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Tissue engineering has become an essential tool in the 
development of regenerative medicine. We have devel-
oped cell sheet–based techniques for use in regenerative 
medicine that have already been successfully used in clini-
cal applications. Native corneal epithelium is produced 
from limbal stem cells located in the transition zone 
between the cornea and the bulbar conjunctiva. Limbal 
stem cell deficiency (LSCD) is a severe defect of the lim-
bal stem cells leading to vision loss due to conjunctival 
epithelial invasion and neovascularization. Rabbit LSCD 
models were treated with transplantable autologous 
oral mucosal epithelial cell (OEC) sheets fabricated on 
temperature-responsive cell culture surfaces, after which, 
the ocular surfaces were clear and smooth with no observ-
able defects. The central part of the reconstructed ocular 
surface was scraped and wounded, after which proliferat-
ing epithelial cells covered the scraped area within a few 
days. The ocular surfaces were clear and smooth even 
after repeated scrapings and consisted of only OECs or 
heterogeneously mixed with corneal epithelial cells. This 
study demonstrates that transplanted cell sheets contain-
ing oral mucosal epithelial stem cells could reconstruct 
the ocular surface to maintain cornea homeostasis; more-
over, they provide an ideal microenvironment to support 
the proliferation of remaining native limbal stem cells.

Received 28 October 2013; accepted 15 April 2014; advance online  
publication 27 May 2014. doi:10.1038/mt.2014.69

INTRODUCTION
Regenerative medicine is an attractive new therapy for the restora-
tion of lost tissues or function. Induced pluripotent stem cells1 and 
other stem cells offer the potential to expand regenerative medi-
cine by using them in tissue engineering for the fabrication and 
delivery of tissue-like structures. We have developed cell sheet–
based techniques for regenerative medicine and successfully 
applied them in clinical settings for treatment of cornea,2 heart,3 
esophagus,4 knee cartridge,5,6 and periodontal tissue.7,8

Native corneal epithelium turn over every 2 weeks and are 
maintained by the corneal epithelial stem cells localized in the 

limbus, which is the transitional zone between the cornea and the 
conjunctiva.9–12 When the corneal epithelial stem cells are severely 
damaged, the peripheral conjunctival epithelium invades with 
angiogenesis, resulting in a corneal opacification leading to severe 
visual loss, known as limbal stem cell deficiency (LSCD).13 Here, 
we treated LSCD with transplantable autologous oral mucosal epi-
thelial cell (OEC) sheets fabricated on temperature-responsive cell 
culture surfaces.2

In cardiac regeneration, after ectopic transplantation of skel-
etal myoblast sheets in nonhomologous use, paracrine effects 
should be the major mode of action, since skeletal myoblasts never 
differentiate into cardiac myocytes.3 However, each cell sheet is 
transplanted for homologous use in the cases of esophagus,4 knee 
cartridge,5,6 and periodontal tissue.7,8 Therefore, transplanted cells 
can contribute to promotion of wound healing and tissue regen-
eration as a cell source, in addition to its paracrine effects. In the 
case of corneal regeneration, after ectopic transplantation of OEC 
sheets in nonhomologous use, two possibilities for the mode of 
action can be considered. One possibility is that epithelial stem 
cells contained in the transplanted OEC sheets might regenerate 
the ocular surface, since buccal mucosal epithelial cells and cor-
neal epithelial cells are not the same but closely similar from the 
viewpoint of the absence of keratinization. The other possibility 
is that paracrine factors from transplanted OECs stimulate the 
growth of residual corneal epithelial stem cells. The major objec-
tive of this study is to reveal the mode of action in the treatment of 
LSCD by transplantation of autologous OEC sheets using repeated 
wound-healing assay in a rabbit LSCD model.

RESULTS
Transplantation of fabricated autologous OEC sheets
LSCD models were prepared on three rabbits (rabbits nos. 1–3) by 
surgically removing the corneal and limbal epithelium with n-hep-
tanol treatment.14 After 5 weeks, the ocular surface was covered 
with conjunctival tissue having neovascularization, and corneal 
opacification was observed. Fabricated autologous OEC sheets were 
transplanted onto the ocular surfaces after surgically removing the 
pannus (Figure 1).15 Cytokeratin 4 (K4) and cytokeratin 13 (K13), 
conjunctival epithelium markers,15,16 and mucin 5 (Muc5), a goblet 
cell marker,17 expressing cells were observed in the pannus of all 
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three LSCD models by immunohistochemistry (Supplementary 
Figure S1; Supplementary Materials and Methods). Fabricated 
OEC sheets (Figure 2a,b) comprised three to five stratified layers 
containing small cuboidal cells in the basal layer and squamous 
epithelium on the apical side (Figure 2c). K4, a differential muco-
sal epithelial cell marker,15,18–20 was detected in the suprabasal to 
superficial cell layers, except for the basal cell layer, and cytokeratin 

14 (K14), a basal cell marker,20,21 was found in the basal and supra-
basal cell layers. p63, a putative stem/progenitor cell marker,22 was 
detected in the basal cell layer. These localizations were the same as 
those of normal oral mucosa (Figure 2d).

