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NEW METHODS: Experimental Endoscopy

Fabrication of human oral mucosal epithelial cell sheets for treatment

of esophageal ulceration by endoscopic submucosal dissection
i, MSc, ! Kondo, MSc, Takeshi Ohki, MD, PhD,

i, PhD, yuki Yamato, PhD, Kohji Nishida, MD, PhD,
», MD, PhD, Teruo Okano, PhD

Murak

Ryo Takagi, MSc, D k
Ryo Sasaki, DDS, PhD, M: b
Hideo Namiki, PhD, kazu Y:

Tokyo, Miyagi, Japan

Background: Esophageal stenosis is one of the major complications of aggressive endoscopic resection.
Tissue-engineered epithelial cell grafts have demonstrated effectiveness in promoting re-epithelialization and
suppressing inflammation causing esophageal scarring and stenosis after endoscopic submucosal dissection
(ESD) in an animal model.

Objective: To confirm the reproducibility and efficacy of a human oral mucosal epithelial cell (hOMEC) sheet
cultured on temperature-responsive surface in conformity with Good Manufacturing Practice guidelines.

Design: A preclinical study.

Setting: Good Manufacturing Practice grade cell-processing center, animal laboratory.

Subjects: Canine esophageal ulcer models, which were made by ESD.

Interventions: Oral mucosal specimens were obtained from 7 healthy volunteers.

Main Outcome Measurement: Fabricated and transplanted hOMEC sheets were subjected to histological analysis.

Results: The reproducibility of the fabrication of hOMEC sheets was confirmed. In this method, animal-derived
materials such as 3T3 feeder layer and fetal bovine serum were successfully excluded from the culture condition.
Furthermore, the environment of the culture room and safety cabinet in the cell-processing center was
maintained for obtaining sterility assurances during the fabrication. Transplanted hOMEC sheets after ESD were
observed to graft onto canine esophageal ulcer surfaces.

Limitations: Small number of subjects, animal model.

Conclusions: Cultured hOMEC sheets were fabricated without animal-derived materials and demonstrated efficacy as a

medical device that promotes re-epithelialization of an esophageal ulcer after ESD.

EMR is a relatively noninvasive therapy to remove
early-stage cancer in the GI tract compared with open
surgery. With the development of endoscopic devices for

Abbreviations: AHS, autologous human serum; CPC, cell-processing cen-
ter; ESD, 1 i ; FBS, fetal bovine serum;
GMP, Good Manufacturing Practice; hOMEC, human oral mucosal
pithelial cell: KCM, k yte culture med,
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surgery, a new mucosal resection technique, endoscopic
submucosal dissection (ESD), has been developed that
permits large en bloc resection of cancerous lesions.!3
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Epithelial cell sheet for ulceration by ESD

Takagi et al

Moreover, ESD with hook-knives has been applied to the
removal of early-stage esophageal cancer.* However, large
esophageal defects after ESD cause esophageal stenosis.®
To prevent esophageal stenosis, cultivated autologous oral
mucosal epithelial cell grafts are transplanted in a canine
esophageal ulcer model endoscopically after ESD, result-
ing in effectively enhanced wound healing.®

To fabricate cell grafts containing cultivated epithelial
cells, 3T3 feeder layer is an important factor because, in
the process, human epidermal keratinocytes induced col-
ony formation and formed stratified squamous epithelium
in the presence of fetal bovine serum (FBS).” With the
advances in epithelial cell culture methods, cultivated ker-
atinocyte grafts are used in the treatment of skin defects
including severe burns,® ulcers,” and giant congenital
nevi.'” As cultivated epidermal keratinocytes, oral mucosal
epithelial cells cocultured with 3T3 feeder layer are used
as epithelial cell grafts for gingival defects,!! skin defects,!?
and corneal reconstruction.!®> However, it is desirable to
eliminate the murine 3T3 feeder layer and FBS from the
culture for clinical application to reduce possible infec-
tious pathogen transmission from animal-derived materi-
als. Our previous studies demonstrated that temperature-
responsive cell culture inserts with micropores are useful
for fabricating the stratified epithelial cell grafts without
the feeder layer and FBS.!415

In this study, human oral mucosal epithelial cells
(hOMECs) obtained from 7 healthy volunteers were cul-
tured for fabricating transplantable hOMEC grafts in a
cell-processing center (CPC) following Good Manufactur-
ing Practice (GMP) guidelines. Moreover, fabricated
hOMEC sheets were investigated for showing their effec-
tiveness in clinical use.

