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Abstract

Objectives: The current methods employed for esophageal endoscopic
mucosal resection (EMR) involve the risk of adverse postprocedural com-
plications. Therefore, this study aimed to develop a new method to prevent
stenosis following a resection procedure using human amniotic epithelial cells
in a porcine model.

Methods: With the consent of a woman who underwent a cesarean section,
amniotic epithelial cells were isolated from the amniotic membrane of the
delivered placenta. Six swine were used for this study. Under general anes-
thesia, four EMRs using cap-fitted microscope ulcers were performed on each
porcine esophagus. Of the four ulcers, the two on the oral side were treated
by injecting human amniotic epithelial (AE group) cells, and the remaining two
on the anal side were left untreated (control group). One week after the proce-
dure, the swine were sacrificed, and the ulcers were evaluated. The epithelial-
ization rate was calculated by dividing the length of the epithelialized portion
of each section by the length of the ulcer, which was determined using an
optical microscope. Moreover, the mucosal thickening in each section was
measured in terms of diameter.

Results: The epithelialization rate was significantly higher in the AE group
than in the control group. Mucosal thickening was not significantly different
between the groups.

Conclusions: Transplanting amniotic epithelial cells into the ulcer promoted
ulcer epithelialization. Amniotic epithelial cell transplantation is a potential
method for the management of ulcer scar stenosis following esophageal
endoscopic submucosal dissection.
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BACKGROUND

Endoscopic submucosal dissection (ESD)' enables
early batch resection of malignant tumors of the gas-
trointestinal tract. It is widely used because of its high
curability and minimal invasiveness?

Postoperative ulcer scar stenosis is a major compli-
cation of ESD. Endoscopic balloon dilation (EBD), local
steroid therapy, oral steroid therapy, and other steno-
sis prevention methods have been developed to treat
this complication. EBD is one of the leading treat-
ments for benign esophageal stenosis®; however, it can
cause serious adverse events, including perforation and
bleeding.* Steroid treatment prevents stenosis by sup-
pressing inflammation and fibrosis, with steroid local
injection therapy emerging as one of the most popular
treatments for preventing post-esophageal ESD steno-
sis. However, in studies examining local steroid ther-
apy, the use of steroids has been reported to weaken
the esophageal wall and cause perforation.® In addition,
adverse events including secondary adrenal gland dys-
function, diabetes, and infectious diseases due to oral
steroid administration have become problematic®

An approach that is free of these adverse events
is regenerative medicine to prevent stenosis. Human
embryonic stem (ES) cells’ are an established cell
source used in regenerative medicine as they are
pluripotent and can differentiate into any specialized cell
type. However, ES cells are harvested from fertilized
human eggs and are, therefore, subject to ethical prob-
lems.

Sakurai et al® noted that epithelialization of an
ulcer surface was significantly promoted when epithe-
lial keratinocytes isolated from human oral mucosal
tissue were locally injected into the submucosa of
a porcine esophagus immediately after endoscopic
mucosal resection (EMR). Ohki et al®'% specified a
method of culturing oral mucosal epithelial cells, prepar-
ing a cell sheet, and transplanting it after esophageal
ESD surgery. Although this technique can prevent steno-
sis and has been applied clinically, it has not been widely
used because processes such as culturing are compli-
cated, and their overall cost is high.

Therefore, we focused on the amniotic membrane.
Amniotic membrane epithelial cells are derived from the
upper blastoderm layer that forms the embryo, which is
composed of amniotic membrane epithelial cells, base-
ment membrane, and a stromal layer. Since the upper
blastoderm can be used as a reference in differentiat-
ing the endoderm, mesoderm, and ectoderm, it has long
been hypothesized that amniotic epithelial (AE) cells
have stem cell-like properties.'"'? Several analyses on
the pluripotency of AE cells have been performed, and
differentiation into hepatocyte-like cells'’-'® and insulin-
producing islet cell-like cells’* have been reported. AE
cells promote ulcer healing by producing cytokines.'® In
the field of ophthalmology, amniotic membrane trans-

plantation has been performed for intractable ocular sur-
face diseases and found to be highly effective.'®

We hypothesized that AE cells result in the early
healing of esophageal EMR/ESD ulcers. Therefore, we
believe that the transplantation of amniotic membrane
cells into esophageal ulcers could be a new preventive
method for ulcer scarring. We verified the efficacy of
this method by experimentally creating an endoscopi-
cally treated ulcer in the porcine esophagus and trans-
planting AE cells into it.

