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There are many dystrophies related corneal endothelium resulting in edema, loss of transpar-
ency and blindness, finally. Currently, transplantation is only surgical treatment for patients with
these corneal endothelial dystrophies, however, the limitation of transplantation is the absolute
deficiency of donor cornea. Very recently, to overcome this issue of limited supply of donor
cornea, regenerative medicine including stem cell therapy and tissue engineering has been widely
attempted and success for human clinical trial.

In this review, recent advances for the regeneration of corneal endothelial cell (CEnC) as (1)iso-
lation and culture methods of CEnC for the somatic cell source, (2)stem cell source for CEnC as
embryonic, induce pluripotent stem cell (iPS) and adult stem cell, (3)tissue engineering tech-
nigues as cell sheet engineering and development of scaffold materials and finally (4)the appli-
cation of silk as a biomaterial for cornea by our laboratory have been introduced.
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Introduction Corneal endothelial cells (CEnCs) have limited prolifera-
Corneal endothelium is a monolayer of hexagonal cells tive capacity in vivo" and do not replicate after severe in-
and helps maintain corneal transparency via its barrier" 2. jury or diseases losing significant number of normal CEnCs
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in human?.

There are many dystrophies related corneal endothelium
as Fuchs’ dystrophy, posterior polymorphous corneal dys-
trophy, congenital hereditary endothelial dystrophy, X-linked
endothelial dystrophy, and so on resulting in edema, loss
of transparency and blindness, finally*®. Currently, trans-
plantation is only surgical treatment for patients with these
corneal endothelial dystrophies?®. However, the availabil-
ity of donor cornea has been limited®. To overcome this
issue of limited supply of donor cornea, CEnCs sheet with
in vitro cultured CEnCs and regenerating bioengineered
constructs using various matrices like denuded Descemet's
membrane, decellularized stroma, amniotic membrane,
collagen matrix, gelatin carriers and chitosan-based mem-
branes have been attempted” 9.

Being a biomaterial is a crucial factor for construction of
artificial corneal equilibrium in tissue engineering because
it can serve as a supporter and a microenvironment, which
helps to regulate signals and control cellular regulations®.
In addition, incorporating physical, chemical, and biologi-
cal conditions to guide cells into functional tissues via cell
migration, adhesion, and differentiation is important in this
field'® . The scaffolds prepared from many biomaterials
should serve as cell carriers or supporters. In addition, they
should have specificity for each applied tissue. In case of
cornea endothelium, prepared scaffolds should process
characteristics like transparency, permeability, proper cur-
vature and flexibility as well as general properties of
biomaterials like biocompatibility, non-cytotoxicity, proper
biodegradability?.

In this review, recent advances for the regeneration of
CENC as (1)isolation and culture methods of CEnC for the
somatic cell source, (2)stem cell source for CEnC as em-
bryonic, induce pluripotent stem cell (iPS) and adult stem
cell, (3)tissue engineering techniques as cell sheet engi-
neering and development of scaffold materials and finally
(4)the application of silk as a biomaterial for cornea by our
laboratory have been introduced.

Isolation and optimization of culture
methods for CEnC

The monolayer of cells forming the human CEnCs
(hCENCs) is prerequisite to the maintenance of corneal
transparency and is not known to regenerate in vivo. With
advances in understanding CEnCs biology recently, it is
now possible to cultivate hCENCs in vitro, thus providing
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new opportunities to develop novel tissue-engineered
hCENnCs'™. In order to explore and optimize a proper cul-
ture system for hCENCs, including the methods of primary
culture, passage and cryopreservation, fresh fetal corneas
were explanted to propagate primary corneal endothelial
cells. Yans et al., cultured hCEnCs in DMEM/F-12 supple-
mented with 10% fetal bovine serum (FBS) in the absence
or presence of the extracts from bovine CEnCs (bCENCs).
The passage and cryopreservation of hCEnCs were opti-
mized adult corneal endothelial cells for the somatic cell
source'.

