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Abstract

In patients with Barrett’s esophagus (BE), metaplastic columnar mucosa, containing epithelial
cells with gastric and intestinal features, replaces esophageal squamous mucosa damaged by
gastroesophageal reflux disease. This condition is estimated to affect 5.6% of adults in the United
States, and is a major risk factor for esophageal adenocarcinoma. Despite the prevalence and
importance of BE, its pathogenesis is incompletely understood and there are disagreements over
the cells of origin. We review mechanisms of BE pathogenesis, including transdifferentiation and
transcommitment, and discuss potential cells of origin including basal cells of the squamous
epithelium, cells of esophageal submucosal glands and their ducts, cells of the proximal stomach,
and specialized populations of cells at the esophagogastric junction (residual embryonic cells and
transitional basal cells). We discuss the concept of metaplasia as a wound-healing response, and
how cardiac mucosa might be the precursor of the intestinal metaplasia of BE. Finally, we discuss
shortcomings in current diagnostic criteria for BE that have important clinical implications.
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In patients with Barrett’s esophagus (BE), metaplastic columnar mucosa, containing
epithelial cells with gastric and intestinal features, replaces esophageal squamous mucosa
damaged by gastroesophageal reflux disease (Figure 1).1 United States guidelines state that a
diagnosis of BE requires endoscopic identification of columnar mucosa extending at least 1
cm proximal to the esophago-gastric junction and histologic confirmation that the columnar
mucosa is intestinal-type.2 There is no consensus on the precise definition of the term
metaplasia, which was first used by Rudolf Virchow in 1884 to describe normal tissue in an
abnormal location.® Today, many types of metaplastic tissue, including Barrett’s esophagus
(BE), are not considered normal, but pathologic because they are precursors to cancer. Cell
biologists often have defined metaplasia as the conversion of 1 differentiated cell type into
another, but JM Slack has argued that it is better to define metaplasia as the conversion of 1
tissue type into another, noting that metaplastic tissues comprise multiple disparate types of
differentiated cells.5.” Metaplasias usually develop in patients with chronic tissue injury, and
it is widely accepted that the pathogenesis of BE begins with chronic esophageal injury
caused by gastroesophaglea reflux disease (GERD). However, it is not clear how columnar
mucosa replaces GERD-damaged squamous mucosa. We review potential mechanisms of
BE pathogenesis, including transdifferentiation and transcommitment, and discuss potential
cells of origin for Barrett’s metaplasia—hypotheses are not mutually exclusive and there
could be more than 1 type of BE progenitor cell. We discuss the concept of metaplasia as an
initial wound healing response and clinical implications.

Transdifferentiation

A potential mechanism of BE pathogenesis involves transdifferentiation, in which fully
differentiated esophageal squamous cells change into fully differentiated columnar cells—
either directly (without undergoing a cell division) or indirectly (via cell division).®
Although differentiated cells once were considered immutable, studies have demonstrated
that differentiated cells can be reprogrammed to acquire characteristics of immature
progenitor cells.® Many types of mature cells have the capacity to dedifferentiate into cells
with progenitor cell characteristics.10 Transdifferentiation in the esophagus therefore might
occur via a 2-stage process of GERD-induced reprogramming, in which mature squamous
cells reverse their differentiation to acquire progenitor cell-like plasticity before changing to
a columnar phenotype. Although it is conceivable that a squamous cell might change its
phenotype without first dedifferentiating (by simultaneously downregulating its squamous
genetic program while upregulating a columnar genetic program), it is not clear that such a
process occurs naturally in adult tissues.!

In the fundus of mouse stomach injured by infection with Helicobacter pylori or by drugs
toxic to parietal cells, the death of parietal cells appears to be accompanied by
transdifferentiation of chief cells into proliferative cells that expresses trefoil factor 2 (TFF2,
also known as spasmolytic polypeptide).12-15 In mice with acute injury, there is evidence
that development of spasmolytic polypeptide-expressing metaplasia (SPEM) occurs when
mature chief cells dedifferentiate and re-enter the cell cycle. This is a 3-stage process during
which the cells: shut down mTORCL1 signaling, which enables autophagy to recycle cellular
material for use in the synthesis of new cell structures; begin to express genes associated
with metaplasia, such as SOX9and TFFZ, and then reactivate mTORC1 signaling, which
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enables them to re-enter the cell cycle.1® Jason Mills et al coined the term paligenosis (from
the Greek term, return to the regenerative state) for this process, which appears to be a
conserved function of many cell types.1® Conceivably, paligenosis in esophageal squamous
cells could result in their transdifferentiation into BE metaplastic cells, or into SPEM-like
cells that could transition to BE metaplasia through further paligenotic events.1’

Through paligenosis, mature cells dedifferentiate and re-enter the cell cycle to repair injured
tissues either by regenerating more normal tissue, or by transdifferentiating into a
metaplastic tissue that might be more resistant to whatever noxious factor is inducing the
chronic injury (GERD in the esophagus). With repeated cycles of injury and repair in
chronic inflammatory conditions, cells could undergo multiple rounds of paligenotic
dedifferentiation and redifferentiation cycles, progressively acquiring mutations through
replicative stress.1® Those mutations might be retained without consequence in quiescent,
redifferentiated cells. When the mutated cells re-enter the cell cycle with a subsequent
injury, however, they might acquire further mutations that eventually block redifferentiation,
leading to clonal expansion and carcinogenesis. This has been called the cyclical hit model
of tumorigenesis.1® If metaplastic tissues develop through transdifferentiation, they might
undergo multiple cyclical hits, which increase their potential for transformation.

There are no data to directly support the model in which BE develops through
transdifferentiation of mature squamous cells. Lineage-tracing studies in mice have not
identified such transdifferentiation as a likely etiology for a columnar-lined esophagus.18
Even in mouse stomach, in which there is strong evidence that acute injury results in
transdifferentiation of chief cells into SPEM, there is evidence for an alternative mechanism,
in which SPEM develops and persists through the abnormal differentiation of stem cells in
the isthmus of gastric glands.19 It also is difficult to reconcile the concept of BE
development through transdifferentiation with the observation that Barrett’s metaplasia
persists even when the GERD that might initiate transdifferentiation through paligenosis is
controlled by medical or surgical treatment. Mucosa comprising exclusively uninjured,
transdifferentiated cells that have exited the cell cycle could not maintain the multiple cell
types present in Barrett’s metaplasia. Although it could be possible that paligenotic
dedifferentiation confers stem cell-like self-renewal abilities in addition to the plasticity
leading to transdifferentiation, there is no evidence from experiments for this concept.
Persistence of BE in the absence of reflux esophagitis is more readily explained by
metaplasia developing from reprogramming of an extant stem-like progenitor cell, which is
the process of transcommitment.

