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mesenteries that contain lymph vessels and nodes. After resection of the diseased organs, the defect of
the gastrointestinal conduit is replaced with organs located downstream, such as the stomach and
jejunum. However, esophageal and gastric reconstruction using these natural substitutes is associated
with a diminished quality of life due to the loss of the reserve function, damage to the antireflux barrier,
and dumping syndrome. Thus, replacement of the deficit after resection with the patient's own regen-
Tissue engineering erated tissue to compensate for the lost function and tissue using regenerative medicine will be an ideal
The stomach treatment. Many researchers have been trying to construct artificial organs through tissue engineering
The esophagus techniques; however, none have yet succeeded in growing a whole organ because of the complicated
Organoid functions these organs perform, such as the processing and absorption of nutrients. While exciting re-
sults have been reported with regard to tissue engineering techniques concerning the upper gastroin-
testinal tract, such as the esophagus and stomach, most of these achievements have been observed in
animal models, and few successful approaches in the clinical setting have been reported for the
replacement of mucosal defects. We review the recent progress in regenerative medicine in relation to
the upper gastrointestinal tract, such as the esophagus and stomach. We also focus on the functional
capacity of regenerated tissue and its role as a culture system to recapitulate the mechanisms underlying
infectious disease. With the emergence of technology such as the fabrication of decellularized constructs,
organoids and cell sheet medicine, collaboration between gastrointestinal surgery and regenerative
medicine is expected to help establish novel therapeutic modalities in the future.

© 2020, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

The accumulation of understanding about the spread of cancer
cells and a continuous desire to cure patients with gastrointes-
tinal malignancies have established the main principles of sur-
gical strategy, so called “en bloc” resection. This consists not only
of the resection of the involved organs, but also the simultaneous
resection of surrounding or adjacent mesenteries that contain
lymph vessels and nodes. For upper gastrointestinal malig-
nancies, the whole esophagus or a large part of the stomach is
often resected in “en bloc” strategy. After the resection of these
organs, the defect of the gastrointestinal conduit is replaced with
organs located downstream: the stomach is often used as a
substitute after esophagectomy and the jejunum is often used
after gastrectomy. However, the esophageal and gastric recon-
struction using native substitutes, such as the stomach and
jejunum, are associated with a diminished quality of life due to a
loss of reserve function, damage of the antireflux barrier, and
dumping syndrome. In addition, resection or utilization of these
organs as native substitutes leads to a drastic change in food
intake and the nutritional state and patients often suffer from
small stomach symptoms, weight loss, and malnutrition.

Regenerative medicine is an upcoming concept involving the
repair or regeneration of tissue/organ deficit caused by disease,
surgical removal, and trauma using processed cells/tissues ob-
tained from the patients themselves or other healthy donors. The
regeneration of upper gastrointestinal tracts could contribute the
quality of life of patients with upper gastrointestinal malignancies
and could expand the possibility of general surgery. We review the
recent progress in regenerative medicine, especially in relation to
the upper gastrointestinal tract, such as the esophagus and
stomach.

Cell source

- Epithelial cell
- Mesenchymal stem cell
- Organoid

+ Artifical materials
+ Biologically-derived

« Partial defect model
* Circumferential defect model

Fig. 1. The main element for tissue engineering in gastrointestinal tract. Most studies
have used scaffold with cell sources and/or bioreactors in replacement for partial
defect or circumferential defect animal model.

2. Tissue engineering technique

Many researchers have been trying to construct artificial organs
through tissue engineering techniques. The primary elements of
the construction often consist of scaffolding, cell sources and bio-
reactors, which are involved in several steps [1] (see Fig. 1).

Epithelialization on the inner surface of artificial scaffolds is
crucial to maintaining patency, create a protective barrier, and
remodel tissues [2]. Autologous cells are often used as a cell source
because immune rejection would not occur and immunosuppres-
sive agents not needed [3—5]. Mesenchymal stem cells (MSCs) is
also used as potential cell source for epithelial and smooth muscle
regeneration [6—9], because they are easy to obtain and have the
capacity to differentiate into both epithelial cells and muscle cells.

In addition to the cellularization of implanted cells, the main-
tenance of the tubular configuration is important for the regener-
ation of the esophagus [10]. Scaffolds are used in the regeneration
of esophagus to retain the organ's mechanical and bioactive prop-
erties, such as cellular attachment, proliferation and differentiation.
Two types of scaffolds have been reported, one is made from arti-
ficial materials, the other is biologically derived. The ability of both
types to support cellular attachment, proliferation, and differenti-
ation has been well investigated [11]. These scaffolds are also ex-
pected to promote native tissue stem cell migration and
remodeling into the site. In particular, biologically-derived acellular
tissue scaffolds, such as the decellularized small intestinal sub-
mucosa (SIS), have the advantage of retaining the natural archi-
tecture of extracellular matrix (ECM), enhancing epithelial cell
attachment, furthermore, they contain vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (FGF), which pro-
mote the vascularization of an implanted graft [12,13].