The evaluation of hCEnCs sourcing with various isola-
tion methods, including enzymatic digestion, culture me-
dium components, and adhesive proteins has been car-
ried out by Choi et al. hCEnCs were obtained from cor-
neas obtained from various aged donors after endothelial
keratoplasty'. Under a dissection microscope, the
Descemet’'s membrane, including the attached corneal
endothelium was stripped from the stroma and the cells
were isolated and expanded by explant culture or by enzy-
matic digestion with enzymes such as collagenase I,
dispase, or trypsin. In order to improve the initial cell at-
tachment, tissue culture plates were coated with collagen
IV, fibronectin, or fibronectin-collagen combination coating
mix (FNC) before cell plating. We were able to success-
fully hCEnCs from 32% (86/269) of donor corneas'. Do-
nor age and isolation method influenced the characteris-
tics of the resulting in vitro hCENnCs culture. Under all con-
ditions tested, FNC-coated plates showed higher quality
cultures than the other coatings tested'¥. These results
suggested that donor age and hCEnCs isolation method-
ology are the two factors that most directly affect the qual-
ity of the resulting hCENnCs culture in vitro. These factors
should guide the methodological development for the clini-
cal expansion of hCENnCs for the generation of bioengineered
neo-corneas'.

Phe et al. have been investigated the density-dependent
growth of hCENnCs isolated from paired donor corneas and
to elucidate an optimal seeding density for their extended
expansion in vitro whilst maintaining their unique cellular
morphology. They proposed a seeding density of not less
than 10,000 cells/cm? for regular passage of primary
hCEnCs". Joyce reviewed the effect of donor age and
endothelial topography on relative proliferative capacity of
hCENCs, as well as explored the role of nuclear oxidative
DNA damage in decreasing the relative proliferative ca-



Inflammation and Regeneration

pacity of hCEnCs. Potential new research directions has
been discussed that could take advantage of and/or im-
prove the proliferative capacity of these physiologically im-
portant cells in order to develop new treatments to restore
corneal clarity".

To evaluate the interaction of hCEnCs with ECM proteins
with the ultimate goal to improve cell proliferation and func-
tion in vitro, cells were seeded on ECM-coated tissue cul-
ture dishes, including collagen type | (COL I), collagen type
IV (COL V), fibronectin (FN), FNC coating mix (FNC) and
laminin (LM)™®. Cell adhesion and proliferation of hCEnCs
on each substratum and expression of hCEnCs markers
were studied. hCEnCs plated on the COL I, COL IV, FN
and FNC-coated plates had enhanced cell adhesion initially;
the number for COL |, COL IV, FN and FNC was signifi-
cantly higher than the control (p < 0.05)®. In addition, cells
grown on ECM protein-coated dishes showed more com-
pact cellular morphology and hCEnCs marker expression
compared to cells seeded on uncoated dishes'. The ef-
fect of growth factors as hepatocyte growth factor (HGF),
epidermal growth factor (EGF), transforming growth fac-
tor-B (TGF-/) or TGF-/31 on the biological response in
bovine CENCs in culture has been studied'. The size of
the increased area of the culture on type IV collagen plus
HGF was the largest of all the combinations of ECMs and
growth factors. The responses of component cells in the
increased area consisted of cellular hypertrophy, prolifera-
tion, migration and giant cell formation. The treatment with
type IV collagen plus HGF clearly promoted all the above
responses'”.

Okumura et al. had been studied for the establishment
an optimum condition for the cultivation of CEnCs by the
use of SB431542, a selective inhibitor of TGF-/3 receptor'®
and the selective Rho kinase (ROCK) inhibitor Y-27632.
These findings show that SB431542 and ROCK inhibitor
Y-27632 eye drops promote corneal endothelial wound
healing in a primate animal model and suggest the possi-
bility of Y-27632 as a novel therapeutic modality for certain
forms of corneal endothelial dysfunction.

Stem cell source for CEnC as embryonic,
IPS and adult stem cell

Very recently, the development on the differentiation of
various stem cells to CEnCs are intensively carried out since
primary cell source might be have some ultimate limitation
as proliferation, gain of enough cell number and so on.
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Tan et al. has been carried out the mixed-culture with
hiPSCs and rCEnCs to investigate the morphology and
protein expression and to provide the experimental basis
and the mechanism of iPSC differentiation into rCEnCs2".
This work showed iPSCs morphologically change to en-
dothelial-like cells after mixed culture with rCEnCs and
express the marker protein AQP1 of rCEnCs at the same
time2).

