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ABSTRACT

The cornea forms the front window of the eye, enabling the transmission of light to the retina through a
crystalline lens.Manydisordersof thecornea leadtopartialor totalblindness,andthereforecorneal trans-
plantation becomesmandatory. Recently, selective corneal layer (as opposed to full thickness) transplan-
tation has become popular because this leads to earlier rehabilitation and visual outcomes. Corneal
endothelial disorders are a common cause of corneal disease and transplantation. Corneal endothelial
transplantation is successful but limited worldwide because of lower donor corneal supply. Alternatives
to corneal tissue for endothelial transplantation therefore require immediate attention. The field of hu-
man corneal endothelial culture for transplantation is rapidly emerging as a possible viable option. This
manuscript provides an update regarding these developments. STEMCELLS TRANSLATIONALMEDICINE

2016;5:258–264

SIGNIFICANCE

The cornea is the front clear windowof the eye. It needs to be kept transparent for normal vision. It is
formed of various layers of which the posterior layer (the endothelium) is responsible for the trans-
parency of the cornea because it allows the transport of ions and solutes to and from the other layers
of the cornea. Corneal blindness that results from the corneal endothelial dysfunction can be treated
using healthy donor tissues. There is a huge demand for humandonor corneas but limited supply, and
therefore there is a need to identify alternatives that would reduce this demand. Research is under-
way to understand the isolation techniques for corneal endothelial cells, culturing these cells in the
laboratory, and finding possible options to transplant these cells in the patients. This review article is
an update on the recent developments in this field.

INTRODUCTION

The human cornea is a transparent avascular tis-
sue in the front part of the eye. The cornea trans-
mits and focuses light to the retina to generate
vision. Its transparency needs to be maintained
for optimal vision. The cornea is structured into
well-organized layers, and each layer has its
own importance in maintaining the viability and
transparency of the tissue. From the anterior to
the posterior cornea, the human corneal tissue
consists of a stratified epithelium, Bowman’s
layer, the stroma, Descemet’s membrane, and a
monolayered endothelium [1]. Figure 1 repre-
sents different parts of the human eye showing
various compartments of the cornea including
the corneal endothelium. The epithelium is a
self-renewing layer and harbors a resident stem
cell population at its periphery. These cells are
well characterized and have been applied thera-
peutically. However, the stromaandendothelium
are usually quiescent and so far have not been
considered to regenerate [2].

Although the other layers are also important
in the maintenance of appropriate corneal func-
tion, the endothelium plays a significant role in
maintaining the corneal clarity. Transparency
of the cornea is maintained by the crystalline or-
ganization and critical spacing of collagen fibrils.
The endothelium controls hydration (maintain
stromal deturgescence), and it is permeable to
nutrients and other molecules that are passed
on from the aqueous humor, hence behaving
as a partial or a leaky barrier. These barriers help
in the fluid movement into the cornea using ac-
tive pump function that moves ions and draws
water osmotically from the stroma into the
aqueous humor. The endothelium has metabol-
ically active cells comprising of incomplete zonula
occludens, which accounts for theweak endothe-
lial barrier function allowing nutrients and other
molecules to enter the stroma. This further helps
in maintaining the thickness, transparency, and
active mechanism required for the normal cor-
neal function [3, 4].
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Becausethehumancornealendotheliumispresumedto lack the
ability to regenerate like the corneal epithelium, its maintenance is
always a concern. Corneal endothelial dysfunction leads to stromal
edema, loss of transparency, and hence compromised vision. The
primary treatment for corneal endothelial dysfunction is replace-
ment of the diseased recipient tissue with healthy donor tissue. En-
dothelial damage or poor initial viable endothelial cell counts are
assumed tobe responsible for themajorityof corneal transplant fail-
ures.Selectiveendothelial transplantationof thecornea (asopposed
to full thickness corneal transplantation) has been carried out for a
decade. Such endothelial corneal transplants include Descemet’s
stripping automated endothelial keratoplasty (DSAEK) and
Descemet’s membrane endothelial keratoplasty, which are now
getting popular for their advantages over full thickness penetrating
keratoplasty [5]. Compared with full thickness corneal transplanta-
tion, specific cornealendothelial transplantation is lesstraumatic for
the eye, and the recovery ismuch quicker. Regarding corneal trans-
plantation in general, the global availability of corneal tissue for
transplantation of corneal diseases is becoming an increasing chal-
lenge because of limitations in donor corneal supply [1].

