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Introduction

The esophagus presents the unique feature of involving stem cells (SCs) in a wide
spectrum of events even from its embryonic development to the complicated esoph-
ageal diseases, as well as the esophageal tumorigenesis. The scientific progress dur-
ing years in the field of stem cells (SCs) was taking place in strong relationship to
the evolution of our experience about esophageal pathophysiology. For instance, an
observation about stem cells behavior could be a stimulus for a therapeutic implica-
tion in an esophageal disease or vice versa, and an expression of molecular markers
in an esophageal disease could be extremely crucial for a discovery of a pathway in
stem cells signaling. This strong association has been continued for years, and it
seems that it will be maintained in the future too.

In this chapter, we will present all the recent data about the contribution of stem
cells to the esophageal development and maintenance of esophageal homeostasis. In
addition, we will demonstrate the regulatory effect of stem cells on the benign dis-
eases of the esophagus as well as their role in esophageal tumorigenesis and mes-
sage transportation between cancer stem cells. Finally, we will show several possible
molecular therapeutic targets that are based on the SCs metabolic pathways as well
as the new applications of SCs technology in creating tissue-engineered esophageal
scaffolds that could replace natural esophagus due to a variety of reasons that lead
to esophageal destruction.
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Stem Cells Are the Main Factors of Esophageal Homeostasis

The esophagus is derived from the anterior portion of the developmental intermedi-
ate foregut, which is a structure that also gives rise to other organs like the trachea,
lung, and stomach. The separation of the esophagus from the trachea is ensured by
Sox2, which is a key family member of SRY (sex-determining region Y)-related
transcriptional factors and is essential for maintaining self-renewal and pluripo-
tency in ESCs [56]. The absence of Sox2 expression has been associated with
esophageal atresia and tracheoesophageal fistula [122]. In addition, except from its
role in esophagus separation from the respiratory organs, Sox2 contributes to the
esophageal basal progenitor cells proliferating and differentiating into squamous
superficial epithelial cells in adult esophagus [33].

Nevertheless, a homolog of the tumor suppressor and transcription factor p53,
p63 is the most potent regulator of the differentiation of simple columnar into squa-
mous epithelium [17]. The esophageal epithelium in mouse models with negative
expression of p63 remains columnar, exactly like the skin epithelium. Furthermore,
a large portion of the esophageal epithelial cells with negative p63 expression is
characterized by the presence of multi-cilia. It has been reported that ciliated epithe-
lial cells are present in developing the esophagus, highlighting that epithelial dif-
ferentiation is arrested when there is a mutation in p63 expression in esophageal
cells.

Two transcriptional factors of the Kriippel-like factor (KIf) family also contribute
to the maintenance of homeostasis in the adult esophageal epithelium. The expres-
sion of KIf5 seems to be restricted to the basal layer and regulates progenitor cells
proliferation. If a transgenic overexpression of KIf5 is caused in the esophageal
epithelium, a twofold increase in the proliferation rate would take place, without
any other disturbance of the esophageal epithelium functionality [93]. On the con-
trary, K1f4 is expressed in the suprabasal cell layer of the esophageal epithelium and
plays a crucial role in cell differentiation. KIf4 deficient mice present impaired dif-
ferentiation and increased proliferation leading to dysplasia.

Another very important factor to the esophageal epithelium homeostasis is the
Notch signaling pathway. In vitro organotypic cultures and in vivo mouse models
have shown that Notch signaling through the transcriptional factor CSL is required
for human esophageal epithelial differentiation, especially factors NOTCHI1 and
NOTCHS3 [43]. The key role of Notch signaling has been also underlined by studies
that have demonstrated a relationship between mutations in the Notch signaling
pathway and ESCC. Upregulation of Notch pathway components (D113, Jag2, and
Hes5) was observed in a mouse model that leads to increased esophageal precursor
cell differentiation after chemical inducement of endoplasmic reticulum (ER) and
following unfolded protein response (UPR) activation due to thapsigargin treatment
[94]. Thapsigargin is a plant-derived inhibitor of cell proliferation through ER stress
inducement that leads to increased cell differentiation and upregulation of different
Notch signaling pathway components. In addition, UPR after increased ER stress
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serves as a regulatory mechanism that forces progenitor cells with accumulated
unfolded proteins to initiate differentiation.

The basal layer of the esophageal progenitor cells is not homogeneous. Mouse
models demonstrate that the esophageal basal epithelial cells present a scaled poten-
tial of stemness depending on the expression of two SCs markers: o integrin and
transferrin receptor CD71. According to these models, there are three subpopula-
tions of basal cells: one that presents o integrin"" and CD71'°% expression, which
is a minor subpopulation of small and undifferentiated cells that are full of label-
retaining cells and represent a putative esophageal stem cell population. On the
other hand, basal cells that express both o integrin™€" and CD71"e" levels are the
majority of the esophageal basal cells and represent a transit-amplifying population
as it is enriched of actively cycling cells. Finally, basal cells that present o integrin-
low and CD71%eh Jeave the basal cell layer and differentiate [15].

However, there is an arguing statement against the heterogeneous hypothesis,
which claims that the normal esophageal epithelium is generated by a single and
homogeneous population of progenitor cells. More specifically, every basal cell
possesses equal potential of self-renewal and differentiation into squamous cell.
During periods that esophageal epithelium is guided by homeostatic mechanisms,
cell production and cell loss are balanced as proliferating basal cells create equal
proportion of dividing and nondividing cells. On the contrary, when an injury hap-
pens, basal cells that are adjacent to the site of injury generate more proliferating
cells until the injury is repaired (Fig. 1) [24].

The distribution of esophageal epithelial cells into layers and functional groups
does not seem to be of great importance, due to the proven remarkable plasticity for
self-renewal that the esophageal epithelial cells present in ex vivo wounding
response models and in vivo mouse models. Undoubtedly, proliferation and mitotic
activity are higher in the interpapillary basal layer and lower superficially toward
the tip of the papilla. On the other hand, the orientation of mitosis is random linearly
through the basal layer, and the cell divisions are not restricted to specific cell com-
partments. The expression of epithelial and progenitor cell markers such as EpCAM
and CD34 determines the accumulation of epithelial cells into distinct populations,
but there is no difference in self-renewal ability depending on the presence of each
cell as unique or into a population. In 3D organotypic cultures, all esophageal epi-
thelial cells were capable of restoring the architecture of the tissue they came from,
and the main factor of successful result was the number of cells plated in the culture
rather than the cell type [4].

Our attempt to investigate the principles of esophageal stem cells has led to the
development of mouse models in order to make research easier, but we have to keep
always in mind that there is a number of obvious differences between mouse and
human esophageal epithelia [16]. Firstly, human esophageal epithelium has more
cell layers than mouse epithelium. Secondly, the basement membrane of the human
esophagus is thrown into folds by submucosal projections, called papillae, just like
the human skin. In addition, there are mucosal and submucosal glands in the human
esophagus that are not observed in the mouse esophagus. Furthermore, the transi-
tion from the proliferating compartment to the differentiating compartment is more
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Fig. 1 The contribution of basal progenitors to epithelial self-renewal during homeostasis and in
response to injury in the esophagus [5]

abrupt in the mouse esophageal epithelium than in human epithelium, in which
mitoses are taking place five layers above the basement membrane. Finally, cell
turnover in the human esophagus seems to be slower compared to mice. All these
differences show that the distribution of the esophageal epithelial cells into the three
layers of stem cells, transit-amplifying cells, and differentiating cells seems to be
easier in the human esophagus than in mice or rats.