MATERIALS AND METHODS

GMP-grade CPC

Preparation and cultivation of hOMEC were carried out
in a GMP-grade CPC at room temperature; humidity, at-
mospheric pressure, and cleanliness were regulated and
monitored. Moreover, a standard operating procedure was
prepared for optimizing the working environment in the
CPC and the preparation of hOMEC sheets.

Preparation of cultured hOMECs

This study was approved by the Institutional Review
Board of Tokyo Women’s Medical University, Tokyo, Ja-
pan. Oral and written informed consent was obtained
from healthy volunteers. After the oral cavity was sterilized
with topical povidone-iodine (Iwaki, Tokyo, Japan),
punch biopsy samples 5 or 6 mm in diameter of oral
mucosal tissue were surgically excised from the buccal
mucosal epithelium by using local anesthesia with lido-
caine hydrochloride (AstraZeneca, London, UK). Wounds
were then sutured.

Take-home Message

« Cultured autologous oral mucosal epithelial cell sheets

lanted on an esoph | ulcer after endoscopic
submucosal dissection (ESD) can promote re-
epithelialization in a canine model. Fabrication of human
autologous oral mucosal epithelial cell sheets in
accordance with Good Manufacturing Practice (GMP)
should be useful to treat esophageal ulceration after ESD.
GMP-grade cultured epithelial cell sheets were
successfully fabricated from oral mucosal epithelial cells
of 7 healthy volunteers, and the epithelial cell sheets
were confirmed to integrate with the ulcer surfaces of the
canine esophagus after ESD within 1 hour.

Biopsy specimens were washed with povidone-iodine
(Meiji, Tokyo, Japan) and Dulbecco’s modified Eagle’s
medium (Sigma, St. Louis, MO) and treated with 1000
U/mL dispase (Godo Shusei, Chiba, Japan) for 2 hours at
37°C. The oral mucosal epithelium was separated from the
substantia propria by using surgical forceps and treated
with 0.25% trypsin/0.1% ethylenediamine tetraacetic acid
(GIBCO-Invitrogen, Carlsbad, Calif) for 20 minutes at
37°C. Disaggregated cells were suspended in a keratino-
cyte culture medium (KCM) composed of a basal mixture
of 3 parts Dulbecco’s modified Eagle’s medium and 1 part
nutrient mixture F-12 Ham (Sigma), and supplemented
with 2 nmol/L triiodothyronine (Wako Pure Chemicals,
Osaka, Japan), 5 pg/mL insulin (Eli Lilly, Indianapolis,
Ind), 10 ng/mL epidermal growth factor (Higeta Shoyu,
Chiba, Japan), 0.4 ug/mL hydrocortisone (Kowa Pharma-
ceutical, Tokyo, Japan), 1 nM cholera toxin (List Biological
Laboratories, Campbell, Calif), 0.25 mg/mL amphotericin
B (Bristol-Myers Squibb, New York, NY), 40 pg/mL gen-
tamicin (Schering-Plough, Kenilworth, NJ), and 5% FBS
(Moregate BioTech, Queensland, Australia) or autologous
human serum (AHS). Suspended hOMECs were filtered
through a 40-um cell strainer (BD Biosciences, Franklin
Lakes, NJ), seeded on a temperature-responsive cell cul-
ture insert (CellSeed, Tokyo, Japan) at a density of 4 to 8 X
10* cells/cm?, and cultured for approximately 2 weeks at
37°C in a humidified atmosphere containing 5% CO,. The
morphology of cultured hOMECs was observed by a
phase-contrast microscope (TE300; Nikon, Tokyo, Japan).
After cultivation, the hOMECs were harvested from the
temperature-responsive cell culture inserts by reducing
the temperature to 20°C.