After OEC sheet transplantation, fluorescein dye did not per-
meate into the corneal stroma (Figure 3), indicating that the ocu-
lar surfaces were completely covered without defect by the OEC 

Figure 1 Investigation of cultivated autologous oral mucosal epithelial cell (OEC) sheets transplantation into a rabbit limbal stem cell defi-
ciency (LSCD) model. (a) Rabbit LSCD model was prepared by n-heptanol treatment after keratectomy. (b) An autologous OEC sheet was fabricated 
on a temperature-responsive cell culture surface with mitomycin-C–treated NIH/3T3 feeder layer and harvested by reducing temperature without 
enzymatic treatment. (c) OEC sheet was transplanted onto the ocular surface of a rabbit LSCD model after removing pannus. Four weeks after 
transplantation, the central part of reconstructed ocular surface (5 mm in diameter) was physically scraped once every 2 weeks, a total of 10 times 
over 24 weeks, and the scraped specimens were analyzed by real-time RT-PCR.
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sheets. Reconstructed ocular surfaces were clear and smooth 
1 week after the transplantation with no observable defects. 
Although a small amount of neovascularization was observed in 
the peripheral cornea, the central cornea was clear with no fluores-
cein dye penetration 4 weeks after the transplantation, suggesting 
that the transplanted OEC sheets contributed to the maintenance 
of cornea transparency. The central part of the transplanted ocular 
surfaces (5 mm in diameter) was then physically scraped and sub-
jected to RNA extraction. Fluorescein staining revealed that cor-
neal stroma was completely reexposed by the scraping. Epithelial 
cells migrated from the edge of the wound area and covered the 

newly scraped area within a few days, as shown by the reduction 
of the fluorescein-stained area. Two weeks after the first scraping, 
the transparency of the ocular surfaces was retained, and no fluo-
rescein staining was observed. The central part of ocular surfaces 
(5 mm in diameter) was physically scraped again. Proliferating 
epithelial cells covered the scraped area within a few days, and 
no penetration of fluorescein was observed even after the sec-
ond scraping. Similarly, the transplanted ocular surfaces were 
scraped every 2 weeks, repeated 10 times, and then, the rabbits 
were sacrificed 2 weeks after the last scraping. From the sacrificed 
rabbits, all the ocular surfaces were scraped again and subjected 
to RNA extraction and histological analysis. The first scrape was 
performed 4 weeks after the transplantation, and the total follow-
up period was 24 weeks. Every time, the scraped area was reepi-
thelized within a few days and remained unchanged; moreover, 
the transparency of the ocular surfaces was confirmed in all three 
rabbits at 24 weeks before sacrifice (Figure 3; Supplementary 
Figures S2–S5).

Real-time RT-PCR analysis
Gene expressions of human OECs were compared with those of 
human cornea, limbus, and conjunctival epithelial cells to confirm 
that the expressions were suitable as OEC markers. Microarray anal-
ysis of gene expression revealed that cytokeratin 6 (K6) was signifi-
cantly highly expressed in oral mucosa, while faint or no expression 
of K6 was observed in cornea, limbus, and conjunctiva (Figure 4a). 
Significantly high expression of K6 in OECs was also confirmed by 
real-time reverse transcription polymerase chain reaction (RT-PCR) 
(Figure 4b). Immunohistochemistry using anti–K6 antibody also 
showed that K6 was expressed in the suprabasal to superficial epithe-
lial cell layers of normal human oral mucosal epithelium, while nor-
mal human cornea, limbus, and conjunctiva epithelium were faintly 
stained with K6 antibody (Figure 4c). As a result, K6 was chosen as 
the specific marker of OECs to identify OEC sheet–derived epithe-
lial cells on the transplanted ocular surfaces.