An extremely useful marker for distinguishing human esophageal cancer stem
cells is the low-affinity neurotrophin receptor p75ntr, which is usually expressed in
neural stem cells. Human esophageal epithelial cells with a high expression of that
marker were found to present increased proliferative ability in vitro in comparison
with those with low expression [80]. However, such measures need to be repeated
due to the utilization of passage 2 cells rather than the use of freshly isolated esoph-
ageal cells, because in vitro cultivation influences cell surface markers.

SCs research in adult tissues revealed another quite interesting fact: the ESCs
pluripotency transcriptional factor NANOG is selectively expressed in mouse strati-
fied epithelia presenting a lineage-restricted mitogenic activity. More specifically,
mouse NANOG is expressed in adult esophageal epithelium, where its promoter is
hypomethylated [84]. Generally induced overexpression of NANOG in mouse
models provokes hyperplasia especially in esophageal epithelium, accompanied by
increased cell proliferation through the following mechanism: the exogenously
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overexpressed NANOG activates the mitogenic pathways of the stratified epithelia
via transcriptional factors such as Aurora A kinase (AURKA), and the endogenous
NANOG binds to the AURKA promoter in the primary keratinocytes. Consequently,
overexpression of NANOG or AURKA in mouse models causes increased prolifera-
tion and aneuploidy in esophageal basal cells. Finally, inactivation of NANOG in
cell lines from ESSC results in decreased AURKA expression and diminished pro-
liferation of both basal cells and keratinocytes; hence NANOG and AURKA are
correlated with increased cancer cell proliferation in ESCC.

All the molecular SC mechanisms stated above conserve the goal of maintaining
the homeostasis of the esophagus in embryonic and adult tissues. Sometimes
though, the balanced self-renewal and proliferation of stem and progenitor cells that
are required especially in quickly replenished tissues like the esophagus for achiev-
ing homeostasis are disrupted. A pathological condition that is associated with such
a disruption is eosinophilic esophagitis (EoE), in which basal progenitor cells
become hyperplastic due to proinflammatory stimulation. Once again, a stem cell
mechanism seems to be responsible for the progenitor basal cells’ irregular reaction
to the inflammatory stimulation. Bone morphogenetic protein (BMP) signaling
pathway is essential for epithelial morphogenesis in embryonic esophagus; however
BMP signaling pathway seems to regulate tissue homeostasis and EoE development
in the adult esophagus [37]. BMP signaling was activated in differentiated squa-
mous cell epithelium, on the contrary to basal progenitor cells that express the BMP
antagonist follistatin. Nevertheless, in mouse models BMP signaling was increased
in basal progenitor cells and promoted squamous epithelial cells differentiation. In
addition, BMP activation induced the production of intracellular ROS, initiating an
NRF2-mediated oxidative response during the progenitor basal cell differentiation.
On the other hand, both in human biopsies and in EOE mouse models, high levels of
follistatin and disrupted BMP pathways led to reduced levels of differentiation.
Consequently, BMP signaling pathway is responsible for basal cell differentiation
into squamous epithelium, and EoE is related to a dysfunction of this mechanism
which leads to decreased esophageal squamous differentiation with a consequent
progenitor basal cell hyperplasia.

Except from intrinsic dysregulations that lead to esophageal dysfunction, there
are several exogenous agents that could cause esophageal injury and activate a
repair process by the esophageal epithelium. Severe caustic injury by alkali is a very
common cause of esophageal injury, for the repair of which the intrinsic esophageal
reaction sometimes is not enough. For that reason, ovine esophageal models have
been developed that are utilized for testing the conditions under which viable autol-
ogous esophageal cells could be isolated in order to be used in tissue-engineering
models for the replacement of the injured esophagus by caustic substances. It has
been proven that an esophagus which has been exposed to low concentrations
(2.5%) of NaOH would maintain a relatively large population of viable cells for
tissue-engineering applications [65]. On the other hand, esophagi exposed to greater
concentrations (15-25%) of NaOH could not provide tissue-engineering models
with the required number of viable esophageal cells; thus alternative sources of
esophageal cells should be searched, such as stem cells.
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Even in less extensive injuries than caustic injuries, the esophageal epithelium
presents a regenerative capacity which is based on its feature to maintain a balance
between proliferation and differentiation. The progenitor basal cells proliferate, and
then they migrate outward near luminal surface where they differentiate in squa-
mous cells. An esophageal stem cell population, which is accumulated in the basal
layer, is responsible for this process. This population maintains its capacity for self-
renewal and epithelial reconstruction in both 3D organotypic culture models (in
vitro) and in mouse models (in vivo). The esophageal stem cells both in vivo and
in vitro give rise to undifferentiated and differentiated cells, uncovering the mecha-
nism through which the adult esophagus faces injury insults and repairs itself [38].

Stem Cells in Esophageal Cancer

Esophageal cancer is the eighth most common cancer worldwide and the sixth most
common cause of cancer death in the world. Signs and symptoms of esophageal
cancer rarely present in early stages, so most of the time, this malignancy presents
in advanced stages; thus it is related to low rates of survival (5-year survival
10-25%). In addition, the two main histological types are squamous cell carcinoma
(ESCC) and adenocarcinoma (EAC). Interestingly, the incidence of the two types of
esophageal cancer presents geographic patterns, with ESCC being the most com-
mon type worldwide presenting an incidence of 90%, but it mainly appears in
Asian-belt, including Turkey, Iran, China, Japan, India, and Bangladesh. ESCC has
been associated with tobacco and alcohol consumption, as well as diet traditions
that include ingestion of spicy foods and hot beverages. On the other hand, EAC is
the predominating type of esophageal cancer in the developed continents of the
West, such as Europe and Northern America. EAC has been correlated with abnor-
mal columnar metaplasia of the squamous cell esophageal epithelium and formation
of Barrett’s esophagus (BE) due to chronic gastroesophageal reflux disease (GERD),
which is caused by the life trends of the Western societies such as obesity and mal-
dietary habits [1].

During the recent years, the observations about esophageal tumor behavior in
animal and human studies led to the development of the cancer stem cells (CSCs)
hypothesis. Esophageal cancer is one of the most common death-related cancers
worldwide. CSCs are considered to give esophageal cancer all the features that lead
to greater mortality rates, such as tumor initiation, drug and radiation resistance,
invasive growth, metastatic potential, and tumor relapse [70]. The next goal of the
scientific society is to reveal specific markers in order to distinguish CSCs from
non-CSCs. Esophageal CSCs derived from ESCC are related to increased p-catenin,
Oct3/4, Bl-integrin, miR-296, and miR-200c expression. In addition, aldehyde
dehydrogenase-1 (ALDHI1), Lgr5, and CD44 are useful for sorting esophageal
CSCs [105]. Another very interesting observation is that the esophageal CSCs and
the SCs of the normal embryonic developing esophagus follow the same trait of
both upregulation and suppression of specific genes, so they express the same
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molecular markers, making specific pharmaceutic targeting of esophageal CSCs
extremely difficult [126]. Nevertheless, a fluorescent vector consisting of fluores-
cein ZsGreen fused to the carboxyl-terminal region of ornithine decarboxylase
(cODC) has been used for targeting three chemotherapeutic drugs, AKT inhibitor
XI, ERK inhibitor II, and JAK inhibitor I, which contribute as markers of esopha-
geal CSCs [40]. Finally, except from the correlation of CSCs with the development
of the two most common esophageal cancer types (EAC and ESCC), a less common
type, small-cell esophageal cancer, seems to arise from a pluripotent esophageal
progenitor cell [73].

