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PURPOSE. To evaluate the effect of Roof plate-specific spondin 1 (R-spondin1) on the
proliferation of corneal endothelial cells (CECs) and to determine whether the Wnt/b-catenin
pathway is involved in the activities of R-spondin1.

METHODS. The proliferation of rabbit CECs (RCECs) and human CECs (HCECs) was measured
by 5-bromo-20-deoxyuridine (BrdU) incorporation into DNA. The effect of R-spondin1 on CEC
density was evaluated in ex vivo organ-cultured rabbit and human corneal tissues. The cell
density of HCECs cultured with R-spondin1 was also evaluated in vitro. The subcellular
localization of function-associated markers of CECs (zona occludens 1 [ZO-1] and Naþ/Kþ-
ATPase) was determined by immunohistocytochemistry. The expression of cell cycle proteins
and localization of b-catenin were determined by immunoblotting.

RESULTS. The in vitro proliferation of RCECs and HCECs increased by 1.2- to 1.3-fold in
response to R-spondin1. The CEC densities of rabbit and human corneal tissues were
increased significantly by R-spondin1 treatment. Naþ/Kþ-ATPase and ZO-1 were well
preserved on the plasma membranes. When HCECs were maintained in the presence of R-
spondin1 for up to 90 days, the maximum cell density was observed at approximately 50 days,
and the cell density was maintained for up to 90 days. R-spondin1 facilitated the nuclear
import of b-catenin in RCECs within 30 minutes, which subsequently upregulated cyclin D
and downregulated p27, leading to G1/S progression by hyperphosphorylation of the
retinoblastoma protein.

CONCLUSIONS. The unique effects of R-spondin1 on the proliferation of CECs, regardless of
species, indicate that R-spondin1 may play a key role in maintaining corneal endothelium
homeostasis through the Wnt/b-catenin pathway.
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Roof plate-specific spondin (R-spondin) proteins were
recently identified as consisting of four members, with

conserved cysteine-rich furin-like and thrombospondin do-
mains.1–3 R-spondin1 was identified as a gene expressed in
the developing spinal cord. The proteins are also expressed in
mouse ovary during development, as well as in the developing
dermis and kidney.1–3 Injection of human R-spondin1 into mice
demonstrated a specific proliferative effect of R-spondin1 on
intestinal epithelial crypt cells.4 R-spondin1 has also been
reported to prevent chemotherapy- or radiotherapy-induced
oral mucositis in mouse models.4

In terms of downstream signaling, R-spondins activate the
canonical Wnt/b-catenin-dependent signaling pathway,1–3,5–8

which is one of the key signaling pathways involved in cell
proliferation, differentiation, and morphogenesis during em-
bryogenesis and adulthood.9–12 The mechanism by which the
R-spondin family activates the Wnt/b-catenin signaling pathway
is not fully understood. R-spondins interact with membrane
receptors, such as lipoprotein receptor-related protein 5 (LRP5)
and LRP6,6 Frizzled,5 RNF43/ZNRF3,13,14 and Syndecan-4.15 R-
spondins were also recently reported to bind to leucine-rich
repeat-containing G-protein-coupled receptors 4 to 6 (LGR4-6)

and to mediate R-spondin-induced b-catenin signaling path-
ways.16–20 Crystal structures showed that R-spondin1 binds to
LGR5 and forms 2:2 LGR5-R-spondin1 complexes.20 One
interesting observation relevant to the present study is that
LGR5 serves as a marker of resident stem cells in multiple adult
tissues, including stomach, small intestine, colon, and hair
follicles.21–23 In addition, we recently reported that LGR5 is
uniquely expressed in the peripheral region of human corneal
endothelial cells (HCECs) and that LGR5-positive cells have
some stem/progenitor cell-like characteristics.24 These recent
findings motivated us to study the effect of R-spondin1 on
corneal endothelial cells (CECs).

The corneal endothelium (CE) is critical in maintaining
homeostatic corneal transparency and clear vision. Restoration
of clear vision lost because of endothelial disorders requires
full-thickness corneal transplantation or endothelial keratoplas-
ty. In addition to these surgical procedures, approaches
employing regenerative medicine25–30 and pharmaceutical
therapy31–34 have been extensively investigated as alternative
procedures for treating CE dysfunction. Ironically, regenerative
medicine and pharmaceutical therapy share a common
obstacle: the poor proliferative capacity of HCECs. We
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previously explored the usefulness of drug therapy for treating
early-stage CE dysfunction and reported that the Rho kinase
inhibitor increased the proliferative potency of the CE.31,32 In
addition, we recently demonstrated that corneal clarity and
thickness were recovered following the administration of Rho-
associated kinase inhibitor eye drops, especially in patients
with the focal edema type of Fuchs’ corneal dystrophy.33,34 Full
exploitation of the current developments in CE dysfunction
therapy, however, will first require a better understanding of
the mechanisms underlying the regulation of CE homeostasis
and tissue regeneration.

The recent finding that LGR5-positive cells are stem/
progenitor-like cells of CE24 led us to investigate the effect of
the LGR5 ligand, R-spondin1. In the present study, we
evaluated the effect of R-spondin1 on cell proliferation and
the functional phenotypes of CE. The effect of R-spondin1 on
Wnt/b-catenin pathway was also evaluated.

MATERIALS AND METHODS

Ethics Statement

The human tissue used in this study was handled in accordance
with the tenets set forth in the Declaration of Helsinki. Written
consent was acquired from the next of kin of all deceased
donors regarding the donation of eyes for this research. All
tissue was recovered under the Uniform Anatomical Gift Act
(UAGA) of the particular state where consent for the eye
donation was obtained and the eyes were recovered.

Cell Culture of Rabbit CECs

Rabbit eyes were purchased from the Funakoshi Corporation
(Tokyo, Japan). Twenty rabbit eyes were used to culture rabbit
CECs (RCECs). The RCECs were cultivated as described
previously.29,31 Briefly, Descemet’s membrane with CECs was
stripped and incubated in 0.6 U/mL Dispase II (Roche Applied
Science, Penzberg, Germany) to release the CECs. After
incubation for 60 minutes at 378C, the CECs obtained from
individual corneas were resuspended in culture medium and
plated in one well of a six-well plate coated with FNC Coating
Mix (Athena Environmental Sciences, Inc., Baltimore, MD,
USA). All primary cell cultures and serial passages of CECs were
performed in growth medium composed of Dulbecco’s
modified Eagle’s medium (Life Technologies Corp., Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum, 50 U/mL
penicillin, 50 lg/mL streptomycin, and 2 ng/mL FGF-2 (Life
Technologies Corp.). The RCECs were cultured in a humidified
atmosphere at 378C in 5% CO2. The culture medium was
changed every 2 days. When the cells reached confluency in 10
to 14 days, they were rinsed in Ca2þ- and Mg2þ-free Dulbecco’s
phosphate-buffered saline (PBS), trypsinized with 0.05%
Trypsin-EDTA (Life Technologies Corp.) for 5 minutes at
378C, and then passaged at ratios of 1:2-4. Cultivated CECs at
passages 1 through 3 were used for all experiments. The
proliferation effects of R-spondin1 (1, 10, and 100 ng/mL)
(R&D Systems, Inc., Minneapolis, MN, USA), Wnt3a (10, 50,
and 100 ng/mL) (R&D Systems, Inc.), and LiCl (3 mM) (Sigma-
Aldrich Corp., St. Louis, MO, USA) were tested.

Cell Culture of HCECs

Six human donor corneas were obtained from SightLife (http://
www.sightlife.org/, Seattle, WA, USA) for HCEC cultivation
(Table). The HCECs were cultivated in a modified version of
the protocol used for the RCECs, as described previously.30

Briefly, the Descemet’s membrane, including the CECs, was
stripped and digested at 378C for 2 hours with 1 mg/mL
collagenase A (Roche Applied Science). After digestion at 378C,

the HCECs obtained from individual corneas were resuspended
in culture medium and plated in one well of a 12-well plate
coated with FNC Coating Mix (Athena Environmental Sciences,
Inc.). The culture medium was prepared according to
published protocols,35 but with some modifications. Briefly, a
basal medium was prepared containing OptiMEM-I (Life
Technologies Corp.), 8% fetal bovine serum (FBS), 5 ng/mL
epidermal growth factor (Sigma-Aldrich Corp.), 20 lg/mL
ascorbic acid (Sigma-Aldrich Corp.), 200 mg/L calcium chloride
(Sigma-Aldrich Corp.), 0.08% chondroitin sulfate (Wako Pure
Chemical Industries, Ltd., Osaka, Japan), and 50 lg/mL
gentamicin. The basal medium was conditioned by the
cultivation of inactivated 3T3 fibroblasts, and then recovered
as the culture medium for HCECs. Inactivation of the 3T3
fibroblasts was performed as described previously.36,37 Briefly,
confluent 3T3 fibroblasts were incubated with 4 lg/mL
mitomycin C (Kyowa Hakko Kirin Co., Ltd., Tokyo, Japan) for
2 hours at 378C under 5% CO2, and then trypsinized and plated
onto plastic dishes at a density of 23104 cells/cm2. The HCECs
were cultured in a humidified atmosphere at 378C in 5% CO2,
and the culture medium was changed every 2 days. When the
HCECs reached confluency in 14 to 28 days, they were rinsed
in Ca2þ- and Mg2þ-free PBS, trypsinized with 0.05% Trypsin-
EDTA for 5 minutes at 378C, and then passaged at a 1:2 ratio.
Cultivated HCECs at passages 2 through 5 were used for all
experiments. The proliferative effect of R-spondin1 was tested
by supplementing the HCEC culture medium with R-spondin1
(1, 10, and 100 ng/mL) and then culturing the HCECs. The cell
density was evaluated using KSS-400EB software (Konan
Medical, Inc., Hyogo, Japan).

BrdU ELISA

The RCECs or HCECs were cultured at a density of 5000 cells/
well in a 96-well plate for 24 hours, and then incubated in the
absence of serum for an additional 24 hours in the presence or
absence of R-spondin1. DNA synthesis was detected as the
incorporation of 5-bromo-20-deoxyuridine (BrdU) into the Cell
Proliferation Biotrak ELISA system, version 2 (GE Healthcare
Life Sciences, Buckinghamshire, England), according to the
manufacturer’s instructions. Briefly, the RCECs or HCECs were
incubated with 10 lM BrdU for 24 hours at 378C and 5% CO2 in
a humidified atmosphere. The cultured cells were incubated
with 10 lM BrdU labeling solution (Amersham Biosciences,
Freiburg, Germany) for 2 hours and then incubated with 100
lL monoclonal antibody against BrdU for 30 minutes. The BrdU
absorbance was measured directly using a spectrophotometric
microplate reader at a test wavelength of 450 nm with a Veritas
microplate luminometer (Promega Corporation, Madison, WI,
USA).

Organ Culture

For rabbit organ culture experiments, 16 rabbit eyes were
purchased from the Funakoshi Corporation. Cornea tissues
were divided into four pieces and cultured with Dulbecco’s
modified Eagle’s medium supplemented with R-spondin1 (1,
10, and 100 ng/mL) at 378C. For human organ culture
experiments, four independent human donor corneas were
obtained from SightLife (Table). Cornea tissues were divided
into two pieces and cultured with Minimum Essential Medium,

TABLE. Numbers of Human Donor Corneas Used for the Study

Purpose of Experiments Number of Donor Corneas

Cell culture of HCECs 6

Organ culture 4
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GlutaMAX Supplement (Life Technologies Corp.) supplement-
ed with 100 ng/mL R-spondin1 at 378C. The cell densities were
quantified using KSS-400EB software following phalloidin
staining.

Histological Examination

Rabbit or human CECs cultured on Lab-Tek chamber slides
(NUNC A/S, Roskilde, Denmark) or whole corneal specimens
were fixed in 4% formaldehyde for 10 minutes at room
temperature and incubated for 30 minutes with 1% bovine
serum albumin (BSA). The proliferation of the CECs was
investigated by conducting immunohistochemical analyses of
Ki67 staining when the cells reached 60% to 80% confluency,
using a 1:400 dilution of anti-mouse Ki67 antibody (Sigma-
Aldrich Corp.). The function-related proteins of the CECs were
investigated using antibodies for Naþ/Kþ-ATPase (Upstate
Biotechnology, Inc., Lake Placid, NY, USA), the protein
associated with pump function and zona occludens 1 (ZO-1)
(Zymed Laboratories, Inc., South San Francisco, CA, USA), and
tight junction-associated protein. The secondary antibody
consisted of a 1:2000 dilution of Alexa Fluor 488-conjugated
goat anti-mouse IgG (Life Technologies Corp.). The cellular
morphology was evaluated by actin staining with a 1:400
dilution of Alexa Fluor 488-conjugated phalloidin (Life Tech-
nologies Corp.). Cell nuclei were stained with 40,6-diamidino-2-
phenylindole (DAPI; Vector Laboratories, Inc., Burlingame, CA,
USA).The slides were then inspected by fluorescence micros-
copy (TCS SP2 AOBS; Leica Microsystems, Wetzlar, Germany).

Cytoplasmic and Nuclear Protein Extractions

Rabbit CECs cultured in each culture condition on 60-mm
culture dishes were washed twice with PBS, and cells were
detached by scraping. Cells were transferred to a 1.5-mL tube
and pelleted by centrifugation at 500g for 3 minutes.
Cytoplasmic and nuclear proteins were extracted using a NE-
PER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher
Scientific, Waltham, MA, USA), according to the manufacturer’s
instructions. Briefly, supernatant was removed, 100 lL
Cytoplasmic Extraction Reagent I (Thermo Fisher Scientific)
was added, and the sample was incubated for 10 minutes on
ice. Then, 5.5 lL Cytoplasmic Extraction Reagent I was added,
and the sample was centrifuged at 16,000g for 5 minutes. The
supernatant containing the cytosolic portion was transferred to
a fresh tube and stored at �808C until further use. The
remaining pellet containing the nuclear portion was suspend-
ed Nuclear Extraction Reagent (Thermo Fisher Scientific). The
samples were placed on ice and vortexed for 15 seconds every
10 minutes, for a total of 40 minutes, followed by centrifuga-
tion at 16,000g for 10 minutes. The supernatant containing the
nuclear portion was transferred to a fresh tube and stored at
�808C until further use. The purity of the fractions was verified
by immunoblotting the cytoplasmic or nuclear proteins with a-
tubulin and lamin B antibodies. The cytoplasmic and nuclear
proteins were used for further immunoblotting studies.

Protein Preparation and Immunoblotting

The RCECs were washed with ice-cold PBS and lysed with an
ice-cold RIPA buffer (Bio-Rad Laboratories, Hercules, CA, USA)
containing Phosphatase Inhibitor Cocktail 2 (Sigma-Aldrich
Corp.) and Protease Inhibitor Cocktail (Nacalai Tesque, Kyoto,
Japan). The lysates were centrifuged at 15,000g for 10 minutes
at 48C to sediment the cell debris. The supernatant represent-
ing the total proteins was collected, and the protein
concentration of the sample was determined with a BCA
Protein Assay Kit (Takara Bio, Otsu, Japan). An equal amount of
protein was fractionated by SDS-PAGE, and the proteins were

transferred to polyvinylidene fluoride membranes. The mem-
branes were then blocked by 3% nonfat dry milk (Cell Signaling
Technology, Inc., Danvers, MA, USA) in TBS-T buffer (50 mM
Tris, pH 7.5, 150 mM NaCl2, and 0.1% Tween 20) for 1 hour at
room temperature, followed by overnight incubation at 48C
with the following primary antibodies: b-catenin (1:3000; BD,
Franklin Lakes, NJ, USA), a-tubulin (1:3000; MBL, Nagoya,
Japan), lamin B (1:1000; Cell Signaling Technology), cyclin D1
(1:1000; Cell Signaling Technology), p27 (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), phosphorylated p27 at
threonine 187 (1:1000; Life Technologies Corp.), phosphory-
lated Rb protein at serine 807/811 (1:1000; Cell Signaling
Technology), and Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, 1:3000; Abcam, Cambridge, UK). The blots were
washed and then incubated with horseradish peroxidase–
conjugated secondary antibodies (1:5000: anti-rabbit IgG, anti-
mouse IgG; Cell Signaling Technology). The blots were
developed with luminal-enhanced chemiluminescence (ECL)
using the ECL Advance Western Blotting Detection Kit (GE
Healthcare, Piscataway, NJ, USA), documented by LAS4000S
(Fuji Film, Tokyo, Japan), and analyzed with ImageJ (National
Institutes of Health, Bethesda, MD, USA) software.

Statistical Analysis

Student’s t-test was used to determine the statistical signifi-
cance (P value) of the mean values of the two-sample
comparison. The statistical significance determined by the
comparison of multiple sample sets was analyzed using
Dunnett’s multiple-comparisons test. The values shown on
the graphs represent the mean 6 SEM.

RESULTS

Effects of R-spondin1 on Cell Proliferation of CECs

The percentages of Ki67-positive cells were increased in a
dose-dependent manner when the RCECs were treated with R-
spondin1 (Fig. 1A). When the RCECs were treated with 100
ng/mL R-spondin1 for 24 hours, BrdU incorporation into DNA
increased 1.3-fold (Fig. 1B). Human CECs treated with 100 ng/
mL R-spondin1 also significantly increased BrdU incorporation
by 1.2-fold (Fig. 1C). We then evaluated the effect of R-
spondin1 on CEC proliferation in rabbit corneal tissue. After
treating the cornea with R-spondin1 for 1 week, the tissue was
stained with anti-Ki67 antibody. Because the peripheral area of
the CE retains higher replication ability,38 the proliferative
response of peripheral CECs to R-spondin1 was compared to
that of central CECs. A negligible increase was noted in the
Ki67þ cells in the central cornea, but a 4-fold increase in these
cells occurred in the peripheral area of the CE (Fig. 2A). The
cell densities of the central (0–2 mm from the center of the
cornea) and peripheral (4–6 mm from the center of the cornea)
areas of the CE were 2900 and 3600 cells/mm2, respectively,
when maintained in R-spondin1-free medium for 1 week. On
the other hand, the cell densities of the central and peripheral
areas after organ culture in the presence of 100 ng/mL R-
spondin1 for 1 week were 3800 and 4300 cells/mm2,
respectively (Fig. 2B).When the corneas were cultured for 2
weeks, the cell densities of the central and peripheral areas
increased to 4200 and 4600 cells/mm2, respectively (Fig. 2C).

The effect of R-spondin1 on the morphology of the CECs
was also determined using ZO-1 and observing the organiza-
tion of F-actin at the cortex. The subcellular localization of
actin fibers and monolayer sheet morphology were maintained
in both the central and peripheral regions after treatment with
R-spondin1 (Fig. 2D). Zona occludens 1 was expressed at the
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intercellular junction and maintained a hexagonal cell mor-
phology after treatment with R-spondin1 (Fig. 2E).

Effect of R-spondin1 on Cell Proliferation and
Phenotype of Human Corneal Endothelium

Because the replicative capacity of rabbit cornea differs from
that of human CE, we also tested the effect of R-spondin1 on
the proliferative capacity in HCECs. When we recovered
HCECs from the donor corneas and cultured them in the
presence of R-spondin1, we observed that the cell sizes were
smaller than those of the control HCECs cultured without R-
spondin1. The phase-contrast micrograph showed that HCECs
maintained a monolayer cell sheet regardless of the presence
or absence of R-spondin1 (Fig. 3A). The two functional marker
proteins (Naþ/Kþ-ATPase and ZO-1) were localized in the
intercellular junctions of the monolayer of the hexagonal cells
(Fig. 3B). We further determined the effect of R-spondin1 by
maintaining serially passaged HCECs (passages 5–8) in the
presence of R-spondin1. Interestingly, the cell density of
HCECs was increased up to 49 days, after which the cell
density was maintained in all conditions tested (Fig. 3C). We
also evaluated the effect of R-spondin1 on cell proliferation in
human corneal tissue. Similar to observations in rabbit cornea,
the cell density of human CE was increased by R-spondin1: The
cell density increased significantly from 2500 to 2700 cells/
mm2 in the central area and from 2800 to 3100 cells/mm2 in
the peripheral area after 2 weeks (Fig. 3D). The two functional
proteins of the CE, Naþ/Kþ-ATPase and ZO-1, were expressed
and localized in the intracellular junctions of the HCECs, in
both the central and peripheral regions (Figs. 3E, 3F). R-
spondin1 stimulation had no effect on their subcellular
localization. Similar to the findings observed in rabbit CE, the
characteristic monolayer mosaic pattern of the cells was well
preserved in the cells treated with R-spondin1. These findings
indicate that HCECs and nonhuman CECs respond similarly to
R-spondin1.

R-spondin1 Facilitates G1/S Progression via
Wnt3a/b-Catenin Signaling

R-spondins are known to activate the canonical Wnt/b-catenin-
dependent signaling pathway.1–3,5–8 We determined whether
R-spondin1 stimulated cell proliferation of CECs through the
Wnt/b-catenin-dependent pathway and whether a synergism

existed between R-spondin1 and Wnt3a. The characteristic
monolayer hexagonal pattern of RCECs was well preserved in
all culture conditions: Wnt3a (10, 50, or 100 ng/mL), R-
spondin1 (100 ng/mL), or a combination of Wnt3a (100 ng/
mL) and R-spondin1 (100 ng/mL) (Fig. 4A). The results of the
BrdU assay showed that an increase in the incorporation of
BrdU into the DNA of the cells was stimulated with Wnt3a in a
dose-dependent manner. The RCECs treated with 100 ng/mL
Wnt3a demonstrated a 40% increase in BrdU incorporation,
and the RCECs treated with 100 ng/mL R-spondin1 showed a
50% increase (Fig. 4B). Interestingly, simultaneous treatment of
the RCECs with R-spondin1 and Wnt3a resulted in a 50%
increase in BrdU incorporation into DNA, suggesting that R-
spondin1 may exert its activity through the Wnt signaling
pathway.

We then conducted tests to determine whether the action
of R-spondin1 depended on the canonical Wnt/b-catenin
pathway. In the absence of Wnt3a, b-catenin is present in the
cytoplasm. Wnt activation inhibits glycogen synthase kinase 3b
(GSK-3b) activity, preventing b-catenin degradation and facilitat-
ing its translocation from the cytoplasm to the nucleus.When
the cells were treated with R-spondin1 for 30 or 60 minutes, R-
spondin1 facilitated the nuclear import of b-catenin within 30
minutes (Fig. 4C). On the other hand, the cytoplasmic fraction
of b-catenin was not altered with or without treatment with R-
spondin1. Rabbit CECs treated with LiCl (an inhibitor of GSK-
3b) served as a positive control, showing a degree of nuclear
import of b-catenin similar to that observed in the R-spondin1-
treated cells.

R-spondin1 Facilitates G1/S Progression via
Downregulation of p27 and Upregulation of Cyclin D

Phosphorylation, ubiquitination, and the subsequent degrada-
tion of p27 are the major mechanism of G1/S progression in
CECs.39,40 A gradual, time-dependent decrease in p27 was seen
in response to R-spondin1 stimulation (Fig. 4D). Phosphoryla-
tion of p27 at the Thr187 site was increased in the RCECs
treated with R-spondin1 for 24 hours (Fig. 4D). This finding is
similar to that of a previous report,40 which clearly showed
that the phosphorylation of p27 at Thr187 is a late G1 event in
the cell cycle. The hyperphosphorylation of Rb protein was
observed in the RCECs treated with R-spondin1 for 24 hours.
Note that the phosphorylation of Rb protein in the control

FIGURE 1. Effect of R-spondin1 on proliferation of cultured CECs. (A) Effect of R-spondin1 on the proliferation of cultured RCECs. The percentages
of Ki67þ cells cultured with 1, 10, or 100 ng/mL R-spondin1 for 24 hours were evaluated by fluorescence microscopy, and the data were then
averaged and plotted (n ¼ 6). (B) RCECs were cultured at a density of 5000 cells/well in a 96-well plate in the presence of 1, 10, or 100 ng/mL R-
spondin1. The effect of R-spondin1 on the proliferation of the RCECs was evaluated by a 5-bromo-20-deoxyuridine (BrdU) incorporation assay after
24 hours. (C) HCECs were cultured at a density of 5000 cells/well in a 96-well plate in the presence of 1, 10, or 100 ng/mL R-spondin1. The effect of
R-spondin1 on the proliferation of the HCECs was evaluated by a BrdU incorporation assay after 24 hours. *P < 0.01, **P < 0.05. All experiments
were performed in triplicate.
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cells was mediated by the growth medium, even in the absence

of R-spondin1. In addition, the expression of cyclin D was

enhanced for up to 24 hours in the presence of R-spondin1.

DISCUSSION

Human CE is a physiologically important monolayer of the

cornea. The simple but crucial role of the endothelium is to

maintain cornea clarity.41 The retention of the unique, contact-

inhibited monolayer of the CE, through which the active pump

and barrier functions of the tissue operate, is essential for

maintaining the transparency of the entire cornea. The human

CE has a limited wound healing capacity, in which residual

CECs migrate and expand to cover the wound area. This

unique wound repair process is explained in part by the fact

that HCECs remain arrested at the G1 phase of the cell cycle.42

FIGURE 2. Effect of R-spondin1 on proliferation and cell density of rabbit CE. (A) A rabbit cornea was divided into four pieces and organ-cultured with
DMEM supplemented with 1, 10, or 100 ng/mL R-spondin1. The percentages of Ki67þ cells were evaluated after 1 week in culture, and the data were
averaged and plotted (n¼4). (B, C) The cell density of the central (0–2 mm from the center of the cornea) and peripheral (4–6 mm from the center of
the cornea) areas after organ culture with R-spondin1 for 1 week (B) and 2 weeks (C) was quantified by KSS-400EB software following phalloidin
staining (n¼ 4). The cell densities were evaluated in an area > 1 mm away from the cut edges of the cornea. (D, E) The effect of R-spondin1 on the
morphology of the CECs was determined by F-actin (D) and ZO-1 (E). All experiments were performed in triplicate. Scale bars: 25 lm.
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FIGURE 3. Effect of R-spondin1 on cell proliferation and phenotype of human CE. (A) HCECs were recovered from donor cornea and cultivated
with culture medium supplemented with or without R-spondin1 (100 ng/mL). Representative phase-contrast images of the experiments performed
in three independent donor corneas are shown. Scale bar: 200 lm. (B) The two functional proteins of the CE, Naþ/Kþ-ATPase and ZO-1, were
immunostained in primary cultured HCECs treated with or without R-spondin1. Scale bar: 50 lm. (C) Serial passaged HCECs (passages 5–8) were
maintained in the presence of R-spondin1 at 1, 10, or 100 ng/mL for up to 91 days. The cell density was evaluated by KSS-400EB software (n¼ 6).
The experiments were performed in three independent lots. (D) Four human donor corneas were each divided into two pieces and cultured with or
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without R-spondin1 (100 ng/mL), respectively. The cell density was evaluated by KSS-400EB software after 2 weeks following phalloidin staining (n
¼ 4); *P < 0.01, **P < 0.05. (E, F) The expression and localization of Naþ/Kþ-ATPase, ZO-1, and F-actin were examined in ex vivo human corneal
tissues ([E] center, [F] peripheral). Scale bar: 50 lm.

FIGURE 4. Involvement of Wnt3a/b-catenin signaling in the facilitation of G1/S progression, mediated by R-spondin1. (A) Phase-contrast images of
RCECs treated with Wnt3a (10, 50, or 100 ng/mL), R-spondin1 (100 ng/mL), or a combination of Wnt3a (100 ng/mL) and R-spondin1 (100 ng/mL)
for 48 hours. Scale bar: 200 lm. (B) The effect of R-spondin1 on the proliferation of the RCECs was evaluated by a BrdU incorporation assay after 48
hours. *P < 0.01. The experiments were performed in triplicate. (C) After activation of the cells with R-spondin1, the nuclear fraction and the
cytosolic fraction were prepared, and the nuclear translocation of b-catenin was evaluated by Western blotting. Lamin B was used as a marker for the
nuclear fraction, and a-tubulin was used as a marker for the cytosolic fraction. (D) Serum-starved RCECs were treated with or without R-spondin1
(100 ng/mL) for 1, 3, 6, 12, or 24 hours. Then p27, phosphorylation of p27, phosphorylation of Rb, and cyclin D were evaluated by Western
blotting. The relative density of immunoblotted bands was determined using ImageJ software. The averages of relative fold differences from
independent duplicate experiments were then compared with the values from the control.
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Although the existence of CE stem cells is still controversial, a
recent study suggested that CE at the extreme periphery43 or
in the transition zone between the endothelial edge and the
trabecular meshwork might include stem cells and thereby
have proliferative potency.44,45 We recently reported that
LGR5-positive cells of the human CE exhibit stem/progenitor-
like cell characteristics24; LGR 5 has recently been demon-
strated to function as a high-affinity receptor of R-spondins to
activate Wnt/b-catenin signaling.16,17,46 R-spondins are known
agonists of Wnt signaling and are involved in stem cell
regulation, such as survival and differentiation.3,7,19 These
findings indicate that HCECs in the peripheral region may
retain proliferative potential and that a continuous supply of
new cells may be available to maintain the CE Therefore, our
aim was to determine whether R-spondin1 plays a key role in
tissue homeostasis and tissue regeneration.

We demonstrated that R-spondin1 stimulated proliferation
of both RCECs and HCECs in vitro and ex vivo. When the
proliferative potential was compared following R-spondin1
stimulation, RCECs showed greater cell proliferative activity in
the peripheral CE than in the central CE. Our results showed
that approximately 8% of the Ki67-positive cells were observed
in peripheral rabbit cornea, and these mitotic cells may
increase peripheral cell density. However, despite the fact that
limited numbers of Ki67-positive cells were observed in the
central area, R-spondin1 increased the cell density in the
center as well as in the peripheral area. One possible
explanation may be that R-spondin1 predominantly enhances
cell proliferation in the peripheral area, and the peripheral
cells then proliferate and migrate toward the center where
cells are not proliferating, resulting in a cell density increase in
the central area. This cell migration from the periphery to the
center is proposed as a CE homeostasis model in which cell
clusters form niches in the extreme peripheral area and the
peripheral CECs divide slowly and migrate toward the center.45

Higher replication competence of the peripheral area during
the wound healing process was also previously reported in an
ex vivo system.40 Further investigation is needed to clarify
whether the response to R-spondin1 differs between LGR5-
positive and -negative CECs,24 but the greater potency of the
proliferative activity of the peripheral CECs suggests that the
response to R-spondin1 may be higher in peripheral LGR5-
positive CECs.

We next evaluated the effect of R-spondin1 using human
corneas, as the limitation of rabbit tissue for experiments on CE
is that rabbit CE possesses an active proliferative ability that is
not found in human corneas. For instance, rabbit CEC density
was regenerated to its original level after cryoinjury in vivo.47

Our findings that R-spondin1 promotes HCEC proliferation in
human corneas agree with previous reports indicating that
mechanical wounding or a combination of growth factors and
release from contact inhibition promoted cell proliferation
using ex vivo human cornea tissues.48,49 However, the
underlying mechanisms that explain how R-spondin1 enhances
cell proliferation without mechanical wounding or contact
inhibition release should be further studied.

We further demonstrated that R-spondin1 facilitated the
nuclear import of b-catenin, which was subsequently involved
in the transcription of cyclin D, one of the target genes of the b-
catenin-involved LEF/TCF family of transcription factors.9

Stimulation of the cells with R-spondin1 sequestered p27 from
the cyclin D/Cdk4/Cdk6 complex to the cyclin E/Cdk2
complex, which subsequently phosphorylated p27, leading
to the ubiquitination and degradation of p27. In this study, the
phosphorylation of p27 by R-spondin1 aligns with previous
reports showing that p27 plays a major role in G1/S
progression in the CE.39,50,51 The present study suggested that
R-spondin1 facilitates G1/S progression through two G1

regulators—cyclin D (a positive regulator) and p27 (a negative
regulator)—via the canonical Wnt/b-catenin pathway.

Our findings are the first to provide evidence that the Wnt/
b-catenin pathway is involved in cell proliferation and
maintenance of the functional phenotype in CE cells. The
progenitor cells of CECs (LGR5þ) in the peripheral region of
the cornea may possibly proliferate in response to microenvi-
ronmental cues (in this case, R-spondin1). The unique tissue
regenerative capacity of R-spondin1 may therefore be useful in
the treatment of endothelial dysfunction.
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PURPOSE. Cultured human corneal endothelial cells (HCECs) are anticipated to serve as an
alternative to donor corneas for the treatment of corneal endothelial dysfunction. However,
corneal endothelial cells (CECs) tend to exhibit fibroblastic transformation, thereby losing
their functional phenotype when cultured. The purpose of this study was to investigate the
usefulness of surface markers of CECs displaying fibroblastic phenotypes as a means of cell
characterization.

METHODS. The expression levels of 242 cell surface antigens were screened in cultured human
and monkey CECs using flow cytometry. An expression intensity ratio of nonfibroblastic/
fibroblastic CECs > 2 and of fibroblastic/nonfibroblastic CECs > 2 were selected as indicating
nonfibroblastic and fibroblastic markers, respectively. Nonfibroblastic and fibroblastic CECs
were mixed, and CD73-positive and -negative cells were sorted using flow cytometry and
further cultured. The functional phenotype of the sorted cells was evaluated according to
morphology and the expression of function-related (Naþ/Kþ-ATPase and ZO-1) and
fibroblastic (type I collagen and fibronectin) markers.

RESULTS. Flow cytometry analysis demonstrated that CD98, CD166, and CD340 are elevated in
HCECs of nonfibroblastic phenotype, while CD9, CD49e, CD44, and CD73 are markers of
fibroblastic phenotype HCECs. The CECs that sorted as CD73-negative exhibited normal
hexagonal morphology and expressed functional markers, whereas CECs that sorted as CD73-
positive exhibited the fibroblastic phenotype.

CONCLUSIONS. These markers will be useful for quality control to characterize the phenotype of
cells destined for tissue engineering-based therapy. In addition, this selection protocol will
provide a novel method for purification of functional cells.

Keywords: corneal endothelial cells, cell surface marker, tissue engineering, regenerative
medicine

The corneal endothelium regulates the aqueous humor flow
to the corneal stroma through a combination of pumps and

a leaky barrier function, thereby maintaining corneal transpar-
ency.1 Corneal endothelial cells (CECs) have severely limited
proliferative ability,2,3 so healing of wounds to the corneal
endothelium is mainly performed by cell migration and
spreading. Consequently, severe damage to the corneal
endothelium resulting from pathologic conditions, such as
Fuchs’ corneal endothelial dystrophy, surgical stress, or
endotheliitis, leads to corneal endothelial dysfunction, and
ultimately to the loss of corneal transparency.4–6 Corneal
transplantation is the only therapeutic choice for treating
corneal endothelial dysfunction, but this procedure is fraught
with several associated problems, including a worldwide
shortage of donor corneas and the technical difficulty of the
surgical procedure itself, especially for patients with aphakia,
postfiltration surgery, and post-tube surgery for glaucoma.5,7

Tissue engineering presently is viewed as a potential
protocol that may overcome these problems and provide
alternative treatments for corneal endothelial dysfunction.5,8

Indeed, transplantation of cultured corneal endothelium as a
form of sheet, with or without carrier, has enabled the recovery

of corneal transparency in animal models.9–12 However,
cultured corneal endothelial sheets, as cell monolayers, are
highly fragile, making transplantation into the anterior chamber
technically difficult. Consequently, researchers, including our
group, are investigating the possibility of transplantation of
cultured cells in the form of a cell suspension.13–16 For
instance, we reported that injection of cultured CECs, in
combination with a Rho kinase (ROCK) inhibitor, enables
regeneration of the corneal endothelium in rabbit and monkey
models.16

Cultured human CECs (HCECs) have been anticipated as an
alternative tissue source to donor corneas, but the in vitro
expansion of HCECs is a bottleneck that currently limits
therapy based on tissue engineering. The technical obstacles to
cell cultivation arise from a number of features distinct to
HCECs; namely, their limited proliferative ability and tendency
to undergo spontaneous fibroblastic changes under culture
conditions. These obstacles have persisted despite attempts to
develop culture methods specifically for clinical use.17–21

We previously reported the usefulness of a ROCK inhibitor
in enhancing cell proliferation through activation of the PI3
kinase/Akt signaling pathway.17,22 The use of a conditioned
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medium obtained from GMP-grade human bone marrow–
derived mesenchymal stem cells (MSCs) also can potentiate
HCEC proliferation.20 We investigated methods to circumvent
fibroblast formation by studying the fibrosis-related signaling
pathways and found that activation of the TGF-b signaling
pathway has an important role in fibroblastic differentiation.
This finding led to the development of a culture protocol for
clinical application using SB431542 to inactivate TGF-b
signaling, which suppressed fibroblastic changes and main-
tained functional phenotypes.21 This recent progress has
reinvigorated the investigation of protocols for culturing of
HCECs for clinical use.

In the present study, we screened the surface markers of
HCECs showing normal (nonfibroblastic) and fibroblastic
phenotypes as a quality control measure for the production
of cultured HCECs for clinical use. We demonstrated that
CD98, CD166, and CD340 are dominantly expressed in the
normal CEC phenotype, while CD9, CD44, CD49e, and CD73
are markers for fibroblasts. In addition, CECs expressing a
fibroblastic marker (e.g., CD73) showed increased expression
of epithelial mesenchymal transformation (EMT) inducer
genes, a fibroblastic phenotype based on morphological
changes, and a greater production of extracellular matrix, in
addition to the loss of the functional phenotype.

MATERIALS AND METHODS

Ethics Statement

The human tissue used in this study was handled in accordance
with the tenets set forth in the Declaration of Helsinki. Human
donor corneas were obtained from SightLife (Seattle, WA, USA).
Informed written consent for eye donation for research was
obtained from the next of kin of all deceased donors. All tissues
were recovered under the tenets of the Uniform Anatomical
Gift Act (UAGA) of the particular state in which the donor
consent was obtained and the tissue was recovered. The
monkey corneas used in this study were handled in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. The protocols for the general welfare of
the animals from which the corneas were harvested and the
procedures for isolation of the corneas were approved by the
institutional animal care and use committee of Nissei Bilis Co.,
Ltd. (Otsu, Japan). The animals were euthanized with an
overdose of intravenous pentobarbital sodium for other
research purposes, according to the guidelines on euthanasia
of the American Veterinary Medical Association (AVMA);
corneas were harvested after confirmation of cardiopulmonary
arrest by veterinarians provided by Nissei Bilis Co., Ltd.

Cell Cultures of HCECs

Human corneas were stored at 48C in storage medium (Optisol-
GS; Chiron Vision, Irvine, CA, USA). The HCECs were cultured
according to published protocols, with some modifications.21

A total of 10 human donor corneas (>60 years old) was used
for the experiments. Briefly, the Descemet’s membranes with
the CECs were stripped from donor corneas and digested at
378C with 1 mg/mL collagenase A (Roche Applied Science,
Penzberg, Germany) for 12 hours. The HCECs obtained from a
single donor cornea were seeded in one well of a 48-well plate
coated with FNC Coating Mix (Athena Environmental Sciences,
Inc., Baltimore, MD, USA). The culture medium was prepared
according to published protocols. Briefly, basal medium was
prepared with OptiMEM-I (Life Technologies Corp., Carlsbad,
CA, USA), 8% fetal bovine serum (FBS), 5 ng/mL epidermal
growth factor (EGF; Sigma-Aldrich Corp., St. Louis, MO, USA),

20 lg/mL ascorbic acid (Sigma-Aldrich Corp.), 200 mg/L
calcium chloride (Sigma-Aldrich Corp.), 0.08% chondroitin
sulfate (Wako Pure Chemical Industries, Ltd., Osaka, Japan),
and 50 lg/mL of gentamicin. Inactivated 3T3 fibroblasts,
prepared as previously described,20 then were cultured with
basal medium for 24 hours, and the conditioned basal medium
was recovered as culture medium for the HCECs. The HCECs
were cultured using culture medium prepared as above at 378C
in a humidified atmosphere containing 5% CO2, and the culture
medium was changed every 2 days. The HCECs were passaged
at ratios of 1:2 using 0.05% Trypsin-EDTA for 5 minutes at 378C
when they reached confluence. The HCECs at passages 2
through 5 were used for all experiments.

Immortalization of HCECs Using Lentiviral
Transduction of SV40 Large T Antigen and hTERT
Genes

The HCECs exhibiting normal morphology and fibroblastic
morphology were immortalized for cell sorting experiments
using SV40 and hTERT to produce normal iHCEC and
fibroblastic iHCECs cell lines, respectively. The coding
sequences of the SV40 large T antigen and hTERT genes were
amplified through PCR and were TA-cloned into a commercial
lentiviral vector. The lentiviral vectors then were transfected to
293T cells (RCB2202; Riken Bioresource Center, Ibaraki,
Japan), along with three helper plasmids (pLP1, pLP2, and
pLP/VSVG; Life Technologies Corp.), using a commercial
transfection reagent (Fugene HD; Promega Corp., Madison,
WI, USA) for 48 hours. The supernatant of the culture medium
was harvested, centrifuged briefly, and stored in a freezer at
�808C. For lentiviral transduction, the virus-containing super-
natants of both genes were added to the cultures of HCECs in
the presence of 5 lg/mL of polybrene. The immortalized cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Life Technologies Corp.) containing 10% FBS, and 1% penicillin
and streptomycin; the medium was changed every two days.
Once the immortalized cells were 80% confluent, the cells
were trypsinized with 0.05% trypsin-EDTA and passaged.

Cell Culture of Monkey CECs (MCECs)

The MCECs were cultured as described previously.12 Briefly,
the Descemet’s membrane including the MCECs was stripped
and digested at 378C for 2 hours with 1 mg/mL collagenase A.
The resulting cells were suspended in culture medium, then
seeded in 1 well of a 6-well plate coated with FNC Coating Mix.
The MCECs were cultured at 378C in a medium composed of
DMEM supplemented with 10% FBS, 50 U/mL penicillin, 50 lg/
mL streptomycin, and 2 ng/mL FGF-2 (Life Technologies Corp.)
in a humidified atmosphere containing 5% CO2. The culture
medium was changed every 2 days and MCECs were passaged
at ratios of 1:2 to 4 using 0.05% Trypsin-EDTA (Life
Technologies Corp.). Cultivated MCECs at passages 2 through
5 were used for all experiments.

Flow Cytometry

Screening of cell surface markers was conducted by assessing
the expression of markers through the Human Cell Surface
Marker Screening Panel (BD Biosciences, San Jose, CA, USA)
according to the manufacturer’s protocol. Briefly, cultured
HCECs (of normal morphology and fibroblastic morphology;
not immortalized cells) and cultured MCECs (normal morphol-
ogy and fibroblastic morphology) were detached with Accu-
tase (BD Biosciences) at 378C, washed twice with PBS, passed
through a BD Falcon 70 lm cell strainer (BD Biosciences),
incubated in OptiMEM-I with the addition of 100 units/mL
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DNase for 15 minutes at room temperature, and resuspended
with BD Pharmingen Stain Buffer (BD Biosciences) containing
5 mM EDTA. The HCECs or MCECs (1.0 3 104 cells,
respectively) were incubated with primary 242 antibodies
and isotype IgGs (BD Biosciences) at the dilution indicated by
the manufacturer’s protocol for 30 minutes on ice. The cells
were washed with BD Pharmingen Stain Buffer containing 5
mM EDTA and then incubated with AlexaFluor 647 conjugated
IgGs (1:200 dilution, BD Biosciences) for 30 minutes. The cells
were washed again with BD Pharmingen Stain Buffer
containing 5 mM EDTA and analyzed by flow cytometry using
a BD FACSCant II instrument (BD Biosciences) and CellQuest
Pro software (BD Biosciences). For cell sorting experiments,
MCECs or immortalized HCECs were washed twice with PBS
and incubated with Accumax (Innovative Cell Technologies,
San Diego, CA, USA) for 10 minutes at 378C before cell sorting.
Cells were recovered in FACS buffer composed of DMEM
without Phenol Red (Nacalai Tesque, Kyoto, Japan) þ 2% FBS,
passed through a BD Falcon 70 lm cell strainer (BD
Biosciences), and resuspended in FACS buffer. The cells then
were incubated with antibodies (CD73, 1:300; BD Pharmingen
Stain Buffer), and mouse IgG (1:62.5; Dako, Glostrup, Den-
mark) for 30 minutes at 48C, then incubated with AlexaFluor
488 conjugated IgG (1:1000 dilution; BD Biosciences) for 30
minutes at 48C. After washing three times with PBS, the cells
were resuspended in FACS buffer supplemented with 2 lg/mL
propidium iodide (Sigma-Aldrich Corp.) at a density of 5 3 106

to 13 107 cells/ml. The CD73-positive and -negative cells were
sorted using a BD FACSAria (BD Biosciences) and seeded at a
density of 2.5 3 105 cells on a 24-well cell culture plate for
subsequent analysis.

Immunofluorescent Staining

The MCECs and HCECs were cultured at a density of 1 3 105

cells/well in a 24-well cell culture plate coated with FNC
Coating Mix and were maintained for 3 to 4 weeks for
immunofluorescence analysis. Cells were fixed in 95% ethanol
supplemented with 5% acetic acid for 10 minutes at room
temperature and incubated for 30 minutes with 1% BSA.
Samples were incubated overnight at 48C with antibodies
against CD73 (1:300; BD Pharmingen Stain Buffer), CD166
(1:300; BD Pharmingen Stain Buffer), ZO-1 (1:300; Zymed
Laboratories, South San Francisco, CA, USA), and Naþ/Kþ-
ATPase (1:300; Upstate Biotec, Lake Placid, NY, USA). After
washing with PBS, either Alexa Fluor 488-conjugated goat anti-
mouse (Life Technologies) or Alexa Fluor 594-conjugated goat
anti-rabbit IgG (Life Technologies) was used as the secondary
antibody at a 1:1000 dilution. Nuclei were stained with DAPI
(Vector Laboratories, Burlingame, CA, USA). The cells, cultured

in a 48-well cell culture plate, were directly examined by
fluorescence microscopy (BZ-9000; Keyence, Osaka, Japan).

Semiquantitative RT-PCR

Total RNA was extracted from MCECs and HCECs using the
RNeasy Mini kit (Qiagen, Hilden, Germany), after which the
quality of the RNA preparations was measured with a Nano-
Drop spectrophotometer (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). The cDNA was synthesized using ReverTra
Ace (Toyobo, Osaka, Japan) and subjected to PCR with the
specific primers listed in Table 1. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal control for
gene analysis. The PCR reactions were performed using Extaq
DNA polymerase (Takara Bio, Inc., Otsu, Japan) under the
following conditions: denaturation at 948C for 30 seconds, 33
cycles of annealing at 548C for 30 seconds, and elongation at
728C for 30 seconds. The PCR products were separated by
electrophoresis on 1.5% agarose gels, stained with ethidium
bromide, and detected under ultraviolet illumination.

Quantitative Real-Time PCR

Gene expression levels were analyzed using TaqMan real-time
PCR (Applied Biosystems, Foster City, CA, USA). Total RNA was
extracted with the RNeasy mini kit, and cDNA was synthesized
using ReverTra Ace. Taqman primers for ZO1, Hs01551861_ml;
ATP1A1, Hs00167556_ml; FN1, Hs01549976_ml; and TaqMan
predevelopment human GAPDH (Applied Biosystems) were
used. The PCR was performed using the StepOne (Applied
Biosystems) real-time PCR system. The GAPDH was used as an
internal standard.

Statistical Analysis

The statistical significance (P value) of mean values for 2-
sample comparisons was determined by the Student’s t-test.
The statistical significance for the comparison of multiple
sample sets was determined with the Dunnett’s multiple-
comparisons test. Values shown on the graphs represent the
mean 6 SE.

RESULTS

Cell Surface Markers of Normal and Fibroblastic
Morphological CECs

Primate CECs often exhibit morphological fibroblastic changes
and lose their functional phenotypes,21,23 although a cell
culture maintaining the normal phenotype sometimes is

TABLE 1. Oligonucleotide Sequences

Gene Sense Primer Antisense Primer Size, bp

CD73 50-GTTCCTGTAGTCCAGGCCTATG-30 50-ACATTTCATCCGTGTGTCTCAG-30 316

CD166 50-CCCCAGAGGAATTTTTGTTTTAC-30 50-AGCCTGATGTTATCTTTCATCCA-30 289

ZO1 50-CCAGCTTCTCGAAGAACCAC-30 50-GAACGAGGCATCATCCCTAA-30 218

ATP1A1 50-ACGGCAGTGATCTAAAGGACAT-30 50-GAAGAATCATGTCAGCAGCTTG-30 255

CDH2 50-CCAGGTCTTGAGCAGTGACA-30 50-TTCCAACCTTCACCTTGACC-30 185

COL1A1 50-ATGGATTCCAGTTCGAGTATGG-30 50-GACAGTGACGCTGTAGGTGAAG-30 242

COL4A1 50-AGCAAGGTGTTACAGGATTGGT-30 50-AGAAGGACACTGTGGGTCATCT-30 392

COL8A1 50-AGAGGGGAGAAAGGACCAATAG-30 50-CCTACTTCACCAAGGAAACCTG-30 221

SNAI1 50-ACTGCAAATACTGCAACAAGGA-30 50-TCTTGACATCTGAGTGGGTCTG-30 240

SNAI2 50-CCTGTCATACCACAACCAGAGA-30 50-CTTCATCACTAATGGGGCTTTC-30 211

ZEB1 50-TTAGTTGCTCCCTGTGCAGTTA-30 50-TGTGTGAGCTATAGGAGCCAGA-30 261

GAPDH 50-GAGTCAACGGATTTGGTCGT-30 50-TTGATTTTGGAGGGATCTCG-30 238
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observed. Representative phenotypes of primary cultured
nonfibroblastic (normal) and fibroblastic cultured HCECs are
shown (Figs. 1A, 1B). Cell surface markers for normal
morphological CECs and fibroblastic CECs were evaluated by
screening for the expression of 242 cell surface antigens by
flow cytometry. The ratio of the mean fluorescence intensity of
normal CECs and fibroblastic CECs was calculated. The
markers that showed ratios of primary cultured nonfibroblas-
tic/fibroblastic HCECs > 2 (Supplemental Table S1) and
primary cultured fibroblastic/nonfibroblastic HCECs > 2
(Supplemental Table S2) are listed. The markers conserved in
humans and monkeys are more reliable, so we further
screened cell surface markers for normal morphological
MCECs and fibroblastic MCECs (Fig. 2A), selecting markers
that showed nonfibroblastic/fibroblastic or fibroblastic/non-
fibroblastic ratios that were confirmed in MCECs as well as in
HCECs (Table 2). The protein expression of CD73, which was
used as a representative marker of fibroblastic cells, was not
observed in normal phenotype MCECs, while it was observed
at the cell membrane in fibroblastic MCECs (Fig. 2B). On the

other hand, CD166, which was used as a representative marker
of normal cells, was observed at the cell membrane of
nonfibroblastic MCECs, but not in fibroblastic MCECs. The
PCR data also indicated that CD73 was strongly expressed at
the mRNA level in fibroblastic cells, but not in normal cells,
while CD166 was expressed in normal cells, but to a lesser
extent in fibroblastic cells (Fig. 2C).

CD73 Marks Fibroblastic MCECs With the Loss of
Functional Phenotype via Epithelial Mesenchymal
Transformation

Our goal was to detect possible contamination with vulnerable
fibroblastic transformed cells, so we further investigated the
reliability of using CD73 as a potential fibroblastic marker,
since CD73 reportedly is involved in lung and liver fibrosis.24,25

Experiments were conducted to determine whether fibroblas-
tic cells could be detected by CD73 in a mixture of normal and
fibroblastic cells by mixing nonfibroblastic MCECs and
fibroblastic MCECs at 1:1 ratio (Fig. 3A) and then sorting out
the CD73-negative and -positive cells (Fig. 3B). After culturing,
the CD73-negative sorted MCECs exhibited a normal hexagonal
morphology, whereas the CD73-positive MCECs exhibited
fibroblastic morphology (Fig. 3C). The PCR analysis showed
that CD73-negative MCECs did not express CD73, while CD73-
positive MCECs expressed CD73 at the mRNA level (Fig. 3D). A
nonfibroblastic marker, CD166, was expressed in the CD73-
negative MCECs, but CD166 was expressed at a lower rate in
the CD73-positive cells (Fig. 3D). The CD73-positive cells also
expressed higher levels of COL1A1, an extracellular matrix

FIGURE 2. Expression of CD73 and CD166 in nonfibroblastic and fibroblastic MCECs. (A) The image on the left shows the MCECs of normal
phenotype, while the image on the right shows MCECs of fibroblastic phenotype. Scale bar: 100 lm. (B) The MCECs of nonfibroblastic and
fibroblastic phenotypes were immunostained with the antibodies against CD73 and CD166. The fibroblastic phenotype cells expressed CD73 at the
cell membrane, while no expression was observed in cells of normal phenotype. The CD166 was expressed at the cell membrane of normal
phenotype cells, while it was very weakly stained in fibroblastic phenotype cells. Scale bar: 100 lm. (C) The mRNA levels of CD73 and CD166 were
evaluated using PCR. Gene CD73 was expressed at higher levels in fibroblastic MCECs than in normal MCECs. On the other hand, CD166 was
expressed at higher levels in normal MCECs than in fibroblastic MCECs.

FIGURE 1. Nonfibroblastic and fibroblastic phenotypes exhibited
during primary culture of HCECs. Primary cultivated HCECs demon-
strated various phenotypes during cultivation using the same culture
protocol. Representative phenotypes are presented. (A) Nonfibroblas-
tic phenotype in which the cells maintained the characteristic
polygonal contact-inhibited shape and monolayer. (B) Fibroblastic
phenotype in which the cells were stratified and fibroblastic. Scale bar:
100 lm.

TABLE 2. Selected Markers of Nonfibroblastic and Fibroblastic CECs

Nonfibroblastic Phenotype Fibroblastic Phenotype

CD98 CD9

CD166 CD44

CD340 CD49e

CD73
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protein produced under pathologic conditions by the corneal
endothelium (Fig. 4A).26,27 On the other hand, the CD73-
positive cells showed a much lower expression of COL4A1 and
COL8A1, which normally are produced by the corneal
endothelium (Fig. 4A). The CD73-positive cells also expressed
higher levels of genes associated with induction of the
epithelial mesenchymal transformation (EMT), such as SNAI1,
SNAI2, and ZEB1 (Fig. 4B). Staining for endothelial character-
istics revealed that the staining pattern of ZO-1 and Naþ/Kþ-
ATPase at the plasma membrane was well preserved in CD73-
negative MCECs, whereas the CD73-positive MCECs lost the
characteristic staining profile of ZO-1 and Naþ/Kþ-ATPase at the
plasma membrane (Fig. 4C). The data for immunofluorescence
staining were supported by mRNA expression data for ZO1,
ATP1A1, and CDH2, which were expressed in CD73-negative
MCECs, but showed low expression in CD73-positive MCECs
(Fig. 4D).

CD73 as a Cell Surface Marker for Fibroblastic
HCECs

We also investigated whether CD73 could be used to detect the
fibroblastic forms of human as well as monkey CECs. The
primary cultured HCECs tended to undergo fibroblastic
changes when passed through a cell strainer for flow
cytometry, so we established immortalized nonfibroblastic
and fibroblastic HCECs cell lines (Fig. 5A). The same types of
experiments performed with MCECs were repeated with
immortalized HCECs and cells expressing or not expressing
CD73 were cultured (Fig. 5B). Flow cytometry analysis
demonstrated that the purity of CD73-negative sorted immor-
talized HCECs was 97.6% (Fig. 5C). The CD73-negative
immortalized HCECs again exhibited a normal hexagonal,
contact-inhibited morphology, while CD73-positive immortal-

ized HCECs exhibited a fibroblastic, stratified morphology (Fig.
5D).

Immunostaining showed that CD73 was expressed in the
CD73-positive sorted immortalized HCECs, but not in CD73-
negative sorted immortalized HCECs (even after further
cultivation, Fig. 5E). The ZO-1 and Naþ/Kþ-ATPase were
functionally expressed at the plasma membrane in CD73-
negative immortalized HCECs, while CD73-positive immortal-
ized HCECs lost this normal expression of ZO-1 and Naþ/Kþ-
ATPase (Fig. 5E). The CD73-positive sorted immortalized
HCECs expressed higher CD73 at the mRNA level than
CD73-negative sorted immortalized HCECs (Fig. 5F).

Quantitative PCR analysis showed that expression of ZO1

and ATP1A1 was significantly reduced in CD73-positive cells
compared to CD73-negative cells (Fig. 5G). On the other hand,
expression of FN1 was higher in CD73-positive cells than in
CD73-negative cells (Fig. 5G).

DISCUSSION

Extensive progress recently has raised the possibility of new
therapeutic modalities based on tissue engineering techniques
for various diseases.28,29 However, although the FDA regulates
interstate commerce in human cells and tissue-based products
(HCT/Ps),30 and although other countries also have similar
systems,31 the current regulatory frameworks are not presently
viewed as providing sufficient coverage of innovative tissue
engineering therapies.32 In the present study, we investigated
biological markers of HCECs for quality control with a view to
clinical settings where cell characterization could be ensured.
The Naþ/Kþ-ATPase and ZO-1 investigated here are used
frequently for research purposes, as coexpression of these
proteins is recognized as identifying cells that possess pump

FIGURE 3. Cell sorting of MCECs by CD73. (A, B) Cultured MCECs exhibiting nonfibroblastic and fibroblastic phenotypes were harvested from the
culture plate and mixed at 1:1 ratio. Mixed cells were stained for CD73 and were sorted by flow cytometry. Two peaks, CD73-positive and
–negative, were observed. Scale bar: 100 lm. (C) The MCECs were sorted according to the expression level of CD73 and were cultured to reach
confluence. The CD73-negative cells had a hexagonal normal morphology, while CD73-positive cells had a fibroblastic morphology. Scale bar: 100
lm. (D) The mRNA expression levels of CD73 and CD166 in sorted CD73-negative and -positive cells evaluated by PCR. The CD73-positive sorted
cells expressed CD73 at the mRNA level, while CD73-negative sorted cells expressed almost no CD73. On the other hand, CD166 mRNA was
expressed at a higher level in CD73-negative sorted cells than in CD73-positive sorted cells. These experiments were performed in triplicate.
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and barrier functional activity.33,34 However, these proteins are
not specific to corneal endothelium and are expressed in other
organs, such as the heart, kidneys, and brain.35–38 The genes
that are known to have a role in corneal endothelium, such as
SLC4A (Na, HCO3 co-transporter), COL4A2 (type IV collagen),
COL8A2 (type VIII collagen), and CDH2 (N-cadherin), also
have been used as markers.39 However, no single specific gene
was identified as an HCEC marker,40 even though gene
expression profiles were reported in donor corneal endothe-
lium.41,42

Recently, Glypican-4 and CD200 were proposed as HCEC
markers to distinguish HCECs from corneal stromal fibroblasts,
based on RNA sequencing and immunofluorescence staining.43

However, the practical problem of HCEC culture is the
potential contamination with vulnerable transformed HCECs,21

so the purity of the cultured HCECs destined for clinical use
must first be ensured. The lack of a specific marker led us to
screen surface antigens that could be used to identify whether
cultured cells retain their functional phenotype or have
undergone fibroblastic changes. Further studies are required
to determine which marker or combination of markers will be

most appropriate for quality control, but assessment of
markers using flow cytometry will provide us with a
quantitative threshold by which to ensure the functional
characteristics for clinical application.

The results of the current study also pointed to the novel
possibility of an in vitro cell expansion protocol, whereby
purified HCECs can be separated from a general culture cell
population possibly contaminated with transformed HCECs
simply by using the positive and negative cell selection that is
readily accomplished by FACS. Recent developments have
enabled the inhibition of fibroblastic changes and greater
success rates for cell culture,21 but a cell selection technique
still would be anticipated to ultimately circumvent potential
contamination by fibroblastic cells.43 Peh GS et al.44 reported
the separation of prefluorescein-labeled corneal stromal
fibroblasts from a mixture of fibroblasts and HCECs by
magnetic affinity cell separation (MACS) and suggested that
this type of selection strategy would be useful for depleting the
cultures of contaminating cells. To the best of our knowledge,
ours is the first report showing this depletion of fibroblastic
cells and purification of normal phenotype CECs from a mixed

FIGURE 4. Functional analysis of CD73-positive MCECs. (A) Expressions of COL1A1 (pathologic collagen of corneal endothelium), COL4A1 (normal
collagen), and COL8A1 (normal collagen) in CD73-negative and -positive sorted cells were evaluated using PCR. Greater expression of COL1A1 was
seen in CD73-positive cells than in CD73-negative cells. Greater expression of COL4A1 and COL8A1 was found in CD73-negative sorted cells than in
CD73-positive cells. (B) Expression of EMT inducer genes (SNAI1, SNAI2, and ZEB1) was evaluated by PCR. The CD73-positive sorted cells showed
greater expression of SNAI1, SNAI2, and ZEB1 when compared to CD73-negative cells. (C) Immunofluorescence staining of CD73-negative or -
positive sorted cells by ZO-1 and Naþ/Kþ-ATPase. Both ZO-1 and Naþ/Kþ-ATPase were stained at the plasma membrane of CD73-negative cells.
However, their expression was disrupted and decreased in CD73-positive cells. Scale bar: 50 lm. (D) Expression levels of ZO1, ATP1A1, and CDH2

were evaluated using PCR. The CD73-negative cells expressed ZO1, ATP1A1, and CDH2 at the mRNA level, while their expression was decreased in
CD73-positive cells. These experiments were performed in triplicate.
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FIGURE 5. Cell sorting of immortalized HCECs and functional analysis of CD73-positive immortalized HCECs. (A) Normal hexagonal contact-
inhibited phenotype HCECs and fibroblastic HCECs were immortalized using SV40 and hTERT to establish cell lines. (B) Immortalized normal
HCECs and fibroblastic HCECs were harvested from culture plates and mixed. The CD73-negative and -positive cells then were sorted by flow
cytometry. (C) The CD73-negative and -positive immortalized HCECs were sorted and CD73 expression was analyzed using flow cytometry. A total
of 96.7% of CD73-negative sorted cells expressed CD73, while 97.6% of CD73-positive sorted cells did not express CD73. (D) The CD73-negative
and -positive sorted immortalized HCECs were seeded and cultured until confluent. The CD73-negative cells showed hexagonal morphology, while
CD73 (þ) and unsorted control cells showed fibroblastic morphology. (E) Immunofluorescence staining of CD73, ZO-1, and Naþ/Kþ-ATPase. The
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cell population using FACS. Although we successfully separat-
ed fibroblastic cells from the immortalized HCEC-population by
FACS, primary cultured HCECs tended to exhibit fibroblastic
changes after cell sorting by our current protocol, due to
complete cell dissociation for FACS (data not shown). Thus, the
details of this selection procedure, especially for human cells,
should be optimized; for example, through the use of
antifibroblastic molecule during cell dissociation21 and the
separation by MACS rather than FACS.44 These results suggest
that the depletion of fibroblastic cells based on cell surface
antigens should be explored further to isolate a purified cell
population for clinical use.

We considered that detection of fibroblastic cell contami-
nation would be possible if we could discover a marker for
fibroblastic HCECs. Indeed, CD73 enabled the detection of
fibroblastic cells, and further separation of normal and
fibroblastic cells. The CD73 (ecto-50-nucleotidase) is mem-
brane-bound glycoprotein that metabolizes adenosine 5 0-
monophostate (AMP) to adenosine.45 Expression of CD73 is
observed in a variety of cell types and regulates various
physiological phenomena, such as ion and fluid transport,
barrier function, adaptation to hypoxia, and inflammation.45

Little is known regarding the involvement of CD73 in
fibroblastic transformation, but this glycoprotein has an
important role in bleomycin-induced lung injury24 and hepatic
fibrosis25 through the conversion of AMP to adenosine. In the
corneal endothelium, we showed that EMT inducer genes,
such as SNAI1, SNAI2, and ZEB1, were activated in CD73-
positive cells,21 which suggests that the EMT might be involved
in the elevated expression of CD73.

In conclusion, we demonstrated that CD98, CD166, and
CD340 could serve as markers of the nonfibroblastic pheno-
type of HCECs, and that CD9, CD44, CD49e, and CD73 could
serve as markers of the fibroblastic phenotype of these cells.
These markers could be used for quality control to characterize
the cellular phenotype used in therapies based on tissue
engineering, though the threshold for clinical use should be
explored further. Further, if positive and negative cell selection
proves applicable to clinical settings, cell sorting based on
these cell surface markers will provide a novel strategy for
purifying functional cells.
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ARTICLE

New Therapeutic Modality for Corneal Endothelial Disease
Using Rho-Associated Kinase Inhibitor Eye Drops

Noriko Koizumi, MD, PhD,*† Naoki Okumura, MD, PhD,*† Morio Ueno, MD, PhD,†
and Shigeru Kinoshita, MD, PhD†

Abstract: Corneal endothelial dysfunction accompanied by visual
disturbance is a primary indication for corneal endothelial trans-
plantation. However, despite the value and potential of endothelial
graft surgery, a strictly pharmacological approach for treating
corneal endothelial dysfunction remains an attractive proposition.
Previously, we reported that the selective Rho-associated kinase
(ROCK) inhibitor Y-27632 promotes cell adhesion and proliferation,
and inhibits the apoptosis of primate corneal endothelial cells in
culture. These findings have led us to develop a novel medical
treatment for the early phase of corneal endothelial disease using
ROCK inhibitor eye drops. In rabbit and monkey models of partial
endothelial dysfunction, we showed that corneal endothelial wound
healing was accelerated via the topical application of ROCK
inhibitor to the ocular surface, resulting in the regeneration of
a corneal endothelial monolayer with a high endothelial cell density.
Based on these animal studies, we are now attempting to advance the
clinical application of ROCK inhibitor eye drops for patients with
corneal endothelial dysfunction. A pilot clinical study was performed
at the Kyoto Prefectural University of Medicine, and the effects of
Y-27632 eye drops after transcorneal freezing were evaluated in 8
patients with corneal endothelial dysfunction. We observed a positive
effect of ROCK inhibitor eye drops in treating patients with central
edema caused by Fuchs corneal endothelial dystrophy. We believe
that our new findings will contribute to the establishment of a new
approach for the treatment of corneal endothelial dysfunction.

Key Words: corneal endothelial cells, proliferation, Rho kinase
(ROCK) inhibitor, corneal endothelial dysfunction, Fuchs corneal
dystrophy

(Cornea 2014;33(Suppl):S25–S31)

The corneal endothelium is the innermost layer of the cornea
and plays an essential role in the maintenance of corneal

transparency via its barrier and pump functions. Primate cor-
neal endothelium is nonregenerative in vivo. Because endo-
thelial cell loss caused by dystrophy, trauma, or surgical
intervention is followed by a compensatory enlargement of
the remaining endothelial cells, the outcome is often irrevers-
ible corneal endothelial dysfunction. As a treatment for
corneal endothelial dysfunction, corneal endothelial transplan-
tations using a donor graft, such as Descemet stripping auto-
mated endothelial keratoplasty1,2 or more recently Descemet
membrane endothelial keratoplasty,3 have been performed.
However, several severe problems can arise in association
with corneal endothelial transplantation, including allograft
rejection, primary graft failure, and severe loss of cell den-
sity.4,5 Further, the age and health of endothelial graft tissue
might affect the efficacy of transplantation, especially because
donor tissue tends to come from cadavers. Because long-term
efficacy from surgical techniques is not satisfactory, there is
a need for better, less invasive treatment options. To the best
of our knowledge, no clinically useful pharmacological treat-
ment has been developed to date to treat corneal endothelial
dysfunction effectively.

The purpose of our current research is to develop new
surgical and medical treatments for corneal endothelial
diseases that provide a healthy corneal endothelium with
high cell density. To achieve this, we are currently focusing
on the proliferation of corneal endothelial cells (CECs) both
in vivo and in vitro. We developed several techniques for the
efficient cell culture of human CECs6–8 and examined the
feasibility of cultivated corneal endothelial transplantation
using either cultivated corneal endothelial sheet transplanta-
tion9–11 or a cell-injection procedure.12 Currently, our efforts
are aimed at developing feasible medical treatments for the
early stages of corneal endothelial dysfunction, such as those
that involve the use of rho-associated kinase (ROCK) inhib-
itor eye drops. In this review, we report our recent progress
toward the development of new therapeutic modalities for
corneal endothelial disease with a focus on the proliferation
of CECs and the results of our clinical study.

EFFECT OF RHO KINASE INHIBITOR ON
PRIMATE CECs IN CULTURE

Although human CECs are arrested at the G1 phase of
the cell cycle,13 they retain the capacity to proliferate
in vitro.14–17 Medical treatment for corneal endothelial disease
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has been sought for a long time by clinicians and patients.
However, to the best of our knowledge, no clinically practical
medical therapy has been developed to treat corneal endothe-
lial dysfunction.

The Rho/Rho-kinase (ROCK) pathway is reportedly
involved in regulating the cytoskeleton, cell migration, cell
proliferation, and apoptosis.18–21 It has also been reported by
our collaborators that a selective ROCK inhibitor, Y-27632,
diminished the dissociation-induced apoptosis of human
embryonic stem cells.22 We screened several low-molecular
chemical compounds and found that the modulation of Rho/
ROCK signaling was important for numerous cellular func-
tions, and that the ROCK pathway might be a potential ther-
apeutic target for the treatment of corneal endothelial disease.

We examined the effect of Y-27632 on primate CECs
in vitro and found that inhibition of Rho/ROCK signaling by
Y-27632 inhibited dissociation-induced apoptosis and pro-
moted the adhesion and proliferation of monkey CECs.6

MOLECULAR MECHANISM OF ACTION OF
ROCK INHIBITORS ON CEC PROLIFERATION

Recently, we investigated the molecular mechanism by
which Y-27632 stimulates the proliferation of monkey and
human CECs. We first examined the expression of G1 pro-
teins of the cell cycle and the expression of phosphorylated
Akt in monkey CECs treated with Y-27632, and found that
Y-27632 facilitated the degradation of p27Kip1 (p27), and
promoted the expression of cyclin D via PI 3-kinase signaling
(Figs. 1, 2).23 In addition, we investigated a novel, selective
ROCK inhibitor, Y-39983, and found that a lower concentra-
tion of Y-39983 (0.3 or 3.0 mM) stimulated the proliferation

of CECs to the same level as stimulation with 10 mM
Y-27632. Although contradictory findings have been reported
by other groups,24 our results showed that Y-39983 produced
a 1.6- to 1.8-fold increase of 5-bromo-2-deoxyuridine incor-
poration and increased the percentage of Ki67-positive human
CECs in a dose-dependent manner.23

ROCK INHIBITOR EYE DROPS IN
ANIMAL MODELS

The concept of eye-drop treatment is to recover corneal
endothelial function by stimulating the in vivo proliferation of
residual CECs in patients. Toward this goal, we examined the
effect of Y-27632 ROCK inhibitor eye drops on CECs using
an animal partial corneal endothelial defect model. The target
of pharmacological treatment is the early phase of corneal
endothelial disease in patients who retain some healthy CECs.
First, we reported the effect of ROCK inhibitor eye drops
using a partial endothelial injury rabbit model. After creating
a 7-mm-diameter corneal endothelial wound by transcorneal
freezing, we applied 10 mM of Y-27632 6 times daily for 2
days as an eye drop. The Y-27632-treated eyes showed less
corneal edema, and the mean wound area was significantly
smaller than that of control eyes.25 We also confirmed that the
proliferation of rabbit CECs was enhanced by Y-27632 in
a dose-dependent manner (Fig. 3). These results demonstrated
that the topical administration of a selective ROCK inhibitor,
Y-27632, promoted corneal endothelial wound healing by
stimulating the proliferation of CECs.

Based on these findings, we investigated the application
of ROCK inhibitor eye drops in a clinical setting, and
conducted a similar experiment using a partial corneal

FIGURE 1. Effect of the ROCK
inhibitor Y-27632 on G1/S pro-
gression. Monkey CECs were serum
starved for 24 hours before treat-
ment with growth-medium con-
taining 10 mM of Y-27632. After 1,
3, 6, 12, or 24 hours, Cdc25A, p27,
cyclin D1, and cyclin D3 protein
levels were measured. Y-27632
produced a 3.2-fold increase in the
expression of Cdc25A within 1 hour
and maintained expression up to
12 hours. Y-27632 stimulation
produced a 0.3-fold reduction of
p27, and 8.4-fold and 2.5-fold in-
creases in cyclin D1 and D3expres-
sion, respectively, at 1 hour. The
relative density of the immunoblot
bands was determined by Image
J (NIH) software. Relative fold dif-
ferences were compared with
control (glyceraldehyde 3-phos-
phate dehydrogenase) values at 1
hour. Reprinted from Okumura
et al23 with permission from the
Association for Research in Vision
and Ophthalmology.
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endothelial dysfunction model in monkeys whose CECs do not
proliferate well in vivo. The topical application of Y-27632 eye
drops greatly enhanced wound healing of the corneal endothe-
lium and enabled the corneal endothelium to retain a high cell
density 1 month after treatment (Fig. 4).26 Further, the regen-
erated corneal endothelium of the central damaged area dem-
onstrated physiological hexagonal cell morphology with the
expression of function-related proteins, such as ZO-1 and
Na+/K+-ATPase.26 These findings suggest that the ROCK
inhibitor Y-27632 eye drops enhance both the functional and
morphological recoveries of a primate’s CECs in vivo.

PILOT CLINICAL STUDY OF ROCK INHIBITOR
EYE DROPS FOR PATIENTS WITH CORNEAL

ENDOTHELIAL DYSFUNCTION
Based on results obtained from previous animal studies,

we obtained approval from the Institutional Review Board of
Kyoto Prefectural University of Medicine and began a clinical

pilot study of ROCK inhibitor eye-drop treatment for bullous
keratopathy in 2010. Because visual acuity is severely
influenced by other ocular diseases, such as retinal degener-
ation, glaucoma, or cataract, central corneal thickness was
chosen as the primary endpoint for evaluation of corneal
endothelial function.

Eight eyes from 8 patients scheduled for Descemet
stripping automated endothelial keratoplasty were included in
this study. Four eyes presented with diffuse corneal edema
caused by argon laser iridotomy–induced bullous keratop-
athy, or keratopathy in pseudoexfoliation syndrome. The
other 4 eyes had central corneal edema caused by the late
onset of Fuchs corneal dystrophy. All eyes underwent trans-
corneal freezing using a 2-mm-diameter stainless steel rod,
followed by Y-27632 eye-drop application 6 times a day for 1
week. The 4 patients with diffuse corneal edema showed no
reduction in corneal thickness and no improvement in visual
acuity. In contrast, 3 of the 4 eyes with central corneal edema
caused by Fuchs corneal dystrophy showed a decrease in

FIGURE 2. Involvement of PI 3-
kinase signaling in Y-27632-mediated
p27 degradation and upregulation of
cyclin D. A–C, Serum-starved CECs
were treated with or without Y-27632
for 1, 3, 6, 12, or 24 hours. Phos-
phorylation of Akt, total Akt, and p27
were evaluated by Western blotting.
The phosphorylation of Akt was sus-
tained 1.7-fold higher in Y-27632–
treated cells compared with that in
control cells at 1 hour. LY294002
abolished the phosphorylation of Akt
and maintained the p27 levels. The
relative density of immunoblot bands
was determined by Image J software.
Relative fold differences were com-
pared with control (glyceraldehyde 3-
phosphate dehydrogenase) values at
1 hour. D, Schematic diagram of the
ROCK inhibitor pathway for control
of the cell cycle. Reprinted from
Okumura et al23 with permission from
the Association for Research in Vision
and Ophthalmology.
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central corneal thickness, which was maintained with time.26

In one of these patients, corneal clarity recovered, and vision
improved to 20/20 at 2 weeks after treatment, and endothelial
function and vision have been well maintained for up to 24
months posttreatment (Figs. 5, 6).27 A previous case report
described the clinical observation of this patient using a wide-
field contact specular microscope. We observed a high
density of smaller endothelial cells in the central cornea from

which endothelial cells had been removed by transcorneal
freezing compared with those in the peripheral area.27

Although corneal endothelial stem cells have not been spe-
cifically identified and their exact location has not been deter-
mined, several groups reported that CECs in the peripheral
area of the cornea retained a high proliferative ability.28 We
recently reported that LGR5 is uniquely expressed in the
peripheral lesion of human CECs and that LGR5-positive

FIGURE 3. The effect of Y-27632
eye-drop instillation on in vivo cell
proliferation in a rabbit model. The
number of Ki67-positive cells
(green) among the undamaged
peripheral corneal endothelium was
evaluated. Cell nuclei were stained
blue with 4’-6-diamidino-2-phenyl-
indole. The percentages of Ki67-
positive cells at the edge of the
original wounded area were evalu-
ated by fluorescence microscopy,
and the mean value was plotted as
a bar chart (n = 6). The percentage
of Ki67-positive cells was signifi-
cantly increased in corneal endo-
thelium treated with 3 or 10 mM of
Y-27632. Scale bar = 100 mm. *P ,
0.01, **P , 0.05. Reprinted from
Okumura et al23 with permission
from the Association for Research in
Vision and Ophthalmology.

FIGURE 4. ROCK inhibitor Y-27632
eye drops promote the recovery of
cell density in a corneal endothelial
partial damage primate model. Slit-
lamp microscopy examination re-
vealed both Y-27632-treated and
nontreated corneas recovered their
transparency 1 month after trans-
corneal freezing. In the control
group, noncontact specular micros-
copy showed enlarged corneal
endothelium migrating into the
damaged area at a density of
approximately 1500 cells per square
millimeter, 1 week after injury.
However, the corneal endothelium
of the Y-27632-treated group was
reconstructed with a normal cell
density of approximately 3000 cells
per square millimeter. Noncontact
specular microscopy analysis re-
vealed that CEC density was signifi-
cantly higher in the Y-27632-treated
group than in the control group
throughout the 4-week observation
period (n = 6, *P , 0.01). Modified
and reprinted from Okumura et al26

with permission from the Associa-
tion for Research in Vision and
Ophthalmology.
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cells have some stem/progenitor cell characteristics.29

Although our clinical finding provides indirect evidence, it
strongly suggests that the in vivo proliferation of CECs was
stimulated by the ROCK inhibitor. However, the possibility
that the reestablishment of each patient’s endothelium was
not solely a direct result of the ROCK inhibitor administra-
tion,30 but could have been the result of denudation of path-
ologic endothelial cells, should be noted. These cases
demonstrate the possibility of successful medical treatment
involving the use of ROCK inhibitor eye drops or other

pharmacological agents as an alternative to graft surgery
for early phases of corneal endothelial dysfunction.

CONCLUSIONS
Here, we reviewed our recent studies that focused on

developing new pharmacological treatments for corneal
endothelial dysfunction using ROCK inhibitors. We showed
that inhibition of Rho/ROCK signaling using a specific
ROCK inhibitor Y-27632 promoted cell proliferation and

FIGURE 5. Slit-lamp photographs of
a patient with Fuchs corneal dystro-
phy before and after transcorneal
freezing and ROCK inhibitor treat-
ment. Before treatment, a central
corneal edema (A) accompanied by
a lesion of epithelial bullae (B) was
detected. Three days after treat-
ment, the corneal erosion created by
the transcorneal freezing had already
healed, and mild bullae were de-
tected (C, D). It should be noted
that less corneal edema was
observed at 2 days than in the pre-
treatment image. Six months after
treatment, the corneal edema was
significantly reduced, and the
cornea had recovered its clarity (E).
No epithelial damage was observed
by fluorescein staining (F). Two
years after treatment, the patient’s
cornea remains clear with good (20/
16) vision (G, H). Reprinted from
Koizumi et al27 with permission from
Lippincott Williams & Wilkins.
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wound healing in both in vitro and in vivo animal models. In
addition, the effect of Y-27632 eye drops after transcorneal
freezing was evaluated in 8 patients with corneal endothelial
dysfunction. The Y-27632 eye drops demonstrated efficacy in
treating patients with central corneal edema caused by Fuchs
corneal dystrophy. Further, ROCK inhibitor eye drops pro-
moted corneal endothelial wound healing and were effective
for treating corneal endothelial dysfunction.

There were some limitations in these studies. For
example, the period of ROCK inhibitor treatment was very
short (1 week) because of its high cost. However, we
expect that the continuous use of ROCK inhibitors might
be effective for preventing endothelial cell loss over a long
period. The discovery and introduction into clinical prac-
tice of new pharmacological agents that are safe and
effective are highly desirable. If we can develop a success-
ful medical treatment for corneal endothelial dysfunctions
such as Fuchs corneal dystrophy, many patients will be
able to avoid corneal transplantation throughout their
lifetimes. We hope to elucidate the mechanism(s) underly-
ing endothelial disease and develop novel medical treat-
ments in the future.
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ABSTRACT.

Purpose: To assess the clinical efficacy of cultivated oral mucosal epithelial

transplantation (COMET) for the treatment of persistent epithelial defect (PED).

Methods: We treated 10 eyes of nine patients with PED (Stevens–Johnson
syndrome: three eyes; thermal/chemical injury: five eyes; ocular cicatricial

pemphigoid: two eyes) with COMET at Kyoto Prefectural University of

Medicine, Kyoto, Japan from 2002 to 2008.

Results: Preoperatively, PED existed on over more than 50% of the corneal

surface in seven eyes. Severe ocular surface inflammation with fibrovascular tissue

surrounded the PED in all 10 eyes. At 24-weeks postoperative, PED had improved

in all cases except 1 in which the patient was unable to return to the hospital (95%

CI, 55.5–99.7; Wilcoxon signed-rank test, p = 0.0078). The preoperative median

of logarithmic minimum angle of resolution was 1.85 (range 0.15–2.70), and 1.85,

1.85, and 1.52 at the 4th, 12th, and 24th postoperative week, respectively. The

mean total preoperative ocular surface grading score was 7.0 (range 4–17). At 4
and 12 weeks postoperative, the total ocular surface grading score had improved

significantly (p = 0.0020, p = 0.0078), and at 24 weeks postoperative, it was 3.0

(range 2–12, p = 0.0234). During the follow-up period (median 23.3 months,

range 5.6–39.7 months), no recurrence of PED was observed in any eye, and long-

term ocular surface stability was obtained.

Conclusion: COMET enabled complete epithelialization of PED and stabiliza-

tion of the ocular surface in patients with severe ocular surface disease, thus

preventing end-stage cicatrization and vision loss at a later stage.

Key words: acute inflammatory activity – cultivated oral mucosal epithelial transplantation

(COMET) – limbal stem cell deficiency (LSCD) – persistent epithelial defect (PED)
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Introduction

Corneal renewal and repair are medi-
ated by corneal epithelial stem cells
located mainly in the limbus, the
narrow region between the cornea and
the bulbar conjunctiva (Kinoshita
et al. 2001). Damage or depletion of
the corneal epithelial stem cells, known
as limbal stem cell deficiency (LSCD),
leads to conjunctival invasion that
results in vascularization of the cornea
with an associated profound loss of
vision (Kinoshita et al. 2001). LSCD
can be caused by Stevens–Johnson
syndrome (SJS), ocular cicatricial pem-
phigoid (OCP) and thermal or chemical
injury, which are all characterized by
the loss of corneal epithelial stem cells.
Such LSCD may cause severe ocular
surface diseases (OSDs) in which cica-
trization resulting from conjunctival
fibrosis, symblepharon and severe dry
eye greatly disrupt visual function.

Limbal stem cell deficiency can be
classified into two categories, acute and
chronic, based on the onset and pro-
gression pattern of the disease. In cases
such as SJS and thermal/chemical
injury, epithelial defect occurs suddenly
and is accompanied by massive inflam-
mation on the ocular surface. During
the several weeks that follow, epitheli-
alization progresses with subsequent
scar tissue formation, such as that
associated with conjunctival shrinkage.
In contrast, the onset of OCP is
difficult to determine. In OCP cases,
cicatrization progresses gradually with-

Support in part by grant-in-aid for Scientific Research from Japanenese Ministry of Health a grant-in-
aid for Scientific Research, and a Research Grant of the Coordination, Support and Training program
for translational reasearch both from Japanese Ministry of Education.
The author(s) have no proprietary or commercial interest in any materials discussed in this article.
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out an acute episode. However, those
patients are sometimes observed with
acute manifestations consisting of
intense conjunctival hyperaemia and
localized epithelial defects. Acute
OCP causes rapid shrinkage of the
conjunctiva (Mondino et al. 1979),
similar to that which occurs in a
thermal/chemical injury or in the acute
phase of SJS.

Regardless of the causes, such LSCD
in severe OSDs may sometimes cause
persistent epithelial defects (PED) with
prolonged inflammation on the ocular
surface. A PED occurring in the sub-
acute phase of LSCD is very difficult to
treat. Massive inflammation on the
ocular surface is often uncontrollable,
even with the use of systemic and/or
local steroids. The effects of local treat-
ment with eye ointment or amedical-use
soft contact lens are limited. Exposure
of the corneal stroma can induce infec-
tious or non-infectious corneal stromal
thinning and perforation. Even if epi-
thelialization can be achieved, long-
standing inflamed PED eventually
results in symblepharon, conjunctival-
ization and neovascularization of the
cornea, leading to blindness in the long
term. Although early reports demon-
strated the effectiveness of amniotic
membrane transplantation for PED
(Shimazaki et al. 1997; Gomes et al.
2003), further research by our group
and others showed that the effects of this
technique on PED are limited (Azuara-
Blanco et al. 1999; Meller et al. 2000;
Tamhane et al. 2005; Saw et al. 2007;
Rahman et al. 2009; Tandon et al.
2011; Hino et al. 2012).

Ophthalmologists are continually
challenged with the task of developing
treatments for severe OSDs in which
no medical or surgical treatments exist.
To that end, beginning in 2002, our
group was the first in the world to
perform ocular surface reconstruction
using tissue-engineered autologous oral
mucosal epithelial sheets (Nakamura
et al. 2004), and since that time we
have continued to perform autologous
cultivated oral mucosal epithelial trans-
plantation (COMET) after careful
determination of the surgical indication
(Ang et al. 2006; Inatomi et al. 2006a;
Inatomi et al. 2006b; Nakamura et al.
2011). In the clinical setting, deciding
the indication and postoperative man-
agement are extremely important.

To clarify the effectiveness, disease-
specific outcomes and safety of

COMET, we analysed the clinical data
for all 72 patients treated with COMET
at our facility since 2002. We reported
that for 46 eyes of 40 LSCD patients,
COMET resulted in favourable long-
term visual acuity (VA) outcomes
(Sotozono et al. 2013). The purpose
of this present study was to summarize
the long-term clinical outcomes of 10
eyes of nine of those 72 patients who
underwent COMET with the primary
objective of treating PED with acute
inflammatory activity.

Methods

Study design

The medical records of all patients who
underwent COMET at the Department
of Ophthalmology, Kyoto Prefectural
University of Medicine, Kyoto, Japan,
from June 2002 until December 2008
were retrospectively examined and
recorded on case report forms. All of
the data relating to the oral mucosal
epithelial sheets, surgical outcomes
and adverse events were evaluated,
and statistical analyses were conducted
using the data obtained. This retro-
spective outcome study protocol was
approved by the Ethical Review Board
of Kyoto Prefectural University of
Medicine in 2009.

The study included 81 eyes of 72
patients, and those eyes were classified
into one of the following four catego-
ries according to the purpose of
treatment with COMET: (i) corneal
reconstruction for visual improvement,
(ii) corneal reconstruction for the
treatment of PED with acute inflam-
matory activity, (iii) conjunctival
fornix reconstruction and (iv) others
(Fig. 1). In this present study, we
report the results of COMET for the
purpose of corneal reconstruction to
treat PED with acute inflammatory
activity.

Patients

Cultivated oral mucosal epithelial
transplantation was performed on nine
consecutive patients (10 eyes) with
LSCD who were diagnosed with
PED accompanying acute inflamma-
tory activity on the ocular surface.
Inclusion criteria were as follows: (i)
LSCD, (ii) a history of an acute episode
of epithelial defect, (iii) a PED existing
for more than 1 month, (iv) persistent
ocular surface inflammation even in the
use of systemic and/or local steroids,
(v) resistance to conventional therapy
such as eye ointments or a medical-use
soft contact lens and (vi) fibrovascular
tissue surrounding the PED.

Corneal reconstruction for PED with acute 

inflammatory activity

9 cases (10 eyes, 10 surgeries)

Stevens-Johnsons syndrome: 3 cases

Chemical/Thermal Injury : 4 cases (5 eyes)

Ocular Cicatricial Pemphigoid: 2 cases

Eligible for COMET

(72 cases, 81 eyes, 86 surgeries)

Corneal reconstruction for visual 

improvement

40 cases (46 eyes, 47 surgeries)

One eye (1 time): 33 cases

Both eyes (1 time for each): 6 cases

One eye (2 times): 1 case

Conjunctival fornix reconstruction 

21 cases (22 eyes, 22 surgeries)

Others 5 cases (5 eyes, 7 surgeries)

Reconstruction of ocular surface after tumor 

resection: 4 cases (4 eyes, 6 surgeries)

Cosmetic: 1 case (1 eye, 1 surgery)

Fig. 1. Study flow diagram. Seventy-two patients (81 eyes) underwent cultivated oral mucosal

epithelial transplantation (COMET) between June 2002 and December 2008, and nine patients (10

eyes) with persistent epithelial defect (PED) with accompanying acute inflammatory activity were

included in this study.
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For each patient, the final decision
to perform COMET was made by the
team of corneal specialists at our uni-
versity hospital. As eyes with stem cell
deficiency can be asymptomatic carri-
ers of methicillin-resistant Staphylococ-
cus aureus (MRSA) (Sotozono et al.
2002), a conjunctival swab was cul-
tured preoperatively and antibiotics
were used when deemed necessary.

Cell culture

All COMET sheets were prepared at
the Good Manufacturing Practices
(GMP)-graded Cell Processing Center
at Kyoto Prefectural University of
Medicine as described previously
(Nakamura et al. 2004; Ang et al.
2006; Inatomi et al. 2006a,b). Autolo-
gous oral mucosal epithelial cells were
obtained from a 6-mm-diameter biopsy
specimen taken from the patient’s buc-
cal mucosa and were then co-cultured
with mitomycin C-inactivated 3T3
fibroblasts (NIH-3T3-4; RIKEN Cell
Bank, Tsukuba, Japan) on an amniotic
membrane spread on the bottom of a
culture insert. The cultured cells were
submerged in medium for approxi-
mately 1 week and then exposed to
air by lowering the level of the medium
(airlifting) for 1–2 days. All amniotic
membrane was obtained from caesar-
ean sections, and the preparation
method was performed as described
previously (Nakamura et al. 2004).
Although foetal bovine serum was
initially used as the culture medium,
autologous serum was subsequently
selected as the serum of choice to
reduce the risk of transmitting non-
human pathogens (Ang et al. 2006).

Transplantation and postoperative

management

For each patient, the surgical proce-
dure and postoperative management
were performed as previously described
(Ang et al. 2006; Inatomi et al. 2006a,
b; Nakamura et al. 2011). In patients
with symblepharon or a large area of
bare sclera exposed during surgery,
amniotic membrane was transplanted
onto the bare sclera in order to recon-
struct the conjunctival fornices (Solo-
mon et al. 2003). In patients with a
cataract, phaco-emulsification/aspira-
tion plus intraocular lens implantation
was carried out simultaneously with
COMET. In patients with an eyelid

abnormality, eyelid surgery was com-
bined with COMET (Takeda et al.
2011).

Systemic corticosteroid (betametha-
sone, 1 mg/day) and cyclosporine
(2–3 mg/kg/day) were administered to
prevent postoperative inflammation
and an immunological response and
then tapered depending on the clinical
findings. Dexamethasone (0.1%) and
antibiotic eye drops were instilled four
times per day. Dry eye patients
received a topical administration of
artificial tears. A therapeutic soft con-
tact lens was used for at least 1 month
to protect the transplanted epithelium
from mechanical ablation.

