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ARERZRAZOER

PCREE : 1.4%X10° copies/m/
f@%‘f%% . Sireptococcus oralis
BLAST #4f © Streptococcus sp.

>Ten i8¥005050, 11 Svreptocorons gp. oral strain 7R 155 zibosomal RNA gene, partial
sequencs
Length=1472

Scoxe = 1131 pits (612), Expect = 0,0
Identities = B13/614 (99%), Baps = 0/6148 (0%)
Strand=Plus/Pius

Query I TECARGIACRACCCTERRECTTEATCCITCCACCEAGCEEATERGTTECCEAACGERTGRAG 60

iHQUHUHUHHnHHHHHHHHﬂiHH!HHHHHHHH
Sbjet 31 TECRAGIAGAACGCT CTTGETGCITECACCERGCEAATGAGTIGCORACEEEIGRE 90

Query 61 TRACGCOTAGBIZACCT GUCTBRTAGCEGEECATAACTATTCGARACGATAGCTRATACE 120
!I]‘UIIHHHHHHHHHHHHHHEHHIHUHHHHHHH

Sbjcr 91 CGCETREETRACCTGCCIRETAGCEEECEATAACTATIGEARACERTAGCTARTACC 150

guery 123 GCATARARTGEATIATCECATEATARTCCATTGARAGGTECARATGIRTCA 180
!H*Hill;lilaiHHHitlilHlH HHHHHHH!HHM HHH

Sbjet 151 GCATARRATGGATLRTCGCATEATRATCCATNGARAGET 210

Query 181 GEACCTECGEITGIATIAGCIAGTIGGICEEETARCCECICACCARGGCEACEATACRTAS 240

IIYUITET R eI EY Ml nierin: HHHHHH!HHN]HH!HHHHS
Sbjct 211 GGACCIECGITGEATTAGCTARTIGGIEGECTAMGECTCRCCARGGCGACGRTACATAG 270

Query 241 CCCACCIGACB;G-zGI@ICGCCCBC;;C:GGSBC’CAGECACGGCCCAGALTC@AEGC—Cﬁ 300

IHHHUIIUHHH illHHHHH!HH]HH)HHUHJHH’I
Spjct 271 GRCCTEAGAGEGTEATCEECCACACTEEEACTGAGACRCGECCCAGACTCC a30

Query 301 COCAGCAGTRBSERATCTICGECARTERACCEARBICTGACCEAGCAACBCCGCETERET 360

mmnmHmmmmf! H;HHHHHHHH[HUHHHH
Sbjct 331 GECAGCRAGTAGGERARTCTICGGECAATEGACGGARGICTEACCGAGCBRCECCECETGACT 380

Query 361 GRRGRAGEYITTCEGATCEIARRGCTCIGTIGTRARGRAGAAGRACGAGTHICGAGRGTSERR 420

HHHIHH.HHfIxHlHlHl§|HHi!;HHHHH!HH;HH!H
Spjcu 831 GARGAAGGITIICGGAICGIARAGCICTEITGIRAGAGRRGRRCCAGTCIGAGAGTGGRAR 450

Query 421 AGITCACRCTEICACGGIATCITACCACARNGGERCEECTAACIACETECCAGCAGCCEC 480

mmmmmmnmmummmmUmmmmsmu
spjet €51 RGTICACACTIETERCGGTATCITACCAGARNCEEACGGCTRACTA( CRAGCAGCCGE 510

Query 481 GGIAATRCGTAGETCCCGRECHITGICCEGATTIAYTGEECETARAGCEAGCECAGECEE 540
{lllllHHHHUHIHH!}:HHl:HHIi!!zhHiEliHlitHHiz

Seict 511 GGIARTACGIAGETCCCEAGCGITRICCERRITIATIGSECETARAGCAAGCGLAGRCEE §70
Quexry 541 'JZTPEA S ACTCIGAAGT TARAGECTETGECTTIRACCATAGTACGCTITGGARARCTGTITITA 600
. 14114 {11 IHHIHH%HUHHl!H!iHHHHHH[HHHHH
Spjct §71 AGAIRAGJ. GTIRAACECTETEECTTAACCATAGTACGLITTGERRACTET T &30

Puery 601 ACTTGAGIGCRREGR 614

ISREARRERRNNNE
Sbjet 631 RCTTEAGTECARAGA 644

B4 JAMER
HE16S 70— F LYY PCRTOBEREKE, BORERNTISAMNENETS.
TS5AT—EBAWTIERL & PCREY?% GeneBank F—F R—XTF AL I hy—7
TYRY B. AEGE, BRETROBRERAREVCOEST, FEOCLSCHES
BB SNIHUWRARESS D, BFEFRENSEIE—HOME DNA S REHE M
feo TO®, BOREENIETSAMNEREZT . ZOHER, HEERBELRBU
Streptococcus BHEH E T W (identities =928%) .
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This review describes our recent attempts to develop new therapeutic modalities for corneal endothelial
disease using animal models including non-human primate model in which the proliferative ability of
corneal endothelial cells is severely limited, as is the case in humans. First, we describe our attempt to
develop new surgical treatments using cultivated corneal endothelial cells for advanced corneal endo-
thelial dysfunction. It includes two different approaches; a “corneal endothelial cell sheet trans-
plantation” with cells grown on a type-I collagen carrier, and a “cell-injection therapy” combined with
the application of Rho-kinase (ROCK) inhibitor. Recently, it was reported that the selective ROCK
inhibitor, Y-27632, promotes cell adhesion and proliferation and inhibits the apoptosis of primate corneal
endothelial cells in culture. When cultivated corneal endothelial cells were injected into the anterior
chamber of animal eyes in the presence of ROCK inhibitor, endothelial cell adhesion was promoted and
the cells achieved a high cell density and a morphology similar to corneal endothelial cells in vivo. We are
also trying to develop a novel medical treatment for the early phase of corneal endothelial disease by the
use of ROCK inhibitor eye drops. In rabbit and monkey experiments using partial endothelial dysfunction
models, corneal endothelial wound healing was accelerated by the topical application of ROCK inhibitor
to the ocular surface, and resulted in the regeneration of a corneal endothelial monolayer with a high
endothelial cell density. We are now trying to advance the clinical application of these new therapies for

Keywords:

corneal endothelial cells
proliferation

Rho-kinase (ROCK) inhibitor
corneal endothelial dysfunction
bullous keratopathy

patients with corneal endothelial dysfunction.