CSCs development and consequent rise of esophageal carcinoma seems to initi-
ate from a clonal region of paraneoplastic epithelium, a phenomenon called “field
change.” The quantitative analyses of scattered single esophageal epithelial pro-
genitor cells expressing a mutation that inhibits the Notch signaling pathway, which
is frequently inactivated in squamous cancers, demonstrate that cell divisions that
produce two differentiated daughters are no longer present in mutant progenitors. In
addition, mutant clones are maintained and become immortal, promoting the dif-
ferentiation of neighboring wild-type cells, which are then lost from the tissue. As a
result, the entire normal epithelium is replaced by mutant cells, in which Notch
signaling has been disrupted and carrying p53 mutations has been established.
Consequently, the phenomenon of “field change” is considered to be a result of
imbalanced differentiation of individual esophageal progenitor cells [2]. Moreover,
genetic lineage tracing has been used to quantify cell behavior during neoplastic
transformation. It demonstrated that dividing esophageal tumor cells were charac-
terized by an abnormality: more dividing than non-dividing daughters were pro-
duced in every division cycle. Furthermore, in invasive cancers induced by KRAS
expression, a greater portion of the produced cells were dividing than nondividing,
indicating that agents that determine proliferating cells’ fate are the ideal targets for
effective control of tumor growth [24]. The interpretation of the esophageal tumor
growth could be achieved by bioinformatics and computational models, which have
outlined the contribution of the ornithine metabolic pathway in the survival of
chemotherapy-resistant CSCs, indicating possible targets for effective treatments
against developing esophageal cancer [48].

It is well known that dietary habits are strongly associated with esophageal can-
cer. Alcohol consumption has been related to ESCC appearance. Nevertheless, the
molecular events behind this association had never been clarified until the invention
of the CSCs theory. More specifically, consumption and high concentration of etha-
nol in the squamous epithelial cells causes cell damage that usually leads to the cell
death [59]. As a result, esophageal SCs are triggered to proliferate and differentiate
in order to replace missed esophageal epithelial cells. The high rate of esophageal
basal cells proliferation in combination with the carcinogenic effect of acetalde-
hyde, a liver-produced metabolite of ethanol, raises the possibility of a mutation to
the proliferating esophageal progenitor cells and their transformation to esophageal
CSCs, which give rise to invasive and usually fatal esophageal carcinomas [119]. In
addition, another unclarified risk factor that seemed to be correlated with the devel-
opment of esophageal cancer, although the exact mechanisms of that correlation
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have not been specified yet, is the esophageal microbiota. The increase of esopha-
geal adenocarcinoma during the last decades seems to be correlated with the radical
treatments against Helicobacter pylori, because of the protective effect of H. pylori
via IL-1b and TNF-a production against high levels of acid secretion and the antag-
onism against other pathogens that raised their population after H. pylori extinction.
Moreover, specific bacteria, like Bacteroidetes, Proteobacteria, Fusobacteria, and
Spirochaetes, have been correlated with esophagitis and Barrett’s esophagus [118].

Following CSCs hypothesis described above, after CSCs formation at a specific
tissue in the body, tumor dissemination takes part after insertion of CSCs from their
tumor niche to the bloodstream. CSCs maintain the unique ability of epithelial-
mesenchymal transformation. Mesenchymal cells are circulating in the bloodstream
and when they disseminate to specific organs undergo transition again giving rise to
primary tumors in a second tumor niche [14]. This theory of cancer generation is
supported by observations that patients developed esophageal cancer after bone
marrow-derived stem cells (BMSCs) transfusion [39]. In addition, abnormal esoph-
ageal alterations compatible with BE caused by providing a rat model with BMSCs
and GERD products, bile and acid [53]. However, identification of the circulating
CSCs in the bloodstream remains still a challenge, despite the fact that there is a
hematopoietic growth factor, called stem cell factor (SCF), which is diagnostic for
EAC presenting higher diagnostic sensitivity for EAC diagnosis than carcinoembry-
onic antigen (CEA), which is an ordinary esophageal tumor marker [62].

Esophageal cancer develops from CSCs that are located among basal cells and
presents shorter telomeres than adjacent normal tissue, as well as chromosomal
instability in the absence of histological inflammation [103]. This observation has
been used to create immortalized epithelial models that simulate esophageal cancer.
In such a model, in which immortalization of human esophageal epithelial cells was
maintained by human papillomavirus type 16 and human telomerase reverse tran-
scriptase (WTERT), cyclooxygenase-2 (COX-2) seemed to play a crucial role for the
inducement and the conservation of the immortalized cells; thus it would be an ideal
therapeutic target against esophageal carcinoma even in precancerous stage [124].
Furthermore, nestin, which is a member of the class VI family of intermediate fila-
ment proteins and was firstly identified as a protein expressed in progenitor cells of
the central and peripheral nervous system, is another molecule that demonstrated an
elevated expression in ESCC cell lines and an association with poor prognosis in
ESCC patients, as well as a contribution to malignant proliferation and apoptosis of
ESCC cell lines [123]. Finally, epithelial-mesenchymal transition (EMT), which
has been implied in esophageal cancer morphogenesis as mentioned above, is regu-
lated by TGF-p family molecules such as activin A that is strongly associated with
colony formation, increased invasiveness, and cell migration of BE [106].

Several expression products and molecular biomarkers characterize the esopha-
geal CSCs, however, without proven value as diagnostic markers. The most impor-
tant is SOX2, which is a protein belonging to the family of high-mobility group
transcription factors and is pivotal for early development and maintenance of undif-
ferentiated ESCs [90]. Overexpression of SOX2 is responsible for development of
ESCC through a complicated regulatory network of microRNAs, kinases, and
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signaling molecules. In addition, high expression levels of SOX2 are associated
with poor clinical prognosis of ESCC and increased proliferation rates of CSCs
[56]. One possible pathway through which SOX2 promotes in vivo tumor growth of
ESCC is activation of AKT/mammalian target of rapamycin complex 1 (mTORCI)
signaling pathway, which enhances cell proliferation [28]. Furthermore, it has been
shown that ESCC arises from esophageal stem/progenitor cells that are located in
basal layer, and esophageal tumorigenesis driven by SOX 2 requires the interaction
between SOX2 and microenvironment-activated STAT3 [55]. On the other hand,
molecules that take part in SOX2-regulated oncogenic signaling pathways could be
possible targets for pharmaceutic interventions against esophageal tumorigenesis.
LSD1 (also known as KDM1, AOF2, or BHC110) which is a highly conserved fla-
vin adenine dinucleotide (FAD)-dependent, lysine-specific demethylase that was
initially found to specifically remove mono- and dimethyl groups from methylated
histone H3 at lysine 4 (H3K4) to downregulate gene expression could serve as a
selective epigenetic target for therapy in SOX2-expressing cancers [121]. Finally,
except from the two most common types of esophageal cancer, SOX2 is highly
expressed in small-cell esophageal cancer too. SOX?2 overexpression in both small-
cell esophageal cancer and esophageal embryogenesis highlights that esophageal
small-cell carcinoma may arise from embryonic-like stem cells in the esophageal
epithelium. Moreover, the two distinct differentiation patterns (neuroendocrine and
glandular) of small-cell esophageal cancer is an indicator of the crucial role that
SOX2 plays in the differentiation of pluripotent esophageal stem cells into esopha-
geal small-cell carcinoma cells [36].