Transcommitment

Transcommitment is the process in which immature progenitor cells that are able to
proliferate and differentiate into different cell types are reprogrammed to alter their normal
pattern of differentiation.2® Transcommitment shares late features of transdifferentiation
through paligenosis, a process that starts with dedifferentiation of mature cells into
progenitor-like cells before they re-differentiate abnormally. In contrast, transcommitment
starts with immature progenitor cells that differentiate abnormally, presumably due to
abnormal environmental factors like GERD. The development of Barrett’s metaplasia from
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reprogrammed (transcommitted) progenitor cells could readily account for the different cell
types and their persistence even when GERD is controlled.

We do not know which progenitor cells give rise to Barrett’s metaplasia, but there are 4
categories of candidates (Figure 2). These include progenitor cells native to the esophagus,
including basal cells of the squamous epithelium or cells of esophageal submucosal glands
and their ducts; progenitor cells native to the proximal stomach (the gastric cardia) that
migrate into the esophagus to repair reflux-damaged squamous epithelium; specialized
populations of cells at the esophago-gastric junction (EGJ) that migrate into the esophagus
to replace reflux-damaged squamous epithelium; and bone marrow progenitor cells
transported through the blood to the esophagus to replace reflux-damaged squamous
epithelium (see Table 1).

Since the intestinal-type cells that characterize Barrett’s metaplasia are not normally found
in the esophagus, stomach, or bone marrow, reprogramming would be required for any of
these progenitor cell candidates to give rise to Barrett’s metaplasia. GERD is presumed to be
the factor that induces the reprogramming needed for the transcommitment of these
progenitor cells. It is important to note that hypotheses about the cell of origin are not
mutually exclusive— there could be more than 1 type of Barrett’s progenitor cell.
Furthermore, in addition to giving rise to BE initially, any of these potential progenitor cells
might give rise to the recurrences of Barrett’s metaplasia that can develop months to years
after initially successful endoscopic eradication therapy.?!

During injury and repair, tissues often reactivate early developmental signaling pathways.
Progenitor cells in an adult organ are assumed to retain the genotype of the more primitive
embryonic progenitor cells from which they arose.22 Consequently, if metaplasias develop
from GERD-induced reprogramming of progenitor cells in adult organs, the new cell types
that develop are likely to reflect the differentiation potential of those embryonic progenitor
cells. It is therefore important to consider the embryological development of the esophagus
and stomach.

Embryology of the esophagus and stomach

The esophagus and stomach develop from the foregut portion of the primitive endodermal
digestive tube.23-25 The respiratory tube that gives rise to the trachea and lungs forms as an
outgrowth of the digestive tube, separating from it at around 4 weeks of gestation in humans
and during embryonic (E) days 9.5-11.5 in mice.2 In mice, multiple signaling pathways
(such as those involving SHH, BMP, and WNT) and transcription factors (such as SOX2 and
FOXF1) mediate this separation process.2’-32 Just before separation of the trachea from
esophagus in the anterior foregut, these signaling molecules and transcription factors adopt a
dorsal-ventral expression pattern that leads to differences in cell differentiation along the
dorsal-ventral axis.26:33 Disruption of this patterns results in esophageal atresia, a relatively
common birth defect (1/3000) in which the proximal portion of the esophagus ends as a
blind sac, often accompanied by tracheo-esophageal fistula.26-32 Some of these signaling
molecules and transcription factors have important roles in subsequent esophageal
morphogenesis,32:34 and their reactivation has been observed in biopsies of Barrett’s
metaplasia.
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The human embryonic esophagus is lined by a stratified columnar epithelium that changes
into a simple, ciliated columnar epithelium between 8 and 10 weeks of gestation.23-25 At 5
months gestation, squamous epithelium begins to replace the ciliated columnar epithelium
that lines the fetal esophagus. Squamous epithelium appears first in the middle esophagus,
and then extends proximally and distally until, at birth, the esophagus is lined almost
entirely by squamous epithelium.32 A similar developmental process occurs in the mouse
esophagus.35-38 Signaling molecules such as BMP7 and its inhibitor Noggin are enriched in
the columnar epithelium lining the early embryonic mouse esophagus.343° In Aloggin null
(Nog™'™) mice, the esophagus fails to separate from the early foregut, and approximately
70% of these mice develop esophageal atresia with tracheo-esophageal fistula. Interestingly,
the esophagus does separate from the trachea in the other 30% of Nog™/~ mice, but the
esophageal epithelium comprises columnar and squamous cells.28 So, Noggin appears to be
required for development of normal esophageal squamous epithelium. In support of this
concept, incubation of human embryonic stem cells with Noggin promotes their
commitment to an esophageal cell fate.39

Using tissue explants from E11.5 mouse embryos to study the mechanisms of the transition
from simple columnar to esophageal squamous epithelium, Yu et al identified some
epithelial cells that simultaneously expressed columnar and squamous cytokeratins.3” In
studies that used immunofluorescence to identify columnar cells that express keratin 8
(KRT8) and squamous cells with KRT14, KRT8+ columnar cells were found to express
KRT14 as the esophagus developed. This switch in protein expression occurred in the
absence of cell division or cell death, and was caused by silencing of Krt8via de novo
methylation in the promoter region.3” This observation provides evidence that direct
transdifferentiation (without a dedifferentiation event) can occur during embryonic
development, but it is not clear that a similar process occurs in adults. Nevertheless, a
reversal of this process in the adult esophagus might result in columnar metaplasia.

Could Cells Native to the Esophagus Provide BE progenitor cells?

There are several lines of evidence that could support either transdifferentiation of
esophageal squamous cells, through paligenosis, or transcommitment of esophageal
progenitor cells in the pathogenesis of Barrett’s metaplasia. For example, scanning electron
microscopy of biopsy specimens taken from the junction between squamous and Barrett’s
epithelium revealed a distinct cell type, with prominent intercellular ridges (a feature of
squamous cells) and microvilli (a feature of columnar cells).4%41 These distinctive cells
might have developed via reprogramming of pluripotent progenitor cells in the squamous
epithelium. In rats with ulcerative reflux esophagitis, researchers found the nuclei of
proliferative esophageal basal cells located adjacent to esophageal ulcerations to have
decreased levels of SOX2 (a marker of basal progenitor cells in adult squamous esophagus)
and increased levels of SOX9 (a marker of progenitor cells in adult intestine, liver, pancreas,
and gastric corpus that also is expressed in the embryonic esophagus), compared to non-
ulcerated tissue in the same esophagus.#2 Reflux esophagitis can therefore reprogram
squamous progenitor cells to express columnar genes, but those cells retained their
squamous morphology and would therefore not be considered metaplastic.
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In support of a role for reprogramming of progenitor cells by GERD in the development of
BE, telomerase-immortalized human esophageal squamous cells exposed in vitro to acid,
bile salts or nitric oxide (a toxic molecule formed when dietary nitrate encounters acid in
refluxed gastric juice) down-regulate expression of transcription factors involved in
squamous cell differentiation such as p63 and SOX2,4344 and up-regulate expression of
columnar and intestinal transcription factors such as SOX9, CDX2, and FOXA2.44-46 Acid
and bile salts also can activate signaling pathways in esophageal squamous cells (such as
hedgehog and BMP4) that control activity of transcription factors that regulate development
and cell phenotypes.>47 Furthermore, prolonged exposure of telomerase-immortalized
esophageal squamous cells with acidic bile salts produces alterations in morphology
characteristic of columnar cells.** However, these in vitro manipulations of squamous cells
have not resulted in their transformation into goblet cells, which are typically found in
Barrett’s metaplasia.

