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Review Article

ABSTRACT
Endoscopic submucosal dissection (ESD) is a curative treatment for superficial esophageal 
cancer with distinct advantages. However, esophageal stenosis after ESD remains a tough 
problem, especially after large circumferential proportion of esophageal mucosa is removed, 
which limits the wide use of ESD, especially in circumferential lesions. In this scenario, 
preventive procedures are highly recommended against post-ESD esophageal stenosis. 
However, the efficacy and safety of traditional prophylactic methods (steroids, metal and 
biodegradable stents, balloon dilation, radial incision, etc.) are not satisfactory and novel 
strategies need to be developed. Regenerative medicine has been showing enormous potential 
in the reconstruction of organs including the esophagus. In this review, we aimed to describe 
the current status of regenerative medicine in prevention of post-ESD esophageal stenosis. 
Cell injection, cell sheet transplantation, and extracellular matrix implantation have been proved 
effective. However, numerous obstacles still exist and further studies are necessary.
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INTRODUCTION

Esophageal cancer is the seventh most 
frequent malignancy, which accounted 
for 544,000 deaths in 2020.[1] The role of  
endoscopic therapies (endoscopic mucosal 
resection [EMR], endoscopic submucosal 
dissection [ESD], etc.) has been widely 
recognized, since they have similar clinical 
outcomes with minimal complications and 
tissue damage.[2,3] Among the endoscopic 
procedures, ESD has evolved into a reliable 
treatment for early esophageal cancer due 
to excellent long-term outcomes, fewer 
adverse events, and better life quality,[4-6] 
while EMR could be considered only 
for small lesions less than 10 mm in size 
when the operator lacks experience with 
ESD.[7] The Japan Gastroenterological 
Endoscopy Society recommended ESD as 
potential curative therapy for esophageal 
lesions which are (1) cT1aN0M0-EP/

LPM non-circumferential lesions or clinical 
T1aN0M0-EP/LPM circumferential lesions 
with longitudinal length less than 5 cm and 
(2) cT1aN0M0-MM or cT1bN0M0-SM1 
non-circumferential lesions.[8,9] 

Unfortunately, however, esophageal 
stenosis  remains a most annoying 
complication after ESD. The reported 
incidence of  esophageal post-ESD 
stenosis is 7.1%–26.8%.[10-13] Symptomatic 
esophagea l  s tenos is  and repeated 
endoscopic dilatation impair patients’ 
quality of  life and predispose them to 
psychiatric problems, including mood 
disorder and suicidality.[14]

Risk factors for postoperative stenosis 
include larger size of  esophageal lesions 
(longitudinal length and circumferential 
percentage), invasion into submucosa, 
fa i lure  of  en bloc resect ion,  and 
intraoperative muscular injury.[11-13,15-21] 
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Numerous preventive and therapeutic approaches have 
been deployed against postoperative stenosis. Balloon 
dilation first showed promising effect, but the high risk of  
perforation was a major limitation.[22,23] Preemptive metal 
or self-degradable stent implantation was also applied, but 
was troubled with displacement, difficulty in removal, and 
disturbance of  local surveillance of  recurrence.[24-28] Radial 
incision has been reported to reduce treatment periods, 
but is also accompanied by high risk of  perforation.[29,30] 
Currently, steroid therapy, including local application 
and systematic administration, is a widely used safe and 
effective protocol, while there is still concern regarding 
disseminated infection and deterioration of  diabetes 
mellitus.[31-37] 

Recently, regenerative medicine approaches are emerging 
as alternatives for the prevention of  post-ESD esophageal 
stenosis. Regenerative medicine focuses on the “repair, 
replacement or regeneration of  cells, tissues or organs … stimulate 
and support the body’s own self-healing capacity,”[38] and the 
central element of  regenerative medicine is human cells.[39] 
When applied to this specific topic, regenerative medicine 
approaches might be defined as methods utilizing human 
cells or tissues to promote regeneration of  esophageal 
mucosa and healing of  iatrogenic wound to prevent 
postoperative esophageal stenosis. Here, we summarize 
studies in this field to shed light on these promising 
solutions (Figure 1).