Notch signaling pathway which is responsible for multiple developmental activi-
ties, including stem cell survival, stem cell fate decision, and regulation of stem cell
self-renewal by cross talk with other cell signaling pathways such as Wnt and
Hedgehog, has been correlated with ESCC initiation, invasiveness, and metastatic
potential. Moreover, Notch signaling has a fundamental role in controlling stem cell
numbers through transcriptional activation of HEY (Hairy/enhancer of split related
with YRPW motif) gene family members. Overexpression of specific products of
Notch signaling pathway, such as HEY1 and HEY?2, in ESCC seems to be associ-
ated with poor clinical prognosis, as well as increased progression and invasiveness
of esophageal tumorigenesis [23]. In addition, Notchl expression in clinical speci-
mens was located in basal cells of esophageal epithelia and was associated with
short survival intervals and high pathological grades of ESCC. On the other hand,
in vitro expression of Notchl in ESCC cell lines was correlated with increased cell
aggressiveness and 5-FU drug resistance [54]. Wnt/B-catenin signaling pathway,
which is parallel to Notch signaling pathway and has similar activity in maintenance
of CSCs leading to poor clinical outcomes, has been associated with ESCC develop-
ment. More specifically, microRNA-942 (miR-942), which is a crucial contributor
to the Wnt/p-catenin signaling pathway, is overexpressed in ESCC leading to poor
prognosis for the ESCC patients. Furthermore, miR-942 promotes esophageal
tumor spheres formation, CD90* subpopulation cells development, and pluripo-
tency markers expression. Another special role of miR-942 is upregulation of Wnt/
B-catenin signaling activity via direct inhibition of sFRP4, GSK3f, and TLEI,
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which are multiple-level negative regulators of the Wnt/p-catenin signaling cascade;
thus miR-942 could be an ideal therapeutic target for future treatment attempts
against esophageal cancer [26]. Additionally, WNT10A, which is another product
of Wnt signaling pathway, is overexpressed in ESCC leading to poor clinical out-
comes; promotes migration, invasion, and proliferation of transformed esophageal
cells; induces a greater CD44heh/CD24'°% population, which are putative markers of
cancer stem cells; and increases self-renewal capability of ESCC cells [57].

Aldehyde dehydrogenase-1A1 (ALDHIAI) is overexpressed in esophageal
CSCs that initiate and develop ESCC and is associated with the pathological stage
and clinical status of the ESCC patients; thus ALDHIA1 could serve as a biomarker
for diagnostic and follow-up purposes in ESCC patients and as a prognostic factor
too [108]. In addition, Oct4, which is a member of POU-domain transcription fac-
tors and is expressed normally by pluripotent cells of embryonic tissue and adult
stem cells, seems to play an important role in identifying putative CSCs in esopha-
geal tumor tissue, as well as determining response to treatment. Nevertheless, it has
not been yet clarified if the Oct4-positive putative cancer stem cells exist in ESCC
or the CSCs properties are acquired by tumor cells as a response to treatment given,
resulting immediately in an uncontrolled cell proliferation and consequent treat-
ment failure [109]. Moreover, H3K4 demethylase Jumonji/Arid1b (Jarid1b), which
is an epigenetic factor that is required for continuous cell growth in melanoma,
seemed to play an important role in maintaining CSCs in the esophagus; thus its
continuous inhibition has been under investigation for providing a possible thera-
peutic option against esophageal and other squamous cell cancers [41]. Furthermore,
CD44 and CD117 have been proven to have an important role in esophageal cancer
progression; thus they could serve as reliable markers for undifferentiated malig-
nant squamous cells of the esophagus and possible therapeutic targets [29, 89].
Finally, the expression of low-affinity neurotrophin receptor (p75NTR) in the infil-
trative margin of ESCC indicates a crucial regulatory molecule of esophageal carci-
nogenesis and invasiveness with obvious therapeutic potential, the same as Hesca-2,
a monoclonal antibody (mAb) IgM raised to the human embryonic stem cells
(hESCs), which characterizes esophageal cancer as well [98].

Barrett’s esophagus (BE) is the transformation of the original squamous esopha-
geal epithelium into columnar epithelium, a process called intestinal metaplasia,
which is considered to be a result of gastroesophageal reflux disease (GERD) and
chronic injury caused by exposure to intestinal bile salts and gastric acid. There are
three types of columnar epithelial cells metaplasia that substitute for squamous epi-
thelium: (i) the intestinal type, which includes intestinal mucin (MUC2)-expressing
goblet cells, as well as other intestinal cells, and is strongly associated with progres-
sion to EAC; (ii) the cardia type, which includes mucus cells; and (iii) the gastric
fundic type, which includes mucus, parietal, and chief cells. The exact molecular
events that lead from normal squamous esophageal epithelium to intestinal metapla-
sia (BE) and progression to EAC remain unclear. There are four theories about the
orientation of a progenitor cell that gives rise to intestinal epithelium among squa-
mous cells. Firstly, an esophageal squamous cell could be converted in an intestinal
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columnar cell, a phenomenon called transdifferentiation. In addition, a native
esophageal progenitor cell could diverge from its normal fate and differentiate into
an intestinal columnar cell (esophageal progenitor cell transcommitment). Moreover,
a circulating bone marrow-derived stem cell in the bloodstream could attach to the
esophageal epithelium and differentiate into an intestinal columnar cell (circulating
stem cell transcommitment). Finally, an adjacent columnar cell from gastroesopha-
geal junction or gastric cardia could shift to replace a gap in esophageal squamous
epithelium due to an injury and then undergoes intestinal differentiation (columnar
progenitor cell transcommitment). There have been no indications yet about which
theory is most possible to exist; however there are no indications that all four theo-
ries are not true [113].