Bioreactors are other important factor for supplying vasculari-
zation into tissue-engineered organs because the regenerated or-
gan requires new blood vessels for nutrient exchange in order to
maintain viability [14]. Many researchers have used a donor
omentum to provide a blood supply by wrapping the regenerated
organ [5,15—17].

3. Regeneration of the esophagus

The esophagus might be a promising gastrointestinal organ for
regenerative medicine because of its relative simplicity: the
esophagus has a tube-like muscular structure, the function of
which is to convey the meal from the pharynx to the stomach via
peristalsis. Furthermore, most of the epithelium consists of simple
squamous cells and does not have any function of secretion of
digestive juice.

Most reports thus far have described the regeneration of part of
the esophageal wall or the replacement of the whole circumfer-
ential esophagus [10,18], however, a replacement for a fully
circumferential and full wall-thick segment of the esophagus is still
challenging (Table 1) [3—5,7—-9,15—17,19—-37].

Recently, Luc et al. reported successful esophageal replace-
ment in a large animal model [36]. They established a tissue-
engineered esophagus using a decellularized porcine esophagus
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as a scaffold, that was recellularized with adipose tissue-derived
stem cells sheets, with the omentum used as bioreactor. These
constructs were transplanted in a porcine model after the
resection of the full-thickness circumferential abdominal esoph-
agus with end-to-end anastomosis. Five of 6 animals survived at
the end of the 5-week follow-up period, although all these ani-
mals had postoperative complications such as stenosis and ab-
scess formation.  Histopathological = analyses  showed
cellularization with a preserved architectural structure of the
mucosal and submucosal layers; however, the muscular layer was
almost absent.

More recently, two sophisticated procedures have been re-
ported. Urbani et al. reported a two-staged bioengineering pro-
cedure for constructing a layered esophagus [38]. In the first step, a
decellularized rat esophagus was seeded with human mesoangio-
blasts, which are known to differentiate toward smooth muscle
[39], mouse fibroblasts, and murine neural crest cells. The con-
structs were cultured in dynamic conditions that improve muscle
layer formation and differentiation and then were implanted in the
omentum. These scaffolds were harvested 1 week after implanta-
tion, and seeded with rat esophageal epithelial cells in the second
step. They concluded that this two-staged seeding approach
allowed in vitro and in vivo smooth muscle maturation, graft neo-
vascularization and epithelial cell engraftment.

Takeoka et al. reported on esophagus regeneration using the
novel technology of bio 3D printing [37]. They created scaffold-free
structures consisting of multicellular spheroids containing a

mixture of cell types, including human dermal fibroblasts, esoph-
ageal smooth muscle cells and mesenchymal stem cells using the
Regenova bio-3D printer with the Kensan method (Cyfuse
Biomedical K.K. Japan) [40]. The constructs were transplanted using
an interposition procedure with suturing between the esophagus
and stomach. All animals survived and none developed complica-
tions after transplantation. A histopathological analysis revealed
alpha smooth muscle actin (SMA) positive cells in the structure and
the mucosal epithelium covered its inner surface; however, this
was thought to be native rat epithelium extending onto the trans-
planted structures.

4. Regeneration of the stomach

Digestive organs, such as the stomach, the small intestine, and
the colon, have highly complicated functions such as the processing
and absorption of nutrients, the transport of content and the
elimination of enteral waste. As there are various hurdles to
regenerate these organs in their entirety, the regeneration of these
organs has mainly focused on the fabrication of the epithelial
component.

