of human corneal endo-
thelium [43, 44]. ROCK has been proposed as an active
agent for restoring endothelial cell loss in vivo in animal
models [8].

According to a number of publications, EMT can be
inhibited using low molecular weight inhibitors RhoA
and ROCK inhibitor Y-27632. EMT may be triggered by
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destruction of intercellular junctions during culture and
culture passing [40].

Consequently, further research into the peculiarities
of production and long-term cultivation of endothelial
cells are needed in order to optimize and standardize
conditions for their cultivation with confirmation of func-
tional properties and to further translate these studies
into clinical practice.

SEEDING DENSITY OF ENDOTHELIAL CELLS

A very important factor is the initial seeding density
of cells required to preserve their hexagonal morpholo-
gy and expression of all markers. It has been shown in
studies that such a density is 1 x 10* cells per cm? [45].

SUBSTRATE FOR CORNEAL ENDOTHELIAL CELLS
CULTURE

In addition to selecting the proper composition of the
nutrient medium, another unresolved issue is the choice
of an optimal culture surface [45]. Many research teams
use coatings such as type I collagen [46] and fibronec-
tin [16], type IV collagen [48], chondroitin sulfate and
laminin [49], matrigel [50], and FNC coating mix [27]
to obtain 2D cultured CECs. It is worth noting that the
use of type IV collagen as well as laminin-511 E8 [51],
as components of the corneal Descemet’s membrane,
seems to be the best solution to obtain homogeneous
CEC culture [40]. Silk fibroin is also well established.
It has been shown that its use can support CEC growth
with characteristic morphology and expression of spe-
cific markers [52].

3D CULTURE OF CORNEAL ENDOTHELIAL CELLS

Several authors use 3D cultured CECs because of
its undeniable advantage in terms of introducing cell
culture into the anterior chamber of the eye. The use of
3D spheroids has been shown to preserve expression of
Z0-1 and Na/K ATPase. This culturing option helps to
overcome EMT [53, 54].

CRYOPRESERVATION

It should be noted that cultured CECs are unique, and
their production is an expensive procedure. Therefore, it
is important to prevent the loss of valuable cell cultures
by cryopreservation. The possibility of using the fol-
lowing media for CEC cryopreservation has been shown:
Opti-MEM + 10% DMSO + 10% FBS; Cellbanker 2;
Bambanker; KM Banker; Stem-Cellbanker; Bambanker
hRM; ReproCryo DMSO Free RM. Among them, only
the use of Bambanker hRM, which does not contain
xeno additives, complies with the requirements of good
manufacturing practice (GMP) [55].

CELL CHARACTERIZATION

Cell characterization is one of the main points of cul-
turing. It involves both determination of the functional
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properties of the culture and confirmation of its authen-
ticity. Studying morphology is the simplest and most
obvious method of cell identification.

Peh et al. [45] proposed the use of the cell circularity
index to evaluate the shape of CECs in order to distin-
guish them from elongated fibroblasts.

Cell circularity = %

where a value approaching 1.0 indicates a circular pro-
file.

Currently, the main standard procedures for cell cul-
ture identification are techniques for studying their ge-
notype and the markers specific to the cells under study.

GENOTYPE OF CORNEAL ENDOTHELIAL CELLS

To assess the genotype of CECs obtained in vitro, re-
verse transcription-polymerase chain reaction (RT-PCR)
is used to study mRNA expression. It should be noted
that at present, there is no clear set of investigated genes
necessary to confirm endothelial cell species-specificity.
The most frequently investigated genes in primary hu-
man CEC culture are Na+/K+ ATPase (ATPA1), ZO-1
(TJP1), collagen type 8 (COLS) and transporter family
(SLC4). The study of the following genes is also spora-
dically reported: Vimentin, N-cadherin, CD166, Nestin,
OCT 3/4, Snail, p27, a-SMA, and Laminin [56-58].

PHENOTYPE OF CORNEAL ENDOTHELIAL CELLS

To study the phenotype of CECs obtained in vitro,
the immunocytochemical method of staining for the fol-
lowing markers — Na+/K+ ATP-ase, ZO-1, Ki67 — found
in almost all scientific reports, is mainly used. These
markers are accepted by many researchers as basic and
characteristic for human CECs [59]. In addition, N- and
E-cadherin, Actin, CD 166, CD44, CD77, nestin, vimen-
tin, type I'V and VIII collagen, cytokeratin 3, a-SMA, and
GFAP are also determined.

CLINICAL MARKERS FOR TESTING
THE HOMOGENEITY OF CULTURED CORNEAL
ENDOTHELIAL CELLS

The first clinical panel of CD markers was proposed
by Kinoshita et al[33]. In their study, it was shown that
endothelial cells expressing CD166+ and not expressing
CD44- CD133- CD105- CD24- CD26- have unaltered
genotype and phenotype and can be used for cell therapy.
The absence of CD44, CD24, and CD26 indicates the
exclusion of aneuploid cells, thus linking phenotypic
analysis to cellular karyotype [60, 61].

It is worth noting a number of studies that report that
functioning endothelial cells express CD166, CD200,
GPC4, HLA-ABC and PD-L1 [57, 62—64] and do not ex-
press a-SMA, CD9, CD24, CD24, CD26, CD44, CD73,
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CD90, CD105, CD133, SNAIL, ZEBI1 and vimentin
[64-66].

RUSSIAN INNOVATIONS IN OBTAINING
ENDOTHELIAL CELLS

Today the process of procurement and transplanta-
tion of posterior corneal epithelial cells in the Russian
Federation is limited by Federal Law No. 180 “On Bio-
medical Cell Products”. However, the use of suspension
of uncultured CECs is a legitimate method of using these
cells and does not conflict with the above Law. Accor-
ding to some reports, corneal endothelial transplantation
can be considered as a variant of selective endothelial
keratoplasty [24].