© 2011 Elsevier Ltd. All rights reserved.

The corneal endothelium is the innermost layer of the cornea,
derived from the neural crest, and plays an essential role in the
maintenance of corneal transparency via its barrier and pump
functions. Since the human corneal endothelium is essentially non-
regenerative in vivo, endothelial cell loss due to dystrophy, trauma,
or surgical intervention is followed by a compensatory enlargement
of the remaining endothelial cells. Thus, there is functional reserve.
However, if cell loss is too great the outcome is often irreversible
corneal endothelial dysfunction. For many years penetrating kera-
toplasty was the only realistic choice of surgery for visual loss due
to corneal endothelial dysfunction, but it is not a risk-free treat-
ment. To overcome the problems associated with penetrating
keratoplasty, new surgical procedures (i.e. the posterior lamellar
keratoplasties) which replace the endothelium without host

* Corresponding author. Tel.: +81 75 251 5578; fax: +81 75 251 5663.
E-mail addresses: nkoizumi@mail.doshisha.ac.jp (N. Koizumi), shigeruk@koto.
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corneal trephination have been developed (Gorovoy, 2006; Melles
et al., 2000; Price and Price, 2005; Terry and Ousley, 2001).
However, irrespective of the selected keratoplasty procedure,
corneal endothelial cell loss can be a long-term problem following
corneal transplantation using donor tissue (Price et al., 2011; Terry
et al., 2008).

The ultimate goal of our research is to develop new surgical and
medical treatments for corneal endothelial disease, which provide
a healthy corneal endothelium with high cell density. To achieve
this we are currently focusing on the proliferation of corneal
endothelial cells. Currently, our efforts are aimed at developing
feasible medical treatments for the early stage of corneal endo-
thelial dysfunction, such as those that involve the use of ROCK
inhibitor eye drops. We have also tried to develop surgical treat-
ments for advanced corneal endothelial dysfunction, such as
a cultivated corneal endothelial cell sheet transplantation using
a type-I collagen carrier, or a cultivated Descemet-stripping auto-
mated endothelial keratoplasty (DSAEK) surgery using a human
lamellar graft in animal bullous keratopathy models. At present, we
are also investigating a form of cultivated corneal endothelial
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transplantation without the use of a carrier. In this review we
report our recent progress toward the development of new thera-
peutic modalities for corneal endothelial disease focused on the
proliferation of corneal endothelial cells using animal models.

1. Cultivated corneal endothelial cell sheet transplantation in
a monkey model

Although human corneal endothelial cells are mitotically inac-
tive and are arrested at the G1 phase of the cell cycle (Joyce, 2003),
they retain the capacity to proliferate in vitro (Engelmann et al,,
1988; Miyata et al., 2001; Senoo and Joyce, 2000; Zhu and Joyce,
2004). Some groups, ours included, have worked on developing
cultivated human corneal endothelial cell sheet transplantation
with (Ishino et al,, 2004; Mimura et al., 2004) or without (Sumide
et al, 2006) carrier materials, and have demonstrated in vivo
functionality in a rabbit model. It is known that the proliferative
ability of corneal endothelial cells varies among species, and that
rabbit corneal endothelial cells proliferate very well even in vivo. In
contrast, as in humans, the ability of monkey and feline corneal
endothelial cells to proliferate is severely limited (Matsubara and
Tanishima, 1982; 1983; Tsuru et al., 1984; Van Horn and Hyndiuk,
1975; Van Horn et al., 1977), rendering these species as represen-
tative models for corneal endothelial cell research. To this end, our
laboratory developed a corneal endothelial dysfunction model in
monkeys by mechanical scraping of the endothelium followed by
trypan blue staining of the denuded Descemet’s membrane.
Thereafter we examined the feasibility of cultivated corneal endo-
thelial transplantation. To the best of our knowledge, endothelial
research programmes using monkey models for developing new
corneal therapies are not established or in widespread use in other
laboratories.

1.1. Cultivated monkey corneal endothelial sheets using collagen
type-I as a carrier

Corneas were obtained from cynomolgous monkeys (3—5 years
old: estimated comparable human age, 5—-20 years) at euthanasia
for other research purposes at NISSEI BILIS Co., Ltd. (Ohtsu, Japan),
and KEARI Co., Ltd. (Wakayama, Japan). At all times the ARVO
guidelines for the use of animals in ophthalmic research were
adhered to, as were local and national ethical rules. We cultivated
monkey corneal endothelial cells according to a modified protocol
for human corneal endothelial cell culture (Ishino et al, 2004;
Miyata et al,, 2001). In brief, Descemet’s membrane was stripped
of intact monkey corneal endothelial cells and dissociated using
Dispase II. The monkey corneal endothelial cells were cultivated on
tissue culture plates coated with cell attachment reagent (FNC
coating mix) in culture medium containing DMEM supplemented
with 10% FBS, 50 U/ml penicillin, 50 pg/ml streptomycin, and
2 ng/ml bFGF. Primary cultures formed confluent layers of hexag-
onal cells within 14 days, with an average cell density of more than
2500 cells/mm?. After 3—5 passages on culture plates, confluent
subculture cells were seeded onto rehydrated collagen type-I
sheets (Fig. 1A, B) at a concentration of 5—10 x 10 cells/mm?.
After reaching confluence in one week, cells were kept in culture
for an additional two weeks. Alizarin red staining revealed mainly
hexagonal, homogeneous cells with an average density of
2240 + 31 cellsymm? (mean =+ S.E.) (Fig. 1C). Inmunohistochemical
staining of ZO-1 and Na't/K*-ATPase revealed that these functional
proteins were located at the cell boundaries of the cultivated MCEC
sheets (Fig. 1C). Examination by TEM showed a monolayer of
endothelial cells similar to that seen in normal in vivo corneal
endothelium of monkeys (Koizumi et al., 2007).