A significantly high expression of K6 was detected in normal 
rabbit oral mucosal epithelium and OEC sheets, while K6 was 
faintly expressed in normal rabbit cornea, limbus, and conjunctiva 
(Figure 5). K6 expression was detected in all three rabbits during 
the total follow-up period of 24 weeks, while it was not detected 
in the control rabbit that had a normal cornea with scrapings. The 
expressions of a corneal epithelium–specific keratin 12 (K12)23 and 
a homeobox transcription factor essential for the development and 
function of eye, Pax6,24 were only higher in the native rabbit cor-
nea and limbus as well as the control rabbit. Interestingly, rabbit 
no. 3 also expressed Pax6, although neither rabbit no. 1 nor rab-
bit no. 2 expressed these genes. The expression of thrombospon-
din 1 (TSP-1), an antiangiogenic factor contributing to corneal 
avascularity,25 was detected in normal cornea and limbus, while 
it was hardly detected in oral mucosal epithelium, conjunctiva 
epithelium, or OEC sheets. TSP-1 expression was detected in the 
ocular surfaces of all the rabbits, although it was lower in rabbit 
no. 3 and the control rabbit. K14 expression was detected only in 
native oral epithelium, native limbus, and all the transplanted rab-
bits. Continuous expression of ΔNp63, a putative stem/progenitor 
marker,22,26 was detected in all the tissues of the native and the 
transplant model, as well as in the ocular surfaces of the control. 

Figure 2 Fabrication of autologous oral mucosal epithelial cell sheets 
using temperature-responsive cell culture surfaces. (a,b) An oral 
mucosal epithelial cell (OEC) sheet was harvested intact by reducing 
the temperature and using a supporting membrane ring with outer and 
inner diameters of 20 and 13 mm, respectively. The OEC sheet consisted 
of cobblestone epithelial cells morphology similar to cornea epithelial 
cells. (c) OEC sheet consisted of three to five layers, and K4 expression 
was detected in all cell layers, except the basal layer. K14, a basal cell 
marker, and p63, a putative stem/progenitor cell marker, expressions 
were observed in the basal cell layer. (d) In normal rabbit oral muco-
sal tissue, K4 expression was observed from the suprabasal layer to the 
superficial layer, except for the basal cell layer. K14 was observed from 
the basal layer to the suprabasal layer, and p63 was observed in the basal 
layer. These results suggested that the fabricated OEC sheets contained 
putative stem/progenitor cells. Bars = 100 µm.
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Vimentin expression was detected in normal limbal and conjunc-
tival epithelia and two of the OEC sheets (rabbits nos. 2 and 3). 
Interestingly, vimentin expression was upregulated in all three 
rabbits after transplantation. The expression was detected in all 

rabbits for the entire follow-up period of 24 weeks, while it was 
not detected in the control rabbit, except for the final scraping in 
which the entire corneal surface was removed instead of just the 
central corneal surface.

Figure 3 Repeated wound-healing assay of proliferative and differentiation potential of transplanted oral mucosal epithelial cell (OEC) 
sheets. Neovascularization and opacification were observed in the rabbit limbal stem cell deficiency (LSCD) model 5 weeks after the surgery. An OEC 
sheet was transplanted onto the ocular surface after the removal of pannus without defects. Ocular surface was then reconstructed and confirmed 
to remain clear for 4 weeks, and then, the center of transplanted corneal surface was scraped to create a wound. Fluorescein staining revealed that 
the corneal stroma was completely reexposed. Proliferating epithelial cells covered the scraped area within a few days allowing the ocular surface to 
recover which was then confirmed to be stable with no evidence of fluorescein staining. Two weeks after the first scraping, the central part of healed 
ocular surface was physically scraped again. Epithelial cells migrated and covered the scraped area again after the second scraping. Similarly, the 
transplanted OEC sheet ocular surface was scraped every 2 weeks to a total of 10 times, and reepithelialization was observed after every scraping.
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Immunohistology
In the normal rabbit ocular surface, K4 was expressed in all con-
junctival epithelial cell layers, while it was only expressed in the 
superficial layers of the limbal and peripheral corneal epithelia 

(Figure 6a–d). The transplant rabbits were sacrificed after 10 
scrapings, and the ocular surfaces were subjected to histological 
analysis. Each of three serial sections was stained with hema-
toxylin–eosin, anti-Muc5, or anti-K4 antibody (Figure 6e–j). 

Figure 4 Comparison analysis between native human oral mucosal, corneal, limbal, and conjunctival epithelia. (a) The global gene-expression 
patterns were compared between native human oral mucosal, corneal, limbal, and conjunctival epithelial cells with DNA microarrays. Red circles 
indicated the keratin 6 (K6) gene expression level of three of six isoforms. (b) K6 expression was validated by real-time RT-PCR analysis. K6 gene 
expressions of oral mucosal epithelium were significantly higher than that in corneal, limbal, and conjunctival epithelium. (c) In native human oral 
mucosal tissue, K6 expressions were observed from the suprabasal to the superficial layer, except in the basal layer. However, in native human cornea 
tissue, K6 expression was not observed in cornea, limbal, or the conjunctival region. K6 was chosen as a specific marker for oral mucosal epithelium 
to identify OEC sheets transplanted onto the ocular surfaces. Bars = 100 µm.
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Reconstructed epithelia were thinner than native cornea and 
comprised three to four epithelial cell layers, while epithelial cell 
layers showed slightly increased thickness through the corneal 
periphery to the limbus and conjunctiva (Figure 6e). Muc5 was 
used to identify the conjunctival epithelial invasion into the cor-
nea region.27 In transplanted ocular surfaces, Muc5-expressing 
cells were observed in the periphery of the cornea and in the 
conjunctiva (Figure 6f). K4 was expressed in the superficial layer 
of the reconstructed corneal epithelium, which did not express 
Muc5, as observed in normal central corneal and limbal epithelia 