AUTOLOGOUS CELL IMPLANTATION

There have been a few animal studies of  cell therapy with 
different cell origins. However, there have been no reports 
of  clinical trials of  cell therapy in human beings so far.

Autologous keratinocyte implantation
Zuercher et al.[40] evaluated the feasibility of  autologous 
keratinocytes to prevent esophageal stenosis in the sheep 
model with circumferential esophageal mucosal defect. 
Briefly, the keratinocytes were isolated from sheep skin, 
cultured in optimal conditions. A circumferential mucosal 
defect with over 6 cm longitudinal length was created, 
after which the keratinocyte suspension was injected into 
the mucosal defect at multiple sites. The procedure was 
safe with no serious complications (massive bleeding, 
perforation). None of  the animals developed strictures. 
Microscopic analysis showed fibrosis in 10% (range 0–25%) 
of  the circumferential muscularis propria interna layer and 
7.2% (range 0–25%) of  the muscularis propria externa 
layer, 6 months after the operation. No circumferential 
transmural fibrosis was identified. 

Sakurai et al.[41] applied keratinocytes from buccal mucosa 
to the esophageal mucosal defect after ESD in four pigs. 
Ulcer, scar formation, and contraction were observed in the 
control sites, while no stricture was observed after injection 
of  autologous buccal keratinocytes. They suggested 
that autologous keratinocyte injection accelerated re-

Figure 1: Regenerative medicine approaches in the prevention of post-ESD esophageal stenosis. ESD: endoscopic submucosal dissection.
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epithelialization and prevented deep ulceration and 
inflammation. 

Adipose tissue–derived stromal cell (ADSC) 
implantation
Perrod et al.[42] conducted a comparative study in a 
porcine model to evaluate the effectiveness of  ADSC 
in preventing post-ESD esophageal stenosis. Firstly, the 
ADSC was isolated, cultured, coated with a poly-N-
isopropylacrylamide membrane, and transferred onto paper 
support membrane to construct a double-layer structure. 
Twelve female pigs were treated with ESD, which resected 
5 cm length of  hemi-circumferential esophageal mucosa, 
and were randomized into two groups. The ADSC group 
(n = 6) received four double-cell sheets of  allogenic ADSC, 
while the control group (n = 6) received four paper support 
membranes without ADSCs. Clinical and endoscopic 
follow-ups were performed at days 3, 14, and 28 after 
surgery. Pigs from the ADSC group showed less-frequent 
alimentary trouble (e.g., regurgitation, vomiting), and 
endoscopic evaluation showed that one out of  six (17%) 
animals developed a severe esophageal stricture, which 
was much less compared with the control group (5/5). 
Upper gastrointestinal contrast imaging demonstrated a 
lower degree of  stricture in the ADSC group on day 14 
and day 28. Histological analysis revealed decreased fibrosis 
development in the ADSC group, both on the surface and 
in maximal depth. The transplantation of  allogenic ADSCs, 
organized in double-cell sheets, after extended ESD was 
successful and strongly associated with a lower esophageal 
stricture rate.

AUTOLOGOUS CELL SHEETS

Although the injection methods were effective, direct 
injection of  cells into the host organ has some disadvantages 
of  low viability and rapid diffusion. The cell sheets may 
help solve the problem of  rapid loss. Application of  
autologous cells sheets has been widely explored and has 
shown some promising results in both animal studies and 
clinical practice. Studies in this field were categorized based 
on the origin of  cell sheets.

Fabricated autologous epidermal cell sheets
Preemptive epidermal cell sheet (ECS) transplantation 
immediately after large-scale ESD has been shown to be 
safe and effective in the prevention of  esophageal strictures. 
Kanai et al.[43] applied cultured autologous ECS in pigs to 
evaluate the efficacy to prevent severe esophageal stricture 
after circumferential ESD. ECS was isolated from lower 
abdomen skin and cultured on temperature-responsive 
inserts. After circumferential esophageal ESD, ECS sheets 
were applied to the mucosal defect. All pigs in the control 
group developed severe esophageal stenosis after 2 weeks. 

The mean degrees of  constriction were 88% and 56% 
in the control and ECS groups, respectively. Early re-
epithelialization and mild fibrosis in the muscularis were 
observed in the ECS transplanted group. 