METHODS

Amniotic membrane collection, AE cell
separation, and thawing

This study was approved by the Ethics Committee of
the Graduate School of Medicine, Tohoku University
(Permission number: 2019-1-430). The amniotic mem-
brane was collected with the consent of a pregnant
woman undergoing a scheduled cesarean section at
the Department of Obstetrics, Tohoku University Hos-
pital. The amniotic membrane was collected from the
placenta, which was removed after delivery by cesarean
section. The isolation of AE cells was performed accord-
ing to the protocol of Gramignoli et al.'” TrypLE Select
Enzyme (10X) (Thermo Fisher Scientific, Waltham, MA,
USA) was added to 1 g of amniotic membrane and
incubated at 35 rpm for 30 min at 37°C to isolate
AE cells. The AE cells that had undergone the filtra-
tion process were placed in the cell preservation solu-
tion NutriFreez D10 (Biological Industries, Cromwell, CT,
USA) and stored frozen at —80°C or lower.

Cryopreserved AE cells were thawed at 37°C for 1
min and washed with Dulbecco’s phosphate-buffered
saline (PBS). Two milliliters of normal saline were then
added per 1.0 x 107 of AE cells.

Fluorescent labeling of AE cells

CellTracker (Thermo Fisher Scientific) CM-Dil was used
as the fluorescent label. The adjustment of CM-Dil was
performed according to the protocol of the package
insert and the reference of Fang et al.'”® The AE cell
suspension was prepared by adding PBS to 1.0 x 10°
cells/ml, and CM-Dil was added to a final concentration
of 5 uM. This was then incubated at 37°C for 5 min and
then at 4°C for 20 min for labeling. After labeling, the
cells were washed with PBS and suspended in 2 ml of
normal saline per 1.0 x 107 AE cells for use.

Transplantation of AE cells into porcine
esophageal ulcers

Six swine were used for this study. Under general anes-
thesia, four EMRs using cap-fitted microscope (EMRC)
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FIGURE 1 Schematic diagram of EMRC ulcer. (a) Multiple EMRC ulcers were created in one pig. This figure shows a schematic diagram in

which four ulcers were created. Of these, amniotic epithelial cells were injected locally into the two oral-side ulcers. (b) Shamer-like amniotic
epithelial cells were locally injected over four margins of the ulcer. A 2 ml suspension containing 1.0 x 107 amniotic epithelial cells per ulcer was
locally injected. EMRC, endoscopic mucosal resection using cap-fitted microscope

ulcers were created in each porcine esophagus. The
EMRC method was as follows. Saline was locally
injected into the submucosa and bulged. A tip hood
(cap) (Distal Attachment, MAJ-295; Olympus Medical
Systems Corp., Tokyo, Japan) was attached to the gas-
trointestinal endoscope. We created a loop with a high-
frequency snare so that it could be hooked on the claw
of the tip hood. The mucosa was aspirated using a gas-
trointestinal endoscope, then the snare was squeezed.
The generator used was the VIO300D (ERBE Elek-
tromedizin GmbH, Tibingen, Germany), and the settings
were: ENDO CUT effect of 2, FORCED COAG effect of
3, and a maximum wattage of 60. The strangled snare
was appropriately coagulated and incised, then mucosa
was excised to create an ulcer.

Of the four ulcers, the two on the oral side were treated
with human AE cell transplantation (AE group), and the
remaining two on the anal side were left untreated (con-
trol group) (Figure 1a). For AE group ulcers, a suspen-
sion of 1.0 x 107 AE cells,in a volume of 2 ml,was locally
injected into the ulcer; 0.5 ml was locally injected into
each of the four points on the ulcer margin, as shown in
Figure 1b.

Only drinking water was given on the first day of the
operation. Feeding was resumed 1 day after the oper-
ation. Famotidine 40 mg/day was administered up to 3
days after surgery and acetaminophen (20% fine gran-
ules) 800 mg/day was administered for 1 week after
surgery for analgesic purposes.