In recent years, corneal tissue engineering has evolved dramat-
ically fromculturingcells invitro todevelopingsynthetic scaffoldsand
artificial corneas. Isolation, culturing, and bioengineering have been
studied toa limitedextent, and further research is ongoing.Attempts
havealreadybeendiscussed in the literature forexploiting thepower
of native cells for themanufacturing of stroma-like extracellular ma-
trixand for theproductionofcell sheets,whether itbetheepithelium
with amnioticmembrane/fibrin or endothelial cells with intact base-
ment membranes [6]. It has also been found that collagen-based
engineeredmatrices support cell growth and demonstrate appropri-
ateoptical andmechanicalproperties.Current researchshowsprom-
ising results in growing corneal constructs. The next challenge is to
ensure that these constructs show appropriate thickness, transpar-
ency, and strength in vivo. However, issues like cellular responses,

wound healing, and inflammatory responses need to be studied in
detail clinically before any conclusions can be drawn [6]. This paper
highlights the new insights in the corneal endothelial cell culture and
transplantation.

EVIDENCE FOR CORNEAL ENDOTHELIAL STEM CELLS

Both in vitro and in vivo studies have been carried out that indi-
cate the presence of corneal endothelial progenitors. Some of
these studies are listed below.

BrdU

Studies carried out using alkaline phosphatase (AP)-
bromodeoxyuridine(BrdU)havesuggestedthepresenceofcorneal
endothelial progenitors. In these studies, the limbus was intensely
stainedwithAP-BrdU [7, 8]. This experimentalmethodwasused to
detect the presence of dividing cells. BrdU retentionwas identified
by alkaline phosphatase activity. Although this technique indicates
dividing cells, it may also identify the presence of native, cellular
alkaline phosphatase activity, which is typically observed in both
intracellular and cellular plasma membrane isoforms of this en-
zyme and particularly in stem cells. These studies also showed that
human corneal endothelial cells (HCECs) from the corneal periph-
ery increased in number, suggesting the presence of progenitor
cells.

Telomerase

In the telomerase-based studies, corneas were divided into three
sections: (a) central, (b) middle, and (c) peripheral. The authors
observed telomerase activity in the middle and the peripheral
sections, whereas the central section did not show the presence
of telomerase activity [9–12]. It was also observed that donor age
may have a potential limitation to the humanwounding response
or cell division in the periphery [9–12].

Figure 1. Human eye, cornea, and endothelium. (A): Anatomy of human eye globe showing different parts of the eye. (B): Schematic represen-
tation and structure of human cornea showing specific layers of the tissue. (C): A normal human corneal endothelium seen under an inverted
microscope at3100 magnification. (D): Human corneal endotheliumwith high mortality rate observed using trypan blue staining at3100 mag-
nification. (E): Human corneal endothelium observed using alizarin red staining to check the hexagonality of the cells at3200 magnification. (F):
Human corneal endothelium expressing zonula occludens 1 marker observed under oil immersion magnification.
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Schwalbe’s Line Cells

A novel cell type (named Schwalbe’s line cells) was identified in
1982 by Raviola et al. [13]. These cells form a discontinuous cord
that is usually found in the circumference beneath the Schwalbe’s
ring (transition region between the corneal endothelium and
the anterior extension of the trabecular meshwork), which is also
marked in Figure 1 [13]. An increase in cell division by the
Schwalbe’s ring cells after laser trabeculoplasty hasbeenobserved.
This indicates that Schwalbe’s line cells may hold progenitor cell-
like properties. A fourfold increase in cell division in human
laser-treated explants was also confirmed by Acott et al. [14]. It
was observed that more than 60% of the cell division was initially
localized to the anterior nonfiltering regionof the trabecularmesh-
work, and they migrated toward the burn [15–18].