ESD and endoscopic transplantation

All animals were treated in accordance with experimen-
tal procedures approved by the Committee for Animal
Research of Tokyo Women’s Medical University. Male bea-
gle dogs received intramuscular injections of medetomi-
dine hydrochloride (0.2 mg/kg) and intravenous injection
of propofol (1 mg/kg). An endotracheal tube was then
inserted, and anesthesia was maintained by using sevoflu-
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rane and nitrous oxide inhalation. Three canines were
used as animal models. Two artificial ulcers per canine
were created in the lower and posterior wall of the esoph-
agus by ESD.* The size of the ulcers after ESD was ap-
proximately 2 cm in diameter. The ulcer covered almost
half of the circumference of the section of esophagus.
After the ESD, cultured hOMEC sheets were transplanted
according to the methods previously reported.S One arti-
ficial ulcer site received 1 hOMEC sheet, and the other
served as the control ulcer site. One hour after transplan-
tation, esophagectomy was performed and then the ani-
mals were killed.

10000

Histological analysis

Harvested hOMEC sheets and dissected tissues from ca-
nine esophagus were fixed with 10% neutral buffered forma-
lin. The fixed specimens were then routinely processed into
3-pum thick paraffin-embedded sections. Hematoxylin and
eosin staining was performed by conventional methods. For
immunohistochemical analyses, deparaffinized sections were
treated with anti-pan-cytokeratin (SD3) (DakoCytomation,
Glostrup, Denmark), CD29 (K20) (DakoCytomation), Ki67
(MIB-1) (DakoCytomation) at 4°C overnight. All sections were
peroxidase stained by using an LSAB 2 kit (DakoCytomation),
according to the manufacturer’s suggested protocol.

1000

100

Particles/f?

Figure 1. Cultivation of hOMECs in the CPC. A, The results of monitoring the cleanliness of the cell culture room and biological

medium replacement. Aerosol particles larg
partic]
hOMF

an 0.5 wm were counted by a particle counter. The solid squares and circles repre:
s found in the culture room and safety cabinet of the CPC, respectively. B, C, Observations of cultured hOMECs by a phase-cont
were cultivated on temperature-responsive culture inserts at a density of 4 X 10" cells/em”. D, E, Harvested hOM

11:00

Time

12:00

E

cabinet during
ent the number of
t microscope.
heets from

temperature-responsive cell culture inserts. The left (B, D) and right (C, E) photographs are cells or cell sheets cultured with FBS and AHS, respectively.
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Pan-CK HE

CD29

Figure 2. Histological analysis of harvested hOMEC sheets. hOMECs were cultured on temperature-responsive culture inserts with culture media
supplemented with FBS (A, C, E, G) and AHS (B, D, F, H). A, B, Harvested hOMEC sheets became paraffin-embedded sections and H&E-stained
paraffin sections. In a similar paraffin block, hOMEC sheets were stained with anti-pan-cytokeratin (Pan-CK) (C, D), anti-CD29 (E, F), and

anti-Ki67 (G, H). Bars = 50 pm.

RESULTS

Cultivation of hOMECs in the CPC

The monitoring system of the controlled area in the CPC
indicated that the cleanliness classes (particles/f*) of the cell
culture room and the biological safety cabinet were kept to
be less than 10,000 particles/f* and 100 particles/f?, respec-
tively, during cultivation (Fig. 1A). Moreover, the sterilization
tests of adherent bacteria in the culture room and the safety
cabinet were performed at approximately 3-week intervals,
and the results confirmed that the culture room and cabinet
remained sterile (data not shown).

hOMECs were seeded on temperature-responsive cell
culture inserts without the 3T3 feeder layer, cultured with
KCM supplemented with FBS or AHS, and observed to cover
the entire insert surfaces for 12 days (Fig. 1B, C). After 16 days
of culture, expanded hOMECs cultured in both media were
successfully harvested as intact contiguous sheets from the
temperature-responsive inserts (Fig. 1D, E).