One week later, general anesthesia was adminis-
tered, and each ulcer was observed via gastrointestinal
endoscopy. After observation, under deep anesthesia,
a 20% potassium chloride solution was intravenously
administered to induce death and the esophagus was
removed. There are two reasons for assessing epithelial-

ization 1 week after surgery. First, existing studies have
reported mild to severe stenosis 14 days after ESD.'%20
Euthanasia was considered when the oral intake of the
pigs deteriorated significantly, but the experiment could
be carried out as scheduled within 1 week after the oper-
ation so we could detect signs of slight stenosis. Sec-
ond, Ota et al. stated that ulcer healing after esophageal
EMR/ESD is as short as 21 days?' When the ulcer
was completely healed, it would be difficult to compare
epithelialization, so we decided to observe it 1 week later.

Pathologic evaluation

Each excised specimen was fixed using 10%
phosphate-buffered formalin. After embedding in
paraffin, the samples were sliced and hematoxylin
and eosin staining, as well as Elastica Masson staining,
was performed. Each ulcer was evaluated using an
optical microscope and the imaging software cellSens
Standard (Olympus Corp.). An ulcer was defined as the
part where the mucosa was thinned, the muscularis
mucosae were torn, and the epithelium was defective.
Epithelialization was defined as the area where the
stratified squamous epithelium was regenerated and
keratinized within the ulcer. The length of the ulcer in
each section and the length of the epithelialized part
were measured with an optical microscope. The length
of the epithelialized part of each section, divided by the
length of the ulcer, was defined as the epithelialization
rate. To evaluate the thickening of the mucosa due to
fibrosis caused by ulcer scarring, the maximum diam-
eter from the upper end of the muscularis propria to
the upper end of the mucosa in each section was mea-
sured as the mucosal thickening diameter (Figure 2).
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FIGURE 2

Histological findings one week after EMRC (Elastica Masson staining). #: Long diameter of ulcer, : Epithelialized part, *:

Non-epithelialized part, and O: Maximum mucosal thickening diameter of ulcer. The length of the ulcer and the length of the epithelialized part
were measured in each section. The epithelialization rate for each ulcer was next determined. In addition, the maximum diameter of mucosal
thickening was measured for each section. EMRC, endoscopic mucosal resection using cap-fitted microscope

In addition, a fluorescence microscope was used to
assess unstained slides to observe the dynamics of the
labeled AE cells.

Statistical analysis

The statistical software JMP Pro 15.0.0 (SAS Institute,
Cary, NC, USA) was used for statistical analysis. The
median ulcer length, epithelialized length, epithelializa-
tion rate, and mucosal thickening diameter were com-
pared between the AE and control groups. Comparisons
were performed using the Wilcoxon test, and statistical
significance was set at p < 0.05.

RESULTS

EMRC ulcer creation with gastrointestinal
endoscopy

Twenty-four EMRC ulcers were created in the six pigs.
Two EMRC ulcers were fused in one of the pigs, result-
ing in 22 experimental EMRC ulcers. An AE cell suspen-
sion was locally injected into the ulcers of the AE group
(Figure 3). For pigs with healed ulcers, one of the two
remaining effective ulcers (the oral side) was used as the
AE group. The purity of the isolated human AE cells was
100% and the median viability was 80.50% (interquar-
tile range [IQR]: 79.2%—82.5%). There were no adverse
events, such as perforation, during the creation of the
ulcers.

FIGURE 3 Amniotic epithelial cell transplantation. An
endoscopic image of amniotic epithelial cell transplantation. The
amniotic epithelial cell suspension was locally injected into the
EMRC ulcer. EMRC, endoscopic mucosal resection using cap-fitted
microscope

The pigs survived for 1 week after the surgery. During
this course, there were no other serious adverse events,
and the general condition of the specimens was good
as they had been treated as safely as possible.

Observation of ulcers at 1 week using
gastrointestinal endoscopy

One week later, when the esophagus of each pig was
observed with a gastrointestinal endoscope under gen-
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FIGURE 4 Endoscopic image of ulcer 1 week after EMRC. (a) AE group. (b) Control group. The ulcer tended to heal immediately after the
ulcer was created. No findings, such as perforations, were observed. AE, amniotic epithelial cells

eral anesthesia, no stenosis had occurred in any esoph-
agus, with ulcers tending to heal in both the AE and con-
trol groups (Figure 4).

