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Introduction
!

Esophageal strictures are frequent complications
after aggressive endoscopic submucosal dissec-
tion (ESD) for early stage esophageal cancer and
adenocarcinoma [1,2]. However, most patients
develop refractory esophageal strictures after ex-
tensive ESD. Although there are several treat-
ments for refractory strictures, their utility is lim-
ited [3–6].
A cell-based tissue engineering approach invol-
ving the transplantation of autologous oral epi-
thelial cell sheets or epidermal cell sheets (ECSs)
to the sites of esophageal ESD has been employed
to treat strictures in animal models [7,8]. More-
over, a clinical study has shown that transplanta-
tion of ECSs is safe and potentially effective [9].
Nevertheless, a refractory esophageal stricture
has developed in a patient who underwent exten-
sive ESD, defined as a 10cm, full-circumferential
ESD [9]. Because re-strictures after endoscopic
balloon dilation (EBD) may be due to tear re-ad-
hesion after dilatation, we hypothesized that
transplantation of ECSs to the tear after EBD
would prevent tear re-adhesion and refractory
esophageal strictures. However, difficulties were

encountered while transplanting ECSs to the sites
of post-EBD tears using conventional methods,
suggesting the requirement for novel procedures.
This study describes a novel method of ECS trans-
plantation and demonstrates the engraftment of
transplanted ECSs in the tears after EBD in a por-
cine model. A rapid prototyping technique, which
included a three-dimensional computer-aided
design (3D CAD) system and 3D printer, was
used in the development of this method.

Materials and methods
!

Experimental animals
Six miniature pigs (6 months old, 16–20kg) were
purchased from the Nippon Institute for Biologi-
cal Science (Tokyo, Japan). Experimental proce-
dures were performed under general anesthesia.
All animal experiments were approved by the
Committee for Animal Research of Tokyo Wo-
men’s Medical University (approval number:
11–51 2013).
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Background and study aims: Epidermal cell sheet
(ECS) transplantation immediately after aggres-
sive endoscopic submucosal dissection (ESD) has
been shown to be safe and effective in the preven-
tion of esophageal strictures. This study evaluated
the feasibility of ECS transplantation after endo-
scopic balloon dilation (EBD) in a porcine model.
Methods: Six pigs underwent circumferential
esophageal ESD under general anesthesia. Two
weeks later, two pigs underwent EBD and trans-
plantation of an autologous ECS, two underwent
EBD alone, and two underwent endoscopic obser-
vation only (control).
Results: The two pigs in the transplantation group
underwent six ECS transplants after EBDwith five

of the six (83%) being successful, as shown by en-
graftment of transplanted ECSs after 7 days. No
adverse events were observed. Stricture rates
were lower in the two transplanted pigs (55%
and 60%) than in the control (92.2% and 87.7%)
and EBD-treated (71.7% and 78.2%) pigs. Infiltra-
tion of inflammatory cells was significantly lower
in the transplanted pigs than in the control and
EBD-treated pigs.
Conclusion: Preliminary results indicate the stabi-
lity of the ECS transplantation procedure and the
engraftment of transplanted ECS in the tears after
EBD. This proof-of-concept study suggests that
covering tears with ECSs after EBD may avoid re-
strictures.



Study design
All six pigs underwent esophageal ESD to trigger the develop-
ment of esophageal strictures, and all six developed severe
esophageal strictures at 2 weeks after ESD. The six pigs were pro-
spectively divided into three groups, with two pigs in each. Con-
trol pigs underwent endoscopic observation without any treat-
ment after ESD. Pigs in the EBD group underwent EBD, and pigs
in the transplantation group underwent EBD followed by trans-
plantation of ECSs. Three weeks after ESD, the six pigs were
euthanized because the pigs in the control and EBD groups lost
their appetites and were in a poor condition at >3 weeks after
ESD (●" Fig.1). The primary end point was to evaluate the safety
and feasibility of ECS transplantation onto tears after EBD,
whereas the secondary end points were engraftment of trans-
planted ECSs and prevention of re-stricture after EBD. Re-stric-
tures after EBD were evaluated twice in each pig.

Development of a novel transplantation device
A part of the device was fabricated automatically by a 3D printer
(Objet 350™; Stratasys, Eden Prairie, Minnesota, United States)
from biocompatible plastic material (MED610; Stratasys)
(●" Fig.2a). The device was introduced into a nylon tube through
the forceps channel (●" Fig.2b).