Transdifferentiation is supported by the presence of multilayered epithelium
(MLE) that contains both squamous and columnar esophageal cells. In addition,
MLE in BE is characterized by a “transitional zone” of epithelial cells that demon-
strate morphological features of both squamous and columnar epithelial cells, such
as intercellular ridges, distinct microridges, microvilli, and bulging mucus.
Nevertheless, microscopic assessment of normal gastroesophageal junction (GEJ)
area did not demonstrate characteristics of transitional zone cells [97]. Moreover,
the biphenotypic cell population of MLE is supported by the fact that esophageal
basal epithelial cells of MLE express a combination of cytokeratin subtypes that are
found in both squamous (CK4) and columnar (CK19) cells, and the stimulus of
these MLE basal cells, after the intestinal transcription factor Cdx2 overexpression
using CK14 promoter, causes the acquirement of both squamous and secretory fea-
tures by MLE cells [8, 47]. However, the failure of complete transdifferentiation of
a squamous epithelial cell into a columnar cell in vitro so far has raised some con-
cerns against the theory of transdifferentiation. On the other hand, production of
differentiated squamous epithelial cells that present several features of intestinal
mucus producing cells resembling BE cells has been achieved, after the overexpres-
sion of the transcriptional factors HET-1A, EPC2, NES-B3T, and NES-B10T [35,
114]. Consequently, a pluripotent basal cell with preserved features of stemness
seems to be required in order this formation of an intestinal goblet cell from a dif-
ferentiated squamous cell to be achieved.

Transcommitment, which describes the genetic reprogramming of stem or pro-
genitor cells in order to proliferate and differentiate into different cell types than
they were initially programmed to do, seems to be a basic condition for developing
BE intestinal metaplasia regardless the progenitor cells orientation. For example,
BE epithelium could include Paneth cells, enteroendocrine cells, and goblet cells,
which are usually diagnostic for BE [52]. BE development in patients that had
undergone partial esophagectomy including GEJ and gastric cardia outlines that
proximal shifting of progenitor cells from GEJ or gastric cardia to the main esopha-
gus does not explain BE formation in every situation; however it seems that a repro-
gramming of the residual esophageal squamous or glandular progenitor cells takes
place [60]. Furthermore, recurrence of BE development after ablation due to BE
lesions demonstrates that esophageal epithelium is susceptible to environmental
conditions that is exposed to, and as a result differentiation depends on them, as
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normal reepithelialization with squamous epithelial cells happens after BE ablation
when gastric acid levels are low in esophageal area, while development of BE
lesions rises after previous ablation when gastric acid levels in the esophagus are
high due to several reasons, such as non-compliance to acid-diminishing pharma-
ceutic therapy after ablation [9]. Finally, progenitor cells located in esophageal
glands could give rise to multiple phenotypes, either squamous or columnar, due to
transcommitment, as it has been observed that neo-squamous epithelium after abla-
tion due to BE lesions shares the same mitochondrial DNA mutation with the under-
lying metaplastic epithelium of the submucosal esophageal glands that led to BE
formation [74].

Passing from squamous fate to intestinal fate for an esophageal progenitor cell
requires activation of transcription factors that would give the progenitor cell a
columnar phenotype such us Sox9, as well as downregulation of the transcription
factors that determined the squamous phenotype such as Sox2 and p63. In addition,
the final differentiation into a goblet cell requires the expression of intestinal (Cdx1
and Cdx2) and mucus-related (Foxa2) transcription factors.

Sox9 is a member of Sox genes family and is expressed in intestinal crypts of GI
tract as well as Paneth cells. In addition, Sox9 expression has been reported in
esophageal embryogenesis together with CK8 and CK18, but when the epithelium
matures to squamous, Sox9 expression gets lost. Sox9 has been described to express
in 100% of BE specimens and in 85% of EAC specimens; however there was no
expression in adjacent normal esophageal tissue [112]. Environmental conditions in
the esophagus have been proven to play a crucial role in esophageal epithelium fate.
As aresult, Sox9 activation is caused by bile- and acid-stimulated Hedgehog ligand
secretion by epithelial cells, which in turn induce BMP4 secretion by adjacent stro-
mal cells. This stromal BMP4 acts back by increasing Sox9 expression [6]. In addi-
tion, the retroviral transduction of Sox9 in a mouse transplant culture system
upregulated the expression of columnar CK8 and intestinal glycoprotein A33, as
well as altered the esophageal epithelium architecture with inducement of one to
two layers of cuboid or columnar-shaped epithelial cells. On the other hand, no
alteration was observed neither in squamous epithelium architecture nor in gene
expression of the transplant culture mouse model, after retroviral transduction of
Cdx2, indicating the crucial role of Sox2 in BE development by altering the esopha-
geal progenitor cells fate directing them toward intestinal phenotype [13].

Sox2 is another member of the Sox gene family that is expressed during esopha-
geal embryogenesis and is responsible for maturing esophageal epithelium into its
squamous phenotype [87]. Downregulation of Sox2 in mice leads to a thinner
esophageal epithelium, characterized by mucus-secreting columnar cell, as well as
decreased expression of p63 and CK14. Nevertheless, overexpression of Sox2 in
mouse intestine caused loss of villi; appearance of p63 expressing basal cells, which
are characteristic for esophagus and forestomach; and decreased attachment of
Cdx2 to the promoters of its target genes [88]. Except from the role of squamous
differentiation, Sox2 is responsible for the maintenance of stem cells, as its overex-
pression in several mouse models leads to esophageal basal cells hyperplasia [55].
Consequently, in the normal adult esophagus, Sox2 is expressed in the progenitor
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basal cells of the stratified epithelium, while it is not expressed in MLE or in intes-
tinal metaplasia of BE; thus its downregulation could be an important condition for
reprogramming esophageal progenitor cells from which BE arises [11].

P63 is a member of the P53 transcription factors family and presents six iso-
forms. The key role of downregulated p63 in BE formation has been proven by
studies in which mice null for p63 completely lack squamous esophageal epithe-
lium and presents esophagi with simple columnar epithelium [17]. P63 presents
escalated expression in esophageal epithelium depending on the different stages of
esophageal dysplasia. More specifically, it presents absent to moderate expression
in Barrett’s esophagus and high expression in Barrett’s esophagus with high-grade
dysplasia and esophageal adenocarcinoma [34]. High expression of p63 has been
observed in normal esophageal epithelium and esophageal squamous cell carcino-
mas too [27]. Despite the conflicting results of the studies mentioned above, it has
been clarified that p63 is required for squamous differentiation, and BE without
dysplasia is not likely to express P63, while adenocarcinomas may weakly express
P63. In addition, combined exposure of esophageal squamous epithelium to bile
salts and acid, like happening in patients suffering from GERD, diminishes the p63
expression in squamous cells leading to transcommitment of esophageal progenitor
cells and consequent BE development [92].

However, esophageal intestinal metaplasia does not stop with the acquisition of
columnar phenotype by esophageal epithelial cells. Cdx1 and Cdx2 are members of
the caudal-related homeobox gene family and are expressed in the intestine, with
Cdx1 expressing in the proliferative crypt compartment while Cdx2 in differenti-
ated villus compartment [32]. The role of Cdx! in BE development had been out-
lined after the observation that transgenic Cdx1 mice presented intestinal metaplasia
of the gastric epithelium including all four cell types of the adult colon such as
enterocytes, Paneth cells, goblet cells, and enteroendocrine cells [72]. Moreover,
CDX1 mRNA has been found in Barrett’s metaplastic tissue, but not in normal
esophageal squamous tissue highlighting the ability of Cdx1 in reprogramming
columnar progenitors into intestinal columnar cells [116]. Furthermore, increased
expression of Cdx1 was observed in the metaplastic epithelium of a rat BE model,
which was further induced after bile acid exposure of the esophageal epithelial
cells, and promoted upregulation of Cdx2 expression as well, indicating the crucial
role of Cdx1 in pathogenesis of BE after condition similar to GERD and its regula-
tory effect to the Cdx2 expression, establishing a positive feed-forward intestinal-
ization loop [44].