Because of the variation of the epithelial component and
complexity of muscular layer, the regeneration of whole gastric
wall of multilayered structure has not been achieved yet. The study
design of regeneration of the stomach has two aspect: regeneration
of epithelial lineage itself and physiological reinforcement of gastric
wall. This is in clear contrast to the regeneration of the esophagus in

Table 1

Animal models for regeneration of the esophagus.
Year Author Animal Portion Cell source Scaffold Bioreactor Outcome
Partial-thickness defects model
2005 Badylak SF[20]  canine Cervical - UB-ECM (porcine) - no stenosis
2006 Ohki T [21] canine Chest mucosal epithelial cell (sheet) — — no stenosis
2007 Sakurai T [22] porcine Chest buccal keratinocyte (injection) - - no stenosis
2009 Nieponice A [23] canine Cervical - UB-ECM (porcine) - no stenosis
2011 Honda M [24] canine abdominal adipose tissue-derived cell (injection) — — no stenosis
2013 Nieponice A [25] rodent Cervical bone marrow-derived cell UB-ECM (porcine) - no stenosis
Full-thickness, partial defect model
2000 Badylak SF[26]  canine Cervical — UB-ECM (porcine) — no stenosis
2001 Isch JA [27] canine Cervical — decellularized collagen (human) — no stenosis
2002 Komuro H [6] porcine Chest (autologous epithelium remained) collagen sponge - no stenosis
2003 Grikscheit TC [17] rodent Abdominal esophageal organoid unit biodegradable polymer tube Omentum unobstructed
2004 Lynen JP [28] rabbit Abdominal — polyvinylidene fluoride (PVDF) mesh — no stenosis
2004 Lynen JP [28] rabbit Abdominal — polygractin910 (Vicryl) mesh — anastomotic leakage
2005 Badylak SF[20]  canine Cervical - UB-ECM (porcine) - stenosis
2006 Lopes MF [29] rodent Cervical — SIS-ECM (porcine) — no stenosis
2007 UritaY [18] rodent Abdominal — gastric acellular matrix (rodent) omentum no stenosis
2009 Wei RQ [7] canine Cervical oral mucosal epithelial cells SIS-ECM (porcine) - no stenosis
2013 Tan B [10] canine Cervical MSC SIS-ECM (porcine) - no stenosis
2015 Diemer P [30] rabbit Abdominal — poly-e-caprolactone mesh — pseudodiverticulum
2016 Park SY [12] rabbit  Cervical MSC poly-e-caprolactone mesh - no stenosis
2017 Okuyama H [31] canine Abdominal — In-body tissue architecture - no stenosis

Full-thickness, circumferential defect model

2000 Saito M [32] rodent Cervical split-thickness skin

2000 Badylak SF[26]  canine Cervical —

2003 Grikscheit T [33] rodent Abdominal esophageal organoid unit
2007 UritaY [18] rodent Abdominal —

2008 Nakase Y [19] caninne Chest keratinocyte, fibroblast,
smooth muscle tissue

porcine Cervical -

porcine Cervical —

rodent Cervical MSC

porcine Cervical oral mucosa, myoblast
porcine Abdominal MSC

porcine Abdominal —

rodent Abdominal dermal fibroblasts,

smooth muscle cells, MSC

2009 Doede T [34]
2010 Gaujoux S [35]
2014 Sjoqvist S [11]
2015 Poghosyan T [8]
2017 Catry ] [36]
2018 Luc G [37]
2019 Takeoka Y [38]

collagen sponge + silicone latissimus dorsi no stenosis

membrane muscle

SIS-ECM (porcine) — stenosis
biodegradable polymer tube Omentum stenosis
gastric acellular matrix (rodent) omentum asphyxation
amniotic membrane + polyglicolic acid felt omentum no stenosis
SIS-ECM (porcine) - stenisos
allogenic aorta — no stenosis
esophageal ECM (rodent) — no stenosis
SIS-ECM + amniotic membrane omentum no stenosis
SIS-ECM (porcine) omentum stenosis
esophageal ECM (porcine) omentum stenosis
bio 3D printer omentum no stenosis

Table 1 modified from Kanetaka K, Surg Today, 2018.
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which the regeneration of the whole esophagus or part of the
esophageal wall were attempted.

The regeneration of the epithelial lineage of the stomach is
achieved from various cell origins ranging from adult cells or tissue
stem cells to organoids (Table 2) [32,41-54] (see Fig. 2).

The evaluation has been done not only by immunohistochem-
istry for various epithelial marker, but also through functional
analysis of these established epithelial cells. In addition, these re-
generated cells were reported to be useful tool to investigate the
pathological process in the infection of Helicobactor pylori (HP),
which is clinically important pathogen of chronic gastritis and
gastric carcinogenesis.

Another direction of the study is physiological reinforcement of
gastric wall. There are several reports described bioengineered
gastrointestinal sphincteric constructs [55—58], however, regener-
ation of gastric wall with peristaltic movement has not been
established. The regeneration therefore has been mainly focused on
restoration of a partial defect of gastric wall.