1.2. Transplantation of cultivated monkey corneal endothelial cells
on type-I collagen sheets into monkey eyes

Six female cynomolgous monkeys (2.0—2.5 kg) were anes-
thetized intramuscularly with a mixture of ketamine hydrochloride
(5 mg/kg; Sankyo, Tokyo, Japan) and xylazine (1 mg/kg, Bayer,
Munich, Germany) followed by inhalation anesthesia with iso-
flurane. Surgery was carried out in an animal surgery room at the
same levels of cleanliness as for human keratoplasty. During
surgical procedures, animals were observed by veterinarians
monitoring pulse, blood pressure, and partial pressure oxygen. To
induce endothelial dysfunction 3-mm limbal-corneal incisions
were made in the right eyes of the six monkeys, and then the corneal
endothelia were removed by mechanical scraping using a 20G sili-
cone needle, followed by 0.04% trypan blue staining to confirm that
all endothelial cells were removed from Descemet’s membrane. The
scraped area measured at least 9 mm in diameter (the diameter of
the cornea is approximately 10 mm). For the posterior graft,a 6 mm-
diameter limbal-corneal incision was made and a 6-mm diameter
disc of a cultivated monkey corneal endothelial cells on a sheet was
brought into the anterior chamber in four eyes of four animals using
a lens glide with the corneal endothelial side facing the anterior
chamber. In one of the surgeries a Dil labeled cultivated monkey
corneal endothelial cell sheet was used. In all cases the limbal-
corneal incision was closed with 10-0 nylon interrupted sutures
and the cultivated monkey corneal endothelial cell sheet attached to
Descemet’s membrane by air injection. As controls, a collagen sheet
without monkey corneal endothelial cells was transplanted in one
eye of one endothelial-dysfunctional animal, and a suspension of
cultivated monkey corneal endothelial cells was injected into the
anterior chamber in one eye of another. Following surgery we
conducted a four-year follow up of corneal clarity (slit-lamp),
corneal thickness (ultrasound pacymeter) and in vivo corneal
endothelial assessment (non-contact specular microscopy).

After surgery, the monkey corneal endothelial cell sheet was
attached to Descemet’s membrane and remained attached in all
experimental eyes (Fig. 2, 3rd day). In the two control eyes (i.e.
sheet only, and cell-injection) severe corneal edema was observed
after surgery. In the postoperative day 5—14 period in the operative
group the monkey corneal endothelial cell sheets became detached
from Descemet's membrane and dropped into the anterior
chamber in all of three eyes. Nevertheless, these corneas achieved
full clarity (Fig. 2, 14th day), which was maintained at least up to
eight months after surgery (Fig. 2, 8 months). These experiments
revealed that whereas irreversible corneal edema and neo-
vascularization, similar to that seen in advanced bullous keratop-
athy in humans, occurred following endothelial scraping, eyes
which received cultivated monkey corneal endothelial cell sheet
transplantation recovered their clarity and became less edematous
with time. Ours is the first study to investigate the feasibility of
cultivated corneal endothelial sheet transplantation in a primate
allograft model in which corneal endothelial cells have low in situ
proliferative potential. Interestingly, in the successful post-surgery
animals corneal endothelial cells more than 2000 cells/mm? were
observed by specular microscopy six months postoperatively. In
some additional experiments, we found Dil labeled donor corneal
endothelial cells on the host Descemet’s membrane outside of the
sheet transplantation area in the early postoperative period
(Koizumi et al.,, 2008). This was unexpected, and the mechanism of
wound healing was not as we initially envisaged; i.e. we did not
expect to see migration or proliferation of monkey corneal endo-
thelial cells in the eye. This finding lead us to speculate that, once
cultivated in vitro, monkey corneal endothelial cells might recover
their proliferative ability and are able to migrate onto the host
Descemet’s membrane and proliferate in vivo. This provides us with
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Alizarin red

Fig. 1. Cultivated monkey corneal endothelial cell sheet on a collagen type-I carrier. (A, B) Primary culture of monkey corneal endothelial cells subcultured on a collagen type-I
sheet. The cultivated corneal endothelial sheet is transparent and easy to handle. (C} Alizarin red staining of the cultures reveals mainly hexagonal, homogeneous cells with
a density of 2800 cells/mm?. The cultivated monkey corneal endothelial cells on a collagen type-I sheets expressed ZO-1 and Na*/K*-ATPase at their lateral cell membranes (green).
Propidium iodide was used to visualize the cell nuclei (red). (Scale bars: 50 um). (Reprinted with some modification from Koizumi et al. (2007) with permission from the Association
for Research in Vision and Ophthalmology). (For interpretation of the references to colours in this figure legend, the reader is referred to the web version of this article.)

Intensive scraping of the corneal

31 day 14th day 8 months
endothelial cells : : :

Transplantation of the 6mm-
diameter cultivated MCEC sheet
(endothelial side down)

Fig. 2. Schematic image of the surgical procedure and slit-lamp photographs after cultivated monkey corneal endothelial cell sheet transplantation. In cultivated monkey corneal
endothelial cell sheet transplanted eyes, the sheet was attached to Descemet’s membrane on the 3rd day and a clear cornea was recovered by two weeks. The eyes remain clear up
to the most recent observation, even though the sheet was detached from the posterior cornea.
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a potential new concept for the treatment of corneal endothelial
dysfunction, which involves not just transplantation of a cultivated
corneal endothelial sheet, but the transplantation of endothelial
cells which have the renewed ability to proliferate in vivo. Our long-
term observation using non-contact specular microscopy suggest
that corneal endothelial cell proliferation was stopped when the
cells reached confluence probably due to contact-inhibition
(Koizumi et al., 2008).