Cdx2 has been involved in transcommitment of columnar progenitor cells in
patients with GERD that present BE due to the observation that CDX2 expression
has been found in 100% of biopsy specimens from nondysplastic and dysplastic
Barrett’s metaplasia and esophageal adenocarcinoma [31]. In addition, CDX2
expression has been found in inflamed esophageal squamous epithelium of GERD
patients, but not in normal non-inflamed esophageal epithelium [83]. Moreover,
human esophageal squamous epithelial cells from GERD patients with Barrett’s
esophagus differentially respond to acid and bile salt exposure by upregulating
CDX2 when compared to human esophageal squamous epithelial cells from GERD
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patients without Barrett’s esophagus [71]. Finally, Cdx2 seems to be insufficient of
stimulate a squamous cell transformation into intestinal cell, unless epigenetic alter-
ations happen, while Cdx2 is able to promote intestinal metaplasia in columnar
cells. However, Cdx2 remains a major transcriptional activator within the intestine;
thus loss of its expression results in intestinal progenitor cell reprogramming into
squamous cells [25, 66, 96].

Intestinal phenotype is characterized by mucus secretion, which in BE is pro-
vided by FOXA?2 expression by intestinal columnar cells through presumed tran-
scriptional regulation of MUC?2 itself and of AGR2, which is required for proper
processing of the MUC?2 protein. Despite the fact that FOXA?2 expression led to
MUC?2 protein expression, the cells did not acquire a full goblet cell phenotype
[110]. It is possible that other factors may be required additionally to FOXA?2 to
induce a goblet cell phenotype. These other factors could include downregulation of
SOX2 and P63, and similar to Noggin null mice, in which Bmp4 signaling is unop-
posed, Sox2 null or p63 null mouse embryos have esophagi with columnar epithe-
lium containing goblet-like cells. In addition, Notch pathway modulation may also
be required for the formation of goblet cells, as loss of Notch signaling in a surgical
model of reflux esophagitis and Barrett’s metaplasia led to almost a complete con-
version of metaplastic epithelial cells to differentiated goblet cells [68].

Stem Cells in Novel Esophageal Therapeutic Attempts

The unique feature of the esophagus to include a functional population of pluripo-
tent stem cells which regulate its homeostasis and are responsible for repairing pos-
sible injuries is usually the reason for several esophageal diseases that are related to
stem cells pathophysiology; however stem cell molecular pathways could be pos-
sible therapeutic targets for such modalities. Recently, esophageal cancer has been
correlated with CSCs, which seem to be responsible for resistance to chemotherapy
and radiation; thus they are very attractive pharmacologic targets. CSCs express a
variety of molecular markers such as CD44, CD133, and ALDH that contribute to
drug resistance and give them features like quiescence, evasion of apoptosis, resis-
tance to DNA damage, and expression of drug transporter pumps. In vitro clono-
genic assays with sphere formation and in vivo studies in xenograft models
demonstrate the stem-like self-renewal and differentiation capacities of CSCs.
Consequently, future therapeutic trials should aim in the direction of exactly clarify-
ing the mechanisms by which CSCs contribute to drug resistance in order to reveal
specific molecular targets against esophageal CSCs [20].

Since irradiation has been inducted in the therapeutic protocols of the majority of
the thoracic tumors, it has been demonstrated as one of the main factors that cause
esophageal injury, commonly complicated with esophagitis. Nevertheless, the pres-
ence of subpopulations of esophageal progenitor cells that are characterized by
in vitro ability of differentiation to multiple adherent lineages of cells gives the
opportunity of using the isolated pluripotent esophageal cells in gene therapy
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technology. There are ionizing irradiation mouse models, in which esophageal pro-
genitor cells have been isolated either by the side population method or the serial
preplate technique, and demonstrated repopulation in the irradiated esophagus of
the recipient mouse [19]. More specifically, the side population cells differentiated
to endothelin or vimentin positive colonies, while preplate cells formed colonies
that were uni-lineage, bi-lineage, or tri-lineage for macrophage, endothelin, or
vimentin positive colonies in vitro. On the other hand, there was no difference in the
type of colonies that the two cell types formed in methylcellulose culture. As a
result, the utilization of transgenes for the creation of soluble growth factors that
would enhance repair process may facilitate innovating transplantation techniques
for tissue regeneration after irradiation. Gene therapy with manganese superoxide
dismutase plasmid liposome (MnSOD-PL) seems to be protective for esophageal
side population cells against irradiation damage both in vivo and in vitro [77].
Another application of the stem cells technology that seems to contribute in healing
after radioactive esophageal injury is dental pulp stem cell (DPSC) transplantation.
DPSCs were cultured and transplanted into rats in which radioactive esophageal
injury had been induced using radioactive I'*. In the injured esophagus, the labeled
DPSCs were observed to co-localize with the SCs markers PCNA, CK14, CD71,
and integrin o, which presented increased levels of expression too. After DPSCs
transplantation, esophageal tissue presented an increase in epithelial thickness in
combination with recovered esophageal functionality and diminished inflammation
in the esophageal area [120].

Gastroesophageal reflux (GERD) is another common cause of chronic esopha-
geal injury, which is managed pharmacologically in the majority of cases. However,
pharmacologic management of GERD is restricted to the cure of symptoms and the
complications, instead of facing the cause, which is the relaxation of the lower
esophageal sphincter. As a result, there have been held a lot of studies on alternative
invasive therapeutic options for GERD. Endoscopic injections of inert materials or
cells have been attempted through the years with controversial results. Nevertheless,
the injection of muscle precursor cells (MPCs) that were derived from expanded
satellite cells isolated from skeletal muscle fibers, in the gastroesophageal junction
presented promising results, offering both regenerative and functional action [22].
In addition, a full-thickness esophageal damage could be caused after swallowing of
corrosive substances, with stricture formation presenting as a late complication, due
to esophageal SCs destruction. The transplantation of MSCs in rats that had under-
gone caustic esophageal injury presented increased accumulation of MSCs at the
site of injury, but there was no difference in healing between the transplanted and
the control group histopathologically. However, new epithelial and muscle cells ori-
ented by the transplanted MSCs were revealed. Consequently, transplantation of
MSC:s after caustic esophageal injury seems to be effective, but often injections
seem to be required [42]. Moreover, esophageal damage has been studied in animal
models of esophagogastric myotomy, in which autologous bone marrow mesenchy-
mal stem cells (BM-MSCs) have been tested for their effectiveness to repair the
lower esophageal sphincter (LES) after surgery. The results were interestingly
promising as the autologous BM-MSCs improved muscle regeneration and
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increased the contractile function of the damaged LES, without losing their position
at the site of injury and without any phenotype alteration toward smooth or striated
muscle cell [67].