Another proof-of-concept study conducted by Kobayashi 
et al.[44] evaluated the efficacy of  ECS transplantation plus 
endoscopic balloon dilation (EBD) in a porcine model. 
After circumferential esophageal ESD, two pigs received 
EBD plus ECS transplantation, two pigs received only 
EBD, and the other two pigs received only endoscopic 
evaluation. The stricture rates were 55 % and 60 %, 
respectively, in the ECS transplantation group, 92.2 % 
and 87.7 %, respectively, in the control group, and 71.7 % 
and 78.2 %, respectively, in the EBD group. Histological 
analysis showed lowest infiltration of  inflammatory cells in 
the ECS transplantation group compared with the control 
and EBD-treated pigs. Additionally, inflammation of  ulcer 
sites was weakened while atrophy and fibrosis of  LPM. 
No adverse events were observed. The results showed the 
importance of  protection of  MP layer from inflammation 
at the ulcer sites. 

Autologous oral mucosal epithelial cell sheets
The idea of  utilization of  autologous oral mucosal 
epithelial cell sheets was first proposed by Takagi et al.[45] 
in 2011 to evaluate their efficacy to treat iatrogenic ulcer 
after esophageal ESD. Human oral mucosal epithelial 
cell (hOMEC) was harvested and isolated from healthy 
volunteers and cultured into cell sheets. After hemi-
circumferential ESD was performed, the cells sheets were 
deployed by endoscopy on the artificial ulcers. Microscopic 
observation revealed that hOMEC sheets were successfully 
attached to the ulcer surface, which proved the feasibility 
of  hOMEC as a medical device that promotes repair of  
esophageal ulcers after ESD.

Ohki et al.[46] advanced the research of  hOMEC into 
human trials. They collected small pieces of  oral mucosa 
from nine patients who were diagnosed with superficial 
esophageal neoplasms and scheduled for esophageal ESD. 
After fabrication and incubation ex vivo for 16 days, these 
sheets were endoscopically implanted to the mucosal defect 
immediately after ESD. Weekly postoperative endoscopic 
examination revealed that complete re-epithelialization of  
the artificial occurred within 3.5 weeks (median time). No 
patients presented with symptoms of  esophageal stricture, 
including dysphagia, stricture, or other complications.

Jonas et al.[47] conducted similar research with tissue-
engineered oral cell sheets and concluded that cell sheet 
transplantation was safe and effective to protect the patients 
from post-ESD esophageal stenosis. 
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Autologous gastric mucosa transplantation
Hochberger et al.[48] first attempted to use autologous 
gastric mucosa to cover post-ESD mucosal defects in a 
72-year-old man who suffered from circumferential high-
grade intraepithelial neoplasia (HGIN) in the cervical 
esophagus. The esophageal lesion was removed by ESD en 
bloc, leaving a mucosal defect of  10 cm in size. The gastric 
mucosa was gathered by a second ESD of  the anterior wall 
of  gastric antrum and was then divided into three small 
pieces and attached to the esophageal mucosal defect and 
fixed with clips and an uncovered metal mesh stent. The 
stent was removed 20 days after the operation. Within 5 
months after ESD and gastric mucosa transplantation, most 
segments of  the circumferential mucosal defect healed 
with no obvious strictures. However, stenosis occurred 
in the uppermost 1 cm area which was not covered by 
gastric mucosa due to technical reasons. The patient was 
followed up for 32 months after surgery and there were 
no more complications. 

Autologous esophageal mucosa transplantation
Liao et al.[49] reported their study using transplantation 
of  autologous esophageal mucosa to prevent post-ESD 
stricture. Nine patients who underwent circumferential 
ESD for early esophageal cancer were enrolled. Autologous 
esophageal mucosa was harvested by EMR from esophageal 
sites away from the lesion and cut into small pieces. The 
patches were attached to the ulcer surface by hemoclips 
and were finally fixed with a covered metal mesh stent, 
which was removed 7 days after the procedure. Results 
showed rapid epithelialization with high graft survival rate. 
Unfortunately, however, strictures occurred in eight out of  
nine patients, which required repeated endoscopic balloon 
dilatation sessions. This study proved that autologous 
esophageal mucosa transplantation cannot fully avoid post-
ESD stricture, but could reduce the severity as patients with 
transplantation required less balloon dilation sessions. A 
major limitation regarding this study was that harvesting 
normal esophageal mucosa may induce undesired stricture 
formation or extended hospitalization.[50] 

Liu et al.[51] also reported the application of  autologous 
esophageal mucosa transplantation to prevent esophageal 
stenosis after circumferential ESD. A total of  25 patients 
were enrolled and 14 of  them did not develop stenosis, 
which suggested that autologous esophageal mucosa 
transplantation might be an effective solution to prevent 
post-ESD stenosis. 