Corneal Endothelial Regeneration In Vivo

It has been hypothesized that a slow regeneration of HCECs starting
from the corneal periphery can occur [19]. Themicroanatomy of the
endothelium showed anatomic organization in the periphery of the
humancornealendothelium,whichalsosuggestedacontinuousslow
centripetal migration throughout life of HCECs from specific niches.
This further led to the understanding that the corneal endothelium
canberegenerated ifcellsareexcisedfromtheperipheral region[19].

ISOLATION OF HUMAN CORNEAL ENDOTHELIAL PROGENITORS

Single Cell Culture

There are several methods used for HCEC isolation. Initially, col-
lagenase or trypsin was used onwhole corneas, but because it in-
evitably caused contamination of corneal fibroblasts, a selective
L-valine-free medium was used. Because this medium had to be
used for several passages to completely abolish the presence of
fibroblast growth, L-valine-free selection medium was assumed
tohave actedbyarresting thegrowthof fibroblast-like cells rather
than by killing them.

The peel-and-digest method by Peh et al. [20] has resulted in
successful cultures. Other methods include stripping or bubble
techniques to separate the Descemet’s membrane from the
stroma and then digestion of the cells using trypsin for cell cul-
ture. Stripping of HCECs can also be performed with the aid of
a vacuum suction holder [18]. After peeling, the Descemet’s
membrane and endothelial layer are finally digested enzymati-
cally using dispase or EDTA, followed by gentle pipetting. How-
ever, enzymatic digestion requires a prolonged incubation time
to detach cells from the matrix, subsequently also leading to
higher cellular degeneration. Thus, although several potentially
successful methods do exist in the literature, it is evident that
there is still the need to standardize a specific and reproducible
method to isolate and culture HCECs from donor corneas.

Explant Culture Method

A recent study showed remarkable growth thatwas achievedusing
a serial explant culture technique. The explantwas transferred to 7
new plates over a period of 6 months, generating sheets of small,
primitive cells in each plate. The findings are consistent with the
theory that progenitor cells for the corneal endothelium reside
within the limbus and provide new insights to HCECs culture [21].

The HCEC Sphere-Forming Assay

It is believed that the corneal endothelium is derived from neu-
ral crest cells during embryonic development but also has a

mesenchymal origin [22, 23]. Sphere colonies from corneal en-
dothelial cells express neural and mesenchymal proteins and
have been shown to have the potential to differentiate into neu-
ronal lineages [24, 25]. The sphere-forming method has also
been used to investigate cultivated HCECs with differences in
telomere length, telomerase activity, and characteristics reflect-
ing senescence. The sphere-forming assaywas performed to ob-
tain precursors from cultured sixth passage (p6) HCECs. p6 and
p7 cultured HCECs were used as the controls. It was observed
that precursors obtained from the spheres had longer telomeres
and higher telomerase activity than cultured p6 cells. Strong
positive staining for senescence-associated b-galactosidase ac-
tivity was detected in p6 and p7 cultured CECs, whereas little or
no staining was detected in the precursors within spheres
obtained from p6-cultured CECs or their progeny. The progeny
of spheres derived from cultured HCECs were small regular cells
that grew at a higher density and contained more 5-bromo-29-
deoxyuridine-incorporating cells compared with the parental
cultured cells. These findings indicate that the sphere-forming
assay enriches precursors with longer telomeres, higher telo-
merase activity, and younger progeny than the original cells.
Thus, the sphere-forming assay may contribute to obtaining
the young HCECs needed for regenerative medicine [24].