Esophageal submucosal glands

Endoscopists often observe discrete islands of squamous epithelium within a field of
Barrett’s metaplasia or, conversely, islands of columnar epithelium proximal to the squamo-
columnar junction (SCJ). A prospective study of 555 patients (59% with BE) evaluated by
endoscopy found columnar islands in 34% of cases.#® In a study of esophagectomy
specimens from 131 patients with esophageal squamous cell carcinoma in Japan, columnar
epithelial islands were identified in 57% of specimens.*? It is noteworthy that in patients
with BE, columnar islands often are located a considerable distance proximal to the Barrett’s
segment, so these islands are likely to emerge due to an etiology other than direct extension
of columnar metaplasia.*® One potential source of these columnar or squamous islands is the
esophageal submucosal glands (ESMGs) (Figure 3).

ESMGs protect the esophagus by producing acid-neutralizing bicarbonate, mucins, and
antimicrobial lysozyme.?0 Some ESMGs form during the late stages of fetal development,
but most develop in the post-natal period. They are found throughout the human adult
esophagus and are characterized by mucinous acini and less frequent serous cells.>% ESMGs
drain into excretory ducts lined by cuboidal cells that transition to squamous epithelium
before emptying into the esophageal lumen. Cells from ESMGs and their ducts can respond
to esophageal injury by proliferating and replacing the damaged surface cells.5?

A mapping study of esophagectomy specimens from 7 patients with esophageal
adenocarcinoma identified ESMGs beneath squamous and Barrett’s epithelium, with the
greatest ESMG density found in the transition zone between the 2 epithelia.>2 To provide a
more complete evaluation of ESMGs, their tortuous ducts, and their relationship with the
overlying epithelium, Coad et al carefully examined esophagectomy specimens from 14
patients with BE-associated neoplasia (reorienting and re-embedding specimens when
necessary).53 Each of 15 squamous islands identified in Barrett’s metaplasia was in
continuity with an ESMG duct, suggesting that the squamous islands arose from the ducts.
The investigators also found ESMG ducts in continuity with multilayered epithelium, a
distinctive epithelial type thought to represent an early stage in the development of Barrett’s
metaplasia in which a basal layer of squamous-type cells underlies a superficial layer of
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mucus-secreting columnar cells (Supplemental Figure 1). In addition, 21 gland ducts were
observed to open onto the surface of Barrett’s epithelium—in some cases with duct cells
transitioning from cuboidal to simple columnar phenotype (reminiscent of cells lining the
embryonic esophagus) before reaching the BE surface.

Several important clonality studies have expanded upon the morphometric studies
associating ESMG gland ducts with overlying Barrett’s metaplasia and squamous islands. In
a study of 20 patients, squamous islands surrounded by Barrett’s metaplasia were isolated by
microdissection and subjected to genetic analyses.>* In most cases, squamous islands and
the ESMGs beneath them did not share mutations in p16/CDKN2A or p53 with the
surrounding Barrett’s metaplasia. In 1 patient, however, a squamous island shared a p16/
CDKN2A mutation with the surrounding Barrett’s metaplasia, indicating a common
progenitor for both epithelial types. A study that used non-pathogenic mitochondrial DNA
mutations as clonal markers found mitochondrial mutations that were shared between
squamous and Barrett’s epithelium in 1 patient, supporting the concept that squamous and
Barrett’s epithelium can derive from the same progenitor cell.®® In another study, biopsy and
esophagectomy samples were used to compare clonality of ESMG ducts and overlying
squamous and Barrett’s epithelia.>® Consistent with finding from other studies, squamous
islands often were found above ESMGs and ducts, and in 1 case the surrounding BE tissue
contained a mutation in p53 not found in the squamous island or ESMG, indicating different
cells of origin for the Barrett’s metaplasia and squamous island. However, in 1 of 3 cases in
which an ESMG duct opened onto Barrett’s metaplasia, the ESMG, its squamous ductal
epithelium, and the Barrett’s metaplasia all had the same p16/CDKN2A mutation.

Taken together, findings from these studies indicate that ESMGs and/or their ducts contain
plastic progenitor cells capable of differentiating either into squamous or Barrett’s
epithelium. A recent study that used single-cell RNA sequencing to compare gene
expression profiles among cells of the esophagus, stomach, and duodenum for 13 patients
with BE provides correlative evidence to support this concept.>’ The profiles of BE cells that
expressed the developmental gene LEFTY1 and the stem cell-associated gene OLFM4
overlapped with those of putative ESMG cells, but not with gene expression profiles of
gastric or duodenal cells.

Some studies have found ESMGs to contain mixed clonal populations of cells, indicating
more than 1 stem/progenitor cell per ESMG.5® Mutations in these progenitors could lead to
clonal populations of abnormal cells within ESMGs and their overlying epithelium.
Phenotypic alterations in ESMGs have been reported wherein the normal mucinous acini are
replaced by metaplastic ductal cells—a process referred to as either necrotizing
sialometaplasia-like change or acinar ductal metaplasia.>>:58:59 Acinar ductal metaplasia in
ESMGs has been observed at the EGJ and under squamous and Barrett’s epithelia, but it
appears to be associated most often with Barrett’s metaplasia.>® A study of esophagectomy
specimens from patients with high-grade dysplasia or adenocarcinoma and from controls,
collected at autopsy, found that the proportion of non-mucinous acini in ESMGs increased
with their degree of inflammation, and that acinar ductal metaplasia was strongly associated
with esophageal neoplasia.>® When the type of overlying epithelium was associated with the
proportion of underlying ESMGs that had acinar ductal metaplasia, squamous islands had
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the lowest rate of acinar ductal metaplasia (5.4%), with much higher rates found in ESMGs
beneath ulcers (54.4%) and adenocarcinomas (37.3%). These findings support findings from
clonality studies and indicate that squamous islands arise from normal, healthy ESMGs,
whereas overlying Barrett’s metaplasia and cancer are associated with abnormal, inflamed
ESMGs that have the ductal phenotype.