Clinical outcomes

The primary outcome was defined as
epithelialization of the PED. Secondary
outcomes included a change in best-
corrected VA (BCVA) and changes in
the ocular surface grading score.

The ocular surface conditions
including corneal appearance (epithe-
lial defects, clinical conjunctivalization,
neovascularization, opacification, ker-
atinization and symblepharon) were
alternately graded by 2 of 3 ophthal-
mologists (C.S., T.I. and T.N.) on a
scale from 0 to 3 according to their
severity, in accordance with our previ-
ously reported grading system (Sotoz-
ono et al. 2007). Furthermore, findings
on upper and lower fornix shortening
were included when grading the con-
junctival cicatrization. The sum of each
grading score was defined as the ocular
surface grading score (maximum score
24) (Table 2).

Each patient’s epithelial defect,
logarithmic minimum angle of resolu-
tion (logMAR), ocular surface grading
score and data on adverse events
related to COMET or postoperative
management were recorded before sur-
gery, at the 4th, 12th and 24th postop-
erative week and at the final follow-up
examination.

Statistical analysis

The change in epithelial defect, BCVA
and ocular surface grading score from
baseline at each visit, except for the
final visit, was analysed using the
Wilcoxon signed-rank test. All statisti-
cal analyses were conducted at the
Translational Research Informatics
Center (Kobe, Japan) using SAS soft-

ware, version 9.1 (SAS Institute Inc.,
Cary, NC, USA) or JMP software, ver-
sion 8.2 (SAS Institute Inc.).

Results

Patient characteristics

A total of 10 surgeries (10 eyes in nine
patients) were performed on three eyes
with SJS, five eyes with thermal or
chemical injury and two eyes with OCP
(Fig. 1, Table 1). Epithelial defects
persisted, with extensive ocular surface
inflammation accompanying the pro-
gress of cicatrization of the ocular
surface (Fig. 2). The duration of the
PED ranged from 1 to 15 months
(median 3 months). In all patients,
the condition was intractable and
unresponsive to medical treatments
including systemic and local steroids.
Amniotic membrane transplantation
carried out at previous hospital was
failed in both eyes with severe chemical
injury (Case 1). In all three patients
with SJS, MRSA was detected in
both eyes, necessitating both preoper-
ative and postoperative anti-MRSA
therapy.

Contralateral eyes of unilateral treatment

with COMET

All three cases with Stevens–Johnson
syndrome (Cases 5, 6, and 7) and both
cases with ocular cicatricial pemphig-
oid (Cases 8 and 9) were damaged
bilaterally and had PED in both eyes
except 1 case with OCP (Case 9). Case
5 with SJS presented at our hospital at
1 month after disease onset. In that
case, the PED in the contralateral eye
healed 6 months later without under-
going COMET; however, severe
conjunctivalization, neovascularization
and opacification of the cornea had
progressed. Two patients with SJS
presented at our hospital following
PED and subsequent corneal infection
or perforation in the contralateral eye
(Fig. 3, Cases 6 and 7). In the contra-
lateral eye of 1 patient with OCP, rapid
progression of the cicatrization had
previously occurred following PED
(Fig. 3, Case 8). In another case with
OCP (Case 9), the contralateral eye was
already severely cicatrized. In all five
cases, the contralateral eye had lost
vision prior to undergoing treatment
with COMET.
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Epithelial sheet cultivation and trans-

plantation

Cultivated autologous oral mucosal
epithelial sheets were successfully gen-
erated from all patients. In each case,
COMET was successfully performed
and no epithelial damage was observed
during surgery. Amniotic membrane
transplantation (AMT) was combined
with COMET in five of the 10 surgeries,
and cataract surgery was combined with
COMET in 1 eye. In two cases with
thermal injury, eyelid surgery to correct
entropion was combined with COMET
(Table 1).

Epithelialization outcomes

Preoperatively, epithelial defects were
present on over 50% of the corneal
surface (score 3) in seven eyes, on
25–50% of the corneal surface (score
2) in one eye and on <25% of the
corneal surface (score 1) in two eyes.
Severe ocular surface inflammation
with fibrovascular tissue surrounding
the PED was observed in all 10 eyes. In
all eyes, the transplanted epithelium
completely covered the corneal surface
during COMET surgery, and ocular
surface inflammation decreased during
the first few weeks following surgery.
At the 4th postoperative week, seven
eyes (70%) had achieved complete
epithelialization and three eyes showed
a small epithelial defect (two cases with

severe thermal burn and one case of
SJS with severe dry eye). At the 24th
postoperative week, PED had
improved in all patients except one
patient who did not undergo the 24th
postoperative week follow-up (95% CI,
55.5–99.7%; Wilcoxon signed-rank test,
p = 0.0078) (Figs. 2, 4). The mean fol-
low-up period was 21.5 months (range
5.6–39.7 months; median 23.3 months),
and complete epithelialization was
maintained in all eyes (Table 1, Figs. 2,
4A).

VA outcomes

In all patients, no significant difference
was found between preoperative and
postoperative VA. The median log-
MAR was 1.85 before COMET (range
0.15–2.70) and 1.85, 1.85 and 1.52 at 4,
12 and 24 weeks (Wilcoxon signed-
rank test, p = 0.8, 0.6, 0.8), respec-
tively, postoperative; that is, VA was
maintained in all cases.

Ocular surface grading score outcomes:

Preoperatively, the median ocular
surface grading score was 7.0 (range
4–17). While the epithelial defect score
was high, other grading scores of
cicatricial changes were low. At 4, 12
and 24 weeks postoperative, the ocular
surface grading score improved signif-
icantly (p = 0.0020, p = 0.0078, and
p = 0.0234, respectively). The median

ocular surface grading score at 4, 12,
and 24 weeks postoperative and at the
final follow-up was 3.0, 4.0, 3.0 and 5.0,
respectively.

Adverse events

Adverse events included slight eleva-
tion of intraocular pressure (IOP) due
to steroid use in two patients, although
in both cases the IOP returned to the
normal range after steroid use was
reduced. Moderate MRSA-related
corneal infectionoccurred inonepatient;
however, the infection healed without
perforation. No systemic adverse
events occurred in any of the patients.

Discussion

Persistent epithelial defect with LSCD
at an acute inflammatory stage has been
a major problem for ophthalmologists.
The clinical course is progressive with
subsequent conjunctivalization and neo-
vascularization of the cornea, as well as
fornix shortening and subconjunctival
fibrosis. Limbal transplantation and
AMT do not guarantee epithelialization
in such severely inflamed eyes (Azuara-
Blanco et al. 1999; Rao et al. 1999; Mel-
ler et al. 2000; Tamhane et al. 2005; Saw
et al. 2007; Rahman et al. 2009; Tandon
et al. 2011; Hino et al. 2012). In fact, in
two eyes in this study, AMT had previ-
ously been performed unsuccessfully at
another hospital. To date, there is no

Table 1. Summary of the clinical outcomes of COMET.

Case

No. Disease Age/sex

Duration of

the disorder

(months)

Duration of

PED

(months)

Eye

(L/R)

Prior

surgery

(Y/N)

Combination

surgery

Visual acuity

Total ocular

surface score
Follow-up

monthPre 24W Last Pre 24W Last

1 Chemical

injury

33/M 3 3 R Y No 0.002 0.002 0.002 8 5 7 27.2

L Y No 0.03 0.1 0.4 6 3 4 27.2

2 Thermal

injury

27/M 3 3 L N AMT+Eyelid
surgery

0.002 0.03 0.04 6 5 7 31.4

3 Thermal

injury

29/M 1 1 R N Eyelid

surgery

0.7 0.15 0.03 4 6 9 16.5

4 Thermal

injury

61/M 3 3 R N AMT 0.01 – 0.01 6 3 3 33

5 SJS 8/F 8 8 R N No 0.7 0.1 0.002 8 2 5 39.7

6 SJS 30/M 14 14 R N AMT 0.02 0.004 0.01 12 12 17 18.4

7 SJS 62/M 15 15 L N AMT+
CS+Other

0.01 0.01 0.01 6 3 4 19.4

8 OCP 73/M 42 3 R N AMT 0.002 0.06 0.09 17 3 3 9.5

9 OCP 83/M 18 7 L Y No 0.02 – 0.03 17 – 2 5.6

COMET, autologous cultivated oral mucosal epithelial transplantation; SJS, Stevens–Johnson syndrome; OCP, ocular cicatricial pemphigoid; AMT,

amniotic membrane transplantation; CS, cataract surgery; F, female; M, male; Y, yes; N, no.

Visual acuity below 0.01 is shown in italics. Counting fingers, hand motion and light perception were determined to be 0.004, 0.002 and 0.001,

respectively.

Asterisks (*) indicates cases in which foetal bovine serum (FBS) was used as a culture medium for the epithelial sheet. We used autologous serum (AS)

in other cases.
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reliable therapy to achieve epithelializa-
tion in such cases, and inhibition of the
progression of cicatrization is very dif-
ficult to achieve.

This study demonstrated the success-
ful use of COMET to treat PED. The

disease status was characterized by a
history of an acute episode of PED and
prolonged inflammation on the ocular
surface. We defined this condition as
PED with acute inflammatory activity.
In all eyes, the cornea was epithelialized

immediately after undergoing COMET,
and the inflamed ocular surface stabi-
lized during the first fewweeks following
surgery. In all patients, sustained clini-
cal remission was achieved within 1 or
2 months postoperative. Long-term

Table 2. Ocular surface grading system for COMET.

Variable Variable scores

Category Variable name 0 1 2 3

Corneal

appearance

Symblepharon No symblepharon Involving only the

conjunctiva

Less than 1/2 of the

corneal surface

More than 1/2 of the

corneal surface

Epithelial defect No defect Less than 1/4 of

the corneal surface

1/4–1/2 of the corneal surface More than 1/2 of the

corneal surface

Conjunctivalization Absence of

conjunctivalization

Less than 1/4 of

the corneal surface

1/4–1/2 of the corneal surface More than 1/2 of the

corneal surface

Neovascularization No neovascularization Confined to the

corneal periphery

Extending up to the pupil margin Extending beyond the

pupil margin into the

central cornea

Opacification Iris details

clearly visualized

Partial obscuration

of the iris details

Iris details poorly seen with

pupil margin visible

Complete obscuration

of iris and pupil details

Keratinization No corneal

keratinization

Less than 1/4 of

the corneal surface

1/4–1/2 of the corneal surface More than 1/2 of the

corneal surface

Conjunctival

appearance

Fornix

shortening (Upper)

Normal depth Shortened by

less than 1/4

Shortened by 1/4–1/2 Shortened by

more than 1/2

(Lower) Normal depth Shortened by

less than 1/4

Shortened by 1/4–1/2 Shortened by

more than 1/2

This scoring system as previously reported has been refined by the findings on the prognostic significance of the degree or severity of ocular surface

disorders obtained in this work. The scoring system could be classified broadly as corneal complications and conjunctival complications, respectively.

(A) (B)

Fig. 2. Slit-lamp appearances of all eyes with PED treated by cultivated oral mucosal epithelial transplantation (COMET). (Left two columns)

Preoperatively, epithelial defect persisted in all eyes, with massive inflammation on the ocular surface. Note the subconjunctival fibrosis around the

PED. (Right two columns) Ocular surface appearance at the 24th postoperative week. Ocular surface stabilization and complete epithelialization were

achieved in all eyes.
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follow-up revealed that epithelialization
and stabilization of the ocular surface
were maintained over a long period.

In eyes with early-stage PED without
stromal damage, VA is usually undis-
turbed. Therefore, the severity and
prognosis of the disease are often
underestimated. However, prolonged
PED induces conjunctivalization of the
cornea and/or stromal melting. In fact,
in some of the cases, conjunctivalization
progressed during the period from the
oral mucosal biopsy to transplantation
of the prepared epithelial sheet. It
should be emphasized that in the bilat-
eral cases, the similarly afflicted contra-
lateral eyes lost vision because of
corneal perforation, infection or severe
cicatrization. We consider that epitheli-
alization resulting from COMET pre-
vented complications such as corneal
ulceration and perforation. The fact
that no significant difference was found
between preoperative and postoperative
VA means that COMET effectively
worked to maintain the patient’s pre-
operative VA, thus preventing loss of

VA, or in cases of prolonged PED, any
further loss of VA. The ocular surface
grading score indicates the degree of
cicatrization of the ocular surface and is
known to correlate well with VA (Sot-
ozono et al. 2007). In this study, it is
remarkable that the ocular surface
grading score was improved both at
the 24th postoperative week and at the
final follow-up. Only in one patient with
moderate MRSA infection (Case 6) had
fornix shortening and conjunctivaliza-
tion progressed after the remission of
infection. We theorize that epithelial-
ization resulting from COMET may
have prevented the progression of cica-
trization of the ocular surface at a later
stage.

We hypothesize that one of the
mechanisms by which COMET has a
positive treatment effect on subacute
PED is the decrease in massive inflam-
mation on the ocular surface. A similar
effect can be obtained by cultivated
corneal limbal epithelial transplanta-
tion (CLET) (Koizumi et al. 2001).
Conventional stem cell transplantation

such as limbal transplantation (LT)
requires several weeks for the corneal
epithelium from the donor cornea to
migrate and cover the corneal surface.
In contrast, transplantation of culti-
vated epithelium covers the entire cor-
nea during surgery and works to
resolve the ocular surface inflamma-
tion. Previously, we compared the res-
olution of inflammation on the ocular
surface in the eyes of an SJS patient
who underwent CLET for one eye
and conventional LT for the fellow
eye. Our findings showed that ocular
inflammation and IL-8 levels in tears
decreased more rapidly in the eye that
underwent CLET and that ocular cic-
atrization was higher in the eye that
underwent conventional LT (Ang et al.
2007). Whereas long-term postopera-
tive immunosuppressive therapy to
prevent epithelial rejection is needed
after allo CLET, it is not necessary
after COMET. Thus, we select either
CLET or COMET depending on the
disease and how severely the eye is
affected.

In this present study, we found
differences among the three disease
categories. In the patients with thermal
or chemical injury, the reconstructed
ocular surface has been maintained for
a long period of time, up until the
present date. All three SJS patients
required both preoperative and post-
operative anti-MRSA therapies. Due
to the fact that OCP is a progressive

Fig. 3. Clinical courses of the contralateral eyes not treated with COMET. Note the non-

infectious corneal stromal melting and perforation in Case 6 (left), the MRSA infection in Case 7

(middle) and the cicatrization in Case 8 after PED with acute inflammatory activity (right).

(A) (B)

Fig. 4. Preoperative and postoperative scores of ocular surface. (A) Preoperative and postoperative scores of the corneal epithelial defects. The

epithelial defect scores for each patient were calculated using the previously reported grading system (Sotozono et al. 2007). The scores before surgery

and at the 4th, 12th and 24th postoperative weeks and at the final follow-up examination were calculated. The change from baseline at each visit,

except for the final visit, was analysed using the Wilcoxon signed-rank test. The bottom and top lines of the box represent the 25th and 75th

percentiles, respectively. The circles represent the individual scores of the patients. The horizontal lines below and above the box represent the lowest

and highest values, respectively (or are located 1.5 times the interquartile range away from the box). *p = 0.0156; **p = 0.0078 (Wilcoxon signed-

rank test). (B) Preoperative and postoperative ocular surface grading score. Ocular surface grading scores for each patient were calculated using the

previously reported grading system (Sotozono et al. 2007). Scores for 8 components of the ocular surface were calculated by the grading system. The

total scores before surgery and at the 4th, 12th and 24th postoperative weeks and last follow-up examination were calculated. The change in ocular

surface grading score from baseline at each visit, except for the last visit, was analysed using the Wilcoxon signed-rank test. The circles represent the

individual scores of the patients. The horizontal line within each box represents the median value, the bottom and top lines of the box represent the

25th and 75th percentiles, respectively, and the horizontal lines below and above the box represent the lowest and highest values, respectively (or are

located 1.5 times the interquartile range away from the box). *p = 0.0234; **p = 0.0078; ***p = 0.0020 (Wilcoxon signed-rank test).
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autoimmune disease, conjunctival cica-
trization gradually progressed after
COMET in the two OCP cases in this
study.

Persistent epithelial defect also occurs
in the chronic stage of LSCD. Eyes with
chronic PEDare accompanied by severe
dryness of the ocular surface and some-
times blink-related mechanical trauma.
Chronic PED is not usually inflamed,
and anti-inflammatory medication is
ineffective. Surgical treatments such as
LT or AMT are also ineffective. Trans-
planted epithelium easily detaches in
eyes with chronic PED due to severe
dryness of the eye. Thus, we consider
chronic PED to be a contraindication
for COMET, so it is important to
distinguish chronic PED from subacute
PED with inflammatory activity. It
should be noted that the management
of chronic PED is extremely difficult.
Eye ointments, artificial tears and ban-
daging of the eye are all necessary.
Moreover, attention should be paid to
infectious or non-infectious stromal
melting. However, such intensive care
does not guarantee re-epithelialization,
and PED with acute inflammatory
activity can shift to chronic PED when
the condition persists.

Limitations of this study included
the small number of the patients,
varying aetiology of PED, and that
this was a non-randomized study with
no control group. Prospective studies
are necessary to evaluate and confirm
the efficacy of COMET.

In conclusion, the findings of this
present study show that in all treated
eyes, COMET resulted in complete
re-epithelialization as well as ocular
surface stabilization, thus preventing
end-stage cicatrization and vision loss.
COMET provides a new therapeutic
modality for the treatment of PED and
greatly contributes to the improvement
of the visual prognosis in cases of
severe OSDs.
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Abstract: One of the major problems encountered in cell
transplantation is the low level of survival of transplanted cells
due to detachment-induced apoptosis, called anoikis. The
present study reports on the chemical synthesis and biological
evaluation of water-soluble molecules that protect suspended
cells from anoikis. The synthetic molecules bind to and induce
clusters of integrins and heparan-sulfate-bound syndecans, two
classes of receptors that are important for extracellular matrix-
mediated cell survival. Molecular biological analysis indicates
that suchmolecules prolong the survival of suspended NIH3T3
cells, at least in part, by promoting clustering of syndecan-4 and
integrin b1 on the cell surface, leading to the activation of small
GTPase Rac-1 and Akt. In vivo experiments using animal
disease models demonstrated the ability of the molecules to
improve cell engraftment. The cluster-inducing molecules may
provide a starting point for the design of new synthetic tools for
cell-based therapy.

Cell-based therapy is an exciting new field that has shown
great potential in the treatment of diseases, such as diabetes,
neurodegenerative diseases, and cardiovascular diseases.[1]

Cell transplantation restores lost function in damaged tissues
or compromised organs by replacing damaged cells with
viable, functional cells. However, despite its potential bene-
fits, the clinical application of cell transplantation remains
limited. One of the major problems encountered in cell
transplantation is the low level of survival of transplanted
cells, which reduces both the cell number and engraftment to
the recipient tissue.[2] Various strategies have been used to

increase the survival of transplanted cells: pretreatment of
cells with growth factors or cytokines, genetic modifications to
induce overexpression of prosurvival molecules, and trans-
plantation together with artificial or animal-derived extracel-
lular matrixes.[3] Each approach has limitations and potential
side effects, e.g., unwanted cell proliferation or differentia-
tion, immune attack, or mechanical stress.[4] New strategies
are needed to improve the survival of transplanted cells for
cell-based therapies.

Transplanted cells are particularly susceptible to anoikis,
a form of detachment-induced apoptosis.[5] During injection,
the cells are detached from the host matrix or cell culture
substrate, resulting in loss of cell-matrix signaling and,
ultimately, cell death. The association of transplanted cells
with the extracellular matrix, which is primarily maintained
by integrins, activates survival signaling pathways.[6] Although
the signals transduced by integrins play a major role in cell
survival, they alone are not sufficient for survival. It is
increasingly clear that two cell membrane receptors, integrins
and heparan-sulfate-containing syndecans, play a synergistic
role in the generation of intracellular survival signals.[7] For
example, both the integrin-binding and heparin-binding
domains of fibronectin, a major extracellular matrix protein,
are needed to regulate and stabilize its survival activity.[8]

Syndecans act as receptors for extracellular matrix proteins
and soluble ligands, and can recruit integrins at the cell
surface and promote their clustering and co-localization.[9] On
the other hand, binding of integrins to the extracellular
matrix, independently of syndecans, is required to potentiate

[*] H. L. Frisco-Cabanos, Dr. M. Watanabe,[+] N. Takemoto, J. Takaya,
Dr. S. Sato, Dr. S. Yamazoe, Prof. M. Uesugi
Institute for Integrated Cell-Material Sciences (WPI-iCeMS) and
Institute for Chemical Research, Kyoto University
Uji, Kyoto 611-0011 (Japan)
E-mail: uesugi@scl.kyoto-u.ac.jp

Dr. N. Okumura,[+] Prof. N. Koizumi
Faculty of Life and Medical Sciences, Doshisha University
Kyotanabe, Kyoto 610-0394 (Japan)
E-mail: nkoizumi@mail.doshisha.ac.jp

Dr. K. Kusamori,[+] Prof. Y. Takakura, Dr. M. Nishikawa
Graduate School of Pharmaceutical Sciences, Kyoto University
Kyoto, Kyoto 606-8501 (Japan)
E-mail: makiya@pharm.kyoto-u.ac.jp

Prof. S. Kinoshita
Department of Ophthalmology, Kyoto Prefectural University of
Medicine (Japan)

H. L. Frisco-Cabanos, J. Takaya
Graduate School of Medicine Kyoto University (Japan)

[+] These authors contributed equally to the work.

[**] We thank Nagase & Co., Ltd. for sharing chemical samples. This
work was supported in part by JSPS (LR018 to M.U. and LS117 to
N.K.) and the Collaborative Research Program of the Institute for
Chemical Research, Kyoto University (2013-51, 2012-10, 2011-26,
and 2010-24). The Uesugi research group participates in the Global
COE program “Integrated Materials Science” (no B-09). iCeMS is
supported by World Premier International Research Center Initiative
(WPI), MEXT (Japan). This work was inspired by the international
and interdisciplinary environments of the iCeMS and JSPS Asian
CORE Program, “Asian Chemical Biology Initiative”. The upgrade of
the confocal microscope was supported by the New Energy and
Industrial Technology Development Organization (NEDO) of Japan
and Yokogawa Electric Corporation.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201405829.

.Angewandte
Communications

11208 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 11208 –11213



the syndecan-mediated signals.[10] Binding of the
two fibronectin domains to integrin and synde-
can synergistically promotes cell survival.

We took advantage of the synergistic effect
of the two receptors to design a hybrid molecule
that contains both integrin- and heparan-sul-
fate-binding/assembling modules. We intro-
duced an RGDS peptide[11] as the integrin-
binding module and adhesamine,[12] a synthetic
molecule that selectively binds to and clusters
the heparan sulfate of syndecans, as the hep-
aran-sulfate-binding/assembling module. We
predicted that the covalent conjugation of the
highly water-soluble RGDS peptide with adhes-
amine would generate a synthetic soluble factor
that binds simultaneously to and causes cluster-
ing of integrin and heparan-sulfate-containing
syndecans, allowing suspended cells to evade
anoikis. Ultimately, the higher cell viability
should result in a higher engraftment efficiency
and improve transplantation success. Such a syn-
thetic molecule would also provide a relatively
safe alternative for xeno-free and chemically-
defined cell transplantation, which appears to
be essential for the success of cell-based therapy.

Adhesamine (molecule 1, Scheme 1) was
covalently conjugated with one or two amino-
oxyacetic acid-functionalized RGDS peptides 2
through oxime ligation with the aldehyde
groups of adhesamine, whose modifications
have been shown to be well tolerated. To
check if these modifications affect the ability
of adhesamine to bind to heparan sulfate, we
examined the affinity of molecules 4 and 5
(Scheme 1) for the heparin polymer, a model of
heparan sulfate, using isothermal titration calo-
rimetry. Molecule 5 exhibited an affinity to
heparin comparable to that of adhesamine,
whereas molecule 4 displayed only half of the
affinity of adhesamine (Table S1 and Figure S1). Previous
results suggested that the pyrimidine moieties of adhesamine
stack with each other upon binding to heparin or heparan
sulfate.[13] Presumably, the coupling of the bulky peptides with
both of the pyrimidine moieties prevents the stacking
interaction due to steric hindrance. Despite their reduced
affinity, the attachment of the RGDS peptide rendered the
conjugates highly water-soluble. Their solubility, in addition
to their role as integrin-binding modules, makes molecules 4
and 5 suitable for inhibiting anoikis of suspended cells. The
solubility in water allows the molecules to be injected
together with the suspended cells, without adhering to the
tubes or syringes used during cell culture and transplantation.

We first examined the ability of the synthetic molecules to
inhibit anoikis of NIH3T3 cells, an anchorage-dependent
mouse embryo fibroblast cell line often used in anoikis
studies. A round-bottom, noncoated plate was used in order
to reduce or remove cell-substrate interactions, cells were
strained twice prior to the assay to ensure single cell
suspension, and serum-free media were used throughout the

assay; these are conditions which promote anoikis. After 72
hours of incubation under anoikis conditions, the viability of
suspended cells was quantified by measuring NADPH
dehydrogenase activity.

No detectable live cells were found in DMSO-treated
(control) samples (Figure 1). As expected, detachment from
the extracellular matrix and loss of signals from cell–cell
interaction or soluble factors in serum resulted in cell death.
In contrast, the addition of the adhesamine–RGDS conju-
gates (molecules 4 and 5) significantly reduced anoikis of
floating cells (Figure 1). Molecule 5 exhibited the greatest
activity, rescuing approximately 100% of the cells from
anoikis. Adhesamine (molecule 1) alone displayed no signifi-
cant inhibition of anoikis. Instead, this lipophilic molecule
induced cell attachment to the plastic plates, as previously
reported.[12] Both the RGDS peptide (molecule 2, Scheme 1)
and RGDS dimer (molecule 3, Scheme 1) failed to inhibit
anoikis or induce cell attachment (Figure 1), which is not
surprising, because soluble integrin ligands usually block the
receptor function rather than activate it. Even the combina-

Scheme 1. Chemical structures of molecules 1–5. Counteranions (TFA or acetic acid)
are omitted for clarity.
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tion of adhesamine (molecule 1) and an RGDS peptide
(molecule 2) exhibited no significant inhibition of anoikis
(Figure 1). Moreover, the addition of excess amounts of either
molecule 1 or 2 impaired the activities of molecules 4 and 5
(Figure S2), suggesting that both modules of molecules 4 and
5 interact simultaneously with their receptors. These results
indicate that the covalent conjugation of adhesamine with
RGDS peptides is essential for preventing anoikis of sus-
pended cells.

Time-course experiments showed that essentially all of
the suspended cells in the control (DMSO) treatment under-
went cell death after 48 h, while cells treated with molecules 4
and 5 had about 50 and 100% survival, respectively, after 72 h
(Figure S3A). The inhibition of anoikis by molecules 4 and 5,
even at a relatively low concentration (6 mm) was greater than
the inhibition by fibronectin or Y-27632, a ROCK (Rho-
associated coiled-coil forming kinase) inhibitor that is often
used to block anoikis (Figure S3B).[14]

We next evaluated the effect of molecules 4 and 5 on the
apoptotic response of cells under anoikis conditions. The time
course of annexin-V expression showed that cells alone
(control) readily underwent apoptosis after 72 h (Figure S4).
Treatment with molecule 4 or 5 lowered the percentages of
apoptotic cells (Figure S4), consistent with the results of the
cell viability assays.

The activation of caspases, in particular caspase-8, is
a major initiating event in anoikis.[15] Therefore, we inves-
tigated the effect of molecules 4 and 5 on the caspase activity.
Incubation of NIH3T3 cells under anoikis conditions
increased the caspase activity, measured as the luminescence
of caspase-8 substrate after 12 h (Figure S5A). The treatment
of cells with molecule 4 or 5 inhibited the anoikis-induced
activation of caspase-8. The level of inhibition was similar to
the level of caspase-3 activation in cells treated with molecule
4 or 5 (Figure S5B). Caspase-3 is an effector caspase involved
in the execution of apoptotic pathways, and has been reported
to be upregulated in fibroblast cells undergoing anoikis.[16]

These results collectively suggest that molecules 4 and 5 are
directly involved in the protection of cells from anoikis.

To determine the signaling mechanism by which mole-
cules 4 and 5 inhibit anoikis of NIH3T3 cells, we initially
examined the status of the Akt- and the ERK-dependent
pathways, which are signaling cascades that have established
roles in anchorage-mediated survival.[17] Western blot analysis
revealed that the addition of molecule 4 or 5 resulted in
a clear increase in Akt phosphorylation (Figure 2A and S6A),

but not in ERK1/2 phosphorylation (Figure S7A). Akt,
serine/threonine-specific protein kinase B (PKB), plays
a central role in cell survival signaling: integrin-, growth-
factor- and cell–cell-mediated signal transductions converge
at the activation of this kinase. Anoikis inhibition by Akt
activators has been previously reported, demonstrating that
Akt can suppress anoikis.[18] Our results suggest that the
inhibition of anoikis by molecules 4 and 5 occurs at least
partly through Akt activation.

The FAK-PI3K cascade is an upstream pathway of Akt in
anchorage-mediated survival.[19] Interestingly, the addition of
molecule 4 or 5 failed to increase the phosphorylation of
PI3K, but upregulated the expression of total PI3K (Fig-
ure S7B). Addition of molecule 4 or 5 also failed to increase
the phosphorylation of focal adhesion kinase (FAK), an even
more upstream kinase,[20] but total FAK expression increased
compared to the control (Figure S7C). Although the reasons

Figure 1. Effects of adhesamine-RGDS derivatives on cell viability. Cell
viability of suspended cells after incubation with molecules 1–5
(60 mm) for 72 h was determined using WST-8 assay, normalized to
cells immediately after plating (100%). 2+2, 1+2, and 1+2+2
indicate molecule 2 (120 mm), molecules 1 and 2 (60 mm each), and
molecules 1 and 2 (60 mm and 120 mm, respectively), respectively.
Results from three independent experiments are shown (mean val-
ue� standard deviation, n=3 for each experiment). * indicates
a significant difference compared to the DMSO control (p<0.001).

Figure 2. Effects of molecules 4 and 5 on phosphorylation and
expression of proteins of cells under anoikis conditions. A) Akt,
B) Rac-1/cdc42, a homolog of cell division control protein 42 in the
Rho family of GTPases, and C) Bcl-xL, B-cell lymphoma-extra-large.
Expression of proteins after a 12 h incubation with molecule 4 or 5
was evaluated using Western blot analysis. The upper panel shows the
phosphorylated form of the protein (A and B); the middle panel shows
total protein (A, B, and C); and the bottom panel shows glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) as a loading control (A, B,
and C). Representative images from three independent experiments
are shown for each protein.
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for the increased expression of PI3K and FAK by molecule 4
or 5 remain unknown, the FAK-PI3K pathway does not
appear to be involved in the induced phosphorylation of Akt
by molecules 4 and 5.

The Rho family of small GTPase Rac-1 is another
upstream stimulator of Akt activity.[21] Phosphorylation of
Rac-1 is strongly involved in attachment-dependent cell
survival, especially through syndecans.[22] The phosphoryla-
tion of Rac-1 increased in cells treated with molecule 4 or 5
(Figure 2B and S6B). The induced phosphorylation of Akt
and Rac-1 supports a model in which the binding of molecules
4 and 5 to both integrin and heparan sulfate leads to the
activation of small GTPase Rac-1, in turn stimulating Akt
phosphorylation.

We next examined the expression levels of Bcl-xL, a key
anti-apoptotic protein that is upregulated by Akt.[23] The
overexpression of Bcl-xL has previously been shown to
abolish anoikis. Western blot analysis showed, as previously
reported,[24] that incubation under anoikis conditions down-
regulated the expression of Bcl-xL in untreated cells (Fig-
ure 2C and S6C). The addition of molecule 4 or 5 resulted in
a marked increase in Bcl-xL expression (Figure 2C and S6C),
consistent with the stimulation of Akt phosphorylation by
molecules 4 and 5.

Previous studies demonstrated that adhesamine (mole-
cule 1) induces a clustering of heparan-sulfate-bound synde-
cans, most significantly syndecan-4, on the cell surface.[13] We
used immunostaining to determine if molecules 4 and 5
promote similar clustering of syndecan-4. Suspended NIH3T3
cells incubated with molecule 4 or 5 (60 mm) for 24 h in
a serum-free medium were collected and fixed immediately
after re-attachment to glass plates. Microscopic observation
showed that molecule 4 or 5 did promote clustering of
syndecan-4 at the cell surface (Figure 3).

The addition of an RGDS moiety was expected to allow
molecules 4 and 5 bind to integrins and promote their co-
clustering with syndecans. Among a number of clustering
combinations of syndecans and integrins, we examined that of
syndecan-4 and integrin b1, which is considered to be themost
important combination for the cell survival mediated by the
extracellular matrix.[7] Immunostaining images of cells treated
with molecule 4 or 5 did indeed show co-localization of
syndecan-4 and integrin b1 at the cell surface (Figure 3). The
extent of co-localization at the cell surface was quantified
using Pearson�s correlation coefficient (Figure S8). These
results suggest that adhesamine-RGDS derivatives act as
soluble ligands, whose activity promote syndecan-4 and
integrin b1 recruitment to the cell surface, and induce their
clustering and co-localization. Presumably, this clustering
leads to an activation of the downstream signaling survival
pathway that involves Rac-1 activation, leading to Akt
activation and Bcl-xL upregulation.

Finally, we examined the ability of molecule 4 to enhance
cell engraftment in cell transplantation procedures. Due to
the potential degradation of the peptide segments in vivo, we
selected molecule 4, which is equipped with two peptides and
is more readily synthesized than molecule 5.

Molecule 4 was first tested for its ability to promote the
engraftment of bone-marrow-derived cells (BMDCs) in

a type 2 diabetic (db/db) mouse model, which displays
delayed and poor wound healing.[25] Wound healing required
28 days or more in the control group, and was accelerated by
injection of BMDCs (Figure 4). Co-injection of cells with 6 mm
of molecule 4 further improved the BMDC-mediated wound
healing (Figure 4 and S9). Note that the administration of

Figure 3. Effects of molecules 4 and 5 on syndecan-4 and integrin b1
co-localization. Suspended cells incubated with each molecule 4 and 5
(60 mm) for 24 h in serum-free medium were collected and re-attached
to glass-bottom plates for 2 h. Cells were stained with anti-integrin b1
and syndecan-4 antibodies, counterstained with DAPI, and visualized
by fluorescence microscopy. The representative images for each treat-
ment from three independent experiments are shown. (Scale
bar=10 mm)

Figure 4. Effects of molecule 4 on wound healing in diabetic mice.
Mice received intradermal injections of BMDCs near the injury site,
with or without pretreatment with molecule 4 (6 mm). Hank’s balanced
salt solution without cells was injected as a control. Wound size was
measured from Day 0. Experiments were carried out in duplicate, and
results of a representative experiment are shown, expressed as mean
value� standard deviation of 4–6 mice. *p<0.05 compared to the
control group; and #p<0.05 compared to the BMDCs only group.
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molecule 4 alone has no significant effect on wound healing
(data not shown).

The in vivo effect of molecule 4 was further investigated
using a rabbit model of bullous keratopathy. The corneal
endothelium maintains transparency through barrier and
Na+–K+ transport systems. In bullous keratopathy, the
dysfunction of the endothelium causes corneal cloudiness
and severe visual impairment, and is usually treated by
corneal transplantation. However, recent research showed
that a co-injection of suspended corneal endothelial cells
(CECs) with a Rho kinase inhibitor directly into the anterior
chambers successfully recovered corneal transparency in
rabbit and monkey models of corneal endothelial dysfunc-
tion.[26] Similarly, the co-injection of molecule 4 (10 mm) with
suspended CECs in the rabbit model recovered the corneal
transparency after 7 days, whereas the treatment with CECs
alone exhibited hazy cornea (Figure 5). Complications related

to cell injection therapy, such as the abnormal deposition of
injected cells and elevation of intraocular pressure, were not
observed during the experiments (Figure S10). CECs co-
injected with molecule 4 covered denuded Descemet�s
membrane and exhibited hexagonal morphology, whereas
CECs injected without molecule 4 failed to cover the
Descemet�s membrane 3 h past injection (Figure S11A).
After 7 days, CECs injected with molecule 4 displayed
characteristic staining patterns for ZO-1 (gap junction
marker) and Na/K-ATPase at the plasma membranes (Fig-
ure S11B). In addition, corneal endothelial cells expressed
Dil, suggesting that the corneal endothelium was regenerated
by injected CECs (Figure S11B). Endothelium treated with

CECs, but without molecule 4, exhibited a stratified fibro-
blastic phenotype after 14 days (Figure S11C). In contrast,
CECs injection with molecule 4 regenerated the hexagonal,
contact-inhibited phenotype (Figure S11C). Thus, the trans-
plantation of cultured rabbit CECs together with molecule 4
enhanced the cell engraftment and recovery of corneal
transparency without the usual complications associated
with corneal transplantation. Together, the positive effects
of molecule 4 on the treatment of these two disease models
suggest that the synthetic molecule serves as an adjuvant for
cell therapy. It would be interesting to see whether molecule 4
or its derivatives can be applied to more complex cell
transplantation systems.

The present study describes the chemical synthesis and
biological evaluation of soluble, hybrid molecules that target
two receptors essential for transmitting survival signals—
syndecans and integrins. Integrin has long been recognized as
a promising drug target, particularly for cancer therapy.[27]

The drug, Cilengitide, is the first clinically applied integrin
antagonist that uses the RGD sequence.[28] Despite progress
in the development of integrin antagonists, the only soluble
small-molecule integrin agonists that have been explored to
date are an allosteric inhibitor-derived agonists, which
stimulates ligand binding but blocks the functions of integrins,
and short peptides from tenascin-C.[29] The self-assembling
hybrid molecules described herein are the first soluble,
synthetic dual agonists of syndecan and integrin that are
useful for anoikis inhibition and, therefore, have potential
applications in cell transplant therapy.

Integrins are known to be activated by both extracellular
ligand binding and intracellular signaling.[30] The extracellular
ligand binding alone is not sufficient to induce the integrin
clustering necessary to generate significant survival signals. It
has been suggested that intracellular signals induce a con-
formational change in integrin, to a high-affinity state that
increases ligand binding. The integrin clustering caused by
molecules 4 and 5 through their RGD moieties might be
potentiated by intracellular signals that are generated by
syndecan-4 clustering induced by the molecules� adhesamine
moieties. Consistent with our results, a recent investigation
showed that Rac-1 activation, a direct consequence of
syndecan-4 clustering, promotes integrin clustering, which in
turn activates Rac-1, establishing a positive feedback loop.[31]

Because detailed three-dimensional structures of molecules 4
and 5 are not available, it is difficult to determine the
contribution of each module in eliciting the biological activity.
Nevertheless, molecules 4 and 5 provide a starting point for
designing synthetic tools for cell-based therapy. Spatially
regulated ligation of adhesamine and RGD peptides could
potentially lead to the design of synthetic molecules with even
more potent activities.
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Figure 5. Effects of molecule 4 on a rabbit model of bullous keratop-
athy. Eyes were injected with cultivated rabbit corneal endothelial cells
(CECs), with or without molecule 4 (10 mm). No treatment group
served as control. A) Photographs showing corneal transparency, and
B) quantitative assessment of corneal transparency, one week after
injection. Corneal transparency scores: 0= clear cornea with iris details
clearly visualized; 1=partial obscuration of the iris details; 2= iris
details poorly seen with pupil margin just visible; 3=complete
obscuration of iris and pupil details. * indicates significant difference
(p<0.01) between mean scores of rabbits treated with molecule 4 and
CECs versus CECs only (n=5 for each group).
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Abstract

Neural crest cells (NCCs) are an embryonic migratory cell population with the ability

to differentiate into a wide variety of cell types that contribute to the craniofacial

skeleton, cornea, peripheral nervous system, and skin pigmentation. This ability

suggests the promising role of NCCs as a source for cell-based therapy. Although

several methods have been used to induce human NCCs (hNCCs) from human

pluripotent stem cells (hPSCs), such as embryonic stem cells (ESCs) and induced

pluripotent stem cells (iPSCs), further modifications are required to improve the

robustness, efficacy, and simplicity of these methods. Chemically defined medium

(CDM) was used as the basal medium in the induction and maintenance steps. By

optimizing the culture conditions, the combination of the GSK3b inhibitor and TGFb

inhibitor with a minimum growth factor (insulin) very efficiently induced hNCCs

(70–80%) from hPSCs. The induced hNCCs expressed cranial NCC-related genes

and stably proliferated in CDM supplemented with EGF and FGF2 up to at least 10
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passages without changes being observed in the major gene expression profiles.

Differentiation properties were confirmed for peripheral neurons, glia, melanocytes,

and corneal endothelial cells. In addition, cells with differentiation characteristics

similar to multipotent mesenchymal stromal cells (MSCs) were induced from

hNCCs using CDM specific for human MSCs. Our simple and robust induction

protocol using small molecule compounds with defined media enabled the

generation of hNCCs as an intermediate material producing terminally differentiated

cells for cell-based innovative medicine.

Introduction

In order to apply human pluripotent stem cells (hPSCs) to innovative medicine,

such as cell therapy, disease modeling, and drug discovery, robust and efficient

methods to produce the desired cell types without contaminating undesired cells

are indispensable [1]. Since the contamination of hPSCs, in particular, may cause

serious adverse effects, careful monitoring, which requires a considerable amount

of time and cost, has to be conducted. Therefore, it would be beneficial to have

intermediate cells between hPSCs and terminally differentiated cells, which are

proved to have no contaminated hPSCs, contain limited but multiple

differentiation properties, and stably proliferate without phenotypic changes. One

of the promising candidates with such features is the neural crest cell (NCC) [2].

The neural crest emerges at the border of the neural and non-neural ectoderm

in gastrula embryos during vertebrate development [3]. Cells in the neural crest,

and later in the dorsal part of the neural tube, eventually delaminate and migrate

throughout the body while retaining their characteristic phenotype [4]. When

they reach their target tissues, NCCs differentiate into specific cell types depending

on the location [5]. NCCs give rise to the majority of cranial bone, cartilage,

smooth muscle, and pigmented cells in the cranial region, as well as neurons and

glia in the peripheral nervous system [3–5]. Cardiac NCCs are known to

contribute to valves in the heart, while vagal NCCs differentiate into enteric

ganglia in the gut [6]. NCCs give rise to neurons and glia in the peripheral

nervous system in the trunk region, secretory cells in the endocrine system, and

pigmented cells in the skin.

Using a lineage-tracing system, rodent neural crest-derived cells were detected

in adult tissues such as bone marrow, and still retained multipotent differentiation

properties, which indicated that these cells are one of the cell-of-origin of

multipotent mesenchymal stromal cells (MSCs) [7, 8]. Therefore, the production

of human MSCs (hMSCs) from hPSCs via NCC lineage is a promising approach

for the use of hPSCs in innovative medicine [9, 10]. A considerable number of

studies have been dedicated to establishing robust and efficient induction

methods from hPSCs to hNCCs in the past decade [11–13]. However, most of

these studies used non-human stromal feeder cells or only achieved low induction

MSCs via PSC-Derived NCCs

PLOS ONE | DOI:10.1371/journal.pone.0112291 December 2, 2014 2 / 25



Figure 1. Induction of p75high cells from hPSCs. A) Schematic representation of the protocol. B) Morphology of colonies during the induction. Phase
contrast images were taken on days 0, 3, and 7. Scale bar, 200 mm. C) The fraction of p75-positive cells in 201B7 cells was treated with SB431542 (SB)
(10 mM) and CHIR99021 (CHIR) (indicated concentration) for seven days, stained with an anti-p75 antibody, and analyzed by FACS. D) Fraction of the
p75high population induced by SB (10 mM) and CHIR (1 mM) from hESCs (KhES1, KhES3, H9) and hiPSCs (414C2, 201B7). Average¡ SD. N53, biological
triplicate. E) Immunocytochemical analyses of colonies on day 7 (201B7). Cells were stained with antibodies against PAX6, TFAP2A, and p75. Scale bar,
100 mm.

doi:10.1371/journal.pone.0112291.g001
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efficiencies. An ideal method from the standpoint of clinical applications is free

from xeno-materials, such as feeder cells or serum, and can be performed using a

chemically defined medium (CDM). Two groups have published protocols that

are compatible with these requirements [14, 15]. The first group employed a two-

step approach, in which hPSCs were firstly dissociated into single cells and

cultured with CDM for two weeks for the adaptation. Cells were then cultured

with CDM that was supplemented with an activator of Wnt signaling and

inhibitor of Activin/Nodal/TGFb signaling, but was free from BMP signaling

modulation [14]. The other group used MEF-conditioned hESC media for the

initial step, and replaced it with knockout serum replacement (KSR)-based

medium, which thereafter was gradually replaced with an increasing amount of

N2 media. They employed an inhibitor for BMP signaling in addition to an

inhibitor for Activin/Nodal/TGFb signaling during the initial 3 days, and then

replaced them with an activator of Wnt signaling [15]. Therefore, the requirement

for signal modulators, particularly BMP signaling inhibitors, remains contro-

versial. Further modifications are still needed to improve the robustness, efficacy,

and simplicity of these methods.

We here developed a robust and efficient induction protocol using CDM

containing inhibitors for TGFb signaling and GSK3b, but not for BMP signaling

with minimal growth factors. The protocol very efficiently induced hNCCs

(70–80%) from hPSCs irrespective of the type (hESCs vs hiPSCs) or generating

method (viral-integrated vs plasmid-episomal). Genome-wide analyses revealed

that induced hNCCs retained their gene expression profile as NCCs even after 10

passages. As for differentiation properties, induced hNCCs successfully differ-

entiated into peripheral neurons, glia, melanocytes and corneal endothelial cells.

In addition, induced hNCCs were able to produce cells comparable to hMSCs,

which were free from contaminated hPSCs and could differentiate into osteo-,

chondro-, and adipogenic cells. Furthermore, using iPSCs generated and

maintained under feeder-free and xeno-free culture systems, we successfully

induced hNCCs, hMSCs, and osteogenic cells using chemically defined media.

Materials and Methods

Ethics statement

The experimental protocols dealing human subjects were approved by the Ethics

Committee of the Department of Medicine and Graduate School of Medicine,

Kyoto University. Written informed consent was provided by each donor.

Cell lines

hESCs (H9, KhES1, and KhES3) and hiPSCs (414C2 and 201B7) were used in this

study [16–19] They were maintained on SNL feeder cells [20] in Primate ES cell

medium (ReproCELL, Tokyo, Japan) supplemented with 4 ng/ml recombinant

human FGF2 (WAKO, Osaka, Japan). 987A3, hiPSCs generated and maintained

MSCs via PSC-Derived NCCs
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under feeder-free and xeno-free culture systems from human primary fibroblasts,

were maintained on iMatrix-551 (rLN511E) (Nippi, Tokyo, Japan)-coated cell

culture plates with StemFit (Ajinomoto, Tokyo, Japan) as described previously

[21]. Bone marrow derived hMSCs were obtained from donors and used in our

previous study [22]. Human corneal endothelial cells were isolated from human

corneal tissues obtained for research purpose from SightLife (Seattle, WA, USA).

Culture media and reagents

mTeSR1 medium (STEMCELL Technology, Vancouver, Canada) was used for the

feeder-free culture of PSCs. The induction and maintenance of hNCCs were

performed using previously reported CDM [23], which contains Iscove’s modified

Dulbecco’s medium/Ham’s F-12 1:1, 1x chemically defined lipid concentrate

(GIBCO, Grand Island, NY, USA), 15 mg/ml apo-transferrin (Sigma, St. Louis,

MO, USA), 450 mM monothioglycerol (Sigma), 5 mg/ml purified BSA (99%

purified by crystallization; Sigma), 7 mg/ml Insulin (WAKO), and penicillin/

streptomycin (Invitrogen, Carlsbad, CA, USA). Culture dishes were coated with

growth factor-reduced Matrigel (BD, Bedford, MA, USA) or fibronectin

(Millipore, Bedford, CA, USA). EGF (R&D, Minneapolis, USA) and FGF2 were

used to maintain hNCCs [24]. SB431542 (SB) (Sigma), CHIR99021 (CHIR)

(WAKO), BMP4 (R&D), DMH1 (Tocris, Bristol, UK), LDN193189 (Stemgent,

Cambridge, MA, USA), and recombinant human Noggin (R&D) were used to

modulate growth factor signals. Retinoic acid (RA) (Sigma) was used to modulate

hNCCs.

Fluorescence-Activated Cell Sorting (FACS)

FACS was performed by AriaII (BD) according to the manufacturer’s protocol.

The antibodies used in FACS were listed in Table S1. In all experiments, FACS

histograms of isotype controls were similar to those without antibodies; therefore,

histograms without antibodies were used as control populations.

Immunocyto- and immunohistochemistry

Prior to performing immunostaining with antibodies, cells on plates were fixed

with 4% paraformaldehyde at 4 C̊ for 15 minutes, washed two times with PBS,

and incubated with 0.3% TritonX100 at 4 C̊ for 30 minutes as the surface-active

agent for penetration processing, and any nonspecific binding was blocked with

2% skim milk/PBS at 4 C̊ for 1 hour. Cornea samples obtained from rabbits

euthanized three days after the injection of cells were fixed with 4%

paraformaldehyde and incubated in 1% bovine serum albumin (BSA) (Sigma) to

block other bindings. DAPI (1:5000; Sigma) was used to counterstain nuclei. The

primary antibodies used in this study were summarized in Table S1. The

observation and assessment of samples were performed with BZ-9000E (Keyence,

Osaka, Japan).

MSCs via PSC-Derived NCCs
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RT-PCR and qPCR

Total RNA was purified with the RNeasy Mini kit (Qiagen, Valencia, CA, USA)

and treated with the DNase-one kit (Qiagen) to remove genomic DNA. One

microgram of total RNA was reverse transcribed for single-stranded cDNA using a

random primer and Superscript III reverse transcriptase (Invitrogen), according

to the manufacturer’s instructions. PCR was performed with ExTaq (Takara,

Shiga, Japan). Quantitative PCR with the Thunderbird SYBR qPCR Mix

(TOYOBO, Osaka, Japan) was performed using the StepOne real-time PCR

system (Applied Biosystems, Forester City, CA, USA) in duplicate or triplicate.

Primer sequences were listed in Table S2.

cDNA microarray

Total RNA was prepared using the RNeasy Mini Kit (Qiagen). cDNA was

synthesized using the GeneChip WT (Whole Transcript) Sense Target Labeling

and Control Reagents kit as described by the manufacturer (Affymetrix, Santa

Clara, CA, USA). Hybridization to the GeneChip Human Gene 1.0 ST expression

arrays, washing, and scanning were performed according to the manufacturer’s

protocol (Affymetrix). Expression values were calculated using the RMA

summarization method and the data obtained were analyzed by GeneSpring GX

11.5.6 (Agilent Technologies, Santa Clara, CA, USA) for correlation coefficients,

scatter plots, a volcano plot, heat maps, and hierarchical clustering (Distance

metrics: Pearson’s Centered, Linkage rule: Average). Differentially expressed genes

were identified by statistical analyses and fold changes. Statistical analyses were

performed using a one-way ANOVA with a Benjamini and Hochberg False

Discovery Rate (BH-FDR 50.01) multiple testing correction followed by Tukey

HSD post hoc tests (GeneSpring GX). Microarray data have been submitted to the

Gene Expression Omnibus (GEO) public database at NCBI, and the accession

number is GSE 60313. Data for hBM90, 91, and 94 have already been described

[22]. Data from GSE44727 and GSE45223 were used for a comparison analysis in

Figure S3.

Differentiation of hPSC-derived hNCCs

Peripheral neuronal differentiation

Sorted hNCCs were cultured in CDM supplemented with 10 mM SB and 1 mM

CHIR as a sphere using the hanging drop technique (16104 cells per sphere) as

previously described [25]. Twenty-four hours after the hanging drop culture,

spheres were plated onto Polyornithine/laminin/fibronectin (PO/Lam/FN)-coated

plates in DMEM/F12 (Invitrogen) supplemented with 1 x N2 supplement

(GIBCO), 1 x GlutaMAX (Invitrogen), 20 ng/ml FGF2, and 20 ng/ml EGF. These

cells were cultured for two days under these conditions and the medium was then

replaced with DMEM/F12 supplemented with 1 x N2 supplement, 1 x GlutaMAX,

and 10 ng/ml BDNF (R&D), GDNF (R&D), NT-3 (R&D), and NGF (R&D). The

medium was changed every 3 days and passages were performed every week [26].

MSCs via PSC-Derived NCCs
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Differentiation was confirmed by immunostaining for peripherin, Tuj-1, and

GFAP 3 weeks after induction.

Melanocyte differentiation

Cells were plated onto fibronectin-coated dishes in CDM supplemented with

10 mM SB and 1 mM CHIR. Melanocyte induction was performed the next day

with CDM supplemented with 1 mM CHIR, 25 ng/ml BMP4, and 100 nM

endothelin-3 (American Peptide Company, Sunnyvale, CA, USA) [15, 27, 28]. The

medium was changed every other day. Differentiation was confirmed by induction

of the MITF and c-KIT genes on day 7.

Corneal endothelial cell differentiation

Cells were induced to corneal endothelial cells with corneal endothelial cell-

conditioned CDM. Conditioned CDM was derived by collecting medium from

cultured human corneal endothelial cells [29]. The selective ROCK inhibitor

Y-27632 (WAKO) was used on the first day of the induction. The medium was

changed every two days, and cells were analyzed by immunocytochemistry after

twelve days. RT-qPCR was performed 3, 5, and 8 days after the induction.

Induction of hMSCs from hNCCs

Cells were plated onto tissue culture dishes (BD) at a density of 6.56104 cell/cm2

in CDM supplemented with 10 mM SB and 1 mM CHIR. The medium was

replaced the next day with aMEM (Nacalai Tesque, Tokyo, Japan) supplemented

with 10% fetal bovine serum (FBS) (Nichirei Inc., Tokyo, Japan) [14, 26]. The

morphology of cells started to change approximately 4 days after the induction.

Passages were performed every week using 0.25% trypsin-EDTA (GIBCO) at a

density of 16104 cells/cm2. hMSC markers (CD73, CD44, CD45 and CD105)

were analyzed by FACS 14 days after the hMSC induction. We used STK2 (DS

Pharma Biomedical, Osaka, Japan) as the MSC medium and tissue culture dishes

coated with fibronectin for the hMSC induction under chemically defined media

conditions.

Differentiation of hNCC-derived hMSCs

Osteogenic differentiation

A total of 2.56105 induced hMSCs/well were seeded on 6-well dishes (BD) and

cultured in osteogenic induction medium, aMEM, 10% FBS, 0.1 mM dexa-

methasone, 50 mg/ml ascorbic acid, and 10 mM b-glycerophosphate for 2 weeks

for osteogenic differentiation [24]. STK3 (DS Pharma) was used as the osteogenic

induction medium instead of the osteogenic induction medium to achieve

osteogenic differentiation under chemically defined media conditions. The culture

medium was changed every other day for 1 week. Differentiation properties were

confirmed by the formation of calcified nodules, as detected with Alizarin Red

staining. Briefly, culture wells were washed twice in phosphate-buffered saline

(PBS) and fixed for 10 minutes at room temperature in 100% ethyl alcohol. The

MSCs via PSC-Derived NCCs
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Alizarin Red solution (40 mM, pH 4.2) was applied to the fixed wells for 10 min

at room temperature. Non-specific staining was removed by several washes with

water.

Chondrogenic differentiation

Two-dimensional chondrogenic induction was performed as previously described

[30]. Briefly, cells (1.56105) that induced hMSCs were suspended in 5 ml of

chondrogenic medium (DMEM: F12 (Invitrogen), 1% (v/v) ITS1 mix (BD),

0.17 mM AA2P, 0.35 mM Proline (Sigma), 0.1 mM dexamethasone (Sigma),

0.15% (v/v) glucose (Sigma), 1 mM Na-pyruvate (Invitrogen), 2 mM GlutaMax,

and 0.05 mM MTG supplemented with 40 ng/ml PDGF-BB and 1% (v/v) FBS

(Nichirei)), and were subsequently transferred to fibronectin-coated 24-well plates

(BD). A total of 1 ml of the chondrogenic medium was added after 1 hour.

TGFb3 (R&D) was subsequently added at 10 ng/ml on days 3 to 6, and BMP4 was

added to a concentration of 50 ng/ml on day 10. Micromass cultures were

maintained at 37 C̊ under 5% CO2 and 5% O2 for 16 days. Differentiation

properties were confirmed by Alcian Blue staining. Briefly, induced cells were

fixed for 30 minutes with 10% formalin (Sigma) and rinsed with PBS. These cells

were then stained overnight with Alcian Blue solution (1% Alcian Blue (MUTO

PURE CHEMICAL CO., LTD, Tokyo, Japan) in 3% glacial acetic and 1% HCl,

pH 1) and destained with the acetic acid solution.

Adipogenic differentiation

Cells were seeded onto 6-well tissue culture dishes at a density of 5.06105 cells/

well for adipogenic differentiation, and were cultured in aMEM containing 10%

FBS, 1 mM dexamethasone, 10 mg/ml insulin, and 0.5 mM isobutylxanthine for 3

weeks [31]. Induced cells were fixed in 10% formalin for 1 hour at room

temperature, followed by 20 minutes in 0.3% Oil Red O staining solution

(Sigma).

Results

Derivation of p75
high

cells from hPSCs

To transfer hPSCs from feeder to feeder-free culture conditions, colonies were

dissociated into small cell clumps (about 10 cells/clumps) by pipetting several

times, seeded on matrigel-coated dishes (2–4 clumps/cm2), and cultured with

mTeSR1 medium for two days. hNCC induction was then initiated by substituting

CDM supplemented with chemicals (Figure 1A). Cells gradually migrated from

colonies and proliferated during the induction (Figure 1B). Cells were harvested

after 7 days of being induced, and were subsequently sorted according to the

expression of p75 (Figure 1C). We detected two peaks in p75-positive

populations, designated p75low and p75high, and the efficiency of hNCC induction

was evaluated based on the fraction of p75high cells.
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Figure 2. Expression profiles of sorted p75high cells. A) The expression of marker genes in sorted p75high and p75low cells. The mRNA expression of
each gene was analyzed by RT-qPCR in undifferentiated 201B7 (hiPSCs) and sorted p75low and p75high cells, and was shown as a relative value using the
level in sorted p75high cells as 1.0. Average ¡ SD. N53, biological triplicates. B) Clustering analyses of NCC markers in p75high populations from several
hESC and hiPSC lines. Marker genes for each sub-population of NCCs were labeled using the indicated colors.

doi:10.1371/journal.pone.0112291.g002
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Figure 3. Sustained expansion of hNCCs with original characteristics. A) Schematic representation of
the culture conditions. B) Growth profile of 201B7-derived hNCCs. Average ¡ SD. N53, biological triplicate.
C) Phase contrast images and immunostaining of TFAP2A in 201B7-derived hNCCs at PN0 and PN4, Scale
bar, 200 mm. D) Hierarchical clustering analyses of hPSCs and hPSC-derived hNCCs at PN0 and PN10.

doi:10.1371/journal.pone.0112291.g003
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The effects of SB, which has been shown to inhibit Activin/Nodal/TGFb
signaling and induce neural cells and hNCCs from hPSCs without the help of

other chemicals, were firstly evaluated [14]. In accordance with the reported data,

Figure 4. Modulation of regional characteristics of hNCCs. A) Schematic representation of culture conditions for the induction and maintenance of
hNCCs. RA, retinoic acid (100 nM). B) Schematic distribution of marker-positive cells in the murine embryo. DI, diencephalon; MB, midbrain; BA1 to BA4,
branchial arch 1 to branchial arch 4; r1 to r6; rhombomere 1 to rhombomere 6. C) The mRNA expression of regional specifier genes in hNCCs. p75high cells
were collected at the end of the hNCC induction by FACS and seeded onto fibronectin-coated dishes. RNAs were extracted when cells reached a semi-
confluent state and used for RT-qPCR. The relative expression level of each gene was demonstrated using the value of cells cultured in CDM (OTX2 and
DLX1) or CDM + RA (HOXA2 and HOXA3) as 1.0. Average ¡ SD. N53, biological triplicate.

doi:10.1371/journal.pone.0112291.g004
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CDM supplemented with SB successfully delivered p75high cells with a PAX6-

positive neuroectoderm from 201B7 (date not shown), while the induction

efficiency of p75high cells was approximately 35% (0 mM in Figure 1C). The

activation of Wnt signaling was previously shown to play a key role in the

induction of hNCCs [14, 15], and can be achieved using the GSK3b inhibitor BIO

or CHIR. Therefore, we attempted to determine the most effective concentration

of CHIR with a fixed concentration of SB (10 mM) to induce p75high cells. The

results obtained revealed that CHIR successfully induced p75high cells in a dose-

dependent manner up to 1 mM, whereas higher concentrations of CHIR markedly

inhibited the production of p75high cells (Figure 1C). We finally examined the

effects of BMP signaling on this induction. The addition of BMP4 markedly

inhibited the production of p75high cells, and these results were compatible with

BMP signal inhibiting neural differentiation (Figure S1A). However, the treatment

with DMH1 (10 mM), a specific inhibitor of SMAD1/5/8 phosphorylation, also

reduced the p75high fraction (Figure S1B). The inhibitory effect of DMH1 on the

induction of p75 was confirmed at different dosages, and other cytoplasmic

(LDN193189) or extracellular (Noggin) inhibitors for BMP signaling also

decreased the efficiency (Figure S1C). Therefore, the combination of SB (10 mM)

and CHIR (1 mM) most effectively induced p75high cells from 201B7 hiPSCs. This

result was reproduced in other hPSCs such as hESCs (H9, KhES1, and KhES3)

and episomal hiPSCs (414C2) (Figure 1D). Most cells outgrowing from colonies

were stained with NCC markers, p75 and TFAP2A, whereas the cells in colonies

were positive for PAX6, a marker for the neuroectoderm (Figure 1E).

p75
high

cells expressed early NCC markers

The expression of marker genes were compared between p75high and p75low cells (

Figure 2A). Sorted p75high cells expressed a number of genes in the early stage of

NCCs, such as SOX10, TWIST, and TFAP2A genes. In contrast, the expression of

these genes was significantly lower in the p75low fraction than in p75high fraction.

The expression of PAX3, which is a marker both for NCCs and neurons, was high

in both the p75high and p75low fractions. The expression of PAX6 and SOX1,

which are neural markers, was higher in the p75low fraction, which is consistent

with some populations of p75-negative or TFAP2A-negative cells expressing PAX6

(Figure 1E). These results indicated the relative enrichment of NCC cells in the

p75high cell population.

In an attempt to further characterize p75high cells, genome-wide expression

profiles were compared between sorted p75high cells and their corresponding

hPSCs using a cDNA microarray (Affymetrix Gene 1.0 ST), and we found that the

overall profiles of p75high cells derived from several PSCs were similar to each

other (Figure S2). Based on the previous report [32], 46 genes were selected as

markers for distinct NC-subpopulations and the expression level of these genes

were compared between hNCCs and parental PSCs (Figure 2B). hNCCs in this

study highly expressed early stage-related genes such as neural plate border

specifier (PAX3) and NC specification (SNAI2, NGFR, TFAP2A, SOX9, and
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SOX10), but also some region-specifying genes (EFNB2 for cranial, PDGFRA for

cardiac, and SOX5 for trunk region), suggesting the heterogeneous population of

p75high cells, which were designated hNCCs hereafter. The profiles of the current

hNCCs were compared with those of two PSC-derived NCCs, which were induced

by different protocols in previous studies [15, 32] (Figure S3). Although the three

types of PSC-derived NCCs all highly expressed some genes, such as SNAI2, their

Figure 5. Derivation of peripheral neural cells, glia, and melanocytes from hNCCs. A) Neuronal
differentiation of 201B7-derived hNCCs. Cells were stained with an antibody against peripherin (red) and Tuj-
1 (green). B) The glial differentiation of 201B7-derived hNCCs. Cells were stained with an antibody against
GFAP. Scale bar, 50 mm. C) Melanocyte differentiation of 201B7-derived hNCCs. The mRNA expression
levels of MITF and c-KIT genes were shown as a relative value using the value in 201B7-derived hNCCs and
201B7 as 1.0, respectively. Average ¡ SD. N53, biological triplicates.

doi:10.1371/journal.pone.0112291.g005
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expression profiles were considerably different, suggesting the protocol-dependent

heterogeneity of PSC-derived NCCs.

Sustained expansion of hNCCs with original characteristics

We investigated whether hNCCs could be stably expanded. The growth of hNCCs

cultured in the hNCC induction medium (CDM with SB and CHIR) was very

slow (data not shown). We employed a cultured condition using CDM

supplemented with SB, EGF (20 ng/ml), and FGF2 (20 ng/ml) based on the

Figure 6. Derivation of corneal endothelial cells from hNCCs. A) Schematic protocol for the induction of corneal endothelial cells. B) Phase contrast
images of cells before (D8) and after (D19) the induction. Scale bar, 200 mm. C) The expression of ZO-1 in cells at D12. Cells were stained with an antibody
against ZO-1. D) The mRNA expression of corneal endothelial cell marker genes. RNAs were extracted from cells at D10, D12, and D15. The expression
level of each gene was demonstrated as a relative value using the value in human primary corneal endothelial cells as 1.0. Average ¡ SD. N53, technical
triplicate. We performed this CEC induction twice and confirmed its reproducibility.

doi:10.1371/journal.pone.0112291.g006
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Figure 7. Derivation of hMSCs from hNCCs. A) Schematic protocol for the induction of hMSCs. B) Phase contrast images of cells before (D8) and after
(D21) the induction. Scale bar, 200 mm. C) Expression of surface markers in hBM-MSCs (hBM90) and 201B7-derived MSCs (201B7-MSC). D) Hierarchical
clustering analyses by genome-wide gene expression profiles. RNAs were extracted from hBM-MSCs (BM90, BM91 and BM94), induced-MSCs, and the
corresponding hNCCs and hiPSCs. E) Differentiation properties of induced-MSCs. The induction for osteogenic (OI), chondrogenic (CI), and adipogenic (AI)
lineages was performed as described in the Materials and Methods section and evaluated by Alizarin Red staining (OI), Alcian Blue staining (CI), and Oil
Red O staining (AI), respectively. Scale bar, 100 mm. F) Population of SSEA4-positive cells. G) The expression levels of pluripotent markers (OCT3/4,
NANOG and SOX2) in hPSCs, hNCCs, and hMSCs. Average ¡ SD. N53, biological triplicates.

doi:10.1371/journal.pone.0112291.g007
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findings of previous studies [33], and consequently observed marked improve-

ments in growth and the stable proliferation of hNCCs even after 10 passages (

Figures 3A, B). The expanded hNCCs maintained their original cell morphology

and all cells expressing NCC markers, such as TFAP2A (Figure 3C). The global

gene expression profiles of hNCCs after prolonged expansion (PN10) were similar

to those of early-passage cells (PN0) (Figure S4A and S4B, correlation coefficient

50.96 to 0.98) and markedly different from those of original hPSCs (Figures 3D

and S4C).

Figure 8. Derivation of hMSCs from hNCCs under defined culture conditions. A) Schematic protocol for
the induction of hMSCs from hNCCs under defined culture conditions. B) Phase contrast images of cells 0, 7,
and 21 days after the hNCC and hMSC induction, respectively. Scale bar, 200 mm. C) Expression of hMSC-
related surface markers in hMSCs induced under defined culture conditions. D) Osteogenic differentiation (OI)
properties of hMSCs induced under defined culture conditions. hMSCs were cultured during the induction
period in STK2 as a control.

doi:10.1371/journal.pone.0112291.g008
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Modulation of the characteristics of hNCCs by insulin and retinoic

acid (RA)

The results of the microarray analyses revealed that induced hNCCs expressed

some genes characteristic to cranial NCCs (high for OTX2 and DLX1; low for

HOXA2 and HOXA3) (date not shown). A previous study demonstrated that the

depletion of insulin from CDM (growth-factor free CDM; hereafter referred to as

gfCDM) induced a more anterior neuroectoderm (rostral hypothalamic

progenitor-like cells), while retinoic acid (RA) exhibited posteriorizing activity

[15]. Therefore, we compared the expression of regional markers in hNCCs

cultured with gfCDM, CDM, and CDM with RA (100 nM) (Figure 4A). As

expected, the expression of OTX2, a marker for mesencephalic NCCs (Figure 4B)

[34], was slightly higher under the gfCDM condition than under the CDM

condition (Figure 4C). The DLX1 gene, a marker for first and second branchial

arch NCCs (Figure 4B) [35], was expressed in cells cultured under all conditions,

and was the highest in CDM with the RA condition (Figure 4C). The expression of

the HOXA2 and HOXA3 genes, which are markers of the second and third

branchial arches, was negligible under the gfCDM and CDM conditions (

Figures 4B, C) [36, 37]. Taken together, these results indicated that the regional

identities of hNCCs could be modulated by exogenous signals including insulin

and RA.

Derivation of peripheral neurons, glia, and melanocytes from

hNCCs

We next examined the differentiation potentials of induced hNCCs. Neuronal

differentiation was initiated by sphere formation and promoted by culture media

containing a mixture of factors (BDNF, GDNF, NGF, and NT-3). Cells expressed

b-tubulin and peripherin after 14 days, which indicated differentiation into

peripheral neurons (Figure 5A). Further cultivation under the same conditions (4

to 6 weeks) promoted the glial differentiation of hNCCs (Figure 5B).

Melanocytes are well-known derivatives of NCCs. Using a previously described

method that included CHIR, EDN3, and BMP4 [15, 38], induced hNCCs

expressed microphthalmia-associated transcription factor (MITF) and c-KIT,

markers for melanocytes (Figure 5C). These differentiation properties were

compatible with those of NCCs in vivo.

Derivation of corneal endothelial cells from hNCCs

Cranial NCCs have been shown to exhibit the ability to differentiate into corneal

endothelial cells in vivo [39, 40]. Therefore, we examined whether hNCCs grown

in gfCDM, which preferentially expressed more anterior NCC markers (

Figures 4B, C), could differentiate into cells harboring the characteristics of

corneal endothelial cells. When 201B7-derived hNCCs were cultured in the

conditioned medium of corneal endothelial cells for twelve days (Figure 6A), cells

changed their morphology into that of polygonal corneal endothelial-like cells (

MSCs via PSC-Derived NCCs

PLOS ONE | DOI:10.1371/journal.pone.0112291 December 2, 2014 17 / 25



Figure 6B) and started to express the corneal endothelial marker, ZO-1 (

Figure 6C). Descemet’s membrane is known to consist of collagen type 4 and

collagen type 8, which are derived from the corneal endothelium [41]. The mRNA

expression of the COL4A1 and COL8A1 genes was confirmed in induced

endothelial-like cells (Figure 6D). These results strongly suggested that the hNCCs

induced in this study possessed the characteristics of cranial NCCs, which exhibit

the potential to differentiate into cranial NCC-derived structures.

Derivation of hMSCs from hNCCs

Cranial NCCs also have differentiation properties toward mesenchymal cells,

which construct the cranio-facial skeleton, and may be referred as MSCs [3]. In

order to derivate hMSCs from hNCCs, the culture medium was changed from

that for hNCC to aMEM with 10% FBS (Figure 7A), which we used previously for

human bone marrow-derived MSCs (hBM-MSCs) [24]. Through the induction of

hMSCs, the expression of NGFR and SOX10 reduced rapidly within 48 hours

(PN0) of the medium change, while that of PAX3 and TFAP2A reduced gradually

until passage 3 (Figure S5A). Conversely, the expression of MSC markers (CD73,

CD105, and CD44) increased rapidly within 48 hours, reached a maximum by

passage number 2, and maintained their expression at a level comparable to that

in BMMSCs (Figure S5B). These results indicated that the transition from NCCs

to MSCs was gradual during passage number three. Cells passaged three times in

the medium showed a typical fibroblastic morphology similar to that of hMSCs (

Figure 7B), and expressed surface markers for hMSCs (positive for CD73, CD105,

and CD44, and negative for CD45) (Figure 7C). Microarray analyses revealed that

hNCC-derived MSCs had a global expression pattern similar to that of primary

hBM-MSCs (Figure 7D). Differentiation properties toward osteogenic, chondro-

genic, and adipogenic lineages are one of the criteria required for MSCs [42],

which were clearly confirmed in hNCC-derived MSCs (Figure 7E). FACS analysis

showed that there was no SSEA4-positive cells (Figure 7F) and the expression of

PSC marker genes was below detectable levels (Figure 7G).

Derivation of osteogenic cells from hiPSCs under defined culture

conditions

We determined the feasibility of inducing terminally differentiated cells from

iPSCs under defined culture conditions (Figure 8). 987A3 hiPSCs were used as the

initial material, which have been generated and maintained under feeder-free and

xeno-free conditions [21]. Cells were dissociated into single cells, seeded on

iMatrix-coated dishes (0.83–1.35 cells/cm2), and cultured with StemFit medium

for five days. hNCCs were then induced for seven to ten days (Figure 8A). The

efficiency of hNCC induction under these conditions was 40.9¡5.5% (¡ SD.

N53, biological triplicate). The induction of hMSCs was performed using CDM

for MSCs (STK2) instead of aMEM/10% FBS (Figure 8A). After several passages

of hNCCs in STK2, the morphology of cells changed from cuboidal to fibroblastic,
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similar to that of hBM-MSCs (Figure 8B). The expression patterns of surface

markers were compatible with those of hMSCs (positive for CD73, CD105, and

CD44, and negative for CD45) (Figure 8C) and the differentiation properties for

osteogenic, chondrogenic, and adipogenic lineages were confirmed when the

standard FBS-containing induction medium was used (Figure S6). Osteogenic

differentiation was also confirmed using the chemically-defined osteogenic

medium (STK3) (Figure 8D). These results indicated that all steps from iPSC to

osteogenic cells could be performed under defined culture conditions.

Discussion

In the present study, we developed a simple and efficient induction method for

hNCCs from hPSCs. The induction efficiency of this method was high (70–80%)

irrespective with the type of hPSC. The induced hNCCs exhibited the cranial NCC

characters under maintenance culture conditions, while further treatment with

insulin and RA marginally posteriorized hNCCs. Consistent with the expression of

cranial NCC markers, induced hNCCs could differentiate into corneal endothelial

cells, which is a characteristic of cranial NCCs.

Our protocol was independent of the BMP signal. In our protocol, DMH1, a

specific BMP inhibitor, clearly attenuated the induction efficiency of the p75high

fraction (Figure S1). This result clearly contradicted the findings of previous

studies (no effect [14] or increased efficiency [15]). The marked differences in the

findings of these studies may be attributed to the seeding density used at the

beginning of induction. The seeding density of our protocol was approximately 2–

4 clumps/cm2 (approximately 20 cells/cm2), while other studies used

16104 cells/cm2 [26]. Both CNS and neural crest fates were previously observed

when cells were seeded at a low density, while CNS cells primarily formed at a

high density [43]. In accordance with these findings, the efficiency of the NCC

induction was markedly decreased if clumps were seeded at a higher density (data

not shown). The high density of hNCCs may have exaggerated local BMP

signaling secreted from the hNCCs themselves. Therefore, we combined high

density seeding with the BMP inhibitor treatment; however, the efficiency was still

low (data not shown). Based on these results, we could not account for the

differences between our protocol and those of previous studies.

In order to compare the hNCCs in this study with those in previous studies, we

analyzed gene expression profiles of hNCCs published previously. The

comparison of the relative induction levels of NCC specific genes revealed that

hNCCs differentiated by our protocol and previous studies showed similarities in

some aspects, but overall profiles were different from each other (Figure S3).

These results indicated that induction protocols reported in this study and in the

previous studies induced different subset of hNCCs.

Induced hNCCs exhibited differentiation properties for multiple cell lineages

including peripheral neurons, glial cells, melanocytes, and corneal endothelial

cells, and also delivered hMSCs that further differentiated into osteogenic,
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chondrogenic, and adipogenic cells. These properties are compatible with NCCs

being multipotent stem cells [3]. However, clonal analyses are indispensable for

confirming the stemness of induced hNCCs. Previous clonal analyses revealed that

63–65% of the hNCC clones could differentiated into multi-lineage cells positive

for markers of neurons, glial cells, and smooth muscle cells [43, 44], suggesting

that hNCCs induced from hPSCs were multipotent on the clonal level. Although

stemness has yet to be investigated in this study, induced hNCCs in this protocol

will be a promising cell source for various types of research.

Human diseases that have been related to the development of hNCCs include

Hirschsprung’s disease, DiGeorge syndrome, Waardenburg syndrome, Charcot-

Marie-tooth disease, Hermansky-Pudlak syndrome, familial dysautonomia,

Chediak-Higashi syndrome, and CHARGE syndrome [45, 46]. hNCCs containing

the mutations responsible for these diseases can be induced from hiPSCs

established from the respective patients; therefore, this will be a powerful tool for

creating in vitro disease models that can contribute to a more detailed

understanding of the pathogenesis of NCC disorders and also to the development

of novel therapeutic modalities [15]. In addition, hNCCs have been shown to be

the cell-of-origin of some cancers such as neuroblastoma [47], which indicates

that hNCCs can be used in in vitro transformation experiments. We have already

confirmed that the survival rate of freeze-stocked hNCCs was satisfactory and the

freeze and thaw process had no impact on the growth and differentiation

properties of these cells (data not shown). These are favorable features for a

material in research because it is important to use cells of the same quality in

order to evaluate reproducibility.

Induced hNCCs-deridatives can also be used for cell therapy. In this regard,

hNCC-derived hMSCs will be a very useful material. hMSCs have been used in a

wide range of regenerative medicines, and promising results have been reported in

some cases [48, 49]. In contrast with the advances reported in clinical applications,

many issues related to the biology of hMSCs have yet to be investigated, one of

which is the cell-of-origin of hMSCs. hNCCs may be the precursors of hMSCs

based on the finding that craniofacial skeletal tissues are derived from NCCs [50].

This has also been supported in lineage tracing experiments using P0-cre mice

[51, 52]. Current sources of hMSCs include bone marrow, fat tissue, synovium,

and umbilical cord; however, it remains unclear whether NCC-derived cells exist

in all of these adult tissues and serve as the source of hMSCs. A comparison

between hNCC-derived MSCs and somatic tissue-derived hMSCs may provide

more information related to this issue.

One of the limitations of current hMSCs is their limited proliferative activity,

which may pose problems in their application to conditions requiring a large

amount of cells. This can be overcome if hNCC-derived MSCs are used because

hNCCs can be induced from hPSCs, which have unlimited proliferative activity.

Two issues are important for this application. One is to be free from infectious

substances that may be derived from animal materials. Using iPSCs generated and

maintained under feeder-free and xeno-free conditions, we successfully induced

hNCCs and hMSCs with minimum animal material (BSA in CDM) (Figure 8A).
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Furthermore, we generated terminally differentiated cells (osteogenic cells) from

these MSCs under chemically defined media. To the best of our knowledge, this is

the first study to demonstrate the induction of osteogenic cells under feeder-free

and serum-free conditions from PSCs. The other concern relates to the

contamination of undifferentiated cells, particularly parental hPSCs, which may

lead to serious conditions such as the formation of malignant tumors [53]. We

confirmed that hNCC-derived hMSCs were free from SSEA4-expressing cells and

the expression of PSC-marker genes was below detectable levels (Figures 7F, G).

Although more precise and meticulous analyses are required to prove the safety of

these cells, the results of the present study have provided evidence to promote the

use of hNCC-derived hMSCs for cell therapy.

Supporting Information

Figure S1. Effect of the BMP signal on the induction of p75high cells. hiPSCs

(201B7) were treated in NCC induction media with BMP4 (10 ng/ml) (A) or

DMH1 (10 mM) (B), and the fraction of p75-positive cells was analyzed by FACS.

C) Effects of BMP signal inhibitors on the induction of p75high cells. 201B7 cells

were treated with each BMP inhibitor at the indicated dosage, and the fraction of

p75-positive cells was analyzed by FACS.

doi:10.1371/journal.pone.0112291.s001 (TIFF)

Figure S2. Global comparison of the expressions of genes between PSCs and

p75high cells. A) A volcano plot showing the P value for differences in the

expression of each gene between the average of PSC lines (H9, KhES1, 414C2, and

201B7) and the average of corresponding p75high cells. A total of 562 entities

downregulated and 447 entities upregulated in p75high cells were identified as a

differentially expressed gene set. B) Heat map analyses revealed global similarities

among hNCCs derived from each PSC line.

doi:10.1371/journal.pone.0112291.s002 (TIFF)

Figure S3. Expression of NCC marker genes in induced NCCs from PSCs. The

induction ratio of NCC markers relative to a corresponding pluripotent baseline

was demonstrated in each induced NCC. iPS NCCs, GSE44727.

WA09_NC_Day11, 45223. Marker genes for each sub-population of NCC were

labeled using the indicated colors.

doi:10.1371/journal.pone.0112291.s003 (TIFF)

Figure S4. Comparison of gene expression profiles between hNCCs at different

passages by scatter plotting. RNAs were extracted from hNCCs derived from

201B7 (A) and KhES1 (B) at different passages (PN0, PN4 and PN10), and

analyzed using microarrays. C) Correlation coefficient analysis was performed

using these data.

doi:10.1371/journal.pone.0112291.s004 (TIFF)

Figure S5. The expression of markers for hNCCs and hMSCs in each passage. A

gradual transition from hNCCs to hMSCs was observed in hNCC markers (A)

MSCs via PSC-Derived NCCs

PLOS ONE | DOI:10.1371/journal.pone.0112291 December 2, 2014 21 / 25



and hMSC markers (B). Average ¡ SD. N53, biological triplicates. Regarding

BMSCs, cDNA was prepared from the bone marrow stromal cells of four healthy

donors (BM25, 26, 34, and 107), and the average was presented as BMSCs in each

graph.

doi:10.1371/journal.pone.0112291.s005 (TIFF)

Figure S6. Osteogenic-, chondrogenic-, adipogenic induction from feeder-free

hiPSCs through hNCC-derived hMSCs. Differentiation properties of hNCC-

MSCs. The induction for osteogenic (OI), chondrogenic (CI), and adipogenic

(AI) lineages was performed as described in the Materials and Methods section

and evaluated by Alizarin Red staining (OI), Alcian Blue staining (CI), and Oil

Red O staining (AI), respectively. Scale bar, 200 mm.

doi:10.1371/journal.pone.0112291.s006 (TIFF)

Table S1. Information of primary antibodies used in this study.

doi:10.1371/journal.pone.0112291.s007 (TIF)

Table S2. Information of PCR primers used in this study.

doi:10.1371/journal.pone.0112291.s008 (TIF)
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Ocular Surface Reconstruction With a
Tissue-EngineeredNasalMucosal Epithelial Cell Sheet
for the Treatment of Severe Ocular Surface Diseases

MASAKAZU KOBAYASHI,a TAKAHIRO NAKAMURA,b,c MAKOTO YASUDA,d YUIKO HATA,c SHOKI OKURA,a

MIYU IWAMOTO,a MAHO NAGATA,c NIGEL J. FULLWOOD,e NORIKO KOIZUMI,a,c YASUO HISA,d

SHIGERU KINOSHITAc
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ABSTRACT

Severe ocular surface diseases (OSDs) with severe dry eye can be devastating and are currently some
of the most challenging eye disorders to treat. To investigate the feasibility of using an autologous
tissue-engineered cultivated nasal mucosal epithelial cell sheet (CNMES) for ocular surface recon-
struction, we developed a novel technique for the culture of nasal mucosal epithelial cells expanded
ex vivo from biopsy-derived human nasal mucosal tissues. After the protocol, the CNMESs had 4–5
layers of stratified,well-differentiated cells, andwe successfully generated cultured epithelial sheets,
including numerous goblet cells. Immunohistochemistry confirmed the presence of keratins 3, 4, and
13; mucins 1, 16, and 5AC; cell junction and basement membrane assembly proteins; and stem/
progenitor cellmarker p75 in theCNMESs.We then transplanted theCNMESsonto theocular surfaces
of rabbits and confirmed the survival of this tissue, including the goblet cells, up to 2weeks. The pres-
ent report describes an attempt to overcome the problems of treating severe OSDs with the most
severe dry eye by treating them using tissue-engineered CNMESs to supply functional goblet cells
and to stabilize and reconstruct the ocular surface. The present study is a first step toward assessing
the use of tissue-engineered goblet-cell transplantation of nonocular surface origin for ocular surface
reconstruction. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:99–109

INTRODUCTION

In cases of severe ocular surface disease (OSD),
such as Stevens-Johnson syndrome (SJS) and ocu-
lar cicatricial pemphigoid (OCP), corneal epithelial
stem cells are destroyed and the neighboring con-
junctival epithelial cells (ECs) invade onto the cor-
neal surface, resulting in chronic inflammation,
stromal scarring, and neovascularization that ulti-
mately leads to pathologic keratinization [1, 2]. In
most such cases, a definite observable loss occurs
of mucin-producing goblet cells from the ocular
surface, severely affecting ocular-surface homeo-
stasis and leading to severe dry eye [1–4].

To date,many studies have focused on the es-
tablishment of a surgical treatment of severe
OSDs [5–10]. For such patients, cultivated cor-
neal, conjunctival, and oral epithelial stem cell
transplantation has been developed to improve
the postoperative outcomes of ocular surface re-
construction [11–15]. When these surgical mo-
dalities are used, a reasonable amount of tear
film is required to maintain the transplanted
graft; thus, the patients with the most severe
form of dry eye do not meet the surgical indica-
tion, and no therapeutic methods are available

to reconstruct the ocular surface. To date, no
reports have been published regarding the surgi-
cal procedures from the aspect of supplying tears
or goblet cells to the ocular surface. Therefore,
potential new treatments are needed for patients
with severeOSDs (e.g., SJS andOCP) and themost
severe form of dry eye.

Human nasal mucosal epithelium contains
enriched goblet cells that secrete the necessary
amount of mucin required for tear stabilization.
Several groups have previously reported that
whole nasal mucosal tissue transplantation (both
epithelial and subepithelial tissues) is, in part, ef-
fective for treating severe conjunctival mucin de-
ficiency syndrome and eyelid and ocular surface
reconstruction [16, 17]. Becauseof the limitedna-
sal donor site, we believe that the ex vivo expan-
sion of goblet cells using a novel cell culture
technique is a useful and promising procedure
for developing the next generation of ocular-
surface reconstruction surgeries. However, cur-
rently, no reports have been published regarding
the development of tissue-engineered goblet cell
transplantation using nasal mucosal epithelium.

The purpose of the present study was to in-
vestigate the use of a tissue-engineered cultivated
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nasal mucosal epithelial cell sheet (CNMES) to supply functional
goblet cells and stabilize and reconstruct the ocular surface in an
attempt to ultimately overcome the difficulties associated with
treating patients with severe OSDs with the most severe form
of dry eye (supplemental online Fig. 1). In the present study,
we cultured nasal cells on amniotic membrane (AM) expanded
exvivo frombiopsy-derivedhumannasalmucosal tissues and suc-
cessfully generatedCNMESs that includedahighdensity of goblet
cells. The generatedCNMESswere then transplanted onto the oc-
ular surfaces of rabbits, and the survival of the cell sheetswas sub-
sequently evaluated. The present study is a first step toward
assessing the use of tissue-engineered goblet cell transplantation
of nonocular surface origin for ocular surface reconstruction.

MATERIALS AND METHODS

Nasal Mucosal Epithelial Cell Culture

The Institutional Review Board for Human Studies of Kyoto Pre-
fecturalUniversity ofMedicine, Kyoto, Japan approvedall the sur-
gical procedures performed in the present study (approval no.
RBMR-C-978), and all patients and enrolled volunteer subjects
had provided informed consent in accordance with the tenets
set forth in the Declaration of Helsinki for research involving hu-
man subjects.

Human AM was obtained at elective cesarean section from
volunteers who were seronegative for human immunodeficiency
virus, human hepatitis B and C, and syphilis. The AMwas then de-
prived of amniotic epithelial cells by incubation with 0.02% EDTA
(Nacalai Tesqu Inc., Kyoto, Japan, http://www.nacalai.co.jp/en) at
37°C for 2 hours.

The nasal mucosal tissues used in the present study were
obtained during nasal disease surgery performed in the Depart-
ment of Otolaryngology-Head and Neck Surgery, Kyoto Prefec-
tural University of Medicine. Nasal mucosal epithelial cells
were cultured via the use of our newly developed culture system
andwere coculturedwithhumanmesenchymal stemcells (MSCs)
(Lonza Co., Basel, Switzerland, http://www.lonza.com). To cul-
ture the cells, the MSCs were first plated onto 6-well, collagen-
coated dishes (Iwaki Glass Co., Ltd., Chiba, Japan, https://www.
igc.co.jp/en/) at a density of 33 104 cells per cm2. The denuded
AMwas then spread, epithelial basement membrane side up, on
the bottom of a 0.4-mm pore-size culture insert (Corning Inc.,
Corning, NY, http://www.corning.com), and these culture inserts
were then placed in dishes containing MSCs. In addition, a previ-
ously reported air-lifting technique was used to promote goblet
cell differentiation and epithelial barrier functions [13, 14, 18].

In brief, the blood and submucosal connective tissues were
first removed to the extent possible using microscissors. The
tissues were then cut into small pieces and incubated overnight
at4°Cwith1%pronase(RocheAppliedScience,Penzberg,Germany,
https://www.roche-applied-science.com). Next, the tissues were
carefully removed from the dishes and then put into a 0.05%
trypsin-EDTA solution for 8 minutes at room temperature (RT)
to separate the cells. Enzyme activity was stopped using culture
medium containing Dulbecco’s modified Eagle’s medium/F12
(Life Technologies, Carlsbad, CA, http://www.lifetechnologies.
com), definedkeratinocyte-serum-freemedium(Life Technologies)
(1:5mixture ratio)with3%fetalbovineserum(HyCloneLaboratories,
Tauranga,NewZealand, http://www.hyclone.com), insulin (1ml/ml),
hydrocortisone (1 ml/ml), GA1000 (1 ml/ml), retinoic acid (1 ml/ml),

transferrin (1ml/ml), triiodothyronine (1ml/ml), and epinephrine
(1 ml/ml) (all from Lonza Co.). The cell suspension was filtered
through a cell strainer (BD Biosciences, Franklin Lakes, NJ,
http://www.bdbiosciences.com) and then centrifuged 2 times
for 5 minutes at 1,000 rpm. The resultant cell pellet was then
resuspended in culture medium containing keratinocyte growth
factor (KGF) (20 ng/ml) (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) and r-associated protein kinase (ROCK) inhibitor
Y-27632 (1 ml/ml) (Abcam, Cambridge, MA, http://www.
abcam.com). The nasal mucosal cells (33 105 cells per milliliter)
were then seededonto denudedAMspreadon the bottomof cul-
ture inserts and cocultured with human MSCs. From 1 day after
plating, culture medium without ROCK inhibitor Y-27632 was
used. The cultured cells were then submerged in medium for
1week at 37°C in 5% carbondioxide and exposed toair by lowering
the medium level (air lifting) for 1 additional week. The culture
mediumwas changed every other day during the submerged con-
dition and daily during the air-lifting process.

Corneal, Conjunctival, and Oral Mucosal Epithelial
Cell Culture

We cultured human corneal, conjunctival, and oral mucosal epi-
thelial cells using a previously reported system [19]. In brief, for
the corneal or conjunctival epithelial cell culture, the donor cor-
neal rims (SightLife, Seattle, WA, http://www.sightlife.org) were
first incubated at 37°C for 1hourwith1.2 IUof dispase to separate
the epithelial cells. Cells from the limbal and conjunctival regions
were carefully separated from the underlying tissue. The resul-
tant corneal or conjunctival epithelial cellswere then seededonto
denuded AM spread on the bottom of culture inserts and cocul-
tured with mitomycin C (MMC)-inactivated 3T3 fibroblasts.