In another study, the cultured cells partially retained the prop-
erties of neural crest and periocular mesenchyme that are believed
tobe the sourceof originationof corneal endotheliumvia theneural
crest using serum free media. The progenitors have a high prolifer-
ative potency and possess endothelial function that was checked by
Ussing chamber and transplantation in the rabbit cornea. Human
corneal endothelial progenitor cells can be used for tissue regener-
ative medicine, and therefore they are further exploited [23].

THE CULTURE OF HUMAN CORNEAL ENDOTHELIAL CELLS USING
CONDITIONED MEDIUM

Many human corneal endothelial cell culture media have been de-
scribed earlier with a combination of endothelial growth factors,
base medium, serum, growth factors, insulin, vitamins, etc. There
have been several studies using conditioned medium from other
cell types topromoteHCECproliferation. These includeconditioned
medium from mouse embryonic stem cells, human bone marrow-
derived mesenchymal stem cells, and human amniotic fluid.

Mouse Embryonic Stem Cell-Conditioned Medium

Studies were performed to determine whether mouse embryonic
stemcell-conditionedmediumhadanyeffecton theproliferativeca-
pacity of HCECs in vitro. Primary HCECswere cultured in human cor-
neal endothelium medium (CEM) containing 25% embryonic stem
cell-conditioned medium (ESC-CM) for the experimental group
andCEMalone for the control group. The results showed thatHCECs
in the 25% ESC-CM group resulted in polygonal cells on day 2,
whereas those in the CEM group showed slightly larger cells during
days 3 and 4. HCECs in the 25% ESC-CM group could be subcultured
until 6thpassagewithout increasing in cell volume,whereas those in
theCEMgroupwereculturedand lost theirpolygonalappearanceby
passage2.Cells inboththegroupsexpressedzonulaoccludens1(ZO-
1), Na+-K+ ATPase, VDAC3, SLC4A4, and CLCN3 (described further in
the article). Ki67-positive cells and the percentage of cells entering
the S and G2 phases were higher in the 25% ESC-CM group than
in the CEM group. The 25% ESC-CM group showed a decrease in
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apoptotic cells and p21 protein expression. Furthermore, it was also
reported that the cells cultured in 25% ESC-CM had enhanced HCEC
proliferationandpromotedHCECs into thecell cycle [26–30]. Tosum-
marize, in these studies, primary cultures of HCECswere cultured us-
ing25%mouseembryonicstemcell-conditionedmedium.Compared
with control cultures, these cultures showed cellswith increasing po-
lygonal morphology (characteristic of healthy HCECs); the cultures
could be subcultured further (until the sixth passage), had a higher
number of cells expressing Ki-67, and had a fewer apoptotic cells.

Human Bone Marrow-Derived Mesenchymal Stem
Cell-Conditioned Medium

Humanbone-marrow-derivedmesenchymal stemcell-derived con-
ditioned medium (MSC-CM) use has also been suggested. It has
been observed that cells cultured inMSC-CM showed regular mor-
phology, functionalphenotypesof intracellular junctions, andpump
functions as compared with those cells that were cultured without
MSC-CM. An increase in cellular proliferation was also noted with
double the amount of positive cells inMSC-CM cultures. Pumppro-
teins such as VDAC3, CLCN3, SLC4A4, and p120 were expressed in
the MSC-CM-cultured cells. It also regulated the G1 proteins of the
cell cycle, which are required for endothelial functioning [31].

Human Amniotic Fluid

Another studywas designed to evaluate the effects of human am-
niotic fluid (HAF) on the growth of HCECs and to establish an in
vitro method for expanding HCECs. This showed that 20% HAF-
containing medium exhibited a greater stimulatory effect on
HCEC growth and could represent a potential enriched supple-
ment for HCEC regeneration studies [32].

The conditionedmedia that have been discussed so far either
have an animal origin or an animal-derived component, mainly
serum. However, a xeno-free medium would be more suitable
to reduce the chances of transmission of prions or any potential
disease from the animal origin.Moreover, it is always required by
the regulatory authorities to show the minimal risks of using
animal-derived components for human use or use a complete
synthetic medium. This will further be challenging but required
in terms of both health care and regulatory issues.