Preparation of ECSs
Skin biopsies were obtained from the pigs. Keratinocytes were
separated and seeded onto temperature-responsive cell culture
inserts (CellSeed, Tokyo, Japan) in keratinocyte culture medium
[10]. After cultivation for 14 days, keratinocyte cell sheets were
harvested from cell culture inserts by reducing the temperature
to 20°C (●" Fig.2c,d).

Endoscopic submucosal dissection
The ESD procedure has been described previously [8]. Briefly, ar-
tificial ulcerations (360° in range and 3cm in length) were made
in the lower esophagus using an endoscope (GIF-XQ260 or GIF-
HQ290; Olympus, Tokyo, Japan) and the hook-knife ESD method.
A high-frequency electrosurgical generator (VIO300D ERBE;
Elektromedizin, Tübingen, Germany) was set in the end cutting
mode (effect 2).

Endoscopic balloon dilatation
Two weeks after esophageal ESD, pinhole strictures had devel-
oped in all pigs. Four slits were made in each pig using the hook
knife or an insulation-tipped knife (IT-knife-2, Olympus), and the
esophageal strictures were dilated using an endoscopic balloon
device (HBD-W-10-11-12; Boston Scientific Co., Natick, Massa-
chusetts, United States), allowing the endoscope to pass easily
through the section of the esophagus treated with EBD.

Endoscopic transplantation of ECSs
After EBD, an EMR tube (CreateMedic, Tokyo, Japan) was inserted
into the esophagus of each animal. The ECS transplantation de-
vice performs three actions: suction, air ejection, and air flow
(●" Video 1). The harvested ECS was gently placed on the device.
For transport from the mouth to the ulcer site, suction was ap-
plied to the ECS with the syringe. When it reached the target
site, the ECS was released by air ejection and spread by continu-
ous air flow. The number of ECSs transplanted during each ses-
sion was calculated to cover one-third of each EBD ulceration.
The procedure times were measured from the endoscopic trans-
port of the ECS to ECS transplantation at the ulcer sites.

Postoperative care
Beginning at 1 day after ESD, all pigs were provided with food
and water. Pigs that underwent EBD or ECS transplantation were
fasted for 2 days postoperatively and subsequently allowed free
access to solid foods and water. Initially, solid foods were provid-
ed. Semisolid foods were provided when the solid diet could not
pass into the stomach, and dysphagia and vomiting developed.
Each animal was evaluated daily by animal care staff. Dysphagia
was evaluated before ESD and at 2 and 3 weeks after ESD using a
modified Mellow and Pinkas score [11]. Briefly, 0 was defined as
the absence of dysphagia, 1 as the ability to eat some solid foods,
2 as the ability to eat semisolids only, 3 as the ability to swallow
liquids only, and 4 as complete dysphagia.

ESD

Post-ESD strictures

Ballon dilatation

Without
transplantation

With
transplantation

EBD
(n = 2)

Control
(n = 2)

Transplantation
(n = 2)

Analysis

ESD

2 weeks after ESD

3 weeks 
after ESD

Fig.1 Study design. Six pigs were prospectively divided into control,
endoscopic balloon dilation (EBD), and transplantation groups. All pigs un-
derwent endoscopic submucosal dissection (ESD). Two pigs were observed
after ESD (Control group), two underwent EBD alone (EBD group), and two
underwent EBD followed by transplantation of epidermal cell sheets (ECSs)
(transplantation group). Three weeks after ESD, the six pigs were eutha-
nized for further analyses.
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Macroscopic analysis for competitive performance
evaluation
All animals were observed endoscopically and euthanized at 3
weeks after ESD. Previous animal studies have confirmed the
measurement of esophageal stricture in extracted specimens [8,
12]. Photographs were taken of each esophageal specimenwith a
ruler immediately after extraction from pigs. The length of the
esophageal specimen was measured by ImageJ software (Nation-
al Institutes of Health, Bethesda, MD, United States). The rate of
esophageal strictures was calculated as (1−Lmax/Lnr)×100,
where Lmax and Lnr are the lengths of the short axes at themaxi-
mally narrow mucosa and the normal mucosa on the oral side of
esophageal specimens, respectively.