Autologous skin graft
Chai et al.[52] explored the application of  autologous skin 
graft in preventing esophageal stenosis after circumferential 
endoscopic submucosal tunnel dissection (ESTD) of  
superficial esophageal lesions in eight patients. Before 

ESTD, patients’ skin was harvested from their thigh and 
shaped like oversleeve, which was then applied over the 
surface of  a fully covered esophageal stent. After ESTD, 
the system was deployed at the site of  dissection with help 
of  an overtube. During a median follow-up of  7 months, 
only three patients developed stenosis, which was treated 
with balloon dilatation. This study proved the efficacy of  
autologous skin graft in preventing circumferential mucosal 
dissection and provided a feasible solution for implantation 
of  similar materials.

EXTRACELLULAR MATRIX 
SCAFFOLD

Extracellular matrix (ECM) is an indispensable branch 
of  regenerative medicine, which refers to the remaining 
components after decellularization of  tissues or organs.[53] 
ECM biomaterials have been proved effective in promoting 
angiogenesis, wound healing, nerve regeneration, and bone 
regeneration.[54-57]

Nieponice et al.[58] started exploration using ECM as a 
preventive method against post-ESD esophageal stenosis. 
Briefly, porcine urinary bladder was harvested, trimmed, 
delaminated, decellularized, fabricated, and disinfected to 
produce sterile ECM tubular stents, which matched the 
shape of  esophagus of  dogs. Five dogs then underwent 
circumferential ESD at the cervical esophagus segment, and 
ECM stents were implanted with endoscope, positioned with 
a specific balloon, and fixed with degradable adhesive, while 
five other dogs underwent circumferential ESD without 
placement of  ECM stents, which served as the control 
group. After 2 months of  observation, three out of  five dogs 
developed esophageal stricture in the control group, while 
no animals suffered from esophageal stenosis after ECM 
stents’ implantation. Microscopic observation of  the tissues 
revealed that the mucosal structure was similar to normal 
esophageal tissue with intact mucosa and inflammation was 
at a minimum level. Submucosal layers were filled with well-
organized connective tissue and blood vessels.

However, several reports indicated that deployment of  
ECM might not be satisfactory in preventing post-ESD 
stenosis. Schomisch et al.[59] compared the effects of  stents 
covered with ECM, uncovered stents alone, acellular 
dermal matrix, and urinary bladder matrix. The conclusion 
was that commercially available ECM biomaterial did not 
prevent postoperative esophageal stenosis. Badylak et al.[60] 
attempted to use ECM scaffolds in a clinical scenario. They 
deployed ECM as well as a radially expanding stent in five 
patients who suffered from esophageal superficial cancer 
and underwent circumferential resection. Histological 
analysis showed that ECM was completely replaced by 
normal esophageal squamous epithelium 4 months after the 
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operation. However, all five patients developed esophageal 
stricture, which was treated with balloon dilation. 

DISCUSSION

Postoperative esophageal stenosis has been a complicated 
adverse event since the introduction of  ESD. Although 
numerous attempts have been made to solve the problem 
permanently,[61-66] none of  them is perfectly effective.[67] 