Little is known about gene expression changes in ESMG acinar ductal metaplasia. However,
Gonzalez et al identified SOX9 in ESMGs of esophageal specimens collected at autopsy
from patients without BE.89 SOX is expressed in BE tissues, and also in acinar ductal
metaplasias in the pancreas (a pre-malignant condition).10:45

Although findings from human studies support a model in which ESMGs are a source of
precursor cells for Barrett’s metaplasia, those studies were cross-sectional and observational.
Studies of model systems are needed to confirm that ESMGs can produce Barrett’s
metaplasia. However, mice and rats do not have ESMGs. Studies of larger animals with
ESMGs have, however, generated compelling data associating ESMGs with columnar
metaplasia. Researchers induced acute esophageal injury in dogs by excising a pair of 2 cm
circumferential rings of normal squamous epithelium from the distal esophagus, leaving an
intact 2 cm ring of normal squamous epithelium in between the 2 areas of injury.51 When
GERD was induced by creating a hiatal hernia and administering pentagastrin, one-third of
the dogs developed columnar epithelium in the upper excised ring, despite its separation
from the EGJ. In addition, epithelial regeneration in the ulcerated areas appeared to emerge
from ESMG ducts. In a follow-up study, columnar epithelium alone formed in 70% of dogs
with surgically induced GERD and injury to the distal esophagus.52 When GERD was
controlled in those same dogs, with an anti-reflux procedure and acid suppression, squamous
islands formed within columnar patches, and areas of squamous and columnar healing were
found to be in continuity with ESMG ducts.

A separate study of dogs demonstrated that ESMGs and their ducts are quiescent under
normal conditions, exhibiting no mitoses and incorporating little to no bromodeoxyuridine
(a thymidine analog used to label proliferating cells making new DNA).%3 After the surgical
induction of reflux, however, cell proliferation increased significantly in esophageal
squamous epithelium, as well as in ESMGs and their ducts. ESMG lower excretory ducts
developed a labeling index of 3.37% after reflux-inducing surgery, compared with 0.11% in
controls, whereas the ESMGs themselves had a labeling index of 0.35% with reflux,
compared to no labeling in controls. Together, these studies demonstrate that GERD induces
a proliferative response in cells of the ESMGs and their ducts, and that these cells can
repopulate injured esophageal epithelium.

Porcine esophagus also contains ESMGs and, as in dogs, normally quiescent porcine
ESMGs proliferate following esophageal injury.84 Porcine ESMGs placed in 3-dimensional
culture also proliferated and single cells derived from these ESMGs formed 2 types of
spheroids, which recapitulated the squamous and columnar phenotypes associated with
ESMGs in the human and dog studies.5> One spheroid type had a solid, squamous
appearance and expressed squamous markers such as p63, whereas the other was hollow and
expressed columnar cell markers found in Barrett’s metaplasia, including AGR2, MUC13,
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KRT18, MUC1, KRT8, and SOX9. Research is underway in pigs to elucidate factors that
affect expression of squamous vs columnar markers. Lineage-tracing studies in animals with
ESMGs, and studies that isolate ESMGs to directly interrogate their transcriptional profiles
are needed to confirm the theory that ESMGs are progenitors of BE.

Stomach Cells as BE Progenitor Cells

Although Barrett’s metaplasia is considered intestinal, because it contains goblet cells and
expresses some intestinal markers, it also contains gastric-type cells that express gastric
proteins, such as claudin18 and TFF2.56.67 Quante et al found that Lgr5+ epithelial
progenitor cells in the gastric cardia might be cells of origin for Barrett’s-like metaplasia in
mice with chronic inflammation in the esophagus and forestomach.%8 In these mice, an
Epstein-Barr virus promoter (ED-L2) promotes expression of the inflammatory cytokine
interleukin 1 beta (IL1B) in the stratified squamous epithelium of the esophagus and
forestomach (L2-1L1B mice). The investigators found that Lgr5-CreER-labeled cells in the
mouse gastric cardia migrated into neighboring inflamed squamous territory, where they
underwent BE-like phenotypic changes. The L2-1L1B mice developed chronic epithelial
inflammation and thickening in the esophagus and forestomach. However, at ages of 12-15
months, expression of proteins associated with BE (TFF2, MUCS5AC, and PAS) were
observed only at the SCJ.68 At 20-22 months, 2 of 9 mice developed high-grade dysplasia or
intramucosal carcinoma. Furthermore, development of Barrett’s metaplasia, high-grade
dysplasia, and intramucosal carcinoma accelerated when mice were given water containing
an unconjugated bile acid (0.2% deoxycholate). The Barrett’s-like epithelium also had
evidence for activation of Notch signaling, with increased levels of Notch 1 and its ligand,
DLL1. Interestingly, L2-1L1B mice with disruption of IL6 do not develop metaplasia or
dysplasia, indicating that I1L6 mediates these processes in this model.3” Levels of IL1B and
IL6 also are increased in biopsies of Barrett’s metaplasia from patients.5%70 Among patients
with GERD, polymorphisms in the IL1 receptor antagonist (/LZRA) have been linked to
increased esophageal levels of IL1B and increased risk of BE.’1

Barrett’s metaplasia specimens express the gastrin receptor (CCK2R). Lee et al
demonstrated that hypergastrinemia can accelerate the progression of Barrett’s-like
metaplasia in L2-IL1B mice.”2 They found that inflammation of squamous epithelium in
these mice was accompanied by expansion of CCK2R+ cardia progenitor cells at the SCJ—a
finding they confirmed by lineage-tracing experiments, using CCK2R-CreER mice. Notably,
approximately 85% of CCK2R+ cells in the cardia were Lgr5-negative, indicating that 2
distinct progenitor cell populations in the gastric cardia contribute to Barrett’s-like
metaplasia in these mice. Furthermore, protracted lineage-tracing experiments found that
these 2 progenitor cell populations can interconvert. This study also showed that gastrin can
promote the expansion of CCK2R+ cardia progenitor cells in 3-dimensional organoids; the
CCKZ2R inhibitor YF476 blocked the growth of organoids and the progression of Barrett’s-
like metaplasia in L2-1L1B mice.