1.3. Cultivated-DSAEK surgery in an animal models

Another concept for corneal endothelial repair is the use of
donor posterior stromal tissue as a carrier for cultivated corneal
endothelial cells. We examined the feasibility -of using human
corneal lamellar graft tissue as a carrier for the cultivation of
corneal endothelial cells. Descemet’'s membrane, with an intact
corneal endothelium, was removed from human corneal tissue
obtained from an American eye bank (SightlLife, Seattle, WA) for
research purposes. Corneal lamellar grafts (150—200 pm thick and
8 mm in diameter) were made from the posterior stroma using
a Moria microkeratome. They were preserved in the freezer
at —20 °C for four weeks before being seeded with monkey corneal
endothelial cells (2 x 10° cells/graft) and cultivated for three weeks.
Under general anesthesia, the corneal endothelium and Descemet’s
membrane were removed by scraping with a 20G silicone needle,
and the lamellar grafts with monkey corneal endothelial cells were
transplanted onto the posterior cornea of one monkey and one
rabbit using a Busin glide in a similar procedure to DSAEK (Fig. 3A).
The allograft in the monkey eye was performed for the long-term
observation of the surgical outcome; the xenograft in the rabbit
was performed for the short-term (up to 48 h) evaluation of donor

A

Monkey corneal endothelial cells
cultivated on human corneal lamellar grafts

endothelial cell damage during the graft insertion process. Histo-
logical examination showed that confluent monkey corneal endo-
thelial cells were established on the human corneal lamellar graft at
a density of 2240 cells/mm?, and the protein expression of ZO-1 and
Na*/K*-ATPase was confirmed by immunohistochemistry. The day
after surgery, the graft was well attached to the host corneal stroma
and mild corneal edema was observed (Fig. 3B). Histological
examination of the rabbit eye with alizarin red staining showed no
donor endothelial damage due to the graft insertion (Fig. 3C).
A long-term observation in the monkey model indicated that the
cornea recovered its clarity by postoperative week two. Pre-
experimental corneal thickness of the monkey was 473 wm, and
the corneal thickness one week postoperatively was 1042 um,
which decreased to 600 pum at the eight month time point. One
month after surgery the cornea was clear and remained so seven
months later (Fig. 4). No signs of rejection were detected with the
use of minimal immunosuppressive treatment (steroid ointment
applied once daily for one month). Control eyes from which corneal
endothelial cells were scraped showed severe bullous keratopathy
after surgery, which did not recover during the observation period.
By non-contact specular microscopy, polygonal cells were observed
at a density of 2178 cells/mm? at two months and 1841 cells/mm?, 8
months after surgery (Fig. 4D). Though our results are still
preliminary, they suggest the possibility of cultivated corneal
endothelial cell transplantation using a corneal lamellar graft.

2. Cell-injection therapy using a selective Rho-kinase (ROCK)
inhibitor

Direct transplantation of cultivated corneal endothelial cells
onto the posterior cornea by “cell-injection into the anterior

Cc

Fig. 3. Cultivated monkey corneal endothelial transplantation (cultivated-DSAEK) in a rabbit corneal endothelial dysfunction model. Using a microkeratome, a human corneal
lamellar graft was created onto which monkey corneal endothelial cells were cultivated for 3 weeks. The graft was successfully transplanted into rabbit eyes. Donor monkey corneal
endothelial cells were detected both at the center and peripheral part of the graft were not damaged by the graft insertion process. In addition, donor monkey corneal endothelial
cells were clearly distinguished from host (rabbit) corneal endothelial cells with acellular area (host-graft junction).
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Fig. 4. Cultivated-DSAEK in a monkey corneal endothelial dysfunction model. DSAEK graft composed of monkey corneal endothelial cells cultivated on a human lamellar graft was
transplanted into endothelially denuded monkey eyes. The graft was well-attached to the host corneal stroma 24 h after transplantation (A). One month after surgery, the cornea
became clear (B) and remained so for up to 8 months (C). Corneal endothelial cells at a density of 1841 cells/mm? were observed (D).

chamber” has been considered an ideal method of reconstructing
the corneal endothelial layer of patients with endothelial
dysfunction. To develop an effective method to deliver cultivated
corneal endothelial cells to the posterior cornea, magnetic attach-
ment of iron-powder (Mimura et al., 2003; Mimura et al., 2005a) or
superparamagnetic microspheres (Patel et al., 2009) incorporated
in cultivated corneal endothelial cells has been attempted. These
approaches work in a rabbit transplantation model or an organ
culture model of the human eye, but have not yet been clinically
applied. Now, we are trying to develop a cell-injection therapy
combined with the use of a ROCK inhibitor which promotes corneal
endothelial cell adhesion onto the posterior cornea.

2.1. ROCK inhibitor and corneal endothelial cells in vitro

Rho-kinase (ROCK) is a serine/threonine kinase, which serves as
a target protein for Rho and has been initially characterized as
a mediator of the formation of RhoA-induced stress fibers and focal
adhesions. The Rho/ROCK pathway is involved in regulating the
cytoskeleton, cell migration, cell proliferation, and apoptosis
(Coleman et al,, 2004; Hall, 1998; Olson et al,, 1995; Riento and
Ridley, 2003). In the cornea field, it is reported that ROCKs are
involved in corneal epithelial differentiation, cell-cycle progression,
and cell—cell adhesion (Anderson et al, 2002; Anderson and
SundarRaj, 2001; SundarRaj et al., 1998). ROCKs also influence the
phenotype of stromal cells, their cytoskeleton reorganization, and
cell-matrix interactions (Anderson et al., 2004; Harvey et al., 2004;
Kim et al., 2006; Kim and Petroll, 2007; Lakshman et al., 2007;
Petroll et al., 2004). In terms of the corneal endothelium, the

Rho/ROCK pathway has an influence on the wound healing and
barrier function (D’'Hondt et al., 2007; Satpathy et al., 2005; 2004).