For theoralmucosal epithelial cell culture, a small oralmucosal
biopsywas performedwith the patient under local anesthesia. The
oral epitheliumwas then incubated at 4°C for 5 hourswith 1.2 IUof
dispase, followed by treatment with 0.05% trypsin-EDTA solution
for 10 minutes to separate the cells. The resultant oral epithelial
cells were then seeded onto denuded AM spread on the bottom
of culture inserts and cocultured with MMC-inactivated 3T3
fibroblasts.

Electron Microscopy

Native human nasal mucosal tissue and CNMESs were examined
using scanning electronmicroscopy (SEM) and transmission elec-
tronmicroscopy (TEM) [19, 20]. The specimenswere fixed in 2.5%
glutaraldehyde in 0.1Mphosphate-buffered saline (PBS),washed
3 times for 15 minutes in PBS, and postfixed for 2 hours in 2%
aqueous osmium tetroxide. Theywere thenwashed 3more times
in PBS before being passed through a graded ethanol series
(i.e., 50%, 70%, 80%, 90%, 95%, and 100%). For SEMexamination,
the specimens were transferred to hexamethyldisilazane (TAAB
Laboratories Equipment Ltd., Aldermaston, U.K., http://www.
taab.co.uk) for 10 minutes and then allowed to air dry. Once
dry, the specimens were mounted on aluminum stubs and
sputter-coated with gold before undergoing examination using
a digital SEM (JSM 5600; JEOL U.K., Ltd., Welwyn Garden City,
U.K., http://www.jeoluk.com). For the TEM examination, the
specimens were embedded in epoxy resin (Agar 100-epoxy resin;
Agar Scientific Ltd., Stansted, U.K., http://www.agarscientific.com).
Ultrathin (70-nm) sections were collected on copper grids
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and stained for 30 minutes with 1% vanadyl sulfate and
1% phosphotungstic acid and then for 20 minutes with Reynold’s
lead citrate before examination using TEM (JEM 1010; Jeol U.K.).

Antibodies and Reagents

The following antibodies were used in the present study: mouse
monoclonal antibodies anti-keratin 1 (dilution320) / 4 (3200) /
10 (350) / 13 (3200) (Novocastra Ltd., NewcastleUponTyne,U.K.,
http://www.leicabiosystems.com), anti-keratin 3 (350) (Progen
Biotechnik GmbH, Heidelberg, Germany, http://www.progen.de),
anti-ZO1 (325) (Zymed Laboratories, South San Francisco, CA,
http://www.invitrogen.com), anti-desmoplakin (31) (Progen
Biotechnik), anti-laminin 5 (3100) (Chemicon International, Inc.,
Temecula, CA, http://www.chemicon.com), anti-collagen 7 (3100)
(Chemicon), anti-MUC1 (320) (Progen Biotechnik), anti-MUC16
(3400) (Abcam), anti-mucin 5AC (MUC5AC) (3100) (Thermo
Fisher Scientific, Inc., Waltham, MA, , http://www.thermofisher.
com), anti-p75 (3200) (Abcam), and anti-Ki-67 (3200) (BD Phar-
mingen, San Diego, CA, http://www.bdbiosciences.com). Rabbit
polyclonal antibodies anti-ZO1 (325) (Zymed Laboratories) and
anti-keratin 12 (3200) (TransGenic Inc., Kumamoto, Japan, http://
www.transgenic.co.jp). Goat polyclonal antibody anti-keratin 12
(3100) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, http://
www.scbt.com). Rat polyclonal antibody anti-galectin 3 (3100)
(Santa Cruz Biotechnology). Secondary antibodies included Alexa
488 goat anti-mouse or rabbit IgG (31,500) (Molecular Probes,
Inc., Eugene, OR, http://probes.invitrogen.com), and fluorescein-
conjugated donkey anti-mouse, -goat, or -rat IgG (3100) (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA, http://www.
jacksonimmuno.com). The sections were coverslipped using anti-
fading mounting medium containing propidium iodide (Vector-
shield; Vector Laboratories, Inc., Burlingame, CA, http://www.
vectorlabs.com).

Immunohistochemistry

Immunohistochemical studies were performed according to our
previously described method [19, 20]. In brief, 8-mm-thin frozen
sectionswereplacedonsilane-coated slides, air dried, and fixed in
100%acetoneat 4°C for 15minutes. Afterwashing in PBS contain-
ing 0.15% Triton X-100 surfactant (Dow Chemical Co., Midland,
MI, http://www.dow.com) at RT for 15 minutes, the sections
were incubated with 1% bovine serum albumin (BSA) (Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) at RT for
30 minutes to block nonspecific binding. The sections were then
incubated with primary antibody at RT for 1 hour and washed
3 times in PBS containing 0.15% Triton X-100 for 15minutes. Con-
trol incubations were conducted with the appropriate normal
mouse, rat, goat, and rabbit IgG at the same concentration as
theprimary antibody, and theprimary antibody for the respective
specimen was omitted. The sections were then incubated with
the appropriate secondary antibodies at RT for 1hour. After being
washed 3 times with PBS, the sections were coverslipped using
glycerol containing propidium iodide (Nacalai Tesque, Inc., Kyoto,
Japan, http://www.nacalai.co.jp), and examined under a confocal
microscope (FluoView; Olympus Corporation, Tokyo, Japan,
http://www.olympus-global.com).

Enzyme-Linked Immunosorbent Assay

Quantification of the mucin (MUC) 5AC (MUC5AC) expression
level of the cultivated EC sheets (nasal, corneal, conjunctival, and

oral ECs) was performed using enzyme-linked immunosorbent as-
say (ELISA). Each sheet was incubated with Hanks’ balanced salt
solution (1 ml per well, 24-well plates) for 48 hours at 37°C. The
resultant supernatant solution of each cultivated EC sheetwas in-
cubated overnight at 40°C. The wells were washed 3 times with
0.05% Tris-buffered saline with Tween-20 (TBST) and then incu-
bated with 1% BSA for 1 hour at RT. Next, the wells were incu-
bated with anti-MUC5AC antibody for 1 hour at RT. The wells
were then washed 3 times with TBST and incubated with second-
ary antibody (sheep anti-mouse IgG-horseradish peroxidase;
GE Healthcare, Little Chalfont, U.K., http://www.gehealthcare.
com) for 1 hour at RT. Finally, the wells were incubated with tet-
ramethylbenzidine (Sigma-Aldrich) for 30 minutes at RT. The re-
actionwas stopped by adding 0.5M sulfuric acid solution (Nacalai
Tesque). The absorbance was read at 450 nm using a microplate
reader.

Human CNMES Transplantation

The humanCNMESswere transplanted onto albino rabbits (2–2.5
kg) according to our previous protocol [21]. Anesthesia was in-
duced in all rabbits by intramuscular injection of xylazine hydro-
chloride (5 mg/ml) and ketamine hydrochloride (50 mg/ml). All
the rabbits were treated in accordance with the Association for
Research in Vision and Ophthalmology Statement for the Use
of Animals in Ophthalmic and Vision Research, and the experi-
mental procedurewas approvedby theCommittee forAnimal Re-
search at Kyoto Prefectural University of Medicine.

First, the rabbit conjunctival tissues (approximately 10mm3
5mm in size) were removed. Next, the CNMESs were placed over
the excised area and secured in place with 10-0 nylon sutures.
After surgery, the rabbitswere given FK506 (300mm/day) (Astellas
Pharma Inc., Tokyo, Japan, http://www.astellas.com) intramus-
cularly during the observation periods and treatedwith antibiotic
ointment (Santen Pharmaceutical Co., Ltd, Osaka, Japan, http://
www.santen.com)and steroidointment (Shionogi Co., Ltd.,Osaka,
Japan, http://www.shionogi.com) every day [22].

RESULTS

Histological Examination of CNMESs

We first examined thehistological characteristics of the CNMESs
using hematoxylin and eosin staining (Fig. 1A). For comparison
purposes, we also examined the cultivated corneal, conjuncti-
val, and oral mucosa EC sheets using our previously reported
technique (Fig. 1B–1D) [13, 14, 19]. Native nasalmucosal epithe-
lium, the stratified ciliated columnar epithelium in the nasalmu-
cosa, lies on the basement membrane, and ciliated cells and
goblet cells were seen in the epithelial layer (Fig. 1A1). In con-
trast, the corneal, conjunctival, and oral mucosal epithelium
all consisted of nonkeratinized, stratified squamous EC layers
(Fig. 1B1, 1C1, 1D1).

After 2 weeks of culture, not only the cultivated corneal,
conjunctival, and oral mucosal EC sheets, but also the CNMESs,
showed 4–5 layers of stratified well-differentiated cells
(Fig. 1A2, 1B2, 1C2, 1D2). Phase-contrast microscopy photo-
graphs indicated that a confluent primary culture of ECs had
been established that covered the entire AM (Fig. 1A3, 1B3,
1C3, 1D3) and that goblet-like cells were only present in the
CNMESs (Fig. 1A3). Thus, tissue-engineered CNMESs on AMwere
successfully generated.
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Ultrastructural Examination of CNMESs

SEMexaminationofnativenasalmucosa revealedciliatedandnon-
ciliatedregionswithnumerousblobsofmucus (Fig.2A). Incontrast,
SEM examination of the CNMESs revealed that the surface con-
sisted of nonciliated cells with microvilli that were covered by
strandsandblobsofmucus (Fig. 2E).TEMexaminationof thenative
nasal mucosa revealed a region of goblet cells that contained nu-
merous mucus-filled vesicles (Fig. 2B). TEM examination of the
CNMESs revealedmultiple layers of goblet cells containing numer-
ous mucus-filled vesicles (Fig. 2F), with some mucus observed on
the apical cell surface or trapped between the base of the cells
and the AM. Both native nasal mucosa and CNMESs were found
to have desmosomal junctions (Fig. 2C, 2G) and hemidesmosomes
(Fig. 2D, 2H), respectively, indicating that tissue-engineered
CNMESs with numerous goblet cells were successfully generated.

Cell Biological Characteristics of CNMESs

Keratin Expression Patterns

The expression patterns of several tissue-specific keratins in the
native tissue (supplemental online Fig. 2) and in the CNMESs
(Fig. 3) were investigated by immunohistochemistry. In the nor-
mal nasal mucous, expression of stratified keratin 4 was shown in
the superficial layer and keratin 13 in all epithelial layers
(supplemental online Fig. 2A1, 2A2). Cornea-specific keratin 3
was expressed in all epithelial layers (supplemental online
Fig. 2A3). In contrast, expression of cornea-specific keratin 12
and keratinization-related keratins 1 and 10 were not observed
(supplemental online Fig. 2A4–2A6). In addition, expression of
keratins 4, 3, and 12 was confirmed in the corneal epithelium;
however, no expression was found for keratins 1, 10, and 13
(supplemental online Fig. 2B1–2B6). The keratin expression pat-
terns in the conjunctival and oralmucosal epitheliumwere nearly
identical, except for the expression of keratin 3 (supplemental
online Fig. 2C1–2C6, 2D1–2D6).

Immunohistochemical examination of the CNMESs revealed
theexpressionof keratins 3, 4, and 13 (Fig. 3A1–3A3) but noexpres-
sion of keratins 1, 10, and12 (Fig. 3A4–3A6). Examinationof the cul-
tivated corneal epithelium revealed the expression of keratins 4, 3,
12, and 13 but no expression of keratins 1 and 10 (Fig. 3B1–3B6).
The keratin expression patterns of the cultivated conjunctival and

oral mucosal epithelium were nearly identical (Fig. 3C1–3C6,
3D1–3D6). These findings show that using our newly developed
culture conditions, the cell biological characteristics of the keratin
expression patterns of native nasal mucosal epithelium in the
CNMESs were maintained.

Cell Junction and Basement Membrane Assembly
Protein Expression

The immunohistochemistry findings revealedcell-junctionandbase-
mentmembrane assembly protein expression (supplemental online
Fig. 3). ZO-1, a tight-junction-related component, was expressed in
apical cells in thenormal nasal, corneal, conjunctival, andoralmu-
cosal epithelium (supplemental online Fig. 3A1, 3B1, 3C1, 3D1).
Desmoplakin, a cell-to-cell junction component, was expressed
in the cell membrane of epithelial cells in all tissues (supplemental
online Fig. 3A2, 3B2, 3C2, 3D2). The basementmembrane assembly
proteins laminin 5 and collagen 7 were expressed in the basement
membrane in all tissues (supplemental online Fig. 3A3–3A4,
3B3–3B4, 3C3–3C4, 3D3–3D4). The CNMESswere found to express
all the markers examined in the present study (supplemental
online Fig. 3A5–3A8). These expression patterns were also ob-
served in the other cultivated sheets (supplemental online Fig.
3B5–3B8, 3C5–3C8, 3D5–3D8). Thus, the CNMESs exhibited the
proper cell junction and basement membrane assembly protein,
which is thought to be essential for adaptation to clinical
applications.

Membrane-Type Mucin Expression Patterns

MUC1andMUC16,membrane-boundmucins [23],were expressed
in the superficial layer of thenormal nasal, corneal, and conjunctival
mucosal epithelium (supplemental online Fig. 4A1, 4A2, 4B1, 4B2,
4C1, 4C2). In contrast, they were not expressed in the normal oral
mucosal epithelium(supplementalonlineFig. 4D1,4D2).Galectin3
wasexpressed in all epithelium (supplemental online Fig. 4A3, 4B3,
4C3, 4D3).

MUC1,MUC16, and galectin 3were expressedmainly in the su-
perficial layer of the CNMESs (supplemental online Fig. 4A4–4A6).
These expression patterns were similar to those seen in the native
nasal mucosa. The membrane-type mucin expression patterns of
theother cultured sheetswerenearly identical to thoseofnativeep-
ithelium (supplemental online Fig. 4B4–4B6, 4C4–4C6, 4D4–4D6).

Figure 1. Histological examination of the cultivated nasal mucosal epithelial cell sheet. Light micrographs showing cross-sections of nasal
(A1, A2), corneal (B1, B2), conjunctival (C1, C2), and oral (D1, D2) epithelial cells (ECs), both native tissue and in the cultured sheet stained with
hematoxylin and eosin. Phase contrast images showing a confluent primary culture of nasal (A3), corneal (B3), conjunctival (C3), and oral (D3)
ECs after 2 weeks in culture. Arrows indicate cells with a goblet-like appearance (A3). Scale bars = 100 mm.

102 Nasal Mucosal Cell Sheet Transplantation

©AlphaMed Press 2015 STEM CELLS TRANSLATIONAL MEDICINE



Secretory-Type Mucin Expression (MUC5AC)

Immunohistochemical examination revealed the presence of
MUC5AC, a marker of goblet cells, in the normal nasal mucosal
and conjunctival epithelial cells (Fig. 4A1, 4C1). In contrast, no ex-
pression ofMUC5ACwas observed in the normal corneal and oral
mucosal epithelium (Fig. 4B1, 4D1). MUC5AC was only expressed
in the superficial cells of the CNMESs (Fig. 4A2, 4A3). The protein
levels of MUC5AC in the cultured sheet were examined by ELISA
(Fig. 4E). The expression level of MUC5AC in the CNMESs was
higher than that in the other cultivated sheets (p , .02). These
findings illustrate that tissue-engineered CNMESswith numerous
MUC5AC-positive goblet cells were successfully produced.

Possible Epithelial Stem/Progenitor Cell Marker p75

Apossible stem/progenitor cellmarker [24], p75,was sporadically
expressed in the basal cells of the human nasal, conjunctival, and
oral mucosal epithelium; however, its expression was not

observed in the normal corneal epithelium (supplemental
online Fig. 5A–5D). Expectedly, p75 expression was observed
in the basal cell layer of the CNMESs and other cultivated sheets
(supplemental online Figure 5E–5H), suggesting that stem/
progenitor cellsmight be included in theCNMESs thatwere gen-
erated. However, no reliablemarkers exist for nasalmucosal ep-
ithelial stem cells, and our findings only showed the expression
of p75 in the nasal mucosal epithelium. Therefore, much more
information is needed to clearly demonstrate these subjects.

Xenotransplantation of Human CNMESs

Clinical Findings

Human CNMESs were transplanted onto the conjunctival surface
of the rabbit eyes and fixed with 10-0 nylon sutures (Fig. 5A). At
both 7 days and 2 weeks after transplantation, the transplanted
conjunctiva surfaces in all treated eyes were confirmed to be
clear and smooth and without any extensive postoperative

Figure 2. Ultrastructural examinationof the cultivated nasalmucosal epithelial cell sheet (CNMES). Scanning electronmicroscopy examination
of native nasalmucosa (A) and theCNMES (E). Yellowasterisks indicate blobs ofmucus. Transmission electronmicroscopy examinationof native
nasal mucosa (B, C, D) and the CNMES (F, G, H). Asterisks indicate mucus-filled vesicles (B, F). Arrows indicate desmosomes (C, G) and hemi-
desmosomes (D, H). Abbreviations: SEM, scanning electron microscopy; TEM, transmission electron microscopy.
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inflammation. In addition, fluorescein staining confirmed that the
entire conjunctiva surfacewas coveredby xeno-CNMESs (Fig. 5A).
The slit-lamp examination findings were the same in all 3 rabbits.

Cell Biological Characteristics of Transplanted CNMESs

Histological examination of the transplanted CNMESs at 14 days
postoperatively revealed that they were well adhered to the host
tissues, with evidence of subepithelial cell infiltration (Fig. 5B).
Hematoxylin-eosin staining showed that the transplanted
CNMESs contained well-stratified differentiated cells (Fig. 5B).
In order to confirm the presence of transplanted human CNMES
cells on the rabbit conjunctival surface,weexamined their expres-
sion of anti-human nuclei and found positive expression of it in
the transplanted areas (Fig. 5C).

Next, the expression pattern of several cell biological markers
in the transplanted CNMESswas examined (Fig. 6). Keratins 4 and
13were found tobe expressed in the superficial and intermediate
layers, with no discernible immunostaining in the basal cell layers
(Fig. 6A, 6B). Keratins 1, 3, 10, and 12 were not expressed in any
layer (Fig. 6C–6F). ZO-1 was expressed in the apical cells in the
transplanted CNMES, and desmoplakin was expressed in the cell
membrane of the transplanted CNMES cells (Fig. 6G, 6H). The
basement membrane assembly proteins collagen 7 and laminin
5 were also expressed in the transplanted CNMESs (Fig. 6I, 6J).
Sporadic expression of Ki67 and p75 was found in the basal layer

of the transplanted CNMESs (Fig. 6K, 6L).MUC1 andMUC16were
expressed in the superficial layer in the transplantedCNMESs, and
galectin 3was expressed in all CNMES layers (Fig. 6M–6O). Immu-
nohistochemistry confirmed the presence of MUC5AC in the
transplanted CNMESs (Fig. 6P). These findings indicate that the
generated CNMESs are well-adapted to native situations, with
good postoperative function.

DISCUSSION

SevereOSDs are someof themost challenging clinical entities fac-
ing ophthalmologists worldwide. Although much attention is fo-
cused each year on the development of regenerative cell therapy
using corneal, conjunctival, and oralmucosal epithelial stemcells,
no reports have been published regarding a comparative exami-
nation of the cell biological characterization of the corneal, con-
junctival, and oral epithelial sheets. Moreover, severe OSDs with
severedry eye remain someof themost difficult disorders to treat
using the currently available treatment methods. The ocular sur-
faces of those patients exhibited a complete loss of conjunctival
goblet cells, resulting in the clinical change of themucosal epithe-
lium fromwet topathologically keratinized. Subsequently, theoc-
ular surfaces in those cases become severely compromised.
However, these patients are presently considered to not meet
the surgical indications. As a first step in the development of

Figure 3. Keratin expression patterns in the cultivated nasal mucosal epithelial cell sheet. Images show the immunofluorescence of keratin 4
(A1, B1, C1, D1), 13 (A2, B2, C2, D2), 3 (A3, B3, C3, D3), 12 (A4, B4, C4, D4), 1 (A5, B5, C5, D5), and 10 (A6, B6, C6, D6) in the nasal (A1–A6), corneal
(B1–B6), conjunctival (C1–C6), and oral (D1–D6) cultured sheets. Scale bars = 100 mm. Abbreviations: K, keratin; PI, propidium iodide.
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a novel treatment method for these patients, the transplantation of
functional goblet cells onto the ocular surface might offer one pos-
sible approach, because goblet cells with secreted mucin are an es-
sential component for maintaining ocular surface homeostasis.
Although it is quite difficult tomaintain goblet cells in in vitro culture
conditions,wesuccessfullygeneratedconfluentculturesofnasalmu-
cosal ECs with numerous goblet cells expanded ex vivo from biopsy-
derived nasal mucosal tissues and compared themwith other types
of cultured epithelial sheets. The present study is a first step toward
assessing the efficacy of a novel tissue-engineered autologous trans-
plantation of functional goblet cells of nonocular surface origin.

In 1990, Naumannet al. introduced autologous nasalmucosal
tissue transplantation in severemucus deficiency syndrome [16].
Most recently, Kim et al. reported that autologous nasal mucosal
tissue transplantation is a feasible treatment of patients with cic-
atricial OSD [17]. The ocular surface is composed of two different
types of ECs (i.e., corneal and conjunctival), and goblet cells are
diffusely located throughout the entire conjunctival area. In these
reports, the nasal graft size was around 2 cm2, and because of the
limited nasal donor site, it is impossible to supply the goblet cells
to the entire ocular surface using this procedure. Hence, the con-
dition is far from the physiological ocular surface. To reconstruct
the ocular surface as close as possible to its normal physiological

state, we believe that the ex vivo expansion of goblet cells using
our newly discovered cell culture technique is a useful and prom-
ising procedure for developing the next generation of ocular sur-
face reconstruction methods.

The culture of goblet cells has long been a challenging and dif-
ficult subject for scientists worldwide. In the present study, we
successfully developed a novel culture system to generate
CNMESs that include numerous goblet cells. Our new culture sys-
tem is unique in several important aspects, because it includes the
use of humanMSCs to assist EC growth, the use of ROCK inhibitor
Y-27632 to assist in the initial cell attachment, and the use of KGF
to induce goblet cell differentiation.

Worldwide, themost popular cells used in the EC culture pro-
cess are mouse-derived 3T3 feeder cells, because they are widely
recognized for their effectiveness [25]. However, the use of those
cells requires the use of xenobiotic materials in the culture sys-
tem. Therefore, the use of human MSCs as an alternative to
3T3 feeder cells is significantly advantageous, because it elimi-
nates the need for xenobiotic-freematerial in the culture process.
Although we have not compared the effectiveness of 3T3 feeder
cellswithMSCs, theuseofhumanMSCs isof clinical importance in
the development of autologous tissue-engineered cell sheets for
clinical transplantation.

Figure 4. Expression patterns of mucin 5AC (MUC5AC). Immunofluorescence of MUC5AC in native nasal (A1), corneal (B1), conjunctival (C1),
and oral (D1)mucosal epithelium. Immunofluorescence of MUC5AC in the cultured nasal (A2, A3), corneal (B2, B3), conjunctival (C2, C3), and
oral (D2, D3) epithelial cell sheets. Scale bars = 100 mm. (E): The protein levels of MUC5AC in the cultured epithelial sheets were examined by
ELISA. Mean6 SEM. p, p, .02; n = 8. Abbreviations: ELISA, enzyme-linked immunosorbent assay; HCS, human corneal epithelial sheet; HCJS,
human conjunctival epithelial sheet; HNS, human nasal mucosal epithelial sheet; HOS, human oral mucosal epithelial sheet; PI, propidium
iodide.
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Watanabe et al. reported that the application of ROCK inhib-
itor Y-27632 promotes the survival of dissociated human embry-
onic stemcells [26], andour group recently reported that Y-27632
enhances the adhesion of corneal endothelial cells to a substrate
[27]. In our experimental observation under the phase-contrast
microscope, we found that the application of Y-27632 to our cul-
ture system enhanced the initial attachment of human nasal ECs
onto the AM. That finding encouraged us to explore the use of
Y-27632 in our attempt to develop a better protocol of tissue-
engineered nasal cell culture techniques.

Epidermal growth factor (EGF) iswidelyused for the cultureof
nasal ECs [18]. However,whenusing thismethod,we found itwas
difficult to generate cultured cell sheets that included a sufficient
number of goblet cells, although the cell growth was compara-
tively fast. Thus, we developed our culture protocol and discov-
ered that although the cell growth with KGF was slower than
that with EGF, KGF effectively promotes sufficient goblet cell

differentiation in human nasal ECs. It has been reported that
KGF and its receptor are expressed in the nasal mucosa [28]
and that KGF stimulates theproliferationof ECswithout impairing
differentiation [29]. KGF also reportedly promotes goblet cell dif-
ferentiation through the regulation of a goblet cell silencer inhib-
itor [30]. In view of these findings, KGF is one of the key factors to
generate the goblet cell-rich cultured EC sheets.

Reportedly, cytokeratins play an important physiological and
biological role inmaintaining the integrity of ECs [31–34]. In those
studies, defined subsets of individual cytokeratin pairswere char-
acteristically expressed, dependingon the EC type and level of dif-
ferentiation. We have demonstrated that the keratin 1 and 10
pair, an epidermal keratinization marker, is not expressed in
any layers in native nasal epithelium or in the CNMESs. We also
confirmed that the keratin 4 and 13 pair, a nonkeratinized, muco-
sal epithelial marker, is expressed in both of them. These results
led us to believe that, similar to other epithelial sheets, the

Figure 5. Xenotransplantation of a human cultivated nasal mucosal epithelial cell sheet. (A): Representative slit-lamp photographs of a rabbit
taken immediately after transplantation, 7 days after transplantation, and 14 days after transplantation, with and without fluorescein. Arrows
indicate the transplanted cell sheet. (B, C): Hematoxylin and eosin staining (B) and immunofluorescence (C) of anti-human nuclei at the trans-
planted conjunctival area. Scale bars = 100 mm. Abbreviations: D, day(s); PI, propidium iodide.
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CNMESs have the characteristics of nonkeratinized mucosal epi-
thelium. Moreover, immunohistochemical examination revealed
no expression of cornea-specific keratin 12 in any layers of the na-
tive nasal epithelium or the CNMESs, although cornea-specific
keratin 3was expressed in all epithelial layers in both. Reportedly,
keratin3 is amarker for corneal differentiationand showspositive
for corneal, oral, and nasal mucosal ECs [35], and that was con-
firmed by our results. Although the CNMESs we produced were
not identical to corneal and conjunctival epithelium,weposit that
they have the potential to become a substitute for ocular-surface
ECs. In addition, it should be noted that we have yet to elucidate

the molecular pathway of the differentiation of CNMESs. Thus,
additional investigation is needed to clarify this point.

An important key point regarding the feasibility and efficacy
of using the CNMESs to produce a successful transplantation is to
elucidate how the cultured cells attach to the surrounding cells or
substrate (i.e., cell-to-cell, cell-to-substrate). The results of our
immunohistochemical examination revealed that the cell junction
and basement membrane assembly proteins were well expressed
in the CNMESs. Adjacent cells in the CNMESs were found to be
joined with numerous desmosomal junctions (desmoplakin), and
tight junctions (ZO-1) were evident between the most superficial

Figure 6. Cell biological characteristics of the transplanted cultivated nasal mucosal epithelial cell sheet (CNMES). Immunofluorescence of
keratin 4 (A), 13 (B), 3 (C), 12 (D), 1 (E), and 10 (F), and ZO-1 (G), desmoplakin (H), collagen 7 (I), laminin 5 (J), Ki-67 (K), p75 (L), MUC1 (arrows)
(M), MUC16 (N), galectin 3 (O), andMUC5AC (P) in the transplanted CNMES. Scale bars = 100mm. Abbreviations: ColVII, collagen 7; K, keratin;
MUC, mucin; PI, propidium iodide.
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cell layers. These findings encouraged us to perform the trans-
plantation of the CNMESs onto a native ocular surface.

The ocular surface is normally covered with tear film, which
has a variety of components, including themucus layer on the ep-
ithelial surface [36–39]. Mucin is a major component of tear film,
which is essential for good vision. Thus, the mucin expression
involvement in the CNMESs produced in the present study is of
particular interest. Similar to that with the other cultured cell
sheets, membrane-associated mucins (MUC1 and MUC16) were
expressed in the CNMESs. However, unlike the other cell sheet,
which did not express secretory mucin MUC5AC, the CNMESs
we produced involved abundant MUC5AC expression and might
be a main advantage for tear film stabilization and ocular surface
reconstruction.

After the successful culture of human CNMESs, we trans-
planted it onto the ocular surfaces to investigate the viability of
using the CNMESs as a substitute for functional ocular surface
ECs. Twoweeks after xenotransplantation of the humanCNMESs,
the transplanted sites were free of epithelial defects, indicating
the complete survival of the transplanted CNMESs. Importantly,
we confirmed the presence of junction-related proteins, the pro-
liferation marker, and the stem/progenitor cell marker in the
transplanted CNMESs. Most importantly, although we could
not completely rule out the contamination of MUC5AC derived
fromrabbit conjunctiva,weobserved that the secretory-typemu-
cin marker MUC5AC was intensely expressed in the transplanted
CNMESs, suggesting that the CNMESs have the potential ability to
treat severe OSDs with goblet cell deficiency. In addition, we
noted a decreased expression of keratin 3 in the transplanted
CNMESs, suggesting that transplanted CNMESs might change
their biological character in adjustment to the surrounding
microenvironment.

CONCLUSION

To thebest of our knowledge, our study is the first todemonstrate
the survival of tissue-engineered cultured epithelial cells derived

from nasal biopsies. In the present study, we successfully gener-
ated functional CNMESs with numerous goblet cells. In addition,
we successfully performed xenotransplantation of these cells
onto a rabbit ocular surface. We believe that this approach to
treating severe OSD eyes with severe dry eye has great potential.
However, it is important to note that this technique is still in
its early stages and thatmany questions have yet to be addressed,
including questions about the longevity and mobility of the
autologously transplanted nasal ECs on the host eye. Thus, the
long-term postoperative outcomes of CNMES transplantation
remain unclear, and additional investigation is needed to eluci-
date the feasibility and efficacy of using CNMESs in the clinical
setting.
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Abstract

Advances in tissue engineering have offered new opportunities to restore anatomically and 

functionally compromised tissues. Although traditional tissue engineering approaches that utilize 

biomaterials and cells to create tissue constructs for implantation or biomaterials as a scaffold to 

deliver cells are promising, strategies that can activate endogenous cells to promote tissue repair 

are more clinically attractive. Here, we demonstrate that an engineered injectable matrix 

mimicking a calcium phosphate (CaP)-rich bone-specific microenvironment can recruit 

endogenous cells to form bone tissues in vivo. Comparison of matrix alone with that of bone 

marrow-soaked or bFGF-soaked matrix demonstrate similar extent of neo-bone formation and 

bridging of decorticated transverse processes in a posterolateral lumbar fusion rat model. Synthetic 

biomaterials that stimulate endogenous cells without the need for biologics to assist tissue repair 

could circumvent limitations associated with conventional tissue engineering approaches, 

including ex vivo cell processing and laborious efforts, thereby accelerating the translational 

aspects of regenerative medicine.
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1. Introduction

Bone grafting has become an increasingly prevalent procedure. Bone is the third most 

transplanted tissue after skin and blood with over 500,000 bone grafting procedures 

performed annually in the United States alone [1]. A variety of procedures necessitate the 

use of bone grafts: these include spinal fusion procedures and large bone defects arising 

from trauma or excision of large segments of bone due to infection or tumor invasion. 

Among these, spinal fusions are increasingly predominant and the frequency and healthcare 

costs associated with spinal fusion have increased at a higher rate than other common 

inpatient procedures [2]. Spinal fusion procedures are typically used to treat conditions 

arising from damage to the intervertebral disc, nerve compression, and spondylolistheses, 

among others.

Although autograft remains the gold standard, associated comorbidities and limited supply 

continue to motivate developments of alternative strategies for spinal fusion. Tissue 

engineering strategies involving biologics such as osteoprogenitors and recombinant proteins 

have been touted as powerful approaches to treat non-uniform defects. These approaches 

often utilize a cell-laden three-dimensional (3-D) scaffold, which provides structural support 

and instructive cues. One such strategy involves delivery of osteoinductive growth factors, 

such as recombinant bone morphogenetic proteins (BMPs), with recombinant human BMP-2 

(rhBMP-2) and BMP-7 (rhBMP-7) currently approved for clinical use in various parts of the 

world [3, 4]. While BMPs are powerful inducers of bone tissue formation and delivery of 

BMPs leads to favorable clinical outcome through bone regeneration, the BMP-mediated 

bone tissue repair suffers from a number of shortcomings. These limitations include the high 

cost associated with the large dose of BMPs required as well as the accompanying side 

effects, such as respiratory effects, ectopic bone formation, local bone resorption at the 

implant site, and even an increase in the risk for cancer [5]. Other biologic additives such as 

exogenous cells [6], demineralized bone [7], bone marrow aspirate [8], platelet-rich plasma 

[9] or bFGF [10] have been used in combination with biomaterials or bone grafts to improve 

the therapeutic outcome in animal models. Recently, silicated calcium phosphates mixed 

with bone marrow aspirate have shown to promote posterolateral lumbar fusion in patients 

[11]. A report by Acharya et al. suggest that in the absence of biologic additives such as 

bone marrow, exogenous cells or demineralized bone matrix, synthetic calcium phosphates 

do not promote posterolateral fusion in patients [12]. Although such biomaterial-assisted 

inclusion of biologics to repair bone tissue is highly potent, new approaches that are cost-
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effective and pose minimal side effects are warranted by developing biomaterials that can 

recruit endogenous cells and direct their differentiation into osteoblasts to form functional 

bone tissue.

We have recently shown that biomineralized matrices of poly(ethylene glycol) diacrylate-co-

N-acryloyl 6-aminocaproic acid (PEGDA-co-A6ACA) promote osteogenic differentiation of 

human mesenchymal, embryonic stem cells, and induced pluripotent stem cells in vitro in 

growth medium devoid of any osteogenic-inducing factors [13–16]. We also showed that 

when subcutaneously implanted in rats, these materials contributed to ectopic bone 

formation by recruiting endogenous cells [17]. In this study, we examined the potential of 

these engineered matrices, emulating the calcium phosphate (CaP)-rich bone environment, 

(hereafter referred to as grafts) for their ability to induce bone formation and assist spinal 

fusion in rats. In addition to grafts alone, we also examined grafts supplemented with bone 

marrow flush or bFGF. Germane to our previous findings, the results described here show 

that the biomineralized material alone supported bone formation and assisted bridging of 

decorticated transverse process in a rodent.

2. Materials and Methods

2.1 Synthetic grafts

Formulation of the synthetic graft: Porous PEGDA-co-A6ACA hydrogels were prepared 

using a template-leaching method similar to that previously described [15, 16]. Briefly, 110 

mg of polymethyl methacrylate (PMMA) microspheres (mean diameter: 165 µm) (Bangs 

Laboratories, MI) were poured into cylindrical polypropylene molds measuring 7 mm in 

diameter and tapped vigorously for 20–30 seconds to ensure optimal packing of 

microspheres. The microsphere-filled molds were sintered at 140°C for 26 hours and 

allowed to cool to room temperature for at least 4 hours. A precursor solution to create the 

polymer network was prepared by adding 20% poly(ethylene glycol)-diacrylate (PEGDA; 

Mn: 3.4 kDa; [w/v]) to a 0.5 M solution of N-acryloyl 6-aminocaproic acid (A6ACA) in 0.5 

M NaOH and chilled on ice for 15 minutes. Polymerization was initiated by the addition of 

0.5% ammonium persulfate and 0.07% N,N,N’N’-tetramethylethylenediamine. 

Approximately 0.110 ml of the precursor solution was poured into each PMMA mold and 

vacuum-infiltrated by cycling between ambient pressure and 28 in Hg vacuum every 5 

minutes, with 3 cycles. The infiltrated samples were allowed to polymerize under humid 

conditions at 37°C for 2 hours. PMMA templates were removed by washing in acetone for 3 

days (with two daily changes of solution), and subsequently immersing the hydrogels in 

decreasing concentrations of acetone in deionized (DI) water (90%, 70%, 30%, 0%) for 24, 

12, 6 and 6 hours, respectively. The porous hydrogels were washed in deionized (DI) water 

for at least 3 days with three daily changes of water to remove traces of acetone, and then 

scraped to remove any thin non-porous layer at the surface and dried at 37°C for 24 hours.

The grafts were mineralized using a previously described procedure with some 

modifications [13, 17, 18]. Briefly, the macroporous hydrogels were re-swollen in simulated 

body fluid (m-SBF), prepared as detailed previously [19] for 12 hours, minced into pieces 

with a surgical scalpel, and then mineralized by immersion in 40 mM Ca2+/24 mM PO4
3− 

(pH = 5.2) under vacuum to ensure optimal infiltration of the solution into the scaffold 

Shih et al. Page 3

Acta Biomater. Author manuscript; available in PMC 2017 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interior for 1 hour. Excess solution was removed from the graft pores by gently pressing on a 

paper towel, and the grafts were immersed in fresh m-SBF for an additional 48 hours. The 

mineralized grafts were washed briefly in sterile PBS for 6 hours to remove excess m-SBF 

from the pores, loaded into 1-ml syringes (Terumo Medical, Inc.) (0.3 ml/syringe), frozen at 

−80°C and lyophilized for 48 hours.

2.2 Scanning electron microscopy (SEM) and energy dispersive spectra (EDS)

Mineralized matrices were imaged with SEM to investigate the morphology of the 

mineralized matrices. Samples were rinsed in DI water for 5 minutes to remove unbound 

ions, cut into thin slices, flash-frozen, and lyophilized. Samples were coated with Iridium for 

7 seconds in the sputter (Emitech, K575X) and imaged with SEM (Philips XL30 ESEM). 

EDS analysis was performed to determine the composition of the minerals using an 

integrated EDS system and ICA software to quantify Ca/P atomic ratio from elemental 

spectra.

2.3 Surgical procedure

Twenty-three male athymic rats (rnu/rnu, Harlan) weighing 250–300 g used for the study 

were in compliance with the NIH Guide for Care and Use of Laboratory Animals with the 

approval of the Institutional Animal Care and Use Committee at the University of California, 

San Diego. Two of the 23 rats were used as bone marrow donors. After sacrifice, the femurs 

of these two rats were removed and cleaned of soft tissue remnants. The ends of the femur 

were cut and flushed four times with DMEM (GIBCO) (4 ml/femur total). The 

concentration of viable mononucleated cells was determined to be 1.1 × 107 cells/ml. The 

remaining twenty-one rats were used for implantation. The rats were anesthetized with an 

intramuscular injection of approximately 0.45 ml of ketamine-xylazine. L4-L5 transverse 

processes were exposed through a dorsal midline skin incision and paravertebral muscle 

separation, stripped of periosteum by scraping, and decorticated with a burr until bleeding 

was observed from the transverse processes. 0.3 ml of the lyophilized synthetic graft was 

rehydrated for 1 minute in either physiological saline, bone marrow (BM) flush, or basic 

fibroblast growth factor (bFGF; 10 ng/ml) in saline and placed between the transverse 

processes in the fusion bed on each side of the spine. Seven rats received BM flush-soaked 

grafts, seven received bFGF-soaked grafts, while the remaining seven received grafts soaked 

in saline. The muscle pouch was closed with resorbable 4-0 Vicryl sutures and the skin was 

closed with staples. Buprenorphine (0.03 – 0.05 mg/kg) was administered for relieving 

postoperative pain and the animals were allowed access to food and water ad libitum. At 8 

weeks, the rats were euthanized by CO2 and cervical dislocation.

2.4 Measurement of bFGF retention on grafts

Lyophilized synthetic grafts (0.3 ml) were rehydrated for 1 minute in bFGF solution (500 

µg/ml). The concentration of bFGF remaining in the unbound bFGF solution was measured 

with a UV-Vis Spectrophotometer (Nanodrop 2000, Thermo Scientific). The percentage of 

bound bFGF was calculated after subtraction of bound bFGF from the original bFGF 

solution.
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2.5 Radiographic monitoring

Bone formation in the host was monitored as a function of time through live imaging. 

Anterior-posterior (AP) digital radiographs (NAOMI; 365 dpi; 71 µm pixel size; 50 kVp; 10 

µAs) were acquired at 0, 2, 4, 6, and 8 weeks post-implantation. Post-sacrifice, animals were 

also imaged via high-resolution X-ray films using a tabletop Faxitron X-ray machine.

2.6 Micro-computed tomography

Animals were imaged via whole-body micro-computed tomography (µCT) (Skyscan1076, 

Skyscan, Belgium) in live animals at 8 weeks (pixel size: 36 µm; 100 kV; 1.0-mm Al filter) 

under anesthesia (2% isofluorane). Scans were reconstructed using NRecon software and 

analyzed via CTAn and DataViewer software (Skyscan). Bone (or hard tissue) volume 

percentage was calculated for each animal at 8 weeks from the reconstructed µCT scans 

using CTAn software. Bone morphometry was assessed as percentage of mineral volume 

compared to total graft volume (BV/TV) with CTAn software. Briefly, to selectively account 

for positive signals from minerals by eliminating background, a thresholding value was 

determined for native trabecular bone using the Otsu Threshold Method.

The fusion mass region on each side of the spine (left and right) was then isolated as a 

region of interest in each slice via visual inspection and the pre-determined threshold was 

applied. Bone density was quantified as percentage of volume occupied by bone (hard tissue 

with a pixel value exceeding the threshold) as compared to total tissue volume for each side. 

For each animal, bone volume percentage was expressed as the average of the bone volume 

percentage in the left and right side fusion mass, respectively.

2.7 Bone labeling with calcein fluorochrome

Calcein fluorochrome (Sigma Aldrich) labeling was used to identify newly calcified/forming 

bone tissues; freshly prepared calcein reagent was used for the injection. Briefly, calcein 

powder was dissolved in 2% NaHCO3 (diluted in physiological saline) to make a 3 mg/ml 

stock solution and filter-sterilized using a 0.22-µm filter. The calcein solution was loaded 

into 3-ml syringes and injected into the athymic rats subcutaneously at 15 mg/kg body 

weight at week 6 (2 weeks before sacrifice at week 8).

2.8 Histology

Following sacrifice, the spines were excised from the animals along with surrounding soft 

tissue and fixed in 10% buffered formalin. Samples were decalcified for 1–2 weeks using 

Cal-EXII according to the manufacturer’s instructions. Decalcified samples were embedded 

in methyl methacrylate, sectioned, and stained using hematoxylin and eosin (H&E). For 

immunohistochemical (IHC) staining of osteocalcin, rehydrated paraffin-embedded sections 

were washed in PBS, blocked, and incubated overnight with primary antibodies against 

osteocalcin (1:100; mouse monoclonal; Abcam) at 4°C. Following thorough washes, 

sections were immersed in 3% hydrogen peroxide (Acros Organics) and washed in PBS 

containing 0.1% Tween 20 (v/v). Sections were exposed to horseradish peroxidase (HRP)-

conjugated secondary antibodies (1:100; goat anti-mouse, Santa Cruz Biotechnology) at 

room temperature for 60 minutes. After several washes, sections were developed in 3-3’ 

diaminobenzidine (DAB) peroxidase substrate (Vector Laboratories) for 10 minutes. 

Shih et al. Page 5

Acta Biomater. Author manuscript; available in PMC 2017 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sections were imaged under a microscope in color mode under H-filter. Rat skin tissue was 

used as a negative control.

2.9 Manual Palpation

Following sacrifice, spines were extracted from animals and manually palpated to evaluate 

fusion. Movement of fused adjacent vertebra was compared to movement of unfused 

adjacent vertebra [20]. Spines were graded on a scale of 1–4, with 1 representing no fusion 

with substantial movement, 2 representing limited fusion with reduced movement, 3 

representing substantial fusion with minimal movement, and 4 representing complete fusion 

with no detectable movement.

2.10 Lateral Bending

In addition to manual palpation and radiographic evaluation, fusion was evaluated using a 

custom-designed approach [21]. Briefly, explanted spines were placed in a custom-designed 

device capable of displacement-controlled lateral bending. Spines were anchored at the 

sacrum by three set screws and the L1 vertebral body was placed in the loading mechanism 

and allowed displacement of samples in the medial-lateral direction resulting in cantilever 

bending. Specifically, the L1 vertebral body was moved to three specific positions: bent left 

(−10 mm), neutral (0 mm), and bent right (+10 mm). Supplementary Figure S1 depicts right 

bending as an example. In each position, the spine was imaged using µCT (pixel size: 18 

µm, 70 kV, 1.0-mm Al filter), and converted to 3-D models using Mimics software. Six 

degrees-of-freedom 3-D segmental movements (3 rotational and 3 translational) were 

analyzed via Volume-Merge method [22].

2.11 Statistical analysis

Statistical analyses were carried out using Graphpad Prism 5. One-way analysis of variance 

(ANOVA) with Tukey post-hoc test was used to compare multiple groups. In the figures, 

groups with statistical significance are represented using different letters, i.e. groups with 

“a” are statistically significant to those with “b”. The p-values were obtained from each test.

3. Results

3.1 Macroporous mineralized grafts

The development and detailed characterization of the biomineralized matrix has been 

published previously [14, 15, 17, 18]. SEM characterization confirmed that the grafts 

exhibited interconnected pore structure (Fig. 1A). The matrix bound minerals had a plate-

like morphology (Fig. 1A, inset). The elemental dispersive spectra (EDS) analysis of the 

graft revealed the presence of CaP minerals with a Ca/P ratio of 1.44 in the mineralized 

macroporous hydrogels (Fig. 1B). XRD analyses of the mineralized matrices suggested 

presence of a mixture of crystalline and semicrystalline minerals [18]. The CaP minerals of 

the mineralized matrix undergo a dynamic dissolution-precipitation responding to the Ca2+ 

and PO4
3− in the milieu [15].

The overall development of the grafts and their in vivo implantation is depicted in Figure 

1C. Minced porous materials were mineralized, lyophilized in 1-ml syringes, and rehydrated 
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for 1 minute with either saline, basic fibroblast growth factor (bFGF) solution, or bone 

marrow (BM) flush before being injected into the surgically created fusion beds in rats. The 

growth factor bFGF was chosen because a number of studies have shown its role in 

promoting bone formation [23–25]; furthermore, silencing the bFGF gene results in 

decreased bone formation [26]. Although the exact amount of bFGF adsorbed onto the 

mineralized grafts is unknown, our measurements indicate more than 80% of bFGF can be 

adsorbed onto the mineralized grafts from the soaking solution. The porous graft materials 

were injected into the decorticated transverse processes in the fusion bed on each side of the 

spine (white arrow). The ability of the grafts to support bone formation and assist fusion of 

the transverse processes was determined as a function of post-implantation time.

3.2 Radiographic analysis of hard tissue formation and mineral density

The presence of hard tissue formation in saline-soaked, bFGF-soaked, and BM flush-soaked 

grafts were imaged by X-ray radiography (Fig. 2A). No adverse reaction to the grafts was 

observed in any of the animals throughout the study period. X-ray radiographic analysis of 

the animals immediately post-implantation revealed that the grafts were not visible in any of 

the animals (Fig. 2A; red asterisks). In contrast to the immediate post-implantation 

radiographs, fusion masses of newly formed hard tissues were visible in some of the animals 

as early as 2 weeks (4 animals out of 7 in each group). By 4 weeks, all animals showed clear 

evidence of hard tissue formation, with progressively increasing mineral density observed at 

6 and 8 weeks, respectively. Remarkably, de novo hard tissue formation was observed 

irrespective of whether the implants were soaked in saline, bFGF, or BM flush (Fig. 2A). 

Also, no observable difference could be discerned between animals within the three groups.

Micro-computed tomography (µCT) analyses corroborated the radiographic findings. µCT 

analyses after 8 weeks of implantation revealed hard tissue formation in all animals treated 

with implants irrespective of whether they were infused with saline, bFGF, or BM. Visual 

inspection of µCT scans indicated that the formation of new bone was restricted to the grafts 

(Fig. 2B and Supplementary Movies S1–3). Additionally, examination of transaxial cross-

sectional views of the reconstructed 3-D images revealed that the newly formed bone is 

bridged with the decorticated transverse processes (Fig. 2B). Bone morphometric analysis 

from µCT imaging at 8 weeks post-implantation revealed the percentage of mineralized hard 

tissue, relative to total graft volume, to be 51% for saline group, 59% for bFGF group, and 

54% for BM group, with bFGF significantly higher than saline and BM groups (Fig. 2C). 

While the graft fragments showed excellent hard tissue formation, spaces between the 

fragments of the grafts showed more sparse bone formation and less calcification.

3.3 Histological analysis of bone formation

Calcein labeling for calcium incorporation into newly formed tissue at 8 weeks post-

implantation revealed consistent calcification with positive calcein signals for saline, bFGF, 

and BM groups, respectively (Fig. 3A). H&E staining for the decalcified sections within the 

fusion masses at 8 weeks post-implantation revealed woven bone matrix with osteoblast-like 

lining cells in all experimental groups (Fig. 3B; blue arrows). The bone tissue formation was 

further confirmed by immunostaining for osteocalcin, a bone specific protein. Significant 

osteocalcin immunostaining was detected in all the three groups: saline-, bFGF- and BM-
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soaked groups (Fig. 3C). Lacunae-like cartilage structures were apparent in saline and BM 

groups (Fig. 3B; yellow arrows). No such cartilage-like structure was observed in grafts 

enriched with bFGF at the same experimental time point(s).

3.4 Evaluation of fusion through manual palpation

Despite its subjectivity, manual palpation has been touted as a gold standard for evaluation 

of spinal fusion in human patients [20]. Manual palpation of animals treated with the grafts 

revealed an average score of 2.9 for the saline group, 3.0 for the BM group, and 2.7 for the 

bFGF group, thus providing evidence of fusion in all groups, with no significant differences 

in fusion indices (Fig. 4A). In comparison, sham group (decortication only) consistently 

scored approximately 1, supporting the radiographic observations of lack of fusion and bone 

formation in the absence of exogenous grafts [21].

3.5 Lateral bending analysis of 3-D segmental movements

While the aforementioned measurements showed the formation of neo-bone tissue, it is 

important to quantitate the bridging of the neo-bone with the host transverse processes. To 

assess the functional integration of the neo-tissue with the native bone, 3-D segmental 

movements during lateral bending motions were determined. We quantified the 3-D 

segmental movements of the animals treated with implants after 8 weeks of implantation by 

using a technique developed by our group that involves lateral bending of the fused spines 

under controlled displacement along with a µCT-based 3-D kinematic analysis [21]. The 

total absolute value of rotation about the x-axis in lateral bending is defined as the 3-D 

lateral bending angular range of motion (ROM). A low ROM indicates bridging of the neo-

bone tissue with the host transverse processes, thereby spinal fusion. In this study, spines 

treated with the synthetic grafts soaked with saline and BM showed a statistically significant 

reduction in lateral bending angular ROM compared to the sham surgery group (p<0.05), 

with lateral bending angular ROMs of approximately 7.54±2.63° and 8.16±2.50° for the 

saline and BM groups, respectively, compared to 12.44±2.10° observed for the sham surgery 

group (Fig. 4, B and C). The significant reduction in mobility for the saline and BM groups 

compared to sham suggests that the grafts were fused with the transverse processes through 

the bridging of newly formed bone. On the other hand, the bFGF group did not significantly 

reduce mobility compared to sham. Additionally, no significant differences were observed 

between the saline and BM groups, further supporting the results from the µCT and 

histological analyses that the saline-soaked grafts were able to promote bone tissue 

formation and fusion to a similar extent as the BM flush-soaked grafts.

4. Discussion

In this study, we examined the ability of synthetic biomineralized matrices to support in vivo 
bone formation and bridging of decorticated transverse process in a rodent model with the 

addition of BM flush or bFGF. Live radiographic imaging was used to monitor hard tissue 

formation for up to 8 weeks. X-ray images and µCT analyses of the grafts immediately 

following implantation showed the grafts themselves were not visible suggesting that the 

biomineralized matrices contained only small amounts of minerals. The subsequent fusion 

masses of hard tissue observed at the implantation site starting 2 weeks post-implantation 
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can thus be solely attributed to the formation of new hard tissue and not an artifact due to 

visualization of the mineralized grafts themselves.

H&E staining and calcein labeling, together with the immunostaining for osteocalcin, further 

confirm hard neo-bone tissue, which was restricted to the graft. It is important to note that 

several of the large graft fragments in the µCT images showed relatively higher calcification 

at the periphery compared to the center of the fragment, while smaller fragments showed 

similar levels of calcification throughout the entire fragment. The formation of an exterior 

shell has often been reported during bone induction in soft tissues, particularly when 

calcium phosphate matrices are used either in isolation or as carriers for osteoinductive 

growth factors [27, 28]. The histological analyses showed extensive tissue formation 

throughout the graft irrespective of the size of the fragments. Furthermore, the histological 

analyses showed bone formation even in graft fragments located in the center of the fusion 

mass, away from the transverse processes. The majority of bone tissue appeared to resemble 

woven bone. The presence of cartilaginous matrix in grafts infused with saline and bone 

marrow groups suggests that the bone tissue formation, as evident by bone matrix and 

immunostaining for osteocalcin, followed endochondral ossification for these groups.

While manual palpation may seem fairly subjective and susceptible to inter-observer and 

intra-observer variability, studies using manual palpation to assess posterolateral 

intertransverse process spinal fusion indeed show correlation with other methods, such as 

fine detail radiography and µCT for evaluation of fusion [29]. The results of manual 

palpation in this study indicate that all grafts irrespective of the biological additives were 

able to promote bridging of the graft assisted neo-bone tissue with the native transverse 

process). Results from the lateral bending quantitative analyses corroborated findings from 

the manual palpation. As evident from the 3-D lateral bending analyses, the saline-, and BM 

flush-infused grafts not only promoted neo-bone tissue formation, but also led to a 40% 

reduction in angular range of motion when compared to the corresponding sham surgery. 

Mechanical characterization thus corroborated the µCT and histological findings that the 

synthetic grafts assisted the bridging of the transverse process.

The contribution of BM-infused and bFGF-infused grafts towards the neo-bone tissue 

formation is dependent upon the extent of adsorbed/bound biological materials. Bone 

marrow flush is comprised of a large number of cytokines, growth factors, and cells, 

including MSCs. Determining the composition and concentration of the biological 

components within the BM flush-infused grafts is a challenge. Previously, we have shown 

that incorporation of 6-aminocaproic acid (6ACA) moieties improves the protein and growth 

factor-binding ability of various materials, including the antifouling materials [30]. Synthetic 

matrices containing 6ACA moieties have also been shown to promote adhesion and growth 

of human mesenchymal stem cells [31]. Biomineralization should not have any negative 

effect on the ability of these materials to adsorb proteins and growth factors as a number of 

studies have shown that mineralization promotes adsorption of proteins and growth factors 

[32–34]. Measurements of bFGF adsorption onto the mineralized materials suggest that a 

majority of bFGF was adsorbed by the graft (>80%). This is consistent with other studies 

that showed high levels of bFGF adsorption by the CaP-based materials [35, 36].
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It is particularly intriguing that the saline-soaked grafts lacking any biological additives 

promoted bone tissue formation similar to the grafts soaked with BM flush or bFGF, and that 

the material alone is osteoconductive. Osteoconduction may depend on the action of 

differentiated skeletal cells that may originate either in pre-existing osteoblasts or in cells 

recruited from precursor mesenchymal cells by osteoinduction [37]. Since we did not 

identify the cells that contributed to then neo-bone, the mineralized scaffolds either 

stimulated differentiation of recruited progenitor cells into osteoblasts or recruited 

endogenous osteoblasts per se, leading to the deposition of bone matrix and bone formation. 

The presence of host cells in the grafts is likely facilitated by bleeding of the transverse 

processes during surgical implantation of grafts. This suggests that the biomineralized 

matrices used in this study are osteoinductive and the material can convert osteoprogenitors 

into osteoblasts through endochondral ossification. Synthetic calcium-phosphate materials 

that facilitate ectopic bone formation in the absence of biologics or exogenous cells as 

demonstrated in our study have been observed by others [38–43]. The ability of 

biomineralized matrices to promote ectopic bone tissue formation could be attributed to 

physicochemical cues arising from the mineralized matrix. The biomineralized matrices 

used in this study contained apatite-like CaP minerals that can be easily dissociated into 

Ca2+ and PO43− ions [44]. We and others have demonstrated the dissolution-precipitation of 

mineralized materials that leads to increased local Ca2+ and PO43− concentrations within the 

immediate microenvironment of matrices promote osteogenic differentiation of 

osteoprogenitor cells in vitro, [13, 14, 45–47] and could play a role in osteoinduction by 

mineralized materials in vivo [13, 45, 48, 49]. Crystalline CaP minerals have demonstrated 

increasing dissolution rates in the order of hydroxyapatite (HA), biphasic calcium phosphate 

(BCP), and tricalcium phosphate (TCP) [47, 50] which proportionally promoted osteogenic 

differentiation of MSCs [51]. A direct comparison between HA, BCP, and TCP showed 

enhanced bone regeneration by TCP compared with BCP in the skeletal sites and no bone 

formation with HA [47]. In addition, the mineralized phase could also promote the selective 

adsorption and subsequent release of pro-angiogenic and pro-osteogenic growth factors from 

the surrounding physiological environment, such as vascular endothelial growth factors 

(VEGFs) and bone morphogenetic proteins (BMPs) [52–54], leading to their accumulation 

within the implant and fusion bed for osteoinduction.

Given the relative scarcity of biologic-independent synthetic matrices for bone induction, the 

consistent osteoinductivity displayed by the mineralized PEGDA-co-A6ACA grafts is highly 

encouraging and could potentially allow for their use in spinal fusion procedures without the 

need for any biologic additives, such as bone marrow aspirate, platelet-rich plasma, growth 

factors, and others. Synthetic materials that could promote bone tissue formation and fusion 

between native and neo-bone without the addition of biologics and exogenous cells are 

highly desirable and could be an alternative to current grafting strategies.

5. Conclusion

This work demonstrates the utility of novel synthetic bone grafts based on biomineralized 

porous matrices in an athymic rat posterolateral fusion model. Results from our study show 

that the biomineralized synthetic matrices were able to assist neo-bone tissue formation and 

promote posterolateral fusion as evidenced by radiographic, histological and lateral bending 
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analyses. These grafts were found to promote bone tissue formation and fusion irrespective 

of the presence of bone marrow flush or bFGF, as saline-soaked grafts per se were able to 

produce highly similar, statistically significant improvements when compared to sham 

surgery.
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Figure 1. 
Experimental procedure and characterization of mineralized macroporous matrices. (A) 

SEM images (inset shows high magnification image; Scale bar: 2 µm). (B) EDS analysis for 

calcium and phosphate ions of mineralized PEGDA-A6ACA hydrogels. (C) Schematic 

representation of the experimental procedure. Preparation of sintered template of PMMA 

microspheres (PMMA microspheres: grey spheres), polymerization of PEGDA-A6ACA 

hydrogel matrix (PEGDA-A6ACA: light blue mass) around the PMMA template, and the 

leaching of PMMA template to obtain porous hydrogel matrices (white). The porous 

hydrogels were minced and mineralized to obtain biomineralized grafts. The grafts were 

loaded into the syringe, lyophilized and rehydrated in saline, basic fibroblast growth factor 

(bFGF), or bone marrow (BM) flush prior to implantation. Implantation of grafts in nude 

rats for posterolateral fusion with white arrows pointing to grafts placed on either side of the 

spine at L4-L5 following decortication of transverse processes.

Shih et al. Page 15

Acta Biomater. Author manuscript; available in PMC 2017 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
X-ray and micro-computerized tomography (µCT) analysis. (A) Representative images from 

X-ray radiography of live animals receiving grafts infused with saline, basic fibroblast 

growth factor (bFGF), or bone marrow (BM) flush indicate hard tissue formation as a 

function of post-implantation time for up to 8 weeks. Red asterisks indicate the locations of 

implanted grafts at week 0. (B) Three-dimensional (3-D) micro-computerized tomography 

(µCT) and transaxial cross-sectional images at 8 weeks after graft implantation. (C) Bone 

density in fusion mass for saline-, bFGF-, and BM-soaked groups quantified from µCT 

images. Different letters represent statistical significances, where “a” is statistically 

significant compared to “b”. Error bars represent standard error of the mean (n=7, p<0.05).
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Figure 3. 
Calcium deposition and histological staining for bone formation. (A) Calcein labeling 

suggests neo-calcium deposition in saline-, basic fibroblast growth factor (bFGF)-, and bone 

marrow (BM)-soaked grafts after 2 weeks of calcein uptake. Scale bar: 100 µm. (B) 

Hematoxylin-eosin (H&E) staining of grafts infused with saline, bFGF, and BM after 8 

weeks of implantation for neo-bone tissue formation. Evidence of bone formation through 

endochondral ossification is evident in saline and BM groups (yellow arrows). Woven bone 

matrices with osteoblastic cells (blue arrows) were found in all groups. Scale bar: 200 µm. 

Magnified images on top are regions undergoing endochondral ossification or woven bone 

from regions highlighted by white borders. Scale bar: 50 µm. (C) Immunohistochemical 

staining for osteocalcin in saline-, bFGF-, and BM-soaked grafts after 8 weeks of 

implantation. Rat skin tissues were used as negative control [(−)ve Ctrl]. Scale bar: 200 µm.
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Figure 4. 
Analysis for spinal fusion. (A) Fusion score generated from manual palpation for each 

group; saline-, basic fibroblast growth factor (bFGF)-, and bone marrow (BM)-soaked grafts, 

after 8 weeks of implantation. Different letters represent statistical significance. Error bars 

represent standard error of the mean (n=7, p<0.05). (B) Micro-computed tomography (µCT) 

of sham, saline-soaked, bFGF-soaked and BM-soaked biomineralized grafts undergoing 

lateral bending measurements. Representative images at different positions during 

measurements for various groups after 8 weeks post-implantation. (C) Three-dimensional 

(3-D) lateral bending angles of spine with saline-, bFGF-, and BM-soaked grafts compared 

to sham surgery. Different letters represent statistical significances with “a” statistically 

significant to “b”. Error bars indicate standard error of the mean (n=7, p<0.01).
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PURPOSE. The purpose of this study was to investigate the usefulness of laminin isoforms as
substrates for culturing human corneal endothelial cells (HCECs) for clinical application of
tissue engineering therapy.

METHODS. Expression of specific laminin chains in human corneal endothelium and
Descemet’s membrane was analyzed at the mRNA and protein levels. The effect of laminin-
511 and -521 on cell adhesion and proliferation was evaluated. Recombinant laminin E8
fragments (E8s), which represent functionally minimal forms of laminins, were also evaluated
for their effects on cell density and cellular phenotype. The potential involvement of a3b1
and a6b1 integrins in laminin signal transduction was also investigated using neutralizing
antibodies.

RESULTS. Laminin-511 and -521 were expressed in Descemet’s membrane and corneal
endothelium. These laminin isoforms significantly enhanced the in vitro adhesion and
proliferation, and differentiation of HCECs. A cell density of 2200 to 2400 cells/mm2 was
achieved when HCECs were cultured on laminin-511 or -521, whereas the density was only
1100 cells/mm2 on an uncoated control. E8s also supported HCEC cultivation with a similar
efficacy to that obtained with full-length laminin. Functional blocking of a3b1 and a6b1
integrins suppressed the adhesion of HCECs even in the presence of laminin-511.

CONCLUSIONS. Laminin-511 and -521 were the laminin isoforms present in Descemet’s
membrane, and these laminins modulate the adhesion and proliferation of CECs. Laminin E8s
represent an ideal xeno-free defined substrate for the culture of CECs for clinical applications.

Keywords: corneal endothelial cells, laminin, cell culture, tissue engineering

The corneal endothelium maintains corneal transparency by
pump and barrier functions.1 However, corneal endothelial

cells (CECs) are severely limited in their proliferative ability,2 so
that any damage to CECs causes a concurrent compensatory
migration and enlargement of the remaining cells to cover the
damaged area. When the density of CECs decreases due to
pathological conditions or aging, the compromised endothelial
pump function is compensated by an increase in the metabolic
activity via ATP and by an increase in the total number of pump
sites.3 However, when the cell density decreases to a critical
level, the metabolic pump function and the endothelial barrier
can no longer counteract the stromal swelling pressure.
Decompensation of the corneal endothelium resulting from
various causes (e.g., Fuchs’ corneal endothelial dystrophy,
surgical trauma, and endotheliitis) ultimately leads to corneal
edema, visual disturbance, and blindness.

Transplantation of donor corneas remains the only therapy
for corneal endothelial dysfunction. Endothelial keratoplasty
provides a less invasive and more efficient therapy for corneal
endothelial disorders, but the worldwide shortage of donor
corneas remains a persistent problem.4 Several groups,
including ours, have endeavored to overcome this shortage of
donor tissue by exploring tissue engineering-based approaches
using CEC cultivation.5–13 However, in vitro expansion of CECs

poses difficulties due to the limited proliferative ability,
undesired transformation to fibroblasts during culture, and
senescence of cultured CECs.14–18 Consequently, a cell culture
protocol for clinical application has been investigated in the
present study.

Laminin is a glycoprotein composed of three trimeric (a, b,
and c) chains.19,20 Fifteen laminin isoforms have been identified
and are named according to the specific trimeric combination
of their chains (e.g., a1–5, b1–4, and c1–3).20,21 Laminins are
the major basement membrane components responsible for
modulating cellular functions such as migration, survival,
proliferation, and differentiation.19,22 The expression of lami-
nin-411 and -511 in the corneal endothelial basement mem-
brane, the Descemet’s membrane, have been reported23,24;
however, the laminin composition and its biological role are not
fully understood.25

In the present study, we hypothesized that specific laminin
isoforms expressed in Descemet’s membrane may transduce
biological signals to CECs, and that these signals may trigger the
in vitro expansion of CECs for clinical use. Therefore, we
investigated the expression of specific laminin isoforms in the
Descemet’s membrane of the human cornea and the potential
of these laminins for in vitro expansion of CECs. We also
screened the expression of integrins in CECs, as these
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transmembrane receptors mediate binding and signal trans-
duction between cells and laminins.19,22,26 In addition, we
examined laminin E8 fragments (E8s) as potential culture
substrates for clinical applications. E8s are truncated proteins
consisting of the C-terminal regions of the a, b, and c chains
and contain the laminin globular domains of the a chain.27 Our
findings demonstrated that laminin E8s may represent an
important component of a xeno-free defined substrate for
human CEC (HCEC) culture and may promote the in vitro
expansion of CECs for cell-based therapies.

MATERIALS AND METHODS

Ethics Statement

The human tissue specimens used in this study were handled
in accordance with the tenets set forth in the Declaration of
Helsinki. Informed written consent was obtained from the next
of kin of all deceased donors with regard to eye donation for
research. Human donor corneas were obtained from SightLife
(http://www.sightlife.org/, Seattle, WA, USA). All tissue spec-
imens were recovered under the tenets of the Uniform
Anatomical Gift Act (UAGA) of the particular state in which
the donor consent was obtained and the tissue recovered.

Cell Culture

All human corneas were stored at 48C in storage medium
(Optisol-GS; Chiron Vision, Irvine, CA, USA) for less than 14
days prior to use. Primary cultures of CECs were established
according to published protocols.16 Briefly, Descemet’s mem-
branes containing the CECs were stripped from donor corneas
and the membranes were digested with 1 mg/mL collagenase A
at 378C for 12 hours. The resulting CECs were seeded in one
well of a 48-well plate. A total of six human donor corneas
(from persons >40 years of age) were used for the experiment.
Plates had previously been coated with laminin-511, -521, or
-211. The culture medium was prepared according to
published protocols.16 First, human bone marrow-derived
mesenchymal stem cells (BM-MSCs), provided by JCR Pharma-
ceuticals Co., Ltd. (Kobe, Japan), were cultured according to
previously reported protocols. Briefly, BM-MSCs were plated at
a density of 1.3 3 104 cells/cm2 and cultured for 24 hours in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and
100 lg/mL streptomycin. Then, basal medium for human CECs
(HCECs) was prepared (OptiMEM-I, 8% FBS, 5 ng/mL
epidermal growth factor, 20 lg/mL ascorbic acid, 200 mg/L
calcium chloride, 0.08% chondroitin sulfate, 50 lg/mL
gentamicin, and 10 lM SB431542) and conditioned by

culturing BM-MSCs for 24 hours. Finally, the basal medium
conditioned with BM-MSCs was collected for use as the culture
medium for HCECs. The HCECs were cultured at 378C in a
humidified atmosphere containing 5% CO2, and the culture
medium was changed every 2 days. Cell density was evaluated
by phase contrast images analyzed using the KSS-400EB
software (Konan Medical, Inc., Hyogo, Japan).

Reverse Transcription PCR

Descemet’s membranes containing CECs were stripped from
three independent human donor corneas. Total RNA was
extracted using the RNeasy Mini kit (Qiagen, Hilden, Germany).
The quality of the RNA preparations was measured with a
NanoDrop (Thermo Fisher Scientific, Inc., Waltham, MA, USA)
spectrophotometer. First-strand cDNA was synthesized with 1
lg of total RNA using a ReverTra Ace (Toyobo Corporation,
Osaka, Japan) reverse transcriptase kit. The cDNA was subjected
to PCR with the specific primers listed in Tables 1 and 2.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as an internal control for gene analysis. PCR reactions were
performed with Extaq DNA polymerase (Takara Bio, Inc., Otsu,
Japan) under the following conditions: denaturation at 948C for
30 seconds, 35 cycles of annealing at 548C for 30 seconds, and
elongation at 728C for 30 seconds. The PCR products were
separated by electrophoresis on 1.5% agarose gels, stained with
ethidium bromide, and detected under ultraviolet illumination.

Immunofluorescence

Corneas obtained from three independent donors were
embedded in OCT compound, sectioned at a thickness of 6
lm, and fixed in 4% paraformaldehyde for 5 minutes at room
temperature. HCECs cultured in a 48-well cell culture plate
were fixed in 4% paraformaldehyde for 10 minutes at room
temperature. Nonspecific binding was blocked using 1%
bovine serum albumin (BSA) for 30 minutes at room
temperature. Primary antibodies against laminin a2 (1:200),
laminin a5 (1:100), laminin b1 (1:200), laminin b2 (1:200),
laminin b3 (1:500, Thermo Fisher Scientific, Inc.), laminin c1
(1:200), Ki67 (1:400, Sigma-Aldrich Corp., St. Louis, MO, USA),
Naþ/Kþ-ATPase (1:200, Upstate Biotechnology, Lake Placid, NY,
USA), and ZO-1 (1:200, Zymed Laboratories, South San
Francisco, CA, USA) were used. Antibodies against laminin
a2, a5, b1, b2, and c1 were a gift from Lydia Sorokin.28 Either
Alexa Fluor 488-conjugated goat anti-mouse (Life Technologies
Corp., Carlsbad, CA, USA) or Alexa Fluor 594-conjugated goat
anti-rabbit IgG (Life Technologies) were used as secondary
antibodies at a 1:1000 dilution. Nuclei were stained with DAPI
(Vector Laboratories, Burlingame, CA, USA). The slides were

TABLE 1. Oligonucleotide Sequences of Laminins for RT-PCR

Gene Sense Primer Antisense Primer Size (bp)

Laminin a1 50-GAGTCCGTCTCTCTGGACATAG-30 50-CGTGGCATTCACAGGGTTGAC-30 180

Laminin a2 50-TGCTAGAATTTACCTCCGCTCG-30 50-GATCAAGTGGACAAGCCCTG-30 203

Laminin a3 50-CTCCAAAGGCCCAACTCAAG-30 50-CCATAACTGCCTCCTTAGTCTC-30 304

Laminin a4 50-CTTACGCAACACCACCGGATTC-30 50-CCTTCTTCCAAGCATTCTCCG-30 140

Laminin a5 50-GAGGACTGAAGTGAAAACTCAA-30 50-CCACTGAAGTTGTAAATGGTG-30 221

Laminin b1 50-GATGGTGAACTTGATGAAAAGT-30 50-GGCTTATATCCTTTAGGAGTGA-30 258

Laminin b2 50-GATGATCGCATCCAAGGGAC-30 50-GTCCAGAGTAGGGAGTCTCAG-30 150

Laminin b3 50-CTCCTCTGCCTCTGTCTTCACAC-30 50-GACAAGCATGACCAAGCAGC-30 233

Laminin b4 50-GGCAGGCTACTTTGGATTTC-30 50-GCTTGAGGGATCATCTGGAC-30 204

Laminin c1 50-GATGAGATGGTGACAGATCAAG-30 50-TTTCCAGTCTCTTCAATGGTAT-30 199

Laminin c2 50-ATCGAAGGTTACTGCGGAATC-30 50-GTAGCCAGAAGCACAATCCTG-30 193

Laminin c3 50-GGGATACAAGAGGGAGATGC-30 50-CATAGAAACCTGGCAAACAGC-30 157
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examined with a fluorescence microscope (TCS SP2 AOBS;
Leica Microsystems, Wetzlar, Germany, or BZ-9000; Keyence,
Osaka, Japan).

Cell Adhesion Assay

HCECs were seeded in 96-well plates and the numbers of
adhered cells were measured 24 hours after seeding, using a
CellTiter-Glo luminescent cell viability assay (Promega Corpora-
tion, Madison, WI, USA) according to the manufacturer’s
instructions. The number of adhered cells was determined
using a Veritas microplate luminometer (Promega Corporation).
Culture plates were coated with laminin-511, -521, and -211
(BioLamina, Sundbyberg, Sweden), type I collagen (Nitta
Galatin, Inc., Osaka, Japan), and fibronectin (Wako Pure
Chemical Industries, Ltd., Osaka, Japan; 20 lg/lL). The culture
plate was also coated with FNC Coating mix (Athena
Environmental Sciences, Inc., Baltimore, MD, USA), a commonly
used coating reagent for cultivation of HCECs. The effect of
laminin fragments on cell adhesion was examined using plates
coated with laminin-521 or laminin E8 fragments (iMatrix-511;
Nippi, Inc., Tokyo, Japan; 1.0, 2.0, 4.0 lg/cm2). The effect of the
interaction between cellular integrins and laminins on cell
adhesion was evaluated by seeding HCECs (5 3 103 cells/well)
in 96-well plates coated with laminin-511 or 211 in the presence
or absence of integrin-neutralizing antibodies (2 lg/mL): anti-a3

integrin (Merck Millipore, Billerica, MA, USA), anti-a6 integrin
(Merck Millipore), and anti-b1 integrin (R&D Systems, Inc.,
Minneapolis, MN, USA). Three hours after seeding, the numbers
of adherent cells were determined with the CellTiter-Glo
luminescent cell viability assay, as described above.

Cell Proliferation Assay

Cells were seeded at a density of 5000 cells/well in a 96-well
plate and cultured for 24 hours, followed by incubation in
serum-free media for an additional 24 hours (n ¼ 6). DNA

synthesis was detected as incorporation of 5-bromo-20-deoxyur-
idine (BrdU) into the Cell Proliferation Biotrak ELISA system,
version 2, according to the manufacturer’s instructions (Sigma-
Aldrich Corp.). Briefly, cells were incubated with 10 mol/L BrdU
for 24 hours at 378C in a humidified atmosphere containing 5%
CO2. The cultured cells were incubated with 10 lM BrdU
labeling solution for 2 hours, and then incubated with 100 lL of
monoclonal antibody against BrdU for 30 minutes. The BrdU
absorbance was measured directly using a spectrophotometric
microplate reader at a test wavelength of 450 nm.

Flow Cytometry

Expression of integrins was assessed by the Human Cell
Surface Marker Screening Panel (BD Biosciences, Franklin
Lakes, NJ, USA) according to manufacturer’s protocol. HCECs
at passages 2 through 5 were used for these experiments.
Briefly, cultured HCECs were detached by treatment with
Accutase (BD Biosciences) at 378C, washed twice with PBS,
passed through a BD Falcon 70-lm cell strainer (BD
Biosciences), incubated in OptiMEM with the addition of 100
units/mL DNase for 15 minutes at room temperature, and
resuspended in BD Pharmingen Stain Buffer (BD Biosciences)
containing 5 mM EDTA. Cells were incubated with primary
antibodies (integrin a1, integrin a2, integrin a3, integrin a6,
integrin b1, mouse isotope IgG, and rat isotype IgG; BD
Biosciences) at the dilution indicated by manufacturer’s
protocol for 30 minutes on ice. The cells were washed with
BD Pharmingen Stain Buffer containing 5 mM EDTA and then
incubated with AlexaFluor 647 conjugated goat anti-mouse IgG
or goat anti-rat IgG (1:200 dilution, BD Biosciences) for 30
minutes. Cells were then washed with BD Pharmingen Stain
Buffer containing 5 mM EDTA, fixed in BD Cytofix Fixation
Buffer (BD Biosciences) for 10 minutes, and analyzed by flow
cytometry using the BD FACSCant (BD Biosciences) and
CellQuest Pro software (BD Biosciences).

TABLE 2. Oligonucleotide Sequences of Integrins for RT-PCR

Gene Sense Primer Antisense Primer Size (bp)

Integrin a1 50-GAAGAACCTCCTGAAACCCTTT-30 50-TGATGTCATATTGGGGAATGAA-30 254

Integrin a2 50-TGATGGGACAGAAGTAACATGC-30 50-TGGACCAACATCTTCAAAACTG-30 333

Integrin a3 50-GCTCTGCCTTTGGTTTATCTGT-30 50-TTCCCACTAGAAGGTCTGGGTA-30 257

Integrin a4 50-ATATTCAGTCGGAGCTGGTCAT-30 50-GCATATTTGTCACTTCCAACGA-30 338

Integrin a5 50-TCCTCAGCAAGAATCTCAACAA-30 50-GTTGAGTCCCGTAACTCTGGTC-30 304

Integrin a6 50-AGCAAGGCAGATGGAATAATGT-30 50-CAGGGTAGGAATTTCGATCAAG-30 275

Integrin a7 50-CAGGTCACCTTCTACCTCATCC-30 50-ACCGTGACCTCATACTTGACCT-30 262

Integrin a8 50-ATGGAAAATGTAACCAGGATGG-30 50-CAGTTATGAATGGGCAGAACAA-30 265

Integrin a9 50-CACTTTCAGCCCATCAATATCA-30 50-ACAGTGTGCTGTTAGGCAAGAA-30 305

Integrin a10 50-ATCAGTGTGGTTCAGAGGGACT-30 50-GCCCTGGCTTTGTAGTATTGTC-30 330

Integrin a11 50-GGACACTGCTGACTACGTGAAG-30 50-GCGTGTGCTCTCTATGATGAAG-30 294

Integrin aE 50-TAGCAGTGAAGAAGCTGACGAG-30 50-TCTTTCAGGAAGACGACAGTGA-30 300

Integrin aV 50-ATCTGTGAGGTCGAAACAGGAT-30 50-ACCTTGCCAATAAAAGCTACCA-30 255

Integrin aL 50-GAACCATTGACACCAGAAGTGA-30 50-TTCTTCAAACCCCAACTGTCTT-30 341

Integrin aM 50-GATCGGCTAAGAGAAGGACAGA-30 50-CATTGCCACAATTCTTCTCAAA-30 330

Integrin aX 50-CCAACATCTGCCTTTACATTGA-30 50-CGTGAAGTATCTCTGAGCATCG-30 331

Integrin aD 50-TTAACCAGATGAAGGGCTTTGT-30 50-GGTCTTTGTACTTCTGCCCATC-30 296

Integrin aIIb 50-GAAAAGACTGAGGAGGCTGAGA-30 50-GAGAAAATATCCGCAACTGGAG-30 245

Integrin b1 50-GCTGAAGACTATCCCATTGACC-30 50-ATTTCCAGATATGCGCTGTTTT-30 321

Integrin b2 50-TGATGGACCTCTCCTACTCCAT-30 50-GAAACTGGTTGGAGTTGTTGGT-30 258

Integrin b3 50-TGTTTACCACTGATGCCAAGAC-30 50-TCCCATAAGCATCAACAATGAG-30 308

Integrin b4 50-GCTTCACACCTATTTCCCTGTC-30 50-GAAGGAAGGTTTCAGATGGATG-30 316

Integrin b5 50-GCTGGTGTTCACAACAGATGAT-30 50-ATCCCAGACTGACAACTCCACT-30 349

Integrin b6 50-TGTGACTGTGGTGAATGTGTGT-30 50-CACCAGCTAGTTTGCACTTGTC-30 289

Integrin b7 50-CACTTCAGACGACACATTCCAT-30 50-CCCAACTGCAGACTTAGGAATC-30 250

Integrin b8 50-GCATTATGTCGACCAAACTTCA-30 50-ATTTCTTCAGGCTTCTCACGTC-30 255
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Immunoblotting

The CECs were seeded, with or without neutralizing integrin
a3b1 and a6b1 antibodies, on a culture plate coated with laminin
-511 or -211. A noncoated plate was used as a control. Three
hours after seeding, the CECs were washed with ice-cold PBS,
and then lysed with ice-cold radio immunoprecipitation assay
(RIPA) buffer (Bio-Rad Laboratories, Hercules, CA, USA) buffer
containing phosphatase inhibitor cocktail 2 and protease
inhibitor cocktail. The lysates were centrifuged, and the
supernatant representing total proteins was collected. An equal
amount of protein was fractionated by SDS-PAGE, and poly-
vinylidene fluoride (PVDF) membranes were blocked with 3%
nonfat dry milk, followed by an overnight incubation at 48C with
the following primary antibodies: phosphorylated focal adhesion
kinase (FAK; 1:1000; Cell Signaling Technology, Inc., Danvers,
MA, USA), FAK (1:1000; Cell Signaling Technology, Inc.), and
GAPDH (1:3000; Abcam, Cambridge, UK). The blots were
washed and incubated with horseradish peroxidase-conjugated
secondary antibodies (1:5000; Cell Signaling Technology, Inc.).
The blots were developed with luminal for enhanced chemilu-
minescence using the ECL Advanced Western Blotting Detection
Kit (GE Healthcare, Piscataway, NJ, USA), and documented using
an LAS4000S (Fuji Film, Tokyo, Japan) cooled charge-coupled-
device camera gel documentation system. The relative density of
the immunoblot bands was determined by Image J (National
Institutes of Health, Bethesda, MD, USA) software. Relative fold
differences were compared with the control values.

Statistical Analysis

The statistical significance (P-value) of differences between
mean values of the two-sample comparison was determined

with the Student’s t-test. The statistical significance in the
comparison of multiple sample sets was analyzed with
Dunnett’s multiple-comparisons test. Results are expressed as
mean 6 SEM.

RESULTS

Expression of Laminin Isoforms in Corneal
Endothelium and Descemet’s Membrane

Expression patterns of laminin isotypes vary in different
tissues; therefore, we analyzed the expression of specific
laminin chains in human corneal endothelium and the
Descemet’s membrane at the mRNA and protein levels. Gene
expression of laminin chains (a1, a2, a3, a4, a5, b1, b2, b3, b4,
c1, c2, and c3) was analyzed by RT-PCR in the corneal
endothelium obtained from three independent donor corneas
(Table 1). Laminin a5, b1, b2, b3, c1, and c2 chains were
expressed in the corneal endothelium, while a1, a2, a3, a4,
b4, and c3 were not expressed (Fig. 1A).

We then used immunohistochemistry to evaluate the
presence of laminin chains expressed by endothelial cells in
the Descemet’s membrane. Immunostaining for laminin a5, b1,
b2, and c1 chains was evident as a linear staining pattern along
the endothelial face of the Descemet’s membrane (Fig. 1B),
suggesting that laminin-511 and -521 represent the major
laminin forms in the adult human Descemet’s membrane.

Effect of Laminin-511 and -521 on Cell Adhesion
and Proliferation of HCECs

The detection of laminin-511 and -521 as the predominant
laminin forms in the Descemet’s membrane led to further
evaluation of the suitability of these laminins as a substrate for
in vitro expansion of HCECs. Primary HCECs seeded on
laminin-511 and -521 formed a monolayer of cells with a
hexagonal phenotype after 48 hours of culture. In contrast,
control HCECs seeded on laminin-211 coated or uncoated
culture plates formed patchy colonies rather than a confluent
monolayer (Fig. 2A). The effect of laminin-511 and -521 on cell
adhesion was evaluated by determining the numbers of
adherent HCECs 24 hours after seeding. Incubation on
laminin-511 and -521 coated plates increased the number of
adherent cells 1.5-fold compared to uncoated controls, while
laminin-211 had no effect on the number of adherent cells (Fig.
2B). The effect of laminins on HCEC proliferation was further
assessed by measuring the incorporation of BrdU into the
newly synthesized DNA. HCECs cultured on laminin-511 and
-521 showed 2.6- to 3.2-fold increases in BrdU incorporation
compared to the uncoated control. Of interest, HCECs cultured
on laminin-211 demonstrated almost same proliferative poten-
tial when compared to HCECs cultured on uncoated control
plates (Fig. 2C). In addition, laminin-511 and -521 increased
percentage of Ki67-positive HCECs compared to the uncoated
control and laminin-211 (Figs. 2D, 2E).

Cell Density and Functional Phenotype of HCECs
Cultured on Laminin-511 and -521

Cultured primary HCECs formed a contact inhibited monolayer
of cells after 30 days of cultivation under all experimental
conditions (Fig. 3A). A cell density of 2200 to 2400 cells/mm2

was achieved when HCECs were cultured on laminin-511 or
-521, whereas the density was only 1100 cells/mm2 in
uncoated control plates. Of interest, an increase in HCEC cell
density similar to that seen with laminin-511 and -521 was
observed following culture on laminin-211 (Fig. 3B).

FIGURE 1. Laminin-511 and -521 are expressed in corneal endothelium
and Descemet’s membrane. (A) Expression of genes of laminin chains
a1, a2, a3, a4, a5, b1, b2, b3, b4, c1, c2, and c3 in the corneal
endothelium were assessed by RT-PCR. (B) Expression of laminin a2,
a5, b1, b2, b3, and c1 chains in donor Descemet’s membrane were
stained by immunohistochemistry. Scale bar: 50 lm. The experiments
were performed in triplicate.

Laminin-511 and -521 Enable Expansion of HCECs IOVS j May 2015 j Vol. 56 j No. 5 j 2936

Downloaded From: https://iovs.arvojournals.org/pdfaccess.ashx?url=/data/journals/iovs/933929/ on 09/20/2018



Culture on laminin-511 or -521 stimulated persistent
expression and subcellular localization of Naþ/Kþ-ATPase and
ZO-1 at the plasma membrane. However, HCECs cultured on
uncoated control plates showed partial loss of Naþ/Kþ-ATPase
and ZO-1 expression during culture (Fig. 3C). These data
suggest that laminins present in the Descemet’s membrane
maintain the cell density and a functional cellular phenotype in
vitro.

Effect of Laminin E8 Fragments on Cell Culture of
HCECs

We therefore examined the effect of laminin E8 fragments
(E8s) on cell density and cellular phenotype of cultured
HCECs. Laminin E8s are truncated proteins composed only of
the a, b, and c chain C-terminal regions, which include the
active integrin binding site.29 Culture on plates coated with

either laminin-511 or laminin-511-E8s resulted in a 1.3-fold
increase in cell number compared to uncoated control plates
24 hours after cell seeding (Fig. 4A). Phase contrast images of
confluent monolayers of primary HCECs derived from three
independent donor corneas showed that HCECs cultured on
laminin E8s assumed a hexagonal contact-inhibited phenotype
while HCECs cultured on the FNC coating mix showed less
hexagonality and had a greater size variation (Fig. 4B). The
average cell density was significantly higher for HCECs
cultured on laminin E8s than on FNC (2397.1 6 149.0 cells/
mm2, 1203.3 6 209.7 cells/mm2, respectively; Fig. 4C).

Involvement of Integrin a3b1 and a6b1 in
Mediating Binding to Laminins

Laminin isoforms bind to receptors expressed on the cell
surface, including integrin receptors and nonintegrin receptors

FIGURE 2. Laminin-511 and -521 enhance cell adhesion and proliferation of HCECs. (A) Phase-contrast images of HCECs cultured on plates coated
with laminin-511 and -521 (Descemet’s membrane type laminins) and laminin-211 (non-Descemet’s membrane type laminin). Scale bar: 100 lm. (B)
The effect of laminins on cell adhesion was tested by seeing CECs at a density of 5.0 3 103 cells/well, and the number of adhering CECs was
determined with a CellTiter-Glo luminescent cell viability assay after 24 hours. The experiments were performed in triplicate. *P < 0.01. (C) The
stimulating potency of laminins on cell proliferation was evaluated by seeding CECs at a density of 5.03103 cells/well. The proliferation of the CECs
was evaluated by a BrdU incorporation assay after 24 hours of incubation with 10 lM BrdU. The experiment was performed in duplicate. *P < 0.01.
(D, E) CECs were seeded at a density of 1.25 3 104 cells/cm2 for 72 hours, and then expression of Ki67 was assessed by immunofluorescence
staining. Ki67 positive cells were plotted as a graph. The experiment was performed in duplicate. *P < 0.01.
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such as syndecans and dystroglycans. Various integrins are
known to bind to laminins, so we first evaluated the expression
of integrin chains in human corneal endothelium at the mRNA
and protein levels. PCR analysis of donor corneal endothelium
confirmed the expression of integrins a1, a2, a3, a4, a5, a6,
a7, a8, a9, a10, a11, aV, aIIb, b1, b5, and b8 (Fig. 5A). We next
assessed the protein expression of these integrins on the cell
surface of cultured HCECs. Flow cytometry revealed expres-
sion of a1, a2, a3, a6, and b1 integrin chains by the HCECs
(Fig. 5B). The involvement of integrin a3b1 and a6b1 in
activation of FAK was evaluated. Phosphorylation of FAK was
enhanced in the HCECs cultured on the laminin-511 in
comparison to the HCECs cultured on uncoated plate and
laminin-211. However, functional blocking of a3b1 and a6b1
integrins by neutralizing antibodies suppressed phosphoryla-
tion of FAK of the HCECs cultured on laminin-511 (Fig. 5C). We
then evaluated the effect of a3b1 integrin and a6b1 integrin on
cell adhesion. a3b1 and a6b1 integrin neutralizing antibodies
suppressed the adhesion of HCECs after 24 hours of seeding,
even in the presence of laminin-511 (Fig. 5D). These findings
indicate that laminins regulate HCEC adhesion through binding
to integrin a3b1 and a6b1.