These findings indicate that the gastric mucosa could be a source of the cells of origin for
BE. Although bona fide intestinal differentiation (with goblet cells) was not observed in L2-
IL1B mice, extensive expansion of the cardia epithelium (based on expression of TFF2 and
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MUC5AC, and on PAS staining) was found. This could indicate a transitional stage in the
development of BE with intestinal metaplasia. Studies of mice with longer exposures to
IL1B could provide further insights into BE pathogenesis.

Residual Embryonic Cells

Wang et al proposed that a small population of epithelial cells at the SCJ, established during
embryonic development, persists into adulthood and might provide progenitor cells for
Barrett’s metaplasia.’3 In mice with esophageal injury, these quiescent residual embryonic
cells (RECs) could be stimulated to expand into squamous territory and give rise to BE.
RECs express KRT7, as do epithelial cells of Barrett’s metaplasia,’4 and do not express the
squamous cell markers KRT5, KRT14, or p63. The researchers used Krf14-CreER;R26-DTA
mice, in which the esophageal squamous epithelium expresses diphtheria toxin A after
tamoxifen injection, to study esophageal injury. In these mice, tamoxifen administration
results in the destruction of KRT14+ basal cells and their derivatives by diphtheria toxin.
Following tamoxifen administration, KRT7+ RECs were observed to expand proximally to
replace damaged squamous cells. This is similar to what happens in the in L2-IL1B mice-as
in those mice, the Krt14-CreER;R26-DTA mice did not develop bona fide intestinal
metaplasia with goblet cells.

Wang et al also showed that deletion of p63 promotes the development of Barrett’s-like
epithelium in the mouse forestomach.”® Microarray analysis of the forestomach revealed that
the gene expression patterns in embryos of mice with full-length 7rp63 (wild-type) or
7637~ mice differed by E18; forestomach tissues from 770637/~ mice upregulated genes
that are normally expressed in intestine, such as Cax2and Villin1. The authors studied
expression of p63 at different embryonic stages of foregut development and found that p63-
positive cells in wild-type mice spread from the esophagus to the forestomach, eventually
replacing the CAR4+, KRT7+ simple columnar epithelium that lines the early embryonic
forestomach. Wang et al showed that expansion of the p63-positive cells terminated at the
SCJ, where the RECs were located. In p637~ mice, in contrast, the CAR4+, KRT7+
columnar forestomach epithelium was not replaced by p63-positive squamous epithelium.
Instead, the CAR4+, KRT7+ columnar cells remained and acquired Barrett’s-like features.
Consistently, in adult mice with esophageal injury, caused by expression of diphtheria toxin
in squamous cells, KRT7+ RECs that did not express CAR4 expanded into squamous
territory, so there might be 2 different types of KRT7-positive RECs. Jiang et al also
investigated phenotypic changes in the forestomach of p63~ mice.18 Surprisingly, their
lineage-tracing experiments, using a p63-CreER knock-in mice, found that the simple
columnar cells of the forestomach (so-called Barrett’s cells in the REC model) originated
from p63-positive progenitor cells.®

Transitional basal cells

Jiang et al identified a population of cells, different from RECs, at the transitional zone of
the SCJ in mice and humans that might give rise to BE.18 They found that this transitional
epithelium was maintained by a population of progenitor cells they called transitional basal
cells (TBCs). The TBCs expressed squamous markers (KRT5, KRT14, and p63) and a
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columnar cytokeratin found in Barrett’s metaplasia (KRT7+), in contrast to their neighboring
squamous basal cells (KRT5+, KRT14+, p63-positive, KRT7-negative) and cardia mucosal
progenitor cells (KRT5-negative, KRT14-negative, p63-negative, KRT7-negative) (Figure 4).
After the authors created an esophago-jejunostomy to induce bile reflux, they found that
TBC:s proliferated and differentiated into columnar epithelium that expressed genes
expressed by intestinal cells, such as Cadx2. Overexpression of Cadx2in TBCs also promoted
their differentiation into intestinal-type epithelial cells.

Lineage-tracing experiments in Krt5-CreER mice or Krt7-CreER mice confirmed that TBCs
were a cell of origin for Barrett’s-like epithelium. In contrast, ectopic expression of Cax2in
squamous basal cells of the forestomach or esophagus did not convert them into Barrett’s-
like cells—an observation consistent with findings by Kong et al.”® Importantly,
multilayered epithelium was also observed at the SCJ during the progression towards
Barrett’s metaplasia with goblet cells, recapitulating observations in human patients with
chronic GERD.8.77 The squamous cells comprising the basal layer of multilayered
epithelium express p63, but p63 is rarely detected in Barrett’s metaplasia or in esophageal
adenocarcinomas (EACs).18.78.79 L jttle is known about the events leading to the loss of p63
as TBCs transition into multilayered epithelium and intestinal metaplasia. Elucidation of
those pathways might provide insights into the pathogenesis of BE. Studies of immortalized
squamous cells or esophageal squamous cancer cell lines found that bile acid exposure
reduces expression of p6380, but it is not clear whether bile acid has similar effects in TBCs.

Circulating bone marrow cells

In 2004, Epperly et al reported that radiation injury of mouse esophagus could be repaired
by transplanted bone marrow cells.81 Noting this, Sarosi et al investigated whether bone
marrow cells could repair reflux-induced esophageal injury and contribute to esophageal
metaplasia.82 The authors administered a lethal dose of radiation to female rats to destroy
their bone marrow, and then transplanted bone marrow cells from male rats. Ten days later,
they performed esophago-jejunostomy to induce reflux esophagitis with columnar-lined
esophagus, and the esophagus was collected 8 weeks later. Fluorescence in situ
hybridization analysis of esophageal tissues from bone marrow recipients (female rats)
revealed Y chromosome-containing squamous and columnar epithelial cells lining the distal
esophagus. Cells of bone marrow origin can therefore contribute to esophageal healing and
metaplasia in rats.

Hutchinson et al performed a similar experiment in mice that were irradiated, transplanted
with bone marrow cells that expressed p-galactosidase, and then subjected to esophago-
jejunostomy.83 Twenty-weeks after surgery, 4 of 12 surviving mice had developed
esophageal columnar metaplasia with glands containing epithelial cells that expressed beta-
galactosidase. In this same report, the investigators described a man with acute myeloid
leukemia who received a bone marrow transplant from his sister and developed an
adenosquamous tumor of the distal esophagus 10 years later. Fluorescence in situ
hybridization experiments showed that the tumor contained cells with 2 X chromosomes and
no Y chromosomes, indicating that bone marrow-derived cells from the sister contributed to
the esophageal tumor. Although these findings are intriguing, it is not clear that bone
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marrow-derived cells contribute to the development of esophageal metaplasia outside of the
extreme conditions described in these reports.