In 2007, our collaborators reported that a selective ROCK
inhibitor, Y-27632, diminished the dissociation-induced apoptosis
of human embryonic stem cells (Watanabe et al, 2007). We
subsequently examined the effect of Y-27632 on primate corneal
endothelial cells in vitro and found that the inhibition of Rho/ROCK
signaling by Y-27632 inhibited dissociation-induced apoptosis and
promoted the adhesion and proliferation of monkey corneal
endothelial cells (Okumura et al, 2009) (Fig. 5). We are now
applying commercially available Y-27632 purchased from Wako
Pure Chemical Industries (Osaka, Japan) to human corneal endo-
thelial cells in culture, as well as developing cell-injection thera-
pies. We have no commercial interest with the use of Y-27632 of
this project.

2.2. Cell-injection therapy combined with ROCK inhibitor in animal
models

Rabbit corneal endothelial cells were cultured as previously
described and 2 x 10° cells were injected into the anterior chambers
of rabbit eyes from which host corneal endothelial cells had been
scraped off. Cells were injected with or without 100 uM of ROCK
inhibitor, Y-27632. The eye of each animal was kept in the face-
down position for 3 h following injection (Mimura et al., 2005b),
and it was found that when Y-27632 was present the donor cells
became nicely attached onto the host Descemet’s membrane and
the host cornea recovered its transparency. This attachment was
not so advanced in the cell-injected eyes without the inclusion of
Y-27632. Histological examination confirmed that cell adhesion
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Fig. 5. ROCK inhibitor (Y-27632) promotes the proliferation of monkey corneal endothelial cells. (A) Double-immunostaining of Ki67 and actin fibers; passaged monkey corneal
endothelial cells were cultured for 48 h and stained successively with Ki67 and phalloidin. Ki67 (green), actin (red), and DAPI (blue). Insets are higher magnification. Scale bars
250 um. (B) Ki67 positive cells were analyzed by flow cytometry. Monkey corneal endothelial cells were subcultured for 1 or 2 days, and stained successively with Ki67. The numbers
of Ki67 positive cells were significantly elevated in the presence of ¥-27632 on both day 1 and 2 (*P < 0.05, *P < 0.01). Data are expressed as the mean = SE (n = 6). (Reprinted from
Okumura et al. (2009) with permission from the Association for Research in Vision and Ophthalmology). (For interpretation of the references to colours in this figure legend, the

reader is referred to the web version of this article.)

was enhanced by Y-27632, and that the healthy polygonal mono-
layer was reconstructed in the cell-injected eyes with this selective
ROCK inhibitor. Unlike in the Y-27632-treated eyes, corneal edema
persisted in the cell-injected eyes without Y-27632 and most of the
endothelial cells showed fibroblastic changes with elongated cell
shapes (in submission). Stratification was also detected by phal-
loidin staining. Repeated experiments in monkeys with longer
observation periods (in submission) have confirmed that the
procedure results in a high density of corneal endothelial cells
formed into healthy polygonal monolayers.

3. Eye drop treatment for corneal endothelial disease

A pure medical treatment for corneal endothelial disease has
been sought for a long time by ophthalmologists and patients. It has
been reported that human corneal endothelial cells in organ
cultured corneas proliferate in response to wounding, as they are if
released from contact-inhibition by EDTA (Senoo et al.,, 2000). It has
also been reported by our group that connexin43 knockdown by
siRNA promotes corneal endothelial proliferation and wound
healing in a rat corneal endothelial injury model (Nakano et al.,
2008). However, to the best of our knowledge no pharmacolog-
ical agent is in use clinically for the treatment of corneal endothelial
dysfunction.

3.1. ROCK inhibitor eye drop treatment in in vivo animal models

With the purpose of developing a pharmacological treatment
for corneal endothelial dysfunction, we examined the effect of
Y-27632 ROCK inhibitor eye drops on corneal endothelial cells
using an animal corneal endothelial injury model. The target of the
pharmacological treatment is the early phase of corneal endothelial
disease in patients such as those with Fuchs’ dystrophy, or those
with corneal endothelial damage induced by intraocular surgeries
‘who nevertheless retain some healthy corneal endothelial cells.

First, we made a partial endothelial injury by transcorneal
freezing using a 7 mm diameter stainless-steel cryo-probe in
rabbits. After injury, 10 mM of Y-27632 diluted in 50 pl of phosphate-
buffered saline was applied topically in one eye of each animal six
times daily for 2 days, while PBS was applied in the other eye as
a control. In the Y-27632-treated eyes less corneal edema was
observed by slit-lamp microscopy and ultrasound pachymetry.
Histology showed that the mean wound area of Y-27632-treated
eyes was significantly smaller than that of control eyes (Fig. 6).
These results demonstrate that the topical administration of selec-
tive ROCK inhibitor, Y-27632, as an eye drop has the potential to
enhance corneal endothelial wound healing (Okumura et al., 2011).

To establish the application of ROCK inhibitor eye drop in
a clinical setting we have recently conducted a similar experiment
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Fig. 6. Effects of ROCK inhibitor Y-27632 eye drops in a rabbit model. The center of the corneal endothelium was damaged by transcorneal freezing, after which Y-27632 was applied
topically for 2 days. Slit-lamp microscopy revealed that corneal transparency was higher in the Y-27632 group compared to the control group (A, B). Alizarin red staining shows that
corneal endothelial wound healing was promoted in the Y-27632 group compared to the control group (D, E). The mean wound area of the Y-27632 group was significantly smaller
than that of the control group after 48 h (23.1 + 22.9% as a ratio of control; *P < 0.05) (E). Scale bar: 500 um. (Reprinted from Okumura et al. (2009) with permission from the British
Journal of Ophthalmology). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

using a partial corneal endothelial dysfunction model in monkey.
Early indications show that the topical application of Y-27632
following cryo-injury enables the corneal endothelium to retain
a high cell density in cynomolgus monkeys during a 1-month
observation period, with reproducibility confirmed in six eyes
(in submission).