CULTIVATION OF THE PRIMARY HUMAN DONOR CORNEAL CELLS
USING A DUAL-MEDIA APPROACH

A study by Peh et al. [33] demonstrated that the outcome of cul-
turingprimaryHCECs andproliferative potential canbe successful
if negatively impacted by lower, suboptimal plating density. The
study showed that it was possible to obtain the hexagonal mor-
phology of the cells at the end of third passage and the count
of up to 2.5 3 107 cells with a seeding density of greater than
or equal to 1 3 104 cells per cm2 [33]. However, after defining
the seeding density, the same group also described a novel
dual-media approach for the expansion of primary HCECs in vitro.
Analysis of growth dynamics of the cells in proliferative or main-
tenance media was carried out. At the third passage, homoge-
neous appearance of the cells and polygonal morphology was
observedusing thedual-media approach. The cells also expressed
endothelium-associatedmarkers. Using thismethod, 7-day expo-
sure to maintenance medium showed differential gene expres-
sion associated with cell proliferation and wound healing,
which eventually confirmed that this is a reproducible and consis-
tent method for the culture of HCECs [34].

HUMAN CORNEAL ENDOTHELIAL CELL MARKERS

Structuralmarkers such as ZO-1, which is a tight junctional protein,
have been used widely to study the junctions of in vitro expanded
HCECs. Figure 1F shows the expression of ZO-1 in a normal human
cornea. Because themajor function of corneal endothelia is to pre-
vent corneal swelling by the activity ofmembrane pumps, they are
also used as functionalmarkers for cultivated HCECs. These pumps
include Na+-K+ ATPase, VDAC3, CLCN3, SLC4A4, and p120.

Leucine-rich repeat-containing G protein-coupled receptor
5 (LGR5), a target of Wnt signaling, has also been identified as
a potential biomarker for HCECs. LGR5 has been widely used
as a marker of intestine, stomach, and hair follicle stem cells
in mice models; however, human corneal tissues were used to
study functional gain and loss. The peripheral region of corneal
endothelial cells shows a high expression of LGR5, and the cells
that express this protein have also been shown to have stem/
progenitor cell characteristics. It has been observed that LGR5
is the target molecule of the Hedgehog (HH) signaling pathway
in thehuman corneal endothelium.More importantly, this study
showed a repeatable expressionof LGR5 that helped tomaintain
endothelial cell phenotype and the potential to inhibit mesen-
chymal transformation through the Wnt pathway. Thus, this
study highlights new findings that underline homeostatic regu-
lation of human corneal endothelial stem/progenitor cells by
LGR5 through the HH and Wnt pathways that are important
for corneal endothelial cell functioning [35].

Another study reported the characterization of HCECs in devel-
opmental stages. mRNA transcriptomes in human fetal and adult
cornealendotheliumwerestudied.Highexpressionsignaturegenes
were identified for both fetal (245) and adult (284) HCECs.Many of
these genes were identified as disease target genes in hereditary
corneal dystrophies, consistent with their functional significance
in HCEC physiology. Immunohistochemistry showed localization
of four novel markers for fetal and adult HCECs such as Wnt5a,
S100A4, S100A6, and IER3. This can further be used to characterize
HCECs derived from stem cells or ex vivo expanded cells [36].

Because the currently used markers are not highly satisfac-
tory because of their nonspecific or coexpression in other cell
types, a published RNA-seq data of CECs, and the FANTOM5 atlas
representing diverse range of cell types based on expression pat-
terns was studied. Five genes CLRN1, MRGPRX3, HTR1D, and ZP4
were identified as novel markers for CECs. The specificities of
these genes were confirmed at RNA and protein levels. These
markers could further be used for purification of actual CECs
and to evaluate the products derived from other cell types [37].