Barrett’s Metaplasia as a Wound-healing Process

Regardless of which progenitor cells give rise to BE, the metaplastic process is assumed to
be initiated by esophageal injury from GERD. Reflux esophagitis often leads to esophageal
ulceration that is bordered proximally by squamous epithelium and distally by gastric
epithelium, with ESMGs and their ducts lying underneath the ulcer crater. Cells from any of
these locations might contribute to esophageal re-epithelization initially via a wound healing
process, with GERD-induced reprogramming resulting in metaplasia. Agoston et al studied
the similarities between the wound healing response and development of a columnar-lined
esophagus in rats after esophago-jejunostomy.*2

Esophago-jejunostomy induced large areas of ulceration in the squamous-lined distal
esophagus of rats, with ulcers starting at the esophago-jejunal anastomosis and progressing
proximally up the esophagus.#2 The squamous epithelium at the proximal edge of these
ulcerations was infiltrated by inflammatory cells and there were signs of basal cell
hyperplasia and spongiosis, typical of reflux esophagitis. At the distal end of the ulceration
at the esophago-jejunal anastomosis, the ulcer bed was re-epithelialized by neoglandular
epithelium that appeared to originate from budding, immature-appearing crypts arising
directly from the base of the native jejunal crypts. Budding intestinal cells extended into
mesenchyme underneath the ulcer bed, sometimes growing around islands of squamous
epithelium. The neoglandular epithelium was morphologically and molecularly similar to
the native jeujnal crypt epithelium from which it arose.

To determine if native progenitor cells of the jejunum were involved in re-epithelialization of
esophageal ulcers developing after esophago-jejunostomy, the investigators performed
immunohistochemical analysis for PDX1, a foregut transcription factor that has been used as
an index of esophageal columnar metaplasia that develops via reprogramming of progenitor
cells.84 The intensity of PDX1 staining was similar in neoglandular and native jejunal
epithelia, indicating that the columnar-lined esophagus in these rats did not develop via
reprogramming of jejunal progenitor cells. Rather, the esophageal intestinal metaplasia
developed via a wound healing process, in which jejunal progenitor cells proliferated and
migrated into the reflux-damaged esophagus. Although increased proliferation was seen in
squamous cells at the proximal border of the esophageal ulcers, those cells were unable to
re-epithelialize the ulcers in the setting of ongoing reflux esophagitis. In contrast, the length
of neoglandular epithelium at the distal ulcer border increased linearly over time. This
observation indicates that, with ongoing reflux, neoglandular cells have a proliferative
advantage over their squamous counterparts—a concept supported by earlier studies of co-
cultures of BE and esophageal squamous cell lines. These experiments showed that BE cells
have a proliferative advantage over squamous cells in an intermittently acidic environment.85
Furthermore, after esophagectomy with esophagogastrostomy, the remnant esophagus
develops a columnar lining that increases progressively in length over time, correlating with
the severity of acid reflux documented by esophageal pH monitoring.8®
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Development of columnar-lined esophagus in the rodent esophago-jejunostomy model
begins with jejunal cells migrating into mesenchyme underneath esophageal ulcer beds.#2
Epithelial-mesenchymal transition (EMT), the process in which epithelial cells tethered to
one another by adhesion molecules like E-cadherin morph into mesenchymal-like cells with
the ability to migrate, is part of wound healing.8” The development of EMT in jejunal cells
at the ulcer edge might cause the neoglandular epithelium to extend into the mesenchyme
and grow around squamous islands. As early supporting evidence of a role for EMT in these
processes, Agoston et al found that the advancing front of rat neoglandular epithelium
contained spindleshaped, mesenchymal-appearing cells that expressed both the
mesenchymal marker TWIST1 and the epithelial marker E-cadherin.#2 Whether the
progenitor cell for BE originates from ESMGs or their ducts, the gastric cardia, or
specialized cell populations at the SCJ (RECs or TBCs), these findings indicate that
progenitors might migrate into the damaged esophagus through a wound-healing process
involving EMT. Under conditions of ongoing reflux, these progenitor cells likely have a
competitive advantage over native squamous cells, enabling them to re-epithelialize the
ulcerated squamous esophagus. Ongoing reflux also is likely to cause the reprogramming of
these progenitors that results in the development of the abnormal columnar lining of BE.
Although it is conceivable that refluxed acid and bile could induce transdifferentiation or
transcommitment of squamous epithelial cells without inflicting a physical wound, it seems
more likely that an esophageal wound would initiate these processes as well.

Cardiac Mucosa, Intestinal Metaplasia with Goblet Cells, and BE

The gastric cardia is believed to be lined, to a variable extent, by cardiac mucosa—a
glandular lining comprising mucus-secreting, gastric foveolar-type cells with no goblet cells
and few or no parietal cells (Figure 5). However, there is considerable indirect evidence to
support a hypothesis, proposed by P Chandrasoma in 1997, that cardiac mucosa is not
normal but an acquired, GERD-induced metaplasia, and that cardiac mucosa is the precursor
of intestinal metaplasia in BE.88:89 For example, esophagectomy with gastric pull-up
reconstruction often results in severe reflux esophagitis in the esophageal remnant, which
frequently acquires a columnar lining with cardiac mucosa first, followed years later by
intestinal metaplasia.8%:90 Patients with GERD have a greater extent of cardiac mucosa than
patients without GERD, and the magnitude of that extent appears to be an index of GERD
severity.91:92 Although a narrow strip of cardiac mucosa (usually <3 mm in extent) can be
found at the esophago-gastric junction (EGJ) in most healthy individuals, 8 this observation
does not establish that cardiac mucosa is normal. Autopsies of young men who died of
trauma have revealed evidence of atherosclerosis in more than 75%, but atherosclerosis is
not considered a normal condition.?3 The distal-most, squamous-lined esophagus of healthy
individuals regularly experiences intense acid exposure that might result in squamous to
cardiac mucosal metaplasia.?*

Although cardiac mucosa lacks the goblet cells required for a histologic diagnosis of
intestinal metaplasia, cardiac mucosa has other intestinal features, including expression of
intestinal-type acidic mucins and proteins such as villin and CDX2.95:9 Furthermore,
cardiac mucosa can develop DNA content abnormalities similar to those of intestinal
metaplasia with goblet cells.9” Nevertheless, and despite some contradictory data, cardiac
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mucosa appears to have minimal risk for malignant transformation until it develops goblet
cells.98.99 That is why American gastroenterology societies require an esophageal biopsy
showing intestinal metaplasia for a diagnosis of BE, and reject that diagnosis if biopsies
show only cardiac mucosa.2-100.101 | contrast, the British Society of Gastroenterology
accepts a diagnosis of BE when esophageal biopsies show only cardiac mucosa.102