(Figure 6g,h). On the contrary, all of the peripheral epithelial 
layers of the reconstructed cornea and conjunctiva expressed K4 
(Figure 6g,i,j). The same expression pattern was obtained in all 
three rabbits.

TSP-1 was deposited in the basement membrane and the upper 
part of the stroma beneath the basement membrane in normal rab-
bit cornea (Figure 7a). TSP-1 expression was detected in the epi-
thelial cytoplasm and the upper part of the stroma in transplanted 
rabbits,  while it was not detected in normal corneal epithelium 
(Figure 7a, d). K14, a basal epithelial cell marker, and p63, a putative 

Figure 5 Real-time RT-PCR analysis of the phenotype of transplanted oral mucosal epithelial cell (OEC) sheets. In rabbit nos. 1 and 2, cytokerain 
6 (K6), an OEC marker, was detected, but neither of the corneal epithelial cell markers, cytokeratn 12 (K12) nor Pax6, were detected. In rabbit no. 3, 
K6, K12, and Pax6 were all detected, suggesting that the ocular surface was a heterogeneous mix of transplanted OEC sheets and corneal epithelial 
cells. Cytokeratin 14 (K14), a basal marker, and ΔNp63, a putative stem/progenitor marker, were detected during the 24-week follow-up period in all 
three rabbits. Vimentin, a mesenchymal marker, was detected in the transplanted OEC sheets, whereas cultivated OEC sheets and normal OECs only 
expressed these markers slightly. The red bars indicate the mRNA expression in rabbit no. 1; the green bars, rabbit no. 2; and the blue bars, rabbit 
no. 3; the yellow bars represent the control which was a normal cornea treated with 10 scrapings. Black bars indicate the mRNA expressions of oral 
mucosal, corneal, limbal, and conjunctival epithelial cells obtained from normal rabbit.
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stem/progenitor cell marker, were not detected in normal central 
cornea epithelium, while limbal basal epithelial cells were stained 
with K14 and p63 antibodies (Figure 7b,c). However, all the epithe-
lial layers of the transplanted corneal surfaces were intensely stained 
with the antibodies (Figure 7e,f). These expression patterns of TSP-
1, K14, and p63 were observed in all three rabbits. In line with the 

results of the gene expression analysis, K12 was detected only in the 
central reconstructed cornea of rabbit no. 3 (Figure 7g). The central 
ocular epithelium of rabbit no. 3 was a chimera of K12-positive and 
K4-positive cells (Figure 7g–i). Immunostaining of serial sections 
revealed that some cells were K12 and K4 double positive as the 
superficial layers of the peripheral native cornea and limbus.

Figure 6 Investigation of the survival of transplanted oral mucosal epithelial cell (OEC) sheets by histological analysis. (a–d) In the normal rab-
bit ocular surface, K4 was expressed in all conjunctival epithelial cell layers, while only the superficial layer of the limbal and corneal epithelia expressed 
K4. The transplant rabbits were sacrificed after 10 scrapings, and the ocular surfaces were subjected to histological analysis. (e) Reconstructed epithe-
lia were thinner than native cornea and were comprised three to four epithelial cell layers, while the epithelial cell layer was slightly thicker through 
the corneal periphery to the limbus and conjunctiva. (f) Mucin 5 (Muc5), a goblet cell marker, was used to identify conjunctival epithelial invasion 
into the cornea region. In transplanted ocular surfaces, Muc5-expressing cells were observed at the periphery of the cornea as well as the conjunctiva. 
(g–j) Interestingly, K4 was expressed in the superficial layer of ocular surface which did not express Muc5. These K4 expression patterns were similar 
to that of the transitional zone between the cornea and bulbar conjunctiva. Bars = 50 µm.
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In all three transplant rabbits, the basal epithelial layer of the 
central ocular surface contained vimentin-positive cells (Figure 7j).  
Interestingly, double immunofluorescent staining and confocal 
laser scanning microscopy revealed that these vimentin-positive 
cells were also pan-cytokeratin (pan-CK) positive. However, 
vimentin-positive keratocytes in the corneal stroma were pan-CK 
negative.