Histological analysis of cultured hOMECs

Histological analysis of fabricated hOMEC sheets cul-
tivated with KCM supplemented with FBS or AHS was
performed. The deparaffinized and hematoxylin and
eosin-stained sections represented the stratified cell
layer of cultured hOMECs (Fig. 2 A, B). The results of
immunohistochemical analysis revealed that cytokeratin
was found in all cell layers of harvested cell sheets (Fig.
2C, D). €CD29, which is a putative marker of epithelial
stem/progenitor cells,'® and was also found in the basal
layer of harvested hOMEC sheets (Fig. 2E, F). Expres-
sion of Ki67, which is the nuclear antigen of proliferat-
ing cells,'” was observed sparsely in the basal layer of
hOMEC sheets (Fig. 2G, H).

Transplantation of cultured hOMEC sheets

To prepare the animal model, it took approximately 2
hours to perform the ESD. After ESD, hOMEC sheets cul-
tured with KCM supplemented with AHS were applied to
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A

Figure 3. Transplantation of a fabricated hOMEC sheet in a canine esophageal ulcer model. The cultured and harvested hOMEC sheet was collected

from the culture insert on a polyvinylidene difluorid
surface after ESD (B). One hour after endoscopic transplantation, the

support membran

esophageal ulcer wound bed (C) and transplanted hOMEC sheets cultured in medium supplemented with AHS (D) are shown. Bars

support membranes with endoscopic forceps (Fig. 3A)
and successfully transplanted on the canine esophageal
ulcer endoscopically (Fig. 3B). The hOMEC sheet-grafting
procedure took approximately 10 minutes. The trans-
planted cell sheet was pushed by endoscopic forceps
under the support membrane to allow the cell sheet to
attach directly to the host tissue for 10 minutes. One hour
after transplantation, the ESD site (Fig. 3C) and the trans-
planted hOMEC sheets attached to the ulcer surface (Fig. 3D)
were shown by histological analysis. The epithelium ob-
served at the ulcer site expressed cytokeratin in all epithelial
cell layers (Fig. 4A), CD29 in the basal layer (Fig. 4B), and
Ki67 sparsely localized in the basal layer (Fig. 4C).

DISCUSSION

KCM supplemented with AHS allowed hOMECs to
proliferate and form stratified epithelium under culture
conditions without the 3T3 feeder layer. These results
confirmed the reproducibility of hOMECs originating
from 7 healthy volunteer donors. Furthermore, KCM
replacing FBS with AHS did not affect cytokeratin,
CD29, and Ki67 expression in fabricated hOMEC sheets.
In the previous study, it was demonstrated that human

ulcer
nine esophagus was excised and subjected to histological analysis. The
= 50 pm.

ped by endoscopic forc

s (A), and transplanted on the esophage:

embryonic stem cells cultured in medium containing
FBS express nonhuman sialic acid.'® Because of this,
replacing FBS with AHS might be suitable for a culture
medium with which to fabricate hOMEC grafts for clin-
ical application.

In a previous study, effective treatment of epithelial-
ization of esophageal ulcers after ESD was shown by the
transplantation of cultured autologous canine oral mu-
cosal epithelial cell sheets® and noncultured autologous
swine oral mucosal epithelial cells.!” However, there is
no study in which hOMEC sheets cultured without
feeder cells were transplanted on the esophageal ulcer
surface. In this study, the results of transplantation with
high reproducibility showed the cultured hOMECs at-
tached to the canine esophageal ulcer wound surface
under physiological conditions with esophageal peri-
stalsis. Additionally, CD29 was expressed in the basal
layer of transplanted hOMEC sheets. CD29 is reported to
play an important role in keratinocyte migration during
cutaneous wound healing.?° The esophageal ulcer sur-
face was dissected along the longitudinal plane of the
submucosal layer, which consists of collagenous fibers
and fibronectin, and fibronectin is deposited in the
wound-healing site.?! Therefore, CD29 may play an
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Figure 4. Inmunohistochemical analysis of transplanted hOMEC sl
hOMEC sheets cultured with AHS transplanted on the canine esophageal
ulcer wound surface were stained anti-pan-cytokeratin (Pan-CK) (A),
anti-CD29 (B), and anti-Ki67 (C). Bars = 50 pm.