4.1. Regeneration of the gastric epithelium

The gastric epithelium is anatomically divided into two major
functional regions. The corpus and the antrum each have a unique
repertoire of epithelial lineage: parietal, chief cells mainly reside in
the corpus, and surface mucous pit and mucous neck cells in both
the antrum and the corpus, with endocrine cells located
throughout the whole stomach [59]. As these cells are thought to be
progeny from unique stem cells, the regeneration of the gastric
epithelium has been described in the context of research on the
allocation of stem cells.

4.1.1. Regeneration from tissue-derived organoid unit

The first fabrication of tissue-engineered stomach (TES) was
reported by Grikscheit et al., who had previously established tissue-
engineered small intestine or colon from organoid units [60,61].

They developed stomach organoid units from full-thickness rat
stomach, and then loaded them onto synthetic biodegradable
polymers as a scaffold. The structures were implanted into the rat
abdomen with wrapping by the greater omentum as a bioreactor
[32]. The constructed TES appeared as a cyst with a single-lumen
wrapped in omentum, and a diameter of 30—50 mm. A histo-
pathological analysis showed the internal surface of the TES lined
by epithelium, and immunohistochemistry revealed that these
“neomucosa” included various cell lineages, such as mucous sur-
face, mucous neck, and parietal cells. In addition, alpha SMA posi-
tivity was detected in the muscularis layer, indicating that the
native stomach histology was maintained in the TES.

Maemura et al. generated a TES from the neonatal rat glandular
stomach using the methods described by Grikscheit [41]. After
construction of the TES in the abdomen, they proceeded to a second
operation in which the native stomach was replaced by the TES
with end-to-end anastomosis between the native esophagus and
the jejunum. Six of 10 recipient rats survived for the entire study
period of 12 weeks. The upper gastrointestinal tract study did not
show any signs of stenosis or obstruction, and orally injected
barium could pass through the TES into the connected small in-
testine. Histopathological studies demonstrated that the TES had
continuous, well-developed neomucosal and smooth muscle
layers. Interestingly, they found that the local structure was better
in this replacement manner than their previous model rats for
which side to side anastomosis was performed without removal of
the native stomach, in which the overall structures of the submu-
cosal and smooth muscle layers were not stratified [42]. They
concluded that the movement of the luminal content was impor-
tant for the development of the neomucosa and the directionality
of the smooth muscle layer.

4.1.2. Regeneration from tissue stem cells
Stem cells are thought to maintain tissue renewal not only in
generating clonal, multipotent stem cells in infrequent symmetric

Table 2
Regeneration of gastric mucosa.
Year Author Animal Cell source Scaffold Bioreactor type of regenerated epithelium Functional
analysis

2003  Grikscheit T [33] rodent resected tissue from the biogradable polymer omentum mucous pit, mucous neck, -
antrum parietal

2003 Maemura T [43] rodent resected tissue fromthe biogradable polymer omentum mucous, smooth muscle —
antrum

2004 Maemura T [44] rodent resected tissue from the biogradable polymer omentum mucous, smooth muscle-like -
antrum cell

2008 Maemura T [45] rodent resected tissue from the biogradable polymer omentum mucous, parietal, G, smooth -
antrum muscle-like cell

2009 Sala FG [46] swine resected tissue from the biogradable polymer omentum mucous, smooth muscle -
antrum

2010 Barker N [47] rodent Lgr5+ve cell 3D culture mucous pit, mucous neck, chief, — —

enteroendcrine

2011 Speer AL [48] rodent resected tissue fromthe biogradable polymer omentum mucous, chief, parietal cell, —
antrum enteroendocrine

2010 Stange DE [49] rodent Troy+ chief 3D culture mucous neck, chief - -

2013 Katano T [50] rodent resected tissue from the 3D culture mucous pit, enteroendocrine - -
antrum

2014 McCracken KW [51]  human iPS 3D culture mucous pit, enteroendocrine H.Pylori infection -

2015 Bartfeld S [52] human resected tissue from the 3D culture mucous pit, mucous neck, chief, H.Pylori infection -
corpus enteroendcrine

2015 Schumacher MA [53] rodent resected tissue from the 3D culture mucous pit, mucous neck, chief, acid secretion
fundus parietal, D

2015 Noguchi T [54] rodent ESC 3D culture mucous pit, mucous neck, chief, acid & pepcinogenC secretion —

parietel, enteroendcrine, G

2016 Schlaermann P [55]  human resected tissue from the 3D culture mucous pit H.Pylori infection -
corpus

2017 McCracken KW [56]  human iPS 3D culture mucous pit, mucous neck, chief, acid secretion -

parietel, enteroendcrine
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Fig. 2. The regeneration of the gastric epithelial cells. The regeneration of the
epithelial lineage of the stomach is attempted from various cell origins such as tissue-
derived organoid unit and pluripotent stem cells.

division but also in generating various epithelial lineage daughter
cells in frequent asymmetric division. Recent lineage-tracing
studies have inferred the existence of multipotent stem cells in
the small intestine and colon [62]. Stomach epithelial cells are also
fueled from these stem cell populations, as is observed in the colon,
and several stem cell markers of the gastric epithelium have been
reported thus far [47,63—65].