4. Discussion: toward the clinical application of new
therapies

There are a numbers of research papers which report protocols
for human corneal endothelial cell culture, however, it is still
difficult for us to consistently expand usable amounts of human
corneal endothelial cells which retain a healthy morphology and

high cell density. Recently, we have used a selective ROCK inhibitor,
Y-27632, in our human corneal endothelial cell culture and it has
improved the culture results. Based on these findings, we are now
planning to apply cell-injection therapy using human cultivated
corneal endothelial cells combined with Y-27632 to advanced
corneal endothelial dysfunction patients in clinical setting. In line
with ethical considerations, endothelial cell expansion has great
potential to be helpful in the reconstruction of the posterior cornea
with possibilities for genetically-engineered endothelial cells or
HLA matched corneal endothelial cells to help avoid the allograft
rejection.

Regarding the Y-27632 eye drop treatment, we have obtained
the approval of the Institutional Review Board of Kyoto Prefectural
University of Medicine and have started a clinical pilot study of
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ROCK inhibitor eye drop treatment for bullous keratopathy and
have confirmed its safety and ability to recover corneal endothelial
cell density in some patients with specific conditions. Currently, we
are accumulating evidence regarding the mechanism of ROCK
inhibitor eye drops; our current understanding is that it works by
stimulating proliferation of the patients’ corneal endothelium
(unpublished data).

Given the burden on individuals and healthcare providers as
a result of corneal endothelial dysfunction, the discovery and
introduction into clinical practice of new pharmacological agents
which are safe and effective is highly desirable. Such an achieve-
ment will potentially reduce the over-reliance on corneal trans-
plantation and improve the quality of life and vision for many.
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Corneal endothelial dysfunction accompanied by vi-
sual disturbance is a primary indication for corneal
transplantation. We previously reported that the ad-
hesion of corneal endothelial cells (CECs) to a sub-
strate was enhanced by the selective ROCK inhibitor
Y-27632. It is hypothesized that the inhibition of
ROCK signaling may manipulate cell adhesion prop-
erties, thus enabling the transplantation of cultivated
CECs as a form of regenerative medicine. In the pres-
ent study, using a rabbit corneal endothelial dysfunc-
tion model, the transplantation of CECs in combina-
tion with Y-27632 successfully achieved the recovery
of corneal transparency. Complications related to cell
injection therapy, such as the abnormal deposition of
the injected cells as well as the elevation of intraocu-
lar pressure, were not observed. Reconstructed cor-
neal endothelium with Y-27632 exhibited a mono-
layer hexagonal cell shape with a normal expression
of function-related markers, such as ZO-1, and Na*/
K*-ATPase, whereas reconstruction without Y-27632
exhibited a stratified fibroblastic phenotype without
the expression of markers. Moreover, transplantation
of CECs in primates in the presence of the ROCK
inhibitor also achieved the recovery of long-term cor-
neal transparency with a monolayer hexagonal cell
phenotype at a high cell density. Taken together,
these results suggest that the selective ROCK inhibitor
Y-27632 enables cultivated CEC-based therapy and
that the modulation of Rho-ROCK signaling activity
serves to enhance cell engraftment for cell-based re-
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generative medicine. (4m J Pathol 2012, 181:268-277;
bttp://dx.doi.org/10.1016/.ajpath.2012.03.033)

Corneal endothelial dysfunction is a major cause of se-
vere visual impairment, because corneal endothelial cells
maintain corneal transparency through their barrier and
Na*-K* transport system. Highly effective surgical tech-
niques to replace corneal endothelium (eg, Descemet's
stripping endothelial keratoplasty) have been developed, ™2
aimed at replacing penetrating keratoplasty for overcoming
pathological dysfunctions of corneal endothelial tissue. Sev-
eral research groups, including ours, have devoted an in-
tensive amount of effort in an attempt to establish new
treatment methods suitable for a practical clinical interven-
tion to repair corneal endothelial dysfunctions.® ® Because
corneal endothelium is composed of a monolayer and is
technically difficult to transplant into the anterior chamber as
a structurally flexible cell sheet, those research teams cul-
tured corneal endothelial cells (CECs) on substrates such
as collagen sheets and amniotic membrane.

The injection of cultivated cells has been reported for
the treatment of a number of organs associated with
degenerative diseases such as the heart,” vessels,® pan-
creas,® and cartilage.*® In regard to corneal endothelium,
it is known that injected cultured CECs appear to be
washed off by aqueous humor flow, thus resulting in the
poor adhesion of those injected cells onto the corneal
tissue. To develop an effective method for delivering cul-
tivated CECs to the posterior cornea, the magnetic at-
tachment of iron powder or superparamagnetic micro-
spheres incorporated in the cultivated CECs has been
attempted. This method has been shown to work in a
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rabbit transplantation model*"'2 and in an organ culture

model of the human eye'®; however, these methods have
yet to be applied in the clinical setting.