DISCUSSION
This study reported that (i) the corneal surface of a rabbit LSCD 
model was successfully reconstructed by transplantation of cul-
tivated autologous OEC sheets fabricated on a temperature-
responsive culture surface and (ii) gene expression analysis and 
immunostaining after repeated scraping of the central ocular 
surfaces revealed two different types of ocular reconstruction. 

Figure 7 Characterization of transplanted oral mucosal epithelial cell (OEC) sheets by immunohistochemical analysis. (a) In normal cornea, 
thrombospondin 1 (TSP-1) expression was observed in the epithelial basement membrane and the upper part of the stroma beneath the basement 
membrane, while TSP-1 expression was not detected in normal corneal epithelium. (d) However, in transplanted ocular surfaces, TSP-1 expression 
was observed in all epithelial layers and diffused in the corneal stroma. (b,c) Cytokeratin 14 (K14) and p63 were not detected in normal central cor-
nea epithelium, while limbal basal epithelial cells expressed K14 and p63 (inset). (e,f) However, K14 and p63 were observed in all the epithelial layers 
of the transplanted ocular surfaces. (g–i) In one of the rabbits (rabbit no. 3), K4-expressed transplanted OEC sheets and K12-expressed cornea epi-
thelial cells were observed in a heterogeneous pattern. (j) Vimentin, a mesenchymal cell marker, was co-expressed in the basal layer of the cytokerain-
expressed epithelial cells, suggesting that the basal cells of transplanted OEC sheets might induce epithelial–msenchymal transition. Bars = 100 µm.
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In two of the three rabbits (rabbit nos. 1 and 2), neither K12 nor 
Pax6 was detected over the entire period (Figure 5), suggesting 
that the ocular surfaces were reconstructed with only the trans-
planted OEC sheets. On the other hand, in the other rabbit (rabbit 
no. 3), the ocular surface expressed not only K6 but also K12 and 
Pax6 after the second scraping (Figure 5), implying that the ocu-
lar surface was reconstructed with K6-positive cells derived from 
the transplanted OEC sheet and K12- and Pax6-positive corneal 
epithelial cells derived from residual limbal epithelial stem cells. 
Since neither K12 nor Pax6 were expressed in the ocular sur-
face of rabbit no. 3 at the first scraping, the ocular surface was 
initially reconstructed only with the transplanted OEC sheet. 
Since the expressions of K6, K12, and Pax6 were detected after the 
second scraping, the ocular surface appeared to be composed of 
two kinds of epithelial cells. Double immunostaining of K4 and 
K12 also revealed that the central reconstructed ocular surface of 
rabbit no. 3 was a chimera of K4-positive cells and K12-positive 
cells. However, the possibility of transdifferentiation of OECs to 
corneal epithelial cells cannot be excluded, although we previ-
ously reported that K12 expression was not detected in the ocular 
surface of a rabbit LSCD model with transplanted OEC sheets.15 
If the K12- and Pax6-positive epithelial cells were derived from 
limbal epithelial stem cells, transplantation of OEC sheets likely 
provided an ideal environment for corneal epithelial cells derived 
from residual limbal epithelial stem cells in the LSCD model by 
reducing inflammation and neovascularization. Rapid epithelial 
cell proliferation for wound healing after scraping of the cen-
tral ocular surface would evoke proliferation and differentiation 
of any residual limbal epithelial stem cells. The condition of the 
ocular surfaces such as the severity of inflammation, neovascu-
larization, opacity, and conjunctival epithelium invasion was 
shown to be varied among human LSCD patients.28,29 In some 
patients, limbal epithelial stem cells might remain in the limbus 
but could not differentiate into corneal epithelial cells due to the 
lack of an appropriate environment. Limbal allografts are reported 
to be most successful in cases that show only recipient DNA in 
the reconstructed ocular surface, suggesting that paracrine factors 
from allogeneic transplantation stimulate proliferation of residual 
stem cells of the patient.30 For patients who do have residual stem 
cells, the primary role of transplanted OEC sheets would be to 
provide an appropriate environment for the proliferation of any 
residual limbal epithelial stem cells.

K14 and ΔNp63 were constantly expressed in the ocular sur-
faces of transplanted rabbits during the entire follow-up period, 
and in the fabricated OEC sheets (Figures 2c and 5), suggest-
ing the presence of epithelial basal and putative stem/progenitor 
cells. In immunohistochemical analysis, OEC sheet–transplanted 
ocular surfaces were covered with approximately three layers of 
similar sized epithelial cells (Figure 7e,f), while the native cornea 
epithelial cell layer had cuboidal basal cells and flat cells at the 
upper cell layer (Figure 7b,c). Since K14 and p63 staining were 
observed in all cell layers of the transplanted OEC sheet, the trans-
planted OECs were considered to be in a growth phase induced by 
the physical scraping. Although the localization of epithelial stem 
cells in transplanted ocular surfaces still needs to be elucidated, 
the transplanted stem cells could be maintained, and it appears 
that the stem cell niche would be reconstructed.