Ostrowska et al. reported a differentiation protocol that
yields corneal orbs from human embryonic stem cells as
well as from human pluripotent parthenogenetic stem cells,
and therefore can be manufactured free of transmissible
pathogens??. The differentiated corneal product is layered
and anatomically similar to normal human cornea, ex-
presses appropriate corneal markers at the mRNA and
protein (and secreted protein) levels, and is permeable to
topical ophthalmic drugs??. This method proposed showed
positive results.

Nakahara et al. has been confirmed that CEnCs expan-
sion was promoted by human bone marrow mesenchymal
stem cell (BMSC)-derived conditioned medium (BMSC-
CM)23. When hCEnCs were maintained in the presence of
BMSC-CM, cell morphology assumed a hexagonal shape
similar to hCENnCs in vivo, as opposed to the irregular cell
shape observed in control cultures in the absence of BMSC-
CM?23), This work indicates that MSC-CM not only stimu-
lates the proliferation of hCENnCs by regulating the G1 pro-
teins of the cell cycle but also maintains the characteristic
differentiated phenotypes necessary for the endothelial
functions®.

Joyce et al. have been tested the feasibility of altering
the phenotype of umbilical cord blood mesenchymal stem
cells (UCBMSCs) toward that of hCEnCs and to determine
whether UCBMSCs can “home” to sites of hCENCs in-
jury using an ex vivo corneal wound model?¥. Results indi-
cate that UCBMSCs are able to “home” to areas of in-
jured corneal endothelium and that the phenotype of
UCBMSCs can be altered toward that of hCEnCs-like
cells?¥.

Ju et al. have been investigated the feasibility of induc-
ing rat neural crest cells (NCC) to differentiate to functional
CENCs-like cells in vitro by the induction with adult CEnCs-
derived conditioned medium?). Spindle-like NCC turned to
polygonal CEnCs-like after induction and expressed N-
cadherin, FoxC1, Pitx2, zonula occludens-1 and sodium-
potassium pump Na*/K* ATPase at 2 months in vivo. They
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Fig.1 Morphological changes in derived-CENCs at from 7 hrs to 6 days after direct coculture on each condition
(Magnification x200) [Adapted from Ref.?®); Copyright permission from World Scientific Publications].

concluded that CEnC-like cells derived from NCCs dis-
played characters of native CEnCs, and the induction pro-
tocol provides guidance for future human CEnCs induction
from NCC25).

Hatou et al. reported for the functional corneal endothe-
lium derived from corneal stroma stem cells of neural crest
origin by retinoic acid and Wnt/3-catenin signaling. The
induction of functional tissue-engineered corneal endothe-
lium from mouse and human cornea-derived precursors had
been carried out. This protocol enables efficient produc-
tion of corneal endothelium from corneal stromal stem cells
by direct induction?®.

Shao et al. had been explored the feasibility of inducing
bone marrow-derived endothelial progenitor cells (BEPC)
to differentiate into CEnCs by cocultured with CEnCs for
10 days in a transwell system with conditioned medium from
CEnCs?". The induced BEPC resembled CENC in polygo-
nal shape, expressing aquaporin-1, tightly opposed cell
junctions, and neuron-specific enolase. Twenty-eight days
after surgery, the transparency gradually returned to the
corneas transplanted with the induced BEPC on PCACM?7).

To compensate insufficient number of CEnCs and to ap-
ply derived corneal endothelial like cells (CEn-like cells) on
proper scaffolds for reconstruction of corneal endothelium,
we are trying to the differentiation of BMSC to CEn-like

cells with direct and indirect co-culture methods in our labo-
ratory. Figure 128 showed the morphological changes from
BMSC to CEn-like cells at from 7 hrs to 6 days with differ-
ent medium conditions and direct co-culture method. Mor-
phological changes were confirmed that the ratio of CEnCs
and the supplements for culture are more increased, the
differentiated morphology becomes more similar to
CENnCs®.

