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Purpose: To develop a novel method for constructing a sheet of human corneal endothelial cells (HCECs) and examine
the properties of the HCEC sheet.

Methods: HCECs were cultured on a cell culture insert for a week; ethylenediamine tetraacetic acid was applied from the
bottom of the cell culture insert to attenuate the attachment of HCECs. The sheet of HCECs was constructed by bluntly
detaching the cell sheet with a spatula. HCEC cell sheets were placed on the posterior surface of excised rabbit corneal
buttons and transplanted onto the corneal beds of donor rabbits. In two eyes from the HCEC sheet group, cultured HCECs
were labeled with PKH26 to observe the localization of HCECs after transplantation.

Results: Cultured HCECs could be bluntly detachsadloc from the bottom of a culture insert. Immunostaining for ZO-

1, Na, K*-ATPase, laminin, fibronectin, and type IV collagen was positive in the cell sheet. The average cell density in a
HCEC sheet was 2,425 cells/rhdfter HCEC sheet transplantation, corneal edema decreased much earlier in the HCEC
group than in the control group. In the HCEC sheet group, the monolayer of continuous cells attached to the posterior
surface of the transplanted rabbit cornea and the posterior surface of transplanted cornea was covered with PKH26-
labeled cells. The average endothelial cell density in the HCEC sheet group seven days postoperatively was 2,244 cells/
mn?.

Conclusions: This technique for producing an HCEC sheet might be useful in regenerative medicine for the cornea and
reconstruction of the corneal endothelium.

Corneal endothelial cells reside on the innermost layespecial culture dishes coated with poly(N-
of the cornea and contribute to maintenance of the cornemlopropylacrylamide), which had cytotoxic effects [29]. We
transparency by their pump and barrier function. When comeveloped a novel method for constructing a sheet of corneal
neal endothelium decomposes due to various causes, sucheaslothelial cells and examined the properties and in vivo func-
intraocular surgeries and Fuchs dystrophy, several kinds ¢ibn of the sheet.
surgical procedures are indicated, including penetrating kerato-
plasty, deep lamellar endothelial keratoplasty [1,2], Descemet’s METHODS
stripping, and endothelial keratoplasty [3,4]. However, all ofMedia and culture conditions for human corneal endothelial
these surgeries need donor corneas, which are in grave shadHs. Primary cultures of HCECs were performed as described
age world wide. previously [11]. Briefly, primary cultures of HCECs were es-

Although human corneal endothelial cells (HCECs) havéablished from the remainder of a donor cornea after penetrat-
limited proliferative capacity in vivo [5,6], they can be propa-ing keratoplasty. The donor corneas were obtained from the
gated by cell culture [7-11]. Cultured human or animal corRocky Mountain Lion’s Eye Bank. The donor for this study
neal endothelial cells were seeded onto animal corneal strom&s 10 years of age. All primary cultures and serial passaging
and were successfully transplanted in animal models [12-22bf HCECs were performed in growth media consisting of low
Several studies reported transplantation of corneal endothglucose Dulbecco’s modified Eagle medium (DMEM) supple-
lial cells cultured on carriers such as a gelatin membrane [23hented with 15% fetal bovine serum (FBS), 2.5 mg/l fungizone
amniotic membrane [24], and collagen sheet [25] in animalGibco BRL, Grand Island, NY), 2.5 mg/l doxycycline, and 2
models. However, usage of carriers might affect the transpamng/ml basic fibroblast growth factor (bFGF; Sigma, St. Louis,
ency of the cornea and facilitate contamination by pathogendlO). Small explants from the endothelial layer, including the
Thus, transplantation of only corneal endothelial cells is ideaDescemet’s membrane, were removed with sterile surgical
Recently, others have reported a method to produce a shéetceps. About 200 explants were made per cornea and were
composed of corneal endothelial cells using temperature seplaced endothelial cell-side down onto four 35 mm culture
sitive culture dishes [26-28]. However, their method needsdishes coated with bovine extracellular matrix. Bovine extra-
cellular matrix was produced by culturing bovine corneal en-
Correspondence to: Shiro Amano, 7-3-1 Hongo, Bunkyo-ku, Tokyodothelial cells on culture dishes as previously described [11].
113-8655 Japan; Phone: +81 35800-5109; FAX: +81 35600-5109he dishes were carefully placed in the incubator. After three
email: amanos-tky@umin.ac.jp days, the media was exchanged and was replaced every two
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days thereafter. When a sufficient density of proliferating cell®r anti-rabbit IgG (Alexa Fluor 488, 1:200; Molecular Probes).
had been reached, HCECs were passaged at ratios ranging frafter another three washes, the sheets were mounted with anti-
1:1 to 1:4. All subsequent passaging was performed using tfi@eding mounting medium containing propidium iodine
same method, but at a ratio of 1:16. Cultured cells from th@/ectashield; Vector Laboratories Burlingame, CA) that si-
fifth passage were used in this study. multaneously counterstains DNA in the nuclei. Images were