Histological analysis
Esophageal specimens were routinely processed into 3-μm-thick
paraffin-embedded sections. After deparaffinization, the sections
were stained with hematoxylin and eosin (HE) and Sirius red, the
latter using a Picrosirius Red Stain kit (Polysciences, Inc., War-
rington, Pennsylvania, United States). Ulcer sites of muscle atro-
phy and fibrosis after esophageal strictures were evaluated by
Sirius red staining. Fibrosis and atrophy of the muscularis propria
(MP) were graded numerically by a modified Honda’s scoring
system in which 0 was defined as the absence of atrophic or fi-
brotic changes in any examined sections of the MP, 1 as atrophy

Fig.2 Transplantation of epidermal cell sheets (ECSs) using the newly developed device. a The head of the device was fabricated automatically by a 3D prin-
ter. Scare bar indicates 10mm. b The head docked with the catheter in front of the endoscope. c A tissue-engineered ECS (4.2cm2) formed by primary cells
isolated from pig skin fragments (2.5cm2) after 2 weeks of culture. d H&E staining of epidermal cells in the ECSs, indicating a cobblestone-like pattern. Scale
bar indicates 20 μm. (e, f) Actions of the developed device with two modes: transport and release. e The transport mode was set at suction with the ECS
transported from the mouth onto the tears after endoscopic balloon dilation (EBD). f The release mode was set at air ejection. The release procedure enabled
accurate placement of the ECS onto the artificial ulcer after EBD.

Video 1

After placement on the device, the epidermal cell sheet (ECS) was transpor-
ted from the mouth onto the tears after endoscopic balloon dilation (EBD).
The release procedure enabled accurate placement of the ECS on to the arti-
ficial ulcer after EBD. Online content including video sequences viewable at:
http://dx.doi.org/10.1055/s-0042-116145
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or fibrosis present but confined to the partial MP, 2 as atrophy or
fibrosis present but confined to the full-thickness MP, and 3 as
transmural fibrosis of the MP [13]. Infiltration of inflammatory
cells into the ulcer sites of esophageal strictures was evaluated
by HE staining. Inflammatory cells were counted in five random
high power (×400) fields (HPF) per pig.

Engraftment of transplanted epidermal cell sheets
Before transplantation, harvested ECSs were labeled with
PKH26GL (Sigma-Aldrich/Merck, St. Louis, Missouri, United
States). A part of the transplanted area of each esophagus was
frozen in OCT compound and sectioned at 5µm. The sections
were stained with 4,6-diamidino-2-phenylindole (DAPI) and ob-
served under a confocal laser microscope (FV1200; Olympus).
The closed sections were stained with an anti-pan cytokeratin
antibody (MAB9766, Abnova Corporation, Taipei, Taiwan) and
DAPI, and monitored by confocal laser microscopy.

Statistical analysis
Data are expressed as the means ± standard deviation (SD). The
numbers of invading inflammatory cells were compared by the
Student’s t test. Probability values (P) of less than 0.05 were con-
sidered statistically significant. All statistical analyses were per-
formed using the SAS-JMP program for Windows (SAS Institute
Inc., Cary, North Carolina, United States).

Results
!

Transplantation of a tissue-engineered ECS after EBD
The ECSs produced after culturing for 2 weeks were approxi-
mately 20mm in diameter (●" Fig.2c) and had epidermoid fea-
tures (●" Fig.2d).

ESD and EBD were performed safely in all animals (●" Fig.2e, f).
Six ECS transplantations were performed after EBD in two pigs
using the procedures described in●" Table1. Of these six ECSs,
five were successfully transplanted into tears, two of two in one
pig, and three of four in the other, giving a success rate of 83% for
ECS transplantation. The procedure time for ECS transplantation
was 134 ± 41.4s (mean ± SD).

Clinical conditions and endoscopic findings
The clinical conditions and endoscopic findings in the six pigs are
summarized in●" Table2 and●" Fig.3. Three weeks after ESD, the
two control pigs had dysphagia scores of 4 and 3, respectively,
which were accompanied by severe strictures and almost closed
internal lumens. One of these pigs also showed a marked reduc-
tion in body weight. The two pigs that underwent EBD alone
showed a decrease in dysphagia a few days after EBD, followed
by recurrence. Three weeks after ESD, both pigs in the EBD group
had dysphagia scores of 3. Strictures recurred to the same degree
as before EBD, and the internal lumens were narrow. Although
the two pigs that underwent ECS transplantation had dysphagia
before EBD, the dysphagia was reduced after EBD and ECS trans-
plantation. Three weeks after ESD, the dysphagia scores in these
two pigs were 2 and 1, respectively. There were fewer strictures,
and internal lumens remained sufficiently wide.