Up until now, a comparison of different methods of
endothelial cell isolation in an ex vivo experiment has
been carried out in Russia. It has been found that the
modified enzymatic approach of isolating endothelial
cells is more efficient and desirable than the modified
mechanical isolation method: a statistically significant
difference (p < 0.05) in the number of isolated cells and
particle size was found via analysis of flow cytometry
data. At the same time, there were no statistically sig-
nificant differences in the viability of endothelial cells
isolated using the modified enzymatic method compared
to the modified mechanical method. Development of
endothelial cell isolation protocols has fundamental and
clinical significance, as demonstrated by the authors of
this study [24].

APPLICATIONS OF IPS CELLS

In 2006, a group of scientists from Kyoto University
led by Takahashi and Yamanaka first obtained induced
pluripotent stem (iPS) cells, which were isolated from
fibroblasts by epigenetic reprogramming [67].

Currently, development of protocols for obtaining
corneal epithelial cells from iPS cells is still ongoing. For
instance, Martinez et al. investigated the optimal time to
start cultivating so that iPS cells may start differentiating
into the phenotypes of corneal epithelial precursors —
limbal epithelial stem cells [68]. Several methods for
producing CECs from iPS cells have been published so
far [69].

There are ongoing studies aimed at deriving kerato-
cytes from iPS cells. For instance, well-known protocols
outline a step-by-step keratocyte production scheme,
where it is suggested to synthesize keratocytes through
the stage of obtaining neural crest cells to prevent iPS
cells from transitioning into fibroblast-like cells [70].

It is established that iPS techniques can be used to
derive CECs from embryonic stem cells [21, 66, 71-73]
and umbilical cord blood stem cells [74].

ANIMAL TESTING MODELS

When modeling cultured CEC transplantation, the
choice of an animal model must be carefully considered.
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It is not possible to use animals belonging to the rodent
or hare groups since their corneal endothelium is capable
of regeneration and proliferation in contrast to human
CECs [75]. For effective evaluation of endothelial cell
transplantation, it is possible to use other animal models,
such as cats [76], pigs or primates [77], as there are si-
milar morphofunctional features between the endothelial
cells of these animals and humans. However, it should
be noted that these animals are expensive to maintain
and care for, obtaining all permits and ethical approvals
is not easy either.

CLINICAL APPLICATIONS

Today, there are two known studies on the clinical
application of cultured human CECs [32, 33]. It is worth
noting that in both studies, patients with bullous kerato-
pathy were treated. These works were confirmed by pre-
clinical studies in vivo, as well as on cadaveric eye in an
ex vivo model. In the work of Kinoshita et al., cells were
administered by injection in combination with ROCK
inhibitor at a 1 x 10° kL/mL concentration; Parikumar
et al. [32] used a nanocomposite gel in the form of a
sheet with cultured cells on its surface at 5 x 10° cl/mL.

However, the researchers did not evaluate the migra-
tion of the injected cells, which led to much debate about
the efficacy and precise role of cell culture in favorable
outcomes. It is also worth noting that neither group re-
ported side effects in patients. Kinoshita et al. stated the
theoretical possibility of the cell culture entering the
trabecular meshwork and the development of glaucoma,
but no patient was found to have this pathology during
a two-year follow-up [33].

Kinoshita et al. also published the results of a five-
year follow-up of 11 patients. Normal corneal transpa-
rency was restored in 10 out of 11 patients. In the study of
the final endothelial cell density after 5 years, 1000 cells
per mm® and 2000 cells per mm’ were obtained in 8 and
2 patients, respectively. Central corneal thickness re-
turned to normal in 10 of 11 patients (<630 um) within
5 years [78].

CONCLUSION

Transplanted cultured CEC has the potential to
quickly restore vision and lessen the requirement for
donor tissue, which could drastically alter how corneal
endothelial diseases are treated. Results from different re-
search groups show that CEC transplantation can be used
in the treatment of corneal endothelial disorders. Howe-
ver, there are a few challenges that must be resolved be-
fore this technology can be used in a clinical setting. One
of these issues is optimizing the CEC culture isolation
and cultivation protocols. In addition, it is necessary to
develop experimental methods that would allow tracking
and mapping transplanted cells to assess the success of
cell therapy. There is also a need to establish objective
methods for assessing corneal transparency. Currently,
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macrophotography using a slit lamp is accepted, but in-
terpretation of resulting images is subjective and varies
significantly from author to author.

The only work published to date on human endotheli-
al cell transplantation is by Kinoshita et al. (2018). It was
carried out with 8% fetal bovine serum used in endothe-
lial cell culturing. The existence of xenogeneic products,
however, poses a serious obstacle to the continued mass
use of cell products. It is important to note that, as of
right now, no data on the development of a protocol for
obtaining and culturing endothelial cells without the use
of xenogenic products have been published.

In our view, it is best to take into account progressive
techniques of using cell cultures, namely 3D spheroids,
since the introduction of cell suspension makes it dif-
ficult to trace the point cell engraftment and to assess
its efficiency. Because biocompatible substrate carriers
require a somewhat larger surgical incision than that
required for injecting a cell culture, they may technically
complicate surgery in the hospital due to the increased
traumatic nature of the intervention. In addition, using
various matrices may need their removal later on, which
could lead to side effects and complications. Thus, in
the aspect of the aforementioned, the complex of issues
surrounding endothelial keratoplasty is highly relevant,
although it has not been well investigated and calls for
more investigation.

This work was supported by a grant (No. 22-25-
00356) from the Russian Science Foundation.
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