Human corneal endothelial cell sheet production using  obtained under a fluorescence microscope (BX50; Olympus,
cultureinserts: To produce HCEC sheets, cell culture platesTokyo, Japan) and were saved to a personal computer. The
with 12 wells and culture inserts (BD Biosciences, San Josegll number in a 0.1 mm by 0.1 mm square of a ZO-1 stained
CA) were used. The culture insert had a diameter of 10.5 msample was counted at four different sites in three HCEC sheets
and the membrane on the culture insert had a pore size of @Ad the average cell density was calculated.
uM. A HCEC cell suspension of 4.0x€€ells in 600ul cul- To examine the expression of extracellular matrix, frozen
ture media (low-glucose DMEM containing 6% dextran) wass uM-thick sections of HCEC sheets were prepared using OCT
transferred onto the membrane of the culture inserts. Thesempound (Tissue-Tek; Sakura Fine Tek, Torrance, CA). The
culture inserts were placed in the wells of 12-well plates anotnmunohistochemical procedure was as mentioned above. The
centrifuged at 1,000 rpm (176 g) for 5 min to enhance celprimary antibodies included mouse anti-fibronectin antibody
attachment to the membrane. The cells were incubated at 87:150; BD Biosciences, Billerica, MA), rabbit anti-laminin
°C with 5% CQand the media was exchanged every two daysantibody (1:50; Sigma-Aldrich), and mouse anti-human col-
After one week, the culture insert was placed on a sterile didhgen type IV antibody (1:50; Chemicon International).
and the bottom of the membrane in the culture insert was Transplantation of human corneal endothelial cell sheet
washed three times with PBS (-). Then, ethylenediamininto rabbits: All animals were treated in accordance with the
tetraacetic acid (EDTA) was applied only from the bottom ofARVO Statement on the Use of Animals in Ophthalmic and
the cell culture insert for 1 h to attenuate attachment of HCECgision Research. All rabbits were obtained from Saitama Ex-
to the bottom of the culture dishes. Then, the membrane of tierimental Animals Inc., Japan (Saitama, Japan). Twelve New
culture insert with HCEC was cut out and HCECs were bluntlZealand white rabbits weighing 2.0-2.4 kg, were anesthetized
detacheden bloc from the underlying membrane of the cul- with intramuscular ketamine hydrochloride (60 mg/kg;
ture insert with a spatula, thus yielding a HCEC sheet (Figur8ankyo, Tokyo, Japan) and xylazine (10 mg/kg; Bayer,
1). Leverkusen, Germany). After disinfection and sterile draping