Cell adhesion is known to be mediated through trans-
membrane adhesion molecules linked to the intracellular
cytoskeleton. In addition to the structural function, these
adhesion molecules reportedly serve as a platform for the
interplay with the surrounding environments.''® Rho
GTPase proteins are key modulators of cytoskeletal dy-
namics that occur after cell adhesion.'®~"® |t has been
reported that Rho GTPases induce a specific type of
actin cytoskeleton through mediating downstream effec-
tors mDia and Rho-associated kinase (ROCK), and that
they regulate a variety of cellular functions.” Cell adhe-
sion, motility, and cell morphogenesis are thought to be
determined by the balance between mDia and ROCK
activities.' We recently reported that the adhesion of
CECs to a substrate was enhanced by inhibiting Rho/
ROCK signaling.?® This finding coincides well with those of
other studies that demonstrated that Rho-ROCK signaling
negatively regulates the integrin-mediated adhesion of
monocytes, and that the inhibition of ROCK by a selective
ROCK inhibitor upregulates adhesion.’”'® These features
have led us to hypothesize that the inhibition of ROCK
signaling may provide a way to manipulate the cell adhe-
sion property of cultivated corneal endothelium to the extent
practical for regenerative medicine.

In this current study, in two animal models (rabbit and
primate) of corneal endothelial dysfunctions, the trans-
plantation of cultivated CECs in combination with ROCK
inhibitor Y-27632 successfully achieved the recovery of
corneal transparency. Inhibition of the ROCK signaling
manipulated the adhesion property of the cultivated
CECs. Moreover, the injected CECs functioned suffi-
ciently well to reconstruct the corneal endothelium with
an appropriate cell density, morphology, and expression
of function-related markers. This novel treatment strategy
may provide a new therapeutic modality for corneal-en-
dothelium-associated pathological dysfunctions.

Materials and Methods

Materials

Rabbit eyes were purchased from Funakoshi Corporation
(Tokyo, Japan). Alizarin red S stain and selective ROCK
inhibitor Y-27632 were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Dulbecco’s
modified Eagle's medium supplemented with penicillin,
streptomycin, and basic fibroblast growth factor (bFGF),
Vybrant Dil cell-labeling solution, Alexa Fluor 594-conju-
gated phalloidin, Alexa Fluor 488-conjugated phalloidin,
Alexa Fluor 488-conjugated goat anti-mouse 1gG, anti-
vinculin antibody, ROCK1 Stealth RNAi (HSS109291,
HSS109292, and HSS109293), ROCK2 Stealth RNAI
(HSS114106, HSS114107, and HSS114108), Stealth
RNAI negative control medium GC #2, and Lipofectamine
RNAIMAX were purchased from Life Technologies (Carls-
bad, CA). Dispase Il was purchased from Roche Applied
Science (Penzberg, Germany). FNC Coating Mix was

ROCK Inhibitor for Regenerative Medicine 269
AJP July 2012, Vol. 181, No. 1

purchased from Athena Environmental Sciences, Inc.
(Baltimore, MD). Ki-67 monoclonal antibody, propidium
iodide (PI), and Cytochalasin D were purchased from
Sigma-Aldrich Co. (St. Louis, MO). ZO-1 polyclonal anti-
body was purchased from Zymed Laboratories (South
San Francisco, CA). a-Smooth muscle actin (a-SMA)
monoclonal antibody was purchased from Thermo Fisher
Scientific (Kalamazoo, MI). Na*/K*-ATPase monoclonal
antibody was purchased from Upstate Biotech (Lake
Placid, NY). DAPI was purchased from Vector Laboratories
(Burlingame, CA). CellTiter-Glo Luminescent Cell Viability
Assay was purchased from Promega (Madison, WI).

Animal Experiment Approval

In all experiments, animals were housed and treated in
accordance with The Association for Research in Vision
and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. The rabbit experiments
were performed at Doshisha University (Kyoto, Japan)
according to the protocol approved by that university’s
Animal Care and Use Committee (approval no. 0831).
The monkey experiments were performed at the Re-
search Center for Animal Life Science at Shiga University
of Medical Science (Otsu, Japan) according to the pro-
tocol approved by that university’s Animal Care and Use
Committee (approval no. 2008-10-5).

Cell Culture of Rabbit and Monkey CECs

Ten rabbit eyes were used for the rabbit CECs (RCECs)
culture. Eight corneas from four cynomolgus monkeys (3
to 5 years of age; estimated equivalent human age: 5 to
20 years) housed at the Nissei Bilis Co. (Otsu, Japan) and
the Keari Co. (Wakayama, Japan), respectively, were
used for the monkey CECs (MCECSs) culture. The RCECs
and MCECs were cultivated as described previously.®2°
Briefly, Descemet’s membrane with CECs was stripped
and incubated in 0.6 U/mL of Dispase |l to release the
CECs. After a 60-minute incubation at 37°C, the CECs
obtained from individual corneas were resuspended in
culture medium and plated in one well of a six-well plate
coated with cell attachment reagent (FNC Coating Mix).
All primary cell cultures and serial passages of CECs
were performed in growth medium composed of Dulbec-
co’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 50 U/mL penicillin, 50 pg/mL strep-
tomycin, and 2 ng/mL bFGF. CECs were cultured in a
humidified atmosphere at 37°C in 5% CO,. The culture
medium was changed every 2 days. When cells reached
confluency in 10 to 14 days, they were rinsed in Ca?* and
Mg2*-free Dulbecco's phosphate-buffered saline (PBS),
trypsinized with 0.05% Trypsin-EDTA (Life Technologies,
Carlsbad, CA) for 5 minutes at 37°C, and passaged at
ratios of 1:2 to 1:4. Cultivated CECs derived from both
rabbit and monkey corneas at passages 3 through 5
were used for all experiments. To confirm the cultivation
of the CECs, the morphology and density of the cultivated
cells were compared with normal in vivo rabbit CECs
examined using a noncontact specular microscope
(Noncon Robo, SP-8800; Konan Medical, Nishinomiya,
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Japan) and stained with Alizarin red. In some experi-
ments, to investigate the fate of the injected CECs in vivo,
the CECs were labeled with fluorescein by use of the
Vybrant Dil cell-labeling solution according to the manu-
facturer’s protocol.