In order to develop satisfactory methods to prevent 
post-ESD esophageal stenosis, we must try to unveil the 
healing process after ESD and the underlying mechanism 
of  stenosis formation. Honda et al.[68] found that after 
mucosal resection, ulcer formation and inflammatory 
cell invasion began in the submucosa layer on day 2 and 
4 after the operation, respectively. Formation of  new 
vessels was noticed 7 days after resection of  the mucosal 
layer. After 28 days, the ulcer was completely repaired 
by re-epithelialization, and notably, fibrosis of  the 
LPM occurred almost at the same time. Nonaka et al.[69] 
compared the histological changes after esophageal ESD 
with and without steroid injection. In animals without 
steroid injection, myofibroblasts were arranged in a parallel 
fashion, which extended horizontally at the base of  ulcer. 
Three weeks after ESD, luminal stenosis appeared with 
spindle-shaped myofibroblasts’ proliferation covered with 
regenerated epithelium. On the contrary, the stromal cells 
were randomly dispersed in the granulation tissue and no 
obvious stricture was noticed after steroid injection. These 
findings were confirmed by Kawamura et al.,[70] who also 
noticed that subepithelial fibrous tissue was much thicker 
in patients without steroid treatment. With these findings, 
we might deduce that the migration and aggregation 
of  inflammatory cells, proliferation of  spindle-shaped 
myofibroblasts, and hyperplasia of  subepithelial fibrosis 
tissue play important roles in the formation of  post-ESD 
esophageal stenosis. 

Regenerative medicine has been widely applied in the 
research of  liver diseases,[71] neurodegenerative diseases,[72] 
colorectal pathologies,[73] cardiac repair,[74] tendon healing,[75] 
and so on. The key concept of  regenerative medicine is to 
stimulate and support the body’s own self-healing capacity 
by cell-based biomaterials (cell suspension, cell sheets, ECM 
scaffold, etc.). The intention is to induce cell proliferation, 
differentiation, re-epithelization, and formation of  normal 
esophageal structure, while inhibiting inflammation and 
fibrosis process by applying these materials.[76] Notably, the 
efforts of  regeneration of  esophagus have never stopped 
since the year 2000.[77-85]

Autologous cell transplantation is easy to apply by 
endoscope, which only requires an injection needle. 

Keratinocytes could either proliferate and form the 
epithelial linings by themselves or stimulate the adjacent 
squamous cells to repair the epithelium defects.[40] 
ADSC brings anti-inflammatory effect and induces 
neovascularization and mesenchymal differentiation.[42] 
However, the material cannot be dispersed homogeneously 
over the defect, which may reduce its effect. Moreover, 
the cell injection cannot provide mechanical shield against 
adverse factors inside esophageal lumen, including gastric 
acid, food, and so on. 

Autologous cell sheets and skin graft have been proved to be 
safe and effective in the prevention of  post-ESD stenosis. 
Specifically, the advantages come from the convenience 
and safety of  the harvesting process and absence of  
immunogenicity.[45,47,86] Although the transplantation 
process may be time consuming, a novel device has been 
developed to shorten the procedures.[87] The presence of  
sheets as cells’ carrier guarantees the even distribution and 
longer preservation over the surface of  ulcers. 

The preparation of  ECM biomaterials is a process to 
remove the resident cells in the tissue, while keeping the 
proteins and other derivatives. After the decellularization 
process, immunogenicity was greatly reduced, endowing 
the material better histocompatibility.[53] Compared with 
artificial stents, ECM scaffolds exhibit better capacity to 
reduce inflammation and promote ulcer healing.[88]

Nevertheless, there are a few obstacles ahead. Firstly, a 
large proportion of  the methods mentioned above are still 
considered experimental with evidence from only animal 
studies and the effect might be altered in human beings due 
to the difference in anatomy. Secondly, the feasibility of  
certain materials is still controversial (e.g., ECM). Thirdly, 
most of  the biomaterials are not commercially available 
and require complicated processes of  preparation. The 
lack of  standardized protocols and quality control measures 
might lead to unstable prognosis of  the patients. To settle 
these problems, clinical trials including larger population 
should be performed to evaluate the efficacy and safety 
of  regenerative medicine therapies in human beings. 
Besides, standard operating procedures (SOPs) should be 
established as soon as possible to simplify the production 
and implantation process in order to achieve stable effect.

CONCLUSION

Regenerative medicine provides feasible and promising 
solutions for post-ESD esophageal stenosis, but more 
large-scale clinical trials are still necessary for evaluation 
of  the safety and efficacy in human beings. To maximize 
the effort to ameliorate post-ESD stenosis, SOPs with 
personalized strategies should be arranged for each patient.
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