Histologic analysis: Three HCEC sheets were fixed with of the operation site, the central cornea was trephined using a
10% formalin and processed for light microscopic examina6.0-mm diameter Hessburg-Barron trephine (Katena products
tion. The specimens were stained with hematoxylin and eosiinc., Denville, NJ). Rabbit corneal endothelium and
Three HCEC sheets for electron microscopic observation wel@escemet's membrane on the corneal button were totally re-
immersed for 10 min in a fixative consisting of 2.5% glutaral-moved using forceps. A HCEC sheet was placed onto the de-
dehyde in 0.1 M PBS at pH 7.4, segmented in the fixative, amuded posterior surface of the rabbit corneal button and left to
immersed in the fixative for 12 h. They were osmicated in 1%ttach for 15 min. The HCEC sheet on the rabbit corneal stroma
0Os04 in the same buffer for 1 h, and dehydrated in ethanokas placed in a six-well culture plate and centrifuged at 1,000
The tissues were embedded in Epon 812. Tissue sectionsrfim (176 g) for 3 min to enhance the attachment of the sheet
um thick) were cut using glass knives, stained with toluidineonto the rabbit corneal stroma. The rabbit corneal stroma with
blue, and observed using a light microscope. Thin sectiortte HCEC sheet was sutured to graft bed of the same rabbit
were stained with lead citrate and uranyl acetate, and exawith a combination of four interrupted sutures and a continu-
ined with a transmission electron microscope (Model 1200EXgus suture using 10-0 nylon (Mani, Tochigi, Japan). Ofloxacine
Nihon Denshi, Tokyo, Japan). ophthalmic ointment (Santen, Osaka, Japan) was instilled im-

Immunohistochemistry: Immunohistochemical analysis mediately after the operation (Figure 1). In addition, ofloxacin
was performed on three HCEC sheets. Each HCEC sheet waghthalmic ointment and 0.1% phosphate betamethasone were
placed onto a slide glass for flat mount observation and wasstilled once a day during the week following the surgery.
fixed with 99.8% methanol for 10 min. After rinsing with PBS, Rabbits were classified into two groups: HCEC sheet
the sheet was incubated for 30 min with 3% BSA (Sigmagroup (rabbits with transplantation of a HCEC sheet) and con-
Aldrich, St. Louis, MO) in PBS containing 0.3% Triton X- trol group (rabbits with peeling of Descemet's membrane and
100 (Rohm & Haas, Philadelphia, PA) to prevent non-specificorneal endothelial cells without transplantation of a HCEC
staining. After two 5-min rinses with PBS, the sheet was incusheet). Each group consisted of six right eyes of six rabbits.
bated for 2 h at room temperature with rabbit anti-ZO-1 anti-  In two eyes of the HCEC sheet group, cultured HCECs
body (1:150; ZYMED Laboratories, South San Francisco, CAjvere labeled with PKH26 (Sigma-Aldrich, St. Louis, MO) to
and mouse anti-NaK*-ATPasea-1 antibody (1:50; Upstate observe localization of the HCECs after transplantation. The
Biotech, Lake Placid, NY). Mouse IgG or rabbit 1IgG weretrypsinized 4.0x10HCECs were incubated in 1 ml of PKH26
used as controls. After three washes with PBS(-), the sheetslution (4x1E M) for 5 min at room temperature; media con-
were incubated at room temperature for 1 h with the appropriaining 15% FBS was then added to stop the reaction. After
ate secondary antibody, fluorescence-labeled goat anti-mouksdeling, the HCECs were washed twice with PBS and re-
IgG (Alexa Fluor 488, 1:200; Molecular Probes, Eugene, OR3uspended in 300 low glucose DMEM.
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Anterior segment observations: Each operated eye was ings were similar to those in normal corneal endothelial cells.
observed with a slit-lamp microscope (models BH2-RFL-T3  Immunohistochemistry: By flat mount immunohis-
and BX50; Olympus, Tokyo, Japan) and photographed folochemical observation, immunostaining of both ZO-1, a tight
seven days after the surgery. Central corneal thickness wasction-associated protein, and ‘NK*-ATPase were posi-
measured with an ultrasound pachymeter (SP-2000; Tomelye at most cell boundaries (Figure 4), suggesting proper func-
Nagoya, Japan) during the week after the surgery; an averatijen of cellular junctions and NaK*-ATPase pumps. The cel-
of three readings was taken. The differences in corneal thickilar shape demarcated with immunostaining was quasi-regu-
ness between the HCEC sheet group and the control grouplat with well defined cell boundaries. The averageandard
each time point were evaluated using the unpaitest. The deviation of cell density in a ZO-1 stained HCEC sheet was
p-value for statistical significance in this evaluation was set t@,425 \pom 83 cells/mtn
p=0.007 following Bonferroni correction for multiple com- In the transverse observation of extracellular matrix,
parisons, since the corneal thickness was compared at sevarmunostaining for laminin was positive at the basal side,
different postoperative time points. superficial side, and intercellular space (Figure 4).