MccColl et al have proposed that cardiac mucosa develops from a limited form of GERD that
induces columnar metaplasia only in a short segment of the distalmost esophagus.103-105
Their proposal is based on a series of studies involving a group of healthy volunteers without
GERD symptoms who had normal results from conventional esophageal pH monitoring
studies with the pH electrode positioned 5 cm above the lower esophageal sphincter (LES).
Using a series of closely spaced pH electrodes within the LES, however, 27 subjects with
central obesity had greater proximal extension of gastric acid within the LES than 24
subjects with smaller waist circumferences, such that the distalmost, squamous-lined
esophagus of the obese subjects experienced protracted acid exposure.193 Compared to the
non-obese volunteers, the obese subjects had a significantly greater length of cardiac mucosa
(2.5 vs 1.8 mm) in biopsies collected across the SCJ. Furthermore, 15 healthy volunteers
with hiatal hernias detected by endoscopy and/or magnetic resonance imaging had
significantly longer durations of postprandial intra-sphincteric acid reflux than 15 subjects
without hiatal hernias, and those with hiatal hernias had a significantly longer extent of
cardiac mucosa (3.5 vs 2.5 mm).105 These observations support the hypothesis that cardiac
mucosa is a GERD-induced metaplasia and, potentially, the precursor of intestinal
metaplasia that predisposes to malignancy. Any of the potential BE progenitor cells
discussed might first give rise to cardiac mucosa before transforming into intestinal
metaplasia with goblet cells. Such a process could well account for the high prevalence of
the condition called intestinal metaplasia at the esophago-gastric junction (IM at the EGJ).

Studies in which biopsies were taken at the SCJ of random patients in general endoscopy
units have found IM at the EGJ in 9% to 36% of patients, and most of those studies found no
association between IM at the EGJ and GERD symptoms or H pylori infection.106 It seems
highly likely that a limited, asymptomatic form of GERD involving only the distalmost
esophagus causes the development of IM at the EGJ, perhaps through a cardiac mucosa
intermediate, from the same progenitor cells that give rise to longer segments of Barrett’s
metaplasia in patients with more severe forms of GERD. For patients with BE, numerous
studies have found the risk of cancer development to vary with the extent of metaplastic
mucosa (length of the BE segment).2:192 The risk of cancer in patients with IM only at the
EGJ is therefore expected to be small—an expectation confirmed in a study that found the
cumulative risk of progression to high-grade dysplasia or esophageal adenocarcinoma at 10
yrs to be 7%, in 355 patients with BE (0.8% per year), but in none of 86 patients with 1M at
the EGJ.197 However, this was a retrospective study, with limitations precluding the
conclusion that IM at the EGJ does not increase risk of cancer. For example, only 59 of the
86 patients with 1M at the EGJ had a subsequent endoscopy to assess neoplastic progression,
and low-grade dysplasia was noted in 7 patients, albeit without progression. Considering the
prevalence of IM at the EGJ in the general population, even a small increase in risk could
account for the development of many EACs.

Gastroenterology. Author manuscript; available in PMC 2020 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Que etal.

Page 15

Our review of BE reveals shortcomings that have important implications for extant clinical
definitions of the disorder. The most recent guidelines from the British Society of
Gastroenterology and the American College of Gastroenterology require at least 1 cm of
esophageal metaplasia for a diagnosis of BE—a restriction based primarily on the
assumption of negligible cancer risk for patients with shorter segments of cardiac mucosa
and intestinal metaplasia.2192 For practical purposes, this seems a reasonable restriction that
avoids the expense, inconvenience, procedure-related risks, and anxiety associated with a
diagnosis of BE. Scientifically, however, the restriction is entirely arbitrary, since
metaplastic esophageal segments <1 cm in length almost certainly develop from the same
underlying mechanism (GERD, albeit limited) and from the same progenitor cells that give
rise to long-segment BE and, on a millimeter for millimeter basis, probably have similar
malignant predisposition.

A study of patients with newly diagnosed EAC found that tumors that developed from short
segments of Barrett’s metaplasia were even more aggressive than those arising from longer
segments.108 In that study, approximately 50% of patients with newly diagnosed EACs had
no endoscopic evidence for Barrett’s metaplasia, grossly or by endoscopic biopsy, and no
evidence of Barrett’s metaplasia in the resected esophagus. Compared to patients who did
have Barrett’s metaplasia identified at the time of tumor diagnosis, the patients without
Barrett’s metaplasia had more advanced tumors and shorter survival times, even after
adjustments for cancer stage. The authors proposed that EACs in patients without BE at the
time of cancer diagnosis might have developed from small, easily overlooked areas of
metaplastic epithelium that suddenly acquired genomic instability and underwent
carcinogenesis.108

For reasons that remain unexplained, BE appears to develop to its full extent all at once.
Barrett’s metaplasia is not observed to progress in extent over time,109.110and
endoscopically identified short segments of Barrett’s metaplasia rarely, if ever evolve into
long segments.111 If, as McColl et al propose, most EGJ tumors arise from millimeter-long
segments of metaplastic mucosa at the EGJ in individuals without GERD symptoms,103-105
then our screening and surveillance policies for BE will have little effect in preventing
esophageal cancer. Not only will most of those at risk not be screened, because they have no
GERD symptoms, but screening will not recognize their few millimeters of esophageal
metaplasia as BE that warrants endoscopic surveillance or other intervention. Although we
can offer no simple solutions to this conundrum, clinicians should be aware of the
limitations imposed by our incomplete understanding of BE pathogenesis. Further research
on this fascinating metaplastic process is warranted and eagerly awaited.
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Figure 1.
Barrett’s intestinal metaplasia with mucin-secreting gastric foveolar-type cells and

prominent intestinal-type goblet cells. (Photomicrograph provided by Robert Genta, H&E,
20X)
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Figure 2.
Proposed cells of origin for BE. 1) Cells native to the esophagus including (1a) squamous

epithelial cells that undergo reflux-induced transdifferentiation or transcommitment to
produce the columnar cells of Barrett’s metaplasia and (1b) Progenitor cells in esophageal
submucosal glands and/or their ducts. 2) Progenitor cells in the gastric cardia. 3) Specialized
populations of cells at the esophago-gastric junction migrate into the reflux-damaged
esophagus including (3a) residual embryonic cells (RECs) or (3b) transitional basal cells
(TBCs). 4) Circulating bone marrow cells. For all of these proposed progenitor cells, reflux-
induced injury to the esophageal squamous mucosa is assumed to initiate the metaplastic
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process, perhaps by stimulating progenitor cell migration into the damaged esophagus via a
wound-healing process. In addition, reflux is assumed to induce the transcommitment of the
progenitor cells to produce the multiple columnar cell types of Barrett’s metaplasia. (Figure
modified from Jiang et al.17)
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Figure 3.
In a patient with BE who had an island of columnar epithelium in squamous mucosa, an

ESMG and duct is present directly beneath the columnar island. A) Low-power image
showing the ESMG, duct and overlying columnar island (H&E, 10X). B) Higher-power
image of the columnar island enclosed by the rectangle in Figure 3A (H&E, 20X).
(Photomicrographs provided by Dr. Shannon J. McCall)
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Figure 4.
Transitional basal cells at the mouse squamo-columnar junction. The arrows point to

transitional basal cells (p63+ Krt7+ Krt8-negative) located at the squamo-columnar junction.
Note the neighboring squamous cells (p63+, Krt7-negative, Krt8-negative) on the left and
the columnar gastric cells (p63-negative, Krt7-negative, Krt8+) on the right (see details in
Jiang et all?).
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Figure 5.
Cardiac mucosa comprised exclusively of mucus-secreting cells and glands.