Barker et al. identified the orphan G protein-coupled receptor,
Lgr5 as a marker of active stem cells in the small intestine and colon
[64,66]. They also showed that an Lgr5-positive population was
actively proliferating and has stem cell potential in the stomach
[45]. These Lgr5-positive cells are located in the bottom of glands,
contrary to expectation that stem cells might be located in isthmus
where cellular proliferation is most predominant. They could suc-
cessfully establish a long-term culture system of isolated Lgr5-
positive cells in Matrigel, which contain EGF, Noggin, R-Spondin]1,
and which show strict dependence on Wnt3A. In this system, they
found that a single Lgr5-positive population efficiently generated
gastric organoids that resembled the mature antral epithelium
lineage, including mucin6 and pepsinogen C positive cells. In
addition, they could regenerate mucus neck cells and enter-
oendocrine cells when controlling the Wnt3A concentration in the
culture media.

In contrast to Barker, who established gastric organoids with a
pyloric lineage, Stange et al. regenerated gastric organoids with a
corpus epithelial lineage [47]. They found that Troy, which is
thought to be a receptor for lymphotoxin S [67], is expressed by a
small subset of both chief cells and parietal cells located at the
bottom of the glands of the corpus; however, only Troy-positive
cells with chief cell marker were capable of generating gastric
organoids and could produce all epithelial lineages present in the
corpus. Furthermore, with the removal of several growth factors,
such as Fgf10, Noggin and Wnt3a, the upregulation of pit cell
markers was found. Their results indicated the regenerative ca-
pacity of the Troy-positive derived organoids with respect to the
corpus-specific lineage. However, they did not detect the expres-
sion of markers of parietal cells, which mainly reside in the corpus.

The difficulty in developing parietal cells was also implied by
Speer et al., who generated a TES from murine glandular stomach
[46]. They demonstrated well-developed gastric epithelium in the
TES with the presence of mucous cells, enteroendocrine cells, and
chief cells. However, they only detected parietal cells in 2 out of 15

TESs, and more importantly, these two TESs had a well-developed
epithelium with all four differentiated cell types.
Tissue-engineered organs have often been analyzed with
respect to the RNA expression or immunofluorescence study using
cell lineage-specific markers. The functional capacity of organoids
was first demonstrated by Schumacher et al., who established
gastric fundic-derived organoid cultures in humans [51]. They
introduced two model system. Model 1 provided a stem cell-like
niche in order to expand the gastric fundic stem cells. In Model 2,
to obtain robust numbers of surface pit, mucous neck, and chief
cells, established organoids were maintained in co-cultures with
immortalized stomach mesenchymal cells. The organoids also
expressed specific markers for parietal cells, H+K+-ATPase and
histamine induced a significant decrease in the intraluminal pH,
and omeprazole treatment could reverse it. These results indicated
the functional activity and regulation of parietal cells in the TES.

4.1.3. Regeneration from pluripotent stem cells

Induced pluripotent stem (iPS) cells, which are made from hu-
man adult tissues, have remarkable characteristics, including the
ability to self-renew and differentiate into all types of adult cells,
such as gastric epithelial cells [68,69]. The first report describing
the de novo generation of gastric mucosa from human iPS cells was
by McCracken et al. [49]. They showed that the temporal manipu-
lation of the FGF, WNT, BMP, retinoic acid and EGF signaling
pathway and 3D growth could generate gastric organoids from iPS
cells. Their organoids showed antral lineage cells, such as mucous
secreting cells and endocrine cells. As they could not find cell types
associated with the fundus/corpus, such as parietal cells, their
organoids could only differentiate into the antrum/pylorus lineage
and the generation of the whole region of stomach, including the
corpus from the pluripotent stem cells, had not been demonstrated.