Histological findings
The macroscopic findings of the three groups are summarized in
●" Table1 and●" Fig.4. The two control pigs developed severe
strictures, with stricture rates of 92.2% and 87.7%. The pigs that
underwent EBD alone were affected by re-strictures with rates of
71.7% and 78.2%. In contrast, the stricture rates in pigs that un-
derwent ECS transplantation were 55% and 60%.
Histological evaluation of inflammatory cell infiltration into ulcer
sites after ESD showed that the number of inflammatory cells per
HPF was significantly lower in pigs that underwent ECS trans-
plantation (113.2 ± 53.8 cells/HPF) than in control pigs (223.6 ±
73.3 cells/HPF, P<0.01) and in pigs that underwent EBD alone
(206.2 ± 63.9 cells/HPF, P<0.01).
Fibrosis and atrophy of the MP layer in ulcer sites were evaluated
after ESD by Sirius red staining. The MP layer in control pigs
showed evidence of transmural fibrosis and atrophy, whereas
the MP layers in the other groups did not. Both control pigs had
atrophy scores in the MP layer of 3.The two pigs that underwent
EBD alone had atrophy scores of 2 and 3, respectively, whereas
both pigs that underwent ECS transplantation had atrophy scores
of 1.

Table 1 Procedure for transplantation of epidermal cell sheets (ECSs).

Procedure Transplantation Procedure time (s)

Transplantation 1

Procedure 1 Success 130

Procedure 2 Success 110

Transplantation 2

Procedure 3 Success 100

Procedure 4 Success 125

Procedure 5 Failure N/A

Procedure 6 Success 205

N/A: not available.

Table 2 Assessments of physiological findings and esophageal strictures.

Case Weight gain 3 weeks after ESD Dysphagia score Rate of strictures, %

Before ESD 2 weeks after ESD 3 weeks after ESD

Control 1 –1.9 kg (–9.9%) 0 3 4 92.2

Control 2 –0.10 kg (–0.6%) 0 3 3 87.7

EBD 1 +0.0 kg ( + 0.0%) 0 3 3 71.7

EBD 2 –0.7 kg (–3.5%) 0 4 3 78.2

Transplantation 1 +0.0 kg (0.0%) 0 3 2 55.0

Transplantation 2 +1.1 kg ( + 6.2%) 0 4 1 60.0

ESD, endoscopic submucosal dissection; EBD, endoscopic balloon dilation.
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Transplantation 2

Transplantation 1

EBD 2

EBD 1

Control 2

Control 1

2 weeks after ESD 3 weeks after ESD

2 weeks after ESD EBD 3 weeks after ESD

2 weeks after ESD EBD Transplant 3 weeks after ESD

Fig.3 Chronological endoscopic findings at 2 weeks and 3 weeks after esophageal endoscopic submucosal dissection (ESD). The two control pigs developed
severe esophageal strictures at 3 weeks after ESD. The two pigs that underwent endoscopic balloon dilatation (EBD) alone developed re-strictures at 1 week
after EBD, whereas the two pigs that underwent epidermal cell sheet (ECS) transplantation after EBD did not.

Kobayashi Shinichiro et al. Transplantation of epidermal cell sheets by endoscopic balloon dilatation … Endoscopy International Open 2016; 04: E1116–E1123

Original articleE1120
THIEME



Engraftment of transplanted ECSs
PKH-labeled cells were observed in the ulcer sites after trans-
plantation of ECSs. In addition, keratinocytes, which are positive
for pan-cytokeratin, were observed in the ulcer sites after ECS
transplantation (●" Fig.5).

Discussion
!

Using our developed procedure, ECSs were transplanted into
esophageal tears resulting from EBD. This transplantation meth-
od was successful while avoiding re-strictures. Taken together,
these results indicate that the combination of EBD and the trans-
plantation of bioengineered ECSs may be a promising new ap-
proach to prevent the development of refractory esophageal
strictures after ESD.
This study involved the artificial creation of long esophageal
strictures (>20mm) in a porcine model. A small clinical study
found that strictures of this length are at high risk of becoming
refractory [14]. Therefore, this animal model is similar to refrac-
tory esophageal strictures observed in human patients. More-
over, the EBD procedure used in this study was developed for an
animal model. To avoid perforation and deep ulceration, the loca-
tions and depths of the tears were equalized relative to the four
slits of the mucosa on post-ESD esophageal strictures before EBD.
Methods to prevent or treat severe esophageal strictures after
endoscopic removal of large tumors remain unclear. Risk factors
for esophageal strictures after ESD include a cervical location, a