Tissue engineering techniques and de-
velopment of scaffold materials
1)Cell Sheet Engineering

Recently, one of the promising and most successful tis-
sue engineered methods for the regeneration of CEnC
might be a “Cell Sheet Engineering” using the tempera-
ture-responsive polymer developed by Okano Group?®.
Core technology was the changes of the temperature which
allows regulation of the attachment or detachment of living
cells on the culture surfaces grafted with the temperature-
responsive polymer “poly(N-isopropylacrylamide)”. This
technology provides to construct bioengineered sheet-
like tissues, termed “cell sheets”, without the need of
using biodegradable scaffolds and protease treatments that
are traditionally used®®. Furthermore, this technology has
successfully performed the clinical application for the re-
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construction of ocular surfaces through the transplantation
of our carrier-free corneal epithelial cell sheets over the
world®’-%2, We hope cell sheet engineering can lunch on
the market soon.

Teichmann et al. reports a novel thermo-responsive car-
rier based on simultaneous electron beam immobilization
and crosslinking of poly(vinyl methyl ether) (PVME) on poly-
meric surfaces, which allows one to adjust layer thickness,
stiffness, switching amplitude and functionalization with
bioactive molecules to meet cell type specific requirements
instead of poly(N-isopropylacrylamide)3.

2)Scaffold Biomaterials for Corneal Reconstruction

In recent years decellularized corneas have been under
investigation as an alternative scaffold source for use in
engineering cornea. Several strategies for lysing cells and
removing cellular material from corneas are introduced®?.
Choi et al. had been established hCENnC isolation and cul-
ture protocols and to investigate the feasibility of bioengi-
neering corneal tissue constructs by seeding the cells on
decellularized human corneal stroma®®. Donor corneal
stromas were cut to 120-200 xm thickness slices using a
microtome and then decellularized. To engineer neo-cor-
neas, 130 hCEnC/mm? were seeded on decellularized hu-
man corneal stromas. Seeded cells retain expression of
the functional markers Na*/K*-ATPase and ZO-1 and con-
structs have biomechanical properties similar to those of
normal corneas®. These results indicate that construction
of neo-corneas, using hCEnC derived from discarded do-
nor corneas and decellularized thin-layer corneal stromas,
may create a new source of high quality corneal tissue for
transplantation®. Ju et al. has been carried out the appli-
cation of decellularized porcine corneas with sodium
dodecyl sulphate (SDS) solution and then hCEnCs B4G12
were cultured®®. This work showed that B4G12 cells served
as a good model for native corneal endothelial cells in vivo.

Shimmura et al. had been tried the transplantation of cor-
neal endothelium with Descemet’s membrane using a
hyroxyethyl methacrylate polymer as a carrier®”. Sano et
al. was conducted to examine the feasibility of using amni-
otic membrane as a carrier for the regeneration of corneal
endothelium®. The results of these two trials showed that
the cell density and morphology of hCEnCs on cell carriers
were similar to those of normal corneas, and hCEnCs on
cell carriers were functional in vivo®.