DISCUSSION

Corneal endothelial dysfunction is a major disorder requiring
corneal transplantation.30 Modern corneal transplantation

techniques such as Descemet’s stripping automated endothe-
lial keratoplasty (DSAEK) and Descemet’s membrane endothe-
lial keratoplasty (DMEK) are widely performed to replace
damaged recipient corneal endothelium with healthy donor
corneal endothelium.31,32 The success of these techniques
confirms that replacement of the corneal endothelium, rather
than a full thickness corneal transplant, is sufficient for treating
corneal endothelial dysfunction. It also raises the possibility of
using tissue engineering therapy for treating corneal endothe-
lial dysfunction by regenerating corneal endothelium alone
rather than full thickness corneal tissue. Tissue engineering
would have the distinct advantages of alleviating associated
problems such as shortage of donors, primary graft failure, and
technical difficulties in transplantation in severe cases.4

We previously reported that the corneal endothelium in
rabbit and monkey corneal endothelial dysfunction models was
regenerated by cell-based therapy without the need for a
carrier.13 Rho kinase inhibitor enhanced the adhesion of CECs
onto the substrate,33 so we injected cultured CECs into the
anterior chamber together with a Rho kinase inhibitor in order
to modulate cell adhesion properties. However, a serious
technical bottleneck for tissue engineering therapy for corneal
endothelial dysfunction is the ability to provide sufficient
numbers of cultured CECs.14 No protocol for culturing CECs
for clinical use has been established, although several research
groups, including ours, have been pursuing culture meth-
ods.14–16,34,35 For instance, we demonstrated that conditioned

FIGURE 3. Laminin-511 and -521 maintain cell density and functional phenotype during cell culture. (A, B) CECs obtained from donor corneas were
divided into four groups and seeded on a noncoated plate, or on plates coated with laminin-511, -521, or -211. Images show representative phase
contrast images of CECs after 110 days cultivation. Graphs indicate the average cell densities of CECs. Scale bar: 100 lm. *P < 0.01. (C) The
functional phenotype was assessed by staining for ZO-1 and Naþ/Kþ-ATPase at the plasma membrane in the CEC culture. Scale bar: 50 lm. The
experiments were performed in duplicate.
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medium obtained from GMP-grade human BM-MSCs potentiat-
ed CEC proliferation.16 We also reported that the inhibition of
transforming growth factor-b signaling counteracts the fibro-
blastic change under culture conditions.15 These recently
updated techniques have enabled efficient in vitro expansion
of human CECs for clinical use, and we have recently obtained
approval of the Japanese Ministry of Health, Labour, and
Welfare and have initiated clinical research into cell-based
therapy for corneal endothelial dysfunction patients at the
Kyoto Prefectural University of Medicine (Clinical trial regis-
tration was obtained from UMIN000012534; http://www.
umin.ac.jp/english/).

Typical culture substrates for CECs have included extracel-
lular matrix (ECM) derived from bovine CECs36 and FNC
Coating Mix (Athena Environmental Sciences, Inc.).37 We
recently reported that a pericellular matrix prepared from
human decidua-derived mesenchymal cells (PCM-DM) provides
a xeno-free matrix substrate and enables efficient cell
culture,38 while avoiding the risk of contamination by
xenogenic pathogens and immunogens from animal-derived
matrixes. Interestingly, we noted that the use of PCM-DM
enhanced the adhesion, migration, proliferation, and survival
of CECs while maintaining cellular functions and cell density
through integrin interactions.38

Integrins are receptors that sense changes in the extracel-
lular environment and transmit that information.26 We were
therefore motivated to examine the effect of constituents of
the Descemet’s membrane extracellular matrix on CEC culture,
since the Descemet’s membrane provides the in vivo
extracellular environment for CECs. The Descemet’s mem-
brane is formed by CECs that secrete the ECM, and is
composed of type IV collagen, type VIII collagen, fibronectin,
and laminin.39 Its average thickness at birth is 3 lm and it
continuously increases in thickness throughout life.39

Laminins are the most potent molecules that determine
cellular fate by binding to integrins,19,22 while collagen and
fibronectin have less effect on the adhesion of CECs when
compared to FNC Coating Mix.38 We therefore hypothesized
that laminins present in the Descemet’s membrane are pivotal
for CEC culture. The expression of laminin a1, a4, a5, b1, and
c1 chains has been indicated in human fetal Descemet’s
membrane,25 but the expression profile of laminin isoforms
and their biological role in the corneal endothelium is unclear.
Therefore, we examined the expression of laminin isoforms
expressed in the Descemet’s membrane and CECs and showed
that laminin a5, b1, b2, b3, c1, and c2 chains were expressed
in the corneal endothelium at the mRNA level. Laminin-511
and -521 were indicated as the isoforms expressed in the
Descemet’s membrane.

Several integrins (a2b1, a3b1, a5b1, and a6b1) are present
in human CECs,40 and expression of avb3 integrin was
reported in rat CECs during postnatal corneal maturation.41

The av family integrins were shown to modulate bovine CEC
adhesion to collagen.42 However, evidence for a relationship
between CECs and integrins is mostly indirect rather than
direct and not much is known regarding integrin expression.43

In the present study, we demonstrated that the a1, 2, 3, 6, and
b1 subunits are expressed at the mRNA level and the protein is
localized at the cell surface of the CECs. The neutralizing
antibody experiments indicated that the a3b1 and a6b1
integrins are the ones that bind to CECs and transduce the
signals. Reports that laminin globular modules of the laminin
a5 chain are recognized by a3b1, a6b1, a7b1, and a6b4
integrins in various cell types provide further support for this
assertion.26,44 The laminin a5 chain contains functional RGD
sequences and mediates adhesion and migration.45 Further
studies, such as binding assays, are needed to confirm the
direct interaction of these integrins and laminins in CECs.

FAK is a ubiquitously expressed cytoplasmic tyrosine kinase
that regulates signals initiated by integrin-mediated ECM
attachment.46,47 In the present study, we showed that FAK in
the CECs was activated by laminin-511, through a3b1 and a6b1
integrins, but not by laminin-211. Coincidently, we also
showed that laminin-511, but not laminin-211, enhances cell
adhesion and proliferation, resulting in a higher cell density.
These data suggest that the integrins expressed by CECs
recognized specific laminin isoforms. Therefore, the signal that
regulates cell fate may be triggered by FAK activation. FAK
mediates cell spreading, adhesion, and migration by balancing
the activation of Rho GTPases.48,49 Though we reported that
inhibiting the Rho-Rho kinase pathway enhances proliferation
and adhesion of CECs,33 detailed downstream signaling
pathway of FAK in CECs should be studied further. The
saturation density of the cultured CECs is also important, but
suboptimal seeding density could result in a decrease in cell
saturation density and a loss of proliferative potential.50

Therefore, one possible explanation is that enhancement of
HCEC adhesion by laminin-511 and -521 maintained the
proliferative potential, which in turn enabled a higher
saturation density, when compared to the HCECs cultured on
uncoated control or laminin-211 coated surfaces in this study.

FIGURE 4. Laminin E8 fragments enable HCEC culture while main-
taining cell density. (A) The effect of laminin E8s was evaluated by
seeding CECs at a density of 5.0 3 103 cells/well, and determining the
number of adhered CECs with a CellTiter-Glo luminescent cell viability
assay after 24 hours. Culture plates were coated with laminin-521 or
laminin-511-E8s. The experiments were performed in triplicate. *P <
0.01. (B, C) CECs obtained from three independent donors were
cultured on FNC coating mix (a widely used coating reagent) or
laminin 511-E8s. Phase contrast images depict CECs after 110 days
cultivation. Graphs show the average cell densities of the CECs. Scale
bar: 100 lm. *P < 0.01.
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A recent report indicated that deposition of collagen types

III and XVI, agrin, TGFBI, and clusterin is altered in the

Descemet’s membrane of late-onset Fuchs’ corneal endothelial

dystrophy.51 We demonstrated that ECM, which is not

expressed in normal Descemet’s membrane, does not activate

FAK and does not support cell proliferation and adhesion.

Consequently, the CECs of Fuchs’ corneal endothelial dystro-

phy may possibly sense the alteration in ECM by integrins and

transduce a pathological signal from the ECM. However, this

possibility requires further investigation.

The clinical application of laminin-511 and -521 still

presents technical difficulties because laminins are large

heterotrimeric proteins and require three independent vectors,

coding the a, b, and c chains, for production of a recombinant

protein.29 However, the recent report by Miyazaki et al.29 that

recombinant E8s of laminin isoforms support human embry-

FIGURE 5. Interaction between laminins and HCECs is facilitated by integrin a3b1 and a6b1. (A) The expression pattern of integrin a and b chains
in donor corneal endothelium was evaluated by PCR. (B) The expression of integrins detected by PCR was evaluated on the cell surface of cultured
HCECs by flow cytometry. Three independent cultured CECs were used for the experiments. (C) The involvement of integrin a3b1 and a6b1 in
activation of FAK was evaluated by functional blocking of with neutralizing antibodies. The CECs were seeded, with or without neutralizing integrin
a3b1 and a6b1 antibodies, on a culture plate coated with laminin 511 or 211. A noncoated plate was used as a control. Phosphorylation of FAK and
total FAK were evaluated by Western blotting after 3 hours. The experiments were performed in duplicate. (D) The involvement of integrin a3b1
and a6b1 in laminin-CECs interaction was evaluated by functional blocking of with neutralizing antibodies. The CECs were seeded at a density of 5.0
3103 cells/well with or without neutralizing integrin a3b1 and a6b1 antibodies, and the number of adhered CECs was determined by performing a
CellTiter-Glo luminescent cell viability assay after 24 hours. The experiments were performed in triplicate. *P < 0.01.
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onic stem cells suggests that laminin fragments may be a viable
alternative to the native protein for CEC culture. E8s retain the
integrin binding site that possess full binding capability to
a6b1 integrin, and then E8s are a functionally minimal form of
laminin.29 Recombinant E8s also do not present the risk of
contamination with xenogenic pathogens and immunogens, so
they offer a safe culture alternative.

In conclusion, we demonstrated that laminin-511 and -521
were the laminin isoforms present in the Descemet’s mem-
brane, and that these laminins modulate the adhesion and
proliferation of CECs. Binding of these laminin isoforms to
integrin a6b1 and integrin a3b1 may transduce functional
signals from the microenvironment to the CECs. Lastly, the
inclusion of laminin E8s may generate an ideal xeno-free
defined substrate for the culture of CECs for clinical
applications.
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Density-gradient centrifugation 
enables the purification of cultured 
corneal endothelial cells for cell 
therapy by eliminating senescent 
cells
Naoki Okumura1, Ayaka Kusakabe1, Hiroatsu Hirano1, Ryota Inoue1, Yugo Okazaki1, 
Shinichiro Nakano1, Shigeru Kinoshita2 & Noriko Koizumi1

The corneal endothelium is essential for maintaining corneal transparency; therefore, corneal 
endothelial dysfunction causes serious vision loss. Tissue engineering-based therapy is potentially 
a less invasive and more effective therapeutic modality. We recently started a first-in-man clinical 
trial of cell-based therapy for treating corneal endothelial dysfunction in Japan. However, the 
senescence of corneal endothelial cells (CECs) during the serial passage culture needed to obtain 
massive quantities of cells for clinical use is a serious technical obstacle preventing the push of this 
regenerative therapy to clinical settings. Here, we show evidence from an animal model confirming 
that senescent cells are less effective in cell therapy. In addition, we propose that density-gradient 
centrifugation can eliminate the senescent cells and purify high potency CECs for clinical use. This 
simple technique might be applicable for other types of cells in the settings of regenerative medicine.

The cornea is transparent tissue exposed to the outer environment and serves as the transparent “win-
dow” of the eye to allow the entry of light. The corneal endothelium is responsible for maintenance of 
corneal transparency as a result of regulation by the corneal endothelium pump and barrier function. 
The proliferative ability of the corneal endothelium is severely limited1,2; consequently, severe damage 
to the corneal endothelium due to pathological conditions, such as endothelial corneal dystrophies and 
surgical trauma, impair corneal transparency and ultimately induce bullous keratopathy with serious 
vision loss. Corneal transplantation is currently the only therapeutic choice, but a worldwide shortage of 
donor corneas, the difficulty of the surgical procedure, and graft failure in both acute and chronic phases 
encourages researchers to develop tissue engineering-based therapies3.

A fundamental difficulty for the establishment of a tissue engineering-based therapy is the develop-
ment of a cell cultivation protocol for clinical application4. Many researchers, including us, have devoted 
their efforts to establishing cell culture protocols5–11. Indeed, we are currently culturing CECs of Good 
Manufacturing Practice (GMP) grade in the cell-processing center for clinical applications4, and have 
successfully treated the patients with those cells (not published). However, an unresolved problem is the 
occurrence of cellular senescence, where the cells exhibit morphological changes such as cell enlarge-
ment, vacuolization, and multinucleus formation12,13, during serial passage culture aimed at generating 
massive numbers of cells for clinical use.
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Here, we provide evidence to show that senescent phenotype CECs were less effective in cell-based 
therapy in an animal model and that non-senescent phenotype cells should be used clinically. We also 
proposed a simple procedure for purification of cultured human CECs (HCECs) by eliminating the 
senescent HCECs by density-gradient centrifugation.

Results
Senescent CECs in vitro and in vivo.  The cell density of the corneal endothelium is approximately 
3000 cells/mm2 at the age of 10–20 years, then it gradually decreases with aging at 0.3–0.6% per year, 
and pathological conditions induce the rapid loss of cell density14,15. Representative corneal endothe-
lium images obtained by non-contact specular microscope showed that the cell density (CD) is lower 
in 89-year-old healthy elderly subjects than in 16-year-old healthy young subjects due to aging. Corneal 
trauma also induced the remaining cells to enlarge and flatten, associated with the cell density decrease 
(Fig.  1a). We successfully cultured HCECs that maintained a high CD and showed less variation in 
morphology (Fig.  1b; left). However, the numbers of low CD-HCECs with morphological senescence 
features, such as enlargement, flattening, vacuolization, and multiple nuclei, sometimes spontaneously 
increase after passaging the culture 5–8 times (Fig. 1b; right).

Effect of cell density on cell therapy.  We were motivated to evaluate the effect of cell senescence 
on cell-based therapy and conducted experiments using a rabbit corneal endothelial dysfunction model. 
In accordance with our previous report16, corneal transparency was restored in endothelial dysfunction 
models by intracameral injection of high CD rabbit CECs (RCECs) with ROCK inhibitor, while the 
controls exhibited hazy corneas due to corneal endothelial dysfunction. Interestingly, senescent RCECs 
with low CD were able to restore corneal transparency similar to high-CD RCECs (Fig. 2a). However, 
the corneal thickness and corneal volume, which are indexes of corneal endothelial function, were signif-
icantly reduced in the eyes injected with high CD RCECs when compared to eyes injected with low-CD 
CECs (Fig. 2b,c). The corneal endothelium was regenerated following injection of either high- or low-CD 
CECs, but the CD of regenerated corneal endothelium was significantly higher in the eyes injected with 
high CD-CECs than with low-CD senescent CECs (2630.0 cells/mm2 and 1137.0 cells/mm2, respec-
tively) (Fig.  2d,e). In accordance with these clinical indicators, fluorescent staining demonstrated that 
the function-related markers Na+/K+-ATPase (pump function), ZO-1 (tight junction), and N-cadherin 
(adherent junction) were expressed in all regenerated CECs in eyes injected with high-CD CECs, while 
expression of these markers was partially disrupted in the CECs in eyes injected with low-CD CECs. 
Actin was distributed in the cell cortex similar to its distribution in healthy cells in the eyes injected 
with high-CD CECs, while cortical actin distribution showed irregularity, with stress fibers, in the eyes 
injected with low-CD CECs, suggesting that the functional and morphological recovery is poor when 
elicited by senescent cells (Fig. 2f).

Phenotypic analysis of senescent cells.  Phenotypic analysis of senescent cells revealed enlargement 
and flattening in cells with low CD. RCECs underwent senescence spontaneously after 4–5 passages but 
formed monolayer sheet structures with cobblestone-like morphology and were used for the experiment 
(Fig.  3a). Expressions of ZO-1, which represents the barrier function, and of Na+/K+-ATPase, which 
represents pump function, were are partially disrupted in low-CD CECs, while they were expressed in 
all high-CD CECs. Disruption of actin at the cell cortex was also observed, with the formation of stress 
fibers, but only in low-CD CECs (Fig. 3b). Cell adhesion and proliferation potencies were significantly 
decreased in low-CD CECs when compared to high-CD CECs (Fig. 3c–f).

RCEC purification by density-gradient centrifugation.  Next, we hypothesized that senescent cells 
can be separated by density-gradient centrifugation according their specific gravity because the senescent 
CECs are enlarged and flattened. Additionally, the cell size is believed to be the most valid indicator for 
corneal endothelial healthiness in clinical settings, which gave us reason to eliminate large cells as senes-
cent cells. We tried to separate RCECs from a mixture of high-CD CECs and spontaneously-appearing 
senescent CECs into several fractions according to their specific gravity using OptiPrepTM Density 
Gradient Medium (Fig.  4a). Flow cytometry showed that CECs were separated according to cell size; 
i.e., the heavier specific gravity fraction included smaller diameter CECs and the lighter specific gravity 
fraction included the larger CECs (Fig. 4b). After seeding those cells, the CD was significantly higher in 
the CECs recovered from the 1.048 g/ml fraction than from the 1.018 and 1.033 g/ml fractions (Fig. 4c,d). 
In agreement with the smaller cell diameter of CECs recovered from the 1.048 g/ml fraction, the vari-
ation in cell size was smaller than those from 1.018 and 1.033 g/ml fractions after reaching confluence 
in culture. Additionally, the variation in cell size was smaller in the 1.048 g/ml fraction cells than in the 
control cells (Fig. 4e). Expressions of ZO-1 and Na+/K+-ATPase were partially disrupted in the control, 
whereas all cells recovered from the 1.048 g/ml fraction expressed these function-related proteins. Actin 
staining showed that cells recovered from 1.048 g/ml fraction were less variable in size and maintained 
their hexagonality (Fig. 4f).

HCEC purification by density-gradient centrifugation.  We conducted experiments to eval-
uate whether cultured HCECs can be purified by separating out senescent cells by density-gradient 
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centrifugation. HCECs recovered from the supernatant and from the precipitated pellet after centrif-
ugation in 1.060 g/ml density gradient medium were subsequently cultured (Fig.  5a). Flow cytometry 
demonstrated a mean diameter of pellet-derived cells of 42.9 μ m, while that of supernatant-derived cells 
was 49.9 μ m (Fig. 5b). Culture of the separated cells gradient revealed that pellet-derived HCECs formed 
monolayer cell sheets with a hexagonal cobblestone-like phenotype with a CD of 1584.5 cells/mm2 while 
the supernatant-derived HCECs had an elongated phenotype with a CD of 827.8 cells/mm2 (Fig.  5c). 
The cell area was significantly smaller for the pellet-derived HCECs than for the supernatant-derived 
HCECs (Fig. 5d).

We also conducted experiments to optimize the specific gravity of the density gradient medium for 
removal of senescent cells from the HCECs for clinical application. Of note, HCECs recovered from the 

Figure 1.  Cellular senescence of CECs in vivo and in vitro. (a) Representative corneal endothelium 
images obtained by non-contact specular microscopy are shown. Left: A 16-year-old healthy young subject, 
middle: An 89-year-old healthy elderly subject with relatively low cell density (CD) due to aging, and right: 
A 71-year-old with low CD CECs due to corneal trauma. Scale bar: 100 μ m. (b) HCECs were cultured 
from a human donor cornea and passaged for expansion culture. Left: representative phase contrast images 
of HCECs passaged 1 time after primary culture with high CD cells. Right: representative phase contrast 
images of HCECs passaged 6 times; senescent cells are visible within the cultured cell population. Arrows 
indicate senescent cells. Scale bar: 100 μ m.
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Figure 2.  For legend see next page.
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pellet following centrifugation in the density gradient medium could be cultured with a normal cell pas-
sage procedure (Fig. 5e). The 1.065 g/ml density gradient medium enabled purification of HCECs with 
a cell density of 1924.3 cells/mm2 (Fig. 5f). Variation in the cell sizes of HCECs cultured from the pellet 
was smaller than in the control, suggesting that density gradient centrifugation minimizes the variation 
in cell size (Fig. 5g).

Discussion
Regenerative medicine for treating corneal endothelial dysfunction has been anticipated to provide an 
alternative therapeutic choice to corneal transplantation3. Cultured sheet transplantation and cell-based 
therapy have been researched in animal models16–21. For instance, we showed that corneal endothe-
lium can be regenerated in rabbit and monkey corneal endothelial dysfunction models by injecting a 
cultured CEC suspension combined with a Rho-associated kinase (ROCK) inhibitor16. In addition, we 
recently started a first-in-man clinical trial at Kyoto Prefectural University of Medicine after obtaining 
the necessary approval (Clinical trial registration: UMIN000012534)4. In this clinical trial, we isolated 
and cultured CECs from human donor corneas and injected them, together with ROCK inhibitor, into 
the anterior chamber of the patients (unpublished data).

No protocol specifically designed for clinical application can yet overcome the problems of the limited 
proliferative ability of CECs and their tendency to undergo fibroblastic transformation4. Consequently, 
our research group and others have been continuously striving towards the development of a success-
ful culture method5,6,9–11,22,23. For instance, we reported that ROCK inhibitor5 and conditioned medium 
obtained from GMP-grade human bone marrow-derived mesenchymal stem cells (BM-MSCs)8 enhanced 
CEC proliferation. We also showed that the fibroblastic transformation of CECs is caused by activation 
of transforming growth factor beta (TGF-β ) signaling, and that inhibition of TGF-β  signaling by small 
molecules enables CECs to counteract fibroblastic changes and maintain the endothelial phenotype9. 
One unresolved clinical issue is that several passages are required to obtain large numbers of cells (e.g.; 
5 passages enables the treatment of 100–200 patients from 1 donor cornea), but serial passaging also 
leads to a senescent cell phenotype.

Morphological features of senescent cells usually include cell enlargement, flattening, vacuolization, 
and occasionally multinucleation12. Here, we demonstrated that senescent CECs can be separated by 
differences in specific gravity. Possible explanations include: 1) the lower nucleus/cytoplasm ratio of 
senescent CECs yields a lower specific density, as the larger volume of cytoplasm has a less dense inter-
nal structure than the nucleus; and 2) vacuolization of senescent CECs results in a lower specific grav-
ity, as the vacuoles have a lower density than the rest of the cytoplasm. We also showed that low-CD 
CECs exhibited these senescence features, together with decreases in the expression of function-related 
proteins, adhesion potency, and proliferative ability. Cellular senescence can be induced by a variety of 
triggers in various cell types, and no definitive marker has been established; therefore, a set of criteria is 
required for each tissue12,13.

One potential biomarker for senescence of corneal endothelium is SA-β -gal, an indicator of senescent 
cells, as it is expressed at higher levels in the corneal endothelium of elderly individuals than of young 
individual24. The expression of p21; the main driving force for the induction of the senescence program, 
and p16, a p21-independent senescence-determining molecule, are expressed at higher levels in older 

Figure 2.  Effect of cellular senescence on cell-based therapy in the corneal endothelial dysfunction 
rabbit model. (a) The corneal endothelial dysfunction model was created by mechanically removing the 
rabbit corneal endothelium. A total of 5.0 ×  105 high-CD or low-CD RCECs was injected, together with 
ROCK inhibitor, into the anterior chamber, followed by maintenance in a face down position for 3 hours 
(n =  6). The corneal endothelial dysfunction model in which RCECs were not injected was used as a control 
(n =  3). Representative slit lamp photograph images are shown. Corneal transparency was restored in 
endothelial dysfunction models by intracameral injection of high CD RCECs with ROCK inhibitor, while the 
controls exhibited hazy corneas due to corneal endothelial dysfunction. Interestingly, senescent RCECs with 
low CD were also able to restore corneal transparency. (b, c) The mean central corneal thickness and corneal 
volume evaluated by Pentacam® at 7 and 14 days after cell injection are shown as a graph. The corneal 
thickness and corneal volume were significantly reduced in the eyes injected with high CD RCECs when 
compared to eyes injected with low-CD CECs. *P <  0.01, **P <  0.05. (d) Regenerated corneal endothelium 
following injection of high-CD and low-CD RCECs was evaluated by contact specular microscopy at 14 
days. (e) The mean cell density of regenerated corneal endothelium was analyzed. The CD of the regenerated 
corneal endothelium was significantly higher in the eyes injected with high CD-CECs than with low-CD 
senescent CECs. **P <  0.05. (f) Function-related markers of CECs (Na+/K+-ATPase, ZO-1, and N cadherin) 
were immunostained in the regenerated corneal endothelium. Phalloidin staining was also performed to 
evaluate the actin cytoskeleton. Na+/K+-ATPase, ZO-1, and N-cadherin were expressed in all regenerated 
CECs in eyes injected with high-CD CECs, while expression of these markers was partially disrupted in the 
CECs in eyes injected with low-CD CECs. Actin was distributed in the cell cortex in the eyes injected with 
high-CD CECs, while cortical actin distribution showed irregularity and the presence of stress fibers in the 
eyes injected with low-CD CECs. Nuclei were stained with DAPI. Scale bar: 100 μ m.
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individuals than in younger individuals1,2. The evidence that low-CD CECs are senescent cells, as deter-
mined by an established set of criteria for corneal endothelial senescence, needs further investigation, 
but we propose that CD is a simple and practical criterion that can predict the outcome of corneal 
endothelial cell-based therapy.

Magnetic affinity cell separation (MACS)25 and fluorescence-activated cell sorting (FACS)26 were 
reported to purify cultured HCECs. However, these methods are not ideal for therapeutic application, 
because of drawbacks that include the use of antibodies, the cost issues to establish the GMP-grade 
MACS or FACS, and the fibroblastic transformation after cell dissociation for cell sorting. In the cur-
rent study, we demonstrated that density-gradient centrifugation could purify CECs by eliminating the 

Figure 3.  Phenotypic analysis of low-CD RCECs. (a) Representative phase contrast images of high-CD 
and low-CD RCECs are shown. RCECs with a CD of 2540.4 ±  64.9 cells/mm2 were used as high-CD cell 
and 720.2 ±  29.4 cells/mm2 were used as low-CD cells for this study. Scale bar: 100 μ m. (b) ZO-1, Na+/K+-
ATPase and actin were stained in high-CD and low-CD RCECs. Nuclei were stained with DAPI. Expressions 
of ZO-1 and of Na+/K+-ATPase were partially disrupted in low-CD CECs, but these expressions occurred 
in all high-CD CECs. Disruption of actin at the cell cortex was also observed, along with the formation of 
stress fibers, but only in low-CD CECs. Scale bar: 50 μ m. (c) High-CD and low-CD RCECs were seeded 
at a density of 5 ×  103 cells/cm2 and cultured for 24 hours. Scale bar: 50 μ m. (d) The effect of CD on 
cell proliferation was evaluated using 5-ethynyl-2′ -deoxyuridine (EdU) Click-iT® imaging kits. (e) The 
number of attached cells was calculated using the CellTiter-Glo® Luminescent Cell Viability Assay at 3 and 
24 hours after seeding (n =  6). The numbers of adhered cells were significantly lower in low-CD CECs than 
in high-CD CECs. *P <  0.01. (f) EdU positive cells were counted after 9 hours of incubation (n =  3). The 
numbers of EdU positive cells were significantly lower in low-CD CECs than in high-CD CECs. *P <  0.01. 
Experiments were performed in duplicate.
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Figure 4.  Density-gradient centrifugation of RCECs. (a) The cultured RCECs, including senescent 
RCECs with low-CD RCECs, were centrifuged through OptiPrepTM Density Gradient Medium at 800 g 
for 15 minutes. (b) The diameter of cells recovered from density gradient media with different specific 
gravity was evaluated by flow cytometry. RCECs were separated according to cell size. *P <  0.01, **P <  0.05. 
Experiments were performed in triplicate. (c) Cells recovered from density gradient media of different 
specific gravity were cultured for 2 weeks after cells reached confluence. Representative phase contrast 
images are shown. (d,e) Cell density and cell area were determined with Image J® (NIH) software. The CD 
was significantly higher in the CECs recovered from the 1.048 g/ml fraction than from the 1.018 and 1.033 g/
ml fractions. The variation in cell size was smaller in the 1.048 g/ml fraction cells than in the control cells. 
*P <  0.01, **P <  0.05. Experiments were performed in triplicate. (f) Representative images of ZO-1, Na+/
K+-ATPase, and actin staining are shown. Nuclei were stained with DAPI. Expressions of ZO-1 and Na+/
K+-ATPase were partially disrupted in the control, whereas RCECs recovered from the 1.048 g/ml fraction 
fully expressed these function-related proteins. Scale bar: 100 μ m.
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Figure 5.  Density-gradient centrifugation of HCECs. (a) The cultured HCECs, including senescent cells 
with a low CD, were centrifuged through 1.060 g/ml density gradient medium at 800 g for 15 minutes. The 
cells recovered from supernatant and pellet were then seeded at the same cell numbers and cultured  
for 2 weeks after cells reached confluence. (b) The diameter of cells recovered from the supernatant and 
pellet were evaluated by flow cytometry. The mean diameter of the pellet-derived cells was 42.9 μ m, while 
that of supernatant-derived cells was 49.9 μ m. *P <  0.01. Experiments were performed in triplicate.  
(c,d) Cell density (CD) and cell area were determined with Image J® (NIH) software. The CD of pellet-
derived HCECs was 1584.5 cells/mm2, while that of supernatant-derived HCECs was 827.8 cells/mm2. 
*P <  0.01. Experiments were performed in triplicate. (e) HCECs were centrifuged through 1.045, 1.050, 
1.055, 1.060, and 1.065 g/ml density gradient medium at 800 g for 15 minutes. HCECs recovered from the 
pellet were seeded at the same cell numbers and cultured for 2 weeks after the cells reached confluence. (f,g) 
Cell density and cell area were determined with Image J® (NIH) software. The 1.065 g/ml density gradient 
medium enabled purification of HCECs with higher CD and less size variation. *P <  0.01, **P <  0.05.
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senescent cells based on cell size. Senescent cells exhibit a senescence-associated secretory phenotype 
(SASP), and the SASP components can trigger senescence in neighboring cells in a paracrine man-
ner12,27. This simple technique of density-gradient centrifugation is applicable for final cell preparation 
for the patient but can also be used for each passage procedure to eliminate senescent cells throughout 
the cultivation period. In conclusion, density-gradient centrifugation, by separating out senescent cells, 
will enable the purification of HCECs for cell based therapy for treating corneal endothelial dysfunction. 
This technique might also be applicable for other types of cells in the settings of regenerative medicine.

Methods
Ethics statement.  Animals were housed and treated in accordance with the ARVO 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. A15011-2). Human donor corneas were obtained from SightLifeTM (http://
www.sightlife.org/, Seattle, WA) for research purposes.

Cell Culture.  Thirty rabbit eyes were used for the rabbit CEC (RCEC) culture. The RCECs were culti-
vated as described previously16. Briefly, Descemet’s membrane with RCECs was stripped and incubated in 
0.6 U/mL of Dispase II (Roche Applied Science, Penzberg, Germany) to release the RCECs. The isolated 
RCECs were resuspended in culture medium and plated in 1 well of a 6-well plate coated with cell attach-
ment reagent (FNC Coating Mix®, Athena Environmental Sciences, Inc., Baltimore, MD). All primary 
cell cultures and serial passages of RCECs were performed in growth medium composed of Dulbecco’s 
modified Eagle’s medium (Life Technologies Corp., Carlsbad, CA) supplemented with 10% fetal bovine 
serum (FBS), 50 U/mL penicillin, 50 μ g/mL streptomycin, and 2 ng/mL fibroblast growth factor 2 (Life 
Technologies Corp.). Cultivated RCECs at passages 1 through 3 were used for all experiments. RCECs 
with a CD of 2540.4 ±  64.9 cells/mm2 were used as high-CD cells and those with a CD of 720.2 ±  29.4 
cells/mm2 were used as low-CD cells for this study.

A total of six human donor corneas (from persons > 40 years of age) were used for cultivation of 
human CECs (HCECs) by the protocol described previously. Briefly, Descemet’s membranes containing 
the HCECs were stripped from donor corneas and the membranes were digested with 1 mg/mL colla-
genase A (Roche Applied Science) at 37 °C for 12 h. The HCECs were seeded in one well of a 48-well 
plate. Plates had previously been coated with laminin E8 fragments (iMatrix-511; Nippi, Incorporated, 
Tokyo, Japan) (2.0 μ g/cm2)11. The culture medium was prepared according to published protocols8.

First, BM-MSCs were cultured according to previously reported protocols. Briefly, BM-MSCs were 
plated at a density of 1.3 ×  104 cells/cm2 and cultured for 24 hours in DMEM supplemented with 10% 
FBS, 100 U/mL penicillin, and 100 μ g/mL streptomycin. Then, basal medium for HCECs was pre-
pared (OptiMEM-I (Life Technologies Corp.) containing 8% FBS, 5 ng/mL epidermal growth factor 
(Sigma-Aldrich Co., St. Louis, MO), 20 μ g/mL ascorbic acid (Sigma-Aldrich Co.), 200 mg/L calcium 
chloride, 0.08% chondroitin sulfate (Wako Pure Chemical Industries, Ltd., Osaka, Japan), 50 μ g/mL gen-
tamicin, and 10 μ M SB431542 (Merck Millipore, Billerica, MA)) and conditioned by culturing BM-MSCs 
for 24 hours. Finally, the basal medium conditioned with BM-MSCs was collected for use as the culture 
medium for HCECs.

Injection of RCECs into a corneal endothelial dysfunction model.  The rabbit corneal endothelial 
dysfunction models were created following lens removal by mechanically scraping the corneal endothe-
lium from the Descemet’s membrane with a 20-gauge silicone needle (Soft Tapered Needle; Inami & Co., 
Ltd., Tokyo, Japan) as described previously16. A total of 5.0 ×  105 RCECs, suspended in 200 μ l of DMEM 
supplemented with 100 μ M of Y-27632 (Wako Pure Chemical Industries, Ltd.), was injected into the 
anterior chamber of the corneal endothelial dysfunction model and the eyes were kept in the face-down 
position for 3 hours under general anesthesia. Anterior segments and corneal endothelium were evalu-
ated by slit-lamp microscopy and contact specular microscopy (Konan scanning slit specular microscope, 
Konan Medical, Nishinomiya, Japan) for 2 weeks. Corneal thickness and corneal volume were evaluated 
with a Pentacam® (OCULUS Optikgeräte GmbH, Wetzlar, Germany).

Fluorescence staining.  Rabbit corneal specimens were fixed in 4% formaldehyde and incubated 
for 30 minutes in 1% bovine serum albumin (BSA) to block nonspecific binding. Corneas were exam-
ined by actin staining performed with a 1:400 dilution of Alexa Fluor® 546 conjugated Phalloidin (Life 
Technologies Corp.). For immunohistochemical analyses, specimens were incubated with primary 
antibodies against Na+/K+-ATPase (1:300, Upstate Biotechnology, Lake Placid, NY), ZO-1 (1:300, Life 
Technologies Corp.), and N-cadherin (1:300, BD Biosciences, San Jose, CA), and then Alexa Fluor® 
488-conjugated goat anti-mouse (Life Technologies Corp.) was used as a secondary antibody at a 1:1000 
dilution. Proliferative cells were evaluated by 5-ethynyl-2 Click-iT® EdU imaging kits (Life Technologies 
Corp.) according to the manufacturer’s instructions. Briefly, the RCECs (1 ×  104 cells/well) were cultured 
in a 96-well plate and incubated with 10 μ M EdU for 6 h at 37 °C. Following fixation with 4% para-
formaldehyde and permeabilization with 0.3% Triton® X-100 (Nacalai Tesque, Kyoto, Japan), the RCECs 
were incubated with a reaction cocktail for 30 min at room temperature. Nuclei were stained with DAPI 
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(Vector Laboratories, Burlingame, CA). The slides were examined with a fluorescence microscope (TCS 
SP2 AOBS; Leica Microsystems, Wetzlar, Germany).

Density-gradient centrifugation.  The cultured RCECs or HCECs were suspended in DMEM 
or Opti-MEM® Reduced Serum Medium, respectively. The OptiPrepTM Density Gradient Medium 
(Sigma-Aldrich Co.) was then added and the cells were centrifuged at 800 g for 15 minutes. RCECs or 
HCECs were recovered from the pellet or supernatant, respectively.

Flow cytometry.  RCECs or HCECs recovered following density gradient centrifugation were sus-
pended in DMEM or OptiMEM-I. Cells were evaluated by flow cytometry using the BD Accuri TM (BD 
Biosciences), and the cell diameter was determined using a SPHERO™  Flow Cytometry Size Standard 
Kit (Spherotech, Inc. Lake Forest, IL).

Statistical analysis.  The statistical significance (P-value) of differences between mean values of the 
two-sample comparison was determined with the Student’s t-test. The comparison of multiple sample 
sets was analyzed using Dunnett’s multiple-comparison test. The values shown in the graphs represent 
the mean ±  SEM.
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ABSTRACT: Insufficient nutrient supply through vertebral canal structures to the intervertebral disc (IVD) has been considered as an
important contributor for disc degeneration. Despite previous canal structure characterization studies using histology, scanning
electron microscopy, and angiography, among others, their three-dimensional (3D) topology inside the vertebral endplate remains
poorly understood. This study aims to characterize the 3D canal structure in the rabbit lumbar vertebral endplate using micro
computed tomography (mCT). Vertebral endplates were imaged using high-resolution mCT with 1.4� 1.4� 1.8mm voxel size. Diameter,
length, orientation, and depth starting from the vertebral endplate surface were analyzed for each canal using individual 3D canal
models from the vertebral endplate scans. In the layer underneath the vertebral endplate, at a mean depth of 76.2mm, longitudinally-
oriented relatively short-length (57.6mm) and small diameter (45.7mm) canals were dominant. Large-scale canals with a mean
diameter of 152.1mm running parallel to the endplate surface were isolated at the depth of 224.1mm. These canals were connected to
both IVD and bone marrow spaces through vertically oriented canals. � 2014 Orthopaedic Research Society. Published by Wiley
Periodicals, Inc. J Orthop Res 33:270–276, 2015.

Keywords: nutrient canal; vertebral endplate; intervertebral disc; bone morphology; spine

Low back pain is one of the most common health
problems in adults.1 Intervertebral disc (IVD) degener-
ation has been implicated as a major cause of back
pain,2,3 which also leads to secondary clinical prob-
lems, such as disc herniation, spinal stenosis, and
degenerative spondylolisthesis.4 Multiple conditions
link with disc degeneration, including age,5 genetic
inheritance,6 mechanical,7 and systematic8 factors,
although its etiology and pathogenesis remain unclear.9

Since the IVD is the largest avascular tissue in the
body, insufficient IVD nutrition has been believed to be
one of the important contributors for disc degeneration
among those risk factors.2,10

There are two major pathways of nutrient supplies
into the IVD: either through adjacent vertebral end-
plates or the annulus periphery.11 Since nutrient
supplies are normally restricted to the outmost layers
of the annulus fibrosus in the adult disc,12 the IVD
relies primarily on nutrient transport through adja-
cent endplates. The endplate is characterized as a
bilayer consisting of a hyaline cartilaginous layer on
the IVD side and an osseous layer on the vertebral
body side, both of which contribute to IVD integrity
through biomechanical and nutritional functions.10–14

There is evidence of canal structure penetration within
the osseous region of the vertebral endplate into the
cartilaginous endplate from the bone marrow space.9,15

Through those canals, nutrients are supplied to the

IVD and waste products are removed from discs.10,13

Therefore, microstructural changes in the endplate,
such as cartilage endplate calcification and vertebral
endplate sclerosis, have been considered to potentially
influence the disc metabolic transport through the
canals in the vertebral endplate.9,15–17

To date, active blood flow in the canals within the
vertebral endplate has been confirmed using vascular
tracers,18,19 and the layered structure of the canal
network with the large-scale transverse canals run-
ning parallel to the vertebral endplate has been
observed.20 Scanning electron microscopy has also
shown various sizes of nutrient canals in the vertebral
endplate.9 However, the canal network architecture
inside the vertebral endplate is yet to be quantitatively
evaluated due to the canal system’s complex three-
dimensional (3D) structure.19,21

Based on previous observations on the vertebral
endplate canal structure, we hypothesized that the
canal network topology can be characterized through
the canal size, orientation and depth. Furthermore,
rabbit models have been well-established to study
mechanisms of IVD degeneration and therapeutic
interventions for IVD repair.22 We believe that the
microstructural changes of the vertebral endplate
canal can be appropriately investigated using those
models. Therefore, the purpose of this study was to
analyze length, diameter, orientation angle, and depth
of individual canals in the rabbit lumbar vertebral
endplate using micro-computed tomography (mCT).

MATERIALS AND METHODS
Sample Preparation
The lumbar spines (L1–L6) from five Japanese white rabbits
(male, 3–4 months old, 2.5–3.5 kg in body weight; Shimizu
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Laboratory Supplies Co, Ltd, Kyoto, Japan) were extracted
after sacrifice following Institutional Animal Care and Use
Committee protocol approval. Soft tissues, transverse pro-
cesses, and posterior elements were then removed. A total of
25 bone-disc-bone (BDB) units were prepared by cutting
vertebral bodies parallel to the vertebral endplate, including
an IVD with the adjacent vertebral endplates. From these
BDB units, 6mm diameter samples from the central region
of the BDB units were cored and stored at �20˚C until mCT
scanning was conducted. In this study, we only focused the
central region of endplates because the central region is
believed to be the most important for nutrient transport to
the IVD.18

mCT Imaging
Each sample was removed from the freezer before mCT
scanning, and placed into a sample holder (6.0mm inner
diameter polypropylene tube with a wall thickness of
0.25mm) on the rotating stage of the mCT scanner. Simulta-
neously, adjacent endplates cranial and caudal to the IVD
were imaged using a high-resolution mCT scanner
(SMX-160CTS, Shimadzu Co., Kyoto, Japan; maximum reso-
lution: 0.8mm). mCT scanning was performed at 66kV with an
in-plane resolution of 1.4mm and a slice interval of 1.8mm.

Three-Dimensional (3D) Canal Model Creation
The mCT images were imported into a 3D reconstruction
software package (Mimics 15.0; Materialise Inc., Leuven,
Belgium). 3D vertebral endplate models were created based on
the Otsu method,23 employed to calculate a bone threshold
value (Fig. 1A). The canals within the vertebral endplate were
segmented by filling the canal space. 3D surface models of
vertebral endplates were also segmented (Fig. 1B). Individual
canals were manually separated to evaluate the microstructur-
al parameters as described below (Fig. 2A). For the canals with
one end in the endplate and opening to the vertebral endplate
surface or bone marrow space, the starting point was defined at
the canal end inside the endplate, and the ending point was
defined at the opening. When the canals had openings at the
bone marrow space and vertebral endplate surface, the starting
point was set at the bone marrow opening site and the ending
point was set at the vertebral endplate opening site. For the
canals with both ends in the endplate, the starting point was
set at the branching point from the larger canal and the ending
point was set at the branching point at the smaller canal.

Individual Canal Orientation
Individual canal orientation was evaluated against the
vertebral endplate normal direction. Both the 3D endplate
surface and the individual canal models were converted to
point-cloud data sets. Eigenvectors of the 3D vertebral
endplate surface point-cloud data sets were calculated
using custom-written routines in MATLAB (MathWorks,
Inc., Natick, MA) to obtain the endplate’s normal vector.
Individual canal orientation was determined by the eigen-
vector with the highest eigenvalue. The directionality of
the eigenvector was adjusted to correspond to the direction
from the starting point towards the ending point of
individual canal described earlier. The angles (u, degrees)
between the normal vector to the vertebral endplate
towards the IVD and the eigenvector of each canal direct-
ing longitudinal direction of the canal were calculated
using the dot product (0� u� 180˚).

Length and Mean Diameter of the Individual Canals
Length [mm] and volume [mm3] of each canal were measured
using the 3D reconstruction software package. The mean
cross-sectional area of each canal was calculated by
volume/length and the mean diameter of each canal was
determined by assuming the cross-section was circle.

Individual Canal Depth
Individual canal depth was defined by the least distance
between the centroid of each canal and the vertebral
endplate surface in the vertebral endplate normal direction.

Statistical Analysis
The canals were segregated into longitudinal and trans-
verse canals by orientation angle bimodal distributions.
The canal length and diameter were compared between the
longitudinal canal and the transverse canal using unpaired
t-tests. Ward’s clustering analysis was used to categorize
the individual canals based on distribution of canal diame-
ter and angle or combinations of length and depth. Chi–
square test was used to assess distribution of orientations
among the clusters. All statistical analyses were performed
using the StatView program (version 5.0; SAS Institute
Inc., Cary, NC). Statistical significance was considered
when p< 0.05. Data are presented as mean� standard
deviation (SD).

Figure 1. (A) Representative high-resolution mCT-based 3D canal network models in the rabbit lumbar vertebral endplate.
(B) Representative 3D vertebral endplate surface and 3D canal network topology.

ENDPLATE CANAL THREE-DIMENSIONAL NETWORK TOPOLOGY 271

JOURNAL OF ORTHOPAEDIC RESEARCH FEBRUARY 2015



RESULTS
The mCT images revealed three damaged endplates
(one cranial and two caudal endplates), possibly due to
sample preparation procedure or storage; these sam-
ples were excluded from this study and the remaining
samples (n¼ 47; 24 cranial endplates and 23 caudal
endplates adjacent to the IVD) were used for analysis.

Canal Orientations
Canal angles followed a bimodal distribution (Fig. 2B)
and could be segregated into two distinct canal
orientations: the longitudinal canal (0˚� u<70˚
and 110˚< u� 180˚) and the transverse canal (70˚�
u� 110˚). The longitudinal and transverse canals
accounted for 58.3% and 41.7% of all canals, respec-
tively. The mean inclinations of the longitudinal and
transverse canals were 47.7� 26.4˚ and 87.3� 10.0˚,
respectively (Table 1).

Mean Canal Length and Diameter
Table 1 shows the mean length and diameter of all
canals, as well as a description by canal orientation.
The transverse canals were significantly longer and
wider than the longitudinal canals (p<0.0001). There
were no other differences in these parameters.

Canal Depth
The canal depth histogram showed a right-skewed
distribution with a peak between 90–100mm (data not
shown), and a mean depth of 142.3� 86.1mm from the
vertebral endplate surface.

Canal Categorization
Based on Ward’s clustering results, the canals run-
ning parallel to the vertebral endplate were termed

large-scale transverse canals (Figs. 3A, B). Fur-
thermore, the canals connected to the bone marrow
space were labeled as marrow-contact canals. The
canals directly running through the vertebral end-
plate surface from the bone marrow space were
especially categorized as direct-connection canals
(Fig. 3C). Additionally, the canals existing in the
surface region between the large-scale transverse
canals and the vertebral endplate surface, were
further sub-divided into three groups according to
the Ward’s clustering results: surface-surface ca-
nal, surface-middle canal, and surface-deep ca-
nal (Figs. 4A, B). A breakdown of canals classified
by location and function is shown in Table 2. Fig-
ures 5 and 6 showed the depth dependency of the
canal parameters and a proposed schematic detailing
the classification resulting from the clustering analy-
sis, respectively.

Chi–square tests showed significant differences in
distribution of canal inclination among these canal
sub-categories (p<0.0001).

The large-scale transverse canals were oriented at
92.5�8.8˚ from the normal direction of the vertebral
endplate (Table 2). The direct-connection canal and
the surface-surface canals had similar diameters
(45.7�16.2mm vs. 44.3�11.2mm, respectively), but
the direct-connection canals were almost six-times as
long (Table 2). All canals, with the exception of the
large-scale and the marrow-contact canals had diame-
ters between 40–50mm (Table 2).

A histogram plot of the surface-middle canal angles
shows a large peak at 80�90˚ (Figure 4C), while the
surface-surface and the surface-deep canal inclinations
followed multimodal distributions (data not shown).

Figure 2. (A) Segmentation of individual
canals in the vertebral endplate. Individual
canals are depicted in different, unique colors.
(B) Bimodal distribution of the canal inclina-
tion with its corresponding Gaussian curves.

Table 1. Longitudinal and Transverse Canal 3D Topological Parameters

Canal # of total canals (%) Length (mm) Diameter (mm) Angle (˚)

Total – 99.8 � 73.6 50.5 � 22.1 64.2 � 28.8
Longitudinal 58.3 87.3� 57.7* 47.4� 17.0 47.7� 26.4
Transverse 41.7 117.2� 88.4 54.9� 27.2 87.3� 10.0

*p<0.0001, compared to the transverse canals.
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DISCUSSION
The present study investigated the lumbar vertebral
endplate 3D canal structure in a rabbit model in the
region corresponding to the nucleus pulposus by means
of mCT. Individual canals were isolated and character-
ized quantitatively by measuring their length, diame-
ter, orientation angle, and depth starting from the
endplate surface. The results revealed differences in
the canal structure above and below the large-scale
canals running parallel to the endplate surface.

In the layer underneath the vertebral endplate at a
mean depth of 76.2mm, longitudinally oriented rela-
tively short length (57.6mm) and small diameter
(45.7mm) canals were dominant as described as sur-
face-surface canals in the present study. Crock and
Goldwasser studied circulation in the adult canine
vertebral endplate using an intra-arterial infusion
technique and reported the existence of the capillary
bed at the disc-bone interface in the region of the
nucleus pulposus.24 Although the species are different,
the canal structure we isolated underneath the end-
plate surface appears to correspond to the above-
mentioned capillary bed, described as “sessile and
discoid” and similar to the “suckers on the tentacles of
an octopus.” In fact, the mean orientation of this canal

group measured in the present study was 62.9˚ in
reference to the normal direction of the endplate
surface – not precisely perpendicular to the endplate
surface.

In spite of these detailed reports, blood supply to
the capillary bed remains unclear. Clark investigated
the structure of vascular channels in the subchondral
plate of the tibial plateau, patellae and femoral
condyle in humans, canines, and leporidae using
scanning electron microscopy.25 The author found that
the capillaries ran through the subchondral plate in
cylindrical channels surrounded by a concentric lami-
nar structure similar to a Haversian system, but most
of the channels were separated from the cartilage by a
layer of bone. If such vascular system does exist in the
vertebral endplate, it could be a source of vascular
supply to the capillary bed underneath the endplate
surface. In the present study, we isolated transversely
oriented canals with a mean diameter of 50.5mm with
a connection to the surface-surface canals, which may
correspond to the cylindrical channels shown in the
subchondral plate analogous to the Haversian system.
Additional histological studies will be required to
investigate if a Haversian system exists in the verte-
bral endplate.

Figure 3. (A) Representative 3D canal network model with the large-scale transverse canal inside the vertebral endplate. (B)
Categorization of the large-scale transverse canals according to Ward’s cluster analysis. (C) Representative direct-connection canal
directly connected from the bone marrow space to the vertebral endplate surface.

Figure 4. (A) Representative 3D canal network model in the surface region between the large-scale transverse canal and the
vertebral endplate surface. (B) Categorization of the surface-surface, the surface-middle, and the surface-deep canals according to
Ward’s clustering analysis. (C) Histogram of the surface-middle canal angles with Gaussian curves.
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Crock and Goldwasser also described in detail the
venous drainage system in the vertebral endplate.24

They demonstrated that the subchondral postcapillary
venous network connects to the aforementioned capil-
lary bed at the disc-bone interface and the existence of
an epiphyseal subarticular collecting vein system
oriented parallel to the endplate surface. In the
present study, we identified distinct large canals
(245.3mm mean diameter) oriented parallel to
the endplate surface (92.5˚ with respect to the end-
plate normal vector) at a depth of 189.9mm from the
endplate surface, which appears to be a conduit for the
epiphyseal subarticular collecting vein. The surface-
deep canals described in the present study may
correspond to the subchondral postcapillary venous
network proposed by Crock and Goldwasser.24 They
also demonstrated the direct connection between the
endplate surface and the epiphyseal subarticular col-
lecting vein, which is also reported here.

In the deeper layer of the vertebral endplate,
vertically-oriented large-diameter (58.0mm) canals
connecting between the bone marrow space and the
large-scale transverse canal were identified in the
present study and named marrow-contact canals.
Although the connection between the epiphyseal sub-
articular collecting vein and bone marrow space has
not been described before, the frequency of the mar-
row-contact canals was as high as 15.6% of the total
number of the canals and they could play an important
role as pathways between the bone marrow space and
large central space within the endplate. Crock and
Goldwasser described some canals directly connected

between the bone-disc interface and the bone marrow
space,24 which were also identified in the present
study with a low frequency of 0.3% of the total canal
number (Fig. 3D).

Because the current study focused on the develop-
ment of a quantitative microstructural analysis tech-
nique to describe the 3D canal networks observed
within the vertebral endplate, the normal rabbit
disc was preferred to characterize the canal structure
as an initial step to provide primary data of the
vertebral endplate structure that can be later com-
pared to degenerated discs in future studies. The
analysis of the canal parameters in the present study
illustrated a depth-dependent canal structure from
the IVD side towards the bone marrow side of the
vertebral endplate; however, connectivity among
the canals was not analyzed in a quantitative manner.
A quantitative analysis of the connectivity would pro-
vide more information on the flow of nutrients within
the endplate. We noted varied canal topologies; howev-
er, the parameters used in the present study may have
been too simplified to characterize the individual canal
geometry in more detail. Future studies will include
quantitative analyses of canal connectivity and more
detailed individual canal topological analyses.

Recent computational analyses allow simulation
of fluid flow through the endplate using microstructur-
al 3D models of the endplate.26 The information on
the microstructure of the nutrition canals investigated
in the current study could be used for these analyses
to better understand nutrition transport phenomena
through the endplate. The porosity of the endplate

Table 2. 3D Topological of the Canals Classified by Their Location and Function

Canal
Proportion of

total canals (%) Length (mm) Diameter (mm) Inclination (˚)
Depth from endplate

surface (mm)

Surface-surface 23.2 57.6 � 23.2 45.7 � 16.2 62.9 � 29.1 76.2 � 33.7
Surface-middle 22.9 169.6� 68.6 50.5� 17.0 72.7� 25.9 115.6� 43.5
Surface-deep 36.7 69.7� 31.0 47.0� 17.7 59.8� 28.1 189.9� 43.6
Large-scale 1.3 245.3� 129.9 152.1� 24.3 92.5� 8.8 224.1� 62.7
Marrow-contact 15.6 125.5� 85.5 58.0� 22.4 59.5� 30.6 263.1� 90.9
Direct-connection 0.3 332.5� 50.1 44.3� 11.2 53.1� 37.9 117.3� 48.2

Figure 5. Depth-dependent canal length (A)
and diameter (B). Data is presented as mean�
standard deviation (SD).
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has been reported as an important parameter to
calculate permeability of the endplate.26 The porosity
of the endplate could be calculated by dividing
the canal volume in the endplate, which we have
measured, by the total volume of the endplate. Howev-
er, we faced difficulties when the measuring the
endplate total volume. Because the rabbit endplates
connect to the trabeculae in the medullary cavity as
shown in Figure 1, it is difficult to identify a clearly
defined boundary between the endplate and bone
marrow. These are the reasons that prevented us to
from accurately determining the endplate total volume
and, in turn, the endplate porosity in the current
study. Future studies need to establish clear criteria
to define the boundary between endplate and trabecu-
lar bone tissue in order to calculate appropriately both
the endplate volume and thickness.

Since different morphologic characteristics of the
rabbit lumbar spine have been reported in the litera-
ture,27 future studies will analyze the microstructure
of the canal in the human endplate using the same
technique used in the current study.

CONCLUSION
The present study revealed a distinct depth-dependent
structure of the canal in the rabbit vertebral endplate
characterized by length, diameter, and orientation of
the individual canals. The large-scale transverse
canals were isolated in the deeper layer of the
endplate, which connected to both the IVD surface
and bone marrow space. Such structures may play a
role for collecting and redistributing the fluid within

the endplate. Although the microstructural analysis of
the canal network in the vertebral endplate using the
mCT technique only allows analysis of the bony
structure, information of the 3D canal structure could
provide essential information to understand nutrient
pathways through the vertebral endplate.
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Abstract
The human amniotic membrane (AM) is a thin intrauterine placental membrane that is highly

biocompatible and possesses anti-inflammatory and anti-scarring properties. Using AM, we

developed a novel method for cultivating oral mucosal epithelial cell sheets. We investigat-

ed the autologous transplantation of oral mucosal epithelial cells cultured on AM in patients

undergoing oral surgeries. We obtained specimens of AM from women undergoing cesare-

an sections. This study included five patients without any history of a medical disorder who

underwent autologous cultured oral epithelial transplantation following oral surgical proce-

dures. Using oral mucosal biopsy specimens obtained from these patients, we cultured oral

epithelial cells on an AM carrier. We transplanted the resultant cell sheets onto the oral mu-

cosal defects. Patients were followed-up for at least 12 months after transplantation. After

2–3 weeks of being cultured on AM, epithelial cells were well differentiated and had strati-

fied into five to seven layers. Immunohistochemistry revealed that the cultured cells ex-

pressed highly specific mucosal epithelial cell markers and basement membrane proteins.

After the surgical procedures, no infection, bleeding, rejection, or sheet detachment oc-

curred at the reconstructed sites, at which new oral mucous membranes were evident. No

recurrence was observed in the long-term follow-up, and the postoperative course was ex-

cellent. Our results suggest that AM-cultured oral mucosal epithelial cell sheets represent

a useful biomaterial and feasible method for oral mucosal reconstruction. However, our pri-

mary clinical study only evaluated their effects on a limited number of small oral mucosal

defects.
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Introduction
Although oral mucosal defects created by tumor surgery or traumatic injury are augmented by
mucosal transplantation, open wounds may become infected or develop contraction and sec-
ondary dysfunction. In such cases, autologous mucosal grafts provide transplant materials for
postoperative mucosal defects in the oral cavity. However, autologous mucous membrane
grafts leave defects at the donor site, and it may be difficult to harvest sufficient oral mucosa for
reconstruction. The ideal reconstruction material is an autologous tissue, the harvesting of
which involves minimally invasive procedures at the donor site. Tissue engineering studies
have addressed these issues. Small masses of healthy oral mucosa have been cultured into mu-
cosal epithelial cell sheets for use as biomaterials [1]. Cultured oral epithelial cell sheet trans-
plants have the potential to respond to a wide range of membrane defects and represent an
effective method with wide applications in surgical augmentation.

The human amniotic membrane (AM) is a tissue that has attracted considerable interest as
a cell culture substrate that facilitates the proliferation, differentiation, and functional organiza-
tion of various cell types in vitro [2–9]. It is a thin membrane of parenchymal tissue that covers
the outermost surface of the placenta, and is generally discarded after parturition. It can be col-
lected almost aseptically from the placenta with few technical problems or ethical concerns,
and has unique characteristics, including anti-inflammatory and anti-infection properties [10,
11]. AM has been utilized as a tissue in various surgical therapies for the following purposes: to
prevent adhesion/scarring after skin transplants or abdominal surgeries; as a wound dressing
to accelerate the healing of burns; and in ocular surface reconstruction [12–16].

We investigated the possibility of reconstructing oral mucosal defects using an autologous
cultured mucosal epithelium. We previously reported that oral mucosal epithelial cells grown
on AM represented a useful biomaterial and feasible method for oral mucosal reconstruction
[4, 6, 7]. In the present study, we attempted oral mucosal reconstruction using autologous AM-
cultured oral mucosal epithelial sheets in five patients with oral mucosal defects after dental
surgery. The use of AM in transplanted epithelial sheets following oral surgery has not yet been
documented. This study represents the first step towards assessing the feasibility of transplant-
ing autologous AM-cultured oral mucosal epithelial cell sheets in the oral cavity.

Materials and Methods

Ethics statement
All experimental procedures and clinical applications introduced here were approved by the
Medicine Research Ethics Committee of Kyoto Prefectural University, Kyoto, Japan (R-29).
We obtained prior written informed consent from all patients in accordance with the Declara-
tion of Helsinki for research involving human subjects. The individual in this manuscript has
given written informed consent (as outlined in PLOS consent form) to publish these case
details.

Subjects
We investigated the autologous transplantation of oral mucosal epithelial cells cultured on AM
in patients undergoing oral surgeries. The study included five patients without any history of a
medical disorder who underwent autologous cultured oral mucosal epithelial transplantation
at our university hospital following oral surgical procedures and who were available for a fol-
low-up exceeding 12 months. The patients comprised three men and two women who ranged
in age from 36–75 years and had oral leukoplakia, pleomorphic adenoma, and mucous cysts
(Table 1).

Autologous Oral Epithelial Cell Sheets Cultured on Amnion
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Preparation of the amniotic membrane
We obtained AM from women undergoing cesarean section. We collected tissue from AM for
our clinical purposes. We sufficiently explained the proposed use to the women and obtained
their informed consent. We washed the membranes under aseptic conditions with phosphate-
buffered saline (PBS) containing 5 ml of 0.5% levofloxacin and stored them at −80°C in Dul-
becco’s modified Eagle’s medium (GIBCO/Invitrogen, Carlsbad, CA, USA) and glycerol (1:1, v:
v; Wako Pure Chemical Industries, Ltd., Osaka, Japan). AM was thawed immediately before
use for the oral epithelial cell culture and washed three times with PBS. In the oral epithelial
cell cultures, membranes were deprived of their amniotic epithelial cells by incubating with
0.02% EDTA (Nacalai Tesque, Inc., Kyoto, Japan) at 37°C for 2 h to loosen cellular adhesion,
followed by gentle scraping with a cell scraper (Nalge Nunc International, Naperville, IL, USA)
to remove the amniotic epithelial cells.

Cultivation of oral mucosal epithelial cells on the amniotic membrane
We performed an oral mucosal epithelial cell culture according to a previously reported proce-
dure with a few modifications [6]. Briefly, epithelial cells were co-cultured with mitomycin-C
(MMC)-treated NIH/3T3 cells. Confluent 3T3 cells were incubated with PBS containing
4 μg/ml MMC (37°C, 2 h) in 5% CO2:95% atmospheric air to inhibit cell proliferation, rinsed
with PBS to remove the MMC, trypsinized, and inoculated (2 × 104 cells/cm2) into cell
culture dishes.

We obtained oral mucosal biopsy specimens (approximately 3 mm in length) from each pa-
tient under local anesthesia 2–3 weeks before each surgical procedure for the oral epithelial cell
sheet cultures on AM. Briefly, we carefully examined the oral mucosa and selected a biopsy site
at the healthy mucogingival junction of the lower molar area or buccal mucosa. We injected
2% lidocaine hydrochloride containing epinephrine around the biopsy site to provide infiltra-
tion anesthesia. We made incisions of approximately 3 mm2 to create a biopsy site. We then
obtain a sample containing submucosal connective tissue. We sutured the surgical wound with
3–0 surgical silk and removed all sutures 1 week later. We confirmed that the patients had neg-
ative results for various infections (including hepatitis B and C, syphilis, human immunodefi-
ciency virus, Creutzfeldt-Jakob disease, and West Nile fever) on serum tests before performed
biopsies.

We immersed the oral mucosal biopsy specimens in PBS containing 50 IU/ml penicillin-
streptomycin for 10 min at room temperature (RT), incubated them with 1.2 IU dispase (37 °C,
1 h), and treated them with 0.05% trypsin-ethylenediaminetetraacetic acid (RT, 10 min) to sep-
arate the cells. Enzyme activity was eliminated by washing the specimens with culture medium.
We centrifuged the cells twice at 1000 revolutions per minute for 5 min and suspended the cell
pellet in culture medium at 1 × 105 cells/cm2. We seeded the oral mucosal epithelial cells onto

Table 1. Research patients who underwent amniotic membrane-cultured oral mucosal epithelial cell sheet transplantation.

Case Age Sex Diagnosis Site Defect size (L×W×D) Follow-up

1 74 Female Oral leukoplakia Buccal mucosa 17×12×2 24 months

2 45 Female Pleomorphic adenoma Upper lip 12×9×4 12 months

3 36 Male Mucous cyst Lower lip 18×16×2 18 months

4 42 Male Mucous cyst Lower lip 12×12×5 12 months

5 75 Male Mucous cyst Upper lip 13×12×5 12 months

L: length, W: width, D: depth: in mm.

doi:10.1371/journal.pone.0125391.t001
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AM, left them to rest on cell culture plate inserts (Corning Inc., Corning, NY, USA), and then
co-cultured them with MMC-treated 3T3 cells. The culture medium consisted of a 1:1 mixture
of Dulbecco’s modified Eagle’s medium, Ham’s F-12 medium, and defined keratinocyte growth
medium (ArBlast Co., Ltd., Kobe, Japan) supplemented with 5 μg/ml insulin, 10 ng/ml human
recombinant epidermal growth factor, 50 IU/ml penicillin-streptomycin, and 5% autologous
serum. We obtained autologous serum from all patients according to Nakamura et al. [17].
Blood samples (approximately 30 ml) were collected from the antecubital vein, centrifuged,
and filtered under aseptic conditions, yielding approximately 10 ml of serum.

We submerged oral epithelial cells grown on AM in culture medium for approximately 2
weeks and then exposed them to air (i.e., air-lifting) for approximately 1 week. We incubated
the cultures at 37°C in a 5% CO2:95% air incubator and changed the medium once daily.

Immunohistochemistry
We performed immunohistochemical studies according to previously described methods [6].
We compared the cytoarchitectures and protein expression patterns of stained sections of oral
mucosa and oral mucosal epithelial cells cultured on AM. Briefly, oral mucosal samples and
AM-cultured oral mucosal epithelial cells were embedded in Tissue-Tek (Qiagen N.V., Venlo,
Limburg, The Netherlands) compound, quick-frozen, and stored at −80°C. We prepared 8-μm-
thick frozen sections from these stored specimens.

We fixed samples with acetone at 4°C for 10 min and then washed them in PBS at RT for
10 min. To block nonspecific binding, we incubated all specimens with 1% bovine serum albu-
min (Nacalai Tesque, Inc.) at RT for 20 min. We incubated the samples with the appropriate
primary antibodies, presented in Table 2, at RT for 1 h, and rinsed them with PBS containing
0.15% Triton X-100. We subsequently incubated the samples at RT for 1 h with the appropriate
secondary antibodies; namely fluorescein isothiocyanate-conjugated donkey anti-mouse im-
munoglobulin G antibodies (Molecular Probes, Inc., Eugene, OR, USA). We washed them
again with PBS and mounted them under coverslips with an anti-fading medium (Vectashield;
Vector Laboratories, Inc., Burlingame, CA, USA) containing propidium iodide as a nuclear
counterstain for examination by confocal microscopy (Fluoview; Olympus Corporation,
Tokyo, Japan).

Table 2. Primary antibodies and their sources.

Primary antibodies Dilution Sources

Mouse monoclonal cytokeratin 4 ×200 Novocastra Laboratories, Newcastle-on-Tyne, UK

Mouse monoclonal cytokeratin 13 ×200 Novocastra Laboratories, Newcastle-on-Tyne, UK

Mouse monoclonal cytokeratin 1 ×40 Novocastra Laboratories, Newcastle-on-Tyne, UK

Mouse monoclonal cytokeratin 10 ×50 Novocastra Laboratories, Newcastle-on-Tyne, UK

Mouse monoclonal integrin alpha 6 ×200 Chemicon International, Inc., Temecula, CA, USA

Mouse monoclonal integrin beta 4 ×500 Chemicon International, Inc., Temecula, CA, USA

Mouse monoclonal integrin alpha 3 ×500 Chemicon International, Inc., Temecula, CA, USA

Mouse monoclonal integrin beta 1 ×500 Chemicon International, Inc., Temecula, CA, USA

Mouse monoclonal laminin 5 ×100 Chemicon International, Inc., Temecula, CA, USA

Mouse monoclonal laminin alpha 5 chain ×200 Chemicon International, Inc., Temecula, CA, USA

Mouse monoclonal collagen VII ×100 Chemicon International, Inc., Temecula, CA, USA

doi:10.1371/journal.pone.0125391.t002
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Surgical procedures
We established an approximately 2-mm safety margin around the lesion, used a CO2 gas laser
under local anesthesia to dissect the mucosa, and then detached the lesion. We transplanted
the AM-cultured oral mucosal epithelial cell sheet onto the oral mucosal defect region after
oral surgery and secured it with 7–0 nylon sutures (Prolene; Ethicon, Inc., Somerville, NJ,
USA). We used fluorescein staining of the cultured oral epithelial sheets to confirm their quali-
ty. We also performed a tie-over dressing. We removed the threads on postoperative day 7.

Results

Cell morphology and keratin expression of oral epithelial cells cultured
on the amniotic membrane
After 2–3 weeks, the oral epithelial cells cultured on AM histomorphologically showed five to
seven stratification layers of measurable thickness. The basal cells of the cultured epithelium
were cuboidal, whereas the superficial cells were flattened (Fig 1A). Immunohistochemically,
the oral epithelial cells stained positive for antibodies specific to the mucosal epithelium, e.g.,
keratins 4 and 13 (Fig 1B and 1C), which was consistent with our earlier findings [3]. Con-
versely, keratins 1 and 10 were not expressed in any layer (Fig 1D and 1E).

The oral mucosal epithelia revealed stratified cell layers (Fig 1F) and the expression of kera-
tins 4 and 13 was evident throughout the oral mucosal epithelial layers (Fig 1G and 1H). In
contrast, keratins 1 and 10 were not expressed at detectable levels in any layer (Fig 1I and 1J).

Expression of basement membrane proteins in oral mucosal epithelial
cells cultured on the amniotic membrane
Immunohistochemical analyses of AM-cultured oral mucosal epithelial cells and oral mucosal
epithelia demonstrated linearly positive staining for integrin alpha-6 beta-4 (Fig 2A, 2B, 2H
and 2I), integrin alpha-3 beta-1 (Fig 2C, 2D, 2J and 2K), laminin 5 (Fig 2E and 2L), laminin
alpha 5 chain (Fig 2F and 2M), and collagen VII (Fig 2G and 2N) on the basement membrane
side. Expression patterns were similar between the cultured oral mucosal epithelial sheets and
the in vivo oral mucosa.

Transplanted amniotic membrane-cultured oral mucosal epithelial cell
sheets
Autologous AM-cultured oral mucosal epithelial cell sheets were successfully generated for all
five patients. Clinically, AM-cultured oral mucosal epithelial cell sheets had sufficient strength
to be handled. In all cases, we observed that the transplanted sheets adhered to the mucosal de-
fects (Figs 3A–3C, 4A–4C and 5A–5C). One week after surgery, no infection, bleeding, or sheet
detachment was evident at the transplanted sites. The transplanted cell sheets were visible to
the naked eye as adherent to the graft beds, and were distinguishable from the surrounding ad-
jacent mucosa (Figs 3D, 4D and 5D).

At 1 month, the mucosal defects were well-epithelialized and had been replaced by trans-
planted oral epithelial sheets. They were macroscopically indistinguishable from the surround-
ing mucosa (Figs 3E, 4E and 5E). We did not detect recurrence macroscopically in the long-
term follow-up, which exceeded 12 months, and all patients had an excellent postoperative
course (Figs 3F, 4F and 5F). Cases 1 and 2 were reported previously (Figs 3 and 4) [4, 7], and
the long-term follow-up of these cases was performed in this study.
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Fig 1. Morphology and keratin expression patterns of amniotic membrane-cultured oral mucosal
epithelial cells and the oral mucosa. Light micrographs of amniotic membrane (AM)-cultured oral mucosal
epithelial cells and the in vivo oral mucosa stained with hematoxylin and eosin as well as representative
immunohistochemical staining results of AM-cultured oral mucosal epithelial cells and the in vivo oral
mucosa. Culture oral mucosal epithelial cells grew well on AM, exhibiting five to seven differentiated, stratified
layers with a measurable thickness (A). Keratins 4 and 13 were expressed by AM-cultured oral mucosal
epithelial cells (B and C). These keratins were expressed in all epithelial layers of the oral mucosa (G and H).
Conversely, keratins 1 and 10 were not expressed in any layer of AM-cultured oral mucosal epithelial cells (D
and E) or oral epithelial cells (I and J). Nuclei are stained with propidium iodide (red). Scale bars: (A–E)
100 μm, (F–J) 200 μm.

doi:10.1371/journal.pone.0125391.g001
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Discussion
The acquisition of transplantable cultured structures requires a combination of stem cells, an
adequate extracellular matrix, and growth factors. Cultured oral epithelial cell sheets have been
developed for mucosal defects; however, these epithelial sheets lack substrates and are fragile
and difficult to handle for grafting [1]. The important element in oral grafting is a substrate
that supports the oral epithelial cells. Selecting a substrate with biocompatibility, stability, and
mechanical properties is important for tissue engineering. We used AM as a key substrate for
the growth of oral mucosal epithelial cells and performed preliminary clinical studies on AM-
cultured oral mucosal epithelial cell sheets [17] for intraoral mucosal defects. To the best of
our knowledge, this is the first study to have successfully transplanted these cells into the oral
cavity.

AM is a thin placental membrane that retains amniotic fluid and is easily attainable. Mor-
phologically, AM consists of a monostratal amniotic epithelium on a basement membrane of a
specific parenchymal thickness. Immunohistochemically, collagens III and IV and laminin are
expressed in the amniotic basement membrane; collagens are also expressed in the parenchyma
[18–20]. In addition, AM contains many growth factors, including epidermal growth factor,
keratinocyte growth factor, hepatocyte growth factor, and basic fibroblast growth factor [21],
and exhibits anti-inflammatory [22] and antibacterial properties [23]. The biologically active
peptides in AM have significant roles in epithelial cell proliferation. Our results demonstrated

Fig 2. Expression of basement membrane proteins in amniotic membrane-cultured oral mucosal
epithelial cells and the oral mucosa. Representative immunohistochemical results. Positive staining for
integrins alpha-6 beta-4 and alpha-3 beta-1, laminin 5, the laminin alpha 5 chain, and collagen VII was
evident on the basement membrane side of the cultured oral mucosal epithelial cell layer (A–G) and the
basement membrane of the oral mucosa (H–N). Nuclei are stained with propidium iodide (red). Scale bars:
(A–G) 100 μm, (H–N) 200 μm.

doi:10.1371/journal.pone.0125391.g002

Fig 3. Autotransplantation procedure for an oral mucosal defect after surgery for oral leukoplakia: Case 1. A lesion measuring 15 × 10 × 2 mmwas
detected in the left buccal mucosa (A). The lesion was excised using a CO2 laser under local anesthesia (B). The amniotic membrane (AM)-cultured oral
mucosal epithelial cell sheet was applied and sutured in place (C). One week after surgery, the transplanted sheets had adhered to the graft bed (D).
Approximately 1 month after surgery, the mucosal defect had been replaced by the transplanted AM-cultured oral mucosal epithelial cell sheet (E). After 24
months, there was no postoperative recurrence (F).

doi:10.1371/journal.pone.0125391.g003
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that AM is suitable for culturing oral mucosal epithelial cells, suggesting that it is a useful tissue
for normal cell proliferation and differentiation. Although little is known about its mechanism
of action, it can be expected to elicit a relatively mild immune response. Several advantages of
the clinical use of AM as a tissue have been reported in the field of surgical procedures. It has
also been used in the fields of reconstructive and dental surgery, dermatology, and ophthalmol-
ogy, and significant evidence of its success has been reported [13, 14, 24]. In addition, AM can
be used not only as a transplant material but also as a substrate for cell culture [1–9, 15, 17, 24,
25].

An important element in oral mucosal reconstruction is the scaffold that supports the cells.
In our previous study, we focused on AM as a scaffold to facilitate the growth of oral epithelial
cells and successfully transplanted AM-cultured autologous mucosal epithelial cells onto
intraoral mucosal defects in animals [6]. No rejection or inflammatory reactions occurred, un-
derscoring the potential use of AM as a graft material. Nakamura et al. [17, 26] produced AM-
cultured oral epithelial cell sheets as an extracellular matrix. They obtained good clinical results
using these sheets to treat severe intractable corneal disorders. We previously confirmed the
detachment/removal of amniotic epithelial cells was using electron microscopy [27]. We did
not quantify DNA in AM after the removal of epithelial cells (i.e., denuded AM); however, we
succeeded in clinically applying denuded AM and autologous oral mucosal epithelial cells to
ocular surface reconstruction in patients with intractable corneal/conjunctival diseases [26].
No serious adverse events developed after transplantation over a long-term follow-up [17].

To the best of our knowledge, no previous studies have documented the use of AM as a scaf-
fold for human oral mucosal epithelial cell sheets; therefore, it was unclear whether these cells

Fig 4. Autotransplantation procedure for an oral mucosal defect after surgery for pleomorphic adenoma: Case 2. A lesion measuring 10 × 7 × 4 mm
was detected below the left mucosa of the upper lip (A). The lesion was excised to the depth of the subepithelial tissues using a CO2 laser under local
anesthesia (B). An amniotic membrane (AM)-cultured oral mucosal epithelial cell sheet was applied to the oral mucosal defect and sutured in place (C). The
sutures were removed 1 week after surgery. The transplanted site did not show infection, bleeding, or sheet detachment, and had adhered to the graft bed
(D). Approximately 1 month after surgery, the mucosal defect had been replaced by the transplanted AM-cultured oral mucosal epithelial cell sheet (E). After
12 months, there was no postoperative recurrence (F).

doi:10.1371/journal.pone.0125391.g004
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had the ability to proliferate efficiently or differentiate appropriately on AM. Furthermore, it
had not been determined whether oral mucosal epithelial cells grown on AM were an effective
biomaterial for reconstructing oral mucosal defects in clinical settings. Collection of the oral
mucosa (biopsy) is associated with the risk of developing various postoperative complications,
including pain, swelling, bleeding, and functional disorders. Thus, we explained the possible
development of these complications to the patients undergoing biopsy and obtained their con-
sent. We also avoided the risk of postoperative complications and cicatrization of the donor
site by reducing the size of the biopsy specimen as much as possible (approximately 3 mm in
length). In addition, we strictly followed the course by administering oral antibiotics to prevent
infection and anti-inflammatory analgesics to reduce pain and confirmed the absence of abnor-
mal findings such as secondary infection. No serious postoperative complication developed
and patient satisfaction was high. We previously compared cultures of oral mucosal epithelial
cells between media containing autologous serum and general fetal bovine serum [25]. Cell
growth within autologous serum and fetal bovine serum was equivalent; oral mucosal epithelial
cells cultured with autologous serum on AM expressed mucosa-specific keratins 4 and 13, and
the basement membrane (integrin alpha-6, beta-4, and beta-1; collagen VII; and laminin 5)
and hemidesmosomes were present.

We immunohistochemically analyzed the oral epithelial cells cultured on AM to examine
the ability of this scaffold material to maintain the characteristics of the oral mucosa, namely,
cell proliferation and basal cell attachment to the underlying substrate. The cultivation of oral
mucosal epithelia on AM at the air-liquid interface facilitated the construction of multilayered
sheets of an epithelium that resembled the native epithelium and showed signs of differentia-
tion such as basement membrane formation and cytokeratin expression [15, 28, 29]. Human

Fig 5. Autotransplantation procedure for an oral mucosal defect after surgery for a mucous cyst: Case 5. A lesion measuring 11 × 10 × 5 mmwas
detected below the left mucosa of the upper lip (A). The lesion was excised to the depth of the subepithelial tissues using a CO2 laser under local anesthesia
(B). An amniotic membrane (AM)-cultured oral mucosal epithelial cell sheet was applied to the oral mucosal defect and sutured in place (C). The sutures were
removed 1 week after surgery. The transplanted sheets had adhered to the graft bed (D). Approximately 1 month after surgery, the mucosal defect had been
replaced with the transplanted AM-cultured oral mucosal epithelial cell sheet (E). After 12 months, there was no postoperative recurrence (F).

doi:10.1371/journal.pone.0125391.g005
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oral epithelial cells cultured for 3 weeks on AMmanifested five to seven differentiated, strati-
fied layers; however, stratification was insufficient and complete cornification was rarely ob-
served. We chose a 2–3-week culture period in this study based on our earlier findings that cell
growth decreased in longer cultures [3, 6, 7, 15]. Immunohistochemically, keratins 4 and 13 are
highly specific mucosal epithelial cell markers [30–33], whereas keratins 1 and 10 are cornified
epidermis markers [31, 33, 34]. Our immunohistochemical results indicated that AM-cultured
human oral epithelial sheets expressed keratins 4 and 13, but not 1 or 10, which was consistent
with the findings of our earlier animal experiment [6]. This showed that AM-cultured oral mu-
cosal epithelial cells maintained many of the phenotypic characteristics of oral mucosal epithe-
lia in vivo.

An ideal engineered oral mucosa closely resembling a normal oral mucosa should consist of
a continuous basement membrane that separates the lamina propria and epithelium [35], with
a stratified squamous epithelium on the basement membrane [1]. Integrins alpha-3 beta-1 and
alpha-6 beta-4, which are specific receptors for laminin 5, are widely distributed in the base-
ment membranes of epithelial tissues, and laminin 5 has two functional domains capable of
binding these integrins and collagen VII on basal cells to form anchoring fibrils [36, 37]. Colla-
gen VII and the laminin alpha 5 chain are major components of basement membranes, and
collagen VII localizes exclusively to the basement membrane zone. Integrin alpha-6 beta-4 is a
specific component of hemidesmosomes [38].

Since integrin alpha-6 beta-4 and alpha-3 beta-1, laminin 5, the laminin alpha 5 chain, and
collagen VII were expressed in the basal layer of AM-cultured oral mucosal epithelial cell
sheets, these results indicated that AM-cultured oral mucosal epithelial cell sheets maintained
the properties of the mucous membrane. The reaction products of these proteins were confined
to basal epithelial cells adherent to AM with hemidesmosome attachments and produced the
basement membrane of the oral mucosal epithelia in culture.

Clinically, a key point for successfully cultivating oral epithelial sheets is understanding how
basal cells attach to the underlying AM, and these findings encouraged us to perform the trans-
plantation of AM-cultured oral epithelial cells. Therefore, the transplantation of AM-cultured
oral mucosal epithelial cells may be considered advantageous because rapid epithelialization
occurs following transplantation; this makes the transplanted site very stable and avoids post-
operative infections, both of which are important factors for the successful clinical application
of this procedure. In the present study, we clinically applied AM-cultured oral mucosal epithe-
lial cell sheets and encountered no problems in the strength of the cell sheets or their applica-
bility during surgery. No complications such as immunological rejection or infection occurred
in any patient.

Izumi et al. [39] reported that cultured oral mucosal epithelial grafts enhanced the matura-
tion of the underlying submucosal layer and were associated with rapid epithelial coverage in
intraoral applications. In our study, we could not obtain histological samples from the trans-
planted areas. Macroscopically, the transplanted sheets were visible to the naked eye as adher-
ent to the graft beds and were distinguishable from the adjacent mucosa at 1 week. After 1
month, the mucosal defects were well-epithelialized and had been replaced by the transplanted
oral epithelial sheets. The transplanted oral epithelial sheets became macroscopically indistin-
guishable from the surrounding mucosa over time, suggesting that AM-cultured oral mucosal
epithelial cell sheets were successfully engrafted onto the oral mucosal defects.

In conclusion, we succeeded in growing oral epithelial cells on AM and performing the au-
tologous transplantation of these cells onto intraoral mucosal defects. This primary clinical
study evaluated a limited number of small oral mucosal defects. In future studies, we aim to ex-
amine the utility of AM-cultured oral mucosal epithelial sheets on lesions of an extensive size,
depth, and in different regions in a larger number of patients.
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PURPOSE. The purpose of this study was to investigate the feasibility of using Rho-associated
kinase (ROCK) inhibitor eye drops for treating severe corneal endothelial damage due to
surgical invasion.

METHODS. A rabbit corneal endothelial damage model was created by mechanically scraping
half the area of the corneal endothelium of eighteen eyes of Japanese white rabbits. A
selective ROCK inhibitor, Y-27632 (10 mM), was applied topically for 2 weeks, and then the
anterior segment was evaluated by slitlamp microscopy. The corneal endothelium was
evaluated by phalloidin staining and immunohistochemical analysis. We then conducted pilot
clinical research and applied Y-27632 eye drops topically to three patients who exhibited
severe corneal edema due to corneal endothelial damage.

RESULTS. In the corneal endothelial damage rabbit model, more Ki67-positive cells were
detected in Y-27632-treated eyes than in control eyes. Five of six corneas became transparent
in Y-27632-treated eyes, whereas zero of six corneas became transparent in the control eyes
(P < 0.01). Actin fibers were distributed at the cell cortex in the eyes treated with Y-27632,
whereas actin distribution was partially disrupted, and stress fibers were observed in control
eyes. N-cadherin and Naþ/Kþ-ATPase were expressed in almost all cells in Y-27632-treated
eyes, but expression decreased in control eyes. Preliminary human cases confirmed that
ROCK inhibitor eye drops were considerably effective for treatment of corneal edema
associated with cataract surgery.

CONCLUSIONS. ROCK inhibitor may be developed as an eye drop for treating acute corneal
endothelial damage to prevent progression of bullous keratopathy. (University Hospital
Medical Information Network Clinical Trial Registry no. UMIN000003625; www.umin.ac.jp/
ctr)

Keywords: bullous keratopathy, corneal endothelial cells, PBK, ROCK inhibitor

In the United States, pseudophakic bullous keratopathy (PBK)
has been the most frequent indicator for corneal transplan-

tation from 1980 to 2005 and has accounted for 28.4% of the
corneal transplantations from 2001 to 2005.1 More recently, the
Eye Bank Association of America reported that 14,153 corneas
(21.3%) were provided for treatment of Fuchs’ endothelial
corneal dystrophy and 8244 corneas (12.4%) were provided for
post-cataract surgery edema among a total of 66,305 corneas in
2013.2 In Asian countries, as in Western countries, cataract
surgery is a leading cause of demand for corneal transplanta-
tion.1,3–5 For instance, PBK and aphakic bullous keratopathy
(ABK) accounted for 23.4% of corneal transplantations in
Singapore from 1991 to 2006,6 44.4% in Japan from 1999 to
2001,7 and 25.5% in India from 1987 to 1995.8

The corneal endothelium is critical for maintaining homeo-
static corneal transparency, which it accomplishes by pump
and barrier functions. However, the proliferative ability of
corneal endothelial cells (CECs) is severely limited,9 so any
trauma to the corneal endothelium decreases corneal endothe-
lial cell density due to compensatory migration and spreading

of the remaining cells. When corneal endothelial cell density
decreases to a critical level (500–1000 cells/mm2), the cornea
exhibits haziness, with edema, due to decompensation of the
corneal endothelial function. No pharmaceutical intervention is
available to reverse this corneal endothelial damage, and the
only therapeutic choice is still corneal transplantation.10

However, we recently showed that a Rho-associated kinase
(ROCK) inhibitor can be useful in treating corneal endothelial
dysfunction. In 2009, we demonstrated that the selective ROCK
inhibitor Y-27632 showed unique effects on cultured CECs,
including (1) promotion of proliferation, (2) enhancement of
cell adhesion, and (3) suppression of apoptosis.11 Our
subsequent studies revealed that administration of ROCK
inhibitor in the form of eye drops promotes CEC proliferation
in rabbit and monkey in vivo models.12,13 In addition to animal
experiments, we conducted a clinical trial of ROCK inhibitor
eye drops in combination with a 2-mm–diameter transcorneal
freezing procedure for treatment of human corneal endothelial
dysfunction patients.13,14 In that clinical trial, we showed that
Y-27632 eye drops effectively reduced corneal edema in
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patients with early stage Fuchs’ endothelial corneal dystrophy,
who exhibited central edema with relatively healthy corneal
endothelium remaining at the peripheral area.13 Those findings
led us to hypothesize that a ROCK inhibitor could be an
effective pharmaceutical treatment for those patients whose
corneal endothelium was severely damaged by cataract surgery
despite having a certain number of relatively healthy CECs.

In the present study, we tested the feasibility of using
ROCK-inhibitor eye drops for treating severe corneal endothe-
lial damage due to cataract surgery. We showed that ROCK
inhibitor eye drops promote wound healing of severe corneal
endothelial damage in a rabbit model by enhancing prolifera-
tion of the remaining CECs. We also performed a pilot clinical
research study and showed that ROCK inhibitor eye drops
were considerably effective in patients who exhibited corneal
edema after cataract surgery.

MATERIALS AND METHODS

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 Ophthal-
mic and Vision Research. Rabbit experiments were performed
at Doshisha University (Kyoto, Japan) according to the protocol
approved by the University’s Animal Care and Use Committee
(approval no. A15012).

Fluorescence Staining

Rabbit corneal specimens were fixed in 4% formaldehyde and
incubated in 1% bovine serum albumin for 30 minutes at room
temperature to block nonspecific binding. The effect of the
ROCK inhibitor on cell proliferation was evaluated by Ki67
staining using anti-mouse Ki67 antibody diluted 1:200 (Sigma-
Aldrich Corp., St. Louis, MO, USA). Alexa Fluor 488-conjugated
goat anti-mouse immunoglobulin G (IgG; 1:1000 dilution; Life
Technologies Corp., Carlsbad, CA, USA) was used as a
secondary antibody. Reconstructed corneal endothelium was
investigated by conducting immunohistochemical analyses of
N-cadherin (1:300 dilution; BD Biosciences, San Jose, CA, USA)
and Naþ/Kþ-ATPase (1:300 dilution; Upstate Biotechnology,
Lake Placid, NY, USA). Alexa Fluor 488-conjugated goat anti-
mouse (Life Technologies) was used as a secondary antibody at
1:1000 dilution. Cell morphology was evaluated after actin
staining with a Alexa Fluor 594-conjugated phalloidin diluted
1:400 (Life Technologies). Nuclei were stained with 40,6-
diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlin-
game, CA, USA). The slides were viewed with fluorescence
microscopy (model TCS SP2 AOBS; Leica Microsystems,
Wetzlar, Germany).

Rabbit Corneal Endothelial Damage Model

A rabbit corneal endothelial damage model was created to
mimic surgical trauma by removing the lenses of 18 eyes of 9
Japanese white rabbits, using a series 20000 Legacy surgical
system (Alcon, Inc., Fort Worth, TX, USA), under general
anesthesia; this procedure deepened the anterior chamber.
One week after lens removal, half of the area of the corneal
endothelium was mechanically scraped from Descemet’s
membrane with a 20-gauge silicone needle (Soft tapered
needle; Inami and Co., Ltd., Tokyo, Japan) (Figs. 1A, 1B). The
scraped area was confirmed by 0.04% trypan blue staining.
One eye of each rabbit was used for Y-27632 treatment, and the
contralateral eye served as the control. The corneal endothe-
lium of both eyes was damaged to reduce the number of

FIGURE 1. Effect of Y-27632 on wound healing in a corneal endothelial
damage rabbit model. (A) Schematic shows removal of the corneal
endothelium using a 20-gauge silicone needle to create a corneal
endothelial damage model to mimic surgical trauma. (B) Half of the
area of the corneal endothelium was mechanically scraped (indicated
in gray) and confirmed by 0.04% trypan blue staining. The
experimenter who created the endothelial damage model was blinded
to the subsequent treatment with Y-27632 or vehicle. Y-27632 (10 mM)
diluted in PBS (50 lL) was applied topically 6 times daily, whereas PBS
was applied 6 times daily as a control. (C, D) The effect of Y-27632 eye
drop on proliferation of corneal endothelium was evaluated by Ki67
staining after 2 days (n ¼ 3). Ki67-positive cells were counted in the
pupil center. *P < 0.01. (E) Corneal transparency was assessed by slit-
lamp microscopy for 14 days (n¼ 6). Representative anterior segment
images are shown. (F, G) Anterior segment was also evaluated by
Pentacam. Representative Scheimpflug images and corneal thickness
maps obtained by Pentacam HR are shown. Values in the corneal
thickness map are indicated in micrometers.
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rabbits required for the study and for correct evaluation of the
effect, because wound healing varied depending on the
individual rabbit. This procedure was confirmed not to induce
complete blindness or any severe general adverse effects. The
experimenter who created the endothelial damage model was
blinded to subsequent treatment with Y-27632 or vehicle.

Administration of Y-27632 Eye Drops in the
Corneal Endothelial Damage Model

Y-27632 (10 mM) diluted in phosphate-buffered saline (PBS; 50
lL) was applied topically four times daily to nine eyes of the
corneal endothelial damage model, whereas PBS was applied
four times daily to nine eyes as a control. The effect of Y-27632
eye drops on proliferation of the corneal endothelium after 2
days was evaluated by staining with Ki67 (n ¼ 3 samples).
Corneal transparency was assessed with slit-lamp microscopy
for 14 days (n¼ 6). Corneal thickness was evaluated by using a
Pentacam system (Oculus; Optikgeräte GmbH, Wetzlar, Ger-
many). Corneal endothelium was evaluated by contact
specular microscopy (scanning slit specular microscope;
Konan Medical, Nishinomiya, Japan).