Although ΔNp63α,22,26 C/EBPδ,31 ABCG2,32 cytokeratin 15 
(K15),33,34 and others have been reported as a putative valuable 
candidates for epithelial stem cell markers, genuine epithelial stem 
cells have not been identified. Since stem cells have a replication 
competence and pluripotency,35,36 clonal analysis has been often 
utilized to examine the proliferative capacity and the differentia-
tion potential of epithelial stem cells in vitro37 and ex  vivo.38 In 
this study, the cornea reconstruction of the rabbit LSCD model 
was successfully observed for a total follow-up period of 24 weeks, 
even when scraping of central cornea was performed every 2 weeks 
(Figure 3 and Supplementary Figures S2–S4). This observation 
should provide strong evidence for the presence of epithelial stem 
cells on the ocular surface.

K6 expression is induced in hyperpfoliferative epithelium 
during wound hearing even in epidermis which lacks its expres-
sion in the normal condition, and the expression level returns to 
normal after healing is completed.39 In this study, K6 expression 
was not observed in the central corneal surface of the control rab-
bit 2 weeks after every scraping. K6 expression in OECs was sig-
nificantly higher than that in cornea and conjunctival epithelial 
cells of native human or rabbit. Therefore, K6 was chosen as the 
marker for OECs. In the wound-healing process, the K6 expres-
sion level of corneal epithelial cells might increase just after scrap-
ing, but this has not been examined. In this study, K6 expression 
was hardly detected in the central corneal surface of the control 
rabbit 2 weeks after scraping. Therefore, the elevated K6 expres-
sion due to hyperproliferation was considered to have returned to 
normal levels at 2 weeks after scraping. This phenomenon is also 
reported in a mouse skin model.39 Moreover, it showed that the 
wound healing was completed within 2 weeks after every scrap-
ing. Fluorescein staining results also showed complete wound 
healing within 2 weeks after every scraping. However, K6 expres-
sion was observed in the central ocular surface of all three trans-
planted rabbits during the 24-week follow-up period (Figure 5). 
Furthermore, transplanted OEC sheet survival was investigated 
not only by K6 expression but also by K12 and Pax6 and corneal 
epithelial cell marker expression (Figure 5). This might be indirect 
evidence that epithelial stem cells contained in the transplanted 
OEC sheets could survive on the transplanted ocular surface dur-
ing the investigation period.

It was reported that survival of a functional ocular surface 
decreases progressively until ~6 months after OEC sheet trans-
plantation in LSCD patients.40 Kaplan–Meier analysis of the sta-
bility of ocular surfaces with transplanted OEC sheets revealed 
an early decline over the first 6 months, remaining comparatively 
stable thereafter.40 Therefore, the follow-up period in this study 
would be relevant to applications in clinical settings.

TSP-1 was deposited only at the basement membrane and the 
underlying stroma in normal rabbit cornea (Figure 7a), while it 
was detected in the epithelia and the upper part of the stroma 
in transplant rabbits (Figure 7a,d). Although TSP-1 is known as 
an antiangiogenic factor,41,42 it has also been reported that TSP-1 
expression is induced in wound healing to support the prolifera-
tion of cornea epithelium.43 Furthermore, in the investigation into 
the manner of cultivated oral mucosal epithelial gene expres-
sion, TSP-1 expression is reported to increase during the culture 
period.44 In this study, TSP-1 was either faint or hardly expressed 
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in both normal oral mucosa epithelium and fabricated OEC 
sheets before transplantation (Figure 5). Therefore, the significant 
upregulation of TSP-1 in transplanted ocular surfaces would be 
due to the wound healing. Interestingly, the high expression of 
TSP-1 was maintained in rabbit nos. 1 and 2 for a long period, 
while it returned to the normal corneal level in rabbit no. 3 after 
the second scraping. This expression pattern might resemble K6 
expression.