important role in attaching the graft to the esophageal
ulcer surface. Moreover, Ki67-positive proliferating
hOMECs were successfully attached to the esophageal
ulcer surface after ESD. Although transplantation of cell
sheets in this study demonstrated only the adhesive
property of the hOMEC sheet, the results of histological
analysis suggest that the fabricated hOMEC sheets were
effective cultured epithelial cell grafts for promoting
re-epithelialization of the ulcer surface after ESD.
Because hOMEC sheets were fabricated in accor-
dance with GMP guidelines, the cleanliness class and

sterilization of the culture room were maintained to
meet appropriate criteria for clinical products during
cell culture operations. These results suggest that the
cultured hOMEC sheets and the methods of cultivation
were beneficial for fabricating transplantable epithelial
cell grafts for clinical application to promote the re-
epithelialization of ulcers after ESD.
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ARTICLE INFO ABSTRACT

Cultured cell sheets for transplantation generally have been co-cultured with animal feeder cells, which
carry risks because of different species and results in non-contact culture between the feeder and target
cells. We developed a new technique to produce human eliminable feeder-assisted target cell sheets by
novel human-derived genetically modified feeder cells. Three genes (human-derived telomerase reverse
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Keywords: transcriptase gene, enhanced green fluorescent protein gene, and herpes simplex virus thymidine kinase gene)
z:l" x::mt:non were transducted into human stromal cells, which enabled genetically modified feeder cells to be immor-
ure

talized, labeled, and eliminated as needed. A target cell sheet was produced as one sheet by assisting the
genetically modified feeder cells and successfully transplanted in vivo without their contamination.
Genetically modified human eliminable feeder cells could be a promising tool for cultivated cell sheet

Regenerative medicine

transplantation.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Clinical applications of regenerative medicine have been per-
formed recently in many fields, in which the potential for a culti-
vated cell sheet transplantation technique has been investigated
for keratinocytes [1,2], corneal epithelial cells [3-9], oral mucosal
epithelial cells [10], corneal endothelial cells [11], urothelial cells
[12], and cardiomyocytes [13]. Among the cultivated cell sheets,
animal-derived feeder cells, such as keratinocytes [1,2], corneal
epithelial cells [3-9], oral mucosal epithelial cells [10], and urothe-
lial cells [12], are needed to produce cell sheets. However, these
culture methods using animal feeder cells can cause unknown
infections and contamination from xenogeneic feeder cells [14].
Furthermore, using animal-derived feeder cells resulted in non-
contiguous culture between feeder cells and target cultured cells,
enabling direct stimulation for proliferation or differentiation
[15,16].

We developed a technique of human eliminable feeder-assisted
target cell sheet production. We focus on the production of culti-
vated corneal epithelial cell sheets as a model which has been used
clinically to treat severe ocular diseases [5-8], and report the effi-

2 TERT, hi derived reverse ' HSV-TK,
herpes simplex virus thymidine kinase; EGFP, enhanced green fluorescent protein;
MMC, mitomycin C.
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cacy of a novel genetically modified human-derived feeder cell line
with the properties of immortalization, labeling, and elimination as
needed.

2. Materials and methods
2.1. Culture of human corneal stromal cells

Corneas were obtained from an eye bank in the USA. Epithelial
and endothelial cells were removed with sterile surgical forceps
from the remaining corneal scleral rims after keratoplasty. Corneal
stroma was cut into a few pieces and placed endothelial cell-side
down on 35 mm culture dishes containing Dulbecco’s modified Ea-
gle’s medium (DMEM; Nikken Biomedical Laboratory) with 10% fe-
tal bovine serum (FBS; Invitrogen), 100 U/mL penicillin, 100 pg/mL
streptomycin (Invitrogen). Corneal stromal cells were cultured at
37 °C in 5% CO, and 95% air, and the medium was changed every
2-4 days.

2.2. Construction of lentiviral vector and preparation of lentivirus

Lentiviral vectors were constructed using Gateway Technology
(Invitrogen). Replication-defective, self-inactivating lentiviral vec-
tors were prepared with EF1a as an internal promoter, a phospho-
glycerate kinase (PGK) promoter-neomycin resistance gene
(pLentiNeo) or a PGK promoter-puromycin resistance gene (pLen-
tiPuro) [17], and these were attR-containing destination vectors.
The entry vectors containing attL were prepared as follows. Hu-
man-derived TERT and an internal ribosome entry site (IRES)-EGFP