Organ Culture

For rabbit cornea organ culture experiments, twenty rabbit
eyes were purchased from the Funakoshi Corp. (Tokyo, Japan).
Half the area of the corneal endothelium from ten corneas was
mechanically scraped without removing Descemet’s mem-
brane. Then, five of these corneas were incubated at 378C for
48 hours with Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with Y-27632 (10 lM), while five corneas were
incubated with DMEM alone as control. The proliferative
ability of the corneal stroma was evaluated by mechanically
removing half the area of the corneal endothelium of ten
corneas along with Descemet’s membrane. A total of five
corneas were incubated at 378C for 48 hours with DMEM
supplemented with Y-27632 (10 lM), while three corneas were
incubated with DMEM alone as control. After 48 hours, the
corneas were stained with Ki67 and phalloidin. The area of
corneal endothelium or Descemet’s membrane removed was
confirmed by 0.04% trypan blue staining in preliminary
experiments.

Pilot Human Clinical Trial of ROCK Inhibitor Eye
Drops

The pilot human clinical trial performed in this study was
conducted in accordance with tenets of Declaration of
Helsinki. This study was performed according to a protocol
approved by the Institutional Review Board of Kyoto Prefec-
tural University of Medicine (approval number C-626-2).
Clinical trial registration was obtained from University Hospital
Medical Information Network, Clinical Trial Registry no.
UMIN000003625; www.umin.ac.jp/ctr). Prior to this, a phase
1 clinical study of Y-27632 eye drops involving ten healthy
volunteers was conducted (approval number C-626-1), which
confirmed that 10 mM Y-27632 applied six times a day for 7
days caused no systemic or local side effects. After proper
informed consent was obtained, three eyes of three patients
were enrolled in this study, which ran from October 2012.

All three patients had undergone cataract surgery, and
severe corneal edema had subsequently developed due to
corneal endothelial damage. In two patients, more than half of
Descemet’s membrane area was detached accidentally and was
removed during phacoemulsification (cases 1 and 2). In 1
patient, an iris cyst was observed with low corneal endothelial
cell density due to an old corneal trauma, and one third to one

half of the corneal endothelial area was damaged caused by
dissection of the iris cyst during cataract surgery (case 3). For
all patients, 1 mM of Y-27632 was administered in the form of
an eye drop six times daily for 4 months, followed by four
times daily for 2 additional months.

Statistical Analysis

Statistical significance (P value) of differences in the mean
values of the two-sample comparison was determined with
Student’s t-test. Values shown in the graphs represent means 6
SEM.

RESULTS

Effect of Y27632 on Cell Proliferation During
Wound Healing in a Rabbit Model

Administration of 10 mM Y-27632 in the form of eye drops to
the corneal endothelial damage model was followed 48 hours
later by evaluation of the Ki67-positive cells in the wounded
area at the center of cornea. The control eye showed
approximately 13% of the cell population of Ki67-positive
corneas, whereas the Y-27632-treated eyes showed approxi-
mately 65% Ki67-positive cells (Figs. 1C, 1D). Actin staining
showed that Y-27632-treated eyes had an endothelial pheno-
type in which actin was distributed at the cell cortex, whereas
control eyes showed irregular patterns of actin fibers.

Effect of Y-27632 on Wound Healing in a Rabbit
Model

Representative slit-lamp microscopy demonstrated that control
eyes exhibited stromal edema due to corneal endothelial
dysfunction, especially where the corneal endothelium had
initially been removed. On the other hand, eyes treated with Y-
27632 eye drops exhibited clear corneas after 2 weeks. (Fig.
1E). Slitlamp microscopy revealed no adverse effects in the
corneal epithelium or the stroma. Scheimpflug images and
corneal thickness maps obtained with a Pentacam HR also
demonstrated that control eyes showed substantial corneal
edema while Y-27632 treated eyes showed less corneal edema
(Figs. 1F, 1G).

We also evaluated the regenerated corneal endothelium by
contact specular microscopy, which demonstrated that control
eyes showed blurred corneal endothelial images from the
border (center of the cornea) to the damaged area. However,
the regenerated corneal endothelium observed in Y-27632
treated eyes formed a hexagonal monolayer, although the
corneal endothelial cell density tended to be lower in the
damaged area than in undamaged areas (Fig. 2A). Cell density
was almost the same in the undamaged area of eyes treated
with Y-27632 as in the control eyes, implying that enhanced
wound healing by Y-27632 occurs mainly by promoted cell
proliferation rather than by migration (Fig. 2B). Phalloidin
staining showed that corneal endothelium at the border area in
the eyes treated with Y-27632 had a hexagonal and monolayer
morphology and that actin fibers were distributed at the cell
cortex. However, control eyes showed partial disruption of the
cortical actin and contained stress fibers. N-cadherin (a marker
of adherence junctions) and Naþ/Kþ-ATPase (a marker of pump
function) were expressed in almost all cells in the Y-27632-
treated eyes, but expression was decreased in control eyes,
suggesting that the ROCK inhibitor enhanced functional
recovery as well as morphological recovery (Fig. 2C). No
Ki67 expression was observed in Y-27632-treated eyes or
control eyes after 2 weeks, suggesting that corneal endothelial
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cell proliferation was suppressed, even following treatment
with Y-27632, when the remaining CECs covered the damaged
area and cell-cell contact was established (Fig. 2C).

Effect of Y-27632 on Wound Healing in an Organ

Culture Model

We conducted organ culture experiments to determine
whether the ROCK inhibitor enhances cell proliferation and
migration onto the corneal stroma, as occurs onto Descemet’s
membrane. Half of the corneal endothelium (Fig. 1B) was
removed with or without Descemet’s membrane. The numbers
of Ki67-positive cells were counted 48 hours after organ
culture in the absence or presence of Y-27632. In eyes where
the corneal endothelium was removed without Descemet’s
membrane, as in the in vivo model, 12.8% of the cells observed
at the border site in the controls were Ki67-positive cells,
whereas 41.7% were Ki67-positive cells in the Y-27632 treated
eyes (Fig. 3B). In the eyes where the corneal endothelium was
removed with the Descemet’ s membrane, 11.8% of the control
cells were Ki67 positive, while 47.5% of the Y-27632-treated
cells were Ki67 positive (Fig. 3C). The corneal endothelium
that regenerated onto the corneal stroma had hexagonal cells
in a monolayer in the eyes where the Descemet’s membrane
was removed, similar to the eyes where the Descemet’s
membrane was left intact (Fig. 3A).

Pilot Human Clinical Research of ROCK Inhibitor
Eye Drops for Treatment of Acute Corneal
Endothelial Damage due to Cataract Surgery

We conducted pilot clinical research to determine whether
ROCK inhibitor eye drops could rescue the acute corneal
endothelial damage due to cataract surgery. An 84-year-old
female (case 1) treated with cataract surgery had undergone
phacoemulsification performed by her previous physician.
During the surgery, Descemet’s membrane had spontaneously
detached from the upper incision tunnel, and more than two
thirds was aspirated. A foldable IOL was implanted in the
capsular bag. She was referred to the cornea clinic of Kyoto
Prefectural University of Medicine due to severe corneal edema
caused by the loss of corneal endothelium (Fig. 4A). Visual
acuity in the right eye was counting fingers. Contact specular
microscopy revealed no corneal endothelium at the corneal
center owing to edema, but the lower peripheral cornea
remained clear and contained relatively healthy-looking endo-
thelial cells at a cell density of 2653 cells/mm2 (Fig. 4C). The
patient was treated with 1 mM Y-27632 eye drops six times
daily for 4 months and four times for 2 months. At 2 weeks, the
cornea had recovered its clarity, and the patient’s visual acuity
had improved to 20/20 at 3 months (Fig. 4A). Contact specular
microscopy showed that the corneal endothelium was
regenerated directly onto stroma at 3 months where Desce-
met’s membrane had been removed (Fig. 4B, Descemet’s

FIGURE 2. Regenerated corneal endothelium of a rabbit model treated with Y-27632. (A) The corneal endothelium of the corneal endothelial
damage rabbit model was evaluated by contact specular microscopy after 14 days. Undamaged areas, borders (pupil center), and damaged areas
were evaluated in all animals (n¼6). (B) Corneal endothelial cell density in the undamaged area of the rabbit model was evaluated after 14 days. (C)
Regenerated corneal endothelium was evaluated histologically after 14 days. Morphology was evaluated using actin staining performed with Alexa
Fluor 594-conjugated phalloidin. Functional recovery was analyzed by immunostaining for N-cadherin and Naþ/Kþ-ATPase. Cell proliferation status
was analyzed by Ki67 immunostaining. Nuclei were stained with DAPI. Representative images of pupil centers are shown. Scale bar: 50 lm.
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removal line is indicated as a white dotted line). Although the
regenerated corneal endothelium had a lower cell density than
the undamaged area, the cell density of the undamaged area
(2732 cells/mm2) did not decrease after cataract surgery (Fig.
4C), suggesting that wound healing occurred by a combination
of proliferation and migration and not just by migration.

Case 2 patient is similar that in case 1: an 84-year-old female
underwent phacoemulsification, and more than two thirds of
Descemet’s membrane was spontaneously detached from the
upper incision tunnel and was aspirated. This patient also
recovered corneal clarity after administration of 1 mM Y-27632
eye drops six times daily for 4 months and four times for 2
months.

A 71-year-old male (case 3) was diagnosed with an iris cyst
due to an ocular trauma that had occurred approximately 50
years previously (Fig. 4D). The iris cyst was attached to the
corneal endothelium and corneal endothelial cell density was
508 cells/mm2 (Fig. 4E). The patient felt a visual disturbance
due to cataract progression, so the cystic iris was dissected
from the cornea and standard phacoemulsification was

performed following IOL implantation. After the surgery,
corneal edema was observed due to corneal endothelial
damage, with a visual acuity of 20/63 (Fig. 4D). The patient
was treated with the 1 mM Y-27632 eye drops four times daily
for 3 months, and the cornea became clear, with a visual acuity
of 20/25 (3 months) (Fig. 4D). The central corneal thickness
was reduced to 611 lm after surgery and to 503 lm at 3
months. The central corneal endothelial cell density was
approximately 500 cells/mm2 and was not observable after
cataract surgery due to corneal edema but was observed again
after therapy with ROCK inhibitor eye drops at a density of
approximately 500 cells/mm2 (Fig. 4E).

DISCUSSION

ROCK was originally discovered as a target of the small GTP-
binding protein RhoA.15 The Rho-binding domain within the
coiled-coil region of ROCK was identified, but multiple contact
points where several molecules can activate or inhibit ROCK
were subsequently demonstrated.16–18 As ROCK mediates
various cellular events, such as cell shape, motility, adhesion,
and proliferation, ROCK signaling activation is involved in
numerous diseases.15 Therefore, ROCK attracted research
interest as a potential therapeutic target for vascular disease,
cancer, neuronal degenerative disease, asthma, and glauco-
ma.19,20 Several pharmaceutical companies have started clinical
trials to develop ROCK inhibitors as next-generation therapeutic
agents.19 Indeed, fasudil was approved for the treatment of
cerebral vasospasm in Japan and China in 199521 and ripasudil
was approved for the treatment of glaucoma in Japan in 2014.22

Earlier researchers reported that inactivation of Rho by C3
blocks G1/S progression in 3T3 fibroblasts, suggesting that
activation of Rho facilitates cell-cycle progression,23 although
the cellular responses regulated by ROCK are now known to be
cell-type-dependent.20 In CECs, we demonstrated that inhibition
of Rho/ROCK signaling promotes cell proliferation.11 We also
showed that a ROCK inhibitor works via phosphatidylinositol 3-
kinase signaling that subsequently regulates two proteins of the
G1 phase of the cell cycle.24 ROCK inhibitor upregulates cyclin
D and downregulates p27kip1 (p27), and then both activities
promote G1/S progression of CECs.24 On the other hand,
Pipparelli et al.25 reported that ROCK signaling inhibition by Y-
27632 did not induce proliferation of CECs. However, Peh et
al.26 reported that Y-27632 increased cell proliferation and
increased overall cell yield 1.96 to 3.36 fold.26 They also
suggested that CECs derived from young donors were more
responsive to Y-27632; thus, the results of Pipparelli et al.25 are
likely explainable by a different status of the cornea.26

We also used a partial corneal endothelial damage model of
rabbits and monkeys in previous studies and showed that
when the central corneal endothelium was damaged by
transcorneal freezing, ROCK inhibitor administration in the
form of eye drops enhanced cell proliferation and wound
healing of the damaged corneal endothelium.12,13,24 However,
the limitation of this experimental model was that the
permeability of the pharmaceutical agents to the corneal
endothelium was artificially enhanced, because the corneal
epithelium was removed as well as the endothelium by
transcorneal freezing. In the current study, we mechanically
removed half of the area of the corneal endothelium to mimic
acute mechanical trauma occurring during cataract surgery. In
agreement with the findings from the previous transcorneal
freezing model, the ROCK inhibitor eye drops administered in
the current model enhanced CEC proliferation and facilitated
regeneration of the transparent cornea.

The other question in line with clinical settings is whether a
ROCK inhibitor promotes cell proliferation of the remaining

FIGURE 3. Effect of Y-27632 on wound healing in an organ culture
model. (A) Half of the area of corneal endothelium samples from 10
corneas was mechanically scraped without Descemet’s membrane
removal. Then, five corneas were incubated with DMEM supplemented
with Y-27632 (10 lM) for 48 hours, while three corneas were
incubated with DMEM as controls. Likewise, half of the area of the
corneal endothelium of 10 corneas was mechanically removed along
with Descemet’s membrane. Then, five corneas were incubated with
DMEM supplemented with Y-27632 (10 lM) for 48 hours, while three
corneas were incubated with DMEM as control. After 48 hours, Ki67
and phalloidin staining were performed. Nuclei were stained with
DAPI. Scale bar: 50 lm. (B) Effect of Y-27632 on proliferation of CECs
was evaluated by Ki67 staining after 2 days. Ki67-positive cells were
counted at the wound edge (n¼ 3). Results are shown of Ki67 analysis
of organ-cultured corneas in which the corneal endothelium was
mechanically scraped with remaining Descemet’s membrane intact. (C)
Result are shown of Ki67 analysis of organ cultured cornea in which
corneal endothelium was mechanically scraped along with removal of
Descemet’s membrane. *P < 0.01, All experiments were performed in
duplicate.

Effect of Y-27632 on Corneal Endothelial Wound Healing IOVS j September 2015 j Vol. 56 j No. 10 j 6071

Downloaded From: http://iovs.arvojournals.org/pdfaccess.ashx?url=/data/Journals/IOVS/934392/ on 10/10/2015



CECs onto a bare corneal stroma, because Descemet’s
membrane can detach spontaneously and be removed during
cataract surgery in a certain number of cases. Detachment of
Descemet’s membrane can further impair the healing of
wounded corneal endothelium, as Descemet’s membrane is a
basement membrane of the corneal endothelium. We an-
swered this question by using organ culture experiments,
which demonstrated that the ROCK inhibitor promoted
proliferation and regeneration of the remaining CECs to almost
the same level on Descemet’s membrane and the stroma under
our ex vivo experimental conditions. Coincidently, the ROCK
inhibitor showed effectiveness in two patients whose Desce-

met’s membrane were removed during surgery. In those cases,
the corneal endothelium was regenerated onto a bare corneal
stroma, suggesting that the ROCK inhibitor can be applied to
corneal endothelial damage occurring in cases where Desce-
met’s membrane is accidentally removed.

Corneal transplantation is the only definitive treatment for
PBK, although conjunctival flap,27 phototherapeutic keratec-
tomy,28 collagen cross-linking,29 therapeutic contact lens,30

and topical hyperosmotic agents31 have been used to reduce
pain. No clinically practical medical therapy has been
developed, although pharmaceutical agents such as EGF,32

PDGF,33 FGF-2,34 and small interfering RNA (siRNA) of

FIGURE 4. Pilot clinical research of ROCK inhibitor eye drops for the acute corneal endothelial damage due to cataract surgery. (A) An 84-year-old
female (case 1) with a diagnosis of cataract underwent phacoemulsification. During the surgery, Descemet’s membrane was spontaneously detached
from the upper incision tunnel, and over two thirds of the membrane was aspirated. The patient was referred to the cornea clinic of Kyoto
Prefectural University of Medicine due to severe corneal edema (upper left: slitlamp microscope image; middle left: Scheimpflug image; lower left:
corneal thickness maps). The patient was treated with 1 mM Y-27632 eye drops for 6 months (upper right: anterior segment image; middle right:
Scheimpflug image; lower right: corneal thickness maps). (B) Panoramic image of corneal endothelium evaluated by contact specular microscopy
after 3 months. Descemet’s removal line is indicated as a white dotted line. (C) Lower, undamaged corneal endothelium was evaluated by contact
specular microscopy. (D) A 71-year-old male (case 3) with a diagnosis of iris cyst due to ocular trauma occurring approximately 50 years previously
(upper left: slit-lamp microscopy; upper right: anterior OCT). The cystic iris was dissected from the cornea, and standard phacoemulsification was
performed following IOL implantation. For corneal edema due to corneal endothelial decompensation, the patient was treated with the 1 mM Y-
27632 eye drops for 6 months. Slit-lamp view is shown after the surgery (lower left) and Y-27632 treatment (lower right). (E) Central corneal
endothelial cell density, approximately 500 cells/mm2, was not observable after cataract surgery due to corneal edema, and then it was observed
again after treatment with ROCK inhibitor eye drops, where a density of approximately 500 cells/mm2 was achieved.
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connexin 4335 have been shown to promote the proliferative
capacity of CECs. Here, we showed clinical cases where a
ROCK inhibitor seemed to be effective in wound healing of
corneal endothelium and in avoidance of development of PBK.

This study had a number of limitations: the cases are very
preliminary, no vehicle control cases were included, and
patients without treatment were not followed. Nevertheless,
this is the first report to show that pharmaceutical agents can
be effective in the treatment of post-cataract surgical corneal
edema, and the findings encourage us to conduct a randomized
clinical trial. Recently, ripasudil, a selective ROCK inhibitor,
was approved in Japan for the treatment of glaucoma and
ocular hypertension.22 Several preclinical and clinical research
studies have shown that ROCK inhibitors do not have severe
adverse side effects when applied locally and systemically,
suggesting that ROCK inhibitors can be applied as eye
drops.36–44 Hence, future studies to evaluate the specific form
of ROCK inhibitor among numerous kinds of agents that
possess the highest potency for enhancement of cell prolifer-
ation of CECs will enable promising development of eye drops
for the treatment of corneal endothelial damage.

The number of corneal transplantations for PBK in the
United States has shown a decline since the late 1990s,
perhaps because (1) cataract surgery techniques and devices
have developed very rapidly (e.g., phacoemulsification, viscoe-
lastics, and biocompatible intraocular lenses), and (2) most
surgeons have completed the learning curve for phacoemulsi-
fication.1 Indeed, the complication rate of PBK was estimated
at up to 0.3% of cataract surgeries in 1994,45 and a recent
review showed that endothelial cell loss during cataract
surgery is <100 cells/mm2.46 However, although data indicat-
ing the prevalence of PBK in developing countries are not well
elucidated, physicians should still remain aware of PBK/ABK,
given that cataract accounts for 51% of the global causes of
blindness according to the World Health Organization, and
numerous cataract patients are waiting for surgery.47 If
pharmaceutical agents such as ROCK inhibitors can be applied
to reduce post-surgical corneal edema, the incidence of PBK/
ABK will be minimized.

In summary, we have demonstrated that ROCK inhibitor
eye drops promote wound healing by enhancing cell
proliferation of CECs in a rabbit model. We also show in
preliminary human cases that post cataract surgical corneal
edema can be treated with ROCK inhibitor eye drops. These
data encourage us to develop ROCK inhibitor eye drops for
acute corneal endothelial damage, such as that occurring after
invasive ocular surgery and surgery for high risk cases, in order
to reduce the incidence of PBK/ABK.
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CASE REPORT

Phenotypic Investigation of Regenerated Epithelial Cells
After Gonococcal Corneal Perforation: A Clinical,
Histological, and Immunohistochemical Study

Passara Jongkhajornpong, MD,*† Takahiro Nakamura, MD, PhD,*‡ Chie Sotozono, MD, PhD,*
Tsutomu Inatomi, MD, PhD,* and Shigeru Kinoshita, MD, PhD*‡

Purpose: To determine the characteristics of regenerated epithelial
cells after severe gonococcal infection after corneal perforation.

Methods: Pathological tissue was obtained from the cornea at the
time of surgery. Hematoxylin and eosin staining and immunohisto-
chemical analysis were performed for cytoskeletal keratins (K12,
K13, and K15), basement membrane and junctional markers
(laminin 5, ZO-1 and Desmoplakin), and proliferative and mesen-
chymal markers (Ki67, a-SMA, and vimentin).

Results: A 42-year-old patient with severe gonococcal keratocon-
junctivitis rapidly progressed to corneal perforation during admin-
istration of intensive topical and systemic antibiotics. After
conservative treatment, the perforation healed and 5- · 3-mm
corneal ectasia occurred with localized iris attachment. Complete
closure of the cornea was confirmed by a negative Seidel test. After
lamellar keratoplasty to improve corneal integrity and to prevent
secondary glaucoma, the pathological tissue revealed a poorly
organized epithelial layer at the regenerated ectatic area. The
regenerated epithelial cells clearly expressed K12, ZO-1, and
Desmoplakin with underlying laminin 5 (+) basement membrane.
K15 and Ki67 expressions were observed predominantly at the
limbal area but not in the regenerated area. a-SMA and vimentin
were sporadically expressed in the underlying connective tissue.

Conclusions: We speculate that the process of epithelial wound
healing at the site of corneal perforation was responsible for
migration of the surrounding epithelial cells. Although the regen-
erated cells expressed several cytokeratins and junctional markers,
they remained disorganized and fragile.

Key Words: phenotype, epithelial cell, corneal perforation, gono-
coccal infection

(Cornea 2015;34:1508–1512)

Corneal perforation is one of the most severe complications
occurring after infectious keratitis.1 Neisseria gonor-

rhoeae is a species of gram-negative diplococci bacteria that
causes sexually transmitted diseases. Gonococcus can invade
the intact corneal epithelium, leading to corneal perforation
within 24 hours if the patient is left untreated or receives
inappropriate treatment. Both systemic and topical antibiotics
are required for treatment. In case of corneal perforation,
surgical treatment is necessary to restore ocular integrity.
Recently, McElnea et al2 reviewed a case of corneal
perforation from Neisseria gonorrhoeae, for which they
performed deep lamellar keratoplasty. Although necrotic
tissue was removed, the histopathology has not been
documented. Another group reported the histopathology of
corneal tissue after surgical treatment of gonococcal corneal
perforation, which revealed destruction of the corneal stroma
and fibrosis in some cells across the perforated area.3

However, little is known about the biological characteristics
of cells in the perforated area.

The purpose of this study was to investigate clinical
presentation and ocular findings in a patient with perforated
severe gonococcal keratitis and to identify the histological
and cell biological phenotypes of the regenerated epithelium.
This is the first study to describe the structure of regenerated
epithelial cells after severe gonococcal keratitis with corneal
perforation.

CASE REPORT

Clinical History and Ocular Findings
A 42-year-old man was referred from a local clinic because of

severe subacute conjunctivitis with purulent discharge that was
intractable to topical antibiotics. A conjunctival swab culture was
performed at the general hospital, and it revealed N. gonorrhoeae
after three days. Corneal melting progressed rapidly and became
profoundly thin (5 · 3 mm in size) with central perforation. The
Seidel test was positive. The anterior chamber appeared shallow,
with localized iris attachment to the posterior cornea at the site of
perforation. The patient was treated with fortified ceftriaxone eye
drops every hour and with intravenous ceftriaxone (1 g) once a day
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for 1 week. After 1 week of treatment, corneal infiltration had
visibly improved, and the perforated area was totally closed. The
cornea surrounding the ulcer developed haze with vascularized
ingrowth (Fig. 1A). The Seidel test was negative, indicating no
leakage of aqueous humor from the anterior chamber (Fig. 1B).
Anterior segment optical coherence tomography (CASIA; Tomey
Corporation, Aichi, Japan) revealed a protruding area with iris
adherence, corresponding to the location of the previously
perforated area (Figs. 1C, D). Three weeks after corneal perfora-
tion, lamellar keratoplasty was performed to restore corneal
integrity and to prevent secondary glaucoma. Lamellar keratoplasty

was performed using a 7.2-mm manual trephine and a Golf/Scleral
knife to dissect the base of the lesion at the depth of three-fourths
of the corneal thickness. Intraoperatively, the corneal tissue was
thoroughly separated from the adhered iris in a single continuous
piece. The requirement was to dissect from the surrounding margin
and to preserve the depth of the anterior chamber as close to the
perforation area as possible. We debrided an atrophic iris and
sutured for the purpose of creating a deep anterior chamber. The
lamellar donor graft was then sutured, and the anterior chamber
was re-formed. No serious intraoperative or postoperative compli-
cations were noted, and no recurrence of infection was detected at 4
months after operation. The visual acuity was 0.03 and 0.07 before
and after operation, respectively. Because of the involvement of the
optical axis, we plan to perform an optical penetrating keratoplasty
after 6 to 12 months of the clinical course.

Histopathology
The pathological tissue included partial thickness of the

sclera, limbus, and cornea, with a very thin cornea at the middle
part of the tissue (Figs. 2A, B). The specimen from lamellar surgery
comprised 2 layers of corneal epithelium and corneal stroma. The
epithelial layer was readily identified at the limbus and cornea. The
corneal epithelium consisted of 6 to 14 stratified layers at the limbal
region, gradually decreasing to 3 to 5 layers at the peripheral cornea,
and finally to 2 to 3 layers at the site of perforation (Figs. 2C–E).
Poor organization of epithelial cells was observed at the perforated
area. The cellular margin and nuclear structure were obscured, in
contrast to the clear configuration at the peripheral cornea and the
limbus. We could not identify the Bowman layer beneath the
epithelial layer. No gram-negative diplococci were detected at high
magnification, but numerous inflammatory cells were observed in
the connective tissue at the limbus, some of them scattered at the
anterior corneal stroma. Collagen lamellae were absent at the
perforated area, and only thin connective tissue was observed
beneath the epithelial layer. Irregular surface alignment was noted
along the perforated area.

FIGURE 1. Slit-lamp examination and anterior segment opti-
cal coherent tomography (AS-OCT). A, A profoundly thin and
ectatic area with iris adhesion was observed at the temporal
cornea. B, Fluorescein staining showed a negative Seidel test,
indicating no epithelial defect. C, AS-OCT (horizontal scan
across pathological area) showed marked corneal thinning
with iris attachment. D, The diagram outlines the iris and
corneal structures; blue line = cornea, brown line = iris.

FIGURE 2. Representative slit-lamp photographs and
corresponding histopathological findings [hematox-
ylin and eosin staining (H&E)] at the same locations.
C = perforated area; D = peripheral cornea; E = lim-
bus. Preoperative slit-lamp findings with the labeled
area (A). Slit-lamp finding at 1 month after operation
(B). H&E staining showed the disorganized epithelial
layer with an irregular basement membrane and
supporting cells beneath the perforated area (C);
a well-organized epithelial layer with a smooth
basement membrane and increased stromal cells at
the peripheral cornea (D); and 6 to 12 well-organized
layers of stratified squamous epithelial cells at the
limbus (E). Scale bar = 20 mm.
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Immunohistochemistry
Immunohistochemical studies followed our previously

described method (see Table, Supplemental Digital Content 1,
http://links.lww.com/ICO/A295).4

Cytokeratin Markers
K12, identifying the corneal epithelial phenotype, was

markedly expressed along the epithelial layer at the limbal area,
peripheral cornea, and in a regenerated membrane (Figs. 3A–C).
K13, which is a nonkeratinized epithelial maker, did not express in
the renewed epithelial cells (Figs. 3D–F). K15, identifying the basal
limbal cells, was frequently expressed at the limbus and peripheral
cornea; no expression was observed in the renewed epithelial cells
(Figs. 3G–I).

Basement Membrane and Cell Junction Markers
Laminin 5 was clearly expressed along the whole corneal

tissue (Figs. 4A–C). However, an irregular expression pattern was
observed beneath the renewed epithelial layer. ZO-1 expression
condensed at the superficial epithelial layer of the limbus, peripheral
cornea, and the regenerated area (Figs. 4D–F). Positive staining was
also observed as a punctate pattern in the subsuperficial layers.
Desmoplakin, a component of the zonula adherens, was generally
expressed at the cellular margin of epithelium cells, in all layers from
the limbus to the renewed epithelial cells, but an irregular weaving
pattern was observed only at the renewed area (Figs. 4G–I).

Proliferative and Mesenchymal Markers
Ki67 was intermittently expressed in the basal and suprabasal

layers of the limbal epithelium and rarely expressed in the peripheral
cornea (Figs. 5A–C). No expression was observed in the renewed
membrane. Both a-SMA and vimentin, which are mesenchymal
markers, were generally expressed in the stroma of the limbus and
cornea, and in the connective tissue beneath the renewed epithelial
layer (Figs. 5D–I).

DISCUSSION
Corneal perforation after severe infection is not uncom-

mon, especially in cases of gonococcal infection. Although it
is known that after a corneal wound occurs, adjacent corneal
epithelial cells will start to migrate into the perforated area to
begin the healing cascade, what happens histologically and
biologically at the perforation site in the in vivo human
cornea has not been well determined. In this study, we have
reported for the first time a comprehensive comparison of
clinical, histological, and cell biological findings of the
corneal perforation healing process.

In this case, it was possible to obtain intact pathological
corneal tissue from lamellar keratoplasty. In contrast to
penetrating keratoplasty, lamellar keratoplasty has proved
more beneficial for the treatment of severe gonococcal
keratitis in terms of less immunological response, better

FIGURE 3. Immunohistochemistry
of cytokeratin (K) markers. K12 was
observed at the epithelial layer of
the perforated area, cornea, and
limbus (A–C). No K13 was detected
from the entire corneal tissue. D–F,
K15 was observed at the basal epi-
thelium of the limbal area and the
peripheral cornea, and sporadically
observed at suprabasal cells of the
limbus (arrows) (E–F). Scale bar = 50
mm; red = PI, green = target
markers.
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wound strength, and less impact on anterior chamber
architecture.

K12 is specific for the corneal epithelial phenotype.5

Unlike K12, K13 indicates a nonkeratinized epithelial
phenotype, which is highly expressed in conjunctival epithe-
lial cells.6 In this study, the regenerated epithelial cells clearly
expressed K12 but not K13, indicating a corneal epithelial
phenotype. K15 was identified as the key cytokeratin for
limbal basal cells, staining predominantly at the basal layer
and declining in suprabasal layers. For the central area of the
cornea, K15 is rarely observed.7 As we expected, K15
expression was negative at the perforated area, which was
located at the paracentral cornea, corresponding to the K15
expression pattern in the previous study.7

The most important function of corneal epithelial cells
is to maintain a viable barrier between the cornea and
surrounding environment by means of tight junctions. ZO-1
is the membrane-associated protein component of the tight
junction complex. In a transverse section of the human
corneal epithelium, ZO-1 was found mostly in the apical
cells, with very fine staining in the wing and basal cells.8 We
demonstrated a similar pattern of ZO-1 expression, although
the wing and basal cells also clearly expressed ZO-1 in this
study. Various observations of ZO-1 in subsuperficial layers
may imply the effect of prompt formation of tight junctions
after corneal injury.9 Moreover, it has been reported that
a tight junction is re-formed at the time of most rapid recovery
as compared with other cellular junctions.10 In our patient, the
expression of ZO-1 corresponded to the clinical finding of

a negative Seidel test. Furthermore, although we clearly
observed the expression of desmoplakin at the renewed
epithelial cells, the irregularity of desmoplakin expression
indicated that the cell junctions required a longer time to
achieve good arrangement.

Laminin 5 is the major component of the corneal
epithelial basement membrane, which is secreted by the
epithelial basal cells of the corneal epithelium and requires
more than 1 week to be rebuilt after epithelial debridement.11

In the present case, expression of laminin 5 was observed at
the limbus and along the corneal epithelial layer, including
the renewed epithelial sheet. However, irregularity of align-
ment was detected, particularly at the area of renewal. It was
known that irregularity of the basement membrane could
cause the epithelial layer to be disorganized.12 We speculated
that the irregular line of the basement membrane in this study
might account for the disorganization in the epithelial
layers above.

The physical strength and stability of the cornea
depends largely on stromal integrity and not only on the
formation of epithelial tight junctions. For this reason, we
observed the extreme protrusion of the previously perforated
area by both slit-lamp examination and anterior segment
optical coherence tomography, using vimentin and a-SMA to
indicate stromal keratocytes and myofibroblasts, respectively.
We observed strong expression of vimentin and a-SMA at the
connective tissue beneath the renewed epithelial layer, indicat-
ing that myofibroblasts or activated keratocytes play a major
role in stromal wound healing after corneal perforation.

FIGURE 4. Immunohistochemistry
of the basement membrane and cell
junction markers. Laminin 5 was
expressed along the basement
membrane of the perforated area,
cornea, and limbus (A–C). ZO-1 was
densely expressed at the apical cells
(arrows) in all areas (D–F). Desmo-
plakin (DSP) was observed
throughout the corneal and limbal
epithelium layer, but an irregular
weaving pattern (arrow) was
noticed at the perforated area (G–I).
Scale bar = 50 mm; red = PI, green =
target markers.
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In conclusion, we elucidated the clinical, histological,
and cell biological characteristics of the regenerated epithe-
lium after corneal perforation caused by severe gonococcal
keratitis. The regenerated epithelium remained delicate and
disorganized even when the healing process was complete,
suggesting a need to raise awareness of this issue. Our
findings have important basic and clinical implications and
provide valuable insight into the corneal wound-healing
mechanism after perforation.
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FIGURE 5. Immunohistochemistry
of proliferative and mesenchymal
markers. Ki67 was frequently
observed only at the limbal area
(arrows) (C). a-SMA was sporadi-
cally observed beneath the perfo-
rated area (arrows) but was
generally observed at the peripheral
cornea and limbus (D–F). Vimentin
(VIM) expression was similar to
a-SMA (G–I). In addition, positive
staining of vimentin was also inter-
mittently observed at basal cells in
the limbal region (arrow) (I). Scale
bar = 50 mm; red = PI, green = target
markers.
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PURPOSE. Ripasudil (Glanatec), a selective Rho-associated coiled coil-containing protein kinase
(ROCK) inhibitor, was approved in Japan in September 2014 for the treatment of glaucoma
and ocular hypertension. The purpose of this study was to investigate the effect of ripasudil
eye drops on corneal endothelial morphology, as ROCK signaling is known to modulate the
actin cytoskeleton.

METHODS. Morphological changes in the corneal endothelium were evaluated in human
subjects by specular and slit-lamp microscopy, following topical administration of ripasudil.
We also used a rabbit model to evaluate the effect of ripasudil on clinical parameters of the
corneal endothelium. Twenty-four hours after ripasudil application, corneal specimens were
evaluated by phalloidin staining, immunohistochemical analysis, and electron microscopy.

RESULTS. Specular microscopy revealed morphological changes in human eyes, and slit-lamp
microscopy showed guttae-like findings. The rabbit model showed morphological changes
similar to those seen in human eyes after ripasudil administration. Electron microscopy
demonstrated that these alterations are due to the formation of protrusions along the cell–cell
borders, but this formation is transient. Expression of corneal endothelial function-related
markers was not disrupted; corneal thickness and corneal volume were not changed; and no
cell death was observed following ripasudil administration.

CONCLUSIONS. Ripasudil induces transient guttae-like findings in humans, most likely due to
protrusion formation along intracellular borders caused by the reduction in actomyosin
contractility of the corneal endothelial cells. No severe adverse effects were observed.
Physicians should be aware that ROCK inhibitors can cause these guttae-like findings, to avoid
misdiagnosing patients as having Fuchs endothelial corneal dystrophy. (www.umin.ac.jp/ctr
number, UMIN000018340.)

Keywords: ROCK inhibitor, ripasudil, corneal endothelial cells

Glaucoma, a progressive optic neuropathy, causes visual
field loss and is one of the major causes of secondary

blindness.1,2 Research confirms that the progression of visual
field loss due to glaucomatous optic neuropathy is suppressed
by reducing intraocular pressure (IOP); consequently, the main
goal of glaucoma treatment is to reduce IOP.3,4 A number of
pharmaceutical agents, such as prostaglandin analogues, b-
blockers, carbonic anhydrase inhibitors, and a2-agonists, are
used in clinical settings, but IOP is not well controlled by the
currently available drugs in a certain number of patients.4

Development of new therapeutic agents therefore remains
eagerly anticipated.

Rho-associated coiled coil-containing protein kinase (ROCK)
inhibitors and other drugs that modulate the actin cytoskeleton
are reported to reduce IOP by promoting aqueous humor
outflow through the trabecular meshwork.5–12 A selective
ROCK inhibitor, Y-27632, altered the distribution of actin stress
fibers and cell-substrate adhesion of cultured trabecular

meshwork and Schlemm’s canal cells.8,10,13 Topical administra-
tion of ROCK inhibitor eye drops also reduced IOP in rabbit and
monkey models by increasing the outflow capacity,8,14 a
unique mechanism among conventional IOP-lowering
drugs.8,9,15 In addition, a clinical study demonstrated that the
ROCK inhibitors SNJ-1656 (Y-39983)16,17 and AR-1228618

reduced IOP in healthy volunteers, as well as in patients with
glaucoma and ocular hypertension.

Ripasudil (GLANATEC), a selective ROCK inhibitor, was
approved in Japan in September 2014 for the treatment of
glaucoma and ocular hypertension.15 Ripasudil exhibited IOP-
lowering effects in rabbits and monkeys,19 and phase 1 clinical
trials showed that ripasudil reduced IOP in healthy adult
volunteers.20 In addition, randomized clinical studies showed
that 0.4% ripasudil reduced IOP in patients with primary open-
angle glaucoma and ocular hypertension.21

Wato et al.22 observed morphological changes in the corneal
endothelium by noncontact specular microscopy following
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instillation of ripasudil in cynomolgus monkeys; however, the
reasons for these changes are not yet well elucidated. The
corneal endothelium is a nonregenerative tissue, and severe
damage can cause vision loss due to corneal edema.23

Therefore, further investigation is required to evaluate this
effect of ripasudil eye drops on the corneal endothelium. The
aim of the current study was to perform a pathological
investigation of corneal endothelial cells (CECs) to elucidate
how ripasudil administration induces the observed morpho-
logical changes in the corneal endothelium.

MATERIALS AND METHODS

Ethics Statement

Animals were housed and treated in accordance with the ARVO
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 human data were obtained in accordance with
the tenets set forth in the Declaration of Helsinki.

Ripasudil Administration in Human Subjects

The effect of ripasudil eye drops (GLANATEC ophthalmic
solution 0.4%; Kowa Company, Ltd., Nagoya, Japan) on
corneal endothelium was examined in two human subjects
(46-year-old female and 38-year-old male) who had no corneal
diseases. Each was administered one drop of ripasudil to the
right eye, and the corneal endothelium was observed by
noncontact specular microscopy and slit-lamp microscopy at
specific time points: before administration and 1, 3, 6, and 24
hours after a single dose of ripasudil. This study was
performed according to a protocol approved by the Institu-
tional Review Board of Doshisha University. Clinical trial
registration was obtained from UMIN UMIN000018340
(http://www.umin.ac.jp/english/).

Ripasudil Administration in a Rabbit Model

A single dose of ripasudil was administered into the right eyes
of nine rabbits. Anterior segments and corneal endothelium
were evaluated by slit-lamp microscopy and contact specular
microscope (Konan scanning slit specular microscope; Konan
Medical, Nishinomiya, Japan) for 24 hours. Corneal thickness,

FIGURE 1. Pseudo guttae-like morphological changes in human corneal endothelium induced by ripasudil eye drops. (A) Noncontact specular
microscopy image and slit-lamp photograph of a healthy subject administered one drop of 0.4% ripasudil. (B) Slit-lamp photograph demonstrating
pseudo guttae of healthy subject 1 hour after topical administration of 0.4% ripasudil.
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corneal volume, and corneal refractive power were evaluated
with a Pentacam (OCULUS Optikgeräte GmbH, Wetzlar,
Germany). Intraocular pressure was determined with a
Tonovet (icare Finland, Vantaa, Finland) (n ¼ 5). Corneal
specimens obtained from four rabbits were used for analysis by
scanning electron microscopy and transmission electron
microscopy. For repeated-dose administration, ripasudil was
administered into the right eye of three rabbits twice daily for 7
days, and the corneal endothelium was evaluated by contact
specular microscopy and histological analysis.

Fluorescent Staining

Rabbit corneal specimens were fixed in 4% formaldehyde and
incubated for 30 minutes at room temperature in 1% bovine
serum albumin (BSA) to block nonspecific binding. The actin
fibers were evaluated by examining the corneas after actin
staining with a 1:400 dilution of Alexa Fluor 488-conjugated
phalloidin (Life Technologies Corp., Carlsbad, CA, USA). The
effect on function-related proteins was investigated by
immunohistochemical analyses of ZO-1, N-cadherin, and Naþ/
Kþ-ATPase using primary antibodies against Zona Occludens 1
(ZO-1; 1:200; Zymed Laboratories, South San Francisco, CA,
USA), N-cadherin (1:200, Zymed Laboratories), and Naþ/Kþ-
ATPase (1:200; Upstate Biotechnology, Lake Placid, NY, USA).
Alexa Fluor 488-conjugated goat anti-mouse (Life Technologies
Corp.) was used as a secondary antibody at a 1:1000 dilution.

The effect of ripasudil on cell death was examined in
corneas obtained from five rabbits 24 hours after administra-
tion of ripasudil. The specimens were stained with annexin V
and propidium iodide (PI) by incubating with annexin V–
fluorescein isothiocyanate (FITC; 1:200; Zymed Laboratories)
and PI (1:200, Zymed Laboratories) for 30 minutes at 378C,
followed by fixation in 4% formaldehyde. As a positive control,
10 lM staurosporine was injected into anterior chamber in two
rabbits and corneas were recovered after 24 hours. Nuclei
were stained with 4’,6-diamidino-2-phenylindole (DAPI) (Vec-
tor Laboratories, Burlingame, CA, USA). The slides were
examined with a fluorescence microscope (TCS SP2 AOBS;
Leica Microsystems, Wetzlar, Germany).

Scanning Electron Microscopy

The effect of ripasudil on corneal endothelial morphology was
evaluated in corneal specimens obtained from four rabbits at 1,
3, and 24 hours after a single dose of ripasudil or control.
Excised corneas were fixed in 2.5% glutaraldehyde and 2%
paraformaldehyde in 0.1 M Sörensen buffer (pH 7.2–7.4) for at
least 3 hours at room temperature. The samples were washed
in the buffer, postfixed with 1% aqueous osmium tetroxide,
dehydrated through an ascending ethanol series, and trans-
ferred to hexamethyldisilazane (HMDS) (Agar Scientific,
Stansted, UK), which was allowed to sublimate off. The
samples were mounted on stubs, sputter-coated with gold, and
examined by scanning electron microscopy (model 5600; JEOL
Ltd., Tokyo, Japan).

Transmission Electron Microscopy

Corneal specimens were obtained from four rabbits at 1, 3, and
24 hours after a single dose of ripasudil or control. The samples
were washed in 0.1 M Sörensen buffer, fixed with 2.5%
glutaraldehyde and 2% paraformaldehyde in 0.1 M Sörensen
buffer, and postfixed with 1% osmium tetroxide. After
dehydration in an ascending ethanol series and acetone, the
samples were infiltrated and embedded in epoxy resin.
Ultrathin sections were collected on uncoated copper grids
and double stained with uranyl acetate and lead. Sections were

FIGURE 2. Slit-lamp microscopy, contact specular microscopy, and
histological evaluation of rabbit corneal endothelium after single-dose
administration of ripasudil eye drops. (A) 0.4% ripasudil was
administered topically as an eye drop in five rabbits, followed by slit-
lamp microscopy evaluation. (B) Endothelial morphology was evalu-
ated by contact specular microscopy after administration of 0.4%
ripasudil. Representative images obtained from five independent
rabbits are shown. (C) Corneas recovered from five rabbits 24 hours
after administration of 0.4% ripasudil were stained with phalloidin.
Expression of the function-related proteins ZO-1, N-cadherin, and Naþ/
Kþ-ATPase was also evaluated by immunofluorescence staining. Nuclei
were stained with DAPI. Scale bar: 50 lm. (D) To evaluate the effect of
ripasudil, corneas from five rabbits recovered 24 hours after
administration of 0.4% ripasudil were stained with annexin V and PI.
Staurosporine was injected into the anterior chamber to induce
apoptosis as a positive control. Nuclei were stained with DAPI. Scale
bar: 50 lm.
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examined with a transmission electron microscope (JEM-
1400Plus; JEOL Ltd.) equipped with a charge-coupled device
camera.

Statistical Analysis

The Student’s t-test was used to determine statistical signifi-
cance (P value) of differences between mean values of the two-
sample comparison. Results are expressed as mean 6 SEM.

RESULTS

Effect of Ripasudil Eye Drops on Corneal

Endothelium in Human Subjects

Noncontact specular microscopy demonstrated an indistinct
cell border after 1 hour. The cell border was still slightly
indistinct after 3 hours and was distinct once again by 6 hours;
no pathological changes, such as distinct cell borders and cell
loss, were observed at 24 hours after administration (Fig. 1A).
Conjunctival injection, which was previously reported as a
possible adverse effect of ROCK inhibitors, was observed
coincident to the morphological changes in the corneal
endothelium at 3 hours (Fig. 1A). A guttae-like appearance of
the cornea was observed by slit-lamp microscopy after 1 to 3
hours of treatment, but this resolved within 24 hours (Fig. 1B).
These changes were observed similarly in both human
subjects.

Effect of Ripasudil Eye Drops on Rabbit Corneal

Endothelium

A histological analysis of corneal endothelium following
treatment with ripasudil was conducted on a rabbit model.
Slit-lamp microscopy showed no severe adverse corneal effects
such as corneal edema, but contact specular microscopy
showed that the cell border of the corneal endothelium
became indistinct by 30 minutes to 1 hour after dosing (Figs.
2A, 2B). Similar to the finding in human subjects, it recovered
within 3 to 6 hours, and no morphological changes or cell
losses were observed 24 hours after administration. At 24
hours after administration, the expression of the function-
related proteins ZO-1 (tight junction), N-cadherin (adherence
junction), and Naþ/Kþ-ATPase (pump function) was well
preserved in the normal phenotypes (Fig. 2C). Annexin V
and PI staining showed no induction of apoptosis or cell death
by ripasudil administration (Fig. 2D). Ripasudil administration
twice daily for 7 days in the rabbit model caused no

FIGURE 4. Morphological evaluation of rabbit corneal endothelium
after treatment with ripasudil eye drops. (A) 0.4% ripasudil was
topically administered to the rabbit eye, and 1 hour after treatment the
cornea and control cornea were recovered. Actin fibers were stained
by phalloidin. Scale bar: 50 lm. (B) Corneas were recovered from
rabbits 1, 3, and 24 hours after administering a single dose of 0.4%
ripasudil. Rabbit corneal endothelium was evaluated by scanning
electron microscopy. Images were representative of two independent
rabbits for every time point. Scale bar : 10 lm.

FIGURE 3. The effect of repeated-dose administration of 0.4% ripasudil
on rabbit corneal endothelium. (A) For repeated-dose administration,
0.4% ripasudil was administered twice daily for 7 days in three rabbits,
and the corneal endothelium was examined by contact specular
microscopy. (B) To evaluate cell morphology, the corneal endothelium
was stained with phalloidin. Annexin V and PI staining was performed
to evaluate the effect of ripasudil on corneal endothelial cell death.
Nuclei were stained with DAPI. Scale bar: 50 lm.
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morphological changes, as determined by contact specular
microscopy (Fig. 3A) and phalloidin staining (Fig. 3B). In
addition, no annexin V- and PI-positive cells were observed
(Fig. 3B).

The ROCK inhibitors regulate the actin cytoskeleton, so we
next examined the expression pattern of actin in the corneal
endothelium. Phalloidin staining revealed a distribution of actin
fibers at the cell cortex in both ripasudil-treated and control
eyes, and no obvious differences were observed 24 hours after
administration (Fig. 4A). However, scanning electron micros-
copy demonstrated the formation of protrusions along the cell

borders, which recovered by 3 hours (Fig. 4B). Transmission
electron microscopy also revealed the formation of protrusions
at the cell border of the corneal endothelium, which also
reverted to the control level within 24 hours (Fig. 5A). Tight
junctions, adherence junctions, and gap junctions were
present, even at 1 hour when specular microscopy revealed
indistinct cell borders, and retention of adhesion on Desce-
met’s membrane was unchanged (Fig. 5B). Organelles such as
mitochondria and endoplasmic reticulum were unaltered
morphologically by ripasudil administration throughout the
24-hour study.

FIGURE 5. Transmission electron microscopy of rabbit corneal endothelium after treatment with ripasudil eye drops. (A, B) Corneas administered
ripasudil were recovered after 1, 3, and 24 hours. Rabbit corneal endothelium was then evaluated by transmission electron microscopy. Images are
representative of two independent rabbits for every time point. J, intact junctional complexes (tight junction and adherens junction); GJ, gap
junction; M, mitochondria; ER, endoplasmic reticulum. Scale bars: 5 lm (A); 1 lm (B).
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We next evaluated the clinical parameters in the rabbit
model that undergo changes if corneal endothelial function is
damaged. Corneal endothelial cell density, determined by
contact specular microscopy, was not decreased by ripasudil
(Fig. 6A). Corneal thickness and corneal volume, which are
maintained by the barrier and pump functions of the corneal
endothelium, were not significantly changed by ripasudil (Figs.
6B, 6C). The lack of any significant changes in refractive power
also demonstrated that corneal shape was preserved, despite
the formation of protrusions at the cell border (Fig. 6D). The

IOP was significantly lower at 1 and 3 hours after treatment,
showing the effect of ripasudil against glaucoma (Fig. 6E).

DISCUSSION

The ROCK isoforms ROCK1 and ROCK2 were originally
discovered as a target of the small Guanosine-5’-triphosphate
(GTP)-binding protein RhoA.24 The Rho-binding domain within
the coiled-coil region of ROCK was identified, but subsequent

FIGURE 6. Evaluation of rabbit clinical parameters after treatment with ripasudil eye drops. (A) 0.4% ripasudil was administered topically as an eye
drop in the right eyes of five rabbits, and corneal endothelial cell density was evaluated by contact specular microscopy after 24 hours. (B) Corneal
thickness of rabbit after ripasudil administration was evaluated with an ultrasound pachymeter. (C, D) The effect of ripasudil on corneal volume and
refractive power was evaluated by Pentacam. (E) Intraocular pressure of rabbits was measured by Tonovet after treatment with 0.4% ripasudil. *P <
0.01.
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research revealed that several molecules activate or inhibit
ROCK via multiple contact points.25–28 ROCK mediates various
important cellular functions, such as cell shape, motility,
adhesion, and proliferation.24 Active Rho-GTP binds to ROCK
and increases the phosphorylation of a number of downstream
target proteins, such as myosin light chain (MLC), Lin-11/Isl-1/
Mec-3 kinase (LIMK), and MLC phosphatase complex of type 1
(MYPT1). This is followed by stabilization of filamentous actin
and an increase in the actin–myosin contractile force.24,29

ROCK has attracted the interest of researchers as a potential
therapeutic target for various diseases, such as cancer,
neuronal degenerative disease, asthma, cardiovascular disease,
and hypertension, as well as glaucoma.28,30 In fact, fasudil was
approved in Japan and China for the treatment of cerebral
vasospasm in 1995.28 To our knowledge, ripasudil is the first
approved ROCK inhibitor eye drop for the treatment of
glaucoma and ocular hypertension.15

Ripasudil is anticipated to alter cytoskeletal contraction of
the trabecular meshwork and Schlemm’s canal cells to increase
outflow of aqueous humor15,16,19; therefore, several types of
ocular cells can be affected. For instance, the high occurrence
of hyperemia is a common symptom after topical administra-
tion of ROCK inhibitors.14,16,18 Coincidently, slight to mild
conjunctival hyperemia was observed in more than half of the
participants in ripasudil clinical trials.20,21 This hyperemia is
thought to arise because of conjunctival vessel dilation due to
alteration of vascular endothelial cells.16 However, the
hyperemia was transient, and no conjunctival hemorrhage,
which occurred in animal experiments,14 was observed in the
clinical studies, suggesting the safety of ripasudil eye drops.31

In this study, we showed that ripasudil eye drops caused
morphological changes in the corneal endothelium as observed
by noncontact specular microscopy. Of importance, this
change was also recognized as guttae-like findings by slit-lamp
microscopy. Guttae are collagenous excrescences of the
corneal endothelial basement membrane (Descemet’s mem-
brane) and are observed in as many as 5% of the population
aged over 40.32 They are also typical features of Fuchs
endothelial corneal dystrophy.33 To avoid misdiagnosing a
patient as having Fuchs endothelial corneal dystrophy,
physicians should be aware that guttae-like findings can be
caused by ROCK inhibitor eye drops.

We investigated these guttae-like findings further using the
rabbit model and demonstrated that they are induced by the
formation of mild protrusions along the cell–cell borders.
Protrusion formation is considered an effect of ripasudil,
because ROCK inhibitors modulate the actin cytoskeleton in
various types of cells. We have also reported that ROCK
inhibitors alter the cell morphology of cultured CECs.34 A
pharmacodynamics study revealed that ripasudil has high
intraocular permeability and that it penetrates into all eye
tissues except the lens,19 suggesting that ripasudil affects the
corneal endothelium. Tian and his colleagues7 reported that
intracameral infusion of H-7 to monkey eyes induced
morphological change in the corneal endothelium, observed
by specular microscopy, and membrane ruffling along the
intracellular borders, as observed by SEM.7 H-7 is a serine-
threonine kinase inhibitor that inhibits actomyosin contractil-
ity and eventually produces cellular relaxation.5–7,35 Taken
together, alteration of corneal endothelium borders by
ripasudil and other actin cytoskeleton-modulating drugs is
suggested to be a common feature of these drugs.

The corneal endothelium is essential for maintaining
corneal clarity via its barrier function that suppresses the
overflow of aqueous humor into the corneal stroma. Trans-
mission electron microscopy demonstrated that tight junc-
tions, adherence junctions, and gap junctions were present 1
hour after ripasudil administration, and the corneal thickness

and volume were unchanged. This suggests that the barrier
function of the corneal endothelium was not disrupted. ROCK
inhibitors can change the localization of junctional proteins
and increase the permeability of Schlemm’s canal,11 but this
difference may be explained by the fact that the effects of
ROCK inhibitors depend on the cell types.28 One remaining
question is the effect of long-term use of ripasudil eye drops on
the corneal endothelium in clinical settings. We have shown
that morphological changes are transient in this animal model,
but careful evaluation in human patients is needed.

In conclusion, we have demonstrated that ripasudil induces
transient guttae-like findings in humans, most likely due to
protrusion formation along intracellular borders caused by the
reduction in actomyosin contractility of the CECs. Physicians
should appreciate that ROCK inhibitors can cause these guttae-
like findings in order to avoid misdiagnosing patients as having
Fuchs endothelial corneal dystrophy.
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SUMMARY

Calcitonin receptor (Calcr) is expressed in adult mus-
cle stem cells (muscle satellite cells [MuSCs]). To
elucidate the role of Calcr, we conditionally depleted
Calcr from adult MuSCs and found that impaired
regeneration after muscle injury correlated with the
decreased number of MuSCs in Calcr-conditional
knockout (cKO) mice. Calcr signaling maintained
MuSC dormancy via the cAMP-PKA pathway but
had no impact on myogenic differentiation of MuSCs
in an undifferentiated state. The abnormal quiescent
state in Calcr-cKO mice resulted in a reduction of
the MuSC pool by apoptosis. Furthermore, MuSCs
were found outside their niche in Calcr-cKO mice,
demonstrating cell relocation. This emergence from
the sublaminar niche was prevented by the Calcr-
cAMP-PKA and Calcr-cAMP-Epac pathways down-
stream of Calcr. Altogether, the findings demon-
strated that Calcr exerts its effect specifically by
keepingMuSCs in a quiescent state and in their loca-
tion, maintaining the MuSC pool.

INTRODUCTION

Adult stem cells aremaintained in a reversible quiescent state (or

G0) and reside in a specific microenvironment referred to as a

niche. Quiescent adult stem cells show low levels of transcrip-

tional activity and energy production (Freter et al., 2010; Rodgers

et al., 2014). In culture, serum deprivation forces many types of

cells to enter a G0-like dormancy. Given that the quiescent state

is a transient state that results from escaping the cell cycle due to

the absence of growth factor, it had been assumed that the

quiescent state is a ‘‘passive,’’ rather than an ‘‘active,’’ state.

However, recent evidence suggests that quiescence is not

merely a passive state (Cheung and Rando, 2013).

Quiescent adult stem cells specifically or highly express cod-

ing and non-coding genes in a G0-specific manner not observed

in activated or proliferating progenitors (Cheung et al., 2012;

Codega et al., 2014; Fukada et al., 2007; Tumbar et al., 2004;

Venezia et al., 2004). In addition, a recent study showed

that many kinds of G-protein-coupled receptors (GPCRs) are

expressed more abundantly in quiescent neural stem cells

(NSCs) than in activated NSCs: two ligands (sphingosine-1-

phosphate [S1P] and prostaglandin D2 [PGD2]) of these GPCRs

inhibit activation of quiescent NSCs ex vivo (Codega et al.,

2014). On the other hand, two secondary messengers of

GPCR, Gsa and Gq/11a, are required in stem-cell-like chondro-

cytes to maintain the quiescent or undifferentiated state (Chagin

et al., 2014). Thus, GPCR-mediated signaling may be a com-

mon pathway to keep some types of adult stem cells from

escaping the quiescent and undifferentiated state. However,

their cellular receptors have not been fully identified in adult

stem cells.

Adult muscle stem cells, also known as muscle satellite cells

(MuSCs), are responsible for skeletal muscle regeneration after

injury to the muscle. During postnatal development, MuSCs

enter the G0-phase quiescent state and are maintained in the

niche between the basal lamina and sarcolemma (the cell mem-

brane of myofibers). By utilizing highly purified quiescent MuSCs

and microarray analyses, we previously identified a GPCR re-

ceptor, calcitonin receptor (Calcr), as a ‘‘quiescence’’ gene in

MuSCs (Fukada et al., 2007). Calcr is one of seven transmem-

brane-domain receptors known to regulate homeostasis of the
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calcium level in blood (Becker et al., 2002). Osteoclasts abun-

dantly express Calcr receptor, and the Calcr ligand, calcitonin,

inhibits osteoclast-mediated bone resorption by disrupting actin

organization (Suzuki et al., 1996). Although the relevance of Calcr

in the bone system iswell studied, the roles of Calcr in other loco-

motive tissues, including skeletal muscle, have not been investi-

gated. In the present study, we aimed to identify the physiolog-

ical consequences of Calcr depletion in MuSCs using Calcr

conditional knockout mice and MuSC-specific Cre recombi-

nase-expressing mice.

RESULTS

Calcitonin Receptor Is Expressed Exclusively in
Quiescent Muscle Stem Cells
In our previous study, we compared the gene expression profile

of quiescent MuSCs with those of activated and proliferating

MuSCs (myoblasts) and non-myogenic cells (Fukada et al.,

2007). We found 63 MuSC-specific quiescence genes in skeletal

muscle, and calcitonin receptor (Calcr) was one of them. As

shown in Figure 1A, we confirmed that MuSCs (stained positive

for paired box 7 [Pax7]) expressed Calcr at the protein level (Fig-

ure 1A). Myogenic cells cultured in a proliferating or differenti-

ating condition, on the other hand, did not show any detectable

CalcrmRNA (Figure 1B). In rodents, two knownmajor isoforms of

Calcr mRNA, C1a (osteoclast type, lacking exon 10) and C1b

(found in brain), are generated by alternative splicing (Sexton

et al., 1993). Here, the MuSCs expressed the C1a isoform

(Figure 1C).

Next, we examined the level of Calcr protein expression during

regeneration after injury to themuscle by cardiotoxin (CTX) injec-

tion. We directly isolated myogenic cells from uninjured and re-

generating muscle at six recovery time points. Consistent with

our previous study using tissue sections (Fukada et al., 2007),

approximately 80% of Pax7+ cells (indicating MuSCs) from unin-

jured muscle expressed Calcr (Figures 1D and 1E). However,

while Pax7+ cells from regenerating muscle 2–5 days after CTX

injection were completely negative for Calcr, we observed

Pax7+/Calcr+ double-positive cells on day 7 post CTX injury (Fig-

ure 1D). Approximately 2% of Pax7+ cells expressed Calcr on

day CTX-7, and the percentage had increased significantly to

74.2% on the 14th day after CTX injection (the time point by

which most cellular regeneration is presumed to have taken

place) (Figure 1E).

Depleting Calcitonin Receptor Reduces Muscle Stem
Cell Pool
We generated Calcr-floxed mice (Figures S1A and S1B) and

crossed them with Pax7CreERT2/+ mice (Figure 2A) to generate

Pax7CreERT2/+::Calcrflox/flox mice (cKO). In these mice, genetic

inactivation of Calcr was induced by tamoxifen (Tm) administra-

tion. Because Pax7 is specifically expressed in MuSCs of adult

skeletal muscle, the effect of depletion of Calcr by the Tm injec-

tion was limited to MuSCs. Two or 5 weeks after the Tm injection

into older than 8-week-old cKO mice, less than 1% of the cells

expressed Calcr in cKO-MuSCs (Figure 2B; Cont > 80% versus

cKO < 1%). mRNA transcriptional depletion was also confirmed

in these mice (Figure S1C).

We then investigated the role of Calcr in MuSCs. First, we

detected a decreased number of MuSCs after Tm treatment

in cKO mice using fluorescence-activated cell sorting (FACS)

(Figures 2C and 2D). At 16 weeks after Tm treatment, the

MuSC fraction was decreased approximately 35%–80% in
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Figure 1. Expression of Calcitonin Receptor in Muscle Stem Cells

(A) Calcr (green) expressionwas detected onPax7+ (red) cells locating beneath

the basal lamina (white; LNa2 laminin a2). Arrow indicates a Calcr+Pax7+

MuSC.

(B) Calcr mRNA was detected in freshly isolated MuSCs, but not in MuSCs

cultured in growth medium for 3 days (GM) or cells additionally cultured in

differentiation medium for 2 (DM2) or 5 days (DM5). As a negative control, the

cDNA template was omitted from the reaction (H2O).

(C) The PCR product of C1b mRNA is 111 bp longer than that of C1a. Ladder

size markers (100 bp) are shown (marker). Mouse embryo (E13.5) or H2O were

used as positive and negative controls, respectively.

(D) Mononuclear cells were prepared from uninjured, regeneratingmuscle 2, 5,

7, or 14 days after CTX injection, and sorted myogenic cells on glass slides

were immediately stained with anti-Calcr (red), Pax7 (green), and DAPI (blue).

(E) The graph indicates percentages of Calcr+ cells in Pax7+ cells during

regeneration. Arrowheads indicate Calcr and Pax7 double-positive cells on the

seventh day.

Scale bars, 10 mm (A) and 50 mm (D).
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Figure 2. Calcitonin Receptor Is Necessary

to Maintain Adult MuSC Pool

(A) The cartoon indicates the time course

for analysis of mice after tamoxifen (Tm) in-

jection. Calcrflox/flox (Cont), Pax7CreERT2/+::Calcr+/+

(P7), Pax7CreERT2/+::Calcrflox/+ (cHetero), and

Pax7CreERT2/+::Calcrflox/flox (cKO) mice were used in

the following studies. All micewere treatedwith Tm.

(B) Freshly isolated MuSCs were stained with

antibodies against Pax7 (red) and Calcr (green).

Arrowheads indicate cells positive for both Calcr

and Pax7.

(C) FACS profiles of mononuclear cells derived from

Cont (left) or cKO (right) muscles 16 weeks after Tm

injection. The profiles were gated for CD31�CD45�

fractions.

(D) The y axis shows the percentages of Cont,

cHetero, and cKO-MuSC fractions after Tm injec-

tion as indicated in the x axis. Each black circle

indicates the results of one mouse.

(E) The y axis indicates the numbers of M-cadherin+

or Pax7+ cells per 100 cross-sectional TAmyofibers

in Cont, P7, and cKO after Tm injection at indicated

weeks in the x axis.

(F) Time course for analysis of cKOmice after Tm or

CTX injection.

(G) The y axis shows the difference in TA muscle

weight after regeneration per opposite uninjured

muscle. Each black circle indicates the result of one

mouse.

(H) H&E staining of TAmuscles of Cont or cKOmice

treated with Tm after 16 weeks.

(I) Correlation between fibrosis area and MuSC

number. Open or closed circles indicate Cont or

cKO mice, respectively.

(J) The y axis indicates the number or area of

myofibers.

The number of mice used is shown in each graph (E,

G, and J). *p < 0.05, **p < 0.01 (D, E, and G). Scale

bars, 50 mm (B) and 100 mm (H).
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cKO mice compared with the control mice. Heterozygous mice

(Pax7CreERT2/+::Calcrflox/+, cHetero) also showed a decrease in

the MuSC fraction, although the decrease in the MuSC number

was less than that of cKO mice (Figure 2D). Moreover, we quan-

tified the number of MuSCs by immunohistochemical studies,

providing further evidence that the quantity of MuSCs decreased

in cKO mice (Figure 2E).

The significant decrease in the MuSC pool affected the skel-

etal muscle weight following injury (Fukada et al., 2011). We

measured the muscle weight 2 weeks after CTX injection (Fig-

ure 2F). Five weeks after Tm injection, cKO mice demonstrated

only a tendency toward a smaller muscle weight recovery (Fig-

ure 2G). The cKO group 16 weeks post Tm injection exhibited

a significantly smaller muscle weight recovery, though there

was individual variation. For example, one mouse recovered

only 40% of the muscle weight on the injured side compared

to the contralateral side, but another recovered 70% (Figure 2G).

The reduction in MuSC numbers correlated with the weight loss

and increased fibrotic area (Figures 2H and 2I; Figure S2). When

the number of MuSCs retained was greater than 5% of all mus-

cle-derived mononuclear cells in cKO mice, as analyzed by

FACS, the mice did not exhibit an increase in fibrotic area nor

a decrease in myofiber number. The myofiber area, on the other

hand, consistently decreased in all cKO mice, regardless of the

individual variance in muscle weight (Figure 2J).

Loss of Calcitonin Receptor Affects Proliferation of
Muscle Stem Cells
As shown in Figure 1, proliferating myoblasts did not express

Calcr. However, it is possible that the absence of Calcr inMuSCs

exerts a secondary effect on the regenerative processes. In or-

der to further examine the effect of Calcr loss in MuSCs after

injury, we investigated mice 1 week after Tm injection because

these mice still have a similar number of MuSCs as the control

mice, while Calcr mRNA was significantly depleted (Figures 3A

and 3B; Figure S1C).

The proliferation of MuSC-derived myoblasts in cKO mice,

visualized using EdU and M-cadherin antibodies, was inferior

to that of control myoblasts (Figure 3C). The area of newly gener-

ated myotubes, as shown in Figure 3D by immunostaining, also

decreased in cKO samples. We then tested the cellular capacity

to form myotubes ex vivo by staining and found, in contrast, that

there was no morphological difference between the control

group and the cKO group (Figure 3E). The results suggest that

the presence of Calcr in MuSCs is secondarily necessary for

muscle regeneration following injury.

Calcitonin Receptor Signaling Maintains Quiescent
State via cAMP/PKA Pathway
Both quiescent and undifferentiated states are characteristic of

adult stem cells, and the impairment of these states results in

exhaustion of the adult stem cell pool, including MuSCs (Bjorn-

son et al., 2012; Cheung et al., 2012; Imayoshi et al., 2010; Mour-

ikis et al., 2012). In addition, consistent with our previous data

(Fukada et al., 2007), Calcr ligands (elcatonin and calcitonin) in-

hibited the activation of quiescentMuSCs ex vivo (Figure 4A; Fig-

ure S3A). This effect was Calcr dependent because the inhibition

was not observed in cKO-MuSCs (Figure 4A). It could be specu-

lated that the impairment of the quiescent or undifferentiated

condition in cKO-MuSCs was attributable to the loss of the

MuSC pool and reduced proliferation. Hence, we studied the

in vivo dormancy of cKO-MuSCs by quantifying the expression

level of Ki67 (a non-quiescence marker) in freshly isolated
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Figure 3. Loss of Calcr Secondarily Affects MuSC Proliferation

(A) Time course for analysis of cKO mice after Tm or CTX injection.

(B) The y axis indicates the percentage of the MuSC fraction.

(C) The y axis shows the mean percentage of EdU+ cells in M-cadherin+ cells.

(D) Immunostaining of embryonic myosin heavy chain (eMyHC, green), laminin

a2 (red), and DAPI (blue) in injuredmuscle 4 days after CTX injection. The y axis

shows the eMyHC+ area.

(E) Myotubes were stained with anti-sarcomeric a-actinin antibody (red) and

DAPI (blue). The y axis shows the percentage of fusion index.

Scale bars, 100 mm (D and E).

Cell Reports 13, 302–314, October 13, 2015 ª2015 The Authors 305



MuSCs. As shown in Figure 4B, the expression of Ki67 mRNA

was higher in the order of cKO, cHetero, and control MuSCs

2 weeks after the Tm injection. Expression of non-quiescence

marker Ki67 protein was higher in cKO-MuSCs compared to

control cells relatively soon after the Tm injection (Figure 4C).

The expression levels of several other cell-cycle-related genes,

Ccna2, Ccnd1, and Skp2, were also elevated in cKO-MuSCs

2 weeks post Tm injection. (Figure 4D).

The increase in expression of Ki67/cell-cycle-related genes

(Figure 4D) and in vivo decrease in proliferation (Figure 3C)

may seem contradictory. In cKO mice, about 60% of Ki67+ cells

were positive for EdU (Figures 4E and 4F), and at early analyses

(24-hr culture), the number of EdU+ cells in cKO-MuSC was

higher than that of the control mice (Figure 4G). However, consis-

tent with in vivo results (Figure 3C), after 72-hr culture, the num-

ber of proliferating EdU+ cells in cKO mice had decreased (Fig-

ure 4H). Collectively, it can be suggested that MuSCs escaped

dormancy in the absence of Calcr and that the loss of the

Calcr-mediated mechanism secondarily affects the proliferation

of MuSCs-derived daughter cells, myoblasts.

Next, we sought to reveal the downstream pathway of Calcr.

Calcr is a GPCR and uses Gsa protein, which increases the intra-

cellular level of cAMP in osteoclasts (Suzuki et al., 1996). We

confirmed that when Calcr was retrovirally expressed in myo-

blasts, the ligand raised the intracellular cAMP levels in Calcr-ex-

pressing C2C12 cells (Figure 4I). To further clarify the effects of

cAMP as a downstream initiator of Calcr signaling, we tested

two cAMP activators, dibutyryl-cAMP ([dbcAMP] an analog of

cAMP) and forskolin (an activator of adenylate cyclase), and

both cAMP activators were found to suppress the activation of

quiescent MuSCs ex vivo (Figure 4J; Figure S3B). In addition,

the expressions of cell-cycle-related genes were suppressed

in 24-hr-cultured MuSCs treated with elcatonin or dbcAMP

(Figure 4K).

To further study the downstream effects on cAMP, either

a protein kinase A (PKA)-specific cAMP analog (6-bnz-cAMP)

or an exchange protein directly activated by cAMP (Epac)-spe-

cific cAMP analog (8-CPT-cAMP) targets of cAMP (de Rooij

et al., 1998) was applied to freshly isolated MuSCs. As shown

in Figure 4J, only the PKA-specific analog inhibited the activa-

tion (EdU uptake) of MuSCs. Pretreatment with a PKA-specific

inhibitor negated the effect of Calcr signaling in freshly iso-

lated MuSCs cultured with elcatonin, a Calcr ligand (Figure 4L).

Hence, these results suggest that the Calcr-cAMP-PKA

pathway maintains the quiescent state of MuSCs in adult skel-

etal muscle.

Calcitonin Receptor Signaling Has No Impact on
Myogenic Differentiation
We next examined the effect of Calcr signaling on myogenic dif-

ferentiation. In contrast to the elevated Ki67 expression level,

freshly isolated cKO-MuSCs exhibited no significant elevation

of myogenic genes (Pax7, Myf5, MyoD, or myogenin) compared

to the control MuSCs (Figure 5A). In vivo and ex vivo protein

expressions of MyoD also did not differ between control and

cKO-MuSCs (Figure 5B; Figure S4A). Furthermore, although

a ligand-dependent suppression of proliferation was observed

in retrovirally Calcr-expressing primary myoblasts (Figure 5C),

neither MyoD expression nor myotube formation was inhibited

by Calcr signaling in the primary myoblasts (Figures 5D and

5E) and in a C2C12 cell line (Figures S4B and S4C). Moreover,

no evidence of accelerated myogenic differentiation was

observed in cKO mice carrying a Cre-inducible yellow fluores-

cent protein (YFP) reporter gene (cKO-YFP; Pax7CreERT2/+:

Calcrflox/flox:Rosa26RYFP/YFP or YFP/+). In thismodel, YFP+myofib-

ers increase when a YFP-labeled MuSC differentiates and fuses

with a myofiber. We found that the number of YFP+ myofibers

in cKO-YFP mice was similar to that of the control mice (YFP;

Pax7CreERT2/+:Calcr+/+:Rosa26RYFP/YFP or YFP/+) (Figure 5F).

If the number of cells in the MuSC pool was decreased by a

mechanism other than premature myogenic differentiation, it

can be assumed that are two other ways by which the cKO-

MuSC pool decreases. One is transdifferentiation of MuSCs

into non-myogenic cells, and the other is cell death. As shown

in Figure 5G, although almost all YFP+ mononuclear cells in con-

trol and cKO-YFPmice expressed Pax7, apoptotic cells could be

detected more frequently in cKO mice (Figure 5H). We also

observed apoptosis in Ki67+ cells only in cKO-MuSCs (Figure 5I).

Thus, Calcr signaling is necessary to maintain the quiescent

state of adult MuSCs, but it is not necessary to maintain the un-

differentiated state (Figure 5J).

Calcitonin Receptor Signaling Inhibits Emergence of
Muscle Stem Cells from Niche
During the study using the YFP-reporter mice, MuSCs residing

within the interstitial areas were unexpectedly observed in

cKO-YFP mice 5 weeks after Tm injection, though in small

numbers (approximately 4%) (Figure 6). Such cells had not

been reported previously in normal mice. Since MuSCs were

originally defined by their location of residence (Mauro,

1961), this result indicates that MuSCs moved from their

niches to the interstitial areas in a steady state when Calcr is

absent.

To examine the effect of Calcr signaling on the location change

of MuSCs, we conducted a single-myofiber culture that allowed

observation of the MuSCs locating beneath the basal lamina.

At the beginning of culture, all MuSCs were located beneath

the basal lamina (not shown), but approximately half of the

MuSCs had emerged from their niche and located outside of

the basal lamina within 24 hr of culture. Although cell division

of the relocated MuSCs was not observed within the 24 hr,

adding Calcr ligand significantly suppressed their movement to

the outside of the basal lamina from the surface of myofibers

(Figures 7A–7C).

We then similarly examined the effects of Calcr signaling on

MuSC relocation. Although PKA and Epac activators exerted

different effects on MuSC activation in the EdU-uptake assay

(Figure 4J), dbcAMP, a PKA activator, and an Epac activator ex-

erted effects similar to that of elcatonin (Figure 7C). To further

study the contribution of PKA or Epac to the Calcr signaling

effects, isolated single myofibers were pretreated with each

inhibitor and then pulsed with elcatonin for 1 hr. After removing

reagents, single myofibers were cultured for 24 hr (Figure 7D).

The elcatonin treatment significantly inhibited the emergence

of MuSCs from their niches (Figures 7E and 7F). Both PKA and

Epac inhibitors rescued the suppressive effect of elcatonin
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Figure 4. Calcitonin Receptor Signaling Regulates Quiescence of Muscle Stem Cells via cAMP/PKA Pathway
(A) Relative percentage of EdU+ cells in freshly isolated MuSCs cultured for 2 days with or without elcatonin (El). The cells were prepared fromCont (white) or cKO

(black) mice 2 weeks after Tm injection.

(B) Relative expression of Ki67 mRNA in freshly isolated MuSCs derived from Cont (white), cHetero (gray), or cKO (black) mice 2 weeks or 5 weeks after Tm

injection.

(C) TA muscle sections were stained with antibodies against Ki67 (green), Pax7 (red), and laminin a2 (white; LNa2). The graph represents the proportion of Ki67+

cells in Pax7+ cells in Cont, P7, or cKO mice 1–5 weeks after Tm injection.

(D) Relative expressions of Ccna2, Ccnd1, and Skp2 mRNA in freshly isolated MuSCs were compared in Cont, P7 (white), or cKO (black) mice 2 weeks after Tm

injection.

(E) Time course for analysis of cKO mice after Tm injection.

(F) Percentage of EdU+ cell in Ki67+ cells in cKO mice 1 week after Tm injection.

(G) Percentage of EdU+ cells after culturing ex vivo for 24 hr.

(H) Percentage of EdU+ cells after culturing ex vivo for 3 days.

(I) C2C12 cells were infected with Calcr-carrying (Calcr) or control (Mock) retrovirus, and the infected cells were sorted by GFP fluorescence and then stained with

antibody against Calcr (red). The graph indicates the amount of cAMP in control or Calcr-expressing C2C12 cells treated or untreated with elcatonin (El); n = 3 in

each group.

(J) Relative numbers of EdU+ cells in freshly isolated MuSC cultured for 2 days in the absence or presence of elcatonin, dbcAMP, 6-bnz-cAMP (PKA activator), or

8-CPT-cAMP (Epac activator) at indicated concentrations; n = 3–4 in each group.

(legend continued on next page)
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(Figures 7E and 7F). Furthermore, a larger number of cKO-

MuSCs emerged from the niche than control MuSCs (Figure 7G

shows the ratio to the control).

In this myofiber culture model, MuSCs are said to escape from

the niche and then start to proliferate (Siegel et al., 2009). We did

find, however, that Ki67+ cells in cKO-MuSCs remained beneath

the basal lamina (Figure 4C). We believe that the escapes from

the niche and from quiescence are not sequential events. Our

present study demonstrated that Calcr signaling has two sepa-

rate roles: Calcr signaling inhibits the escape of MuSCs from

quiescence by the cAMP-PKA pathway, and Calcr signaling in-

hibits the emergence of MuSCs from the niche by the cAMP-

PKA and cAMP-Epac pathway (Figure 7H).

DISCUSSION

Our current study highlights the roles of calcitonin receptors

(Calcrs) in MuSCs. Our results indicate that Calcr signaling

holds the MuSCs in a quiescent state and in the niche. Calcr

signaling, on the other hand, exerted no effect in the undifferen-

tiated state of MuSCs. Further, apoptotic cells were observed

in Ki67+ cKO-MuSCs. As a result, the number of MuSCs

decreased, followed by a reduction of muscle weight after

post-injury regeneration. There was a discrepancy between

the upregulated cell cycle genes and a decrease in the MuSC

pool. Similar results for Dicer-mutated or Notch-signaling-

mutated mice have been reported, however (Bjornson et al.,

2012; Cheung et al., 2012; Fukada et al., 2011; Mourikis

et al., 2012). For example, Mourikis et al. (2012) indicated

that Rbp-J knockout MuSCs expressed Ki67, but the majority

of them terminally differentiated without passing through the

cell cycle S-phase. In Dicer-mutated MuSCs, the impaired

quiescence resulted in cell death by apoptosis. Collectively,

these abnormal quiescent states might affect subsequent

MuSC survival.

We propose that Calcr-cAMP-PKA or Epac signaling is an

‘‘active’’ signaling pathway for maintaining the quiescence of

MuSCs. Our results strongly suggest that G0-quiescent adult

stem cells require active signaling pathways to maintain their

pool. Although it is well known that increasing the cAMP con-

centration inside a cell results in growth inhibition in many types

of cells (Stork and Schmitt, 2002) or arrest of the reversible cell

cycle in a few types of cells (Dransfield et al., 2001; L’Allemain

et al., 1997; Stambrook and Velez, 1976), the relationship be-

tween the quiescent state of adult stem cells and the cAMP

pathway has largely been unknown. Two recent studies imply

that the GPCR-cAMP pathway may be a common signaling

pathway to maintain some types of adult stem cells. Specif-

ically, Chagin et al. (2014) reported Gsa and Gq/11a proteins

play an essential role in maintaining quiescent stem-like chon-

drocytes via parathyroid hormone-related protein receptors

(PPRs). Gsa is a heterotrimeric subunit that activates adenylate

cyclase and is activated by GPCRs like PPRs and Calcr that in-

crease cAMP. Another study demonstrated that the abundant

expression of GPCRs in quiescent NSCs and their activation

can be inhibited by S1P and PGD2 (Codega et al., 2014).

Both S1P and PGD2 have the potential to increase intracellular

cAMP levels (Davaille et al., 2000; Regan et al., 1994);

thus, GPCR-mediated cAMP accumulation may be a common

mechanism to regulate the dormancy of adult stem cells in

some tissues.

Recently, Sato et al. reported that both miR-195 and miR-

497 induce cell cycle arrest by targeting the cell cycle genes

Cdc25 and Ccnd (Sato et al., 2014). As shown in the present

study, the Calcr-cAMP pathway inhibited the expression of

Ccna2, Ccnd1, and Skp2. Ccna2, a gene with the CREB-bind-

ing sequence (Kamiya et al., 2007), is commonly suppressed in

adult stem cells (Cheung and Rando, 2013). CREB is the major

target of PKA, and Calcr signaling activates CREB transcrip-

tional activity. Ccnd1 is also a well-known target of CREB.

On the other hand, the expressions of cyclin-dependent kinase

inhibitors (p21, p27, and p57) and Spry1 (one critical regulator

for maintaining MuSCs) did not change in cKO-MuSC (Fig-

ure S5). Although we did not specifically show that suppressing

cyclin-related gene expression is required to maintain stem

cells in a quiescent state, expression of Calcr/cAMP/PKA-

mediated cyclin-related genes (Ccna2, Ccnd1, Skp2, etc.) is a

potential mechanism by which MuSCs are maintained in a

quiescent state.

One of our unexpected results was the observation of

MuSCs in the interstitial space. Because we used a lineage-

tracing model, the result clearly indicated that MuSCs had

emerged from their niche. The small numbers of interstitial

MuSCs implies that they either undergo cell death or return

to sublaminal niches. While both phenomena are possible,

the precise mechanism is still unknown. Notably, the discovery

of the unusual residence of MuSCs suggests the existence of

active signaling pathways involved in keeping MuSCs in their

niches. Intriguingly, Jockusch and Voigt (2003) stated that

MuSCs can exit from their niche in undamaged muscle. They

transplanted intact skeletal muscle tissue by differentially label-

ing the graft, host skeletal myofibers, and MuSCs (which they

refer to as myogenic precursor cells) and observed that

donor-derived MuSCs migrated toward and fused with the

host myofibers and vice versa (Jockusch and Voigt, 2003),

although it took more than 7 weeks before the fused myofibers

were observed. Further, we did not find interstitial YFP+ cells

in Pax7CreERT2/+:Calcr+/+:Rosa26RYFP mice in high quantity,

demonstrating that very few MuSCs move from one myofiber

to another in a physiological condition. Our results demonstrate

the necessity of external active signaling pressure to prevent

the exodus of MuSCs from their niche.

Calcitonin is the best-characterized ligand of Calcr, but there

is a difference between Calcr null and calcitonin null mice. The

(K) Relative expressions ofCcna2,Ccnd1, andSkp2mRNAwere compared among non-, elcatonin-, or dbcAMP-treatedMuSCs freshly isolated after culturing for

24 hr.

(L) Relative numbers of EdU+ cells in freshly isolated MuSCs cultured for 2 days in the absence or presence of elcatonin and PKA inhibitor (20 mM). The y axis

indicates means with ± SE (n = 3).

Scale bars, 10 mm (C) and 50 mm (G and I). The number of mice used is shown in each graph (A–D, G, H, K, and L). *p < 0.05, **p < 0.01 (A–D, G, H, and J–L).
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Calcr null condition is embryonically lethal (Dacquin et al., 2004),

but calcitonin null mice are viable (Hoff et al., 2002), indicating

that Calcr has other ligands besides calcitonin. In fact, calcitonin

receptor and receptor-activity-modifying proteins can serve as

receptors for amylin, a member of the calcitonin family co-

secreted with insulin by pancreatic beta cells (Christopoulos

et al., 1999). Amylin inhibits the activation of quiescent MuSCs

ex vivo just like calcitonin (Figure S6). Moreover, Katafuchi
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Figure 5. Calcitonin Receptor Signaling Has No Impact on Expression and Differentiation of Myogenic Genes

(A) Relative expressions of Pax7, Myf5, MyoD, and myogenin mRNA in freshly isolated MuSCs derived from Cont (white) or cKO (black) 2 or 5 weeks after Tm

injection.

(B) The proportion of MyoD+ cells in Pax7+ (or YFP+) cells in Cont, P7, or cKO mice 1–5 weeks after Tm injection.

(C) The expression of Calcr (red) in control primary myoblasts (Mock) or Calcr vector-infected cells (Calcr). Nuclei were stained with DAPI (blue). The graph shows

the frequency of BrdU+ cells when each type of cell was cultured with or without elcatonin (El) for 24 hr. **p < 0.01.

(D and E) The frequency ofMyoD+ cells (D) or fusion index (E) in control (Mock) or Calcr vector-infected cells (Calcr) treatedwith or without elcatonin (El). The graph

shows the percentages of MyoD+ cells or multinuclear cell per total nuclei. Myotubes were stained with anti-a-actinin (red).

(F) Numbers of YFP+ myofibers in YFP (white) or cKO-YFP (black) mice 5 weeks after Tm injection.

(G) Frequency of Pax7+ cells per YFP+ mononuclear cells in YFP (white) or cKO-YFP (black) mice 5 weeks after Tm injection.

(H) Apoptotic cells (caspase+) were measured by FACS in freshly isolated MuSCs derived from Cont (white) or cKO (black) 2 weeks after Tm injection.

(I) Apoptotic cells (TUNEL+) in Ki67+ cells of cKO-MuSC 2 weeks after Tm injection. Arrowheads indicate Ki67+TUNEL+ cells.

(J) A model of calcitonin receptor signaling in a quiescent or undifferentiated state in MuSCs. The number of mice used is shown in each graph.

Scale bars, 50 mm (C–E and I). Values are means ± SE.
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et al. (2003) have identified another calcitonin receptor ligand

named calcitonin receptor-stimulating peptide (CRSP) in the

pig. Although a gene corresponding to CRSP has not been found

in humans and mice, it is possible there is still an unidentified

Calcr ligand that functions in MuSCs.

In addition to coding RNA, non-coding RNA plays essential

roles in stem cells. One non-coding RNA, miRNA, requires

Dicer for its biogenesis. By utilizing conditional Dicer mutant

mice, Cheung et al. (2012) found the loss of the MuSC pool in

Pax7CreERT2/+::Dicerflox/flox mice. They also identified a quiescent

MuSC-specific miRNA, mir-489. Notably, mir-489 is located in

intron 4 of the mouse calcitonin receptor gene, which was not

affected in our mouse construct. Along with mRNA expression

of Calcr, mir-489 also decreased when MuSCs are activated.

Furthermore, Cheung et al. (2012) also identified the target

of mir-489, Dek. In our analyses, mir-489 expression in Calcr

cKO-MuSCs was approximately 40% of that in control MuSCs,

thoughDek expressionwas not changed significantly (Figure S7).

Calcr signaling directly inhibited activation and emergence of

MuSCs from niches ex vivo. Thus, the phenotype of cKO most

likely did not depend on mir-489. Because both Calcr and mir-
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Figure 6. Detection of Interstitial Muscle

Stem Cells in Calcr-Depleted Mice

(A) All YFP+ cells were detected beneath the basal

lamina in control (YFP) mice, but cKO-YFP mice

have YFP+ cells located outside the basal lamina

5 weeks after Tm injection. Arrow indicates inter-

stitial YFP+ cells. Scale bar, 10 mm.

(B) Percentage of interstitial YFP+ cells 1–5 weeks

after Tm injection. The number of mice used is

shown in the graph.

489 are critical regulators, studies on the

transcriptional regulation locus of Calcr

genes will lead to in-depth understanding

of molecular mechanisms in the quies-

cence, activation, and self-renewal of

MuSCs.

In conclusion, we showed that Calcr

plays two roles in sustaining the muscle

stem cell pool, specifically, the regulation

of dormancy and the location of stem

cells. Although there still may be other

Calcr ligands to be discovered, the blood

level of the most potent ligand known,

calcitonin, decreases during aging (Sha-

monki et al., 1980). The expression of

Calcr on osteocytes also disappears

with age (Gooi et al., 2014). In the elderly

population, it is relatively common to

observe sarcopenia, a significant loss of

skeletal muscle mass. Age-related loss

of bone density is also well-known,

specifically in postmenopausal woman,

and Calcr is a treatment target for osteo-

porosis. Calcr itself and its signaling

pathway could become a shared molecu-

lar target in preventing age-related functional decline in the

musculoskeletal system.

EXPERIMENTAL PROCEDURES

Generation of Calcrflox Mice

A conditional knockout vector for Calcitonin receptor (PRPG00131 B F08)

was purchased from KOMP (Knockout Mouse Project: https://www.komp.

org/). ENSMUSE00000136685 (exon 6) and ENSMUSE00000136688 (exon

7) were floxed by the loxP sequence (Figure S1). The linearized targeting

vector was introduced into embryonic stem cells (Fujihara et al., 2013). Col-

onies that had undergone homologous recombination were detected by

PCR analysis with specific primers provided by KOMP. Mice with the calci-

tonin receptor flox allele were generated in our facility. The neomycin

cassette was removed by crossing with CAG-Flip transgenic mice (Rodrı́-

guez et al., 2000).

Mice

Pax7CreERT2/+ (Lepper et al., 2009) andRosa26EYFP/+ (Srinivas et al., 2001) mice

were obtained from Jackson Laboratories. Pax7CreERT2/+ mice were injected

twice (24 hr apart) intraperitoneally with 200–300 ml Tm (20 mg/ml; Sigma-Al-

drich #T5648) dissolved in sunflower seed oil 5% ethanol (Mourikis et al.,

2012). Control mice were also treated with Tm in this study. All procedures

for experimental animals were approved by the Experimental Animal Care
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Figure 7. Calcitonin Receptor Signaling Suppresses Emergence of Muscle Stem Cell from the Niche

(A and B) Isolated single myofibers were cultured with or without elcatonin or each activator (100 mM) for 24 hr in GM (A) and then fixed and stained with anti-YFP

(Rosa26RYFP), Pax7 (C57BL/6), and LN (laminin) (B).

(C) Relative numbers of MuSCs locating outside the LN after culturing with or without elcatonin, dbcAMP (100 mM), 6-Bnz-cAMP (100 mM), or 8-CPT-cAMP

(100 mM) for 24 hr in GM.

(D) Isolated single myofibers were pretreated with or without PKA inhibitor or Epac inhibitor for 1–2 hr. The single myofibers were additionally cultured with or

without elcatonin for 1 hr. After removing each inhibitor and elcatonin, all myofibers were cultured in GM for 24 hr and then fixed and stained with anti-YFP

(Rosa26RYFP), Pax7 (C57BL/6), and LN antibodies.