Observation of excised specimens

No significant macroscopic changes were observed in
the ulcers of either the AE group or the control group
(Figure 5).

The total number of ulcers created by EMRC was 22,
comprising 11 ulcers each in the AE and control groups.
Pathologically confirmed sections included 83 and 80
sections in the AE and control groups, respectively. The
median ulcer major axis measured 24 mm (21-32 mm)
in the AE group and 27 mm (22.5-31.8 mm) in the con-
trol group; there was no significant difference between
the two groups (p = 0.6355). The median EMRC speci-
men on the major axis measured 21 mm (16—25 mm)
in the AE group and 22 mm (12-31 mm) in the con-
trol group, with no significant difference between the
two groups (p = 0.9738). The AE group had a median
ulcer length of 9432.9 um (4914.1-13695.4 um) and the
epithelialized area had a median length of 5533.6 um
(3900.5—-7527.8 um). In the control group, the median
ulcer length of 9411.7 um. (4734.4-13345.1 um) and
the median length of the epithelialized part was 4425.4
um (2867.5-5368.1 um). The epithelialization rate was
obtained by dividing the length of the epithelialized por-
tion of each section by the length of the ulcer, with the
exception of one ulcer in the AE group and one ulcer
in the control group, in which the epithelialization rate of
each section was 100%. The final evaluation included 58
sections of 10 ulcers in the AE group and 55 sections
of 10 ulcers in the control group, excluding one section
at each end of each ulcer. The median epithelialization

rate in the AE group was 60.4% (32.7%—-87.3%) and the
median in the control group was 39.1% (26.0%—59.2%).
The epithelialization rate was significantly higher in the
AE group (p = 0.0178) (Figure 6).

The median mucosal thickening diameter was 1169.6
um (1009.2—-1455.9 um) in the AE group and 1214.7 um
(1049.6-1414.7 um) in the control group; no significant
difference was observed (p = 0.6350) (Figure 7).

Observation of fluorescently labeled AE
cells

A collection of cells believed to be fluorescently labeled
AE cells was observed in the preparation of the AE
group whereas no cell aggregation was observed in the
control group (Figure 8). It could not be confirmed if
these cells had differentiated into esophageal mucosal
epithelial cells and/or other cells (Figure 9).

DISCUSSION

We conducted the first study to use AE cells isolated
from the human amniotic membrane in the prevention
of post-esophageal ESD ulcer scar stenosis. The results
of this study suggest that local injection of AE cells into
ESD ulcers promotes the epithelialization of ulcers and
increases the rate of epithelialization. In addition, fluo-
rescently labeled AE cells were found to be localized
within the locally injected submucosa of the esophagus.

Amniotic membrane cells are known to express
growth factors that promote wound healing. Koizumi
et al?? speculated that growth factors, such as epi-
dermal growth factor and keratinocyte growth factor,
expressed in amniotic cells contribute to shortening the
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FIGURE 5 Post-EMRC ulcer specimen photo. (a) Before specimen fixation. (b) After fixing the specimen. (c) AE group ulcer after specimen
fixation (ulcer No.1). (d) Control group ulcer after specimen fixation (ulcer No. 3). In the porcine esophageal specimen in the photograph, the
right side is the oral side, the left side is the anal side. Ulcers Nos.1 and 2 are the AE group and ulcers Nos. 3 and 4 are the control group.
Macroscopically, there was no significant change in ulcer healing. EMRC, endoscopic mucosal resection using cap-fitted microscope; AE,
amniotic epithelial cells
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FIGURE 6 Comparison of epithelialization rates between two groups. A graph comparing the epithelialization rates in the AE and control
groups. The epithelialization rate was higher in the AE group, with a statistically significant difference (* p < 0.05) observed. AE, amniotic
epithelial cells
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p = 0.6350

Control

Comparison between two groups regarding mucosal thickening diameter. Graph of mucosal thickening diameter comparing the

AE and control groups. No significant differences were observed between the two groups. AE, amniotic epithelial cells
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FIGURE 8