WOUND HEALING OF CECS

r-associatedprotein kinase (ROCK) inhibitor helps in regulating the
shape andmovement of cells by actingon their cytoskeleton. It has
been reported that ROCK inhibitor Y-27632promotes adhesion, in-
hibits apoptosis, increasesmonkey CECs in vitro, and has also been
suggested as enhancing corneal endothelial wound healing in vivo
inanimalmodels.HCECsdidnot showanytoxicityorcellalterations
when treatedwithROCK inhibitor.Although it didnot showanycell
proliferation, ROCK inhibitor significantly enhanced cell adhesion
and wound healing. Thus, because ROCK inhibitor did not show
any toxicity, its benefits in corneal wound healing and adhesion
may be relevant for therapeutic purposes [38].
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TISSUE ENGINEERING HCEC SHEETS

Scaffolds

Once the cells are cultured, it should be seeded on a transpor-
tation unit. The scaffolds play an important role in keeping
the cells viable and transplanting the same being a biomimetic
or as synthetic material. Earlier reports have shown that the
cultured CECs have been seeded on the denuded Descemet
membrane scaffolds or stromal discs [39]. Human amniotic mem-
branes have been used as a carrier for cultured CECs [40], but be-
cause of its translucent nature, it is not highly recommended for
clinical applications.Gospodarowicz et al. [41–43] tried to combine
two species by seeding bovine CECs onto rabbit corneas denuded
of their endothelium. It was reported that when corneas were
transplanted back into rabbits, the corneal buttons showed full
transparency without any edema [41–43].

Recently, many methods for culturing CECs on synthetic or bio-
logical grafts have been established. Mimura et al. [44] used a net-
work of loosely cross-linked type I collagen fibers for CECs. Corneal
edemadecreased rapidlyafter transplantation inDSAEKgroups [44].
Of the many scaffolds that are described in the literature and have
proven its efficiency in vitro or in animal models, Koizumi et al. [45]
cultured monkey endothelial cell sheets on collagen type I carriers
intomonkey eyes; however, the corneas recovered their clarity only
6 months after transplantation. The scaffolds for CECs transplanta-
tion canbebiologic or synthetic, permanentorbiodegradable. Com-
mon biological materials in scaffolds reported so far are collagen,
fibronectin, and hyaluronan. However, the next step forwardwould
be to check the feasibility of the use of these scaffolds in vivo.

Nanotopography

It has been reported that in the native environment, corneal endo-
thelial cells interact with the nanotopography of the underlying
Descemet’s membrane. The study showed that nanotopography
enhanced bovine corneal endothelial cell (BCEC) responses and
created a monolayer that resembles the healthy corneal endothe-
lium. Topographies of different geometries were first tested to
identify those that would elicit the most significant responses. A
BCEC monolayer was generated on both micro and nanoscale pil-
larsandwells, andthesetopographiesshowedpolygonalgeometries
with well-developed tight junction proteins. Scanning electron
microscopy revealed that cells onpillars showedahigherdensity
of microvilli, which was similar to native corneal endothelium.
BCECs on nanopillars displayed a lower coefficient of variation of
area that was within the range of healthy corneal endothelium.
More importantly, a BCEC monolayer cultured on nanopillars also
hadenhancedNa+/K+ATPase immunofluorescenceexpressionand
mRNA upregulation and a higher Na+/K+ ATPase activity. These re-
sults suggest thatnanopillar substrate topographymayprovide the
relevant topographical cues, which could significantly enhance the
formation and function of the corneal endothelium [46].