Chen et al. had been investigated the biocompatibility of
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collagen-chitosan-sodium hyaluronate (Col-Chi-NaHA)
complexes and cornea tissue, and the feasibility of Col-
Chi-NaHA complexes as substrates for cultivating rabbit
corneal cells®®. Results showed that these hybrid com-
plexes had good biocompatibility with cornea. Ambrose et
al. had been evaluated the potential suitability of collagen
Vitrigel (CV) membrane as a substrate for the separate
reconstruction of the three main cellular layers of the
cornea®. Limbal explants, keratocytes, and endothelial
cells were cultured on transparent membranes made of
type | collagen. Levis et al. had been described the first
use of plastic compressed collagen as a highly effective,
novel carrier for hCEnCs*). Mimura et al. had been evalu-
ated the function of cultured hCENnCs in vivo and the feasi-
bility of hCENnCs transplantation with a collagen sheet as
the substitute carrier of hCEnCs*2. These works reported
that a collagen sheet as a cell carrier can retain their func-
tion of corneal dehydration in vivo model and suggest the
feasibility of transplantation for corneal endothelium dys-
function using cultured hCEnCs with a collagen sheet*?.
Tabata group suggested a gelatin hydrogel as hCEnCs
carrier. The gelatin hydrogel sheets displayed greater
transparency, elastic modulus, and albumin permeability
compared to those of atelocollagen sheets. hCEnCs on
gelatin hydrogel sheets showed normal expression levels
of ZO-1, Na*/K*-ATPase, and N-cadherin®. Lai et al. sug-
gested a crosslinked porous gelatin hydrogels as cell sheet
carriers for intraocular delivery fabricated by a simple stir-
ring process combined with freeze-drying method to im-
prove the fragility of bioengineered hCEnCs monolayers*.
These carriers are beneficial to the in vitro cultivation of
CEnCs without limiting proliferation and changing expres-
sion of ion channel and pump genes such as ATP1A1,
VDAC2, and AQP144. In vivo studies by analyzing the
rCEnC morphology and count also demonstrate that the
implanted gelatin discs with the highest solid content may
cause unfavorable tissue-material interactions*¥. Compos-
ite electrospun gelatin fiber-alginate gel scaffolds for me-
chanically robust tissue engineered cornea have been sug-
gested by Tonsomboon to improve poor mechanical per-
formance of hydrogel*®. Also, fibrin-agarose hydrogel were
suggested for tissue engineered cornea by Alaminos*®.
Acellularized/decalcified fish scales-derived collagen scaf-
folds with highly centrally oriented micropatterned struc-
ture were newly developed for corneal regeneration*”.
Chitosan/polycaprolactone blends*®, in situ formed biode-
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Table 1 Sericin contents of Bombyx mori silk cocoons and fabri-

cated LSS and HSS?

Weight {unit : grams)

Before Degumming After Degumming
Ratio | Beiling Ratio
Silk Silk Silk Silk Silk Silk
of time of
Coccons | Fibroin | Sericin Cocoons | Fibroin | Sericin
Sericin Sericin
L5S 1 hr 40 375 25 6.25%
30 375 25 25%
HSS 30 min 41.549 375 4.09 9.83%

gradable hydrogel based on a watersoluble derivative of
chitosan, hydroxypropy! chitosan, and sodium alginate
dialdehyde*?), ultrathin chitosan — poly(ethylene glycol)
hydrogel®, the synthetic biodegradable polyesters, poly(L-
lactic) (PLLA) and poly(DL-lactic-co-glycolic acid) (85:15,
PLGA)®" were also applied for the scaffold biomaterials for
the reconstruction of cornea.

3)Silk for Corneal Reconstruction

Using silk as a biomaterial for cornea and other organs
and tissues becomes a possible effort in tissue engineer-
ing because silk has been used as a suture for centuries®.
Silk cocoon from Bombyx mori (B. mori) contains two main
types of proteins: fibroin and sericin®®. Fibroin, which makes
up 75% of the protein content of silk cocoon, is an insoluble
protein composed of up to 90% glycine, alanine and serine.
It consists of a heavy chain (325,000 Da) and a light chain
(25,000 Da) which has the primary structure of fibroin con-
sisting of repeatable sequences of (Gly-Ser-Gly-Ala-Gly-
Ala)n. It has been proved that fibroin has non-immunogenic
response upon in vivo implantation, controllable degrada-
tion rate, excellent mechanical properties and good oxy-
gen/water vapor permeability® ' 5459, In addition, it sup-
ports the proliferation and attachment of human limbal epi-
thelial stem cell and murine fibroblast, and has various ap-
plications such as wound cover, enzyme immobilization
membrane, cell culture medium, artificial skin, and soft con-
tact lenses®%3. Many researchers demonstrated that two
dimensional silk fibroin films provide good biocompatibil-
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Fig.2 Optical transparency patterns of silk fibroin films in the

visible range. Dried samples were taken from Figure 1
[Adapted from Ref.?; Copyright permission from Springer Publica-
tions].