Barrett’s esophagus (BE) is the most common dysplasia that happens to the
esophageal epithelium and the most common precursor lesion for esophageal can-
cer. During the last years, several efforts have been conducted for the investigation
of new therapeutic alternatives instead of the radical surgical methods that have
been applied over the years. Endoscopic ablation of BE foci with radiofrequency
(RF) technology seems an effective alternative; however the system of ablation
should achieve a balance between the radical excision of all the dysplastic cells
from the esophageal epithelium, but not deeply enough to cause esophageal perfora-
tion or stricture formation. The HALO system seems to achieve the perfect balance
using a balloon-based array of closely spaced electrodes to deliver radiofrequency
energy to the esophageal mucosa, providing efficacy and safety at the same time
[101]. Nevertheless, stem cells pathophysiology gave the chance for testing both the
effectiveness of the RF ablation of BE lesions and the safety of the procedure.
Enhanced AKT-mediated p-catenin phosphorylation, which is present in activated
progenitor cells, is a characteristic of BE-associated carcinogenesis. Three months
after RF ablation of BE lesions, an increased expression of AKT-mediated phos-
phorylated p-catenin was observed, while this increase was followed by a deep qui-
escence 6 months after RF ablation [49]. These findings reveal that 3 months after
RF ablation, a repair process takes place in the neo-squamous esophageal
epithelium.

Except from complicated gene therapies and molecular treatments, oral adminis-
tration of agents that are based on the SCs principles could be proven effective in
several esophageal diseases even cancer. An excellent example of this situation is
the orally administered conditioned medium derived from mesenchymal stem cells
after endoscopic submucosal dissection in the esophagus. The conditioned medium
gel prevents esophageal stricture after the endoscopic procedure, diminishes the
number of activated myofibroblasts, downsizes the fiber sickness, and restricts the
inflammatory infiltration of neutrophils and macrophages at the site of excision
[69]. For that reason, it could be used as a preventive agent of esophageal stricture
after endoscopic procedures in the esophagus. However, orally administered agents
are not used only for the prevention of mechanical injuries of the esophagus or
benign diseases but even for cancer prevention. Several studies refer to the preven-
tive role of aspirin against cancer. But, why aspirin could be so beneficial against a
so complicated disease? The esophagus, and other tissues with increased concentra-
tion of SCs, gives the answer. Inflammatory stress which may be caused due to
several reasons, different for each organ, provokes the SCs of each tissue to prolifer-
ate through prostaglandins and especially PGE2. Increased proliferative rates for a
SC population lead to raised chance for mutations and so for CSCs creation. The
anti-inflammatory capacity of aspirin against PGE2 is the key feature that makes it
so useful against cancer, especially in tissues that contain squamous cell epithelium
and high numbers of SCs, like the esophagus [58].
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Apparently from human studies on SCs therapies or animal models based on
human patterns, original animal studies have contributed to new therapeutic
approaches against esophageal diseases. First of all, porcine 3D culture models have
been developed that reproduce esophageal gland proliferation in vivo and provide
laboratory technology with two different phenotypes of spheroids: one that expresses
markers of squamous epithelium and one that expresses markers of columnar epi-
thelium [111]. These models could allow the evaluation of the molecular factors that
drive epithelialization toward the squamous or the columnar direction, as well as the
generation of technically manufactured scaffold for different applications related to
esophageal diseases. Furthermore, the unique feature of echinoderms to reconstruct
both external appendages and internal organs has been studied during the last years
and has uncovered plenty of secrets about SCs biology such as Notch signaling and
expression of SCs markers (Piwi and Vasa) that are expressed in human tissues like
the esophagus [91]. All this data will be the basis for the future therapies in organs
(esophagus) that are molecularly similar to these organisms.

The complicated congenital diseases of the esophagus such as esophageal atresia
or tracheoesophageal fistula and several benign esophageal diseases like caustic
ingestion of toxic substances, esophageal cancer, and radical surgical operations of
the adjacent thoracic or abdominal organs that involve the esophagus due to its ana-
tomical complexity require replacement of whole or segment of the esophagus. So
far, surgical connection of the two remaining esophageal segments and replacement
of the missing segment with a transplant from an adjacent organ, like the stomach
or large bowel, were the only therapeutic options after esophageal dissection [12].
Nevertheless, the raised morbidity rates after the surgical repairs in combination
with the simple function of food and water transport from the pharynx to the stom-
ach that the esophagus is responsible for raised the efforts of constructing a func-
tional substitute based on the principles of tissue engineering, which includes tissue
scaffolds, cell sources, and bioreactors (Fig. 2) [85]. Tissue engineering for the
esophagus, as well as the rest of the tubular organs of the intestinal tube, utilizes
somatic cells from human fibroblasts that are reprogrammed into induced pluripo-
tent cells (iPS), which are able to differentiate into any type of cell of the three germ
layers [107]. Autologous muscle cells, epithelial cells, or mesenchymal stem cells
(MSCs) that are provided by this process undergo reproduction and then are
implanted into artificial scaffolds that are constructed using biological materials.
The enriched scaffolds are left to mature in a bioreactor toward the direction of the
willing organ [85].

In the case of gastrointestinal organs, like the esophagus, scaffolds have to sup-
port proliferation, differentiation, and attachment of the iPS; thus both artificial
materials and biological substances have been investigated for their properties to
provide the ideal scaffold for esophageal tissue engineering [7]. A variety of materi-
als such as polylactic acid (PLA), polyvinylidene fluoride (PVDF), polyglycolic
acid (PGA), poly-dl-lactic acid (PLGA), poly-l-lactide-co-caprolactone (PLLC),
polyvinylidene fluoride (PVDF), poly-caprolactone (PCL), and poly-I-lactic acid
(PLLA) have been used for the construction of artificial scaffolds [18, 30, 63, 125].
Nevertheless, the use of these materials in scaffold constructing for tissue engineering



38 M. Frountzas et al.

CELLS
ESC—
iPs — Epithelium
AFSC —
SCAFFOLDS
ey | Natwrally derived
ASC — ! ! materials
I L {4 LY
b | |— Synthetic
' ¢ |‘ | Decellularized
| © I scaffolds

Muscle Extraceilular matrix

Fig. 2 Esophageal tissue engineering requires the combination of appropriate scaffolds and cells.
Cells used for repopulation of the epithelial and muscular layers can be derived from ESC, iPS,
AFSC, and ASC. ESC embryonic stem cells, iPS induced pluripotent stem cells, AFSC amniotic
fluid stem cells, ASC adult stem cells [64]

has been correlated with anastomotic leakage and stricture formation after surgical
operation. On the other hand, these limitations seem to be overtaken with the induc-
tion of acellular biological tissue scaffold in tissue-engineering technology.
Acellular tissue scaffolds maintain the extracellular matrix (ECM) of the original
tissue that they come from, presenting the advantage of improved cellular attach-
ment on the scaffold [45, 46, 51]. In addition, they usually include vascular endo-
thelial growth factor (VEGF) and basic fibroblast growth factor (FGF), which
enhance the vascularization of an implanted transplant [61]. Acellular scaffolds
include the esophageal submucosa, small intestinal submucosa, aortic acellular
matrix, and aortic acellular matrix [21].