Hydrogels

In a recent study, fabrication of biocompatible and biodegrad-
able polyethylene glycol-basedhydrogel films (PHFs) for the regen-
eration and transplantation of CECs has been described. 50-mm
thin hydrogel films have similar or greater tensile strengths to
human corneal tissue. Light transmission studies revealed
that the films were .98% optically transparent, whereas in
vitro degradation studies demonstrate their biodegradation

characteristics. Cell culture studies demonstrate the regeneration
of sheep corneal endothelium on the PHFs. Although sheep CECs
do not regenerate in vivo, these cells proliferate on the films with
naturalmorphologyandbecome100%confluentwithin7days. Im-
plantation of the PHFs into live sheep corneas demonstrates the
robustness of the films for surgical purposes. Regular slit lamp ex-
aminations and histology of the cornea 28 days after surgery
revealedminimal inflammatory responses and no toxicity, indicat-
ing that the filmswerebenign. The resultsof this study suggest that
PHFs are excellent candidates as platforms for the regeneration
and transplantation of CECs as a result of their favorable biocom-
patibility, degradability, mechanical, and optical properties; how-
ever, in vivo trials will show its real potential in the future [47].

Thermoresponsive Plates

Cellular organization of foreign grafts constructed from culti-
vated cells is critical to successful graft-host integration and tis-
sue repair. This study described a novel HCEC therapeutic
method, in which cultivated adult HCEC sheet with uniform
orientation was prepared and transplanted to the rabbit cor-
nea. Having a correct morphology and intact barriers, the
HCEC sheet was made by the temperature-modulated detach-
ment of monolayered HCECs from thermoresponsive poly-N-
isopropylacrylamide-grafted surfaces and was delivered with
proper polarity to the corneal posterior surface by a bioadhesive
gelatin disc. The results of the in vivo studies, including the
follow-up clinical observations and histological examinations,
showed the laminated CEC sheet successfully integrated into
the rabbit corneas denuded of their endothelial layer after
the biodegradation of gelatin carrier.More importantly, the fea-
sibility of handling and delivery of a monosingular layer of cell
sheet in a clinical setting was a major advantage. These data in-
dicate the feasibility of the proposed procedure in cell therapy
for corneal endothelial cell loss [48].

HCEC TRANSPLANTATION

Multiple studies have demonstrated the possibility of culturing
HCECs, and the current prospects are to study the transplantation
potential of cultured cells in human and animal models. In one
study of note, collagen sheets were used as substitute carriers
for cultured HCECs. Pump functions showed 76%–95% of those
of natural human donor corneas. Thickness was significantly less,
and no stromal edema was found postsurgery in a rabbit model
[44]. In another study, the cells were injected in the anterior cham-
berwith facedownposition in the rabbitmodels. Veryearly studies
on cultured human corneal endothelial cells have been recently
carried out on monkey models. Recently, 11 human patients (in
an unpublished clinical trial) with bullous keratopathy or Fuch’s
dystrophywere treatedusing thesametechnique,and20/20vision
was attained postoperatively. Early stage experiments using Rho
kinase inhibitor drops have also showed promising results in terms
of visual recovery, thickness, andmaintenance of intraocular pres-
sure as reported during the American Society for Cataract and Re-
fractive Surgeons 2015 symposium.

IMMUNOSUPPRESSION

Although therehavebeenstudies carriedouton transplanting the
cultured corneal endothelial cells in human recipients, it should
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not be left out of consideration that immunological responses
may hinder the outcomes. The corneal graft has a huge immune
privilege as compared with other transplants because of the ab-
sence of blood and lymph vessels in the transplantable corneal
button, the absence of MHC class II+ antigen-presenting cells in
the graft, reduced expression of MHC-encoded alloantigens on
graft cells, constitutive expression of T cell-deleting CD95 ligand
on the endothelium, the presence of an immunosuppressive local
microenvironment (aqueous humor), and the capability of the
graft to induce anterior chamber associated immune deviation.
Corneal endothelial cells have a distinct molecular strategy to re-
duce their antigenic visibility to CD4+ andCD8+ effector T cells and
to alter the functional program of responding T cells. Although
this may be advantageous in terms of donor corneal transplanta-
tion, the immunological reactions of the cultured and trans-
planted HCECs are still being studied [49].