Fluorescence microscope findings. (a) AE group (TRITC x 10 Exposure time 0.5 s). (b) Control group (TRITC x 10 Exposure

time 0.5 s). Fluorescent label-positive cell clusters were observed in the sections of the AE group, as shown in Figure (a) (arrowheads). No
fluorescent label-positive cell clusters were observed in the control group. AE, amniotic epithelial cells; TRITC, tetramethylrhodamine

isothiocyanate

epithelial repair period. In addition, Zhao et al. found that
AE cells also play a role in regulating cell proliferation
and promoting the induction and differentiation of ker-
atinocytes through the mitogen-activated protein kinase
pathway and phosphoinositide 3-kinase/Akt pathway.
When a mouse model of a wound with a skin defect
was treated by injecting a medium containing AE cells,
the healing of the wound was significantly improved as
compared with controls.!® In this study, it is possible that

the activation of growth factors and cell differentiation
promoting wound healing contributed to the promotion
of epithelialization, leading to an improvement in ulcer
healing in the AE group. It was not clear whether the
AE cells differentiated into esophageal mucosal epithe-
lial cells under observation using a fluorescence micro-
scope; however, the transplanted AE cells remained
in the locally injected part even after 1 week. This is
the first study in which we observed the dynamics of
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Fluorescent label-positive cells in the AE group. (a) Fluorescence microscope findings (TRITC x 10 Exposure time 0.5 s). (b)

Hematoxylin/eosin staining 10x. (c) Hematoxylin/eosin staining 20x. The fluorescent labeled-positive cell cluster was localized within the
submucosa. Figures (b) and (c) show hematoxylin and eosin staining at the same site; no significant infiltration of histiocytes was observed in
the surrounding areas. No significant infiltration of histiocytes was observed in the control group either. AE, amniotic epithelial cells; TRITC,

tetramethylrhodamine isothiocyanate

amniotic cells transplanted into ulcers after esophageal
endoscopy using techniques described in previous stud-
ies.

We found no significant difference in the mucosal
thickening diameter between the AE and control groups.
Liu et al.® cited mucosal deficiency as one contributing
factor in scar stenosis of post-esophageal ESD ulcers
and stated that the larger the mucosal deficiency, the
more likely it was to become stenotic. Unlike periph-
eral ESD ulcers, the EMRC ulcer created in this study
was a local ulcer with a partial mucosal defect. We
hypothesize that this may be the reason why there was
no significant difference in the diameter of mucosal
thickening. Scar stenosis in post-ESD ulcers is thought
to be due in part to the persistence of local chronic
inflammation, healing, and the development of hyper-
trophic scars on the skin®23 Hermans?® stated that
rapid re-epithelialization was an important factor in pre-
venting hypertrophic scars. Even in post-esophageal
ESD ulcer scars, scar stenosis may be reduced if re-
epithelialization is accelerated by promoting healing. It

has also been reported that amniotic membrane cells
have anti-inflammatory effects. Miyamoto et al. adminis-
tered a solution in which amniotic cells were suspended
by enema to rats with induced colitis, which improved
intestinal inflammation, levels of infiltrated neutrophils
and monocytes in the mucosa, and expressed inflamma-
tory cytokines?* It is believed that the anti-inflammatory
effect of the amniotic membrane prevents chronic
local inflammation, which may prevent ulcer scar
stenosis.

There are several limitations to this study. First of all,
this study was done with EMRC rather than ESD. In the
future, we would like to continue research to see if there
is a similar effect on circumferential ESD ulcers. Second,
itis possible that AE cells have anti-inflammatory effects,
and the expression of growth factors contributes to the
promotion of epithelialization. However, this study did not
evaluate the number of inflammatory cells or the quan-
tification of the growth factors. It is necessary to clarify
these in the future. Pre-stage experiments, including ani-
mal experiments as well as other studies, should also be
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repeated with the goal of transferring findings into clini-
cal applications.

In conclusion, to develop a method for preventing
esophageal ESD post-ulcer scar stenosis, AE cells
were transplanted and evaluated in animal experi-
ments. Transplantation of AE cells significantly pro-
moted EMRC ulcer epithelialization. This may have con-
tributed to the promotion of epithelialization through the
activation of growth factors and the promotion of cell
differentiation by AE cells. This study suggests that AE
cell transplantation is a potential method for preventing
post-ESD ulcer scar stenosis.
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