Except from a substrate where the “artificial esophagus” will develop, esopha-
geal tissue-engineering models require a source of cells that would provide the
developing esophagus with the appropriate number of functional cells in order to
proliferate and differentiate into the specific esophageal epithelium. A possible
source of cells for the developing esophagus could be provided by the adjacent
esophageal epithelium, from which epithelial cells would migrate toward the devel-
oping organ [64, 82]. However, this process would be uncontrolled in terms of cell
orientation that would be sparse and time intervals that would be undefined. Another
possible technique that has been described is the transplantation of autologous buc-
cal epithelial cells, which offer the advantage of the immunological similarity with
the recipient tissue minimizing the risk for immune-mediated rejection, as well as
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the capacity of inducing muscular regeneration at the site of implantation, with the
latter being a controversial observation [86, 100]. Therefore, a specified cell source
that would provide both epithelial esophageal cells that would protect the scaffold
from caustic injuries and infections and specified muscle cells that would support
the construction and help peristaltic function of the “artificial organ” is required.
This cell source is provided by patient-derived iPS, for instance, bone marrow mes-
enchymal stem cells or adipose-derived stem cells, which differentiate into mesen-
chymal stem cells (MSCs), which maintain the ability of differentiating both in the
direction of epithelial cells and in the direction of smooth muscle cells [76, 78, 81,
115]. Finally, the production of esophageal organoid units (EOU) after transplanta-
tion of murine-derived tissue-specific stem/progenitor cells in vitro in a degradable
biological scaffold and after a few days, re-transplantation in vivo at the site of
esophageal defect, with the formation of expanding spheres of proliferative basal
cells on a neuromuscular network that demonstrated spontaneous peristalsis, gave
another prospective in esophageal tissue engineering [95, 102].

After implantation of the cell source in the artificial or biological esophageal
scaffold, two very important issues need to be overcome. Firstly, the new develop-
ing esophagus requires blood supply in order to maintain nutritional exchange for
the proliferating iPS and differentiating epithelial cells. A possible approach is the
implantation of the graft into the omentum or latissimus dorsi muscle before con-
necting it with the esophagus. Another option is to deliver angiogenic growth fac-
tors, such as fibroblast and platelet-derived growth factors, to the transplanted
segment after implantation in the esophagus. Retention of VEGF in the protocol of
an acellular scaffold after decellularization in combination with the proangiogenic
properties of the scaffold enhances angiogenesis in a rodent tissue-engineering
model [99]. In addition, gastrointestinal organs like the esophagus require peristal-
tic movement in order to be fully functional; thus a local neural network to initiate
and maintain esophageal peristalsis is required. Intestinal organoids recombined
with iPS-derived neural crest cells, which differentiated into neurons and glial cells,
provided a neural network that was successfully integrated into intestinal smooth
muscle and achieved a rhythmic wave movement [117].

Several animal models that apply the esophageal tissue-engineering expertise in
the field have been developed. A full-thickness circumferential replacement of the
esophagus of pigs has been attempted using synthetic polyurethane electrospun
grafts seeded with autologous adipose-derived mesenchymal stem cells and a dis-
posable bioreactor. After adipose tissue biopsy in order to provide adipose-derived
mesenchymal stem cells, pigs underwent endoscopic circumferential resection of
the mid-lower segment of the esophagus and replacement with the engineered scaf-
fold. This model demonstrated gradual structural regrowth of endogenous esopha-
geal tissue, including squamous esophageal mucosa, submucosa, and smooth
muscle layers with blood vessel formation [50]. Furthermore, there has been a com-
parison between an acellular scaffold seeded with MSCs and an acellular scaffold
alone after a 3 cm circumferential resection of the abdominal esophagus in a pig
model. The comparative histological analysis presented a mature squamous epithe-
lium covering the scaffold at 45th postoperative day for the MSCs group, while in
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the control group, the mature esophageal epithelium was observed at 95th postop-
erative day. Moreover, desmin-positive cells were observed in the graft area in the
MSC:s group at 45th postoperative day, indicating muscle cell colonization, while in
the control group, desmin-positive cells were never observed [10]. In addition, a dog
model of 5 cm half circumference replacement of the esophagus with a small intes-
tine scaffold seeded with BM-MSCs highlighted an increase in reepithelialization,
revascularization, and muscular regeneration compared to the control group that
included transplant of a small intestine scaffold alone [104].

Despite the fact that the findings of the in vitro experimental and animal models
of esophageal tissue engineering are impressive, very few applications of tissue-
engineered scaffolds have been conducted to humans. Esophageal endoscopic pro-
cedures that are the basic therapeutic option for early esophageal cancer in the stage
of BE very often cause scar ulcers that lead to stricture formation, which is accom-
panied by annoying symptoms and requires often dilatations. Circumferential sleeve
resection of the mucosa and placement of an ECM scaffold over the site of the
resected tissue in five patients with high-grade esophageal dysplasia or BE demon-
strated a successful prevention of intractable stricture, as well as complete matura-
tion of squamous esophageal epithelium over the placed ECM scaffold 4 months
after the operation [3]. Moreover, patch esophagoplasty with urinary bladder-ECM
scaffolds in four patients presenting strictures due to surgery or past ingestion of a
caustic substance outlined stricture avoidance and recovery of the oral intake with
an obvious improvement of the patient’s quality of life [75]. Finally, the application
of cell sheets composed of the patients’ oral mucosa (using a temperature-responsive
culture dish) over post-ESD esophageal ulcers after endoscopic procedures due to
esophageal carcinoma presented reduction of the reepithelialization period and
stricture prevention of post-ESD stricture [79].

Conclusion

The principles of embryonic stem cells (ESCs) interaction have been utilized to
explain the secrets of the development of the esophagus postnatally. In addition, the
investigation of the metabolic pathways that regulate ESCs’ differentiation into
esophageal progenitor cells and finally into differentiated esophageal squamous epi-
thelial cells established a matching between specific SCs markers and different
steps of esophageal development. Consequently, specific molecules, such us media-
tors or receptors, have been correlated to specific cell features. Furthermore, SCs
fundamentals have been applied in the explanation of the pathophysiology of sev-
eral benign esophageal diseases such as eosinophilic esophagitis or esophageal
achalasia.

Scientific progress about SCs has been widely used in the field of esophageal
tumorigenesis and clinical features of esophageal malignancies. The raised morbid-
ity and mortality rates of esophageal adenocarcinoma (EAC) and esophageal squa-
mous cell cancer (ESCC) formed the necessity to reveal the behavioral patterns of
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these tumors as well as the molecular factors that affect their clinical outcome. SCs
played an important role to this as it is considered that esophageal cancer arises
from a population of cancer stem cells (CSCs), a theory called the CSCs hypothesis.
Moreover, the main precursor lesion of esophageal cancer, Barrett’s esophagus
(BE), causes a columnar metaplasia in the esophageal epithelium with an intestinal
pattern instead of the ordinary squamous epithelium, due to progenitor cells’ muta-
tions and altered molecular profile.

A large amount of pediatric and adult esophageal diseases such as esophageal
atresia, tracheoesophageal fistula, and post-endoscopic esophageal stricture require
radical surgical treatment with high morbidity rates. Nevertheless, the development
of SCs technology has opened new ways in the management of such modalities with
the invention of tissue-engineered esophageal scaffolds that could replace circum-
ferentially the damaged part of the natural esophagus. In addition, molecular thera-
pies based on esophageal CSCs and progenitor cells markers have been developed,
which target exclusively esophageal cancer cells without affecting other organs,
ensuring greater quality of life for the patient with the highest effectiveness against
the tumor.
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