Rabbit Corneal Endothelial Dysfunction Model

To create rabbit corneal endothelial pathological dys-
function models, the lenses of both eyes of 12 Japanese
white rabbits were removed under general anesthesia by
use of the Alcon Series 20000 Legacy Surgical System
(Alcon, Fort Worth, TX) to deepen the anterior chamber.
Next, the corneal endothelium of each of those eyes was
mechanically scraped with a 20-gauge silicone needle (Soft
Tapered Needle; Inami, Tokyo, Japan) from Descemet's
membrane as described previously.>* The scraped area
was then confirmed by 0.04% trypan blue staining during
surgery. In the preliminary experiments, we confirmed that
Descemet’s membrane was intact, the mechanically
scraped area had no cells on Descemet’'s membrane, and
that residual CECs were detected in only a 500- to 600-pm
area at the edge of Descemet’s membrane.

Injection of Cultivated CECs into the Rabbit Eyes

To evaluate the injection of cultivated CECs with ROCK
inhibitor, RCECs at a density of 2.0 X 10° cells were sus-
pended in 200 uwl DMEM supplemented with 100 umol/L. of
Y-27632 and then injected into the anterior chamber of the
eyes of the above-described corneal endothelial dysfunc-
tion rabbit model. RCECs with Y-27632 were injected into
the right eyes of six rabbits, and RCECs without Y-27632
were injected into the right eyes of the other six rabbits. After
the injection, the eyes of those 12 rabbits were kept in the
face-down position for 3 hours under general anesthesia.
The left eyes of those 12 rabbits in which the corneal
endothelium was removed mechanically were used as a
control. One rabbit injected with RCECs with Y-27632
and one rabbit injected with RCECs without Y-27632
were euthanized 3 hours after injection for histological
examination. The corneal appearance of the other 10
rabbits was examined daily by use of a slit-lamp micro-
scope for the first week, and then once every 2 days for
the following 2 weeks. Those 10 rabbits were then eutha-
nized for histological examination. Corneal thickness was
determined by use of an ultrasound pachymeter (SP-
2000; Tomey, Nagoya, Japan), and the mean of 10 mea-
sured values was then calculated (up to a maximum
thickness of 1200 um, the instrument’'s maximum read-
ing). Intraocular pressure was measured by use of a
pneumatonometer (30 Classic; Reichert, NY).

Histological Examination of Rabbit Eyes After
CEC Injection

Sections (6-um) of corneal specimens obtained from the
10 rabbits euthanized 2 weeks after injection were em-
pedded in OCT compound and then fixed in 4% formal-
dehyde. Differential interference contrast (DIC) images

and fluorescence images of Dil-labeled cells were ob-
tained by use of a fluorescence microscope (TCS SP2
AOBS; Leica Microsystems, Welzlar, Germany). For flat-
mount examinations, whole corneal specimens were
fixed in 4% formaldehyde and incubated in 1% bovine
serum albumin (BSA) to block any nonspecific binding.
To evaluate the effect of Y-27632 on the adhesion prop-
erty of the cells, corneas obtained from the 2 rabbits
euthanized 3 hours after injection were examined by actin
staining performed with a 1:400 dilution of Alexa Fluor
488-conjugated phalloidin. Actin staining was used to
evaluate the cellular morphology. The cell nuclei were
then stained with Pl. To investigate the phenotype of the
reconstructed corneal endothelium obtained from the 10
rabbits euthanized 2 weeks after injection, immunohisto-
chemical analyses of actin, a-SMA, ZO-1, Na™ /K*-ATPase,
Dil, and Ki-67 were performed. o-SMA was used to evalu-
ate the fibroblastic change. ZO-1, a tight-junction—asso-
ciated protein, and Na*/K*-ATPase, the protein associ-
ated with pump function, were used for function related
markers of CECs. The a-SMA, ZO-1, and Na*/K*-ATPase
staining were performed with a 1:200 dilution of a-SMA
monoclonal antibody, ZO-1 polyclonal antibody, and
Na*/K*-ATPase monoclonal antibody, respectively.
Ki-67 (a cell-proliferation-related maker) staining was
performed using a 1:400 dilution of anti-mouse Ki-67
antibody. For the secondary antibody, a 1:2000 dilution of
Alexa Fluor 488-conjugated goat anti-mouse 1gG was
used. Cell nuclei were then stained with DAPI, and the
slides were inspected by fluorescence microscopy.

Effect of Y-27632 on MCECs in Culture

MCECs were cultured at a density of 2.5 X 10* cells/cm?
on Lab-Tek Chamber Slides (NUNC A/S, Roskilde, Den-
mark). Actin staining was performed with 1:400-diluted
Alexa Fluor, as described above, after 24 hours of seed-
ing, and vinculin staining was performed using 1:200-
diluted vinculin after 3 hours of seeding. The number of
attached MCECs was evaluated by use of CellTiter-Glo
Luminescent Cell Viability Assay performed according to
the manufacturer’s protocol. The MCECs were seeded
with a different concentration of Y-27632 at the density of
1.0 X 10% cells onto 96-well plates, and the number of
adhered MCECs at 24 hours after seeding was then
measured by use of a Veritas Microplate Luminometer
(Promega). In addition toc ROCK signaling inhibition, to
evaluate the effect of inhibition of actin polymerization on
CECs adhesion, MCECs were seeded with a different
concentration of cytochalasin D at the density of 1.0 X
10% cells onto 96-well plates, and the number of adhered
MCECs at 24 hours after seeding was then measured.
Five samples were prepared for each group.

To determine the adhesion property of the MCECs onto
the basement membrane, the cells were seeded onto
rabbit corneas in which the corneal endothelium was
mechanically denuded and the basement membranes
were exposed. The cells were seeded at the density of
2.5 X 10* cells/om? suspended in culture medium sup-
plemented with or without 10 wmol/L Y-27632. Actin stain-
ing was performed at 3 hours after seeding in the same
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