(Photomicrograph provided by Robert Genta, H&E, 20X)
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Esophageal Squamous Epithelium

Model Human or Animal Study Findings References

Biopsy tissue Human Scanning electron micrographs of biopsies at the 40shields 1993
squamous—BE junction revealed a distinct cell 41Sawhney 1996
with squamous and columnar features.

Reflux esophagitis induced by Rat Esophago-jejunostomy resulted in esophageal 42pgoston 2018

esophago-jejunostomy

ulceration with squamous cells at the proximal
ulcer edges showing decreased SOX2 (squamous
cell gene) and increased SOX9 (columnar cell
gene). Distally, however, columnar-lined
esophagus developed through proximal migration
of jejunal cells in a wound-healing response.

Cell culture Human NES-B3T and Exposure to acid, bile salts, or nitric oxide resulted | 43Asanuma 2016
NES-B10T cells in decreased expression of squamous cell factors 4Minacapelli 2017
(telomerase- (p63, SOX2), increased expression of columnar 46\Wang 2014
immortalized esophageal | cell factors (SOX9, CDX2, FOXAZ2), and
squamous cell lines from | activation of upstream signaling pathways
patients with BE) (Hedgehog, BMP4).
Long-term exposure (more than
30 weeks) of NES-B10T to acid and bile salts
caused columnar cell-like morphologic changes.
Cell culture Human HET-1A cells Cells treated with BMP4 or transfected with 45\Wang 2010
(SVA40 transfected human | constitutively-active BMPR1A showed
esophageal cells) upregulated SOX9 expression.
Cell Culture Human Primary culture Exposure to acid and bile salts increased BMP4 47Zhou 2009

of esophageal cells from
patients without Barrett’s

or esophagitis

expression. Treatment with BMP4 increased
CDX2 protein expression.

ESMGs
Esophagectomy and autopsy Human Esophagectomy and autopsy specimens show 53Coad 2005
tissue ESMGs associated with both squamous islands 58Braxton 2014
and areas of Barrett’s metaplasia. ESMGs can 59Garman 2015
express Krt7, P63 and SOX9, and 60Gonzalez 2016
ESMGs associated with Barrett’s metaplasia can
demonstrate necrotizing sialometaplasia-like
change/acinar ductal metaplasia.
Esophagectomy and biopsy Human In some patients with BE,ESMGs and their ducts 54paulson 2006
tissue, genomic assessment share p16/CDKN2A mutations with overlying 56]_eedham 2008
used for clonality studies Barrett’s metaplasia, and a patient has been 55Nlicholson 2012
described with shared mitochondrial DNA
mutations in both squamous and Barrett’s
epithelium suggesting that ESMGs harbor plastic
progenitor cells that can give rise either to
squamous or BE.
Rings of esophageal Canine Columnar-lined esophagus developed above 61Gillen 1988
epithelium excised, reflux ESMGs. Proliferation in ESMGs and ducts 62 j 1994
esophagitis induced by increased with surgically induced reflux. 63yan Nieuwenhove 1998
cardioplasty and pentagastrin
administration
Esophageal injury by Porcine Ablation injury was associated with ESMG 64K ruger 2017
radiofrequency ablation proliferation, acinar ductal metaplasia, and
increased SOX9 and KRT7 expression in ESMGs.
3D culture of ESMG cells Porcine ESMG cells grown in 3-dimensional culture 85yon Furstenberg 2017

produce 2 distinct phenotypes of spheroids:1 solid
with squamous markers (p63) and 1 hollow with
BE markers (KRT7).

Gastric Cardiac Mucosa
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inflammation induced by
esophageal IL1B expression,
with lineage-tracing and 3-
dimensional cell culture

junction. Bile acid and hypergastrinemia promote
metaplasia and dysplasia.
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Esophageal Squamous Epithelium
Model Human or Animal Study Findings References
Transgenic mice (mixed 129/ Mouse Gastric cardiac mucosa expands and contributes to | Quante 2012
SvEv and C57BL/6 Barrett’s-like changes at the squamo-columnar 72| ge 2017

Specialized Populations of

Cells at the EGJ - Residual Embryonic Cells

Transgenic mice (mixed 129/
SvEv and C57BL/6
background) with
inflammation induced by
esophageal diphtheria toxin
expression, and mice with p63
deletion (lineage tracing not
used)

Mouse

A normally-quiescent population of residual
embryonic cells (p63-negative, CAR4+, KRT7+)
at the EGJ contributes to Barrett’s-like changes in
embryos with p63 deletion and in adults with
diphtheria toxin-induced squamous cell injury.

73Wang 2011

Specialized Populations of Cells at the EGJ — Transitional Basal Cells

Cell culture, esophago-
duodenal anastomosis and
genetic mouse models (mixed
129/SvEv and C57BL/6
background) with lineage
tracing

Mouse and human

Transitional basal cells (KRT5+, p63+, KRT7+) at
the EJG contribute to Barrett’s-like changes in 3-
dimensional organoids and at the squamo-
columnar junction.

18Jiang 2017

Circulating Bone Marrow Cells
Transplantation of bone Rat Y chromosome found in epithelial cells of 823arosi 2008
marrow from male rats to columnar-lined esophagus of female rats.
female rats, followed by
esophago-jejunostomy to
produce columnar-lined
esophagus
Transplant of beta- Mouse Beta-galactosidase-expressing epithelial cells 83Hutchinson 2011
galactosidase-expressing bone found in columnar-lined esophagus.
marrow cells, followed by
esophago-jejunostomy to
produce columnar-lined
esophagus
Case report of a male patient Human Patient later developed an esophageal tumor with 83Hutchinson 2011

who received a bone marrow
transplant from a female

cells containing 2 X and no Y chromosomes
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