In two of the three OEC sheets, a small amount of vimentin 
expression was detected before transplantation (Figure 5). The 
upregulation of vimentin expression was observed in recon-
structed ocular surfaces after the transplantation of OEC sheets 
in all three rabbits, and the expression was detected during the 
entire follow-up period (Figures 5 and 7j). Double immunos-
taining and confocal laser scanning microscopy revealed that 
vimentin-positive cells were pan-CK positive in ocular surface 
epithelial cells. Vimentin is one of the mesenchymal cell-specific 
markers.45 Several vimentin-expressing cells including dendritic 
cells, melanocytes, and Langerhans cells are localized only in the 
limbal and conjunctival epithelia.46 Furthermore, some basal epi-
thelia express vimentin in the limbal region, but the central cor-
neal epithelium does not contain vimentin-expressing cells.46 In 
real-time RT-PCR analysis of native rabbit epithelium, vimentin 
expression was detected only in the limbal and conjunctival epi-
thelium and was hardly detected in the cornea and oral epithelium 
(Figure 5). Since vimentin expression was not detected in the cen-
tral corneal epithelium of the scraped control rabbit, the vimen-
tin- and pan-CK double-positive cells would have been derived 
from the transplanted OEC sheets. Previously, Tseng’s group47,48 
reported that some basal epithelial cells in the limbus were vimen-
tin- and pan-CK double positive. By the epithelial–mesenchymal 
transition, epithelial cells obtain mesenchymal phenotypes and 
increase their cell motility.49 It was also shown that epithelial–
mesenchymal transition has a crucial role in gastrulation, tumor 
metastasis, and wound healing.49 Tseng’s group50 also reported 
that limbal epithelial cells showed epithelial–mesenchymal transi-
tion and migrated to the stroma in organ culture with airlifting. 
Although, in this study, it is unclear whether the double-positive 
cells were the result of epithelial–mesenchymal transition or not, 
this is the first finding of the presence of vimentin- and pan-CK-
double positive cells in central ocular surfaces.

This study successfully demonstrated that fabricated autolo-
gous OEC sheets had the ability to reconstruct LSCD ocular sur-
faces and maintain ocular surface homeostasis for a long period. 
The regulation of the fate of stem cells and the constitution of a 
stem cell niche should be elucidated to establish an effective ther-
apy for reconstructing the ocular surface. In addition, the origin 
and role of pan-CK- and vimentin-double positive cells should 
also be investigated.

MATERIALS AND METHODS
Autologous OEC sheet transplantation in a rabbit LSCD model. New 
Zealand White 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 with an experimental procedure 
approved by the Animal Care and Use Committee at the Tokyo Women’s 
Medical University. To fabricate this rabbit LSCD model, the entire cornea 
epithelium including limbus and conjunctival tissue from the transitional 

zone between the cornea and the conjunctiva by 3 mm was completely 
removed surgically under anesthesia to expose the stroma. After keratec-
tomy, the ocular surface was treated with the topical application of 1-n-hep-
tanol for 5 minutes. An antibiotic (0.3% ofloxaxin; Santen, Osaka, Japan) 
and steroid (0.1% betamethasone; Shionogi, Osaka, Japan) were applied 
once a day for 1 week. Three weeks after surgery, a 5-by-10 mm specimen 
of oral mucosal biopsy was obtained from the interior buccal mucosa. After 
treatment with dispase II (Godo Shusei, Tokyo, Japan) at 37 °C for 1 hour, 
OEC layers were isolated and trypsinized for 20 minutes at 37 °C to produce 
single cell suspensions. The suspended OECs were cultivated on a temper-
ature-responsive cell-culture insert (UpCell; CellSeed, Tokyo, Japan) at an 
initial cell density of 1.2 × 105 cells/cm2 with mitomycin C-treated (Wako, 
Osaka, Japan) NIH/3T3 feeder cells. The culture medium was a mixture of 
Dulbecco’s modified Eagle’s medium (Sigma, St Louis, MO) and Ham’s F-12 
(Sigma) at a ratio of 3:1 supplemented with 10% fetal bovine serum (Japan 
Bioserum, Hiroshima, Japan), 0.4 µg/ml hydrocortisone (Wako), 2 nmol/l 
triiodothyronine (Wako), 1 nmol/l cholera toxin (Wako), 5 µg/ml insulin 
(Life Technologies, Carlsbad, CA), 5 µg/ml transferring (Life Technologies), 
10 ng/ml epidermal growth factor (Life Technologies), 100 U/ml penicil-
lin (Life Technologies), and 100 µg/ml streptomycin (Life Technologies). 
Approximately 14 days later, the cell sheets were harvested by reducing the 
temperature. Five weeks after the preparation of LSCD model, the conjunc-
tival and subconjunctival scar tissue of the model was removed to reexpose 
the corneal stroma. A harvested autologous OEC sheet with the supporting 
membrane ring was placed directly onto the exposed transparent stromal 
bed. For protection, the ocular surface was covered with a contact lens, and 
a tarsorrhaphy was performed. An antibiotic (0.3% ofloxacin) and steroid 
(0.1% betamethasone) were applied locally once a day for 1 week.