(E and F) Frequency ofMuSCs locating outside the laminin after culturing with or without elcatonin, PKA inhibitor (E; 20 mM), or Epac inhibitor (F; 10 mM) for 24 hr in

GM. Similar results were obtained by independent experiments.

(G) Isolated single myofibers derived from control (Rosa26RYFP) and cKO (cKO-Rosa26RYFP) mice were cultured in GM for 17–20 hr and then fixed and stained

with anti-YFP and -LN antibodies. The graph indicates the frequency of MuSCs locating outside the laminin in control (Rosa26RYFP) and cKO (cKO-Rosa26RYFP)

mice.

(H) Putative roles of Calcr in muscle stem cells.

The number of mice (C and G) or MuSCs (E and F) analyzed is shown in the graph. **p < 0.01 (C and G).
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and Use Committee at Osaka University. PCR-based genotyping was per-

formed with the DNA using the primers listed in Table S1.

Muscle Injury

Tibialis anterior muscles were damaged by injecting 2.5 ml per g of mouse body

weight of 10 mM CTX (Wako Pure Chemical Industries) in saline. When mono-

nuclear cells were prepared from injured muscles, CTX was injected into tibia-

lis anterior (50 ml), gastrocnemius (150 ml), and quadriceps femoris (100 ml)

muscles.

Real-Time PCR

Total RNA was extracted from sorted or cultured cells using a QIAGEN

RNeasy Mini Kit according to the manufacturer’s instructions (QIAGEN)

and then reverse-transcribed into cDNA using a QuantiTect Reverse Tran-

scription Kit (QIAGEN). Specific forward and reverse primers for optimal

amplification in real-time PCR of reverse transcribed cDNAs are listed in

Table S1.

Muscle Fixation and Histological Analysis

Isolated tibialis anterior muscles were frozen in liquid nitrogen-cooled isopen-

tane (Wako Pure Chemicals Industries). In order to prevent YFP protein leak-

ing, these muscles were fixed in 4% paraformaldehyde (PFA) for 30 min,

immersed sequentially in 10% and 20% sucrose/PBS, and then frozen in iso-

pentane cooled with liquid nitrogen. Transverse cryosections (10 mm) were

stained with H&E.

Immunohistochemistry

For immunohistochemical studies, transverse cryosections (6 mm) were fixed

with 4% PFA for 10 min. After blocking with 5% skim milk, sections were

stained with primary antibodies. Detailed information on antibodies used in

this study is listed in Table S2. In order to block endogenous mouse IgG, a

M.O.M. kit (Vector Laboratories) was used for Pax7 or eMyHC staining. After

the first staining at 4�C overnight, sections were reacted with secondary anti-

bodies (Molecular Probes). The signals were recorded photographically using

a confocal laser scanning microscope system TCS-SP5 (Leica Microsystems)

or a fluorescence microscope BX51 (Olympus) equipped with a DP70 CCD

camera (Olympus).

Preparation and FACS Analyses of Skeletal-Muscle-Derived

Mononuclear Cells

Mononuclear cells from uninjured limb muscles were prepared using 0.2%

collagenase type II (Worthington Biochemical). Mononuclear cells derived

from skeletal muscle were stained with FITC-conjugated anti-CD31, -CD45,

PE-conjugated anti-Sca-1, and biotinylated-SM/C-2.6 (Fukada et al., 2004)

antibodies. Cells were then incubated with streptavidin-labeled allophycocya-

nin (BD Biosciences) on ice for 30 min and resuspended in PBS containing 2%

FBS and 2 mg/ml propidium iodide. Cell sorting was performed using a

FACS Aria II flow cytometer (BD Immunocytometry Systems). In the case of

Rosa26EYFP mice, MuSCs were isolated by YFP fluorescence without any

staining.

Cytospin and Immunocytochemistry

FACS-sorted cells were collected on glass slides by Cytospin (Thermo Fisher

Scientific) and then fixedwith 4%PFA for 10min. Cultured cells were also fixed

with 4% PFA for 10 min. After permeabilization by 0.25% Triton X-100 and

blocking with 5% skim milk, the cells were stained with primary antibodies

at 4�C overnight and then reacted with secondary antibodies (Molecular

Probes).

Cell Culture

MuSCs were cultured in a growth medium (GM) of high-glucose DMEM

([DMEM-HG] Sigma-Aldrich) containing 20%FBS (Cell Culture Bioscience, Ni-

chirei Biosciences), 2.5 ng/ml bFGF (PeproTech), and penicillin (100 U/ml)-

streptomycin (100 mg/ml) (Gibco BRL) on culture dishes coated with Matrigel

(BD Biosciences). Differentiation was induced in differentiation medium

(DM) containing DMEM-HG, 5% horse serum, and penicillin-streptomycin

for 3–4 days.

EdU-Uptake Assay

EdU was detected following the protocol supplied by the manufacturer (Mo-

lecular Probes). Detailed information on reagents used in this study is

described in Supplemental Experimental Procedures.

Single Myofiber Culture and Staining

Single myofibers were isolated from extensor digitorum longus muscles

following the previously described protocol (Rosenblatt et al., 1995) and

cultured for 24 hr in GM without attaching to the culture dish. Fixation and im-

munostaining followed described protocols (Collins-Hooper et al., 2012; Shi-

nin et al., 2009). To capture the 3D structure in single myofiber studies, the

stained myofibers were visualized using a BZ-X700fluorescence microscope

(Keyence).

Detection of Apoptotic Cells

For FACS analyses of apoptotic cells, a Vybrant FAMCaspase-3 and -7 Assay

Kit was used by following the provided protocol (Molecular Probes). Apoptotic

cells were detected immunohistochemically by rhodamine fluorescence using

an ApopTag Red In Situ Apoptosis Detection Kit (Chemicon).

Retroviral Vector Preparation

A full-length C1a-type Calcr cDNA was amplified by real-time PCR, and the

PCR product was sequenced and cloned into a bicistronic retrovirus

construct, pMXs-IRES/GFP (Nosaka et al., 1999), which contains IRES and

therefore simultaneously expresses Calcr and GFP. The viral particles were

prepared as described (Morita et al., 2000).

Quantitation of cAMP

After infection with retroviral vectors, GFP+ C2C12 cells were sorted and

plated on 96-well dishes at a density of 2,000–3,000 cells and cultured for

1 day. Cells were then stimulated with elcatonin (0.1 U/ml) in GM for 3 hr,

and the amount of cAMP in the cells was quantified using a cAMP-Screen Sys-

tem (Applied Biosystems).

Statistics

Values were expressed as means ± SE. Statistical significance was assessed

by Student’s t test. In comparisons of more than two groups, non-repeated-

measures analysis of variance (ANOVA) followed by the Bonferroni test (versus

control) or SNK test (multiple comparisons) were used. A probability of less

than 5% (p < 0.05) or 1% (p < 0.01) was considered statistically significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and two tables and can be found with this article online at

http://dx.doi.org/10.1016/j.celrep.2015.08.083.
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a b s t r a c t

Most human sensory information is gained through eyesight, and integrity of the ocular surface,
including cornea and conjunctiva, is known to be indispensable for good vision. It is believed that severe
damage to corneal epithelial stem cells results in devastating ocular surface disease, and many re-
searchers and scientists have tried to reconstruct the ocular surface using medical and surgical ap-
proaches. Ocular surface reconstruction via regenerative therapy is a newly developed medical field that
promises to be the next generation of therapeutic modalities, based on the use of tissue-specific stem
cells to generate biological substitutes and improve tissue functions. The accomplishment of these ob-
jectives depends on three key factors: stem cells, which have highly proliferative capacities and lon-
gevities; the substrates determining the environmental niche; and growth factors that support them
appropriately. This manuscript describes the diligent development of ocular surface reconstruction using
tissue engineering techniques, both past and present, and discusses and validates their future use for
regenerative therapy in this field.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The concept of an “ocular surface” is widely recognized in the
field of ophthalmology, and our understanding of the role of ocular
surface biology and immunology has been greatly improved by the
numerous research studies carried out in this field (Thoft and
Friend, 1979). Although the normal ocular surface comprises only
1/6 of the outer wall of the eye, it supports several of the eye's
major functions, as it is covered with highly specialized corneal and
conjunctival epithelia, formed by two phenotypically different
types of epithelial cell. Over the past thirty years, several scientific
discoveries such as the identification of corneal epithelial stem
cells, the establishment of novel methods in epithelial culturing
and the understanding of extracellular matrices and growth factors
have enabled a novel surgical approach to treatment of ocular
surface disorders, using regenerative medicine.

Based on tissue engineering, regenerative medicine is a newly
developed area that uses somatic stem cells to generate biological
substitutes and improve tissue functions (Langer and Vacanti,
1993). Success depends on three key factors: stem cells, extracel-
lular matrices and growth factors. A variety of trials are currently in
development, based on the utilization of stem cells and appropriate
substrates to produce substitutes capable of reconstructing
damaged and diseased tissues. In the field of ophthalmology, the
production of tissue organs in vitro shows great promise, especially
with regard to the anterior segment of the eye (Pellegrini et al.,
1997).

Severe ocular surface disease (OSD) due to thermal and chem-
ical burns, Stevens-Johnson syndrome (SJS), ocular cicatricial
pemphigoid (OCP) or other conditions currently poses a serious
clinical challenge for ophthalmologists worldwide. In these cases,
the corneal epithelial stem cells located in the corneal limbus are
destroyed, and coverage of the corneal surface by invading neigh-
boring conjunctival epithelial cells results in neovascularization,
chronic inflammation, ingrowth of fibrous tissue and stromal
scarring. This severely compromises the ocular surface and seri-
ously diminishes visual acuity (Chiou et al., 1998; Kinoshita et al.,
2001; Tseng, 1989). Conventional treatment methods have gener-
ally proved unsatisfactory, and the long-term consequences of
these ocular disorders are devastating. Clinically useful and effec-
tive surgical techniques for ocular surface reconstruction (OSR) are
therefore needed for such patients.

In this present paper, we describe the history, recent advances,
current developments and future challenges relating to OSR in both
its basic science and clinical aspects, as well as providing novel

clinical information for the treatment of severe OSD.

2. Ocular surface reconstruction

The concept of OSR is widely accepted in the field of ophthal-
mology, and our understanding of the role of the ocular surface has
been greatly improved by numerous research studies. Various
surgical procedures have been developed over the past 30 years to
treat and reconstruct severely damaged or diseased ocular surface
epithelia.

2.1. Conjunctival transplantation, keratoepithelioplasty and limbal
transplantation

The concept of OSR was first reported in relation to an autol-
ogous conjunctival transplantation for unilateral chemical injury
in Thoft's description of conjunctival tissue transplantation for
unilaterally affected chemical injuries (Thoft, 1977). The surgery
was performed by removing pathological scarred tissue from a
patient's corneal surface and placing four pieces of conjunctival
autograft taken from the contralateral eye at the limbus in order to
reconstruct the cornea by regenerating conjunctival epithelial
cells from these autografts. Subsequently, Thoft described the
similar surgical technique of keratoepithelioplasty (Thoft, 1984),
which employed a different tissue source (donor corneal lenti-
cules) to regenerate corneal epithelial cells. Although the concept
of corneal epithelial stem cells was not established at that time,
the cell-level biological differences between regenerated corneal
and conjunctival epithelia were known. Over time, keratoepithe-
lioplasty has gradually gained acceptance despite initial disputes
among researchers because it is a form of epithelial allograft
(Kaufman, 1984). In fact, keratoepithelioplasty has proved to be
dramatically effective in treating peripheral corneal ulcers,
including Mooren's ulcer (Kinoshita et al., 1991), supplying both a
regenerated corneal epithelium and an appropriate corneal sub-
strate for inhibiting conjunctival invasion onto the cornea. Sun's
group proposed the corneal limbal stem cell concept (Schermer
et al., 1986), which had a tremendous impact on the develop-
ment of keratoepithelioplasty, leading to autologous limbal
transplantation (LT) (Kenyon and Tseng, 1989). Tsai and Tseng
then introduced allogenic LT, aimed at achieving a permanent
lifespan for regenerated corneal epithelium by means of stem cell
transplantation, although intensive immunosuppressive therapy
was also needed (Tsai and Tseng, 1994). These surgical procedures
are classed as “cellular surgery”da form of primitive regenerative
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medicinedas they are a form of in vivo expansion of corneal
epithelial cells. Significantly, Kim and Tseng subsequently re-
ported that amniotic membrane (AM) transplantation was
capable of inhibiting pathological subepithelial scarring in OSR
(Kim and Tseng, 1995). Since that time, AM transplantation com-
bined with limbal allografts has been used to treat certain chal-
lenging occurrences of severe OSD (Tsubota et al., 1996).

2.2. Cultivated limbal epithelial transplantation (CLET)

While corneal epithelial transplantations (including keratoe-
pithelioplasty and LT) have indisputably contributed to improved
clinical outcomes for OSR in a range of clinical situations, an
autologous LT needs quite a large section of limbal tissue from the
healthy eye and cannot be applied if the disease is bilateral. In
order to improve the surgical results of OSR for severe OSD, CLET
needs to be developed in vitro from a small portion of limbal
epithelium (Fig. 1).

2.2.1. The history of creating corneal epithelial sheets
In the initial stages of OSR during the 1980s, at least two

investigative approaches were adopted in attempting to create an
epithelial sheet. One was the direct sampling of corneal epithelial
sheets, using dispase and gentle mechanical treatment. In rabbit
experiments, the corneal epithelial sheet, taken directly from the
in vivo cornea, attached itself to the corneal stroma but peeled away
easily during lid movement, making it quite difficult to preserve the
corneal surfaces (Gipson and Grill, 1982).

A second approach was to develop a cultivated epithelial cell
sheet. In dermatological research, Green successfully established a
procedure for cultivating epidermal cell sheets (Rheinwald and
Green, 1975), focusing particular attention on the tissue-
engineered cultivated corneal epithelial cell sheet. The cultivation

of corneal epithelial cells on the scraped rabbit corneal stroma was
examined by Friend et al. (1982), and several other substrates, such
as collagen matrix and hydrogel coated with fibronectin, were also
investigated in developing this procedure (Kobayashi and Ikada,
1991; Minami et al., 1993). However, until 1997, there were no
clinical reports regarding the success of OSR using the cultivated
corneal epithelial cell sheets, probably because of the poor under-
standing of surrounding corneal epithelial stem cell cultivation
and/or its proper substrate. Some groups tried to reconstruct all
three layers of corneal tissueda “corneal equivalent”dusing cell-
lines arranged by natural and synthetic polymers (Griffith et al.,
1999). This kind of corneal equivalent is now available for use in
testing experimental drug toxicity and efficacy but not for clinical
use (because of the use of immortalized cell lines).

2.2.2. Development of CLET
From the mid-1990s, attention has focused on the development

of regenerative corneal epithelial cell therapy using tissue-
engineered techniques as a new approach to OSR. The first suc-
cessful OSR procedure using autologous CLET for patients with
unilateral OSD was reported by Pellegrini et al. (Pellegrini et al.,
1997). They developed a surgical method to reconstruct stratified
corneal epithelial cell sheets on petrolatum gauze or a soft contact
lens as carrier, treating two patients. It seems likely that their
success can be accounted for by their adoption of a well-recognized
epidermal keratinocyte-culturing method, including the use of
mouse-derived 3T3 feeder layers to maintain epithelial stem cells.
Since then, scientists worldwide have sought to devise novel and
better methods for OSR. Again, in considering reconstruction of the
ocular surface, the three key elements are the cell source and its
proper substrate and growth factors. Following establishment of a
suitable substrate, many researchers investigated the use of AM,
fibrin and a temperature-responsive culture dish as carrier

Fig. 1. Conceptual diagram of OSR via regenerative therapy. For patients with unilateral severe OSD, autologous corneal limbal epithelial cells from a biopsy of the uninjured eye
(dashed circle) are used for cell culturing. For patients with bilateral severe OSD, allogenic cell sources (donor cornea or autologous oral mucosa) are used for cell culturing. The
resultant cell suspensions were seeded onto the proper substrate under appropriate in vitro conditions. Finally, we successfully tissue-engineered the cultured sheet and trans-
planted it to the diseased corneal surface.
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(Koizumi et al., 2000a; Nishida et al., 2004a; Rama et al., 2001; Tsai
et al., 2000). From a clinical perspective, AM can serve not only as a
proper epithelial carrier but also as a healthy substrate to cover a
damaged ocular surface; the success of CLET using AM has been
reported by a majority of groups worldwide (Baylis et al., 2011;
Zhao and Ma, 2015). In addition, Sangwan has recently reported a
novel surgical technique that combines AM transplantation and
cultivation of small limbal explant with fibrin glue (Sangwan et al.,
2012).

2.2.3. Clinical outcomes of autologous CLET
The ideal therapy for unilateral severe OSDdas caused, for

instance, by thermal and chemical burnsdis the use of autologous
cultivated limbal epithelial sheets, with harvesting of much smaller
pieces of limbal biopsy to prevent damage to the healthy or unin-
jured eye. With this in mind, several researchers have reported the
successful use of autologous CLET for OSR (Grueterich et al., 2002;
Nakamura et al., 2004b; Sangwan et al., 2003; Schwab et al., 2000;
Tsai et al., 2000). These initial reports offer hope to patients with
unilateral lesions or severe ocular surface damage. Long-term
clinical assessment of autologous CLET was reported by Rama
(Rama et al., 2010), confirming that autologous cultivated limbal
stem cells represent an adequate long-term source for tissue-
engineered transplants; clinical results reported success at up to
10 years in more than 75% of the patients treated. Importantly, this
demonstrates the relationship between clinical results and the

percentage of p63 (þ) cells in cultivated graft. (Cultures in which
p63-bright cells accounted for more than 3% of the total number of
clonogenic cells were associated with successful transplantation in
78% of patients. In contrast, cultures inwhich such cells made up 3%
or less of the total number of cells were associated with successful
transplantation in only 11% of patients). In our long-term clinical
cases (mean period 48 months; longest follow-up period 80
months), autologous CLET successfully reconstructed the corneal
surface, but all cases showed varying degrees of mild superficial
conjunctivalization extending from the limbal region (Fig. 2). These
long-term clinical results strongly support the conclusion that
tissue-engineered autologous CLET can be useful for reconstructing
the ocular surface in cases of unilateral severe OSD. We further
posit that the cultivation of limbal epithelial cells harvested from
much smaller specimens is possible but difficult to achieve using
conventional culturing techniques; these must be further devel-
oped to produce a sufficiently stratified epithelium that will
hopefully include limbal stem cells.

2.2.4. Clinical outcomes of allogenic CLET
Although autologous CLET is the safest and most reliable pro-

cedure, bilaterally affected severe OSD cannot be treated by this
means. In order to treat these bilateral cases, we have developed
allogeneic CLET, using AM as a culture substrate (Kinoshita et al.,
2004; Koizumi et al., 2001a). While acute-phase patients with
persistent epithelial defects received allogeneic CLET for the

Fig. 2. Representative long-term clinical results of autologous CLET in patient with chemical injury. (A) Before transplantation, the eye manifested severe destruction of the
ocular surface, with conjunctivalization and neovascularization. Postoperative appearance at 1 year (B), 5 years (C, D) and 7 years (E, F) shows a relatively smooth, epithelialized
corneal surface with minimal corneal scarring and inflammation. During long-term follow-up, varying degrees of mild peripheral conjunctivalization were observed (D, F;
white arrows).
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purpose of covering the corneal surface and reducing ocular surface
inflammation, chronic-phase patients received CLET to improve
visual acuity. We have transplanted allogeneic cultivated corneal
limbal epithelial cells in 39 eyes of 36 patients with severe OSD,
including acute and chronic phases of SJS, OCP and thermal and
chemical injuries (Fig. 3). During the postoperative 1e3 years, most
of the transplanted sheets successfully survived on the ocular sur-
faces and maintained their transparency with the aid of immuno-
suppressive treatments.

It is worth noting that, in acute-phase patients, the severe pre-
operative ocular surface inflammation that had not been
controlled by conventional treatments decreased rapidly post
transplantation (Koizumi et al., 2001b); in chronic-phase patients,
long-term visual outcome and epithelial stability varied. In a case
of severe chemical injury, the transplanted corneal epithelial
sheet was found to be transparent and stable as much as 10 years
after transplantation, with only minimal conjunctival inflamma-
tion during the follow-up period. On the other hand, in SJS pa-
tients, mild to moderate ocular surface inflammation and
subsequent rejection occurred after allogeneic CLET. While sub-
conjunctival fibrosis had not progressed in SJS, conjunctival
scarring (symblepharon and shortening of the conjunctival fornix)
had progressed in OCP. Our clinical observations confirmed that
the phenotypes of transplanted cells gradually changed from
donor to host epithelial cells over a couple of years, but sub-
epithelial scarring and neovascularization did not progress. This
phenomenon can be explained as a mild rejection of the trans-
planted corneal epithelial cells. For that reason, we strongly
believe that postoperative management, especially immunosup-
pressive therapy, is critical in ensuring survival of the trans-
planted graft. Although graft survival was brief in some chronic
cases, the ocular surface maintained its transparency and patients
gained better visual function in comparison to their condition
before surgery. Importantly, it was noted that the rejected culti-
vated transplants were easily removed from patients' ocular sur-
faces at the time of second surgery, and the exposed corneal
stroma were found to be fairly transparent, with fewer scarring

changes (Nakamura et al., 2003c).

2.2.5. Phenotypic investigation of allogenic CLET
Although our clinical assessments of allogenic CLET yielded

favorable outcomes from the perspective of corneal stabilization,
long-term phenotypic analyses of allogenic corneal epithelial
transplants to the ocular surface would be required to confirm the
direct evidence of graft survival. To this end, we compared our
clinical observations with the results of long-term cell biological
phenotype analysis of allogeneic CLET (Nakamura et al., 2010)
(Fig. 4). In that report, we noted that, in clinical conjunctival
phenotypic grafts, the transplanted cells were gradually replaced
by surrounding conjunctival epithelial cells. In contrast, clinical
corneal phenotypic grafts demonstrated that transplanted cells
could indeed survive for a long period of time. Those findings have
valuable clinical implications and provide novel information on
allogeneic CLET, suggesting reasons for the phenotypic diversities
of these grafts.

2.3. Cultivated oral mucosal epithelial transplantation (COMET)

As severe OSD is mostly bilateral, ophthalmologists worldwide
have no choice but to select allogeneic LT or CLET, resulting in
intensive and prolonged postoperative immunosuppressive ther-
apy. These drawbacks have led us to examine whether the ocular
surface could be reconstructed by using an autologous mucosal
epithelium of non-ocular surface origin. In so doing, we (and other
groups) have developed COMET as a substitute for corneal epithe-
lial cells (Nakamura et al., 2003a, 2004a; Nakamura and Kinoshita,
2003; Nishida et al., 2004b).

2.3.1. Development of COMET
In the past, several groups have investigated the possibility of

using oral mucosa for OSR. Ballen used oral mucosal grafts that
included both epithelial and subepithelial tissues in both human
and rabbit eyes, finding that they vascularized heavily with early
fibrosis (Ballen, 1963). Gipson et al. transplanted oral mucosal

Fig. 3. Representative clinical results of allogenic CLET in patient with chronic (A, B) and acute (C, D) phase of chemical injury. Before transplantation, the eyes manifested con-
junctivalization with corneal scarring (A) and persistent epithelial defects surrounded by inflammatory subconjunctival fibrosis (C). At 6 years (B) and 2 years (D) post-
transplantation, the ocular surface was stable, without epithelial defects. Modified with permission from Kinoshita et al. (2004).
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epithelial cells freed by Dispase II treatment of underlying con-
nective tissue onto the rabbit ocular surface (Gipson et al., 1986).
They reported that it was feasible to transplant in vivo oral mucosal
epithelium to corneal-limbal areas but that it was not maintained
in central corneal regions. By general consensus, the character of
epithelial cell is thought to depend on the underlying substrate, and
AM is a good substrate for cultivating mucosal epithelium (Fig. 5).
Based on these considerations, we first propose that oral mucosal
epithelial cells cultivated on AM may be able to differentiate into
cornea-like epithelial cells under cell culture conditions (Nakamura
et al., 2003a; Nakamura and Kinoshita, 2003). After intensive in-
vestigations, we successfully generated a well-stratified and
differentiated rabbit and human cultivated oral mucosal epithelial
sheet that appeared very similar to normal in vivo corneal epithe-
lium, successfully performing autologous transplantation of these
cells onto rabbit corneas (Fig. 5). These results demonstrate that
human cultivated oral mucosal epithelial sheets can function as an
ocular surface epithelium and that COMET is a feasible method of
OSR.

2.3.2. Clinical outcomes of autologous COMET
In light of these experimental results, this method was initially

applied to six eyes of four patients with severe OSD, and the ocular
surfaces were successfully reconstructed (Nakamura et al., 2004a)
(Fig. 6). During follow-up (13.8 ± 2.9 months), visual acuity showed
improvement in all eyes, and the ocular surface remained stable.
Although all eyes showed peripheral neovascularization with
epithelial thickening, use of this novel tissue-engineering tech-
nique generated from autologous oral mucosa avoids the need to
administer intensive and prolonged immunosuppressive therapy,
so reducing the risk of postoperative complications.

We reported long-term clinical data on 19 eyes that received
COMET (mean follow-up period 55 months; longest follow-up
period 90 months) (Nakamura et al., 2011) (Fig. 6). The study
included 19 eyes of 17 patients in the chronic phase of severe
OSD; clinical results were evaluated and graded on a scale ac-
cording to severity (Sotozono et al., 2007). Clinical safety was
evaluated in cases of persistent epithelial defect (PED), ocular
hypertension and infections. During follow-up, best-corrected
visual acuity was improved in 18 eyes (95%), and visual acuity at
the postoperative 36th month was improved in 10 eyes (53%).
During the follow-up period, clinical conjunctivalization was
significantly inhibited, and corneal opacification tended to
improve. All eyes showed various degrees of superficial corneal
vascularization, but this gradually reduced, and its activity was
comparatively stable from 6 months after surgery. Symblepharon
formation was also significantly inhibited; 7 of the 19 eyes
showed PED at least once during the long-term follow-up. Ocular
hypertension was observed in a total of 3 eyes. Corneal infection
was observed mainly within 6 months after transplantation, and
methicillin-resistant staphylococcus aureus was found to be the
only cause of infection. Most recently, in order to clarify the
effectiveness, disease-specific results and safety of COMET, all of
the clinical data of all 72 patients treated with COMET since 2002
were analyzed (Sotozono et al., 2013). The findings of this retro-
spective study confirmed that long-term visual improvement can
be obtained in end-stage severe OSDs, and that COMET offered
substantial visual improvement even for patients with severe tear
deficiency. The findings also showed that patients with corneal
blindness resulting from severe OSDs such as SJS benefited from
critical improvement of visual acuity. It was concluded that
COMET is a safe and effective treatment for improvement of the

Fig. 4. Representative slit-lamp photographs after allogenic CLET in patient with SJS. Slit-lamp examination revealed that the upper part of the corneal surface was apparently
covered with conjunctiva (A; white circle E). However, slit-lamp examination revealed that the lower-nasal part of the corneal surface was still transparent (A; white circle F).
Fluorescein staining showed a comparatively clear demarcation between corneal and conjunctival phenotypes (B). The corneal phenotype area showed comparatively smooth
epithelium with no fluorescein staining (B; white circle H), but the conjunctival phenotype area revealed light and stippled staining with fluorescein. (B; white circle G). The cross-
section of white circle E disclosed 5 to 6 stratified layers of conjunctival-like epithelial cells and also included goblet-cell-like cells (black arrows) (C). Cross-section of white circle F
showed 5 to 6 stratified cell layers and cornea-like epithelial cells (D). Scale bars: C, D ¼ 50 mm. Modified with permission from Nakamura et al. (2010).
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visual prognosis of patients with severe OSD and that preexisting
neovascularization and symblepharon were the prognostic fac-
tors. Because we have not precisely determined the clinical
advantage and disadvantages of CLET and COMET, further clinical
comparison of CLET and COMET is needed to develop a future
clinical protocol for severe OSD.

In addition, Nishida et al. reported the success of OSR using
carrier-free cultivated oral mucosal epithelial sheet in patients with
severe OSD (Nishida et al., 2004b), but its long-term clinical out-
comes are as yet unknown. Satake et al. reported that trans-
plantation of cultivated oral mucosal epithelial sheets is a reliable
procedure for reconstruction of a stable ocular surface (Satake et al.,
2011). They also demonstrated that, during long-term follow-up,
epithelialization of the corneal surface is very important both for
obtaining a reliable long-term clinical results and in achieving a
lower incidence of postoperative complications. In our own work,
COMET was found to enable sustained reconstruction of the ocular
surface epithelium in patients with severe OSD; management of
postoperative PED and neovascularization may further increase the
clinical efficacy of this type of surgery.

2.3.3. Phenotypic investigation of autologous COMET
Although our long-term clinical assessments of autologous

COMET have yielded favorable results from the perspective of
ocular surface stabilization, longevity and phenotypic analyses of
cultivated oral mucosal epithelial sheets on the corneal surface are
still required. As the effects of failed and successful grafts on the
corneal surface remained unknown, we compared our clinical ob-
servations with the results of long-term cellular phenotype analysis
of autologous COMET (Nakamura et al., 2007b) (Fig. 7). Our clinical,

ultrastructural and cell biological examinations showed that the
process of graft failure after COMET was responsible for the loss of
transplanted cultivated oral mucosal epithelial sheets, and that this
is followed by invasion of the corneal surface by the surrounding
conjunctival epithelial cells. In the clinically successful transplanted
eyes, transplanted cultivated oral epithelial cells survived and were
found to have adapted well to the host corneal tissues (keratin 3
[þ], Muc5ac [-]); there was no infiltration by inflammatory cells,
nor was there any dissolution of the AM substrate. Based on our
immunohistochemical results alone, we cannot determinewhether
cultivated oral epithelial cells can transdifferentiate into the corneal
cell lineage. In addition, for successful COMET, it is essential to
involve oral mucosal epithelial stem/progenitor cells in the culti-
vated sheet if long-term graft survival is to be expected. We pre-
viously reported that p75 was exclusively expressed in the basal
cell layer of both the tips of the papillae and the deep rete ridges,
and that these immunostaining patterns suggested a cluster orga-
nization (Nakamura et al., 2007a). Thus, we demonstrated that p75
may represent a novel marker for oral keratinocyte stem cell-
containing populations. Unfortunately, we have yet to examine
how many p75 (þ) cells are involved in the transplanted graft, so
further clinical study using the proper validation of the trans-
planted graft is needed to clarify this point. Studies are currently
underway in our laboratory to shed further light on this observa-
tion. Our findings have valuable basic and clinical implications and
provide useful insights into the mechanisms of both graft failure
and graft survival after COMET.

2.3.4. Surgical variations
Severe OSD is sometimes accompanied by severe corneal

Fig. 5. Development of COMET. (A) The rabbit-cultivated oral mucosal epithelial sheet on AM had 4 to 5 layers of stratified, well-differentiated cells and appeared very similar to
normal corneal epithelium. The apical surface of the cells was covered with numerous microvilli (B). In the superficial cell layer, what appeared to be tight junctions were evident
between neighboring cells (C, arrow). The apical surface of the most superficial cells was covered with a glycocalyx-like material (D, arrow). The cultivated epithelial cells had
numerous desmosomal junctions (E, arrows) and were attached to a basement membrane with hemi-desmosomes (F, Arrows). (G) Representative slit-lamp photographs of rabbit
eye taken before transplantation and 10 days after transplantation (H). Before transplantation, the eye had total limbal stem cell destruction (G). Ten days after surgery, the corneal
surface of the rabbit eye was covered with clear cultivated oral mucosal epithelium (H). The transplanted grafts adhered well to the host corneal stroma, with no evidence of
subepithelial cell infiltration or stromal oedema (I). Modified with permission from Kinoshita et al. (2004), Nakamura et al. (2003).

T. Nakamura et al. / Progress in Retinal and Eye Research 51 (2016) 187e207 193



stromal opacity and scarring. PKP without epithelial trans-
plantation certainly results in PED because of the limited lifespan of
the corneal epithelium in patients with severe OSD. To improve the
clinical outcome of these patients, their reconstructed cornea must
be provided with a more stable epithelial supply such as cultivated
epithelial stem/progenitor cell transplantation. Based on these
findings, we proposed a two-step surgical strategy that apples a
combination of COMETand PKP (Inatomi et al., 2006) (Fig. 8). In this
procedure, PKP was performed around 6 months after the initial
COMET; the ocular surface was found to be stable, and the donor
cornea remained transparent after COMET. These clinical findings
suggested that this surgical treatment may be useful for mainte-
nance of the reconstructed ocular surface by providing cultivated
oral mucosal epithelial stem/progenitor cells around the corneal
graft.

Varying degrees of symblepharon formation (conjunctival
shortening) and entropion frequently occur in patients with se-
vere OSD. The resultant abnormal eyelid can often exacerbate
severe OSD, as eyelid margin rotation or structural abnormalities
disturb corneal wetting. Malfunction of the conjunctival fornix as
a result of symblepharon formation can cause severe OSD such as

dry eye, resulting from cicatricial entropion and restriction of
ocular motility, making it necessary to reconstruct not only the
ocular surface but also the eyelid formation in these patients. In
previously reported clinical results of using the combination of
COMETand eyelid surgery (Takeda et al., 2011), the ocular surfaces
were successfully reconstructed with COMET and eyelid surgery
in all 3 patients, with no serious complications during surgery
(Fig. 8). The results of this clinical trial demonstrate that the
combined procedure of COMET and eyelid surgery is a useful
approach for treatment of severe OSD with associated eyelid
abnormality.

In our clinical trials, COMET was used in two different trans-
plantation scenarios: to reconstruct the corneal surface of a se-
vere case of OSD, and to reconstruct the conjunctival fornix in
patients with severe OSD-related symblepharon formation. In
our clinical work, COMET was also used to reconstruct the
conjunctival fornix and proved successful in treating severe OSD
(Fig. 8). However, abnormal postoperative fibrovascular prolif-
eration caused by primary severe OSD (SJS and OCP) must be
considered in detail, as this remains critical to the long-term
clinical prognosis.

Fig. 6. Clinical outcomes of autologous COMET. Representative slit-lamp photographs taken before transplantation without (A) and with fluorescein (C) in patients with acute phase
of chemical burn. Before transplantation, the eye manifested persistent epithelial defects surrounded by inflammatory subconjunctival fibrosis. The photographs were taken 17
months after transplantation without (B) and with fluorescein (D). The ocular surface was covered with transplanted cells and was stable without defects. (E, F) Long-term clinical
progress of representative patient with severe OSD arising from SJS. Before transplantation, all eyes manifested severe destruction of the ocular surface with limbal stem cell
deficiency (E). Postoperative appearance at 50 (F) months shows a relatively smooth, epithelialized corneal surface with minimal corneal neovascularization, scarring and
inflammation. Modified with permission from Nakamura et al. (2004a), Nakamura et al. (2011).
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2.4. Recent pre-clinical trial

In view of these clinical trials, tissue-engineered CLET and
COMET currently stand as established methods in the field of
OSR. In an aim to further improve these surgical procedures,
many groups worldwide have tried to develop treatments that
use novel cell sources such as embryonic stem cells (Homma
et al., 2004), mesenchymal stem cells (Ma et al., 2006),
epidermal stem cells (Yang et al., 2008), immature dental-pulp
stem cells (Monteiro et al., 2009), hair follicle bulge-derived
stem cells (Meyer-Blazejewska et al., 2011) and umbilical cord
stem cells (Reza et al., 2011). Most recently, we reported an
attempt to overcome the problems of treating severe OSD with
the most severe dry eye by transplanting a tissue-engineered
cultivated nasal mucosal epithelial cell sheet to supply func-
tional goblet cells and to stabilize and reconstruct the ocular
surface (Kobayashi et al., 2015). This study represents a first step
towards evaluating the use of tissue-engineered goblet cell
transplantation of non-ocular surface origin for OSR. As a result
of translational research and developments in the field of

regenerative medicine for OSR, innovative advances have been
made in the basic understanding and development of new
therapeutic modalities such as the transplantation of tissue-
engineered cultivated epithelial stem cell sheets. We strongly
believe that an understanding of stem cell biology is crucial in
developing the next generation of OSR, and we are hopeful that
our efforts will enable treatment of all currently intractable
forms of severe OSD.

3. Stem cells

It is generally believed that stem cells are critical for supplying
and maintaining homeostasis within tissues or organs and for
regenerating damaged tissues or organs. Based on previous studies,
criteria for epithelial stem cells provide that they are relatively
undifferentiated both biologically and morphologically, possess a
high capacity for long-term self-renewal, are stimulated to prolif-
erate in response to external stimuli and are usually located inwell-
protected, highly vascularized and innervated areas (Hall andWatt,
1989; Lajtha,1979; Lavker and Sun,1982; Leblond,1981; Potten and

Fig. 7. Representative illustrations of samples from failed and successful COMET grafts. (A, C) 16 months after COMET, recurrent, small, persistent epithelial defects developed in a
patient with SJS. (E) In cross-section, most areas showed 2 to 5 stratified layers and disorganized epithelium; microscopically, the AM substrate could not be observed. (B, D) Slit-
lamp examination showed that the ocular surface was successfully reconstructed by COMET in a patient with chemical injury. Although in the successfully treated eye the ocular
surface was stable and uniform and free of inflammation after initial transplantation, severe preoperative corneal stromal opacity that strongly affected these patients' visual acuity
led us to perform PKP. (F) Microscopically, most areas contained 5 to 6 stratified layers of cells and cornea-like (cultivated oral mucosal epithelial sheet) epithelial cells on AM
substrate (arrows) (original magnification: �200). Modified with permission from Nakamura et al. (2007b).
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Loeffler, 1990). In relation to OSR, many scientists worldwide have
been examining the molecular mechanism of corneal stem cells in
order to better understand the role of corneal homeostasis, as well
as to elucidate the most useful approach to OSR. In clinical situa-
tions, the quality of a tissue-engineered transplant is known to be
the key to success, and the selection of a large number of highly
proliferating stem/progenitor cells enhances the reproducibility,
quality and longevity of these transplants. It follows that basic
understanding of corneal epithelial stem cells is of importance for
the development and clinical evaluation of OSR.

3.1. Concept of corneal epithelial stem cell

3.1.1. XYZ hypothesis
As with other tissues and organs, the corneal epithelium must

be maintained by corneal epithelial stem cells. The mechanism of
corneal epithelial maintenance was first proposed as the XYZ hy-
pothesis by Thoft et al. (Thoft and Friend, 1983). Describing as X the
proliferation of corneal basal epithelial cells, the centripetal
movement of peripheral cells as Y and the epithelial cell loss from
the cell surface as Z, maintenance of the corneal epithelium can be
defined by the equation: X þ Y ¼ Z. This clearly states that if the
corneal epithelium is to be maintained, cell loss must be arranged
by cell replacement. Using this hypothesis, it is possible to classify
both diseases and treatments according to the specific component
involved. Examining the X, Y and Z variables led to the limbal stem
cell theory and to new insights into the pathogenesis and treatment
of severe OSD.

3.1.2. Limbal stem cell theory
The presumed location of corneal epithelial stem cells in the

limbus was first reported by Schermer et al., using a rabbit model
(Schermer et al., 1986). Based on the cornea-specific keratin
expression pattern, they proposed that corneal epithelial stem cells
are located in the limbal regions, and that corneal basal cells
correspond to “transient amplifying cells” in the diagram of “stem
cells ~ transient amplifying cells ~ terminally differentiated cells”.
Subsequently, using 3H-thymidine labeling in mice, Cotsarelis et al.
reported that label-retaining, slow-cycling cells are located only in
the limbal region and that no such cells can be observed in the
central corneal epithelium, suggesting that corneal epithelial stem
cells are located in the limbus (Cotsarelis et al., 1989). The results of
these cutting-edge investigations led to the advancement of limbal
stem cell theory in understanding the pathogenesis of severe OSD
and to clinical applications for OSR. However, wemust exercise care
in interpreting those results because the concept of “limbal stem
cells” somehow differs from embryonic stem cells, induced
pluripotent stem cells, hematopoietic stem cells and neural stem
cells. In addition, although extensive experiments have been per-
formed to test limbal stem cell theory, there is as yet no direct
evidence that human corneal epithelial stem cells are located only
in the limbal regions. While we completely agree that the limbus is
an important area in the maintenance of corneal homeostasis, it is
not impossible that a population of corneal stem cells may exist in
the peripheral or central cornea, in much the same way as pe-
ripheral blood contains some stem cells. For that reason, contin-
uous careful observation and direct examination will be needed to

Fig. 8. (AeC) OSR with combination of COMET and PKP in patients with SJS. (A) Preoperative total conjunctivalization with severe symblepharon and partial parakeratinization. (B)
Twomonths after initial COMET surgery. (C) Three months after PKP with cataract surgery. (D, E) Conjunctival fornix reconstructionwith COMET in patients with idiopathic OSD. (D)
Preoperative total conjunctivalization with severe symblepharon. (E) Six months after COMET, conjunctival fornix was successfully reconstructed. Modified with permission from
Inatomi et al. (2006). (F, G) Representative illustrations of OSR using the combination of COMET and eyelid surgery in patients with thermal injury. (F) Preoperatively, there was
persistent epithelial defect (PED), symblepharon and scarred entropion of the upper-eyelid. (G) Fifty months after surgery, the ocular surfaces were successfully reconstructed with
COMET and eyelid surgery. Modified with permission from Takeda et al. (2011).
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establish a proper understanding of limbal stem cell theory. The
subject was well summarized and discussed in the excellent recent
review (West et al., 2015).

3.1.3. Oligopotent stem cells
This well-established limbal stem cell theory presented chal-

lenges in discussing the location of the corneal epithelial stem
cells. Using mouse models, Majo et al. demonstrated that central
corneal epithelium could be serially transplanted for a long period
of time, with capability for multipotential differentiation and
unlimited cellular proliferation, implying that corneal epithelial
stem cells were located not only in the limbal region but also in
the central cornea (Majo et al., 2008). It is now known that the
limbal region is not only the niche for corneal epithelial stem cells.
Kawakita et al. reported that the central corneal epithelium can
maintain itself when separated from the limbus in rabbits
(Kawakita et al., 2011), and Chang et al. also showed that both
human limbal and central corneal epithelial cells are capable of
forming spheres in cultures that have stem cell properties (Chang
et al., 2011). In examining this hypothesis, we found that the
cornea still maintained its transparency six months after periph-
eral corneal and limbal epithelial ablation in rabbits, without
inflammation and conjunctivalization (Fig. 9). Additionally, Bi
et al. recently reported that human central corneal epithelial cells
have in vivo self-healing ability under pathological conditions
without support from limbal stem cells (Bi et al., 2013). While
these findings require further detailed scrutiny, they may yet lead
to reconsideration of the concept of corneal epithelial stem cells
and of the cell source for OSR.

3.2. Candidate limbal stem cell markers

In terms both of basic knowledge and clinical practice, many
scientists worldwide have been investigating the molecular
marker for cornea epithelial stem cells in order to better under-
stand the physiological maintenance of the cornea, and to identify
the most useful tools for OSR. In the clinical setting, the quality
and longevity of the cultivated epithelial transplant is known to be
the key to success, and the manipulation of a large number of
highly proliferating stem/progenitor cells using cell biological
markers promotes the longevity of these transplants. Many pu-
tative corneal epithelial stem cell markers (e.g. p63, ABCG2,
Integrin a9, Keratin 15, N-cadherin, NGF/TrkA, Integrin a6/CD71,
Hes1, p75, Nectin 3, Importin 13, Nucleostemin, CD38/157, Lrig1,
ABCB5, WNT7A) have been reported worldwide (Di Girolamo
et al., 2008; Hayashi et al., 2008, 2007; Horenstein et al., 2009;
Kawashima et al., 2009; Ksander et al., 2014; Kusanagi et al.,
2009; Nakamura et al., 2014, 2008a; Ouyang et al., 2014;
Pajoohesh-Ganji et al., 2006; Pellegrini et al., 2001; Qi et al.,
2008; Wang et al., 2009; Watanabe et al., 2004; Yoshida et al.,
2006) (Fig. 10). We posit that, in our work, most of these stem cell
markers were expressed not only in the limbal region but also in
the conjunctival basal cells. In that light, the appropriate corneal
epithelial stem cell markers for use in OSR remain in need of
further detailed investigation. We further consider that the cur-
rent process for isolating cells must severely damage the cell's
potential. In order to select the large number of stem cells needed
for manipulation of the cultured sheet, innovative tissue-
engineered technology is required. This important issue is seen

Fig. 9. Representative slit-lamp photographs of peripheral and limbal epithelial ablation in rabbits with or without fluorescein. (A, B) Immediately after ablation, fluorescein
staining was clearly observed in all peripheral and limbal areas. (C, D) 6 months after ablation, cornea still maintained its transparency without inflammation or neovascularization.
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as the first step towards the next generation of OSR using real
corneal epithelial stem cells.

3.3. Single cell-based clonal analysis

It has been reported that one of the characteristics of epithelial
stem cells is their greater proliferative capacity as compared to
differentiated cells, using in vitro colony-forming efficiency assay
from single cell. By means of this assay, Barrandon et al. previously
reported the existence of three types of epidermal keratinocytes
with different self-renewal capacities (Barrandon and Green, 1987).
While holoclones (stem cells) have the highest reproductive ca-
pacity, in paraclones (transient amplifying cells), terminal differ-
entiation is observed within a few generations (Fig. 11). Similar
observations have subsequently been reported for the ocular sur-
face epithelium (cornea and conjunctiva) (Pellegrini et al., 1999).
They demonstrated that corneal epithelial stem cells are segregated
in the limbal region while conjunctival epithelial stem cells are
uniformly distributed in bulbar and fornical conjunctiva. We also
reported that holoclone-type stem cells, previously identified in the
skin and the ocular surface, were present in human oral mucosal
epithelium, and that the low-affinity neurotrophin receptor p75 is a
potential marker of oral keratinocyte stem/progenitor cells

(Nakamura et al., 2007a).

3.3.1. Gene expression profiling of holoclone-type stem cells
In seeking an insight into the molecular mechanism of the

human corneal epithelial stem cell, the gene expression profile
of corneal epithelium was first reported by Nishida et al.
(Kinoshita et al., 2001; Nishida et al., 1996). Subsequently, several
groups conducted investigations using up-to-date experimental
procedures such as microarray and deep RNA sequencing (Bath
et al., 2013; Figueira et al., 2007; Kulkarni et al., 2010; Nakatsu
et al., 2013; Takacs et al., 2011; Utheim et al., 2009). However, the
molecular mechanism and gene expression profile of holoclone-
type corneal epithelial stem cells remain entirely unknown. In or-
der to gain better understanding of the molecular mechanisms
responsible for corneal homeostasis, we performed gene expres-
sion profiling of holoclone-type human corneal epithelial stem
cells, using DNA chip analysis (Nakamura et al., 2014) (Table 1).
Among the up-regulated genes in this assay, we focused on Lrig1
for further investigation because of its unique expression pattern in
the ocular surface epithelium.

Lrig1 is a transmembrane glycoprotein, recently reported as a
potential master regulator of epidermal and intestinal epithelial
stem cells (Jensen andWatt, 2006; Powell et al., 2012; Suzuki et al.,

Fig. 10. Expression of proposed corneal epithelial stem cell markers. Immunohistochemistry for p63(A), Keratin 15(B), Hes1(C), N-cadherin(D), Lrig1(E) and TrkA(F) in human limbal
region. Each marker (green) is clearly expressed in the basal cells of the limbus. Scale bars: 100 mm.
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2002; Wong et al., 2012). We demonstrated that Lrig1 was highly
expressed in holoclone-type corneal epithelial stem cells and that it
was essential for maintenance of the corneal epithelium during
repair (Nakamura et al., 2014) (Fig. 12). Loss of Lrig1 impaired
wound-induced corneal replacement and resulted in a cell-fate
change from non-keratinized to keratinized epithelium.

Interestingly, we discovered that Lrig1 controlled corneal homeo-
stasis by negatively regulating the novel Stat3-dependent inflam-
matory pathway. Furthermore, corneal maintenance was arranged
not only by corneal epithelial stem cells but also by bone marrow-
derived inflammatory cells, whose functions and roles are well-
regulated by the Lrig1-Stat3 inflammatory pathway (Fig. 13).

Fig. 11. Schema of single cell-based clonal analysis. (A, B) Using special equipment in the culture lab, a single cell can be manipulated under the microscope. (C) A colony can be
formed from a single cell on the 3T3 feeder cells. (D) Holoclones (stem cells) have the highest reproductive capacity; in paraclones (transient amplifying (TA) cells), terminal
differentiation is observed within a few generations.

Fig. 12. Loss of Lrig1 results in a cell-fate change from corneal to keratinized epithelium. Slit-lamp photographs of Lrig1 wild-type (WT) (A) and knockout (KO) (E) mice corneas,
and their histological appearances with hematoxylin and eosin staining (B, F). Lrig1 KO corneas formed corneal plaques with massive neovascularization and intense infiltration
of inflammatory cells (E). Histological examination revealed extensive thickening and pathological keratinization of the corneal epithelium, with inflammation of the un-
derlying corneal stroma (F). Immunostaining for keratin 12 and loricrin in Lrig1 WT (C, D) and KO (G, H) corneas. While the epithelium of the WT corneas specifically expressed
keratin 12 (C), that of the Lrig1 KO corneas had gradually lost keratin 12 (D) and gained loricrin expression (H). Scale bars: 100 mm. Modified with permission from Nakamura
et al. (2014).
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These findings provide new insights into the underlying homeo-
static regulation of Lrig1 (þ) corneal epithelial stem cells and serve
as a target for therapeutic exploitation, including OSR.

3.3.2. miRNA profiling of holoclone-type stem cells
Recently, particular attention has focused on microRNAs (miR-

NAs), a newly identified form of non-coding, regulatory RNA that
modulate gene expression post-transcriptionally (He and Hannon,
2004). These play an important role in regulating a range of phys-
iological and pathological processes, including cell proliferation,
migration and differentiation and stem cell maintenance. Although
some studies have addressed the function and role of miRNAs in the
corneal epithelium (Lee et al., 2011; Lin et al., 2013; Shalom-
Feuerstein et al., 2012; Yu et al., 2008), little is yet known about
the molecular mechanism of miRNAs in corneal homeostasis. To
better understand the subject, we performed miRNA profiling of
holoclone-type corneal epithelial stem cells. Among the up-
regulated miRNAs in this assay, we focused on several sets of
miRNAs (1246, 3687, 4284 etc.) for further investigation. Extensive
investigations are currently underway to clarify the molecular
pathway of corneal epithelial stem cells by miRNAs. This basic
understanding of corneal epithelial stem cells from different points
of view holds promise for future regenerative therapy, including
OSR.

4. Tissue engineering

When considering the development of OSR using tissue engi-
neering, there are three important factors: 1) the cell source

including stem cells, 2) a suitable biocompatible substrate and 3)
suitable growth factors. In the past 20 years, this newly developed
field of research has shown promising translational potential in the
use of stem cells and biomaterials to generate biological substitutes
and improve tissue functions. Successful generation of tissue-
engineered sheet for OSR is highly dependent on the quality of
underlying substrates. A useful substrate for OSR should have a
highly biocompatible, non-immunogenic and non-inflammatory
character, and should maintain corneal transparency and me-
chanical stability and promote cell adhesion and proliferation.
Many cell substrates, such as biological scaffolds (e.g. AM),
biosynthetic scaffolds (e.g. Fibrin, collagen) and synthetic scaffolds
(e.g. temperature-responsive dish, contact lens), have been pro-
posed as useful for OSR. Among these, AM is the most widely-used
and represents the current gold standard substrate for OSR.

4.1. Amniotic membrane (AM)

4.1.1. Naive AM
Human AM is the innermost layer of the fetal sac and is

composed of a monolayer of amniotic epithelial cells, a thick
basement membrane and a subjacent avascular stroma. It has been
used in surgical materials and biological dressing for the epidermal
field (Trelford and Trelford-Sauder, 1979). In the context of OSR,
previous studies have indicated AM's potential for conjunctival
reconstruction in cases of severe OSD (De R€OTTH, 1940). A number
of AM's characteristics make it a good fit for use in OSR; it contains
various growth factors and cytokines inducing epithelialization and
wound healing (Koizumi et al., 2000b), has anti-scarring and anti-

Fig. 13. Model of the function of Lrig1 in corneal homeostasis. (A) Normally, the cornea is self-maintained by Lrig1 (þ) corneal stem/progenitor cells post-injury. Corneal trans-
parency is maintained via negative regulation of the Stat3-dependent inflammatory pathway by Lrig1. (B) Loss of Lrig1 causes the pro-inflammatory state in Lrig1 (�) corneal stem/
progenitor cells and impairs delayed/incomplete wound healing. Loss of Lrig1 activates the Stat3-dependent inflammatory pathway and induces chronic inflammation, resulting in
remodeling of the corneal stroma. Inductive bone marrow-derived cells secrete inflammatory cytokines and cause cell-fate changes to keratinized epithelium. Epi: corneal
epithelium; S: corneal stroma; End: corneal endothelium; NV: neovascularization. Modified with permission from Nakamura et al. (2014).
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inflammatory properties (Solomon et al., 2001; Tseng et al., 1999)
and resembles the basement membrane of the corneal epithelium
(Endo et al., 2004). From these basic and clinical observations, AM
has come to be seen as an appropriate substrate for use in OSR.
Clinical results of CLET and COMET using an AM substrate are
encouraging, although there are still several variations and argu-
ments in respect of its use. For example, there is no standard pro-
tocol to prepare the AM, and it also has donor-dependent variability
and regional variations both physiologically and biologically. These
concerns have prompted us to develop alternative substrates for
OSR.

4.1.2. Dried AM
As mentioned above, AM has unique properties that can be

useful in treating severe OSD. However, some biological and
logistical issues remain. To date, a majority of ophthalmologists
have used cryopreserved AM under conditions that are as sterile as
possible; complete sterilization cannot be achieved using existing
procedures. For clinical use, AM should ideally be sterile and free of

contamination, and also be easily to obtain and preserve at room
temperature; cryopreservation of AM needs an expensive and
bulky deep freezer. To overcome these problems, we have suc-
cessfully produced sterilized, freeze-dried AM using our own
unique protocol (under vacuum conditions and vacuum-packed at
room temperature with gamma-irradiation), and this biomaterial
has been successfully used as a substrate in OSR (Nakamura et al.,
2004c) (Fig. 14). On the basis of these results, we applied this
biomaterial to OSR for patients with pterygium (Nakamura et al.,
2006b). This prototype freeze-dried AM was improved by use of
trehalose to protect its physical properties during the freezing
process (Nakamura et al., 2008b). Most recently, Okabe et al. re-
ported that hyper-dry AM, using far-infrared rays, depression of air
and microwaves with g-ray irradiation, is a useful biomaterial for
tissue engineering (Okabe et al., 2014). In view of the particular
focus on pathogenic organisms in recent years, suitable sterilization
of both native and dried AM is vital, and these developments will
contribute to the next generation of AM, using tissue engineering
techniques. Following strict regulation in Japan, we are now trying

Fig. 14. Development of dried AM. (A) The sterilized, freeze-dried AM was wafer-like and very light and thin. (B) It became smooth and flexible on hydration. (C) Visually,
trehalose-treated freeze-dried AM was similar to freeze-dried AM in the dry condition. (D) Trehalose-treated freeze-dried AM was smoother and more flexible than freeze-
dried AM in the wet condition. Representative slit-lamp photographs taken before the sterilized, freeze-dried AM transplantation (E) and at 24 months after trans-
plantation (F). Before transplantation, eyes manifested fibrovascular overgrowth of degenerative conjunctiva onto the cornea (E). At 24 months after transplantation, fibrosis
was markedly suppressed, and the conjunctival surface was stable without inflammation (F). Modified with permission from Nakamura et al. (2004b), Nakamura et al. (2006b),
Nakamura et al. (2008b).
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to set up an AM banking center to organize the preparation and
spread of AM.

4.2. Fibrin and the temperature-sensitive dish

Another promising substrate for clinical use in OSR is fibrin and
the temperature-sensitive culture dish. The usefulness of a serum-
derived fibrin substrate for cultured corneal epithelial cells has
previously been reported (Hirayama et al., 2012; Rama et al., 2001,
2010). As fibrin substrate is absorbed after CLET and COMET, this
method has some clinical benefits, in that the cultivated epithelial
sheet can be transplanted directly onto the corneal surface.
Although fibrin has achieved successful clinical outcomes, safety
and logistical problems remain, such as the risk of disease trans-
mission after operations (e.g. human parvovirus B19, prions) (Hino
et al., 2000).

Another unique tissue-engineered technique has been devel-
oped using a temperature-sensitive culture dish for corneal
epithelial cells (Nishida et al., 2004a, 2004b). This is an original
system that allows the cultivated epithelium to be detached from
the culture dish by changing the temperature. Both of these sub-
strates (fibrin and the temperature-sensitive dish) may be more
suitable for transplantation than AM because AM will remain

permanently on the transplanted area if severe postoperative
inflammation does not occur. However, since the ocular surface
(including epithelium and subjacent stroma) is severely damaged
in patients with severe OSD, we need to reconstruct the subjacent
corneal stroma as well as the epithelial layer. In considering the
biological clinical aspects, AM can serve as both an epithelial layer
and as a healthy substrate covering a damaged corneal stroma.
Further comparative clinical studies are needed to establish which
substrate is most effective.

4.3. Development of novel cultured substrates

Although AM, fibrin and the temperature-sensitive culture dish
have been widely used for OSR, a variety of alternative substrates
suitable for generating tissue-engineered cultured sheet have been
examined in preclinical or clinical applications. Among biosynthetic
scaffolds, the cross-linked collagen scaffold (Dravida et al., 2008),
fibroin membrane (Chirila et al., 2008), myogel extracted from
skeletal muscle (Francis et al., 2009), collagen vitrigel (McIntosh
Ambrose et al., 2009), compressed collagen (Levis et al., 2010; Mi
et al., 2010), keratin films (Reichl et al., 2011) and chitosan hydro-
gels (Grolik et al., 2012) have all been studied. In the area of syn-
thetic scaffolds, medical-use contact lenses (Di Girolamo et al.,

Fig. 15. Development of bio-adhesives. (A, B) Representative photos of fibrin glue-coated freeze-dried AM transplantation. FCFD-AM adhered immediately after transplantation
onto the bare sclera, before fibrin glue-coated freeze-dried AM transplantation (A) and after fibrin glue-coated freeze-dried AM transplantation (B). Representative photographs of
sutureless AM transplantation (C, D) and lamellar therapeutic keratoplasty (E, F) using chemically-defined bioadhesive. Modified with permission from Sekiyama et al. (2007),
Takaoka et al. (2008), Takaoka et al. (2009).
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2009), nanofibers (Sharma et al., 2011; Zajicova et al., 2010) and
electrospun 3D scaffolds (Ortega et al., 2013) have also been
examined. In addition, biological scaffolds such as lens capsule
(Galal et al., 2007) and decellular corneal stroma (Shafiq et al.,
2012) have been investigated. All these proposed substrates have
potential advantages and disadvantages, and careful investigation

is again needed before treating patients with severe OSD using
these substrates.

4.4. Bio-adhesive

Among established OSR protocols, the most standard method of
AM transplantation, CLET and COMET using AM carrier involve
suturing, which is time-consuming and is associated with disad-
vantages that include suture abscesses, granuloma formation and
tissue necrosis. To overcome these problems, sutureless trans-
plantation, using proper tissue-engineered bio-adhesive, is ideal for
developing next-generation OSR. There have previously been some
studies of sutureless techniques for OSR using fibrin glue (Szurman
et al., 2006); we initially developed a novel sutureless technique for
AM transplantation by generating a fibrin glue-coated dried AM
(Sekiyama et al., 2007) (Fig. 15). Fibrin is derived from serum, so if a
non-biologic and defined bio-adhesive can be successfully devel-
oped, it would prove ideal for safe and simple OSR. On that basis,
we developed AM transplantation for OSR using a chemically
defined bio-adhesive that is safe, biocompatible and biodegradable
(Takaoka et al., 2008) (Fig. 15). Based on those results, we foresee
the use of chemically defined bio-adhesives in a range of sutureless
transplantations, including CLET, COMET and lamellar keratoplasty
(Takaoka et al., 2009). We are currently applying this technique for
lamellar keratoplasty, and the clinical results are quite promising so
far.

5. Growth factors

5.1. Feeder layer factor

Based on the pioneering culture method by Rheinwald and

Fig. 16. Development of autologous serum-derived CLET and COMET. (A) BrdU proliferation assay and colony-forming efficiencies (CFE) showed that the proliferation indices and
CFE of human corneal and oral mucosal epithelium cultivated using autologous serum (AS) and fetal bovine serum (FBS) were almost similar. (B) The expression patterns of K12 and
K3 were similar in cultivated corneal and oral mucosal epithelial sheets derived from AS- and FBS-supplemented culture systems. (C) Representative clinical outcomes of autologous
serum-derived CLET in patients with OCP. (D) Representative clinical outcomes of autologous serum-derived COMET in patients with OCP. Modified with permission from Nakamura
et al. (2006a), Ang et al. (2006), Nakamura et al. (2006c).

Table 1
Upregulated genes in holoclone-type corneal keratinocytes (selected).

Gene
symbol

Gene title Proposed function

NLRP2 NLR family, pyrin domain
containing 2

Activation of
proinflammatory caspases

IL24 Interleukin 24 Anti-proliferative property
PTX3 Pentraxin-related gene,

rapidly induced by IL-1 beta
Regulation of innate resistance
to pathogens

CALD1 Caldesmon 1 Actin- and myosin-binding protein
KLK6 Kallikrein 6 (neurosin, zyme) Serine protease
CRISP2 Cysteine-rich secretory

protein 2
Regulation of ion channels' activity

JPH3 Junctophilin 3 Stabilization of the junctional
membrane

MUM1 Melanoma associated
antigen (mutated) 1

DNA damage response pathway

LRIG1 Leucine-rich repeats and
Ig-like domains 1

Epidermal and intestinal stem
cell marker

MTSS1 Metastasis suppressor 1 Cancer progression
KRT19 Keratin 19 Organization of myofibers
LRP11 Low density lipoprotein

receptor-related protein 11
Receptor activity

DEFB4 Defensin, beta 4 Antibacterial activity
LGR5 Leucine-rich repeat-containing

G protein-coupled receptor 5
Intestinal and hair follicule stem
cell marker

KRT24 Keratin 24 Structural constituent of
cytoskeleton
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Green, long-term survival and serial expansion of epidermal stem
cells is possible if the epithelial cells are co-cultured with mouse-
derived 3T3 feeder layer (Rheinwald and Green, 1975). Since that
time, 3T3 feeder cells have become the most widely-used for
culturing corneal epithelial cells. The exclusion of animal material
from the culture system offers significant clinical advantages for
OSR, reducing the risk of transmission of animal-derived in-
fections or unknown pathogens. Various candidate human-
derived feeder cells such as MRC-5, amniotic epithelium, adi-
pose tissue, mesenchymal stem cells and dermal fibroblast have
been examined for their usefulness in generating cultivated
epithelial sheet (Chen et al., 2007; Notara et al., 2007; Oie et al.,
2010; Omoto et al., 2009; Sugiyama et al., 2008). However,
widespread use of these culture systems has been hindered by the
standardization of culture protocols because of the variable cul-
ture conditions of feeder cells.

5.2. Serum factor

The previously preferred method of cultivating epithelial
sheets also requires the use of xenobiotic materials such as fetal
bovine serum (FBS) in the culture system. However, the use of FBS
in the culturing system is a major clinical concern, as bovine
spongiform encephalopathy cannot be detected by any known
assay. The use of autologous serum (AS) as an alternative to FBS is
therefore significantly safer, excluding the need for bovine ma-
terial in the culture process. Initially, we tried to determine
whether AS from patients with severe OSD was as effective in
supporting cell proliferation and differentiation in cultivated
corneal and oral mucosal epithelial cells as culture methods using
FBS (Nakamura et al., 2006a) (Fig. 16). We found that an AS-
supplemented culture protocol was effective in supporting the
proliferation of human corneal and oral mucosal epithelial cells,
as well as the development of transplantable cultivated corneal
and oral mucosal epithelial sheets. Based on these findings, we
adapted this method for clinical application and reported the
successful clinical use of cultivated corneal and oral mucosal
epithelial sheets (Ang et al., 2006; Nakamura et al., 2006c). These
clinical reports make important suggestions and represent prog-
ress in the pursuit of completely xenobiotic-free tissue-engi-
neered transplants. In addition, we know from our clinical work
that AS sometimes has donor-dependent variations (e.g. disease
or age) that must be kept in view.

5.3. Development of feeder-free and serum-free systems

In light of the above mentioned factors, the development of
feeder-free and serum-free culturing systemsmight be ideal for the
next generation of OSR using tissue-engineering techniques. Yokoo
et al. reported the generation of a cultivated corneal epithelial cell
sheet for OSR in a completely serum-free and feeder-free culture
system containing epidermal growth factor and B-27 (Yokoo et al.
2008). More recently, Miyashita et al. reported the long-term
maintenance of corneal epithelial stem/progenitor cells using Rho
Kinase inhibitor and keratinocyte growth factor (Miyashita et al.,
2013). We believe that these studies represent an important step
in the development of real feeder-free and serum-free transplant-
able cultivated epithelial sheets for safe and ideal OSR.

6. Future directions

Corneal regeneration has long been one of the great challenges
for ophthalmologists and vision scientists worldwide. With ad-
vances in basic research in regenerative medicine and tissue engi-
neering, great progress has been made in the fundamental

understanding and development of novel therapeutic modalities
such as CLET and COMET. However, although CLET and COMET
currently represent the safest and most reliable form of newly
developed transplantation, several issues remain to be overcome.
First, autologous CLET is to date the most promising treatment for
reconstructing the ocular surface in cases of unilateral severe OSD.
However, in our long-term follow-up, we certainly observed some
incidence of mild conjunctivalization in peripheral corneas. The
current cultivated corneal epithelial sheet could not absolutely
reproduce the corneal limbal niche, and recreation of the functional
corneal limbal niche using innovative tissue-engineering technol-
ogy may be needed to properly develop this surgical tool. In
contrast, treatment of patients with bilateral severe OSD requires
either allogeneic CLET or autologous COMET, depending on patient
variables (e.g. type of disease, age). In the case of CLET, the risk of
postoperative rejection must be addressed, requiring a basic
knowledge of the immunological background of allogenic OSR and
an appropriate protocol for postoperative management, especially
with regard to immunosuppressive therapy. In the case of COMET,
we must exercise caution because the cultivated oral mucosal
epithelial sheet is not identical to in vivo corneal epithelium. This
requires a basic understanding of epithelial cell biology in trying to
characterize the cell source to be used. One candidate approach is
to identify a novel, non-ocular surface cell source for use in OSR.
The other candidate approach is to develop innovative genetically-
modified biotechnology using induced-pluripotent stem cells or
direct reprogramming. We strongly believe that greater knowledge
of proposed and established surgical modalities, stem cell behavior,
the surrounding extracellular matrix and beneficial growth factors
will provide a foundation for the further development of treat-
ments for severe OSD.
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Rho kinase inhibitor enables 
cell-based therapy for corneal 
endothelial dysfunction
Naoki Okumura1, Yuji Sakamoto2, Keita Fujii1, Junji Kitano1, Shinichiro Nakano1, 
Yuki Tsujimoto1, Shin-ichiro Nakamura3, Morio Ueno4, Michio Hagiya4, Junji Hamuro4, 
Akifumi Matsuyama5, Shingo Suzuki6, Takashi Shiina6, Shigeru Kinoshita4,7 & Noriko Koizumi1

The corneal endothelium maintains corneal transparency; consequently, its dysfunction causes 
severe vision loss. Tissue engineering-based therapy, as an alternative to conventional donor corneal 
transplantation, is anticipated to provide a less invasive and more effective therapeutic modality. We 
conducted a preclinical study for cell-based therapy in a primate model and demonstrated regeneration 
of the corneal endothelium following injection of cultured monkey corneal endothelial cells (MCECs) 
or human CECs (HCECs), in combination with a Rho kinase (ROCK) inhibitor, Y-27632, into the anterior 
chamber. We also evaluated the safety and efficacy of Good Manufacturing Practice (GMP)-grade 
HCECs, similar to those planned for use as transplant material for human patients in a clinical trial, 
and we showed that the corneal endothelium was regenerated without adverse effect. We also 
showed that CEC engraftment is impaired by limited substrate adhesion, which is due to actomyosin 
contraction induced by dissociation-induced activation of ROCK/MLC signaling. Inclusion of a ROCK 
inhibitor improves efficiency of engraftment of CECs and enables cell-based therapy for treating corneal 
endothelial dysfunction as a clinically relevant therapy.

The corneal endothelium maintains corneal transparency by a pump and barrier function that reduces the aque-
ous humor flow into corneal stroma. Consequently, endothelial dysfunction causes severe vision loss. Any dam-
age to the corneal endothelium due to pathological status, such as Fuchs endothelial corneal dystrophies and 
surgical trauma, is compensated by migration and spreading of the remaining corneal endothelial cells (CECs)1. 
However, once the cell density (2500–3000 cells/mm2 in healthy individuals) drops lower than a critical level  
(<​1000 cells/mm2), decompensation of endothelial function induces corneal haziness2.

Corneal transplantation is the only therapeutic choice for treating corneal endothelial dysfunction, but is 
hampered by a shortage of donor corneas, the difficulty of the surgical procedure, and graft failure in acute and 
chronic phases. Therefore, researchers are actively seeking to develop tissue engineering based therapeutics3,4. 
For instance, some investigators, including us, have cultured CECs on scaffolds in the form of a sheet, and have 
shown in animal models that corneal endothelial dysfunction can be treated by sheet transplantation5–7. In addi-
tion to sheet transplantation, we have demonstrated that a Rho kinase (ROCK) inhibitor, Y-27632, improves the 
engraftment of transplanted CECs and that injection of CECs in the form of a cell suspension can regenerate the 
corneal endothelium8.

This paper reports a preclinical study for corneal endothelial cell-based therapy conducted in a cynomolgus 
monkey model. Corneal endothelium was regenerated by injection of cultured monkey CECs (MCECs) and 
human CECs (HCECs), in combination with the ROCK inhibitor, and the regeneration occurred without adverse 
effects, such as rejection, secondary glaucoma, or aberrant ectopic cell transplantation. We also showed that 
CEC engraftment is impaired by actomyosin contraction induced by cell dissociation through activation of Rho/
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ROCK/MLC signaling. Inclusion of a ROCK inhibitor enhances the adhesion to the extracellular matrix (ECM) 
by counteracting this cascade. Taken together, the results from this preclinical study in a primate model demon-
strate that ROCK inhibitors enhance cell engraftment, thereby enabling CEC injection as a clinically relevant 
cell-based therapy for treating corneal endothelial dysfunction.

Results
Cultivated MCEC injection in combination with a ROCK inhibitor in a monkey model.  We com-
pletely removed the corneal endothelium to generate the corneal endothelial dysfunction model. We then injected 
cultured MCECs (5.0 ×​ 105 cells) into the anterior chamber using a 26G needle and confirmed the absence of 
leakage of injected cells from the wound (Fig. 1a,b). The schematic images in Fig. 1c show the surgical procedure: 
(1) cultured CEC injection in combination with the ROCK inhibitor into the anterior chamber, (2) face-down 
position to allow CECs to sink to the Descemet’s membrane, (3) the face-down position is maintained for 3 hours 
to attach CECs onto the Descemet’s membrane, and (4) the corneal endothelium is ultimately regenerated by the 
injected CECs. The corneas of control monkeys, in which no MCECs were injected, and corneas of monkeys in 
which MCECs were injected without ROCK inhibitor, showed hazy corneas due to corneal endothelial dysfunc-
tion after 14 days. On the other hand, MCEC injection in combination with the ROCK inhibitor restored corneal 
transparency (Fig. 2a and Supplemental Fig. 1).

Scheimpflug images obtained by a PentacamTM instrument showed that an anatomically normal cornea was 
successfully regenerated by MCEC injection with the ROCK inhibitor, whereas corneal edema due to corneal 
endothelial dysfunction was induced by MCEC injection without the ROCK inhibitor (Fig. 2b). Due to severe 
corneal edema, Scheimpflug images were not obtained for the control eyes. Corneal thickness, which is an impor-
tant index of corneal endothelial function, was significantly thinner in monkeys injected with MCECs with the 
ROCK inhibitor than in monkeys injected with MCECs without the ROCK inhibitor and in the control monkeys 
(Fig. 2c). We continued observing 2 monkeys for 1 year to evaluate the safety and efficacy of this cell-based ther-
apy. Monkeys injected with MCECs with the ROCK inhibitor maintained corneal transparency, whereas monkeys 
injected only with MCECs exhibited hazy corneas after 1 year of treatment (Fig. 2d). Of the two monkeys treated 
with MCECs with the ROCK inhibitor, both showed a cell density higher than 2000 cell/mm2 (Fig. 2e). In the 
control eyes and eyes injected with MCECs without ROCK inhibitor, no images were obtained with non-contact 
specular microscopy due to corneal haziness.

The regenerated corneal endothelium had a monolayer hexagonal morphology and expressed function-related 
proteins, such as Na+/K+-ATPase and ZO-1 (Fig. 2f). No local adverse effects were observed, such as intraoc-
ular pressure elevation, abnormal accumulation of injected cells, or rejection. No systemic adverse responses 
occurred, such as abnormalities in blood tests, weight loss, or abnormal behaviors (data not shown).

Figure 1.  Cultured corneal endothelial cell (CEC) injection in the corneal endothelial dysfunction model. 
(a) To create monkey corneal endothelial dysfunction models, the corneal endothelium was completely scraped 
from the Descemet’s membrane with a 20-gauge silicone needle. CECs (5.0 ×​ 105 cells), suspended in 200 μ​l of 
DMEM supplemented with 100 μ​M of Y-27632 (a ROCK inhibitor), were injected into the anterior chamber 
with a 26-gauge needle. (b) After confirmation of the absence of leakage of the injected CECs, the eyes were kept 
in the face-down position for 3 hours with the monkeys under general anesthesia. (c) Schematic images show 
the cultured CEC injection procedure. (1) injection of cultured CECs with ROCK inhibitor into the anterior 
chamber, (2) face-down position for CECs to sink down to the anterior chamber side of the cornea, (3) animal is 
maintained in the face-down position for 3 hours, (4) regeneration of corneal endothelium by injected cultured 
CECs.
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Cultivated HCEC injection in the monkey model.  We then evaluated the effect of cultured HCECs 
in a monkey corneal endothelial dysfunction model. The standard procedure for treating corneal endothelial 
dysfunction in clinical settings is Descemet’s stripping automated endothelial keratoplasty (DSAEK), so we also 
transplanted human donor corneas using a DSAEK procedure for comparison with the HCEC injections. As 
was observed with MCEC injection, HCEC injection without a ROCK inhibitor did not regenerate a transparent 
cornea. By contrast, HCEC injection with a ROCK inhibitor regenerated a transparent cornea by 1 week after 
treatment (Fig. 3a). Slitlamp microscopy revealed that corneas treated with HCECs in combination with ROCK 
inhibitor were as transparent as the human cornea transplanted using the DSAEK procedure (Fig. 3a). The mean 
corneal thickness was thinner in eyes treated with HCECs and the ROCK inhibitor than in the other two groups 
(Fig. 3b and Supplemental Table 1). Rejection was observed in some of the HCEC-injected eyes and DSAEK eyes 
due to the xeno transplantation, but the eyes injected only with HCECs and without ROCK inhibitor, where rejec-
tion did not occur, showed hazy corneas, whereas the eyes injected with HCECs in combination with the ROCK 
inhibitor, where rejection did not occur, retained transparent corneas for 48 days (Fig. 3c).

Figure 2.  Preclinical research of cultured monkey corneal endothelial cell (MCEC) injection in 
combination with a ROCK inhibitor in a monkey corneal endothelial dysfunction model. (a) A 
representative slit-lamp image shows the monkey corneal endothelial dysfunction model (left) (n =​ 2). A 
representative slit-lamp image shows the corneal endothelial dysfunction model following injection of MCECs 
(5.0 ×​ 105 cells) suspended in 200 μ​l of DMEM without (middle) (n =​ 2) or with (right) (n =​ 6) the ROCK 
inhibitor Y-27632. All images were obtained 14 days after treatment. (b) Scheimpflug images were obtained 
from monkeys injected with MCECs without or with Y-27632, obtained with a Pentacam® instrument at 14 
days after cell injection. (c) The mean central corneal thickness was evaluated by ultrasound pachymetry. 
*P <​ 0.01, **P <​ 0.05. (d) Representative slit-lamp images were obtained from monkeys injected with MCECs 
without or with Y-27632. Images were obtained 1 year after injection (n =​ 2). (e) Regenerated corneal 
endothelium was evaluated by non-contact specular microscopy 1 year after treatment in a monkey injected 
MCECs with the ROCK inhibitor Y-27632. Note that no image was obtained for the monkey injected with 
MCECs without Y-27632. (f) Immunostaining of function-related markers was determined in CECs (Na+/K+-
ATPase and ZO-1) in regenerated corneal endothelium. Nuclei were stained with DAPI. Scale bar: 100 μ​m.
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Figure 3.  Preclinical research of cultured human corneal endothelial cell (HCEC) injection in combination 
with a ROCK inhibitor in a monkey corneal endothelial dysfunction model. (a) Representative slit-lamp 
images were obtained for the monkey corneal endothelial dysfunction model (n =​ 2). A monkey injected 
with HCECs (5.0 ×​ 105 cells) without the ROCK inhibitor Y-27632 (n =​ 2), a monkey injected with HCECs 
(5.0 ×​ 105 cells) and Y-27632 (n =​ 8), and a monkey transplanted with a human donor cornea according to 
DSAEK procedure (n =​ 2) are shown. All images were obtained 7 days after treatment. (b) Mean central corneal 
thickness was evaluated by ultrasound pachymetry. (c) Representative slit-lamp images were obtained for 
monkeys injected with HCECs without or with Y-27632. The images were obtained 3 months after injection 
(n =​ 2). (d) An image of the regenerated corneal endothelium was obtained by non-contact specular microscopy 
3 months after treatment in a monkey injected with HCECs in combination with Y-27632. Note that no image 
was obtained for monkeys injected with HCECs without Y-27632. (e) An angle image was obtained with a 
gonioscopy lens 3 months after treatment of a monkey injected with HCECs in combination with Y-27632. 
(f) Cell morphology of regenerated corneal endothelium was evaluated by phalloidin staining. Function-
related markers of CECs (Na+/K+-ATPase and ZO-1) showed immunostaining in the regenerated corneal 
endothelium. Nuclei were stained with DAPI. Scale bar: 100 μ​m.
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Specular microscopy demonstrated that eyes treated with HCECs in combination with the ROCK inhibitor 
had a regenerated corneal endothelium in the form of a hexagonal monolayer, with a cell density of 2890 cell/mm2  
(Fig. 3d). Gonioscopy revealed no cell aggregation or peripheral anterior synechia. Coincidently, no intraocu-
lar pressure elevation was observed, although secondary glaucoma is a possible adverse effect of cell injection 
into the anterior chamber (Fig. 3e). Fluorescent staining showed that the corneal endothelium regenerated by 
injected HCECs was hexagonal and a monolayer, and it expressed barrier and pump function-related proteins 
when HCECs were injected in combination with the ROCK inhibitor. By contrast, few fibroblastic cells were 
observed and function-related protein expression was lost in the eyes injected only with HCECs without ROCK 
inhibitor (Fig. 3f).

We initiated the culture of HCECs of Good Manufacturing Practice (GMP) grade in the cell-processing center at 
the Kyoto Prefectural University of Medicine, using the protocol required for clinical application (Supplement Fig. 2a).  
We then injected GMP-grade HCECs with ROCK inhibitor to 6 monkeys as a rehearsal (a so-called cold run).  
Representative slitlamp and Scheimpflug images showed that the cornea became transparent and regenerated 
an anatomically normal cornea without corneal edema, suggesting that the HCECs cultured by the protocol for 
clinical application should function in vivo (Supplement Fig. 2b,c). Fluorescent staining also showed that the 
corneal endothelium regenerated by GMP-grade HCECs was hexagonal and expressed function-related proteins 
(Supplement Fig. 2d).

Systemic distribution assessment.  One possible adverse effect of cell-based therapy is an aberration 
due to the delivery of transplanted cells to other organs. We therefore evaluated the distribution of the injected 
HCECs in monkey organs 2 weeks after the HCEC injection. Macroscopic images and sectional analysis of organs 
showed no tissue abnormality and no aberrant ectopic cell transplantation (n =​ 6) (Supplement Figs 3 and 4). The 
injected HCECs were labeled with DiI fluorescence, but no DiI positive cells were observed in any organs except 
the corneal endothelium (data not shown).

We also evaluated the presence of HCECs in the corneal endothelium and other tissues using two primer sets 
(KLHL17 and NPHP4) that differ in the PCR product lengths in humans and cynomolgus monkeys. The 331 bp 
PCR products were observed in human genomic DNA and HCECs, but only the 403 bp PCR products of KLHL17 
were observed in tissues of the cynomolgus monkey. Similarly, the 317 bp PCR products of NPHP4 were observed 
in human genomic DNA and HCECs, but the 412 bp products were observed in all tissues of the cynomolgus 
monkey (Fig. 4 and Supplement Fig. 5). A preliminary study was conducted to determine the detection threshold 
for the PCR products from human KLHL17 cells using a series of two-fold dilutions of human genomic DNA 
samples. The PCR products were detected using >39 pg samples of human genomic DNA as PCR templates in 
the first PCR amplification. The second PCR amplification was run with 1 μ​L of the PCR products obtained from 
the first PCR amplification. Hence, theoretically, if even a single human cell was included in the PCR templates, 
the PCR products would be detected after the second PCR amplification. These results indicate that injected 
HCEC-derived cells were not present in any monkey organs other than the regenerated corneal endothelium.

A ROCK inhibitor enhances cell adhesion by suppressing the Rho/ROCK/MLC signaling cascade.  
Phase contrast images showed that MCECs seeded without the ROCK inhibitor tended to be floating 
(non-adhering), with a round shape, whereas MCECs seeded with a ROCK inhibitor attached to the culture plate 
and showed extensive cell spreading (Fig. 5a). The actin cytoskeleton was well stretched and vinculin expression 
was promoted when the ROCK inhibitor was supplied with the MCECs (Fig. 5b,c). The cell size was significantly 
smaller in MCECs seeded without the ROCK inhibitor than with the ROCK inhibitor, even after 24 hours, sug-
gesting that actin contraction is highly sustained by cell dissociation (Fig. 5d).

Examination of the phosphorylation of MLC showed it to be highly sustained in control MCECs and sup-
pressed by ROCK inhibitor treatment of MCECs (Fig. 5e). Dissociation by EGTA also caused phosphorylation 
of MLC (Fig. 5f). The MCECs seeded on a non-adhesion plate, which maintained the cells in a dissociated state, 
showed phosphorylation of MLC even after 24 hours of seeding, whereas MCECs seeded on a normal culture 
plate exhibited less phosphorylation of MLC (Fig. 5g). These results indicate that cell dissociation induces phos-
phorylation of MLC and induces actin contraction in MCECs.

We also evaluated the effect of inhibiting MLC activity on adhesion of MCECs. Expression of vinculin was 
promoted by blebbistatin (an inhibitor of MLC) in a similar fashion to that seen in response to the ROCK inhib-
itor (Fig. 5h–j), as was phosphorylation of FAK and paxillin (Fig. 5k). The numbers of adhered MCECs were 

Figure 4.  Biodistribution tests in a monkey corneal endothelial dysfunction model. PCR product sizes were 
compared between genomic DNAs derived from 29 different tissues from cynomolgus monkeys, and genomic 
DNA derived from HCECs and human genomic DNA in KLHL17 and NPHP4 genes.
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Figure 5.  The molecular pathway by which ROCK inhibitor improves cell adhesion onto a substrate. 
 (a) Phase contrast images show MCECs seeded onto culture plates after 3 hours. (b–d) MCECs seeded 
without or with Y-27632 were stained with phalloidin and an antibody for vinculin. The mean amount of 
vinculin per cell was evaluated. The mean cell area was smaller in control MCECs than in Y-27632-treated 
MCECs. *P <​ 0.01, **P <​ 0.05. (e) MLC was phosphorylated in control cells, even after 24 hours, while MLC 
phosphorylation was suppressed in MCECs treated with Y-27632. (f) Cell dissociation was induced by EGTA 
treatment, and phosphorylation of MLC was evaluated by immunostaining. (g) MCECs were seeded on non-
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enhanced by blebbistatin treatment (Fig. 5l), implying that activation of MLC negatively regulates cell adhesion. 
When we induced cell dissociation with an EGTA treatment, the GTP-bound RhoA was highly recognized by 
a pull down assay, suggesting that cell dissociation induced the activation of RhoA. In turn, inhibition of RhoA 
activity by C3 significantly enhanced cell adhesion (Fig. 5m,n).

We also showed that functional blocking of integrins by neutralizing antibodies counteracted the cell adhe-
sion enhanced by the ROCK inhibitor but not by poly-L-lysine, suggesting that the ROCK inhibitor enhances 
cell adhesion through interactions between the focal adhesion complex and integrins (Fig. 5o). Cell dissociation 
therefore appeared to upregulate a RhoA/ROCK/MLC pathway and actin contraction impeded cell adhesion. 
However, inhibiting the phosphorylation of MLC by a ROCK inhibitor suppressed cell shrinkage by relaxing actin 
contraction and then promoting the focal adhesion complex (Fig. 6).

Discussion
The low efficiency of engraftment and loss of phenotype after transplantation due to the absence of cell/cell and 
cell/ECM interactions in vivo impairs organ reconstruction in various tissues9–11. Researchers have therefore been 
exploring the use of various techniques, such as artificial scaffolds, biologically active molecules, and ECM coat-
ings, to improve cell retention and survival12–14. In the present study, we defined the inhibition of ROCK signaling 
as a novel target for improving engraftment in the setting of cell-based therapy. We showed that CECs recovered 
from a culture plate for cell therapy undergo dissociation-induced Rho/ROCK/MLC signaling activation, which 
then impairs cell engraftment. Inhibition of ROCK therefore enhances cell engraftment and maintains the phe-
notype of the transplanted cells. Similar to our findings, Ohgushi and colleagues reported that human embryonic 
stem cells are vulnerable to apoptosis following dissociation due to ROCK-dependent hyperactivation of actomy-
osin, and that Rho-GEF (guanine nucleotide exchange factor), containing a functional Rac-GAP (GTPase activat-
ing protein) domain, is an indispensable regulator of Rho/ROCK/myosin activation15. The dissociation-induced 
cellular response varies with the cell type, but our findings should encourage researchers to evaluate and modulate 
dissociation-induced Rho/ROCK activation to improve cell engraftment efficiency in the settings of cell-based 
therapies in other organs.

We previously demonstrated that a ROCK inhibitor promotes the adhesion of cultured MCECs16, and a sub-
sequent report by another group has also confirmed that a ROCK inhibitor improved the attachment of HCECs17. 
In 2012, we showed that use of ROCK inhibitor enables efficient cell engraftment in rabbit corneal endothelial 
dysfunction models and in a very preliminarily monkey model8. However, the rabbit corneal endothelium has 
a proliferative ability that is lacking in humans18,19, leaving the possibility that the proliferation of injected rab-
bit CECs seen after transplantation and the subsequent reconstruction of the corneal endothelium, would not 
be expected to occur in humans. We employed the present primate model to confirm or eliminate this possi-
bility, because this model resembles the human corneal endothelium in terms of its very limited proliferative 
potency18,19. The use of this monkey model demonstrated that injection of either monkey or human CECs in 
combination with a ROCK inhibitor reconstructed the monkey corneal endothelium.

Corneal endothelial dysfunction has been treated by full-thickness corneal transplantation (penetrating kera-
toplasty) for more than 90 years, but more selective corneal endothelial replacement such as Descemet’s stripping 
endothelial keratoplasty (DSEK) and Descemet’s membrane endothelial keratoplasty (DMEK) were developed 
in the last decade3,20. In addition, graft rejection rates during first 2 years after corneal transplantation were 1% 
in DMEK and 5–14% in DSEK20–27 suggesting that simple replacement of the corneal endothelium induce fewer 
episodes of rejection and that the stroma, but not corneal endothelium, mainly triggers antigenic recognition 
and responses20. The clinically successful outcomes of DSEK and DMEK imply that reconstruction of the corneal 
endothelium is a definitive treatment that can replace full thickness corneal replacement, and that further corneal 
endothelium reconstruction by cell-based therapy is a clinically relevant approach.

At present, HCECs are isolated from donor corneas and cultured for research purposes28, but several sub-
stantial technical obstacles remain, such as limited proliferative ability, vulnerable transformation with loss of 
functions, and senescence that prohibits efficient in vitro expansion for clinical use16,29–34. Indeed, no protocol 
specifically designed for clinical application has been established, although our research group and others are 
continually striving towards the development of a successful culture method29,30,31,34. For instance, we reported 
that a conditioned medium obtained from GMP-grade human bone marrow-derived mesenchymal stem cells 

adhesion culture plates or adhesion culture plate, and phosphorylation of MLC was evaluated by western 
blotting. MLC phosphorylation was sustained in MCECs seeded on non-adhesion culture plates, while it was 
suppressed in MCECs seeded on adhesion culture plates. (h–j) MCECs were seeded and expression of vinculin 
and phosphorylated MLC was evaluated by immunostaining. Control MCECs expressed phosphorylated 
MLC without expression of vinculin, whereas phosphorylation of MLC was suppressed in MCECs treated 
with a ROCK inhibitor (Y-27632) and an MLC inhibitor (blebbistatin) associated with expression of vinculin. 
*P <​ 0.01, **P <​ 0.05. (k) MCECs were seeded and the effect of inhibition of MLC on focal adhesion molecule 
activity was evaluated by western blotting. (l) MCECs were seeded with or without blebbistatin and adhered 
numbers of MCECs were evaluated with the CellTiter-GloTM luminescent cell viability assay after 24 hours.  
(m) Cell dissociation was induced by EGTA treatment, and activity of RhoA was evaluated by a pull-down 
assay. GTP-bound active RhoA was highly expressed in dissociated MCECs. (n) MCECs were seeded with 
or without C3 (a Rho inhibitor) and the numbers of adhered MCECs were evaluated by the CellTiter-GloTM 
luminescent cell viability assay after 24 hours. (o) The involvement of integrins on cell adhesion enhancement by 
Y-27632 was evaluated by seeding MCECs in the presence or absence of integrin-neutralizing antibodies, and 
the numbers of adherent cells were determined. *P <​ 0.01, **P <​ 0.05.
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(BM-MSCs) enhanced CEC proliferation33 and that inhibition of transforming growth factor beta (TGF-β​) sign-
aling activation by small molecules maintains the functional phenotype by counteracting fibroblastic transforma-
tion32. Based on these findings, we are currently culturing HCECs of Good Manufacturing Practice (GMP) grade 
in the cell-processing center for use in clinical applications35.

In the United States, the U.S. Food and Drug Administration (FDA) regulates regenerative medicine prod-
ucts through the Center for Biologics Evaluation and Research (CBER) and other countries also have similar 
systems36. Working with the FDA requirements11, we tested the safety and efficacy of GMP-grade HCECs in the 
same fashion as we intend to use in the transplantation of these cells into human patients in clinical trials. We 
have now established a culture protocol for clinical use. Notably, based on this current preclinical research, in 
2013, we initiated a first-in-man clinical trial of cell-based therapy to treat corneal endothelial dysfunction at 
the Kyoto Prefectural University of Medicine, after obtaining the necessary approval (Clinical trial registration: 
UMIN000012534) from the Japanese Ministry of Health, Labour and Welfare.