Histologic examination and localization of human cor- Immunostaining for fibronectin and type IV collagen was weak
neal endothelial cells after transplantation: Under deep an- at the surface of the sheet but positive at the intercellular space
esthesia, rabbits were sacrificed with an overdose intravenogsigure 4).
injection of pentobarbital sodium (Dainippon Pharmaceuti-  Anterior segment observation: After HCEC sheet trans-
cal, Osaka, Japan); corneas were excised from each rabbitptantation, corneal edema decreased much earlier in the HCEC
one week after transplantation. Each cornea was cut in twgroup than in the control group. Figure 5 shows representa-
After staining with 0.2% alizarin red for 1 min, the morpholo- tive anterior segment photographs in each group at seven days
gies of the HCECs were evaluated on one side of the foafter surgery. As compared with the opaque corneas with in-
divided corneas. All plates were examined under a light mitense stromal edema in the control group, the corneas trans-
croscope (model BX-50; Olympus) and images were saved fganted with cultured HCEC were clear with little stromal
a personal computer. The cell number in a 0.1 mm by 0.1 medema. In the HCEC group, there was no case with primary
square was counted at four different sites in two HCEC sheeggaft failure which showed intense corneal edema at 7 days
on the rabbit corneal stroma. The other side of the four dafter surgery. In the control group, the mean corneal thickness
vided corneas was fixed in 10% formalin (Wako Pure Chemiremained over 80@m throughout the one-week observation
cals, Osaka, Japan). The samples were embedded in OCT cqueriod (Figure 6). In contrast, the mean corneal thickness rap-
pound (Tissue-Tek®; Miles Laboratories, Naperille, IL) at -idly decreased in the HCEC sheet group and was significantly
20°C. Frozen OCT-embedded sections were cupat &hick-  less than that in the control group at day 6 (p=0.0012) and day
ness, placed on silane-coated microscope slides (Muto, T@-(p=0.0016).
kyo, Japan), stained with hematoxylin and eosin (HE) and Histologic examination and localization of HCEC after
observed with light microscopy. The other two corneas of th&ransplantation: In the HCEC sheet group, a monolayer of
HCEC sheet group, in which HCEC was labeled with PKH26¢ontinuous cells attached to the posterior surface of the rabbit
were observed to examine fluorescence as a whole moucdrnea and only a few cells infiltrated into the corneal stroma
sample under a fluorescence microscope (model BH2-RFI(Figure 7). On the other hand, there was no Descemet’s mem-
T3 and BX50; Olympus) with an excitation wavelength ofbrane and endothelial cells on the posterior surfaces of the
420 nm and emission wavelength of 480 nm. Thereafter, thesabbit corneas in the control group, and the corneal stroma
samples were immersed in a fixative consisting of 4%was thickened (Figure 7).
paraformaldehyde (Wako) in 0.1 M PBS at pH 7.4, and em-  Fluorescein microscopic examination of whole mount cor-
bedded in OCT compound at -20. Frozen OCT-embedded neas and thin sections showed that the posterior surface of the
sections were cut atBn thickness and placed on microscopetransplanted cornea was covered with PKH26-labeled cells
slides. The fluorescence of PKH26-labeled HCEC was oband apparent cell defects were not observed on the HCEC cell

served under the fluorescence microscope. sheet (Figure 7). The averag&andard deviation of endothe-
lial cell density in the HCEC sheet group 7 days postopera-
RESULTS tively was 2,244:21 cells/mm.
Construction of a sheet of corneal endothelial cells. Cutured
HCECSs could be bluntly detacheabloc from the bottom of DISCUSSION