ityG, 57, 64, 65)_

Sericin protein, which makes up the remaining 25% of
silk, is composed of 18 amino acids arranged in three dif-
ferent polypeptides of 400, 250 and 150 kDa®®. The hydro-
philic sericin protein has a strong polar side chain and is
used to produce biodegradable materials with various ad-
vantages such as anti-coagulating agent, anti-wrinkle agent
and anti-oxidant®”. Recently, it has been reported that seri-
cin prevents apoptosis, suppresses tumor promotion, en-
hances proliferation of mammalian cells and attachment of
human fibroblast, and is used as a supplement in cell cul-
ture media® 9.

We fabricated two types of silk fibroin films by treating
them at different boiling time as 9.83% of sericin (high seri-
cin silk, HSS) and 6.25% of sericin (low sericin silk, LSS)
as listed in Table 1. LSS was boiled for 1 hour, while HSS
was boiled 30 min to remove sericin?.
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pared to TCP [Adapted from Ref.?; Copyright permission from Springer
Publications].
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Figure 2% showed the difference between dried LSS and
HSS and the transparency of dried HSS was lower than
dried LSS. Study about sericin included films showed that
by increasing sericin content, turbidity of films increase. As
sericin content of HSS is higher than LSS, we concluded
that fabricated HSS’s turbidity is little higher than LSS. The
opacity of wet films in culture medium increased when com-
pared to dried films ranges between 380 nm and 550 nm.
Furthermore, the opacity of the films cultured rCEnCs was
higher than wet film without rCEnCs in culture medium. The
increase in opacity was caused by light scattering effect on
the CEnCs. Nonetheless, object recognition through wet
films was still considered possible®.

Figure 3% is the proliferation result of rCEnCs by MTT at
4 hrs, 1, 3, and 5 days after seeding on LSS and HSS as
experiment groups and TCP as a control group. Four hrs
after seeding, optical intensity of rtCEnCs on LSS and HSS
shows no difference between LSS and HSS. Even though
here is nothing to show the morphologic images at confluent,
their morphology on TCP, LSS and HSS are polygonal and
formed single layer on each conditions. As time goes by,
both groups were proliferated up to confluent stage but still
have no difference among them. However, rCEnCs on HSS
has more proliferation compared with rCEnCs on LSS cul-
tures up to 5 days®. Successive works have been carried
out that fibroin’s strength, structural versatility and poten-
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tial for modification, combined with the relative simplicity of
associated manufacturing processes, make fibroin a wor-
thy candidate for further exploration” 7.

Conclusion and Future Prospective

Regenerative medicine including tissue engineering and
stem cell therapy shows tremendous potential for a cor-
neal regeneration. Also, many successful results have been
reported the potential for regenerating eye as joint on the
stem cell and scaffold biomaterials from polymers, ceramic,
metal, composites and its hybrids. As we mentioned ear-
lier, “cell sheet engineering” also emerged next genera-
tion of corneal dysfunction treatment based on the suc-
cess of human clinical trial.

For the success of tissue engineering techniques, the
prerequisite physicochemical properties of scaffolds are (i)
to support and deliver for cells, (ii) to induce, differentiate
and conduit tissue growth, (iii) to target cell-adhesion sub-
strate, (iv) to stimulate cellular response, (v) wound heal-
ing barrier, (vi) biocompatible and biodegradable, (vii) rela-
tively easy processability and malleability into desired
shapes, (viii) highly porous with large surface/volume, (ix)
mechanical strength and dimensional stability, (x)
sterilizability, (xi) do not induce inflammatory reaction and
fibrotic capsule and so on777.

Also, stem cell must emerge more important cell source
since primary cell of CEnCs has a limitation of proliferation
and dedifferentiation itself. We must need the development
of differentiation methods from stem cell source using small
molecule, protein, peptide and so on. From this point of
view, the appropriate combination of the cells and bioactive
scaffolds has attempted to regenerate for corneal. In order
to achieve this goal, the novel hybrid scaffold biomaterials,
the novel differentiation methods of stem cell to CEnCs
must be developed.
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