Follow-up and clonal analysis of transplanted cell sheets in vivo. One 
week after transplantation, the ocular surfaces were carefully observed and 
stained with fluorescein dye to determine if there were any defects. Four 
weeks after transplantation, the central ocular surface was scraped circu-
larly (5 mm in diameter) by a scalpel under local anesthesia and stained 
with fluorescein dye to confirm that the corneal stroma was reexposed. 
The wounded ocular surface was covered with a contact lens, and an anti-
biotic (0.3% ofoxacin) and steroid (0.1% betamethasone) were applied 
locally once every few days. Two weeks after the artificial wounding, reepi-
thelialization was identified by fluorescein staining and again re-scraped 
circularly. This 2-week procedure was then repeated 10 times for a total 
follow-up period of 24 weeks.

Microarray analysis. Human oral mucosal tissues were obtained in compli-
ance with institutional review board regulations, informed consent regula-
tions, and the tenets of the Declaration of Helsinki. An oral mucosal biopsy 
was obtained from a healthy volunteer, and the epithelial layers were care-
fully removed after treatment with dispase I (1,000 PU/ml; EIDIA, Tokyo, 
Japan) at 37 °C for 1 hour. Human conjunctiva and limbal tissues were iso-
lated from whole human globes (Northwest Lions Eye Bank, Seattle, WA) 
using scissors, and the 8.0-mm-diameter portions of the central corneas 
were obtained by trephination. Excised tissues were incubated individually 
by treatment with 2.4 units/ml dispase II (Life Technologies) at 37 °C for 
1 hour. Total RNA was extracted using an RNeasy Total RNA Kit (Qiagen, 
Hilden, Germany) from isolated human oral mucosal, corneal, limbal, and 
conjunctival epithelium. For microarray analysis, cDNA hybridization to 
Human Genome U133 Plus2.0 (47,000 probe sets, transcription products) 
was performed by RNA amplification procedure with a GeneChip 3′ IVT 
Express Kit (Affymetrix, Santa Clara, CA). The expression data were ana-
lyzed by GeneChip Operating Software using standard protocols.

Real-time PCR analysis. Total RNA was extracted from normal human 
oral mucosal, corneal, limbal, and conjunctival epithelial cells, and a 
piece of transplanted epithelium was obtained by scraping. Real-time 
PCR analysis was performed in the standard manner. Primer pairs were 
designed by Primer Express Software v2.0 (Applied BioSystems) to detect 
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the rabbit mRNA expressions of K6a, K14, ΔNp63, TSP-1 and β-actin 
(Supplementary Table S1). All assays were performed in duplicate for 
individual samples.

Histological analysis. Normal human oral mucosa, human corneoscleral 
rims, and transplanted OEC sheets on rabbit cornea tissues were embedded 
in an optimum cutting temperature compound and processed into 5-µm 
frozen sections. Tissue sections were stained with mouse monoclonal anti-
K6 (1:100 dilution; Lab Vision, Fremont, CA), mouse monoclonal anti-K4 
(1:100 dilution; Santa Cruz Biotechnology, Santa Cruz, CA), mouse mono-
clonal anti-K13 (1:100 dilution; Abcam, Cambridge, UK), mouse mono-
clonal anti-Muc 5 (1:100 dilution; Life Technologies), mouse monoclonal 
anti-K14 (1:50 dilution; Santa Cruz Biotechnology), mouse monoclonal 
anti-p63 (1:100 dilution; Santa Cruz Biotechnology), and mouse mono-
clonal anti-TSP-1 (1:50 dilution; Abcam). For double immunofluores-
cence staining, tissue sections were stained with anti-K4, goat polyclonal 
anti-K12 (1:100 dilution; Santa Cruz Biotechnology), mouse monoclonal 
anti-pan-CK (1:20 dilution; Abcam), and mouse monoclonal anti-vimentin 
antibody (Santa Cruz Biotechnology). These sections were observed by a 
confocal laser-scanning microscope (LSM-510, Carl Zeiss, Jena, Germany).

SUPPLEMENTARY MATERIAL
Table  S1. Primer pairs and probes for rabbit mRNA expression analy-
sis by real-time RT-PCR.
Figure  S1. Evaluation of rabbit limbal stem cell deficiency model by 
immunohistochemical analyses of pannus.
Figure  S2. Time course images of transplanted ocular surface with 
repeated wound healing (rabbit 1).
Figure  S3. Time course images of transplanted ocular surface with 
repeated wound healing (rabbit 2).
Figure  S4. Time course images of transplanted ocular surface with 
repeated wound healing (rabbit 3).
Figure  S5. Time course images of normal corneal surface with 
repeated wound healing (the control).
Materials and Methods
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