a culture insert using a spatula after EDTA treatment of thén this study, we applied EDTA to the bottom of a cell culture
bottom side of the culture insert. The sheets shrank after bmsert to attenuate the attachment of HCECs and could pro-
ing detached from the culture insert and had a circular shapleice a cell sheet of HCEC by bluntly detaching the cell sheet
with an approximately 6 mm diameter (Figure 2). with a spatula after the application of EDTA. There have been
Histologic study: Light microscopic observation of the reports of several kinds of methods to produce cell sheets,
cell sheets with hematoxylin-eosin staining showed that thsuch as the use of proteolytic enzymes [30,31], biodegradable
cell sheets consisted of a monolayer cells that have consistestiaffolds [32,33], and temperature-sensitive culture dishes
size (Figure 3). Electron microscopic observation demonstratg@4,35]. Importantly, our technique employs EDTA which is
desmosomes between cells (Figure 3). Those microscopic findddely used in cell culture and is inexpensive. Moreover, be-
3
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Figure 1. Schema illustrating preparation and surgical procedure of human corneal endothelial cell sheet transplanthtiheetfote
HCECs was constructed by bluntly detaching the cell sheet from the bottom of a culture insert with a spatula after tioa apEHRIA.
The HCEC cell sheet was attached to a posterior surface of an excised rabbit corneal button and transplanted to theirctheedd hed

rabbit.

Figure 2. Preparation of a human corneal endothelial cell sAe@ultured HCECs could be bluntly detacteadloc from the bottom of a
culture insert using a spatula after EDTA treatment to the bottom side of the culturdiriBeetdetached sheets had a circular shape with an
approximately 6 mm diameter. The scale bars are equal to 5 mm.
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cause EDTA has been clinically used in chelation therapy faadvantages of this method compared to other methods of cre-
cardiovascular diseases [36-38] and calcific band keratopattating a cell sheet are unknown at this time.

[39], it may be considered for clinical use. However, the safety  Although we cultured HCEC for a relatively short period

of EDTA for intraocular use in the amounts used in this studyone week), their morphologic properties were similar to
has not been established. Thus the relative advantages or #82EC in vivo. The HCEC sheet consists of a monolayer sheet

A

Figure 3. Histologic findings of the human corneal endothelial cell sifeandB: A cell sheet consists of a monolayer of cells that have
consistent size. The scale baAitis equal to 20@um and inB is equal to 5um. C: Electron microscopic observation demonstrated desmo-
somes between cells (arrow). Bar=200 nm.

Figure 4. Immunohistologic
findings of the human corneal
endothelial cell shee# andB:

In the flat mount immunohis-
tochemical observation,
immunostaining of both ZO-1
(A) and Ng, K*-ATPase B)
were positive at most cellular
boundaries. The cellular shape
demarcated with
immunostaining was quasi-
regular with well defined cell
boundariesC: In the transverse
observation of extracellular
matrix, immunostaining for
laminin was positive at the basal
side, superficial side, and inter-
cellular space.D and E:
Immunostaining of fibronectin
(D) and type IV collagenH)
was weak at the surface of the
sheet, but positive at the inter-
cellular space. The scale bars are
equal to 5Qum.
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and has numerous desmosomes. The average cellular den: 1200
one week after transplantation was 2,244 cellg/mrich is
slightly lower than that of normal HCECs in vivo, but is enoug
to maintain corneal clarity in clinical situations. Immunohis-=
tochemistry demonstrated ZO-1 and*N&"-ATPase at the
cell boundaries, suggesting proper intercellular junctions an%1 600- "
cellular pump function. Moreover, extracellular matrix pro-E X
teins, such as fibronectin, laminin, and type IV collagen, whicl'§ 409
are present around HCEC in vivo, were demonstrated via in£
munohistochemistry in the cell sheet after EDTA treatmeni© 200
These findings were similar to those in HCECs in vivo anc
cultured HCECs [22,40-42], indicating that EDTA treatment 0 Preope' T 2 3 2 ! *
has the advantage of preserving the conditions and enviro Period (days)
ment of HCECs when compared to enzymatic treatment.  gigyre 6. Time-course of average central corneal thickness after hu-
The function of the HCEC sheet was examined in Vivoman corneal endothelial cell sheet transplantation. Average central
Corneal transparency was recovered and the average corneseal thicknesses in the HCEC sheet group (circle) and control
thickness was 52Gm at one week after surgery of eyes ingroup (triangle). In the control group, the mean corneal thickness
which a HCEC sheet was transplanted, whereas the cornggmained over 800m throughout the one-week observation. In con-
transplant was edematous and the average corneal thickn&8st. the mean corneal thickness rapidly decreased in the HCEC sheet

was 930um at one week in the control group. The histologicgrOUp' and was significantly less than that in the control group at
days 6 and 7.