The major safety concern of any regenerative medicine product is the potential for tumor formation36. There is 
a spectrum of risk (e.g., differentiated somatic cells have a lower risk than undifferentiated embryonic stem cells), 
so product-specific evaluation is necessary as a preclinical testing strategy36. In the current study, comparison of 
the numbers of injected CECs and the cell density of the regenerated corneal endothelium revealed that 40–50% 
of the injected CECs adhered to the cornea. The residual cells were then considered to have the potential to flow 
out by aqueous flow to other organs via the veins. We therefore examined the distribution of transplanted CECs in 
multiple organs of monkey disease models and showed that no CECs were observed by fluorescein labeling trac-
ing and PCR at 2 weeks after transplantation (although perfect in vivo monitoring of delivered cells is surprisingly 
challenging). One possible explanation is that any cells that flowed out were removed by the host immune system; 
however, the duration of the follow-up period used here was not sufficient to conclude that these residual cells do 
not hold any risk of tumorigenicity. Therefore, diligent feedback from clinical trials—by evaluating possible side 
effects, such as host immune response and pulmonary embolism—will be needed to ensure patient safety and 
protect vulnerable populations.

In conclusion, inhibiting the dissociation-induced actomyosin activation by a ROCK inhibitor improves the 
efficiency of engraftment of CECS and enables cell-based approaches for treating corneal endothelial dysfunction 
as a clinically relevant therapy.

Methods
Ethics statement.  Animals were housed and treated in accordance with the ARVO Statement for the Use of 
Animals in Ophthalmic and Vision Research. The monkey experiments were performed at the Research Center 
for Animal Life Science at Shiga University of Medical Science (Otsu, Japan) according to the protocol approved 
by that university’s Animal Care and Use Committee (Approval No. 2012-1-6H). Human donor corneas were 
obtained from SightLifeTM (http://www.sightlife.org/, Seattle, WA) for research purposes.

Cell Culture.  Ten corneas from 5 cynomolgus monkeys (3 to 5 years-of-age; estimated equivalent human age: 
5 to 20 years) housed at NISSEI BILIS Co., Ltd. and Eve Bioscience, Co., Ltd. were used for the MCEC culture. The 
MCECs were cultivated as described previously7. Briefly, the Descemet’s membrane with MCECs was stripped 
and incubated in 1 mg/mL collagenase A (Roche Applied Science, Penzberg, Germany). The isolated MCECs 
were resuspended in culture medium and seeded on culture plates coated with FNC Coating Mix® (Athena 
Environmental Sciences, Inc., Baltimore, MD). All primary cell cultures and serial passages of MCECs were 
performed in a growth medium composed of Dulbecco’s modified Eagle’s medium (Life Technologies Corp., 
Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS), 50 U/mL penicillin, 50 μ​g/mL streptomycin, 

Figure 6.  The molecular pathway by which a ROCK inhibitor treatment improves cell engraftment of 
CECs. (Right) Cell dissociation during the harvesting of CECs from culture plate activates RhoA/ROCK/MLC 
pathways. Activation of this pathway suppresses activation of the focal adhesion complex, and subsequently 
inhibits cell adhesion while inducing anoikis. (Left) By contrast, inhibition of actomyosin activation by a ROCK 
inhibitor activates the focal adhesion complex and enhances cell/ECM adhesion.
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and 2 ng/mL fibroblast growth factor 2 (Life Technologies Corp.). MCECs at passages 2 through 8 were used for 
these experiments.

A total of ten human donor corneas were used for cultivation of HCECs by the protocol described previ-
ously32,33. Briefly, the Descemet’s membranes containing the HCECs were stripped, followed by digestion with 
1 mg/mL collagenase A for 12 hours. The HCECs were seeded and cultured in HCEC culture medium prepared 
according to published protocols. Basal medium, composed of OptiMEM-I (Life Technologies Corp.), 8% FBS, 
5 ng/mL epidermal growth factor (Sigma-Aldrich Co., St. Louis, MO), 20 μ​g/mL ascorbic acid (Sigma-Aldrich Co.),  
200 mg/L calcium chloride, 0.08% chondroitin sulfate (Wako Pure Chemical Industries, Ltd., Osaka, Japan),  
50 μ​g/mL gentamicin, and 10 μ​M SB431542 (Merck Millipore, Billerica, MA), was conditioned by culturing 
human bone marrow-derived mesenchymal stem cells (BM-MSCs) for 24 hours. The basal medium conditioned 
with BM-MSCs was collected for use as the culture medium for HCECs. HCECs at passages 2 through 5 were 
used for these experiments.

Injection of CECs into a monkey corneal endothelial dysfunction model.  The monkey corneal 
endothelial dysfunction model was created by scraping the corneal endothelium completely from the Descemet’s 
membrane with a 20-gauge silicone needle (Soft Tapered Needle; Inami & Co., Ltd., Tokyo, Japan) while the ani-
mal was under general anesthesia, as described previously8. The MCEC injection experiments were conducted 
on the following 3 groups: 1) MCECs (5.0 ×​ 105 cells) were suspended in 200 μ​l of DMEM supplemented with  
100 μ​M of Y-27632 (ROCK inhibitor; Wako Pure Chemical Industries, Ltd.) and injected into the anterior 
chamber (n =​ 6), (2) MCECs (5.0 ×​ 105 cells) were suspended in 200 μ​l of DMEM and injected into the anterior 
chamber (n =​ 2), and (3) no MCECs were injected (n =​ 2). The HCEC injection experiments were conducted on 
the following 4 groups:1) HCECs (5.0 ×​ 105 cells) were suspended in 200 μ​l of OptiMEM-I supplemented with  
100 μ​M of Y-27632 (Wako Pure Chemical Industries, Ltd.) and injected into the anterior chamber (n =​ 8),  
(2) HCECs (5.0 ×​ 105 cells) were suspended in 200 μ​l of OptiMEM-I and injected into the anterior chamber 
(n =​ 2), (3) human pre-cut donor corneas were transplant using a DSAEK procedure (n =​ 2), and (4) no HCECs 
were injected(n =​ 2). The eyes were kept in the face-down position for 3 hours under general anesthesia, except 
for the eyes of monkeys that underwent DSAEK. The corneal transparency and thickness of the anterior segments 
were evaluated by slitlamp microscopy. A Pentacam® (OCULUS Optikgeräte GmbH, Wetzlar, Germany) instru-
ment was used to visualize the corneal shape. Corneal thickness was determined with an ultrasound pachym-
eter (SP-2000; Tomey, Nagoya, Japan), and the mean of 10 measured values was calculated (up to a maximum 
thickness of 1200 μ​m, the instrument’s maximum reading). Intraocular pressure was determined by a Tonovet® 
(icare Finland, Vantaa, Finland) instrument. The corneal endothelium was evaluated by non-contact specular 
microscopy (FA-3809, Konan Medical, Nishinomiya, Japan). Eyes that exhibited clinical features such as the pres-
ence of keratic precipitates, progression of corneal edema, and conjunctival injection were diagnosed as having 
undergone graft rejection.

Immunohistochemistry.  Samples were fixed for 20 min with 4% paraformaldehyde and excess paraformal-
dehyde was removed by washing with Dulbecco’s phosphate-buffered saline (PBS). The samples were permeabi-
lized with 0.3% Triton® X-100 (Nacalai Tesque, Kyoto, Japan), and then incubated with 1% bovine serum albumin 
(BSA) to block nonspecific binding. Specimens were incubated with primary antibodies against Na+/K+-ATPase 
(1:300, Upstate Biotechnology, Lake Placid, NY), ZO-1 (1:300, Life Technologies Corp.), and N-cadherin  
(1:300, BD Biosciences, San Jose, CA), connexin 43 (1:300, Life Technologies Corp.), and vinculin (Merck 
Millipore, Billerica, MA). Alexa Fluor® 488- or 594- conjugated goat anti-mouse (Life Technologies Corp.) anti-
bodies were used as secondary antibodies at a 1:1000 dilution. Actin staining was performed by incubation with a 
1:400 dilution of Alexa Fluor® 488- or 546-conjugated Phalloidin (Life Technologies Corp.). Nuclei were stained 
with DAPI (Vector Laboratories, Burlingame, CA). The slides were examined with a fluorescence microscope 
(TCS SP2 AOBS; Leica Microsystems, Wetzlar, Germany).

Immunoblotting.  The MCECs were washed with ice-cold PBS, lysed with ice-cold RIPA buffer contain-
ing phosphatase inhibitor cocktail 2 (Sigma-Aldrich Co., St. Louis, MO) and protease inhibitor cocktail (Roche 
Applied Science, Penzberg, Germany), and then centrifuged. The supernatant representing total proteins was col-
lected and fractionated by SDS-PAGE. The proteins were then transferred to PVDF membranes and blocked with 
3% non-fat dry milk, followed by an overnight incubation at 4 °C with the following primary antibodies: phos-
phorylated focal adhesion kinase (FAK) (1:1000; Cell Signaling Technology, Inc., Danvers, MA), FAK (1:1000; 
Cell Signaling Technology), phosphorylated MLC (Merck Millipore, Billerica, MA), phosphorylated paxillin 
(1:1000; Cell Signaling Technology), and GAPDH (1:3000; Abcam, Cambridge, UK). The blots were probed with 
horseradish peroxidase-conjugated secondary antibodies (1:5000; Cell Signaling Technology), followed by devel-
opment with luminal for enhanced chemiluminescence using the ECL Advanced Western Blotting Detection 
Kit (GE Healthcare, Piscataway, NJ), and documentation by an LAS4000S (Fuji Film, Tokyo, Japan) cooled 
charge-coupled-device camera gel documentation system. Molecular weight markers (Bio-Rad, California) were 
run alongside all samples. The relative density of the immunoblot bands was determined by Image J® (NIH) 
software.

Rho pull down assay.  The RhoA activation was evaluated by a Rho activation assay (Merck Millipore, 
Billerica, MA) according to the manufacturer’s protocol. MCECs were cultured to a confluent state, and disso-
ciated by incubation in serum-free medium supplemented with 3 mM EGTA(Nacalai Tesque) for 16 hours. The 
MCECs were washed with ice-cold PBS, lysed with ice-cold Mg2+ Lysis/Wash Buffer (Merck Millipore) contain-
ing phosphatase inhibitor cocktail 2 (Sigma-Aldrich Co.), and then agitated. Samples were then reacted with Rho 
Assay Reagent (Merck Millipore) to bond GTP-Rho. The supernatant representing total proteins was collected 
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and immunoblotting was performed described as above. Anti-Rho, clone 55, (3:1000; Merck Millipore) was used 
as the primary antibody.

Cell adhesion assay.  The involvement of integrins in the enhancement of cell adhesion by the ROCK 
inhibitor was evaluated by seeding MCECs (5 ×​ 103 cells/well) in 96-well plates in the presence or absence of 
integrin-neutralizing antibodies (2 μ​g/mL): anti-α​1 integrin (Merck Millipore, Billerica, MA), anti-α​2 integrin 
(Merck Millipore, Billerica, MA), anti-α​3 integrin (Merck Millipore, Billerica, MA), anti-α​4 integrin (Merck 
Millipore, Billerica, MA), anti-α​5 integrin (Merck Millipore, Billerica, MA), anti-α​6 integrin (Merck Millipore, 
Billerica, MA), anti-α​V integrin (Merck Millipore, Billerica, MA), anti-α​6 integrin (Merck Millipore), and anti-β​1  
integrin (R&D systems Inc., Minneapolis, MN). The effect of inhibiting phosphorylation of MLC and RhoA 
activity on cell adhesion was also evaluated by seeding MCECs with blebbistatin (10 μ​M) and C3 (300 ng/ml), 
respectively. Three hours after seeding, the numbers of adherent cells were determined with the CellTiter-GloTM 
luminescent cell viability assay (Promega Corporation, Madison, WI) according to the manufacturer’s instruc-
tions. The number of adhered cells was determined using a VeritasTM microplate luminometer (Promega 
Corporation).

PCR method.  Genomic DNAs from cynomolgus monkey tissues were extracted using the DNeasy Blood 
& Tissue kit (Qiagen, Hilden, Germany), and the quality was measured with a NanoDrop® spectrophotome-
ter (Thermo Fisher Scientific Inc., Waltham, MA). The KLHL17 and NPHP4 genes, which differ in length in 
humans and cynomolgus monkeys, were selected by a detailed search between human and rhesus monkey 
reference sequences (GRCh37/hg19 and MGSC Merged 1.0/rheMac2) released in the UCSC website (http://
genome.ucsc.edu/index.html) for designation of primers. Two new primer sets in KLHL17 and NPHP4 genes 
were designed in exon 7 and exon 8 (PCR product sizes: 331 bp in human and 403 bp in cynomolgus mon-
key) and intron 11 (PCR product sizes: 317 bp in human and 412 bp in cynomolgus monkey), respectively, 
with the following primers: KLHL17 (KLHL17_F1: 5′​- TGGTGGCCTCCATGTCCAC-3′​ and KLHL17_ 
R1: 5′​- CTACCTGTTCAGGCAGGAG-3′​), NPHP4 (NPHP4_F1: 5′​- GGTGCTTCCCAAACTATACT-3′​ and 
NPHP4_R1: 5′​- GGTAGCTTCCATTTGCAGGA-3′​). The fixing of the PCR products sizes in humans was con-
firmed by the 1000 genome website (http://www.1000genomes.org). In brief, the 20 μ​L amplification reaction 
volume contained 20 ng of genomic DNA, 0.4 units of KOD FX polymerase (TOYOBO, Osaka, Japan), 2 ×​ PCR 
buffer, 2 mM of each dNTP and 0.5 μ​M of each primer. The cycling parameters were as follows: an initial denatur-
ation of 94 °C/2 min followed by 30 cycles of 98 °C/10 sec, 62 °C/15 sec and 68 °C/30 sec. The irreducible minimum 
HCECs were detected by performing two repeats of the PCR amplification process. The second PCR amplification 
was run with 1 μ​L of PCR products obtained from the first PCR amplification. The PCR reactions were performed 
using the thermal cycler GeneAmp PCR system 9700 (Applied Biosystems/Life Technologies/Thermo Fisher 
Scientific, Foster City, CA). The PCR products were separated by electrophoresis on 1.0% agarose gels, stained 
with ethidium bromide, and detected under ultraviolet illumination.

Statistical analysis.  The statistical significance (P-value) of differences between mean values of the 
two-sample comparison was determined with the Student’s t-test. The comparison of multiple sample sets was 
analyzed using Dunnett’s multiple-comparison test. The values shown in the graphs represent the mean ±​ SEM.
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Abstract
The corneal endothelium maintains corneal transparency by its pump and barrier functions;

consequently, its decompensation due to any pathological reason causes severe vision

loss due to corneal haziness. Corneal transplantation is the only therapeutic choice for treat-

ing corneal endothelial dysfunction, but associated problems, such as a shortages of donor

corneas, the difficulty of the surgical procedure, and graft failure, still need to be resolved.

Regenerative medicine is attractive to researchers as a means of providing innovative ther-

apies for corneal endothelial dysfunction, as it now does for other diseases. We previously

demonstrated the successful regeneration of corneal endothelium in animal models by

injecting cultured corneal endothelial cells (CECs) in combination with a Rho kinase

(ROCK) inhibitor. The purpose of the present study was to optimize the vehicle for clinical

use in cell-based therapy. Our screening of cell culture media revealed that RELAR medium

promoted CEC adhesion. We then modified RELAR medium by removing hormones,

growth factors, and potentially toxic materials to generate a cell therapy vehicle (CTV) com-

posed of amino acid, salts, glucose, and vitamins. Injection of CECs in CTV enabled effi-

cient engraftment and regeneration of the corneal endothelium in the rabbit corneal

endothelial dysfunction model, with restoration of a transparent cornea. The CECs retained

>85% viability after a 24 hour preservation as a cell suspension in CTV at 4°C and main-

tained their potency to regenerate the corneal endothelium in vivo. The vehicle developed

here is clinically applicable for cell-based therapy aimed at treating the corneal endothelium.

Our strategy involves the generation of vehicle from a culture medium appropriate for a

given cell type by removing materials that are not favorable for clinical use.

Introduction
The cornea serves as the window of the eye, and its transparency is critical for vision. One func-
tion of the corneal endothelium is the maintenance of corneal transparency, which is
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controlled by the regulation of aqueous humor flow to the corneal stroma by the pump and
barrier functions of the corneal endothelium. Corneal endothelial cells (CECs) have very lim-
ited proliferative ability and rarely show mitosis in humans after birth [1–3]. The CECs contin-
uously decrease in number at a rate of 0.6% per year throughout life [4], but this rate is
sufficiently low to maintain the function of the corneal endothelium. However, severe damage
to the corneal endothelium induces irreversible decompensation of endothelial function and
leads to corneal haziness. Fuchs endothelial corneal dystrophies and decompensation following
cataract surgery are the leading causes of corneal endothelial dysfunction [5].

Corneal transplantation is only therapeutic choice for treating corneal endothelial dysfunc-
tion [6]. Penetrating keratoplasty, which involves replacement of the full-thickness cornea,
including the corneal endothelial layer, with a donor cornea has been performed since 1905
[6]. New surgical procedures have recently been introduced, including Descemet’s stripping
endothelial keratoplasty (DSEK) and Descemet’s membrane endothelial keratoplasty (DMEK),
where the diseased layer alone is selectively replaced instead of a full-thickness replacement.
These procedures have undergone rapid development and have shown an explosive spread [7–
11]. However, the problems associated with corneal transplantation, such as the shortage of
donor corneas, the difficulty of the surgical procedure, and the incidence of graft failure in
acute and chronic phases, have led researchers to devise new and less problematic strategies to
provide less invasive and more effective therapy.

Regenerative medicine is now attracting researchers as a future innovative therapy for a
number of diseases in many medical fields, including ophthalmology. For example, several
groups have reported the successful transplantation of cultured corneal endothelial sheets in
animal models [12–14]. However, the technical difficulty of transplanting a flexible sheet to the
anterior chamber and the development of an artificial clinically applicable carrier are obstacles
that limit corneal endothelial sheet transplantation. We have sought to overcome these obstacles
through cell-based regenerative medicine. Our finding that a Rho kinase (ROCK) inhibitor
enhanced the adhesion of cultured CECs to a substrate [15] suggested the possibility that ROCK
inhibitors could be useful in cell-based therapy [16]. We used rabbit and monkey corneal endo-
thelial dysfunction models to demonstrate the successful regeneration of corneal endothelium
following the injection of cultured CECs in combination with a ROCK inhibitor [16].

In the current study, we conducted experiments to generate an optimized CEC vehicle for
cell-based therapy aimed at treating corneal endothelial dysfunction. Our screening of various
types of cell culture media revealed that RELAR medium promoted the cell adhesion property
of CECs. We then used RELAR medium as a basis for generation of a cell therapy vehicle
(CTV) by removing materials that are not favorable for clinical use. We then evaluated the fea-
sibility of injecting CECs in CTV into a rabbit corneal endothelial dysfunction model, and we
showed that the corneal endothelium was regenerated without any adverse effects.

Materials and Methods

Ethics statement
Human corneas were handled in accordance with the tenets set forth in the Declaration of
Helsinki. Informed written consent in regard to eye donation for research was obtained from
the next of kin of deceased donors. Donor corneas were obtained from SightLife™ (Seattle,
WA). All tissue was recovered under the tenets of the Uniform Anatomical Gift Act (UAGA)
of the particular state in which the donor consent was obtained and the tissue was recovered.
The rabbit experiments were performed at Doshisha University (Kyoto, Japan) according to
the protocol approved by Doshisha University Animal Experiment Committee (Approval No.
A15011-2).
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Rabbit CECs Culture
Twenty rabbit eyes were purchased from the Funakoshi Co., Ltd. (Tokyo, Japan). The rabbit
CECs (RCECs) were cultivated as described previously [16]. Briefly, Descemet’s membrane with
RCECs was stripped and incubated in 0.6 U/mL of Dispase II (Roche Applied Science, Penzberg,
Germany). The RCECs isolated from the Descemet’s membrane were seeded in 1 well of a
6-well plate coated with FNC Coating Mix1 (Athena Environmental Sciences, Inc., Baltimore,
MD). The RCECs were cultured in a growth medium composed of Dulbecco’s modified Eagle’s
medium (Life Technologies Corp., Carlsbad, CA) supplemented with 10% fetal bovine serum
(FBS), 50 U/mL penicillin, 50 μg/mL streptomycin, and 2 ng/mL fibroblast growth factor 2 (Life
Technologies Corp.). Cultivated RCECs were used at passages 1 through 3 for all experiments.

Human CEC Cultures
Four human donor corneas (from persons>40 years of age) were used for human CEC
(HCEC) cultivation, as described previously [17]. Briefly, Descemet’s membranes containing
the HCECs were stripped from the corneas and the membranes were incubated with 1 mg/mL
collagenase A (Roche Applied Science) at 37°C for 12 hours. The HCECs were then seeded in
one well of a 48-well plate coated with laminin E8 fragments (iMatrix-511; Nippi, Incorpo-
rated, Tokyo, Japan) (2.0 μg/cm2) [17] [17]. The culture medium was prepared according to
published protocols. First, basal medium was prepared, consisting of OptiMEM-I (Life Tech-
nologies Corp., Carlsbad, CA), 8% FBS, 5 ng/mL epidermal growth factor (Sigma-Aldrich Co.,
St. Louis, MO), 20 μg/mL ascorbic acid (Sigma-Aldrich Co.), 200 mg/L calcium chloride,
0.08% chondroitin sulfate (Wako Pure Chemical Industries, Ltd., Osaka, Japan), 50 μg/mL gen-
tamicin, and 10μM SB431542 (Merck Millipore, Billerica, MA). This basal medium was then
conditioned by culturing human bone marrow-derived mesenchymal stem cells (BM-MSCs)
for 24 hours. Finally, the conditioned basal medium was collected for use as the culture
medium for HCECs. Cultivated HCECs were used at passages 3 through 6 for the experiments.

Evaluation of cell adhesion and survival
HCECs were seeded in the following media supplemented with 8% FBS at a density of 5.0×103

cells/cm2 per well on a 96-well plate and cultured for 24 hours: OptiMEM-I, DMEM, RELAR
medium (Cell Science & Technology Institute, Inc., Sendai, Japan), BME (Life Technologies
Corp.), MEM (Life Technologies Corp.), MEMα (Life Technologies Corp.), M199 (Life Technol-
ogies Corp.), and F12/DMEM (Life Technologies Corp.). The effect of a ROCK inhibitor was
evaluated by adding 100 μMY-27632 (Wako Pure Chemical Industries, Ltd.) to the medium.
RELARmedium is a modified type of RITC80-7 medium that contains supplemental serum sub-
stitutes, hormones and growth factors [18]. The CTV was prepared based on the composition of
RITC80-7/RELARmedium by removing bioactive materials, such as hormones and growth fac-
tors and other possibly toxic materials. The CTV was generated and provided by Cell Science &
Technology Institute, Inc. The composition of CTV is shown in S1 Table. Opeguard-MA Intra-
ocular Irrigation Solution (Senju Pharmaceutical Co., Ltd., Osaka, Japan) and Ringer’s solution
(Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) were used to provide a comparison with solu-
tions that are approved for clinical use. The numbers of adhered HCECs on the culture plate
were evaluated using the CellTiter-Glo1 Luminescent Cell Viability Assay and a Veritas™Micro-
plate Luminometer (Promega, Fitchburg, Wisconsin). Six samples were prepared for each group.

Injection of CECs into a corneal endothelial dysfunction model
Twenty-one rabbits were used in this experiment. One eye of each rabbit was used and fellow
eye was not used to avoid blindness. The rabbit corneal endothelial dysfunction model was
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created as described previously [16]. Briefly, the lens was removed to deepen the anterior
chamber and the corneal endothelium was mechanically scraped from the Descemet’s mem-
brane with a 20-gauge silicone needle (Soft Tapered Needle; Inami & Co., Ltd., Tokyo, Japan).
A total of 5.0×105 RCECs, suspended in 200 μl of Opeguard-MA Intraocular Irrigation Solu-
tion, DMEM, or CTV—all supplemented with 100 μMY-27632 (Wako Pure Chemical Indus-
tries, Ltd.)—was injected into the anterior chamber of the corneal endothelial dysfunction
model and the animals were kept in the face-down position for 3 hours under general anesthe-
sia. As a control, cell-free CTV supplemented with 100 μMY-27632 was injected (n = 3). The
anterior segments were evaluated by slit-lamp microscopy with a Pentacam1 (OCULUS
Optikgeräte GmbH, Wetzlar, Germany) instrument for 2 weeks. Corneal thickness was deter-
mined with an ultrasound pachymeter (SP-2000; Tomey, Nagoya, Japan), and the mean of 10
measured values was calculated (up to a maximum thickness of 1200 μm, the instrument’s
maximum reading). Intraocular pressure was determined with a Tonovet1 (icare Finland,
Vantaa, Finland) instrument. The corneal endothelium was evaluated by contact specular
microscopy (Konan scanning slit specular microscope, Konan Medical, Nishinomiya, Japan).

Corneal endothelium regeneration by preserved RCECs was evaluated in the rabbit corneal
endothelial dysfunction model (n = 3), and anterior segments were evaluated for 2 weeks. The
preserved RCECs were prepared after harvesting from a culture plate by treatment with 0.05%
Trypsin-EDTA (Life Technologies) for 5 minutes at 37°C. A total of 5.0×105 RCECs were sus-
pended in 100 μl of CTV and preserved for 24 hours at 4°C. A 100 μl volume of CTV, supple-
mented with 200 μM of Y-27632, was then added and the preserved RCECs were gently mixed
by pipetting to obtain a preparation of 5.0×105 RCECs suspended in 200 μl of CTV including
Y-27632 (final concentration; 100 μM) for cell injection into the rabbit model. Cell-free CTV
supplemented with 100 μM of Y-27632 was injected as control (n = 3). The ability of HCECs to
regenerate corneal endothelium was evaluated by injecting 1.0×106 HCECs (suspended in
200 μl CTV supplemented with 100 μMY-27632) into the rabbit corneal endothelial dysfunc-
tion model (n = 3), and corneal specimens were evaluated after 48 hours.

Staining
Rabbit corneal specimens were fixed in 4% formaldehyde and incubated for 30 minutes in 1%
bovine serum albumin (BSA) to block nonspecific binding. Samples were incubated overnight
at 4°C with antibodies against Na+/K+-ATPase (1:300, Upstate Biotechnology, Lake Placid, NY),
ZO-1 (1:300, Life Technologies Corp., Carlsbad, CA), and N-cadherin (1:300, BD Biosciences,
San Jose, CA). Alexa Fluor1 488-conjugated goat anti-mouse (Life Technologies) was used as a
secondary antibody at a 1:1000 dilution. Cell morphology was evaluated after actin staining
with a 1:400 dilution of Alexa Fluor1 594-conjugated phalloidin (Life Technologies). Nuclei
were stained with DAPI (Dojindo Laboratories, Kumamoto, Japan). The samples were exam-
ined with a fluorescence microscope (TCS SP2 AOBS; Leica Microsystems, Wetzlar, Germany).

Statistical analysis
The statistical significance (P-value) for mean values in two-sample comparisons was determined
with the Student’s t-test. The statistical significance of comparisons of multiple sample sets was
analyzed with Dunnett’s multiple-comparisons test. Results were expressed as mean ± SEM.

Results

Generation of the CEC injection vehicle
We screened the effect of various cell culture media on HCEC adhesion compared with adhe-
sion in OptiMEM-I, a standard culture medium used for HCEC culture by several researchers,
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including us [17, 19]. HCEC adhesion was significantly enhanced in RELAR, M199, and F12/
DMEMmedia (Fig 1A). RELAR medium was then further examined to test its applicability as
a vehicle for cell injection therapy for corneal endothelial dysfunction.

RELAR medium was originally developed for serum-free culture of human renal proximal
tubular epithelial cells. It is a modified RITC80-7 medium, additionally supplemented with

Fig 1. Generation of a human corneal endothelium cell (HCEC) vehicle for cell therapy. (A) Effect of
various media types on HCEC adhesion to the substrate. HCECs were seeded with media without
supplementation with FBS, and then the numbers of adhering cell were evaluated after 24 hours. RELAR,
M199, and F12/DMEMmedia significantly enhanced cell adhesion when compared to OptiMEM-I. *p<0.01.
(B) The cell therapy vehicle (CTV) was generated based on RELARmedium but with removal of materials
such as hormones, growth factors, and other materials with possible toxicity. The numbers of adhered cells
increased by 120.7%with CTV when compared to OptiMEM-I, although cell adhesion tended to be lower
than with RELAR. However, HCECs seeded with the Y-27632 ROCK inhibitor showed a similar level of cell
adhesion in RELAR and CTV (135.6% and 131.1% vs OptiMEM-I without Y-27632, respectively). *p<0.01.
(C) The numbers of adhered HCECs were significantly lower in liquid Opeguard-MA Intraocular Irrigation
Solution (used for intraocular surgery) and Ringer’s solution (used for intravenous drip infusion) than with
CTV. *p<0.01. (D) Cell viability of HCECs was evaluated by Trypan blue staining after preservation in CTV
for 24 hours at 4°C. HCECs derived from 4 independent donors and preserved in CTV showed showed a
greater than 85% exclusion of Trypan blue. All experiments were performed in at least triplicate.

doi:10.1371/journal.pone.0158427.g001

Generation of a New Vehicle for Cell-Based Therapy for Treating Corneal Endothelial Dysfunction

PLOS ONE | DOI:10.1371/journal.pone.0158427 June 29, 2016 5 / 14



some serum substitutes, hormones and growth factors. Hormones and growth factors, and
especially mixtures of these, are not favored for clinical use if they are not necessary. Therefore,
we removed those materials from the medium to generate the CTV. Cell adhesion was pro-
moted by 120.7% by CTV, while it was promoted by 129.7% in comparison to OptiMEM-I.
However, when HCECs were seeded with a ROCK inhibitor, the numbers of adhered cells were
almost same in RELAR medium and in CTV (135.6% and 131.1%, respectively) (Fig 1B). The
effects of representative liquids allowed for use in humans were also evaluated: Opeguard-MA
Intraocular Irrigation Solution that is used for intraocular surgery and Ringer’s solution that is
used for intravenous drip infusion. The numbers of adhered HCECs were significantly lower in
these clinically used liquids than with CTV (Fig 1C).

The ability to preserve HCECs for a certain time is critical for transportation of HCECs
from a cell culture facility to the operating room in a clinical setting. Therefore, we assessed cell
viability of the HCECs after preservation in CTV for 24 hours at 4°C. All four lots of HCECs
from independent donors exhibited viability higher than 85% (Fig 1D).

RCEC injection using CTV as a vehicle in the rabbit corneal endothelial
dysfunction model
We conducted experiments using the rabbit corneal endothelial dysfunction model to evaluate
the feasibility of using CTV as a vehicle for CEC transplantation. Control eyes showed hazy
corneas due to corneal endothelial dysfunction. Injection of RCECs in Opeguard-MA Intraoc-
ular Irrigation Solution as an injection vehicle resulted in a slightly less hazy cornea than the
control but a transparent cornea was not regenerated. This suggested that an injection vehicle,
rather than an intraocular irrigation solution used in eye surgery, would be required for cell-
based therapy. We previously reported [16] that corneal transparency was restored in the endo-
thelial dysfunction model by intracameral injection of RCECs suspended in DMEM supple-
mented with Y-27632. Similarly, in the present case, intracameral injection of RCECs
suspended in CTV supplemented with Y-27632 restored corneal transparency (Fig 2A). The
central corneal thickness, which is one of the critical clinical indicators of corneal endothelial
health, was restored to an almost normal value in the eyes in which RCECs were transplanted
using DMEM or CTV (Fig 2B).

The IOP was also examined to check for possible elevation due to formation of cell aggre-
gates in the eye as a possible complication. The IOP remained in the normal range throughout
the 2 weeks of the study in all groups (Fig 2C). Immunofluorescent staining demonstrated that
the function-related markers Na+/K+-ATPase (pump function), ZO-1 (tight junction), and N-
cadherin (adherent junction) were expressed along the cell cortex in all regenerated CECs in
eyes in both the DMEM and CTV groups. Actin staining revealed that the regenerated corneal
endothelium was a sheet-like structure of hexagonal cells. The control eyes had a few fibroblas-
tic transformed cells with no expression of the function-related markers and the intraocular
irrigation solution group had a lower density of cells with only partial expression of the func-
tion-related markers (Fig 2D). The cell density of the regenerated corneal endothelium was
similar in the eyes injected with RCECs in DMEM or in CTV (Fig 2E).

Feasibility of RCEC preservation using CTV
We evaluated whether RCECs preserved for 24 hours would still be useful for transplantation.
The RCECs were harvested from the culture plate and suspended in CTV for 24 hours at 4°C.
Y-27632 was then added to the RCECs and they were injected into the anterior chamber of the
rabbit corneal endothelial dysfunction model (Fig 3A). Slitlamp microscopy showed that the
eyes transplanted with preserved RCECs developed transparent corneas, while control eyes
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Fig 2. Rabbit corneal endothelium cell (RCEC) injection with cell therapy vehicle (CTV) enables
regeneration of corneal endothelium. (A) A total of 5.0×105 RCECs, suspended in 200 μl of intraocular
irrigation solution, DMEM, or CTV supplemented with 100 μMY-27632 was injected into the anterior chamber of
the rabbit corneal endothelial dysfunction model (n = 3). CTV (200 μl) supplemented with 100 μMY-27632 was
injected into the anterior chamber of the rabbit corneal endothelial dysfunction model as a control (n = 3).
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injected with vehicle exhibited hazy corneas (Fig 3B). Scheimpflug images obtained with a Pen-
tacam™ instrument showed the successful regeneration of an anatomically normal cornea simi-
lar to a healthy cornea by RCEC injection, whereas the control eyes showed corneal edema due
to corneal endothelial dysfunction (Fig 3C). A color map of corneal thickness demonstrated
that preserved RCECs regenerated normal corneal thickness from the center to the periphery
of the cornea, while the control eyes showed thick corneas (Fig 3D). The corneal volume was
normal level after injection of preserved RCECs (Fig 3E). The central corneal thickness, evalu-
ated with an ultrasound pachymeter, was normal after 1–2 weeks in the eyes injected with pre-
served RCECs (Fig 3F). A representative image of regenerated corneal endothelium examined
by contact specular microscopy showed a hexagonal monolayer sheet structure, but no image
was obtained in the control eyes (Fig 3G).

Histological assessment of the corneal endothelium regenerated by
RCECs and HCECs after preservation
Immunofluorescent staining demonstrated that the function-related markers Na+/K+-ATPase,
ZO-1, and N-cadherin were expressed in all regenerated CECs in eyes injected with preserved
RCECs. The distribution of actin in the cell cortex was similar to that in healthy cells in the
eyes injected with RCECs. On the other hand, control eyes, which showed fibroblastic mor-
phology, showed no expression of function-related markers (Fig 4A).

We also investigated the feasibility of using HCECs after preservation in CTV. HCECs pre-
served for 24 hours in CTV were injected into the rabbit corneal endothelial dysfunction
model. Immunofluorescent staining showed that the HCECs regenerated corneal endothelium
that expressed function-related markers and showed a normal morphology (Fig 4B).

Discussion
We recently obtained approval from the Japanese Ministry of Health, Labour, and Welfare to
treat corneal endothelial dysfunction with cell-based therapy and started the first-in-human
clinical trial in 2014 at Kyoto Prefectural University of Medicine (Clinical trial registration:
UMIN000012534). This clinical trial uses cultured HCECs suspended in a vehicle consisting of
modified OptiMEM-I supplemented with ROCK inhibitor, which are injected into the anterior
chamber of the patients following removal of the diseased corneal endothelium. We are cur-
rently focusing our efforts on optimizing the original protocol of the principal investigator-ini-
tiated clinical trial to begin a sponsor- initiated clinical trial [20].

The use of intraocular irrigation solutions is allowed by regulatory authorities in intra ocular
surgeries such as cataract surgery and vitreo-retinal surgery and are widely utilized. These

Corneal transparency was restored by intracameral injection of RCECs suspended in either DMEM or CTV,
while control eyes exhibited hazy corneas due to corneal endothelial dysfunction. (B) Central corneal thickness
was evaluated with an ultrasound pachymeter and was restored to almost a normal value in the eyes
transplanted with RCECs in DMEM or CTV. Eyes injected with RCECs in intraocular irrigation solution showed a
thicker central corneal thickness when compared to eyes injected with RCECs in DMEM or CTV. (C) Intraocular
pressure (IOP) elevation due to formation of cell aggregates in the eye is a possible complication and was
evaluated with a Tonovet1. The IOP remained in the normal range throughout the 2 weeks of the study in all
groups. (D) Regenerated corneal endothelium was evaluated by immunofluorescent staining 2 weeks after cell
transplantation. The function-related markers Na+/K+-ATPase (pump function), ZO-1 (tight junction), and N-
cadherin (adherent junction) were expressed in all regenerated CECs in eyes from both the DMEM and CTV
groups. Actin staining showed hexagonal regenerated corneal endothelial cells. By contrast, control eyes had
few fibroblastic transformed cells and lacked expression of the function-related markers. Scale bar: 50 μm. (E)
Cell density of regenerated corneal endothelium formed by injecting RCECs was the same for cells suspended
in DMEM and CTV, while cells suspended in intraocular irrigation solution showed lower cell density (Fig 2E).

doi:10.1371/journal.pone.0158427.g002
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Fig 3. Rabbit corneal endothelium cells (RCECs) preserved in CTV regenerate corneal endothelium.
(A) Schematic image showing the protocol for assessment of the feasibility of cell preservation in CTV.
RCECs were harvested from the culture plate and suspended in CTV for 24 hours at 4°C, the ROCK inhibitor,
Y-27632, was added to the RCECs before injection, and RCECs were injected into the anterior chamber of
the rabbit corneal endothelial dysfunction model (n = 3). As a control, CTV supplemented with Y-27632 was
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intraocular irrigation solutions, which are combinations of buffers and antioxidants, were
developed to mimic the composition of the aqueous and vitreous humor to maintain the integ-
rity of the intraocular tissues. The physiological assessment of these solutions was focused on
providing safety to the corneal endothelium, as damage to the corneal endothelium causes

injected into the rabbit corneal endothelial dysfunction model (n = 3). (B) Slitlamp microscopy showed that a
transparent cornea was formed by the preserved RCECs, while the control eyes injected with vehicle alone
exhibited hazy corneas. (C) Scheimpflug images showed the restoration of an anatomically normal cornea
similar to a healthy cornea following injection of preserved RCECs. Control eyes injected with vehicle only
exhibited corneal edema due to corneal endothelial dysfunction. (D) Corneal thickness was evaluated with a
Pentacam1. The color map showing corneal thickness demonstrated that eyes injected with preserved
RCECs exhibited normal thicknesses throughout the center to the periphery, whereas control eyes exhibited
thick corneas after 2 weeks. (E) Corneal volumes evaluated with a Pentacam1 showed normal levels after
RCEC injection. (F) Central corneal thickness evaluated with an ultrasound pachymeter showed that eyes
injected with preserved RCECs had corneas of normal thickness. (G) Regenerated corneal endothelium was
examined in vivo by contact specular microscopy. A hexagonal monolayer sheet structure was observed in
the eyes injected with preserved RCECs, whereas no similar structure was observed in the control eyes.

doi:10.1371/journal.pone.0158427.g003

Fig 4. Histological assessment of corneal endothelium regenerated by injection of RCECs and HCECs after preservation in
CTV. (A) Regenerated corneal endothelium was evaluated by immunofluorescent staining 2 weeks after cell transplantation. The
function-related markers Na+/K+-ATPase, ZO-1, and N-cadherin were expressed in the corneal endothelium of the eyes injected with
RCECs after 24 hours of preservation. Actin similar to that seen in healthy cells was observed along the cell cortex in the eyes injected
with RCECs. Fibroblastic cells without function-related markers were observed. Scale bar: 50 μm. (B) Feasibility of using HCECs after
preservation in CTV was evaluated by injecting HCECs preserved for 24 hours in CTV into the rabbit corneal endothelial dysfunction
model (n = 3). Immunofluorescence staining showed that corneal endothelium was regenerated by the injected HCECs and expressed
Na+/K+-ATPase and N-cadherin. Actin staining showed that the regenerated corneal endothelium in the rabbit eyes had a normal
morphology consisting of a monolayer of hexagonal cells. Scale bar: 500 μm.

doi:10.1371/journal.pone.0158427.g004
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irreversible corneal haziness [21–23]. Intraocular irrigation solutions are assumed to be safe for
cell-based therapy, but our current findings indicate that they hamper CEC adhesion onto
substrates.

This finding suggests that an intraocular irrigation solution itself is unsuitable for use as a
vehicle for cell-based therapy and that an optimized vehicle is important for the regeneration
of the corneal endothelium. Our approach to generate a new vehicle was as follows: 1) screen
the effects of various culture media on CEC adhesion, 2) generate a new vehicle by removing
materials that are not favorable for clinical use, and 3) evaluate the feasibility of the vehicle in
an animal disease model.

HCECs have limited proliferative ability and undergo transformation into a fibroblastic
phenotype. Researchers have long recognized the difficulty of HCEC culture and have devoted
their efforts to culture HCECs that can be used for research purposes and in regenerative medi-
cine [17, 24–30]. Several culture media, such as F12, M199, SHEM, DMEM, and OptiMEM-I,
were proposed as HCEC culture media when supplemented with materials such as serum and
various growth factors [13, 24, 25, 27]. However, Zhu and colleagues, in a screening study of
several culture media, demonstrated that OptiMEM-I promoted attachment and a moderate
proliferative response [26]. We demonstrated the successful expansion of HCECs and suppres-
sion of fibroblastic transformation in an OptiMEM-I based culture medium [17, 19, 31]. A fur-
ther screening of media modified from Eagle's minimum essential media (EMEM), like
OptiMEM-I, showed that RELAR medium promoted the best HCEC adhesion among the
media tested. However, media modified from EMEM, such as OptiMEM-I and RELAR,
include hormones and growth factors, whereas EMEM contains amino acids, salts, glucose,
and vitamins [32]. We generated CTV by removing hormones, growth factors, and potentially
toxic materials to minimize the possible risk for the patients, although the amount of hormones
and growth factors is probably sufficiently low to avoid causing adverse events such as carcino-
genicity and other systemic disorders.

In the clinical setting, CECs will be cultured and harvested in a Good Manufacturing Prac-
tice (GMP) grade cell processing center (CPC), and will be transported to each facility. Thus,
cell stability must be maintained for a certain time to enable transportation from the CPC to
hospital. In this study, HCECs retained more than 85% viability after 24 hours of preservation
in CTV, and the preserved RCECs and HCECs restored the corneal endothelium in the rabbit
model of corneal dysfunction, confirming the efficacy of CEC preservation in CTV. However,
possible adverse effects caused by dead cells generated during preservation should be carefully
assessed.

Land et al. showed that human recombinant superoxide dismutase reduced the rejection
episodes after renal allografts in a randomized double-blind trial [33]. They hypothesized that
antioxidants suppressed the ischemia/reperfusion injury of the graft and then reduced the
immunogenicity of the graft [33]. This phenomenon is currently explained by the concept of
damage-associated molecular patterns (DAMPs) that trigger inflammatory responses against
danger stimuli [34, 35]. The release of DAMPs by tissue stress or injury was confirmed to play
an important role in the pathophysiology of a wide range of diseases [36–40]. In the current
study, no adverse events, such as severe inflammation or rejection, were observed in rabbit
model, but the possibility of an inflammatory response caused by CECs damaged during pres-
ervation should be further investigated.

In conclusion, we generated a CTV composed of amino acids, salts, glucose, and vitamins
but without hormones, growth factors, and or potentially toxic materials for use for the treat-
ment of corneal endothelial dysfunction using cell-based therapy. We also showed that CTV
enabled the preservation of CECs for subsequent injection and that the preserved CECs
restored a transparent cornea in rabbit model of corneal dysfunction. The current strategy for
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generation of a vehicle from a culture medium by removing materials that are unfavorable for
clinical use is fast and practical and can be applied to cell-based therapy in other fields.
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ABSTRACT: Accurate determination of vertebral endplate surface area and diameters plays an important role in surgical procedures,
spinal implant design and sizing. The objective of this study was to contribute with baseline information on the endplate geometrical
parameters using subject-based 3D whole-spine computed tomography (CT) models based on myelogram CT images taken of 49
patients with spinal disorders. Superior and inferior bony endplate mesh-models were created from said 3D CT models and endplate
geometrical parameters including total polygon-mesh areas, projected areas and antero posterior and transverse diameters of each
endplate were measured. The position of each endplate was determined by the cumulative distance along the spinal column with
respect to C2. Endplate area and diameters were analyzed by gender, spinal level, age and correlation with spinal position. Males had
larger endplates than females at all levels (p<0.05) but S1. While endplate areas and transverse diameters increased with age at
C3-L5 in females, these increases were not consistent through the whole-spine and even decreases with age were found at T1-T3 in
males. There was a strong linear correlation between endplate area and spinal position in males and females with correlation
coefficient values of r¼0.938 and r¼0.911, respectively. However, multiple comparisons of the geometrical parameters through the
whole-spine revealed localized reduction of the anteroposterior or transverse diameters at T4 and L5-S1 levels. These regional and age-
related changes in endplate dimensions should be taken into account for safe interventional treatments at these sites. � 2016
Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 34:1418–1430, 2016.

Keywords: endplate; surface area; endplate dimension, spine; computed tomography; three-dimensional measurement

Accurate knowledge of vertebral endplate morphology
is important to better understand its structure-
function relationships,1–4 with respect to its influence
and role in intervertebral disc degeneration, and to
design proper surgical procedures, tissue-engineered
disc replacement constructs and spinal implants.5,6

Measurement of the endplate surface area provides
essential information to be used for estimation of
stress and pressure in intervertebral discs, estima-
tion of disc volume and adequate sizing of spinal
implants. To date, these endplate morphological
parameters have been gathered mainly by means of
planar methods.6–13 Since the endplate actually has
complex three-dimensional (3D) geometry, questions
arise about whether appropriate 3D endplate surface
models are necessary for accurate measurements of
any morphological parameter, including the surface
area. Information on the endplate surface area
spanning the entire human spine is limited in the
literature. To the best of the authors’ knowledge,
currently there is no in vivo study providing results
of 3D-based endplate surface area measurements.

Continuous increases in endplate dimensions along
the spine have been reported in the literature.6,7,14,15

We hypothesize that the endplate area increases as a
function of distal distance from C2 downwards, by
increasing the size within the same vertebral body and/
or between the endplates consisting of an intervertebral
disc. The objective of this study was to contribute with

baseline information on endplate area of the whole-
spine in both males and females using subject-based 3D
whole-spine computed tomography (CT) models.

METHODS
Subjects
This IRB-approved study was conducted on 49 patients (male
25, female 24; range 22–88 years, average age 61.8 years old,
Table 1). The patients were suspected to have spinal stenosis
and/or spinal cord disorders and confirmatory whole-spine
CT myelographic measurements were ordered by the attend-
ing surgeon. The mean heights of the male and female
patients were 165.1� 8.9 cm (mean�SD) and 150.6� 7.2 cm,
respectively. The mean weights of the male and female
patients were 61.6� 12.7 kg and 56.7� 23.7 kg, respectively.
The patients received whole-spine myelography CT imaging
(tube voltage: 120kV, tube current: 84.6� 11.8mAs, pixel
size: 0.39� 0.07mm, field of view: 197.4� 33.3mm, matrix:
512� 512, slice increment: 1.0mm, slice thickness: 1.0mm),
and were diagnosed as: Lumbar spinal canal stenosis
(n¼ 27), lumbar disc herniation (n¼ 14), cervical spondylosis
(n¼ 3), cervical spondylotic radiculopathy (n¼ 2), cervical
spondylotic myelopathy (n¼ 1), low back pain (n¼ 1), and
lumbar disc disease (n¼ 1).

Creation of 3D Endplate Surface Models
CT images were reconstructed using a commercial 3D
reconstruction software package (Mimics 16.0; Materialise
Inc., Leuven, Belgium). Segmentation of each vertebra was
performed using a threshold level of 226 Hounsfield Units
and 3D whole-spine polygon-mesh models from C1 to S1
were created based on this data. The surface of the 3D
polygon model was smoothed by using the “Wrap function” in
the software package with the smallest detail level of
1.0mm. Both superior and inferior endplates (relative to
each vertebral body) were further segmented from each
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vertebral 3D model allowing for the creation of individual
superior and inferior endplate polygon-mesh models. When-
ever manifest cases of osteophytes were present, they were
not included in the endplate model. A total of 2,352 endplate
models were created from 1,176 vertebral bodies of C2
through S1 (Fig. 1).

Endplate Surface Area Measurements
For each endplate surface model, the mean normal vector
was calculated by averaging the normal vectors of its

individual mesh elements (Fig. 2). The angle between the
mean normal vector and the normal vector of an individual
polygon mesh element was calculated by means of the dot
product and the polygon elements with a normal vector
oriented less than 90˚ were included for area measurements.
The following two methods were implemented to enable
automatic endplate surface-area calculations using a custom-
written routine in Microsoft Visual Cþþ under Microsoft
Foundation Class (MFC) programming environment.

Polygon Surface Area Measurement
The surface area of the endplate model was calculated by
summation of individual polygon area through the entire
surface of the endplate model.7,16

Projected Surface Area Measurement
Each polygon element of the endplate mesh model was
projected on a plane perpendicular to the mean normal vector
of its corresponding endplate (Fig. 2). The projected surface
area of the endplate was calculated by summation of individ-
ual polygon element projected surface area magnitudes.

Endplate Diameter Measurements and Endplate Area Calculation
by Elliptical Approximation
In order to compare the endplate area with that estimated by
a conventional method based on elliptical approximation,
anteroposterior (AP) and transverse diameters were mea-
sured. Since the area by elliptical approximation is a planar
area, the projected model was used for measurement of the
diameters and the elliptical approximation area was compared
with the projected area.

Anatomical axes and planes for individual endplates were
determined by each endplate eigenvectors of using custom
software. The most posterior point was automatically deter-
mined in the midsagittal plane. The most anterior and the
most lateral points of the model were also automatically
determined based on the local anatomical axes. The AP
diameter was determined by measuring the distances in
space from the most posterior point to the coronal plane and
from the most anterior point to the coronal plane using
vector algebra. Similarly, the transverse diameter was deter-
mined by measuring the distances in space from the most
lateral points for both sides to the sagittal plane using vector
algebra. These procedures were used because the most
anterior point and the most lateral points did not always
exist on the sagittal plane or coronal plane, respectively. The

Table 1. Study Population Categorized by Gender and
Age

Age Male (n¼ 25) Female (n¼ 24)

20s 2 0
30s 1 2
40s 4 1
50s 4 4
60s 8 7
70s 5 6
80s 1 4

Figure 1. Whole-spine 3D model and endplate surface models.

Figure 2. Endplate polygon-mesh model and the mean normal
vector for the endplate surface model. Red lines: Polygon element
sides. Green lines: Normal vector of individual polygon elements.
Yellow line: Mean normal vector.
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endplate area was calculated using the AP and transverse
diameters by elliptical approximation as follows:

Elliptical approximation area ðelliptical areaÞ ¼
ðAP diameter=2Þ � ðtransverse diameter=2Þ � p:

Determination of Endplate Position
In order to analyze the endplate as a function of distance
from the inferior endplate of C2, the spinal position was
determined as the sum of vertebral body height(s) and the
intervening intervertebral disc height(s) toward the endplate
of interest (Fig. 3).7 The centroid of each endplate was
located on the corresponding endplate point-cloud dataset
model. The vertebral body height was determined by the
distance between the centroids of superior and inferior
endplates within the corresponding vertebral body. Similarly,
the intervertebral disc height was determined by the dis-
tance between the centroid of inferior endplate in the cranial
vertebral body and the centroid of the superior endplate of
the caudal vertebral body. The distance to each endplate was
normalized value by cranio-caudal distance (C2-S1) and
presented as a percentage (%).

Statistical Analysis
Gender effects were compared with unpaired Student’s
t-tests. Level and age effects were sought by ANOVA with
Fisher’s PLSD post hoc tests using SPSS Statistics v. 23
(IBM, Armonk, NY). The superior versus inferior endplate
areas for each vertebral body, the superior versus inferior
endplate areas for each intervertebral disc, polygon surface
area versus projected area and the projected area versus
elliptical area were compared with paired Student’s t-tests.
Correlation between the endplate area versus the spinal
position was analyzed by simple linear regression analysis.
Correlation between the endplate area and diameters versus
age at each one of the spinal positions was analyzed by
simple linear regression analysis. Significance level was set
at p< 0.05. Results are presented as mean�SD.

RESULTS
Endplate Polygon-Mesh Surface Area
The endplate polygon-mesh surface area was larger in
males on both the superior and inferior endplates at all
levels, with the exception of S1. The inferior endplate
area was higher as compared with the superior endplate
area within the same vertebral body at C3, C5, T1
through L2 and L4 (Fig. 4A). Within the intervertebral
disc, the area of the inferior endplate of the cranial
vertebral body (cranial endplate for the disc) was higher
than the area of the superior endplate of the caudal
vertebral body (caudal endplate for the disc) at the C5/
C6, T1/T2 through T6/T7, T8/T9, and L4/L5 discs, while
lower at T11/T12, T12/L1, and L2/L3 (Fig. 4A). Strong
linear correlations were found between the endplate
area versus the spinal length both in males and females
with correlation coefficient values of r¼ 0.938 and
r¼0.911, respectively (Fig. 5A, B).

The results of multiple comparisons among the
spinal levels showed significant increases within three
consecutive levels at C3 and T3-L2 levels in superior
endplates and at C3, C5-C7, and T3-L2 levels in the
inferior endplate in males, and at C3 and T4-L3 levels
in the superior endplate and at C2, C6-C7, and T3-L3
levels in the inferior endplate in females (Fig. 6).
Significant decreases were noted between L4 and L5 in
the inferior endplate in both males and females (Fig. 6).

Endplate Projected Surface Area
The endplate projected area was larger in males on
both the superior and inferior endplates at all levels
aside from S1. The inferior endplate area was higher
when compared against the superior endplate area
within the same vertebral body at C3, C4, C5, T1
through L2 and L4, but lower at L5 (Fig. 4B). Within
the intervertebral disc, the projected area of the inferior
endplate of the cranial vertebral body (cranial endplate
for the disc) was larger than with the areas of the
superior endplate of the caudal vertebral body (caudal
endplate for the disc) at the C2/C3, C4/C5, C7/T1
through T6/T7, T8/T9, L4/L5, and L5/S1 discs, while
lower at T11/T12, T12/L1, and L2/L3. Strong linear
correlations were found between the endplate area
versus the spinal distance both in males and females

Figure 3. Spinal position determined by distance from centroid
of the inferior C2 endplate. White lines show the cumulative
distance path from the inferior endplate of C2 to the superior
endplate of S1.
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with correlation coefficient values of r¼ 0.943 and
r¼0.922, respectively (Fig. 5C, D).

The results of multiple comparisons among the
spinal levels showed significant increases within three
consecutive levels at C3, C4, and T3-L2 levels in
superior endplates and at C2, C3, C6, C7, and T2-L2
levels in the inferior endplate in males, and at C3 and
T4-L2 levels in the superior endplate and at C3, C6-C7,
and T4-L2 levels in the inferior endplate in females
(Fig. 6). Significant decreases were noted between
L3-L5 versus S1 in the superior endplate and between

L3-L4 versus L5 in the inferior endplate in males, and
between L5 versus S1 in the superior endplate and
between L4 versus L5 in the inferior endplate in
females (Fig. 6).

Endplate Polygon-Mesh Surface Area Versus Endplate
Projected Surface Area
The polygon-mesh surface area (3D surface) was larger
than the projected area (planar surface) at all end-
plates. Overall, the polygon surface area/projected
surface area ratio was 1.06�0.05. When the results
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Figure 4. Endplate area by spinal level and
anatomical site (superior or inferior). A: Endplate
polygon area. B: Endplate projected area. �Inferior
> superior within a vertebral body (p<0.05), †Infe-
rior of cranial vertebral body> superior of caudal
vertebral body (p< 0.05), ‡Inferior of cranial verte-
bral body< superior of caudal vertebral body
(p<0.05) (mean�SD).

Figure 5. Correlations between endplate area
and spinal length: A: Endplate polygon area
versus spinal position in males. B: Endplate
polygon area versus spinal position in females. C:
Endplate projected area versus spinal position in
males. D: Endplate projected versus spinal posi-
tion in females.
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were segregated by cervical, thoracic and lumbar
anatomical location, the ratios were 1.12�0.06,
1.04� 0.03 and 1.04�0.04, respectively. The mean
ratios in the superior and inferior endplates were
1.07� 0.06 and 1.05� 0.04, respectively, and the mean
ratio in the superior endplate was higher than that in
the inferior endplate (Table 2).

The endplate projected surface area shows more
significant differences, including: Larger inferior than
superior endplates within the same vertebral body at
C4, smaller inferior than superior endplates within
the same vertebral body at L5, larger inferior than
superior endplates in the adjacent caudal vertebral
body at the C2/C3, C4/C5, and C7/T1 disc levels, and
smaller inferior than superior endplates in the adja-
cent caudal vertebral body at the L5/S1 disc level, as
compared with the polygon-mesh surface area.

Endplate AP Diameter
The endplate AP diameter was larger in males on both
the superior and inferior endplates at all levels except
superior endplate at L5. The inferior endplate AP
diameter was higher as compared with the superior
endplate AP diameter within the same vertebral body
at C3 through T9, L1, and L4 (Fig. 7A). Within the
intervertebral disc, the AP diameter of the inferior
endplate of the cranial vertebral body (cranial end-
plate for the disc) was higher than the AP diameter of
the superior endplate of the caudal vertebral body
(caudal endplate for the disc) at the C2/C3 through T5/
T6, L4/5, and L5/S1 discs, while lower at T10/T11
through L2/L3 (Fig. 7A).

The results of multiple comparisons among the
spinal levels showed significant increases within three
consecutive levels at C3, C5, and C7-T12 levels in
superior endplates and at C2, C3, T1-T7, and T12-L3
levels in the inferior endplate in males, and at C3, C5,
and T4-L2 levels in the superior endplate and at C2,
C3, and C7-L1 levels in the inferior endplate in
females (Fig. 8). Significant decreases were noted
between L2-L4 versus S1 and between L4 versus L5 in
the superior endplate in males, and between L5 versus

S1 in the superior endplate between and C5 versus C7
and between L4 versus L5 in the inferior endplate in
females (Fig. 8).

Endplate Transverse Diameter
The endplate transverse diameter was larger in males
on both the superior and inferior endplates at all
levels, with the exception of superior endplates of C3
through C6 and inferior endplates of C4 and C5. The
inferior endplate transverse diameter was higher as
compared with the superior endplate transverse diam-
eter within the same vertebral body at C6 through L4
(Fig. 7B). Within the intervertebral disc, the trans-
verse diameter of the inferior endplate of the cranial
vertebral body (cranial endplate for the disc) was lower
than the transverse diameter of the superior endplate
of the caudal vertebral body (caudal endplate for the
disc) at the C3/C4 through C7/T1 discs, while higher
at T1/T11 through L1/L2 and L3/L4 through L5/S1
(Fig. 7B).

The results of multiple comparisons among the
spinal levels showed significant increases within
three consecutive levels at C3, C5, and T2-T12 levels
in superior endplates and at C2, C3, T1-T7, and T12-
L3 levels in the inferior endplate in males, and at
C3, C5, and T4-L2 levels in the superior endplate
and at C2, C3, and C7-L1 levels in the inferior
endplate in females (Fig. 8). Significant decreases
were noted between T1 versus T3-T4, between L2-L4
versus S1 and between L4 versus L5 in the superior
endplate and between T1-T2 versus T4 in the inferior
endplate in males, and between L5 versus S1 in the
superior endplate between and C5 versus C7 and
between L4 versus L5 in the inferior endplate in
females (Fig. 8).

Endplate Surface Area by Elliptical Approximation
The endplate surface area estimated by elliptical
approximation using the AP and transverse diameters
was smaller than the projected area (planar surface)
at all endplates except L5 inferior endplates in
both genders. Overall, the elliptical approximation
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area/projected surface area ratio was 0.92�0.05.
When the results were sub-divided by cervical, tho-
racic and lumbar anatomical location, the ratios were
0.93� 0.05, 0.93�0.05 and 0.91� 0.05, respectively.
The ratio was largest in the lumbar spine and followed

by cervical spine and thoracic spine. The mean ratios
in the superior and inferior endplates were 0.94�0.05
and 0.91�0.05, respectively, and the mean ratio in
the inferior endplate was higher than that in the
superior endplate (Table 3).

Table 2. Spine Length, Endplate Polygon Area, Endplate Projected Area and Polygon Area/Projected Area Ratio by
Spinal Level, Site, and Gender

Spinal
Position (mm)

Polygon-Mesh
Surface Area (mm2)

Projected
Area (mm2)

Polygon
Area/Projected Area

Level Site Male Female Male Female Male Female Male Female

C2 Inf 0.0 0.0 314.9 (55.1) 265.3 (52.3) 282.9 (44.3) 237.8 (43.8) 1.11 (0.06) 1.11 (0.05)

C3 Sup 3.3 (0.8) 2.7 (0.7) 307.7 (64.8) 265.0 (72.5) 259.2 (45.2) 224.6 (56.0) 1.18 (0.07) 1.17 (0.06)

Inf 19.0 (1.2) 16.6 (1.3) 347.8 (74.1) 295.0 (71.8) 320.2 (61.1) 268.4 (57.4) 1.08 (0.04) 1.09 (0.04)

C4 Sup 22.0 (1.8) 19.4 (1.7) 376.9 (118.1) 303.3 (77.7) 324.1 (100.5) 258.9 (58.9) 1.16 (0.07) 1.16 (0.06)

Inf 37.5 (2.6) 33.0 (2.5) 383.4 (88.8) 324.5 (75.4) 356.6 (79.9) 298.1 (68.8) 1.07 (0.04) 1.09 (0.02)

C5 Sup 40.6 (3.1) 35.5 (2.7) 394.9 (113.3) 320.3 (95.1) 337.8 (94.6) 273.0 (77.1) 1.17 (0.07) 1.17 (0.06)

Inf 55.6 (4.0) 49.1 (3.1) 443.6 (94.9) 370.3 (115.7) 413.4 (86.6) 342.6 (104.6) 1.07 (0.04) 1.08 (0.03)

C6 Sup 58.6 (4.6) 51.3 (3.2) 469.0 (123.0) 390.4 (114.6) 414.3 (107.9) 340.9 (99.4) 1.13 (0.05) 1.15 (0.06)

Inf 73.6 (5.7) 65.4 (4.2) 456.5 (62.6) 355.5 (75.8) 425.1 (58.0) 328.8 (72.0) 1.07 (0.04) 1.08 (0.03)

C7 Sup 76.7 (6.2) 68.4 (4.5) 465.0 (87.9) 364.2 (75.9) 416.6 (75.9) 324.7 (66.3) 1.12 (0.03) 1.12 (0.04)

Inf 93.3 (7.1) 83.4 (5.5) 452.4 (64.8) 360.7 (53.0) 424.4 (64.1) 329.5 (47.2) 1.07 (0.03) 1.09 (0.03)

T1 Sup 96.7 (7.6) 86.9 (5.6) 441.3 (73.8) 348.6 (82.1) 404.4 (63.9) 314.7 (69.0) 1.09 (0.04) 1.10 (0.04)

Inf 115.1 (8.5) 103.7 (6.5) 541.0 (62.4) 449.2 (74.4) 504.8 (58.8) 412.6 (67.0) 1.07 (0.02) 1.09 (0.03)

T2 Sup 118.9 (8.8) 106.9 (6.7) 458.4 (62.3) 369.0 (68.5) 423.7 (53.9) 340.8 (57.0) 1.08 (0.04) 1.08 (0.03)

Inf 137.8 (9.6) 124.1 (7.5) 566.0 (59.2) 460.8 (72.4) 526.7 (52.3) 424.8 (64.9) 1.07 (0.03) 1.08 (0.02)

T3 Sup 141.2 (10.0) 127.3 (7.6) 467.0 (69.5) 380.9 (71.4) 434.9 (57.2) 355.5 (61.2) 1.07 (0.04) 1.07 (0.03)

Inf 160.1 (10.7) 144.5 (8.5) 576.1 (62.3) 471.1 (78.5) 545.4 (59.6) 441.6 (70.8) 1.06 (0.02) 1.07 (0.03)

T4 Sup 163.4 (11.2) 147.6 (8.5) 509.9 (72.1) 410.2 (71.4) 481.4 (62.5) 384.7 (61.2) 1.06 (0.02) 1.06 (0.02)

Inf 182.6 (11.9) 165.1 (9.4) 592.1 (77.8) 499.3 (97.5) 567.8 (74.0) 472.7 (86.5) 1.04 (0.02) 1.05 (0.02)

T5 Sup 185.8 (12.1) 168.1 (9.4) 552.4 (76.8) 450.9 (89.5) 529.3 (73.4) 428.0 (79.5) 1.04 (0.02) 1.05 (0.02)

Inf 205.6 (12.8) 186.1 (10.4) 637.7 (88.9) 541.8 (108.4) 616.9 (83.9) 520.7 (99.8) 1.03 (0.02) 1.04 (0.02)

T6 Sup 208.7 (13.1) 189.0 (10.5) 603.8 (83.2) 491.2 (80.3) 583.4 (78.3) 470.7 (69.7) 1.03 (0.02) 1.04 (0.02)

Inf 229.2 (13.6) 207.3 (11.7) 702.7 (88.6) 590.7 (89.2) 686.2 (88.1) 572.3 (81.3) 1.02 (0.01) 1.03 (0.02)

T7 Sup 232.2 (13.7) 210.3 (11.9) 675.4 (83.3) 556.7 (84.4) 661.1 (83.5) 540.0 (76.7) 1.02 (0.01) 1.03 (0.02)

Inf 253.0 (14.4) 229.1 (12.9) 777.7 (105.4) 638.1 (98.6) 764.9 (105.8) 621.6 (91.1) 1.02 (0.01) 1.03 (0.02)

T8 Sup 256.6 (14.5) 232.5 (13.2) 772.8 (108.9) 627.2 (91.7) 755.7 (105.9) 606.3 (83.8) 1.02 (0.01) 1.03 (0.03)

Inf 277.6 (15.0) 251.8 (13.9) 859.4 (110.4) 683.1 (123.1) 844.6 (108.2) 663.9 (112.2) 1.02 (0.01) 1.03 (0.02)

T9 Sup 281.5 (15.2) 255.3 (14.0) 842.4 (112.0) 660.4 (100.2) 824.2 (110.5) 642.3 (94.6) 1.02 (0.01) 1.03 (0.02)

Inf 303.3 (15.9) 275.0 (15.0) 936.8 (110.9) 738.7 (106.8) 917.1 (109.4) 719.9 (101.9) 1.02 (0.01) 1.03 (0.02)

T10 Sup 307.5 (16.1) 278.5 (15.4) 919.9 (111.6) 733.9 (97.3) 901.6 (109.0) 715.1 (90.2) 1.02 (0.01) 1.03 (0.02)

Inf 330.4 (17.0) 299.5 (16.4) 1,052.7 (152.2) 835.5 (131.4) 1,030.8 (150.5) 816.6 (125.7) 1.02 (0.01) 1.02 (0.02)

T11 Sup 335.4 (17.4) 303.8 (16.5) 1,047.2 (855.1) 855.1 (136.0) 1,025.9 (126.8) 832.8 (126.5) 1.02 (0.01) 1.03 (0.02)

Inf 359.7 (18.5) 326.2 (17.7) 1,163.0 (157.4) 908.1 (157.2) 1,140.0 (150.1) 887.5 (153.3) 1.02 (0.01) 1.02 (0.02)

T12 Sup 365.2 (18.9) 331.2 (17.6) 1,178.2 (147.3) 965.7 (170.0) 1,159.5 (142.8) 944.4 (162.9) 1.02 (0.01) 1.02 (0.01)

Inf 391.3 (20.2) 355.4 (18.8) 1,220.7 (126.6) 995.5 (189.8) 1,193.2 (123.6) 966.4 (182.1) 1.02 (0.01) 1.03 (0.02)

L1 Sup 397.5 (20.3) 361.2 (19.0) 1,280.1 (153.6) 1,056.2 (191.5) 1,252.2 (144.9) 1,023.3 (170.0) 1.02 (0.01) 1.03 (0.03)

Inf 424.7 (21.4) 385.9 (20.6) 1,371.9 (172.6) 1,143.4 (218.0) 1,340.2 (166.2) 1,106.4 (203.8) 1.02 (0.01) 1.03 (0.02)

L2 Sup 432.4 (21.7) 393.0 (20.6) 1,447.3 (191.6) 1,124.4 (213.5) 1,410.2 (179.6) 1,096.2 (199.9) 1.03 (0.02) 1.02 (0.01)

Inf 459.9 (22.9) 419.2 (21.8) 1,493.6 (198.6) 1,195.3 (201.9) 1,457.6 (193.4) 1,160.9 (185.8) 1.02 (0.01) 1.03 (0.02)

L3 Sup 468.8 (23.4) 426.8 (21.7) 1,582.4 (271.0) 1,246.8 (261.2) 1,539.3 (252.2) 1,202.2 (219.0) 1.03 (0.02) 1.03 (0.03)

Inf 496.7 (24.7) 452.9 (23.4) 1,592.4 (213.6) 1,291.4 (183.6) 1,551.2 (204.3) 1,248.9 (167.6) 1.03 (0.01) 1.03 (0.02)

L4 Sup 505.4 (24.3) 460.9 (23.9) 1,581.9 (216.4) 1,273.8 (251.3) 1,528.4 (204.6) 1,223.5 (218.6) 1.03 (0.02) 1.04 (0.03)

Inf 532.9 (25.7) 486.8 (25.2) 1,699.8 (283.0) 1,408.0 (325.7) 1,641.5 (257.4) 1,356.4 (306.5) 1.03 (0.02) 1.04 (0.02)

L5 Sup 540.9 (25.8) 494.0 (24.9) 1,579.1 (251.7) 1,357.7 (402.3) 1,504.4 (223.5) 1,292.4 (370.9) 1.05 (0.03) 1.05 (0.02)

Inf 567.5 (27.3) 518.8 (26.2) 1,560.7 (283.9) 1,272.8 (294.6) 1,476.5 (263.8) 1,203.7 (269.6) 1.06 (0.03) 1.06 (0.02)

S1 Sup 575.4 (27.5) 526.2 (26.3) 1,505.4 (372.4) 1,303.4 (413.7) 1,371.2 (322.4) 1,157.0 (330.3) 1.10 (0.05) 1.12 (0.07)

Mean (SD). Sup, superior endplate; Inf, inferior endplate.
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Effects of Age on the Endplate Polygon-Mesh Surface Area,
Endplate Projected Area, AP Diameter, Transverse
Diameter, and Endplate Area by Elliptical Approximation

The geometrical parameters reported in the present
study including the endplate polygon-mesh surface
area, endplate projected area, AP diameter, transverse
diameter and endplate area by elliptical approximation
decreased from the 60 s and 70 s to the 80 s with peaks
in the 70 s. For this reason, the linear regression
analyses at individual spinal level and sites were
performed on the subjects younger than 80 years old.
The endplate areas, either polygon-mesh surface area,
endplate projected area, or calculated by elliptical
approximation, showed weak (0.2< r< 0.4, r; correla-
tion efficient) or moderate (0.42 r20.6) positive corre-
lation with age at all sites with exception of one or two
sites in females. In males, however, positive correla-
tions were found only in 15–21 sites out of 46 sites. At
the superior endplates of T1, T2, and T3, weak or
moderate negative correlations were found in the
endplate areas regardless of the measurement methods.

The AP diameter in females showed positive correla-
tions at continuous levels and sites at cervical-thoracic
junction (inferior endplate of C6 to superior endplate of
T2) and lumbar spine (inferior endplate of L1 to inferior
endplate of L5). In males, while a positive correlation
was found at the upper cervical spine (inferior endplate
of C2 to superior endplate of C4), the endplates with
positive correlations were seen sporadically. Further, a
negative correlation between the AP diameter and age
was found at the superior endplate of T2 in males.
The transverse diameter increased with age at all
endplates but one site in females and most of the
cervical levels and T7-L3 levels in males. Negative
correlations between the transverse diameter and
age were found T1 superior endplate through T3
superior endplate in males. This region of negative
correlation changed to the aforementioned the region
with positive correlation (T7-L3) via a transitional
region of T4-T6 with mixed negative-positive correla-
tion efficient values (r) although their absolute values
were less than 0.2 (Table 4).
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Figure 7. Endplate diameters by spinal level and
anatomical position (superior or inferior). A: Ante-
roposterior (AP) diameter. B: Transverse
diameter. �Inferior> superior within a vertebral
body (p< 0.05), ��Inferior< superior within a verte-
bral body (p<0.05), †Inferior of cranial vertebral
body> superior of caudal vertebral body (p< 0.05),
‡Inferior of cranial vertebral body< superior of
caudal vertebral body (p< 0.05) (mean�SD).
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Figure 8. Results of multiple comparisons of
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DISCUSSION
Although previous anthropological studies report linear
dimensions for the vertebrae using cadaveric
specimens,7–11,13,17 the present study is the first to
measure in vivo 3D surface area of the bony endplates

in humans along the entire spine. In this work, we
formulated a linear relationship by introducing a new
quantitative position parameter, which may be useful
for quantitative studies in anthropology and compara-
tive medicine. The present study measured 3D endplate

Table 3. Antero-Posterior (AP) Diameter, Transverse Diameter, Endplate Area by Elliptical Approximation and
Elliptical Area/Projected Area Ratio by Spinal Level, Site, and Gender

AP
Diameter (mm)

Transverse
Diameter (mm)

Elliptical
Area (mm2)

Elliptical Area/
Projected Area

Level Site Male Female Male Female Male Female Male Female

C2 Inf 16.5 (2.1) 14.7 (1.1) 20.2 (2.2) 18.5 (2.7) 262.7 (5.14) 214.6 (40.1) 0.939 (0.065) 0.903 (0.051)
C3 Sup 14.3 (1.6) 12.9 (1.8) 20.7 (2.9) 20.1 (3.6) 232.8 (44.5) 207.3 (57.3) 0.913 (0.053) 0.920 (0.056)

Inf 17.5 (2.0) 15.7 (1.6) 21.9 (2.4) 20.0 (2.7) 302.1 (58.1) 249.2 (57.3) 0.960 (0.059) 0.926 (0.040)
C4 Sup 15.8 (3.1) 14.0 (1.9) 23.1 (4.0) 21.3 (3.1) 292.9 (103.8) 235.7 (57.3) 0.914 (0.045) 0.910 (0.042)

Inf 18.3 (2.4) 16.3 (2.3) 22.4 (3.7) 21.5 (3.0) 324.3 (82.4) 279.7 (78.1) 0.921 (0.055) 0.932 (0.053)
C5 Sup 15.8 (2.9) 13.3 (2.1) 24.1 (3.5) 22.7 (3.6) 303.9 (95.8) 241.6 (72.1) 0.911 (0.043) 0.885 (0.049)

Inf 19.5 (2.7) 17.2 (2.4) 25.1 (3.7) 23.4 (4.6) 386.8 (88.3) 321.5 (110.1) 0.949 (0.052) 0.932 (0.049)
C6 Sup 17.5 (2.7) 15.2 (2.5) 27.4 (4.5) 25.7 (4.2) 381.8 (110.7) 311.3 (95.1) 0.930 (0.048) 0.912 (0.049)

Inf 19.3 (1.8) 16.5 (1.6) 26.4 (2.8) 23.6 (3.9) 401.5 (61.4) 308.8 (78.1) 0.958 (0.041) 0.935 (0.057)
C7 Sup 16.8 (2.2) 14.4 (1.5) 28.8 (3.1) 26.0 (3.4) 380.2 (71.3) 296.0 (66.5) 0.929 (0.036) 0.909 (0.047)

Inf 18.2 (1.4) 15.7 (1.2) 27.6 (2.6) 24.9 (2.2) 395.6 (57.5) 308.2 (46.4) 0.948 (0.045) 0.934 (0.044)
T1 Sup 16.3 (1.7) 14.0 (1.8) 28.5 (3.1) 25.7 (3.7) 365.2 (61.7) 284.6 (68.3) 0.916 (0.055) 0.900 (0.036)

Inf 18.8 (1.8) 16.6 (2.0) 31.3 (2.2) 28.7 (2.5) 462.2 (61.3) 375.3 (71.7) 0.929 (0.030) 0.907 (0.047)
T2 Sup 16.9 (1.6) 15.4 (2.1) 26.9 (2.7) 24.6 (2.2) 356.3 (46.3) 297.4 (59.0) 0.855 (0.045) 0.872 (0.074)

Inf 19.7 (2.3) 17.7 (2.0) 31.8 (2.0) 28.3 (2.6) 492.4 (66.1) 394.0 (67.4) 0.947 (0.055) 0.926 (0.047)
T3 Sup 18.4 (1.8) 16.4 (2.0) 26.3 (2.5) 24.2 (2.2) 381.8 (54.8) 312.5 (56.0) 0.891 (0.047) 0.879 (0.038)

Inf 21.7 (2.3) 19.3 (2.1) 30.7 (2.1) 26.9 (2.1) 523.1 (62.2) 409.7 (67.4) 0.974 (0.044) 0.928 (0.049)
T4 Sup 20.6 (2.2) 18.2 (2.2) 26.5 (2.2) 23.8 (1.9) 428.2 (55.2) 342.0 (58.6) 0.905 (0.050) 0.889 (0.040)

Inf 23.0 (2.3) 20.3 (2.3) 29.5 (2.1) 27.3 (3.1) 533.7 (69.9) 438.5 (89.6) 0.956 (0.048) 0.926 (0.057)
T5 Sup 22.4 (2.0) 19.7 (2.2) 26.8 (2.0) 24.5 (2.0) 473.1 (62.9) 379.9 (65.1) 0.910 (0.046) 0.890 (0.041)

Inf 24.3 (2.2) 22.0 (2.2) 30.5 (2.6) 27.3 (2.8) 583.6 (75.2) 474.6 (89.2) 0.963 (0.050) 0.913 (0.037)
T6 Sup 23.8 (2.2) 21.3 (1.9) 28.1 (2.5) 25.1 (2.2) 526.1 (75.0) 421.1 (65.9) 0.916 (0.048) 0.895 (0.042)

Inf 25.8 (2.2) 23.4 (2.0) 31.4 (2.5) 28.1 (2.4) 637.3 (83.4) 517.9 (76.6) 0.945 (0.046) 0.906 (0.041)
T7 Sup 25.5 (2.0) 22.9 (2.0) 30.0 (2.6) 26.5 (2.0) 600.8 (79.9) 477.7 (70.7) 0.924 (0.042) 0.885 (0.031)

Inf 27.2 (2.5) 24.1 (2.0) 33.2 (2.8) 29.6 (2.5) 710.6 (107.4) 561.9 (81.5) 0.943 (0.039) 0.905 (0.033)
T8 Sup 27.2 (2.3) 24.3 (1.8) 31.7 (2.8) 28.4 (2.4) 679.3 (105.9) 543.0 (74.9) 0.913 (0.054) 0.897 (0.034)

Inf 28.6 (2.4) 25.3 (2.5) 34.8 (3.2) 30.8 (2.7) 782.9 (112.5) 615.8 (100.5) 0.941 (0.049) 0.929 (0.038)
T9 Sup 28.6 (2.6) 25.0 (2.0) 32.9 (2.9) 29.7 (2.5) 742.3 (118.1) 584.3 (84.9) 0.914 (0.049) 0.911 (0.046)

Inf 29.6 (2.6) 25.7 (2.1) 37.1 (2.9) 33.0 (2.9) 862.9 (115.9) 668.2 (103.4) 0.955 (0.037) 0.928 (0.029)
T10 Sup 29.5 (2.2) 26.1 (1.7) 34.9 (3.1) 31.1 (2.8) 811.4 (116.7) 638.0 (84.5) 0.913 (0.045) 0.907 (0.033)

Inf 29.9 (2.6) 26.3 (2.3) 40.1 (3.4) 35.7 (3.1) 946.1 (149.5) 741.1 (122.8) 0.932 (0.039) 0.893 (0.042)
T11 Sup 30.2 (2.5) 27.1 (2.6) 38.2 (2.5) 34.7 (3.0) 909.1 (119.6) 742.1 (126.4) 0.900 (0.034) 0.890 (0.035)

Inf 30.0 (2.5) 26.8 (2.6) 43.7 (3.2) 37.8 (3.7) 1,034.4 (141.8) 800.3 (148.7) 0.922 (0.034) 0.901 (0.030)
T12 Sup 31.2 (2.5) 27.9 (2.7) 42.2 (3.2) 37.7 (3.2) 1,037.2 (143.9) 830.4 (148.4) 0.908 (0.041) 0.880 (0.037)

Inf 30.1 (2.4) 27.8 (3.9) 45.3 (2.4) 40.0 (3.9) 1,073.0 (117.0) 881.6 (211.6) 0.914 (0.034) 0.908 (0.075)
L1 Sup 31.5 (2.5) 28.9 (3.0) 43.8 (3.2) 39.8 (3.7) 1,087.8 (147.7) 908.8 (176.0) 0.881 (0.031) 0.886 (0.033)

Inf 32.3 (2.9) 29.8 (3.1) 47.0 (3.3) 42.3 (4.3) 1,195.6 (170.7) 996.4 (203.2) 0.911 (0.044) 0.899 (0.030)
L2 Sup 34.8 (3.2) 30.5 (3.4) 46.3 (3.4) 40.5 (3.7) 1,268.1 (195.9) 978.9 (196.8) 0.911 (0.038) 0.891 (0.036)

Inf 33.8 (2.5) 30.8 (2.8) 50.5 (4.9) 43.8 (3.8) 1,344.4 (197.0) 1,064.3 (185.2) 0.937 (0.034) 0.916 (0.030)
L3 Sup 36.0 (4.2) 31.9 (3.2) 49.7 (4.5) 43.2 (4.3) 1,414.7 (265.0) 1,087.7 (216.1) 0.931 (0.037) 0.904 (0.034)

Inf 34.7 (2.9) 32.2 (2.5) 52.2 (3.7) 46.5 (4.0) 1,427.8 (194.7) 1,179.1 (181.0) 0.935 (0.034) 0.942 (0.032)
L4 Sup 34.8 (3.5) 31.4 (3.3) 51.2 (3.5) 45.4 (4.9) 1,406.1 (210.5) 1,128.4 (233.6) 0.934 (0.035) 0.919 (0.035)

Inf 36.2 (3.6) 33.1 (4.2) 54.9 (4.6) 49.6 (5.5) 1,566.8 (262.2) 1,304.9 (316.4) 0.969 (0.038) 0.960 (0.030)
L5 Sup 34.0 (3.0) 32.3 (4.2) 52.8 (3.8) 47.6 (7.0) 1,416.9 (211.0) 1,226.4 (363.5) 0.957 (0.032) 0.948 (0.031)

Inf 34.6 (3.0) 31.5 (3.7) 53.4 (4.5) 48.0 (5.9) 1,461.7 (252.4) 1,201.2 (283.7) 1.007 (0.037) 0.997 (0.045)
S1 Sup 33.2 (4.1) 30.6 (3.5) 49.9 (6.3) 44.9 (8.0) 1,316.9 (327.3) 1,096.5 (312.6) 0.972 (0.048) 0.942 (0.032)

Mean (SD). Sup, superior endplate; Inf, inferior endplate; AP diameter, anterior-posterior diameter at mid-sagittal plane; Elliptical
area¼ (AP diameter/2)� (transverse diameter/2)�p.
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surface area, projected endplate surface area as the
cross-sectional area, which may have different clinical
relevance. The results of the present study showed
gender differences in the endplate surface area, in both
polygon and projected areas, at all levels but S1. The
inferior endplate projected surface area was larger
compared with the superior endplate of the same
vertebra except for C6, C7, L3, and L5. When the
superior and inferior endplates within the interverte-
bral disc were compared, the inferior endplate projected
surface area of the cranial vertebra was larger than
that in the superior endplate of the adjacent caudal
vertebra excluding the C3/C4, C5/C6, C6/C7, T7/T8,
T10/T11, L1/L2, L2/L3, and L3/4 disc levels. The
endplate surface area increased linearly as a whole;
however, there were regional specificities as described
later.

The present study used two different methods to
measure endplate surface area using subject-based 3D-
CT whole-spine models. The polygon-mesh surface
measurement determines the surface area of the end-
plates in spite of its complex 3D surface morphology.
Since the 3D CT model is based on a polygon mesh,
individual polygon surface measurement can be easily
implemented (and extended to the entire surface model)
once the proper segmentation of the endplate has been
achieved. This method provides true surface area of the
endplate which is relevant for studies involving the
interface between the bony endplate and the interverte-
bral disc. However, when the cross-sectional area is of
interest, the endplate area measured by summation of
polygon-mesh surface may be overestimated due to
concavity of the endplate and uncinate processes of the
superior endplate at C3-T1. In fact, in the present
study, the endplate area measured by polygon-mesh
area measurement was always larger than the pro-
jected area especially in the cervical spine. The pro-
jected surface area represents the cross-sectional area
and can be used for many purposes such as estimation
of stress/pressure of the intervertebral disc and disc
volume. Unlike projected area measurements using
photographs of cadaveric specimens, the projected area
measurement using the 3D model requires an addi-
tional procedure to define a reference plane in the
model. In the present study, this procedure was done
automatically by calculating the mean normal vector of
the endplate to define orientation of the reference
plane. It should be noted, however, that the polygon-
based area measurement includes areas of small pro-
trusions and dimples which may not be desirable for
certain purposes. Especially, image-based polygon mod-
els potentially include rough surfaces due to image
noise which causes overestimation of the surface area.
Since we attempted to measure macroscopic surface
area of the endplate in the present study, we eliminated
surface structures that protruded or dipped less than
1.0mm by surface smoothing considering voxel size
used in this study. The endplate area estimated by
elliptical approximation was about 92 % of the projected

area and could be used as a simple method to calculate
the endplate area. It should be noted however, that the
elliptical area calculated in the present study used
diameters measured in the plane in 3D space consider-
ing 3D orientation of the endplate. Therefore, when
the axial CT images are used for measurement of the
diameter, especially AP diameter, reduction of the
diameter due to obliquity of the endplate should
be considered for evaluation of the area by elliptical
approximation.

The superior and inferior endplate areas linearly
increased five- to sixfold from C2 to L4 regardless of
the measurement methods. Such large increases were
achieved through 43 endplates between C2 and L4
levels; therefore, an increment in each spinal level was
subtle; however, comparisons between the superior
and inferior endplates within the same vertebra or
same intervertebral disc in a paired fashion were able
to show statistically-significant differences at each
level. There are two possible mechanisms to increase
the endplate area. One is to increase the endplate area
within the same vertebral body; that is, to increase the
endplate area between the superior endplate and
the inferior endplate. Another is to increase the
endplate area within an intervertebral disc; that is, to
increase the endplate area between the inferior end-
plate of the cranial vertebral body and the superior
endplate of the caudal vertebral body. As the results
were summarized earlier, inferior endplate areas were
larger than superior endplate areas in the same
vertebral body in 17 disc levels for the polygon area
and 18 disc levels for the projected area out of 23 disc
levels. In comparison between the cranial and caudal
endplates within an intervertebral disc, the areas of
the cranial endplate (inferior endplate of the cranial
vertebra) and the caudal endplate (superior endplate
of the caudal vertebra), the cranial endplate of the disc
was larger in 15 disc levels out of 23 disc levels studied
in the present study. These findings indicate that an
increase in endplate area is caused mainly by
an increase in endplate area within each individual
vertebral body. These results agree with a previous
study which measured linear dimensions of cadaveric
thoracic and lumbar spines in an attempt to character-
ize the so-called “vertebral wedging.” In said study,
Masharawi et al. described that the trapezoidal shape
of the vertebral body and an inverted trapezoidal
shape of the disc space lend a “Chinese pagoda” shape
to the thoracolumbar vertebral column (T1-L5).15

Although the endplate areas and diameters increased
with the each consecutive lower spinal level as a whole,
regional specificity was noted at several spinal levels.
Significant decrease in the inferior endplate AP diame-
ter was shown between C5 and C7 in females. This
finding may be explained by the existence of cervical
enlargement of the spinal cord and larger vertebral
body/spinal canal ratio in females.18 Many of the
parameters on endplate area and AP diameter lack
statistical differences in the cervico-thoracic transitional
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region; however, the reason for this remains unex-
plained. Significant decreases in the transverse diame-
ters were found at T4 in both superior and inferior
endplates in males and significant increases in superior

and inferior endplates in both genders were found below
the T4 level. The decrease in the transverse diameter
toward T4 and the increase from T4 was highlighted in
the aforementioned study by Masharawi et al. and this

Table 4. Correlation Coefficient (r) Between Age Versus Endplate Polygon-Mesh Surface Area, Endplate Projected
Area, Antero-Posterior (AP) Diameter, Transverse Diameter, and Endplate Area by Elliptical Approximation by Spinal
Level, Site, and Gender

Polygon-Mesh
Surface Area Projected Area AP Diameter

Transverse
Diameter Elliptical Area

Level Site Male Female Male Female Male Female Male Female Male Female

C2 Inf 0.050 0.142 0.157 0.162 0.301a 0.115 0.120 0.216a 0.128 0.120
C3 Sup 0.018 0.271a 0.082 0.299a 0.500b 0.218a 0.130 0.156 0.231a 0.203a

Inf 0.254a 0.315a 0.300a 0.454b 0.365a 0.378a 0.369a 0.474b 0.416b 0.447b

C4 Sup 0.156 0.349a 0.236a 0.379a 0.286a 0.191 0.203a 0.364a 0.303a 0.316a

Inf 0.268a 0.315a 0.263a 0.339a 0.059 0.196 0.294a 0.353a 0.285a 0.288a

C5 Sup 0.048 0.367a 0.014 0.353a 0.065 0.384a 0.084 0.291a 0.034 0.358a

Inf 0.182 0.197a 0.214a 0.218a 0.094 0.141 0.367a 0.228a 0.294a 0.208a

C6 Sup 0.108 0.186a 0.148 0.204a 0.055 0.176 0.211a 0.283a 0.065 0.227a

Inf 0.333a 0.481a 0.377a 0.454b 0.326a 0.543b 0.369a 0.297a 0.455b 0.408b

C7 Sup 0.084 0.398a 0.138 0.423b 0.038 0.440b 0.272a 0.342a 0.158 0.411b

Inf 0.150 0.515a 0.134 0.537b 0.095 0.401b 0.127 0.482b 0.034 0.499b

T1 Sup �0.451d 0.408b �0.466d 0.437b 0.018 0.369a �0.461d 0.323a �0.354c 0.393a

Inf 0.121 0.398a �0.134 0.421b 0.066 0.284a �0.255c 0.458b 0.103 0.385a

T2 Sup �0.424d 0.309a �0.482d 0.347a �0.348c 0.261a �0.365c 0.400b �0.563d 0.396a

Inf 0.075 0.430b �0.104 0.455b 0.041 0.117 �0.316c 0.516b 0.187 0.299a

T3 Sup �0.302c 0.324a �0.316c 0.333a �0.179 0.171 �0.368c 0.334a �0.371c 0.449b

Inf 0.123 0.439b 0.110 0.438b 0.106 0.212a �0.124 0.588b 0.026 0.370a

T4 Sup �0.151 0.368a �0.161 0.384a �0.039 0.262a 0.035 0.366a �0.059 0.408b

Inf 0.263a 0.408b 0.237a 0.419b 0.325a 0.222a 0.046 0.469b 0.297a 0.289a

T5 Sup 0.004 0.295a �0.023 0.306a 0.083 0.099 �0.105 0.412b 0.011 0.425b

Inf 0.277a 0.397a 0.261a 0.424b 0.370a 0.287a 0.005 0.497b 0.314a 0.259a

T6 Sup 0.106 0.268a 0.108 0.296a 0.306a 0.063 �0.102 0.349a 0.203a 0.399a

Inf 0.157 0.418b 0.162 0.422b 0.226a 0.124 0.065 0.519b 0.221a 0.294a

T7 Sup 0.066 0.304a 0.065 0.310a 0.091 0.200a 0.255a 0.313a 0.117 0.398a

Inf 0.197 0.367a 0.210a 0.376a 0.231a 0.153 0.272a 0.551b 0.313a 0.216a

T8 Sup 0.060 0.363a 0.056 0.344a 0.021 0.077 0.211a 0.437b 0.138 0.322a

Inf 0.196 0.276a 0.233a 0.265a 0.022 0.036 0.263a 0.510b 0.185 0.296a

T9 Sup 0.130 0.236a 0.146 0.250a 0.065 0.078 0.296a 0.487b 0.191 0.251a

Inf 0.203a 0.324a 0.243a 0.323a 0.127 0.007 0.239a 0.440b 0.209a 0.256a

T10 Sup 0.213a 0.218a 0.236a 0.387a 0.118 0.191 0.312a 0.432b 0.266a 0.374a

Inf 0.330a 0.314a 0.354a 0.295a 0.172 0.195 0.386a 0.315a 0.321a 0.279a

T11 Sup 0.256a 0.396a 0.295a 0.396a 0.180 0.194 0.362a 0.483b 0.308a 0.359a

Inf 0.238a 0.308a 0.247a 0.298a 0.118 0.142 0.400a 0.436b 0.244a 0.296a

T12 Sup 0.252a 0.361a 0.268a 0.355a 0.083 0.056 0.289a 0.539b 0.220a 0.289a

Inf 0.052 0.309a 0.054 0.302a 0.212a 0.288a 0.336a 0.355a 0.028 0.334a

L1 Sup 0.209a 0.331a 0.246a 0.355a 0.087 0.142 0.341a 0.430b 0.237a 0.277a

Inf 0.195 0.391a 0.189 0.384a 0.037 0.316a 0.204a 0.383a 0.081 0.240a

L2 Sup 0.332a 0.277a 0.379a 0.280a 0.284a 0.236a 0.349a 0.234a 0.341a 0.381a

Inf 0.175 0.369a 0.191 0.386a 0.147 0.317a 0.320a 0.415b 0.141 0.189
L3 Sup 0.391a 0.368a 0.414b 0.395a 0.307a 0.338a 0.381a 0.404b 0.399a 0.372a

Inf 0.152 0.418b 0.180 0.446b 0.001 0.280a 0.181 0.435b 0.098 0.391a

L4 Sup 0.241a 0.264a 0.260a 0.285a 0.134 0.353a 0.144 0.282a 0.164 0.333a

Inf 0.161 0.461b 0.177 0.468b 0.009 0.441b 0.300a 0.407b 0.156 0.440b

L5 Sup 0.028 0.421b 0.001 0.426b �0.175 0.392a 0.124 0.381a 0.037 0.402b

Inf 0.124 0.358a 0.039 0.363a 0.043 0.363a 0.008 0.261a 0.010 0.341a

S1 Sup 0.038 0.193 0.054 0.228a 0.045 0.184 0.023 0.253a 0.058 0.260a

Sup, superior endplate; Inf, inferior endplate. aWeak positive correlation with 0.2< r<0.4. bModerate positive correlation with
0.42 r20.6. cWeak negative correlation with 0.2< r<0.4. dModerate negative correlation with 0.42 r20.6.
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finding was discussed from evolutionary, kinematic
and biomechanical aspects.19–24 These sandglass-type
changes in the transverse diameter may also be
explained by influence of adjacent organs in the poste-
rior mediastinum, especially arch of aorta and descend-
ing aorta. Interestingly, significant decreases in many
parameters were also found at L5 and S1 levels in both
genders, and this finding is consistent with previous
cadaveric studies.6,8,9,12–15,21 Higher stress is expected
at the pelvic-lumbar junction as a base of the entire
spinal column and therefore larger endplate area and
dimensions are expected in this region from a bio-
mechanical point of view. The reason of this finding is
unclear; however, S1 consists of a pelvic inlet and
adjacent pelvic organs and/or a fetus in the case of
females, which may prevent increases in endplate area
and dimensions at S1. Future studies will be required to
clarify whether the endplate area in S1 satisfies the
biomechanical demands or is sacrificed by anatomical
constraints.