DIFFERENTIATION OF OTHER CELL TYPES INTO HCEC

Studies havealso shown thepotential toderiveCEC-like cells from
human embryonic stem cells (hESCs). The differentiation poten-
tial of hESCs to HCECs through the periocular mesenchymal pre-
cursor (POMP) phase has been shown using the Transwell
coculture system of hESCs with differentiated human corneal
stromal cells. CEC-like cells were derived from POMPs using lens
epithelial cell-conditionedmedium. Corneal endothelial differen-
tiation marker N-cadherin and transcription factors FOXC1 and
PitX2 were expressed within 1 week of culture. The isolated cells
were seeded onto posterior acellular porcine corneal matrix la-
mellae to construct the CEC-like cell sheets. These cell sheets
were transplanted into rabbit eyes, and the transparency was
found to have restored gradually. The cells derived from this
source displayed characteristics of native human CECs [50].

Umbilical cord blood mesenchymal stem cells have also been
differentiated into HCECs and to determine whether these MSCs
can “home” to sites of corneal endothelial cell injury using an ex
vivocornealwoundmodel.RNAwas isolatedandpurified fromum-
bilical cord blood (UCB) MSCs and HCECs. The ability of different
culture media was determined, and the morphology, immunolo-
calization, andgeneexpressionweredetermined inboth tissuecul-
tureandexvivocorneal endothelialwoundmodels.MSCsattached
to damaged, but not intact, corneal endothelium in ex vivo corneal
wounds. The results have indicated the potential differentiation of
cord blood-derived MSCs toward HCEC-like cells [31]. However,
further studies will be required to identify the specific microenvi-
ronmental conditions thatwould permit tissue engineering of UCB
MSCs to replace damaged or diseased corneal endothelium.

ESCs and induced pluripotent stem cells (iPSCs) have an ex-
tensive self-renewal capacity and the potential to differentiate
into any tissue specific cell lineages. A study carried out using
trans-retinoic acid (RA) treatment in the embryoid body (EB)
on mouse ESCs and iPSCs showed the promotion of neural crest

cells. These cells were further differentiated into CEC-like cells
using lens epithelial cell-conditionedmedia. For the initial differ-
entiation into neural crest cells, dose of 1 mM RA on day 4 of EB
formation showed neural crest differentiation. Plating these cells
on gelatin-coated plates further led to cell migration out of EBs.
Further, LEC-CM enhanced the differentiation of neural crest into
CEC-like cells, which was confirmed using immunocytochemistry
and quantitative reverse-transcription polymerase chain reaction.
This study showed a potential of two-step inducement procedure
for treatment of corneal endothelial failure [51].

CONCLUSION

Dysfunction in the corneal endothelium, which controls the hy-
dration and transparency of the cornea, is one of the most com-
mon reasons of corneal transplantation. The current primary
treatment to cure the endothelial failure is the replacement
of the diseased corneas with a healthy donor tissue. However,
globally the donor tissue supply is too low as compared with
the requests, and therefore there is an enormous interest in
the development of alternative treatment options or therapeu-
tic strategies to lower the current requirement of human donor
corneas. A tissue-engineered corneal endothelium is ofmuch in-
terest because it would allow culturing the corneal endothelial
cells harvested from a donor followed by transplantation to
many recipients. Recently, research has focused on the chal-
lenges of culturing human corneal endothelial cells successfully
and on the generation of new biomembranes to be used as cell
scaffolds in surgical procedures. However, a standard culture
method has not been well established yet for clinical purposes.
The studies using telomerase activity and Schwalbe’s line pro-
genitor cells indicated the presence of potential stem-like or
progenitor cells in the periphery of the corneal endothelium,
but no clear evidence of corneal endothelial stem cells has been
reported so far.One stepahead towardabetter characterization
of endothelial cells might come from the identification of novel
cell markers. Although a few patients have already been treated
using the injectionmethod, the results arenot yet very clear, and
doubts about their clinical validity remain. The lack of real alter-
natives is therefore a great challenge for those working on the
replacement of the endothelium through cell culture- and tissue
engineering-based techniques.
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