rg1000‘

800F

ess

Figure 5. Anterior segment photographs one week after human corneal endothelial cell sheet transplantation. Represgatategnaatt
photographs in the HCEC sheet groAmfdC) and control groupR andD) at seven days after surgery. As compared with the opaque cornea
with intense stromal edema in the control group, the cornea transplanted with cultured HCEC was clear with little stromal edema
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examination after the transplantation showed that the post&he flat mount observation, however, did not show any acel-
rior surface of the corneal graft was covered with endothelidular areas in the sheet and immunohistochemical analysis
cells, and cellular infiltration to the posterior portion of cor-showed that the ECM remained around the HCECs. Addition-
neal stroma was greatly reduced in the HCEC sheet transplaadly, the average cellular density one week after the transplan-
tation group relative to the control group. These results showedtion was 2,244/mmwhich seems satisfactory considering
that the HCEC sheet functions well in vivo and contributes tehat surgical manipulations might affect cells on the sheet.
the maintenance of corneal clarity. These results suggest that the detachment maneuver of the
Because the HCEC sheet was produced by bluntly dedCEC sheet caused little damage to the cells.
taching cells, the sheet might experience mechanical damage.

- - i e = = -
- e = =
— -"_ ’ - e
- ~ - -
= - -
d = — ]

Figure 7. Histologic examination and localization of human corneal endothelial cells after transplaftatidB: In the HCEC sheet group,
a monolayer of continuous cells attached to the posterior surface of a rabbit CandR: On the other hand, in the control group, there was
no Descemet’s membrane, and endothelial cells on the posterior surface of rabbit corneas as well as the corneal strcheaaddatid
F: Fluorescein microscopic examination of whole mount corri®aan(d thin sectiond) showed that the posterior surface of a transplanted
cornea was covered with PKH26-labeled cells and apparent cell defects were not observed on the HCEC @elTkbkemterage cell
density in the HCEC sheet group 7 days postoperatively was 2,244 céll3henscale bars i, C, andG are equal to 10@m, 200um in
B andD, and 5Qum inE.
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In this study, we examined the in vivo function of the

©2008 Molecular Vision

25:1065-72.

HCEC sheet for one week after the transplantation. Althoug- Yue BY, Sugar J, Gilboy JE, Elvart JL. Growth of human corneal

a longer-term observation period would be desirable, such pro-
longation of the observation period might potentially be assol-O
ciated with confounding effects such as xenograft-related im-"
mune response and proliferation and migration of native host
corneal endothelial cells surrounding the graft. During the ong;
week observation period, however, we observed significant

differences in corneal clarity and corneal thickness between

the eyes that received HCEC sheets and the controls, suggest-

ing that a one-week follow-up is enough to confirm the inl2.
vivo functionality of the HCEC sheet.

In this study, the surgical procedure was similar to pen-
etrating keratoplasty because the fragility of the HCEC shee
limits the choice of surgical procedures. However, if we have
to perform surgery similar to penetrating keratoplasty when
we use the cell sheet, the benefit of using the cultured HCEC
sheet is decreased. To enhance the benefit of using the cu
tured HCEC sheet, we might need to develop a new surgical
procedure by combining the cultured HCEC sheet and surgi-
cal procedures such as Descemet’s stripping and endothelial
keratoplasty and deep lamellar endothelial keratoplasty.

In conclusion, we produced HCEC sheets by applying
EDTA to the bottom side of the culture insert and confirmed
in vitro and in vivo functionality of the HCEC sheet. This 14
novel technique for producing a HCEC sheet might be useful
in the field of regenerative medicine for the reconstruction of
corneal endothelium.
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