tumor size greater than 3/4 of the esophageal circumference,
and a longitudinal tumor diameter of>40mm [15–17]. Almost
all patients who undergo complete circumferential esophageal
ESD develop post-ESD strictures. Although several treatments
have been developed to prevent refractory esophageal strictures,
it may be optimal to select the least invasive stepwise treatments
[3]. Generally, EBD is the first choice for the management of
esophageal strictures [5]. Local injection of triamcinolone aceto-
nide and systemic steroid treatment have been shown to be ef-
fective to reduce the number of EBD sessions after stricture de-
velopment, thus preventing esophageal strictures from becoming
refractory [18–20]. However, this treatment method has several
disadvantages including a delay in tissue remodeling and depres-
sion of the immune system [18–20]. Local injection ofmitomycin
C after EBD has also been reported to be effective and safe in the
prevention of refractory esophageal strictures [21].
After development of refractory esophageal strictures, more in-
vasive treatments are required. Temporary metallic stents are ef-
fective for long periods of time, although they may have adverse
effects, including pain, nausea, and deviation, requiring stent re-
moval [4,22]. Hyperplastic reactions to inserted metallic stents,
although rare, can cause fistulas. Biodegradable stents may re-
duce the disadvantages of metallic stents, although foreign-body
reactions and stent migration may still occur [6]. Radical incision
and cutting methods (RIC), resulting in endoscopic volume re-
duction of extensive granulation, has been reported to reduce
treatment periods [23]. Because they are highly invasive, surgical
procedures, including esophageal resection and reconstruction,
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Fig.4 Histological findings. Macroscopic findings revealed severe strictures in control pigs, re-strictures in pigs that underwent endoscopic balloon dilation
(EBD) alone, and the absence of re-strictures in pigs that underwent EBD followed by epidermal cell sheet (ECS) transplantation. White bars indicate 10mm.
H&E staining showed infiltration of inflammatory cells in all pigs (black bars indicate 50 μm). Sirius red staining revealed muscle atrophy and fibrosis in all pigs
(black bars indicate 500 μm). The graph shows the numbers of inflammatory cells per high power field (HPF). *P<0.01.
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are the final approach for treating refractory esophageal stric-
tures. Dilatation surgery using a scaffold patch was recently re-
ported to be safe and effective in small numbers of patients [24].
Despite these procedures being invasive and having limited effi-
cacy, they are required to overcome developed refractory esoph-
ageal strictures [25].
Transplantation of ECSs immediately after ESD was previously
shown to be effective in the prevention of post-ESD strictures
[7,8]. The results presented here also indicate that ECS transplan-
tation after EBD can prevent re-strictures. However, the conven-
tional method of ECS transplantation using a support membrane
is technically difficult, particularly in narrow sections, because
the support membrane consists of a solid material, and ECSs
tend to becomewedged and do not fit well in these tears. Our no-
vel ECS transplantation procedure to solve these issues resulted
in the transplanted ECSs easily attaching by their basal surfaces
to ulcer sites within a few minutes after EBD [26]. Engraftment
of these ECSs at ulcer sites prevented re-adhesion of the wound
bed after EBD.
Interestingly, these transplanted ECSs also inhibited the inflam-
mation of ulcer sites and prevented the atrophy and fibrosis of
MP layers. The number of inflammatory cells infiltrating into
esophageal ulcer sites was much lower in pigs that underwent
transplantation than in control and EBD-treated pigs. Moreover,
control pigs and those that underwent EBD alone showed trans-

mural muscle atrophy and fibrosis after esophageal ESD. These
results demonstrate the importance of protection of the muscle
layer from inflammation at ulcer sites. The efficacy of ECS trans-
plantation with EBD may be limited because esophageal motility
and muscle compliance may not be preserved in chronic stric-
tures such as those caused by caustic agents and radiotherapy.
Thus, the efficacy of ECS transplantation with EBD may be maxi-
mized to preserve the muscle layer to prevent re-strictures under
conditions in which refractory strictures or chronic strictures de-
velop.
This study had several limitations. First, it was designed as a pre-
liminary animal study to test the efficacy and safety of the ECS
transplantation procedure to prevent re-strictures after EBD. Pre-
vious studies, which have already shown efficacy to prevent
strictures after esophageal ESD, indicate that therapeutic effects
of ECS transplantation after EBD can be expected, on the condi-
tion that ECS transplantation succeeds [7–9].
ECS transplantation procedures must be clinically evaluated in
humans to confirm and validate these promising preliminary re-
sults. Clinical comparisons of EBD with and without ECS trans-
plantation are also needed.
In conclusion, this pilot study provides information to plan future
studies on the efficacy of ECS transplantation with EBD to pre-
vent esophageal re-strictures. Preliminary results indicate the
stability of the ECS transplantation procedure and the engraft-
ment of transplanted ECS in tears after EBD.
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Fig.5 Engraftment of transplanted epidermal cell sheets (ECSs). a PKH-
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(EBD). Scale bar indicates 50 μm (red, PKH; blue, DAPI). b Colonies of epi-
thelial cells (red) were observed in ulcer sites after EBD. Scale bar indicates
50μm (red, pan-CK; blue, DAPI).
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