Noguchi et al. first reported the differentiation of both corpus
and antral cell lineages with a functional digestive enzyme and acid
secretion from pluripotent stem cells [52]. Their murine embryonic
stem cell-derived stomach tissue shared a similar gene expression
profile to the adult stomach. In immunohistochemistry, their
organoid exhibited development of an epithelium with a glandular
structure, which included chief, parietal, pit cells, and enter-
oendocrine cells. Moreover, they could demonstrate the functional
activity of both chief and parietal cells by measuring the production
of pepsinogen C from chief cells in organoid culture medium, and
the reduction of the pH of the medium in response to histamine
stimulation.

Efficient methods to increase parietal cell populations have re-
ported by McCracken et al. [54]. Using various signals to direct
differentiation in vitro, they generated a gastric organoid with
fundic cell types via posterior foregut progenitors from human iPS
cells. Their gastric organoids contained both surface mucous cells
and mucous neck cells. Furthermore, these exhibited the RNA
expression of both the chief cell and parietal specific transcription
factor. In addition, using pH-sensitive dye with real-time confocal
microscopy, they found marked decreases in luminal pH in
response to histamine, which was blocked by an H2 antagonist or
an H+K+-ATPase antagonist.

4.2. Helicobactor pylori infection model

The purpose of the regeneration of the stomach is not only to
compensate for organ defects but also to establish an appropriate
culture system for infectious diseases, such as HP (Table 2). It is very
important to understand the detailed mechanisms that trigger
gastric cancer initiation in patients with HP infection; however, a
lack of suitable animal models has hampered the recapitulation of
the exact process of carcinogenesis induced by HP. If we could
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obtain a primary cell culture system to assess the early effects of HP
infection on healthy gastric epithelial cells, it will help to elucidate
the precise mechanism of the carcinogenetic action of HP [49]
[50,70,71].

Bartfeld et al. used human organoids established from human
gastric corpus epithelium [50]. After confirming the presence of
various cell lineages, such as mucous and chief cells, they micro-
injected HP into the lumen of organoids to analyze the primary
response of the human epithelium to HP. In a microarray analysis,
they found highly upregulated genes targeting the NFKB pathway,
which is known to be activated in HP infection [72—74].

McCracken et al. also microinjected HP into the lumen of the
epithelium of gastric organoids and measured epithelial signaling
and proliferation [49]. Injected epithelium showed robust prolif-
eration with phosphorylation of c-Met, which is target of HP viru-
lence factor CagA, which is translocated into host cells and
implicated in the process of malignant transformation [75]. These
results indicated the feasibility of using gastric organoids to eluci-
date the initial events of human gastric disease mediated by HP.

4.3. Reinforcement of the gastric wall

In addition to the functional regeneration of epithelial lineage of
the stomach, there are some reports on physiological reinforcement
of a partial gastric wall with tissue engineering techniques (Table 3)
[6,76—80]. After successful repair of the esophagus and trachea
[81,82], Hori et al. applied tissue engineering technology to repair
gastric wall defects [6]. They constructed a collagen sponge scaffold
from collagen extracted from pig skin and reinforced it with poly-
glycolic acid felt. A partial defect in the anterior wall of the stomach
in dogs was covered with collagen sponge scaffold and wrapped
with omentum. At four weeks after the coverage of a stomach
defect, there were no anastomotic problems and various cell types,
such as neutrophils, monocytes and fibroblasts, had migrated into
the site of regeneration. At sixteen weeks after the operation, the
defect was replaced with a layer of firm connective tissue, and its
inner surface was totally covered with the stomach mucosa.
However, in their system, the luminal silicone sheet had to be
removed to accelerate mucosal regeneration.

Ueno et al. used a cell free scaffolding material, Porcine-derived
small intestinal submucosa (SIS, Surgisis ES, Cook Biotech, LaFay-
ette, Ind), for closure of gastric wall defects in rats [76]. They found
no evidence of diverticular formation or shrinkage of gastric wall
defect with Surgisis. A histopathological examination revealed that
the grafted area was covered by the mucosa and smooth muscle
and fibrosis with neovascularization was observed. They also
explored the tonic contraction of muscle strips harvested from the
grafted area in response to the application of carbamylcholine
chloride and the amplitude in electrical field stimulation. Inter-
estingly, the addition of MSCs to SIS resulted in the improvement of
regeneration in comparison to an SIS graft alone, as it enabled the
development of well-structured smooth muscle layers.

Araki et al. also established a cell-free scaffold consisting of two
layers: one was an outer layer of collagen scaffold that acted as a
temporary scaffold for host-tissue regeneration; the other was
PDLCL, a biodegradable copolymer that act as a temporary stent for
protection of the collagen scaffold from degeneration due to con-
tact with digestive juice [77]. In addition, PDLCL could be dissolved
by hydrolysis and disappeared at 4 weeks after surgery; thus, in-
hibition of the process of mucosal regeneration was avoided.