The results of the age effects on the geometrical
parameters of the endplate showed remarkable differ-
ences between genders. In females, the transverse
diameters increased with age at all endplates but one
and appear to primarily contribute to the increase in
endplate area. This systematic increase in the trans-
verse diameter through the whole-spine may indicate
continuous vertebral growth with age, similar to that
of the transverse diameter of long bones with age by
apposition of bone at the periosteum and resorption
at the endosteum.25–27 Our previous study showed
an increase in inter-pedicle distance with age in
the lumbar spine28 and this finding may indicate the
possibility of continuous increase of the transverse
diameter and endplate area via this mechanism. Other
possible explanations of such dimensional enlargement
are vertebral body deformation associated with osteo-
porosis and osteophyte formation, although we strived
to exclude osteophytes from the measurements.
The osteophyte is often incorporated in the original
bone structure, which makes it difficult to differentiate
osteophytes from original bony structure.16,29 We
anticipated the increases in geometrical parameters of
the endplate would be more prominent in males,
especially due to the incorporated osteophytes; how-
ever, our results showed less consistent increases of
the areas and diameters through the entire spine in
males, even showed decreases of these parameters
with age at the T1-T3 levels. As discussed earlier, the
decrease in the transverse diameter with age in this
region may be explained by enlargement and/or sclero-
sis of the adjacent cardio-vascular system associated
with age, especially in males. Negative correlation of
the AP diameter with age was also found at L5 in
males (r¼�0.175) which may also be affected by the
presence of adjacent anterior vessels in this region.
Although the magnitude of the r value is small in
the lumbar region, existence of regions with negative
correlations with age in the spinal column may have

prevented to demonstrate clear age effects on the
geometrical parameters of the endplate in males.

Strong linear correlations were found between the
endplate area versus the distance from the C2 inferior
endplate both in males and females in the present
study. This finding, together with the results of higher
endplate area in males, may be due to larger body
mass and more muscle forces experienced at each
consecutive lower spinal level. Busscher et al. com-
pared anatomical dimensions of whole-spine obtained
from human and porcine cadavers.7 In this study,
while the endplate width and depth (anteroposterior
length) increased from C3 to L5 in human, less
increase in width and consistent depth were found in
the porcine spine. These findings suggest that increase
in endplate area as a function of the distance from C2
is more influenced by increasing body mass in the
lower levels in the upright position in humans. Future
studies comparing endplate areas of whole-spine of
the human and quadrupeds using the same method
will be required to test this hypothesis.

One of the limitations of the present study was that
the subjects were patients with spinal disorders. The
patients who showed primarily lumbar symptoms
underwent whole-spine myelography CT for diagnosis
of multilevel spinal stenosis; therefore, about 88% of
the patients had lumbar disorders. Although notice-
able osteophytes were excluded from the endplate area
measurements, degenerative change may have af-
fected the quantification of endplate area. Larger
variation of the endplate area in the lumbar spine as
compared with cervical and thoracic spines in the
present study (Fig. 5) may be caused by the presence
of lumbar disorders.

Automatic measurement methods of the endplate
area and diameter using the 3D endplate model were
applied in this study to minimize operator bias and
variability in addition to enabling effective measure-
ments. However, there are several procedures in 3D
modeling used in the present study which may affect
the accuracy of the results. For example, the selection
of threshold levels in binarization affects the dimen-
sions of the vertebral body 3D models, and the resolu-
tion of CT images and smoothing affect the resulting
polygon-mesh surface area. Given that the surface
geometry of the endplate can be considered as a
microscopic rough surface of a fractal nature, the
endplate surface area increases as the resolution
increases and smoothing procedures reduce the surface
area depending on the smoothing algorithms and
parameters employed. Validation of 3D modeling and
image-based measurement methods used in this study
needs to be accomplished by comparing model-based
measurements and direct measurements on cadaveric
specimens, which would be the gold-standard methods.
Increases of the endplate dimensions along the whole-
spine shown in the present study appear to be benefi-
cial for humans in upright positions to sustain the loads
applied to the spine effectively. However, the multiple
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comparisons of the geometrical parameters within the
whole-spine and their changes with age highlighted
regional specificities in the whole-spine which does not
follow the general rule of increasing size of the endplate
in the lower spine. The reduction of the endplate
dimensions at T4 and L5-S1 levels may be as a result of
geometrical adaption of the adjacent organ. Reduction
of the endplate area at L5/S1 may be one of the
multifactorial causes of intervertebral disc degenera-
tion. Future studies will be required to understand
causes of this reginal specificity and whether it is a
deleterious or beneficial adaptation for humans.

CLINICAL SIGNIFICANCE
Information on the endplate area is essential to design
spine devices such as artificial discs, interbody devices
and their corresponding pre-operative planning. The
footprint of these devices on endplate area is important
to estimate load transmission through the device. The
present study provided endplate areas both from the
real 3D surface and the projected area corresponding to
the cross sectional area throughout entire spine in
different sites (inferior or superior endplates) and both
genders. Current imaging techniques have allowed
measurements of endplate polygon-mesh surface area
using patient-specific 3D models but not the endplate
cross sectional area. The 3D polygon surface area to
projected surface area ratio provided by the present
study allows estimation of relevant cross-sectional area
using patient-specific imaging techniques. The present
study also provided the data on relative position of the
centroid of individual endplate as a distance from C2
which allows for calculation of intervertebral disc
height and vertebral body height at each spinal level.
These parameters, combined with the projected end-
plate area can be used for simple estimation of volumes
of the intervertebral disc and vertebral body at any
spinal levels from C2/C3 through L5/S1 and C3 through
L5, respectively. Localized decreases in endplate dimen-
sions at T4 and L5-S1 and their reduction with age at
T1-T3 in males were identified in the present study;
therefore, caution is urged when selecting implants and
surgical procedures. The decrease in endplate area
from L5 to S1 may be considered as a risk factor for
disc degeneration at this spinal level; however, further
investigation is necessary to explain the decrease in
endplate area at this level.
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Safety of anterior chamber paracentesis using a
30-gauge needle integrated with a specially
designed disposable pipette
Koji Kitazawa,1,2,3 Chie Sotozono,2 Noriko Koizumi,4 Kenji Nagata,2

Tsutomu Inatomi,2 Hiroshi Sasaki,5 Shigeru Kinoshita1,3

ABSTRACT
Aims To investigate the safety of anterior chamber (AC)
paracentesis using a 30-gauge needle integrated with a
specially designed disposable pipette.
Methods In this retrospective observational case-series
study, AC paracentesis was performed on 301 eyes of
301 patients between September 2009 and August
2016 at the Department of Ophthalmology, Kyoto
Prefectural University of Medicine and the Baptist Eye
Institute, Kyoto, Japan. AC paracentesis was performed
with the patient placed in the supine position using a
30-gauge needle integrated with a disposable pipette
with one hand, and the safety post procedure was then
evaluated.
Results The indications for AC paracentesis were virus
detection (ie, corneal endotheliitis, anterior infectious
uveitis, cytomegalovirus retinitis and acute retinal
necrosis) in 264 eyes, bacterial detection (ie,
endophthalmitis) in 8 eyes and malignancy (ie, primary
intraocular lymphoma, leukaemia and retinoblastoma) in
29 eyes. No serious complications such as infection,
hyphema, lens trauma or severe inflammation including
hypopyon and AC fibrin formation were observed.
Conclusions Our findings show that AC paracentesis
with a disposable pipette is safe with no severe
complications.

INTRODUCTION
Anterior chamber (AC) paracentesis is widely per-
formed for the diagnosis of infectious uveitis1 2

and involves a comprehensive PCR being per-
formed on an aqueous humour sample obtained to
detect infectious antigen DNA and to assist with
the diagnosis of infectious ocular diseases.3 4

AC paracentesis using a 27 gauge (G) or 30 G
needle on a tuberculin syringe is commonly per-
formed. However, it requires that strict attention be
paid to the length of the needle and the insertion
angle in order to avoid touching the iris or lens.
Various AC paracentesis-related complications have
been reported, including trauma to the cornea, iris
and lens, as well as hyphema,1 corneal abscess5 and
endophthalmitis.6

In this study, we investigated the safety of AC
paracentesis using a 30 G needle integrated with a
specially designed disposable pipette.

METHODS
Subjects
This retrospective, observational case series was con-
ducted at the Department of Ophthalmology, Kyoto
Prefectural University of Medicine and the Baptist

Eye Institute, Kyoto, Japan, and was approved by the
Institutional Review Board of Kyoto Prefectural
University of Medicine. All study procedures were
conducted in accordance with the tenets of the
Declaration of Helsinki, and informed consent was
obtained from all patients post detailed explanation
of the study protocols. Clinical trial registration was
obtained from UMIN (UMIN000021877; http://
www.umin.ac.jp/english/).
This study involved patients who visited the

Kyoto Prefectural University of Medicine or Baptist
Eye Institute between September 2009 and August
2016. The recorded patient-related characteristics,
including gender, age, pupil status, lens status and
indications for AC paracentesis, were examined
(table 1).

AC paracentesis procedure
All procedures were performed under a microscope
in an outpatient clinic and involved the use of a
commercially available 30 G needle integrated with
a specially designed disposable pipette (Nipro,
Osaka, Japan) (figure 1A). The length of the
exposed part of the needle is 4 mm. After topical
anaesthesia, each patient was placed in a supine
position on the bed in the outpatient clinic and the
ocular surface was rinsed with povidone-iodine and
sterile saline solution. All of the procedures were
carefully undertaken using aseptic techniques to
avoid any contamination. The paracentesis was
inserted into the AC through the corneal limbus at
a horizontal angle on the temporal side, paying
attention to avoid contact with the patient’s eye-
lashes, lens or iris when squeezing the bulb under a
microscope. A 50–150 mL volume of aqueous
humour was then spontaneously and slowly aspi-
rated into the pipette when pressure was released
from the bulb. The maximum of bulb volume to be
aspirated was appropriately designed to be
<300 mL to avoid the AC collapse (figure 1B). At
the end of the procedure, the povidone-iodine was
rinsed out with sterile saline solution.
Complications secondary to paracentesis were eval-
uated within 3 months postoperative.

RESULTS
A total of 301 eyes of 301 patients (169 males, 132
females; mean age: 61.4±16.7 years) were
enrolled. At AC paracentesis, 173 of the 301
patients had dilated pupils. Indications for AC para-
centesis were virus detection for anterior or poster-
ior uveitis (264 eyes), bacteria detection for
endophthalmitis (8 eyes) and malignancy (29 eyes)
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(table 1). Anterior or posterior uveitis included corneal endothe-
liitis (122 eyes) and iridocyclitis (108 eyes) due to human
simplex virus (HSV), varicella zoster virus (VZV), cytomegalo-
virus retinitis (25 eyes) and acute retinal necrosis (9 eyes).
Malignancy included primary intraocular lymphoma (27 eyes),
leukaemia (1 eye) and retinoblastoma (1 eye).

Analysis of safety post AC paracentesis
No serious postoperative complications such as endophthalmitis,
corneal abscess, hyphema, lens trauma and severe inflammation
including AC fibrin formation and hypopyon were noted (table 1).

DISCUSSION
In most AC paracentesis cases, a 27 G or 30 G needle on a
tuberculin syringe is used, which requires to pull a plunger.
However, we used a short 30 G needle combined with a dispos-
able pipette with a squeeze bulb located at its head, thus

allowing the aqueous humour sample to be drawn from the
patient using one hand. Potential risks after AC paracentesis
include infection, hyphema, cataract formation and severe
intraocular inflammation including AC fibrin formation and
hypopyon; however, none of the 301 patients had serious post-
operative complications. O’Rourke developed an aqueous
pipette consisting of a short 30 G needle mounted inside plastic
tubing,7 and Wertheim also reported the ‘minim’ technique for
diagnosing AC paracentesis.8 Compared with a conventional
syringe, the O’Rourke pipette and the minim technique, our
pipette is designed with a shorter needle and is easier to
control, and this modification decreases the risks of lens trauma
and hyphema. Our pipette integrated with a needle offers the
advantage of producing no dead space, which allows for the
aqueous humour to be obtained efficiently, even in cases with a
shallow AC. In fact, in the case of a tumour biopsy, although it
could increase the risk of metastases due to the potential for
tumour-cell transference to other tissues, AC paracentesis using
this pipette was performed safely and was able to detect non-
metastatic retinoblastoma tumour cells, thus leading to the
judgement of enucleation.9

Recent developments in imaging technologies, such as optical
coherence tomography, have enabled ophthalmologists to make
more precise disease diagnoses.10 11 However, the diagnosis of
tumour and uveitis often require an AC paracentesis to be per-
formed to detect the causative pathogen. For patients with
uveitis of unknown origin, multiplex PCR is known to be useful
for obtaining a correct diagnosis, as it can detect a small amount
of virus and bacteria from the aqueous humour via DNA ampli-
fication.4 12 13 Using PCR analysis of aqueous humour samples,
we previously discovered that cytomegalovirus was the causative
pathogen in patients with repeated corneal endotheliitis.14 15

Thus, those findings indicate that AC paracentesis is a useful
diagnostic tool.

In conclusion, our findings show that a short 30 G needle
integrated with a disposable pipette is a safe device for obtaining
aqueous humour without complications.

We hope that aqueous humour examinations will become
widely performed in the future to improve the diagnosis and
the understanding of pathophysiology in patients according to
the detection virus/bacteria DNA or tumour cells and also the
prognostic and predictive biomarkers of diseases.
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Abstract

Liver regeneration after partial hepatectomy (PHx) is a time-dependent process, which is

tightly regulated by multiple signaling cascades. Failure of this complex process leads to

posthepatectomy liver failure (PHLF), which is associated with a high rate of mortality. Thus,

it is extremely important to establish a useful biomarker of liver regeneration to help prevent

PHLF. Here, we hypothesized that alterations in the plasma peptide profile may predict

liver regeneration following PHx and hence we set up a diagnostic platform for monitoring

posthepatectomy outcome. We chronologically analyzed plasma peptidomic profiles of 5

partially hepatectomized microminipigs using the ClinProtTM system, which consists of

magnetic beads and MALDI-TOF/TOF MS. We identified endogenous circulating peptides

specific to each phase of the postoperative course after PHx in pigs. Notably, peptide frag-

ments of histones were detected immediately after PHx; the presence of these fragments

may trigger liver regeneration in the very acute phase after PHx. An N-terminal fragment

of hemoglobin subunit α (3627 m/z) was detected as an acute-phase-specific peptide. In

the recovery phase, the short N-terminal fragments of albumin (3028, 3042 m/z) were de-

creased, whereas the long N-terminal fragment of the protein (8926 m/z) was increased. To

further validate and extract phase-specific biomarkers using plasma peptidome after PHx,

plasma specimens of 4 patients who underwent PHx were analyzed using the same method

as we applied to pigs. It revealed that there was also phase-specificity in peptide profiles,

one of which was represented by a fragment of complement C4b (2378 m/z). The strategy

described herein is highly efficient for the identification and characterization of peptide bio-

markers of liver regeneration in a swine PHx model. This strategy is feasible for application

to human biomarker studies and will yield clues for understanding liver regeneration in

human clinical trials.
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Introduction
Liver regeneration is a complex event and is tightly regulated by multiple signaling mecha-

nisms that become activated in a time-dependent fashion [1]. To study the mechanisms under-

lying liver regeneration, partial hepatectomy (PHx), resulting in the removal of approximately

70% of the liver, has been widely utilized in experimental animals such as mice, rats, and pigs.

In rats, the first peak of DNA synthesis in hepatocytes occurs at about 24 hours (h), with a

smaller peak between 36–48 h. After that, the new vascular branches are formed, the extracel-

lular matrix is synthesized, and finally, normal liver histology is reestablished 8–10 days after

PHx [2]. During this time-dependently regulated process, posthepatectomy liver failure

(PHLF), which results from a failure of liver regeneration, develops with high incidence in

patients after PHx [3]. PHLF occurs when patients with poor liver function are exposed to

excessive surgical stress including extensive blood loss or massive hepatectomy. The symptoms

of PHLF include prolonged fluid retention and coagulation disorders within a week after PHx,

and it is closely associated with postoperative mortality [4]. Thus, it is crucial to establish bio-

markers of liver regeneration to improve the surgical outcomes of patients with liver diseases.

In recent years, mass-spectrometry (MS)-based protein identification has enabled us to

map the liver-tissue specific proteome in combination with tissue-specific gene expression and

antibody-based immunohistochemistry [5]. Because no less than 33% of the proteins expressed

in the liver are classified as secreted proteins [5], serum or plasma is expected to become a

promising source of biomarkers of liver diseases. Prior efforts in the search for serum and

plasma protein biomarkers utilized gel-based separation technologies, which cannot readily

separate and distinguish molecules of less than 10 kDa in size [6]. The application of MS to

analyze such a low molecular weight range of molecules in blood has succeeded in providing

disease-specific peptide signatures in patients with various cancers originating from ovary,

prostate, breast, pancreas, and liver [7–11]. Precisely defining the chronological changes in the

peptide profile of plasma following PHx using MS approach might also provide a sensitive bio-

marker of liver regeneration that cannot be detected using transcriptome-based or antibody-

based approaches.

In the present study, we performed plasma peptidomic analyses after 70% PHx in pigs,

which closely resemble man in anatomy, physiology, and genetics [12]. For detecting plasma

peptides, we applied a magnetic bead separation and matrix-assisted laser desorption/ioniza-

tion time-of-flight (MALDI-TOF) MS approach, which is a robust, precise, and rapid tech-

nique for the investigation of complex blood samples with a detection range of 12 orders of

magnitude in protein abundance [13, 14]. The patterns of endogenous peptides circulating in

plasma were chronologically analyzed and representative markers of each phase after PHx

were identified. The postoperative course after PHx could be clearly delineated by the plasma

peptidomic pattern. Finally, this strategy was successfully applied to clinical samples, and some

native peptides that could be useful in monitoring the postoperative course were identified.

Materials and Methods

Animals
Five female specific pathogen-free microminipigs aged 1.5–2.0 years and weighing 20–22 kg

were obtained from Fuji Micra (Shizuoka, Japan) [15]. Three pigs were used as a first cohort

and the remaining 2 as a second cohort. After an overnight fast, pigs were sedated with xyla-

zine HCl (0.3 mg/kg), midazolam (0.2 mg/kg), and atropine sulfate (0.025 mg/kg) intramuscu-

larly, and intratracheal intubation was performed. Under general anesthesia with a mixture of

oxygen/air (FiO2 0.4) and sevoflurane (1–1.5%), a 70% PHx procedure (removal of the left
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lateral lobe and medial lobe of the liver) was successfully performed. The pigs were housed in

cages under a 12:12-h light/dark cycle at 22˚C. The physical conditions of the animals were

checked every day until postoperative day 7 (168 h), when they underwent laparotomy under

general anesthesia. After sampling of blood and liver, the animals were euthanized by cutting

the inferior vena cava under deep anesthesia using sevoflurane. If abnormal symptoms such as

general fatigue, decreased activity, frequent vomiting, or respiratory distress were observed, the

pigs were euthanized before the predetermined day. As a result, all animals showed uneventful

postoperative course until postoperative day 7. The remnant liver exhibited good regeneration

with ~3-fold increase in its volume [16]. Blood samples were collected before (pre), at 0 minutes

(min) and at 1, 3, 6, 24, 48, 72, 96, 120, 144, and 168 h after PHx through a central venous (CV)

catheter cannulated in the right external jugular vein. Blood samples from portal vein (PV) were

also collected before, at 0 min, and at 1, 3, and 168 h after PHx through a PV catheter cannu-

lated from the jejunal branch of the superior mesenteric vein. The blood samples for plasma

were collected into blood collection tubes containing 3.2% (w/v) sodium citrate. Serum and

plasma were collected after centrifugation of blood samples at 2190 and 1720 × g for 10 min,

respectively, and were stored at −80˚C for later measurements. All animal experiments were

conducted under a protocol approved by the animal research committee of Kyoto University

(reference number: Med Kyo 14243), and all animals were cared for in accordance with Guide

for the Care and Use of Laboratory Animals from the National Institutes of Health (USA).

Human Samples
Plasma samples of 10 patients who underwent PHx at Kyoto University Hospital in 2014 were

prospectively collected. To search for biomarkers of normal liver regeneration after major hep-

atectomy, 4 patients were analyzed; these patients underwent major hepatectomy without

pathological liver fibrosis (F0 or F1) [17], and had an uneventful postoperative course with

normal liver regeneration (S1 Table). Major hepatectomy refers to resection of more than 3

segments defined according to Couinaud’s classification [18]. Blood samples were collected

from peripheral veins at 0 min, 24, 48, and 168 h after PHx. Sample preparation and data mea-

surement were performed using the same method as we applied to pigs, as described below.

This study was approved by the Ethics Committee of Graduate School and Faculty of Medicine

Kyoto University (C-512). Written informed consent was acquired from all patients.

Peptide Purification with Magnetic Beads
A 3-μl aliquot of the serum or plasma was purified using magnetic beads based on hydropho-

bic interaction chromatography (C8-coated magnetic beads, MB-HIC, Bruker Daltonics

GmbH, Bremen, Germany). The C8 magnetic beads are superparamagnetic, silica-based parti-

cles, and are surface-derivatized with common reversed-phase ligands of 8 carbon alkyl chains.

In brief, 3 μl of the serum or plasma was diluted with 10 μl of binding buffer (MB-HIC kit, Bru-

ker), followed by the addition of 5 μl of magnetic beads. The solution was then carefully mixed

by pipetting in and out five times. After 1 min, the supernatant was separated from the mag-

netic beads in a magnetic separator. This was followed by 3 washing steps with 100 μl of wash

buffer (MB-HIC kit, Bruker), and the supernatant was removed each time. After 1 min in 10 μl

of elution buffer (stabilization buffer (MB-HIC kit, Bruker) in 50% acetonitrile), the magnetic

beads were separated in the magnetic separator from the elution buffer. For MS analysis, 1 μl

of the bead eluate was mixed with 10 μl of matrix solution (0.3 g/l α-cyano-4-hydroxycinnamic

acid (Bruker) in 2:1 ethanol/acetone), and 1 μl of the mixture was then spotted in quadrupli-

cate on an MTP AnchorChip 600/384 target (Bruker). All these processes were performed

with the aid of ClinProt Robot (Bruker). Tryptic digestion was not performed.
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Mass Spectrometry
Samples applied to the AnchorChip were analyzed using an AutoFlexTM II MALDI-TOF MS

operating in positive-ion linear mode (Bruker). To generate a mass spectrum, 1500 laser shots

were acquired from random positions for each matrix spot. Four independent spectra were

acquired for each spot. Acquisition was controlled by flexControl 3.0 software (Bruker) using

the AutoXecute function and fuzzy control of laser intensity. The analysis was performed at

mass to charge ratio (m/z) of 2000−20000 and a signal-to-noise threshold of 5. Spectra were

externally calibrated using a mixture of standardized protein/peptide calibrants (ClinProt

Standard, Bruker).

Statistical Analysis
The resulting spectra were analyzed using ClinProTools 2.2 bioinformatic software (Bruker)

[19]. ClinProTools was used to carry out comparative analysis of peak intensities between

postoperative days and to calculate corresponding statistics. When comparing 2 and more

than 2 groups, we used the Wilcoxon−Mann−Whitney test or the Kruskal−Wallis test, respec-

tively. In ClinProTools, a receiver operating characteristic (ROC) curve was generated for each

peak within peak calculation for separating 2 groups. The area and the intensity of the peak

represented the threshold that was used to reach the separation into 2 groups. Multivariate

analysis techniques, including principal component analysis (PCA) and the support vector

machine (SVM) algorithm were employed to extract, display, and rank the variance within

each data set. PCA selects the principal components (PCs) that can separate the samples into

homogeneous clusters and can be visualized in 3-dimensional plots in which calculated values

for the top PCs serve as x, y, and z axes [20]. The SVM algorithm, another machine-learning

approach, was applied to the mass data to select clusters of signals able to discriminate between

groups [19]. ClinProTools identified several features as useful for classifying 2 time points

automatically by determining the best number of peaks (up to 25 peaks) to be integrated in the

model by an internal iteration. Cross-validation accuracy is the percentage of data correctly

classified. In pig experiments, peptidomic pattern analyses including PCA and SVM were per-

formed and representative peaks were detected in the first cohort. In the second cohort, those

peaks were validated. Multiple experiments were performed and representative data were

shown in the figures. The mass numbers of proteins were described as average values with pos-

sible distribution of ±3 Da.

Reversed Phase-High Performance Liquid Chromatography (RP-HPLC)
Prior to RP-HPLC fractionation, the C8-purified eluate samples were mixed with 20 μl of

0.1% (v/v) trifluoroacetic acid and centrifuged in a vacuum to remove organic solvent. A

10-μl sample was injected in every run. RP-HPLC separations were performed using an easy-

nLC II nanoHPLC system (Bruker) equipped with a PepSwiftTM Monolithic PS-DVB column

(0.2 × 50 mm, Dionex, Osaka, Japan). Solvent A was 0.1% (v/v) trifluoroacetic acid in Milli-

Q1 purified water, and Solvent B was 100% acetonitrile. The flow rate was 900 nl/min. The

following gradient was used for 0–60 min; 5–50% B, 60–61 min; 50–95% B, 61–64 min; 95%

B constant. The HPLC eluent was mixed with LC-MALDI matrix (α-cyano-4-hydroxycin-

namic acid) at the flow rate of 1.67 μl/min via MicroTee fittings (Upchurch Scientific, Oak

Harbor, WA, USA), then deposited on an MTP AnchorChip 384 target with a spot pitch of

800 μm (Chip 0) by a PROTEINEER fc IITM fraction collector (Bruker). Sample spots were

deposited every 15 s, and a total of 248 spots were collected for each HPLC run. Calibration

samples were manually spotted on calib. Anchor position (Chip 1) to use automatic calibration

processing.
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MS/MS-based Sequencing and Identification
Automatic MS/MS experiments were performed using an ultrafleXtremeTM MALDI-TOF/

TOF MS (Bruker). Spot selection, automatic MS/MS mass filtering, and Mascot database

searching (ver. 2.4.1, Matrix Science, Boston, MA, USA) were commanded by WARP-LC 1.3

(Bruker). Data processing and assessment of MS/MS results were performed using ProteinSca-

peTM 3.1 (Bruker). For measurement, MS spectra were automatically acquired on the ultra-

fleXtremeTM instrument in the positive reflector mode under the control of Compass 1.3 and

WARP-LC 1.3 software (Bruker), and automatic MS calibration processing was controlled by

the AutoXecute function. The detection range was 1000–4000 m/z. Detected peptide com-

pounds with a signal-to-noise ratio higher than 10 were automatically subjected to LIFTTM-

TOF/TOF experiments triggered with WARP-LC [21]. After each measurement, queries were

automatically transferred to the ProteinScape 3.1 server. Database searches were also automati-

cally achieved using an in-house Mascot server. Mascot search conditions were as follows;

Database: SwissProt, Taxonomy: other Mammalia, Enzyme: none, Modifications: Acetyl (K),

Delta: H (2) C (2), Methyl (K), Oxidation (M), Phospho (ST), tolerance: 50 ppm in MS, 0.8 Da

in MS/MS.

Results

Discrimination of Plasma Peptide Profiles among Postoperative Time
Points
PCA showed that each successive timing was clearly separated by 3 PCs (0 min vs. 24 h, 24 h

vs. 48 h, 96 h vs. 120 h, 120 h vs. 168 h) except 48 h vs. 72 h, and 72 h vs. 96 h. (Fig 1) This sug-

gests that the peptide profile in plasma dramatically changed during each perioperative period

as defined above, reflecting the physiological process of liver regeneration after PHx.

Classification of Postoperative Time Course by SVM
The lower left half of Fig 2 showed the results of cross-validation analyses in which generated

SVM models were used to compare every 2 groups. For example, the spectra patterns at 1 and

3 h were not clearly separated, having a cross-validation accuracy of 57.5%. However, those at

6 and 24 h were quite different, with a cross-validation accuracy of 98.0%. Of note, studying

the heat map diagonally from upper left to lower right revealed that the plasma peptidome

changed in a biphasic manner after PHx. High cross-validation accuracy was detected at 2

phases, including around 24 h and 120 h. Based on these results, we defined the time points of

around 24 h and 120 h as the acute and recovery phases, respectively.

Comparative analysis of spectra between groups revealed a number of peaks with signifi-

cant differences in intensity. The right upper half of Fig 2 detailed the top 2 peaks enabling dis-

crimination between every 2 groups. For example, when we compared the samples taken at 1

and 96 h after PHx, the peaks whose abundance was most different between these time points

were at 8926 and 3852 m/z. Liquid chromatography-matrix-assisted laser desorption/ioniza-

tion time-of-flight tandem mass spectrometry (LC-MALDI-TOF/TOF MS) analysis identified

several peptides, including albumin (ALB; blue letters in Fig 2) and hemoglobin subunit α
(HBA; red letters in Fig 2). This result suggests that peptide fragments of HBA and ALB were

the representative peaks in the acute and recovery phases, respectively.

Marker Peak Extraction by ROC Curve Analysis
To clarify single peaks as representative markers of the acute and recovery phases, ROC curve

analysis was performed to compare 0 min vs. 24 h, and 24 h vs. 120 h. (Table 1) This revealed
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that the peaks at 3627, 4160, 8327, and 9089 m/z had the highest area under the curve (AUC)

values during the acute phase, while the peaks at 3028, 3042, 3627, 6929, 8327, and 8926 m/z
had the highest AUC values during the recovery phase. This result was validated by the second

cohort analysis. Among these discriminatory peaks, those at 3627 and 8926 m/z showed the

highest AUC values during the acute and recovery phases, respectively. LC-MALDI-TOF/TOF

MS analysis identified the peaks at 3627 and 8926 m/z as the N-terminal fragment of HBA

(position: 1–36) and ALB (position: 25–103), respectively.

Other Marker Peak Candidates with Characteristic Alterations
When 6 time points (pre, 0 min, and 24, 48, 120, and 168 h) were compared, several peaks

were determined to become useful classifiers of the perioperative time points (Fig 3). In the

first cohort analysis, the peaks at 3000 and 3028 m/z were down-regulated in the recovery

phase; the peaks at 8926, 4128, 4460, and 5539 m/z were up-regulated in the recovery phase;

and the peaks at 3627, 4160, and 8327 m/z were down-regulated in the acute phase. These

observations were fully replicated in the second cohort. Among the detected peaks, the peaks

at 3000 and 3028 m/z were identified as short N-terminal fragments of ALB (position: 25–49

Fig 1. Representation of the principa l componen ts genera ted from the data set of a first cohort. (A) 0
min (red) vs. 24 h (green), (B) 24 h (red) vs. 48 h (green), (C) 48 h (red) vs. 72 h (green), (D) 72 h (red) vs. 96 h
(green), (E) 96 h (red) vs. 120 h (green)*, (F) 120 h (red)* vs. 168 h (green). For each plasma sample, 4
measurements were automatically performed. The detailed data used for the analysis were provided as
pseudogel and stack view of the spectra in S1 Fig. *Three pigs were analyzed, except at 120 h, at which time
point data were missing for 1 pig. PC, principal component.

doi:10.1371/journal.pone.0167647.g001
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amino acids), and the peak at 8926 m/z was a long N-terminal fragment of ALB (position: 25–

103 amino acids). This result suggests that different peptide fragments, even those derived

from the same protein, show different patterns of change after PHx.

Comprehensive Identification of Swine Plasma Peptides after PHx by
LC-MALDI-TOF/TOF MS
To further identify the circulating peptides at various time points following 70% PHx, we per-

formed a comprehensive identification analysis using the C8-purified eluate of the plasma

Fig 2. Heat map of the SVM analysis to different iate each time point after PHx. The lower left half of the
figure provides the results of cross-validation analyses to estimate the success rate of the SVM model in
separating user-defined groups of spectra. The accuracy is denoted by color: 100–90% (red); 89–80% (pink);
79–70% (purple), and < 69% (blue). The upper right half of the figure describes the m/z of the top 2 peaks that
most efficiently discriminated each time point with statistical significance. The detailed data used for the
analysis were provided as pseudogel and stack view of the spectra in S1 Fig, and the statistical data were as
S2 Table. The identified albumin peaks are shown in blue (2558: 25–45*1; 2743: 26–48; 2883: 25–48*2; 3000:
25–49*3; 3028: 25–49*4, 3042: 25–50, 8926: 25–103), and the hemoglobin subunit α is shown in red (3163:
1–32; 3538: 110–141; 3627: 1–36; 3852: 107–141). *1: Ala->Pro: 4, *2: Ala->Pro: 20, *3: Gly -> Ser: 22, *4:
Q -> deamidated: 18, SVM, support vector machine; m/z, mass to charge ratio.

doi:10.1371/journal.pone.0167647.g002
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samples at 0 min, and 24, 48, and 120 h. The results revealed that 75, 66, 24, and 20 peptides

were identified with mascot scores of more than 50 at these time points, respectively (S4

Table), and these peptides were found to be fragments of 18, 7, 4, and 4 kinds of proteins,

respectively (Table 2). Notably, more fragments were phase-specifically identified at 0 min

(immediately after PHx, very acute phase) than other timings. Their parent proteins included

histone family proteins (H1, H2A, H2B, H3, and H4). Representative MS/MS spectra were

provided as S2 Fig.

Profiling Human Plasma Peptides after PHx
The SVM analyses revealed that the peptidomic patterns at 0 min, 24, 48, and 168 h were

clearly separated, having a cross-validation accuracy of no less than 83.8%. The top 2 peaks

that most efficiently discriminated among the time points at 0 min, 24, 48, and 168 h were

those at 2378 and 9080 m/z (P-values <0.00001 and<0.00001, respectively, (Fig 4)). The peak

at 2378 m/z was up-regulated until 168 h, whereas the peak at 9080 m/z was down-regulated.

These observations were fully reproduced in the same experiments performed on consecutive

3 days (S5 Table). LC-MALDI-TOF/TOF MS analysis identified the peak at 2378 m/z as a frag-

ment derived from complement C4b (position:1429–1449).

Discussion
In this study, we provided a biomarker strategy based on peptide extraction using C8-coated

magnetic beads and MALDI-TOF/TOF MS analysis for defining the peptide profiles in plasma

during the postoperative course of PHx in a swine model. In order to construct stable peptide

profile platform in this model, it is important to set a sampling point and method. After com-

paring the peptide profiles in PV and CV, or serum and plasma, it was confirmed that circulat-

ing peptide profiles could be influenced by the anatomical site from which samples were

obtained as well as the clotting process (S6 Table). This provides a proof that the native plasma

peptidome reflects proteolytic processes in vivo. Using plasma in CV, we successfully generated

a plasma peptide profile that could be used for identification of the very acute (0 min), acute

(24 h), and recovery phases (120 h) after surgery. To our knowledge, this is the first report

indicating that endogenous plasma peptides after PHx can have a diagnostic value with phase-

specific relevance. Several biomarker peaks were extracted that can potentially be used to

Table 1. AUC determined by ROC curve analysis for each peak used to compare 0 min vs. 24 h (acute
phase), and 24 h vs.120 h (recovery phase).

m/z 0 min vs. 24 h 24 h vs. 120 h

3028 1/0.80

3042 0.86/0.98

3627 1/1 0.96/0.98

4160 0.89/0.92

6929 0.90/1

8327 0.96/1 0.99/1

8926 1/1

9089 0.90/0.94

Peaks with AUC≧0.8 were listed in the table. Values are given as first cohort/second cohort. The identified

peaks were as follows; 3028 (ALB: 25–49, Q -> deamidated: 18), 3042 (ALB: 25–50), 3627 (HBA: 1–36),

8926 (ALB: 25–103). AUC, area under the curve; ROC, receiver operating characteristics; m/z, mass to

charge ratio; ALB, albumin; HBA, hemoglobin subunit α.

doi:10.1371/journal.pone.0167647.t001
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reliably differentiate between each phase. Those phase-specific marker peptides were identified

as fragments of histones in the very acute phase, fragments of HBA in the acute phase, and

fragments of ALB in the recovery phase.

Fig 3. Box-and-w hisker plots of the representat ive markers for discrimin ating the phases after PHx.
The discriminatory peaks were classified into 3 groups according to the patterns of change; peptides (A)
down-regulated at recovery phase; (B) up-regulated at recovery phase; (C) down-regulated at acute phase.
Pre (red), 0 min (light green), 24 h (blue), 48 h (yellow), 120 h (purple), 168 h (black). The top and bottom end
marks of the plot indicated the maximum and minimum peak area/intensity within a given class. The
box indicated the 25%-quartile (bottom) and the 75%-quartile (top) and the horizontal intersection denotes the
median. The statistical data were detailed in S3 Table. The plot was drawn on a unique scale independent of
the peak intensity scale. The identified peaks were as follows; 3000: ALB, 25–49*1; 3028: ALB, 25–49*2,
3042: ALB, 25–50, 8926: ALB, 25–103, 3627: HBA, 1–36. *1: Gly -> Ser: 22, *2: Q -> deamidated: 18. m/z,
mass to charge ratio; ALB, albumin; HBA, hemoglobin subunit α.

doi:10.1371/journal.pone.0167647.g003
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Immediately after PHx, nucleosome components such as linker histone (H1), and core his-

tones (H2A, H2B, H3, and H4) were detected. Through in-depth data analysis, a highly selec-

tive epitope was detected from each histone proteins; the C-tail of H2A, the N- and C-tails of

H2B, and the N-tail of H4 were detected. The abundance of these particular fragments can

probably be explained by the fact that the N-tails of all core histones protrude outside the

nucleosome, and the C-tails of H2A and H2B also protrude outside the nucleosomal core;

thus, these exposed tail regions are susceptible to proteolytic cleavage [22]. Acetylated lysine

Table 2. Swine Plasma peptides after PHx detected by magnetic bead-bas ed LC-MALD I-TOF/TOF MS
analyses .

Time Protein

0 min Serum albumin

Basic proline-rich protein

Histone H1.2b

Histone H1.3b

Histone H1.3o

Histone H1.4o

Histone H2A type 1b

Histone H2B type 1b

Histone H3.1b

Histone H4

Non-histone chromosomal protein HMG-17

Hemoglobin subunit α
Vasodilator-stimulated phosphoproteinc

Serotransferrin

Apolipoprotein C-III

Ryanodine receptor 1

60S ribosomal protein L4

Coatomer subunit beta

24 h Basic proline-rich protein

Serum albumin

Hemoglobin subunit α
Vasodilator-stimulated phosphoproteinc

Serotransferrin

Radixinb

Ribosome-binding protein 1c

48 h Basic proline-rich protein

Serum albumin

Ryanodine receptor 1

26S proteasome non-ATPase regulatory subunit 8b

120 h Basic proline-rich protein

Serum albumin

Hemoglobin subunit α
Vasodilator-stimulated phosphoproteinb

Peptides with mass range of 1000–4000 m/z were analyzed. Among them, those with mascot score of more

than 50 were described in the table. Peptides were annotated using the protein sequence database of pigs.

Those annotated using other species were indicated with superscripts b (Bos Taurus), c (Canis familiaris), or

o (Oryctolagus cuniculus). PHx, partial hepatectomy; LC-MALDI-TOF/TOF MS, liquid chromatography-

matrix-assisted laser desorption/ionization time-of-flight tandem mass spectrometry.

doi:10.1371/journal.pone.0167647.t002
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residues were found in the N-tail fragments of H4 which, as noted above, are more readily

accessible than the nucleosomal core regions and therefore are also susceptible to post-transla-

tional modifications. Emerging studies indicate that besides having nuclear functions, histones

can also be released into the extracellular space by both damaged and activated cells, exhibiting

significant toxic or pro-inflammatory activity both in vivo and in vitro [23]. In a mice model of

the hepatic ischemia/reperfusion injury, the extracellular histones released from liver paren-

chymal cells have been shown to exacerbate liver injuries through Toll-like receptor-9 activa-

tion [24]. The extracellular release of histone fragments might be an immediate/early signal for

triggering liver regeneration after PHx.

The abundance of HBA fragments also changed in the acute phase. The abundance of the

N-terminal part fragment (3627 m/z) decreased until 24 and 48 h after PHx. However, that of

the C-terminal part fragments (3538 and 3852 m/z) increased until 6 h (S2 Table). HB is

important not only as a component of red blood cells, but also as an extracellular substrate in

plasma of various diseases [25]. In obese patients, serum HBA and HB subunit β were reported

to be up-regulated according to the severity of liver disease from non-alcoholic fatty liver dis-

eases to steatohepatitis [26]. At the transcriptomic level in liver, HBA has been reported to be

repressed at 48–72 h after 70% PHx in rats [27]. In non-alcoholic steatohepatitis, high expres-

sion levels of HBA and HB subunit β have been observed in liver biopsy specimens due to

Fig 4. Profiling of human plasma native peptides after PHx (n = 4). The upper right part of the figure
described the results of cross-validation analyses to estimate the success rate of the SVM model in
separating user-defined groups of spectra. The accuracy is denoted by color: 100–90% (red); 89–80% (pink).
The 2-dimensional distribution plot analysis revealed the top 2 representative peaks, which discriminated the
peptidomic patterns at 0 min (red), 24 (light green), 48 (blue), and 168 h (yellow) (x axis: 2378 m/z, P-value:
<0.000001, y axis: 9080 m/z, P-value: <0.00001). LC-MALDI-TOF/TOF MS analyses identified the peak at
2378 m/z as a fragment derived from complement C4b (position:1429–1449). PHx, partial hepatectomy;
SVM, support vector machine; m/z, mass to charge ratio, LC-MALDI-TOF/TOF MS, liquid chromatography-
matrix-assisted laser desorption/ionization time-of-flight tandem mass spectrometry.

doi:10.1371/journal.pone.0167647.g004
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oxidative stress [28]. We consider that HB may be a prominent source of bioactive peptides

playing an important role in maintaining homeostasis after PHx and in liver diseases.

During the recovery phase, ALB fragments were identified as the phase-determinant pep-

tides and were mostly derived from the N-terminal part of ALB. (position: 25-X amino acids)

Applied to the structure of human ALB, these fragments are considered to belong to the sub-

domain IA [29, 30]. This subdomain is structurally and functionally characterized as having a

region of extended polypeptide chain and binding sites for metal ions such as copper and zinc.

Among them, the short N-terminal fragments (3000, 3028 and 3042 m/z) were down-regu-

lated, and the long N-terminal fragment (8926 m/z) was up-regulated. The short N-terminal

fragments are estimated to reflect the turnover of ALB by the ubiquitin proteasome system

and were continuously down-regulated until 168 h. The abundance of the long N-terminal

fragment was increased, although its origin was unclear. At the transcriptomic level, ALB

expression in liver was decreased until 36–48 h and gradually increased thereafter [31]. In clin-

ical practice, the serum ALB level is a component of the Child–Pugh score, which is often used

as a diagnostic tool of liver function [32]. Though the overall ALB concentration is important

in this scoring system, it is reported to be easily influenced by the measurement method [33].

Many biomarker discovery efforts have searched for variations in the total abundance of par-

ticular proteins. In our data, different epitopes in the protein were specifically and significantly

associated with phases of the postoperative course after PHx. Especially, the long N-terminal

fragment (8926 m/z) was also seen in the recovery phase after carbon tetrachloride-induced

liver injury in pigs (data not shown). Instead of the whole protein, the N-terminal fragments of

ALB might have the potential to be used as biomarkers of liver recovery in various liver

diseases.

However, there might be some arguments against sample preparation using only magnetic

beads in light of the sensitivity of this method for detecting plasma native peptides. Because

human plasma proteins range in abundance by 10–12 orders of magnitude, it is quite difficult

to detect all of the proteins at the same time [13]. The detection of low-abundance proteins

needs extensive sample preparation such as the immunodepletion of high-abundance proteins

including albumin and immunoglobulin, and sample fractionation using 2-dimensional elec-

trophoresis or chromatography [34]. In this study, we focused on moderate- to high-abun-

dance plasma proteins and their fragments, resulting in novel findings regarding their phase-

specific relevance and capacity to be used as biomarkers of liver regeneration after PHx. A

growing body of evidence suggests that altered protease activities are involved in many diseases

and could potentially generate a large number of peptides and small proteins [35]. They are

thought to be released from their parent proteins by endoproteolytic cleavage, followed by the

variable trimming of released peptides by aminopeptidases and carboxypeptidases [36]. While

some researchers have dismissed the peptidome as biological trash, we can add an important

diagnostic paradigm even by considering the fragments of major proteins, including histones,

ALB, and HBA.

In this study, using a swine PHx model, we elucidated the phase-specificity of plasma pep-

tide profiles and extracted peptide biomarkers of each phase after PHx. Because it is simple

and needs no more than a few microliters of plasma specimens to analyze, the magnetic bead-

based biomarker strategy is considered to be suitable for application in clinical trials. Our goal

is to establish diagnostic markers of liver regeneration following human liver surgery using

this approach. Clinical applications using a small number of subjects revealed that a fragment

of complement C4b in plasma was increased by about 3–5 fold at 168 h of liver regeneration

after PHx. Complement activation is a well-studied phenomenon in terms of ischemia/reper-

fusion liver injuries. This pathological condition is often a result of the Pringle maneuver dur-

ing liver resection, which is routinely performed for reduction of blood loss. In all the 4 cases
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in our study, major hepatectomies were performed using this maneuver. A previous study

showed that the C4b fragment was deposited in the hepatocytes of ischemia/reperfusion

injured liver after hepatectomy in humans [37]. Thus, our findings regarding C4b could be

associated with ischemia/reperfusion injuries during liver surgery.

We have previously detected C4 fragments in a murine carbon tetrachloride-induced liver

injury model and other groups have also reported the potential contribution of complement to

regenerative process after PHx in mice [38, 39]. C4b has not been identified as a marker pep-

tide in the pig experiments, and it could be in part because amino acid sequence of the swine

C4b protein is not listed in the database. Approximately 80% of the pig proteome is still poorly

annotated, and the existence of protein sequences is routinely inferred by sequence alignment

with preexisting sequences [40].

It must be noted here that the study does not include data from sham-operated pigs. Con-

sidering the fact that sham operation is one way of extracting specific biomarkers in PHx

model, certain limitations arising from the unavailability of such data in this study must be

acknowledged. Instead, we carefully extracted phase-specific peptidomic profiles from 5 ani-

mals in a longitudinal time course. This is one of the advantages of using a pig model over a

rodent model. The incorporation of proper sham-operated controls (0% PHx) and 30% or

90% PHx could further help validate the observations presented in this study, as well as enable

extraction of more specific and sensitive biomarkers of liver regeneration, and therefore, must

be considered in further studies. Furthermore, it would be interesting to compare these obser-

vations with those in other models such as carbon tetrachloride-induced liver injury model as

we have done using mice [38]. The approach adopted in this study is considered to be applica-

ble to the search for biomarkers of liver regeneration not only after PHx but also after preoper-

ative portal vein embolization [41], and after associating liver partition and portal vein ligation

for staged hepatectomy (ALPPS) surgery [42], and therefore, we cautiously plan to conduct

clinical trials and elucidate biomarkers for clinical use in our subsequent work.

Conclusions
We have proved that native plasma peptidomic profiling using MALDI-TOF MS can clearly

delineate the postoperative course after PHx in a biphasic manner by distinguishing the acute

phase and recovery phase. These phases could be clearly identified by the presence of HBA

and ALB fragments, respectively. Further in-depth analysis using LC-MALDI-TOF/TOF MS

revealed the presence of phase-specific peptides, such as histone fragments in the very acute

phase. Finally, in a study of human plasma samples from hepatectomy cases, adopting the

same strategy, we have extracted phase-specific peptidomic patterns by a machine learning

method and further detected a fragment of complement C4b as a peptide biomarker of liver

regeneration. We anticipate that the data presented in this study may help to understand the

biological process of liver regeneration and improve the outcome of patients after PHx.

Supporting Information
S1 Fig. Pseudogel and stack view of the spectra obtained from plasma of 3 pigs. (Page 2) 0

min vs. 24 h, 24 h vs. 48 h, (Page 3) 48 h vs. 72 h, 72 h vs. 96 h, (Page 4) 96 h vs. 120 h, 120 h vs.
168 h, (Page 5) Pre vs. 0 min, Pre vs. 1 h, (Page 6) Pre vs. 3 h, Pre vs. 6 h, (Page 7) Pre vs. 24 h,

Pre vs. 48 h, (Page 8) Pre vs. 72 h, Pre vs. 96 h, (Page 9) Pre vs. 120 h, Pre vs. 144 h, (Page 10)

Pre vs. 168 h, 0 min vs. 1 h, (Page 11) 0 min vs. 3 h, 0 min vs. 6 h, (Page 12) 0 min vs. 48 h, 0

min vs. 72 h, (Page 13) 0 min vs. 96 h, 0 min vs. 120 h, (Page 14) 0 min vs. 144 h, 0 min vs. 168

h, (Page 15) 1 h vs. 3 h, 1 h vs. 6 h, (Page 16) 1 h vs. 24 h, 1 h vs. 48 h, (Page 17) 1 h vs. 72 h, 1 h

vs. 96 h, (Page 18) 1 h vs. 120 h, 1 h vs. 144 h, (Page 19) 1 h vs. 168 h, 3 h vs. 6 h, (Page 20) 3 h
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vs. 24 h, 3 h vs. 48 h, (Page 21) 3 h vs. 72 h, 3 h vs. 96 h, (Page 22) 3 h vs. 120 h, 3 h vs. 144 h,

(Page 23) 3 h vs. 168 h, 6 h vs. 24 h, (Page 24) 6 h vs. 48 h, 6 h vs.72 h, (Page 25) 6 h vs. 96 h, 6 h

vs. 120 h, (Page 26) 6 h vs. 144 h, 6 h vs. 168 h, (Page 27) 24 h vs. 72 h, 24 h vs. 96 h, (Page 28)

24 h vs. 120 h, 24 h vs. 144 h, (Page 29) 24 h vs. 168 h, 48 h vs. 96 h, (Page 30) 48 h vs. 120 h, 48

h vs. 144 h, (Page 31) 48 h vs. 168 h, 72 h vs. 120 h, (Page 32) 72 h vs. 144 h, 72 h vs. 168 h,

(Page 33) 96 h vs. 144 h, 96 h vs. 168 h, (Page 34) 120 h vs. 144 h, 144 h vs. 168 h, (Page 35) all

timings (pseudogel view), and (Page 36) all timings (stack view).

(PDF)

S2 Fig. Representative MS/MS spectra of swine plasma peptides. (Page 2~9) serum albumin,

(Page 10~14) hemoglobin subunit α, (Page 15~17) basic proline-rich protein, (Page 18~19)

histone H1.2, (Page 20) histone H2A1, (Page 21~22) histone H2B1, (Page 23~24) histone

H3.1, (Page 25) histone H4, (Page 26~27) non-histone chromosomal protein HMG-17, (Page

28) serotransferrin, (Page 29) apolipoprotein C-III, (Page 30) ryanodine receptor I, and (Page

31) vasodilator-stimulated phosphoprotein.

(PPTX)

S1 Table. Characteristics of patients analyzed in this study. Four patients who underwent

major hepatectomy without pathological liver fibrosis (F0 or F1) [17], and had an uneventful

postoperative course without PHLF, were included. �1The primary tumor originated in stom-

ach.
�2The definition of PHLF is an increase in the international normalized ratio of prothrom-

bin time and concomitant hyperbilirubinemia (according to the normal limits of the local

laboratory) on or after postoperative day 5 [4]. PHLF, posthepatectomy liver failure; nonB,

nonC HCC, hepatocellular carcinoma without hepatitis B or C viral infection.

(DOCX)

S2 Table. Detailed results of comparative analyses between every 2 timings after PHx in

pigs. The top 2 peaks enabling discrimination between every 2 timings were shown in the

table. AveN indicated peak area/intensity average of class N (1 or 2). StdDevN indicated stan-

dard deviation of the peak area/intensity average of class N. PHx, partial hepatectomy.

(XLSX)

S3 Table. Peak area/intensity of marker peptides in swine plasma after PHx. (Page 1) first

cohort and (Page 2) second cohort analyses. AveN indicated peak area/intensity average of

class N (1 to 6). StdDevN indicated standard deviation of the peak area/intensity average of

class N. Class 1, 2, 3, 4, 5, and 6 represented pre, 0 min, 24, 48, 120, and 168 h, respectively.

PHx, partial hepatectomy.

(XLSX)

S4 Table. The endogenous swine plasma peptides after PHx identified by LC-MALDI-

TOF/TOF MS. (Page 1) 0 min, (Page 2) 24 h, (Page 3) 48 h, and (Page 4) 168 h after PHx.

LC-MALDI-TOF/TOF MS, liquid chromatography-matrix-assisted laser desorption/ioniza-

tion time-of-flight tandem mass spectrometry; PHx, partial hepatectomy.

(XLSX)

S5 Table. Three independent datasets for human plasma analyses. The peaks at 2378 and

9080 m/z clearly discriminated 0 min, 24, 48, and 168 h with P-values of no more than 0.0001

in every 3 experiments. AveN indicated peak area/intensity average of class N (1 to 4).

StdDevN indicated standard deviation of the peak area/intensity average of class N. Class 1, 2,

3, and 4 represented 0 min, 24, 48, and 168 h, respectively. The x and y axes of the 2-dimen-

sional distribution plots represented 2378 and 9080 m/z, respectively.

(XLSX)
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S6 Table. The peak list that had a significant difference� in intensity regarding sampling

points and methods. (A) More peptide fragments were detected in PV than in CV. This result

might reflect PV containing more humoral factors than CV that are capable of stimulating

DNA synthesis after PHx. (B) More peptide fragments were observed in serum than in plasma.

The lower stability of peptide fragments in serum is considered to result from ex vivo multi-

protease activities due to clotting. The SVM analyses discriminated PV and CV, and serum

and plasma with a cross-validation accuracy of more than 88 and 93% at all timings, respec-

tively. In the present study, the plasma samples were analyzed to detect endogenous peptides.

Considering the difficulty in repeated sampling from PV, which otherwise might be more

informative, the CV specimens were used for further studies. �Differences with AUC calcu-

lated by ROC curve analysis> 0.8 were considered to be significant. Peaks were described

with m/z values. Five and 4 pigs were used for analyses of (A) and (B), respectively. PV, portal

vein; CV, central vein; AUC, area under the curve; ROC, receiver operating characteristics; m/
z, mass to charge ratio.

(DOCX)
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PURPOSE. Corneal endothelial cell density undergoes a progressive decrease for many years
after transplantation, eventually threatening patients with late endothelial failure. The
purpose of this study was to investigate the possibility of an immunologic response in
successfully grafted corneal endothelium.

METHODS. The corneal endothelium of patients who had undergone corneal transplantation
was evaluated by specular microscopy. Rabbit models were subjected to penetrating
keratoplasty (PK) with either syngeneic or allogeneic corneal transplants and Descemet’s
stripping endothelial keratoplasty (DSEK) with allogeneic corneal transplants. The presence
of immune cells and expression of proinflammatory cytokines were determined by
immunostaining. The corneal endothelium and immune cells were also evaluated by
scanning electron microscopy.

RESULTS. Scanning slit contact specular microscopy of patients with no features of graft
rejection revealed cell-like white dots on the grafted corneal endothelium. The corneal
endothelium of the allogeneic PK and DSEK rabbit models displayed the presence of immune
cells, including CD4þ T-helper cells, CD8þ cytotoxic T cells, CD20þ B lymphocytes, CD68þ

macrophages, and neutrophils, but these immune cells were rarely observed in the syngeneic
PK model. These immune cells also produced proinflammatory cytokines. Notably, some of
the corneal endothelial cells situated near these immune cells exhibited features of apoptosis.

CONCLUSIONS. T lymphocytes, B lymphocytes, macrophages, and neutrophils are present on
the grafted corneal endothelium in both PK and DSEK allogeneic rabbit models. The potential
involvement of immune cells as an underlying pathophysiology for late endothelial failure
deserves further examination.

Keywords: corneal endothelium, immune cells, inflammation

Corneal transplantation is one of the most common
transplantations performed in the world.1 The Eye Bank

Association of America2 reported that 47,530 donor corneas
were provided for transplantation in the United States; similarly,
28,901 donor corneas were provided for transplantation in
other countries in 2014. Corneal transplantation has been
accepted as a successful procedure, but several large cohort
studies have now shown that graft survival after 10 years
following penetrating keratoplasty (PK) is only approximately
50%,3–5 although this varies widely depending on the indica-
tions and the specific studies.6,7 Endothelial dysfunction also
accounts for 50% of the total graft failures, suggesting that
corneal endothelial damage is the leading cause of graft
failure.5,7

Endothelial graft failure can be divided into three types:
primary graft failure (mainly iatrogenic), immunologic rejection,
and late endothelial failure.6 Graft rejection is clinically
recognized by features that include the presence of endothelial
rejection line, keratic precipitates, corneal edema, and conjunc-
tival injection caused by immunologic responses against donor

cells.8–10 One multicenter study revealed that 92 of 1090 patients
(8.4%) experienced graft failure within 5 years of follow-up due
to rejection after PK. On the other hand, late endothelial failure
typically exhibits no clinical symptoms, but several studies,
including a large cohort study based on graft registries, have
demonstrated that corneal endothelial cell (CEC) density
decreases continuously, even in clinically successful transplanta-
tion cases. For instance, the Cornea Donor Study Research
Group reported that patients who underwent PK experienced a
cell loss of 79%, resulting in a median 10-year corneal endothelial
cell density (ECD) of 550 cells/mm2.7

The damage to the corneal endothelium associated with
ECD drop is compensated by increased pump function and
barrier function by remaining CECs, which maintains corneal
transparency.11 However, a decrease in the ECD to a critical
level, typically 500 cells/mm2, overwhelms this ability to
compensate, and the cornea begins to exhibit corneal edema
with severe visual disturbance. This suggests that graft corneas,
on average, come close to the threshold ability to maintain
corneal transparency or exhibit haziness within a decade. Late
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endothelial failure is accepted as a leading threat of graft
failure, but the underlying mechanism remains unclear and no
treatment is available. Hence, a better understanding of the
source of this failure is urgently needed, not only for
understanding the pathophysiology, but also for developing
preventive treatments for late endothelial failure.

Birnbaum and colleagues12 reported that the relative annual
loss of endothelial cells was 1.1% after autologous rotational
keratoplasty, whereas the relative annual loss was 16.7% in
homologous PK.12 Only six patients were analyzed as the
autologous rotational keratoplasty group, but these authors
hypothesized that immunologic influences might be the cause
of the chronic endothelial cell loss observed after corneal
transplantation.12 We pursued this idea by investigating the
potential involvement of an immunologic response in the CECs
of corneal grafts that are clinically transparent without
rejection symptoms after transplantation.

In this study, we explored the possibility of an immunologic
response in the corneal endothelium in a rabbit corneal
transplantation model. We showed that immune cells, such as
CD4þ T-helper cells, CD8þ cytotoxic T cells, CD20þ B
lymphocytes, CD68þ macrophages and neutrophils, were
present on the corneal endothelium after allogeneic corneal
transplantation, whereas these immune cells were rarely
observed in syngeneic grafts. We also demonstrated that
proinflammatory cytokines, such as TNF-a and IFN-c, were
expressed by immune cells.

METHODS

Ethics Statement

All animals were housed and treated in strict accordance with
the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. All experiments were carried out under a
Doshisha University Animal Care and Use Committee approved
protocol (approval no. A15012), and all efforts were made to
ameliorate animal suffering.

Clinical Data

The human clinical data were obtained in accordance with the
tenets set forth in the Declaration of Helsinki and in accordance
with a protocol approved by the Institutional Review Board of
Kyoto Prefectural University of Medicine (approval no. RBMR-C-
1073-1). Clinical trial registration was obtained from the
University Hospital Medical Information Network (UMIN; ID:
UMIN000021264) (http://www.umin.ac.jp/english/, provided in
the public domain). The corneal endothelium was evaluated by
contact specular microscopy (Konan scanning slit specular
microscope; Konan Medical, Nishinomiya, Japan) at the follow-
up clinical observations of patients who had undergone corneal
transplantation at the Kyoto Prefectural University of Medicine.

Rabbit Penetrating Corneal Transplantation Model

Twenty-one eyes of 15 rabbits were grafted with either
syngeneic (n ¼ 12) or allogeneic (n ¼ 15) corneal transplants.
For syngeneic corneal transplantation, 8-mm-diameter corneal
buttons were trephined (Hessburg-Barron Vacuum Trephine;
Barron Precision Instruments, LLC, Grand Blanc, MI, USA),
stored in media (Optisol-GS; Bausch & Lomb, Inc., Rochester,
NY, USA), and transplanted back into the original eye using 10-0
nylon ophthalmic sutures (MANI Ophthalmic Sutures; MANI,
Inc., Utsunomiya, Japan). For allogeneic corneal transplantation,
8-mm-diameter corneal buttons were trephined with a trephine,
stored in media (Optisol-GS; Bausch & Lomb, Inc.) and
transplanted into a different rabbit eye. Following corneal

transplantation, 0.33-mg dexamethasone (Nichi-Iko Pharmaceu-
tical Co., Ltd., Toyama, Japan) was injected into the subcon-
junctiva for 1 week. Anterior segments were assessed with a slit-
lamp microscope. Corneal thickness and volume were evaluated
with a camera system (Pentacam; OCULUS Optikgeräte GmbH,
Wetzlar, Germany). The corneal endothelium was evaluated by
contact specular microscopy (Konan scanning slit specular
microscope; Konan Medical) (n ¼ 6). After observation for 2
weeks, corneal specimens were evaluated by immunofluores-
cence stating. To analyze rejected specimens, three rabbits with
transplanted allogeneic grafts were observed for up to 2 months
and subjected to histologic experiments when graft rejection
was observed associated with clinical symptoms such as corneal
haziness, corneal edema, and conjunctival injection.

Rabbit Descemet’s Stripping Endothelial
Keratoplasty (DSEK) Model

For preparing DSEK graft, deep lamellar keratectomy was
performed in eight rabbit corneas using microkeratome (Moria
ALTK; MORIA, Inc., Doylestown, PA, USA), and the residual
corneal bed was trephined with an 8-mm-diameter dermal
punch (Dermapunch; Maruho Co., Ltd., Osaka, Japan). In
recipient rabbits, lenses were removed using a series 20000
Legacy surgical system (Alcon, Inc., Fort Worth, TX, USA)
under general anesthesia to deepen the anterior chamber 1
week prior to DSEK. Under general anesthesia, Descemet’s
membrane was stripped from eight eyes of eight rabbits, DSEK
grafts were transplanted using the standard DSEK procedure
applied in clinical settings.1 One 0.33-mg dexamethasone dose
was instilled by subconjunctival injection for 1 week. After
observation for 2 weeks, corneal specimens were processed
for immunofluorescence staining and scanning electron
microscopy (n ¼ 6). Two samples were processed for
semiquantitative RT-PCR.

Immunofluorescence

Full-thickness corneal tissue was fixed in 4% paraformaldehyde
for 10 minutes at room temperature, followed by perfusion in
0.5% Triton X-100 (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) for 5 minutes at room temperature to increase
tissue permeability. Nonspecific binding was blocked using 2%
BSA or 2% goat serum for 1 hour at room temperature. The
corneal endothelium was stained with function-related mark-
ers: ZO-1 (1:200; Zymed Laboratories, South San Francisco, CA,
USA) and Naþ/Kþ-ATPase (1:200; Upstate Biotechnology, Lake
Placid, NY, USA). The presence of immune cells was
determined using primary antibodies against CD3 (pan T
lymphocyte, 1:100; Abcam, Cambridge, UK), CD4 (T-helper
cells, 1:100; R&D Biotechnology, Minneapolis, MN, USA), CD8
(cytotoxic T cells, 1:100: R&D Biotechnology), CD20 (B
lymphocytes, 1:100: Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA), CD68 (macrophages, 1:100; Santa Cruz
Biotechnology, Inc.), cathepsin G (neutrophils, 1:100; Abcam),
TNF-a (1:100, Abcam), and IFN-c (1:100, Abcam). The
secondary antibody was Alexa Fluor 488-conjugated goat anti-
mouse (Life Technologies, Carlsbad, CA, USA) or Alexa Fluor
594-conjugated goat anti-rabbit IgG (Life Technologies), used at
a 1:1000 dilution. Cell morphology was evaluated after actin
staining with a 1:400 dilution of Alexa Fluor 635-conjugated
phalloidin (Life Technologies). Nuclei were stained with 40,6-
diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlin-
game, CA, USA). The samples were observed by fluorescence
microscopy (model TCS SP2 AOBS; Leica Microsystems,
Wetzlar, Germany) or a confocal laser scanning electron
microscopy (LEICA TCS SP8 Multiphoton; Leica Microsystems).
Image J (http://imagej.nih.gov/ij/; provided in the public
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domain by the National Institutes of Health, Bethesda, MD,
USA) was used to create three-dimensional reconstructions.

Semiquantitative RT- PCR

Descemet’s membrane, with corneal endothelium that includ-
ed immune cells, was stripped from corneas of the DSEK rabbit
model. Descemet’s membrane stripped from healthy corneas
was used as control (n ¼ 2). Total RNA was isolated using a
purification kit (RNeasy Mini Kit; Qiagen, Hilden, Germany).
The quality of the RNA preparations was measured with a
spectrophotometer (NanoDrop; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA).

Ribonucleic acid was amplified using a transcriptome
amplification kit (QuantiTect Whole Transcriptome Kit;
Qiagen, Hilden, Germany). Specific primers, listed in the
Table, were designed, and the cDNA was subjected to PCR.
The internal control for gene analysis was glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). Polymerase chain reac-
tions were carried out using DNA polymerase (Extaq; Takara
Bio, Inc., Otsu, Japan). The PCR amplification program
consisted of denaturation at 948C for 30 seconds, 35 cycles
of annealing at 548C for 30 seconds, and elongation at 728C for
30 seconds. The PCR products were separated by electropho-
resis on 2% agarose gels and detected under ultraviolet
illumination after ethidium bromide staining.

Scanning Electron Microscopy

Corneal specimens were obtained from two syngeneic and two
allogeneic PK rabbit models and two DSEK rabbit models. The

specimens were washed in 0.1 M Sörensen buffer, fixed with
2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M
Sörensen buffer, and postfixed with 1% osmium tetroxide.
This was followed by three washes in buffer before being
dehydrated through an alcohol series and then transferred to
hexamethyldilizane (HMDS) for two 30-minute changes (Agar
Scientific, Stansted, Essex, UK). Samples were left overnight to
allow the HMDS to undergo sublimation. Samples were
mounted on cylinder stubs (Agar Scientific) sputter-coated
with gold and examined in a JEOL 5600 scanning electron
microscope (JEOL Ltd., Tokyo, Japan).

Statistical Analysis

Data are reported as means 6 SEM. Differences between data
sets were determined for statistical significance (P value) using
Student’s t-test.

RESULTS

Cell-like White Dots Were Observed on the
Endothelium of Patients Following Corneal
Transplantation

Representative images of a patient who underwent penetrating
keratoplasty 24 years previously showed the presence of cell-
like white dots on the corneal endothelium (Fig. 1A). Likewise,
a patient who had undergone DSEK 5 years previously also
showed the white dots (Fig. 1B). Similar white dots were

TABLE. Oligonucleotide Sequences for RT-PCR

Gene Sense Primer Antisense Primer Size, bp

IL-1RA 50 -GAAGTTGTGCCTGTCTTGTGTG-30 50-CCTCCTGGAAGTAGAACTTGGT-30 262

IL-1b 50 -TGTTGTCTGGCACGTATGAGCTG-30 50-CTTCTTCTTTGGGTAACGGTTGGG-30 227

IL-6 50 -CTGAAGAACATCCAACACCTGATC-30 50-CCTAACGCTCATCTTCCTAGTTTC-30 329

IL-8 50 -ACACTCCACACCTTTCCATCC-30 50-CCTACGACAGATCCATGCAGT-30 293

IL-10 50 -CCCGATCCTATTTATTTACCGAGC-30 50-GTTAGAAAGTGTGGTCAGGCACAG-30 232

IL-15 50 -CTGTATCAGTGCAGGTCTTCC-30 50-CCTCCAGTTCCTCACATTCTTTGC-30 310

TNF-a 50 -CTCCCAGGTTCTCTTCAGCGGTC-30 50-GTCCAGGTACTCAGGCTGGTTGA -30 250

TGF-b2 50 -GATCTCCATCTACAACAGCACCAG-30 50-CTGAAGTAGGGTCTGTAGAAGGTG-30 266

CX3CR 50 -TGGCCGCCAACTCCATTAAC-30 50-GATGGCTTTGGCTTTCTTGTGG-30 292

CCL2 50 -CACCTGCTGCTATACATTCACC-30 50-GTCGTGTGTTCTTGGGTTGTG-30 236

CCL4 50 -CAGGAGTACGTGGATGACTTG-30 50-CAACAGCAGAGAAACAGTGGT-30 263

TLR4 50 -CTAACCTGTCTAGCCTTGAGCAC-30 50-CCACTCAGCCCTTGAATACAG-30 240

TRAIL 50 -CTGATCCTGATCTTCACAGTGCTCC30 50-CTACTCTCTGAGGCCCTCTTTCTC-30 328

GAPDH 50 -GCGTGAACCACGAGAAGTATGACAAC-30 50-CAGTGGAGGCAGGGATGATGTTC-30 234

bp indicates base pairs.

FIGURE 1. Cell-like white dots on the endothelium of patients following corneal transplantation. (A) Corneal endothelium was evaluated by contact
specular microscopy in patients who had undergone corneal transplantation. Representative image of a 36-year-old male who underwent PK 24
years previously shows the presence of cell-like white dots on the corneal endothelium. (B) Image from a 67-year-old female who underwent DSEK
5 years previously, showing the cell-like white dots. (C) Image of a 70-year-old male who was diagnosed with CMV corneal endotheliitis infection,
showing the cell-like white dots. Arrowheads indicate the cell-like white dots.
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observed on the corneal endothelium of a patient who was
diagnosed with cytomegalovirus (CMV) corneal endotheliitis,
which is an inflammatory disease due to CMV,13,14 suggesting
that the white dots were immune cells recruited due to an
immune response (Fig. 1C).

Allogeneic Corneal Transplantation Recruits
Immune Cells in Rabbit Model

We used a rabbit PK model to determine whether the white
dots observed on corneal endothelium were immune cells. Slit-
lamp microscopy showed that a transparent corneal graft was
maintained at 2 weeks postoperatively in both syngeneic and
allogeneic groups (Fig. 2A). No clinical features of corneal
allograft rejection, such as endothelial keratic precipitates,
rejection lines, or severe conjunctival injection were observed
in allogeneic or syngeneic grafts during the observation time of
2 weeks. Scheimpflug images and corneal thickness maps
obtained with a Pentacam high-resolution camera also showed
that an anatomically normal cornea had been restored by
corneal transplantation (Figs. 2B, 2C). No significant difference
was noted in the central corneal thickness and corneal volume
between the syngeneic and allogeneic groups (Figs. 2D, 2E).
The endothelial phenotype of the CECs in the syngeneic and
allogeneic corneal grafts was retained, along with expression
of function-related markers, such as ZO-1 (marker of barrier
function) and Naþ/Kþ-ATPase (marker of pump function), and
the hexagonal monolayer morphology (Fig. 2F). Contact
specular microscopy examination showed healthy morphology
of corneal endothelium in both syngeneic and allogeneic
groups 14 days after corneal transplantation. However, cell-like
white dots that were similar to the dots observed in human
subjects following corneal transplantation were observed on
corneal endothelium in the allogeneic group (Fig. 3A).
Scanning electron microscope analysis revealed the normal
hexagonal morphology of the corneal endothelium in both the
graft and peripheral recipient cornea in the syngeneic model as
well as in control corneas. However, scanning electron
microscope analysis revealed the presence of numerous cells
that were well distinguished from the corneal endothelium on
the surface of the allogeneic graft endothelium, and to a
significantly lesser extent, on the recipient corneal endotheli-
um. Notably, very few of these cells were observed in the
syngeneic group, but massive numbers of cells were observed
in the allogeneic group. Cell–cell junctions were partially
disrupted, and membrane blebbing, presumably associated
with the apoptotic process, was observed in nearby cells in the
corneal endothelium (Fig. 3B). Taken together, these findings
supported our hypothesis that the cell-like white dots were
immune cells that might be exerting potentially deleterious
effects on the corneal endothelium.

T-Helper Cells, Cytotoxic T Cells, B Lymphocytes,
Macrophages, and Neutrophils Infiltrate the
Corneal Endothelium of Allogeneic Corneal Grafts

We conducted an immunohistochemical analysis to character-
ize the infiltrated cells present on the corneal endothelium

FIGURE 2. Syngeneic and allogeneic PK rabbit model. (A) Represen-
tative anterior segment images (right: control healthy eye; middle:
syngeneic PK; and left: allogeneic PK) obtained by slit-lamp microsco-
py 14 days after transplantation are shown. (B, C) Anterior segment
was also evaluated. Representative images and corneal thickness maps
are shown. Values of the corneal thickness and corneal volume maps
are indicated in micrometers. (D, E) Central corneal thickness and

corneal volume were analyzed. No significant difference was noted in
the central corneal thickness and corneal volume between the
syngeneic and allogeneic transplantation groups. (F) Corneal endothe-
lial structure and function of the syngeneic and allogeneic grafts were
examined histologically 14 days after transplantation. Corneal endo-
thelial morphology was assessed by actin staining, and endothelial
function was assessed by immunostaining for ZO-1 and Naþ/Kþ-ATPase.
Cell nuclei were stained with DAPI. Representative images from at least
two independent experiments are shown. Scale bar: 100 lm.
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after allogeneic corneal transplantation in rabbits. None of the
grafts (syngeneic or allogeneic) displayed any clinical signs of
organ rejection, but immune cells, characterized by the
presence of CD4þ T-helper cells, CD8þ cytotoxic T cells,
CD20þ B lymphocytes, CD68þ macrophages, and neutrophils
marked by cathepsin G, were observed on the endothelial layer
in nine out of nine allogeneic graft specimens 2 weeks after
transplantation. Similar to the scanning electron microscope
findings, these immune cells were rarely observed in the
syngeneic grafts (Fig. 4A). As a positive control, where
infiltration of immune cells would be expected, we analyzed
corneal grafts that had been rejected 2 months after allogeneic
transplantation. All three rabbits that had been observed for 2
months exhibited signs associated with graft rejection, such as
corneal haziness, corneal edema, and conjunctival injection at
1.5 to 2 months. The rejected corneal grafts exhibited distinct
morphologic alterations as determined by the cellular distri-
bution of F-actin, which suggested CEC transformation into
fibroblast-like cells, as occurs in human corneal graft rejection.
Higher numbers of infiltrating immune cells—CD4þ T-helper
cells, CD8þ cytotoxic T cells, CD20þ B lymphocytes, CD68þ

macrophages, and neutrophils—were observed on the rejected
corneal endothelium than on the nonrejected allogeneic graft
(Fig. 4A).

Immune cells secrete cytokines that are critical regulators of
immune response; therefore, we investigated whether proin-
flammatory cytokines were secreted in corneal grafts. Tumor
necrosis factor-a and IFN-c were detectable in the allogeneic
graft endothelium, which showed no clinical features of
rejection 2 weeks after corneal transplantation, but TNF-a
and IFN-c were not detected in the syngeneic graft or the
control (Fig. 4B). Co-staining showed that a certain population
of CD4þ T-helper cells expressed TNF-a and IFN-c and that a

certain population of CD8þ cytotoxic T cells expressed TNF-a
and IFN-c in the allogeneic grafts 2 weeks after surgery (Fig.
4C).

Immune Cells Infiltrate on the Corneal

Endothelium of Allogeneic DSEK Graft

We next determined the infiltration of immune cells onto the
corneal endothelium of a DSEK graft, as the CEC declines seen
after transplantation of DSEK grafts are at the same level (or
even worse) as that seen in PK.6,15–17 Corneal transplantation
performed as a DSEK procedure in the rabbit gave a successful
graft in all cases, with a transparent cornea and no serious
complications such as graft rejection, graft failure, or graft
dislocation. Representative slit-lamp microscopic images
showed attachment of the graft to the back side of cornea,
and corneal transparency was maintained in the rabbit model 2
weeks after surgery (Fig. 5A). Scanning electron microscope
demonstrated the presence of numerous discrete nonendothe-
lial cells, morphologically similar to immune cells in appear-
ance, present near the graft–recipient interface (Fig. 5B).
Notably, a high density of immune-like cells was observed on
the corneal endothelium of the DSEK graft in contrast to the
recipient corneal endothelium, where very few immune-like
cells were found (Fig. 5C). The control eyes exhibited the
normal hexagonal morphology of the corneal endothelium
without any immune-like cells. Higher magnification scanning
electron microscope images showed that immune-like cells
were adjacent to a missing endothelial cell (Fig. 5D), suggesting
that these cells may have the ability to damage the corneal
endothelium.

FIGURE 3. Contact specular and scanning electron microscopy analysis of the corneal endothelium in the syngeneic and allogeneic corneal grafts.
(A) Corneal endothelial cell morphology was also assessed by contact specular microscopy, and representative images are shown for each
experimental group. In the allogeneic PK group, the corneal graft endothelium shows cell-like white dots, indicated by white arrowheads. (B)
Scanning electron microscope images of the corneal endothelium of a control healthy cornea, a syngeneic graft, and an allogeneic graft. Cell–cell
junctions were partially disrupted (arrows), and membrane blebbing (arrowheads) was observed near the immune cell–like cells on the corneal
endothelium of the allogeneic graft. All images are representative of two animals in each group. Scale bars: 5 lm.
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FIGURE 4. Immunofluorescence analysis of the corneal endothelium of the syngeneic and allogeneic PK model. (A) Control cornea, syngeneic
corneal graft, allogeneic corneal graft, and rejected allogeneic corneal graft were immunostained with CD4 (T-helper cells), CD8 (cytotoxic T cells),
CD20 (B cells), CD68 (macrophages), and cathepsin G (neutrophils) antibodies 14 days post transplantation. CD4þ T lymphocytes, CD8þ T
lymphocytes, CD20þ B lymphocytes, CD68þ macrophages, and neutrophils characterized the allogeneic PK graft endothelium layer and the rejected
graft cornea. DAPI was used to stain cell nuclei. Scale bar: 100 lm. (B) Secretion of TNF-a and IFN-c was determined in the control corneal
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Similar to the PK model, immunofluorescence analysis
demonstrated the presence of CD3þ T lymphocytes, CD4þ T-
helper cells, CD8þ cytotoxic T cells, CD20þ B lymphocytes,
and CD68þ macrophages on the corneal endothelium (Fig. 5E).
The recipient endothelium rarely showed the presence of
these immune cells, suggesting that the allogeneic corneal
endothelium has the ability to recruit immune cells. Consistent
with the findings observed previously for the PK corneal grafts,
TNF-a– and IFN-c–producing immune cells were also detected
in the DSEK graft endothelium (Fig. 5E). Image stacks of
specific depths and high resolution obtained by confocal laser
scanning electron microscopy of the DSEK corneas revealed
that these immune cells were attached onto the graft
endothelium layer positioned at the anterior chamber site
(Fig. 5F). The expression of cytokines related to inflammation
was evaluated 2 weeks after DSEK in corneal endothelium that
included immune cells. Semiquantitative RT-PCR showed
higher expression of IL-1 receptor antagonist (IL-1RA), IL-1b,
IL-6, IL-15, TNF-a, TGF-b2, CX3CR, and CCL2 in DSEK corneal
endothelium than in healthy corneal endothelium, while IL-8,
IL-10, TLR4, and TRAIL were detected at similar levels in both
groups (Fig. 5G).

DISCUSSION

The cornea is an immune-privileged tissue with properties that
prevent alloimmune-mediated rejection responses, which then
enables an advantageously high success rate of transplanta-
tion.18–24 Numerous basic research studies have demonstrated
that the immune privilege of the eye is not solely a
phenomenon due to immunologic ignorance, but instead is a
highly orchestrated immune system consisting of unique
immune suppression mechanisms, widely known as anterior
chamber–associated immune deviation.21–23,25 This immune-
privileged environment, as well as the underlying mechanisms
involved in corneal graft rejection by host immune systems,
has also been intensively investigated.22,26–29

By contrast, the mechanism of late endothelial failure is still
unclear. The clinical data showing the much lower drop in cell
density of CECs after autologous rotational corneal transplan-
tation than after allogeneic transplantation suggested the
possibility that immunologic influences are involved in the
pathogenesis of chronic endothelial failure.12 We showed that
cell-like white dots can be observed on the corneal endothe-
lium of a transplanted graft by scanning slit contact specular
microscopy in the patients who show no clinical features of
graft rejection. Similar cell-like white dots were also observed
on the corneal endothelium of the CMV corneal endotheliitis
patients, so we speculated that these dots might be immune
cells. In agreement with our findings, in vivo confocal
microscopy revealed the presence of indistinguishable small,
rounded white cell bodies representing inflammatory cell
structures on the corneal endothelium following corneal
transplantation.30,31 Our rabbit model experiments demon-
strated that the cell-like white dots observed by scanning slit
contact specular microscopy correspond to immune cells
comprising at least T-helper cells, cytotoxic T cells, B cells,
macrophages, and neutrophils. One limitation of our study is
that these cell-like white dots, revealed to be immune cells,
were observed 2 weeks after surgery in the rabbit model, but

they were observed in humans a longer time after the corneal
transplantation. Further investigation, such as using postmor-
tem corneal specimens in the patients, should determine
whether immune cells exist on the corneal endothelium of
patients who do not exhibit clinical features of graft rejection.
Another important question to be answered is whether this
immunologic response is induced owing to the surgical
intervention or to the allogeneic graft, as leukocyte extravasa-
tion and migration to injury sites are important milestones of
wound-healing process. Our histologic assessment demonstrat-
ed that immune cells were rarely observed on syngeneic grafts,
whereas they were intensively observed on allogeneic grafts.
This suggests that immune cells were recruited by allogeneic
grafts, though the nature of the signal—whether immune cells
recognized CECs or corneal stromal cells or did not recognize
allogeneic cells—should be further investigated. In agreement
with previous reports,26–29 rejected allogeneic grafts were
characterized by inflammatory cell aggregates composed of
CD4þ and CD8þ T lymphocytes, B lymphocytes, macrophages,
and neutrophils and by tissue destruction. Interestingly, unlike
the case for the rejected grafts, the cells observed in
transparent allogeneic grafts without clinical features of
rejection were not associated with destruction of the
surrounding CECs. One possible explanation for the presence
of immune cells on a nonrejected graft is that they have a
potency to precede typical graft rejection. Though this is
speculative, if the grafted cornea successfully evaded rejection
triggered by these immune cells, the graft would eventually
exhibit CEC loss. Graft rejection is typically observed after 2
months; therefore, analysis of animal models for a longer time
will help in understanding the role of these immune cells.
Another possible explanation is that the corneal endothelium
was damaged by an as yet unknown mechanism, and the
immune cells were recruited for a wound-healing process.
Further functional experiments to evaluate the cytotoxicity of
the adhered immune cells to the graft corneal endothelium are
needed to verify the role played by immune cells in corneal
endothelial damage.

Penetrating keratoplasty was previously the only procedure
for corneal transplantation, but new procedures, such as DSEK
and DMEK (Descemet’s membrane endothelial keratoplasty),
have been developed for replacement of the corneal endothe-
lium that do not involve full-thickness replacement.1 Stripping
endothelial keratoplasty and DMEK are less-invasive treatments
and are now frequently performed.32,33 Anshu et al.34 reported
rejection rates of 17% in PK, 9% in DSEK, and 0.7% in DMEK in
a single center and suggested that DSEK and DMEK reduced
the risk of rejection. This may be because DSEK and DMEK
grafts do not include epithelium, as each layer of the cornea
has different immunogenicity. Indeed, the use of reconstituted
mouse corneal grafts confirmed that the corneal epithelium
had a higher allosensitization potency when compared with
endothelium.35–37 By contrast, the incidence of graft rejection
in DSEK, and even in DMEK, suggests that the corneal
endothelium also has immunogenicity. Our current data for
our rabbit DSEK model showed that immune cells migrated
onto allogeneic graft corneal endothelium and expressed
proinflammatory cytokines, as observed in PK. We also
showed that the levels of cytokines related to inflammation
are higher in the DSEK corneal endothelium. However, the
source of these cytokines (i.e., the corneal endothelium or the

syngeneic corneal graft, allogeneic corneal graft, and rejected allogeneic corneal graft. Actin and cell nuclei were stained with generic term and
DAPI, respectively. All experiments were performed in duplicate. Scale bar: 100 lm. (C) Co-staining of CD4/TNF-a and IFN-c, and CD8/TNF-a and
IFN-c in allogeneic grafts 2 weeks after corneal transplantation. Nuclei were stained with DAPI. Experiments were performed on three independent
animals. Scale bar: 50 lm.
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FIGURE 5. Involvement of immune cells in the corneal endothelium of a DSEK graft. (A) Corneal transplantation was performed as a DSEK
procedure in six rabbits, and a representative slit-lamp microscopy image is shown. (B) Scanning electron microscopy evaluation of the donor–host
junction of the DSEK rabbit model. Scale bar: 500 lm. Higher magnification of the boxed area shown on the right-hand side. Scale bar: 100 lm. (C)
Scanning electron microscope demonstrated that numerous nonendothelial cells, morphologically with an immune cell–like appearance, were
present near the graft–recipient interface. A high density of these immune-like cells was observed on the corneal endothelium of the DSEK graft,
whereas the recipient corneal endothelium showed very few immune-like cells. The control eyes exhibited a hexagonal, normal morphologic
corneal endothelium without any immune-like cells. All images are representative of two animals in each group. Scale bar: 2 lm. (D) Higher
magnification scanning electron microscope image showing immune-like cells adjacent to a missing endothelial cell. Scale bar: 2 lm. (E) Corneal
endothelium of the DSEK graft immunostained with immune cell–related markers: CD4þ cell (T-helper cells), CD8þ cell (cytotoxic T cells), CD20þ

cell (B cells), and CD68þ cell (macrophages). Production of TNF-a and IFN-c was also evaluated by immunostaining. Actin and cell nuclei were
stained with Alexa Fluor 594–conjugated phalloidin and DAPI, respectively All experiments were performed in triplicate. Scale bar: 100 lm. (F)
Stripping endothelial keratoplasty corneas were analyzed by confocal laser scanning electron microscopy. Image stacks up to a depth of 150 lm, at
either 1- or 3-lm intervals, were acquired, and three-dimensional reconstructions were created. Representative still images for CD3þ T lymphocytes,
CD8þ T lymphocytes, and CD68þ macrophages on the corneal endothelium are shown. Actin staining was performed to evaluate cell morphology.
Nuclei were stained with DAPI. (G) The expression of cytokines related to inflammation was evaluated 2 weeks after DSEK in corneal endothelium
that included immune cells by semiquantitative RT-PCR.
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immune cells) was not established in the current study.
Nevertheless, the elevated cytokine levels might suggest an
involvement of immune cells as part of the underlying
mechanism of CEC loss in corneal endothelial transplantation
performed using procedures other than just conventional PK.

In conclusion, our data suggest that T lymphocytes, B
lymphocytes, macrophages, and neutrophils are present on the
grafted corneal endothelium following both PK and DSEK. The
current findings should stimulate further research aimed at
clearly elucidating the involvement of immune cells as an
underlying pathophysiology to provide treatment for late
endothelial failure.
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