The use of an SIS scaffold with or without MSCs from the bone
marrow of rats was examined by Nakatsu et al., with the aim of
regenerating a whole-layer stomach defect [79]. A histopatholog-
ical examination revealed a re-epithelialized inner lumen of the
structure with a fibrous submucosal layer. More improved regen-
eration of well-structured smooth muscle layers in SIS grafts was
detected when the graft was seeded with MSCs in comparison to
when it was not seeded with MSCs. They hypothesized that the
secretion of a variety of cytokines and growth factors by MSCs
suppressed the local immune system, enhanced angiogenesis and
stimulated mitosis and that differentiation might play an important
role in the site of regeneration.

More recently, Tanaka et al. used a myoblast cell sheet without
scaffold for the repair of gastric wall defects in a rat model [80].
They demonstrated that myoblast cell sheets could prevent leakage
of the enteral contents. The microscopic findings showed the rapid
recovery of the discontinuation. They also reported that cytokines
secreted from implanted cell sheets might contribute to promoting
the regeneration of the gastric defect.

5. Upper gastrointestinal tract regeneration in humans

No clinical trials of regenerative medicine have been undertaken
for the stomach. In contrast, there have been several clinical trials
on the reconstruction of esophageal tissue for esophageal defects
(Table 4) [83—87]. Nieponice et al. used urinary bladder matrix
(UBM, MatriStem, Acell, Columbia, MD, USA) in a patch esoph-
agoplasty procedure to repair esophageal defects in four patients
with various etiologies [85]. After the procedure, all of these pa-
tients had a partly restored esophageal function. However, this
finding suggests the feasibility of the construct for partial rather
than circumferential esophageal defects. Recently, an intriguing
case was reported in which a 24-year-old patient with long gap
between the pharynx and the mediastinum, due to severe infection
5 years after stabilization of the cervical spine with a metal plate,
underwent placement of a metal stent that was covered by
commercially available extracellular matrix [86]. Although the
stents were removed after 3.5 years, 1 year after stent removal,
endoscopic ultrasonography showed layered structures, such as the
mucosa, submucosa and muscularis propria. Furthermore, high-
resolution manometry showed peristaltic contractive movement
in the neo-esophagus. At 4 years after stent removal, his weight was
maintained with oral diet and he did not report any episodes of
dysphagia. Indeed, “this is the first reported human case in which

Table 3

Reinforcement of gastric wall defect.
Year Author Animal Cell source Scaffold Bioreactor
2001 Hori Y [9] canine - collagen/PGA omentum
2007 Ueno T [73] rodent - SIS-ECM (porcine) n.d.
2009 Araki M [74] Canine bone marrow aspirate PDLCL/collagen/PGA omentum
2011 Maemura T [75] Rodent glandular stomach PGA omentum
2015 Nakatsu H [76] Rodent MSC SIS-ECM (porcine) n.d.
2017 Tanaka S [77] Rodent myoblast - omentum

PGA, Poly glicolic acid; PDLCL, Poly(D,L-lactide) and epsilon-carprolactone.
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Table 4
Human studies for regeneration of upper gastrointestinal tract.
Year Author Portion Disease Patients’ condition Cell source Scaffold Bioreactor Outcome
2011 Badylak SF [80] chest Barett's esophagus circumferential EMR - SIS-ECM (porcine) - no stenosis
mucosal adenocarcinoma
2012 Ohki T [81] chest Squamouse cell carcinoma almost circumferential epithelial cell sheet — — no stenosis
ESD
2014 Nieponice A [82] chest postoperative stenosis Esophagoplasty - UB-ECM (porcine) - no stenosis

2016 Dua KS [83] neck  post-operative

severe abscess

discontinuity between

2017 Yamaguchi N [84] chest

pharynx and esophagus

Squamouse cell carcinoma almost circumferential ESD epithelial cell sheet — —

Platelet-rich plasma skin regenerative tissue sternocleidomastoid no stenosis
matrix (human) muscle
metal stent

no stenosis

Table 4 modified from Kanetaka K, Surg Today, 2018.

the esophagus was regenerated using the principles of tissue en-
gineering: cell source, scaffold, and bioreactor” [10].

In a clinical study, successful regenerative approaches were re-
ported for the prevention of esophageal stenosis after endoscopic
mucosal resection (ESD). Endoscopic treatments such as ESD are an
acceptable option for early esophageal cancer [88—90]; however,
patients who undergo near circumferential mucosal resection often
develop esophageal stricture from a scar ulcer and need to undergo
frequent dilatation [91]. This severely compromises the patients’
quality of life. Badylak et al. applied decullularized matrix to the
ulcer after endoscopic resection for Barrett's esophagus. At four
months after treatment, a histopathological analysis revealed a
complete mature epithelium [83].

Ohki et al. also demonstrated the preventive effect against
esophageal stricture after ESD using an autologous buccal cell
sheet. They performed a clinical study of 10 patients with superfi-
cial esophageal cancer. The transplanted cell sheets composed of
the patients’ oral mucosa using a temperature-responsive culture
dish were applied to the patients’ post-ESD esophageal ulcers
[84,92,93]. They reported that autologous cell sheet transplantation
reduced the re-epithelialization period and could prevent stricture
after esophageal ESD.

Yamaguchi et al. launched a clinical study in order to establish a
transport system for cell sheets in the 1,200 km long distance be-
tween Tokyo and Nagasaki because many centers have neither the
expertise to fabricate cell sheets nor a cell processing faculty (CPF)
at which to conduct the fabrication [87]. Oral mucosal tissue was
harvested from patients at Nagasaki University Hospital 16 days
prior to the scheduled ESD date and was shipped by air to Tokyo.
Oral mucosal epithelial cell sheets produced at the CPF in Tokyo
were packed in a dedicated container after ensuring the absence of
infection and problems associated with survivability and quality.
The fabricated cell sheets were shipped by air to Nagasaki Univer-
sity Hospital. ESD and the transplantation of the cell sheet was
performed and the patient was observed endoscopically every one
to two weeks after the procedure. No stricture was observed at the
fourth postoperative week, and the post-ESD ulcer was completely
epithelized. Our results indicated that even if the local hospital does
not have its own cell processing center, they could perform the
procedure in the clinical setting with the transportation of regen-
erative products.

6. Conclusion and future perspectives

Regenerative medicine has been studied in human in the field of
cardiology and ophthalmology [94—96];however, the regeneration
of digestive organs through tissue-engineering technology has
mainly been studied in animal models.

There are several hurdles facing the regeneration of the whole
component of the gastrointestinal tract. One is its complex

multilayer structure: the epithelium of gastrointestinal tract con-
sists of various cells with distinct function of secretion. The
muscular layer has physiological movement, such as generating
rhythmic peristaltic waves and contractile activity to transport, mix
and grind food. The gastrointestinal tract also has complex vascu-
lature and well-coordinated domination by the autonomic nervous
system.

To regenerate this multicellular and complex construct, the
integration of additional cell types such as endothelial cells and
myofibroblasts might be an effective strategies [97]. Takebe et al.
generated vascularized human liver by transplanting liver buds
consisting of human iPS, mesenchymal stem cells and human
umbilical vein endothelial cells [98]. Using cell sheet technology,
Sakai et al. established the engineered hepatocyte/fibroblast sheets
using layer-by-layer culture system [99,100].

The unstable quality of cells and difficulty associated with mass
production are other obstacles, as the fabrication of regenerative
product are still dependent of manual techniques performed by
skilled workers. Therefore, to improve the prevalence of regener-
ative medicine in clinical practice, mass production and stabiliza-
tion of product quality is an important issue to be resolved.
Recently, several automated cell culture systems have been devel-
oped and these are expected to promote the popularization of
regenerative medicine [101,102].

In 1913, Franz John A. Torek reported a 67-year-old female pa-
tient who underwent esophagectomy for esophageal cancer [103].
The reconstruction of gastrointestinal conduit was not performed,
and the extracorporeal cervical esophagogastric tube was used in
place of the whole esophagus. Despite the impairment of the
esophageal function, enough nutrition was supplied via the mouth
to the stomach through the rubber tube and this patient surpris-
ingly survived 12 years. Over 100 years after this first successful
surgical treatment for esophageal cancer, the U.S. Food and Drug
Administration (FDA) has approved the Investigational New Drug
(IND) application of Biostage, an American biotechnology company,
for the Cellspan Esophageal Implant (CEI), a scaffold seeded with
patients' own cells, to treat patients with esophageal cancer
(https://www.biostage.com/). The CEI will be implanted into the
resected esophagus, which essentially removes the entire esoph-
agus and replaces it with native substrate. This regenerative
product may be able to improve the quality of life in patients after
esophagectomy and enable the regeneration of the patient's own
esophagus. Although results concerning this product have not yet
published, the introduction of regenerative medicine into gastro-
intestinal surgery in the near future is eagerly awaited.
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