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Summary

The gastrointestinal mucosae provide a critical barrier between the external and internal milieu.
Thus, damage to the mucosa requires an immediate response to provide appropriate wound closure
and healing. Metaplastic lineages with phenotypes similar to the mucous glands of the distal
stomach or Brunner’s glands have been associated with various injurious scenarios in the stomach,
small bowel and colon. These lineages have been assigned various names including pyloric
metaplasia, pseudopyloric metaplasia, Ulcer-associated cell lineage (UACL) and spasmolytic
polypeptide-expressing metaplasia (SPEM). A re-examination of the literature on these various
forms of mucous cell metaplasia suggests that pyloric type mucosal gland lineages may provide a
ubiquitous response to mucosal injury throughout the gastrointestinal tract as well as in the
pancreas, esophagus and other mucosal surfaces. While the cellular origin of these putative
reparative lineages likely varies in different regions of the gut, their final phenotypes may converge
on a pyloric type gland dedicated to mucous secretion. In addition to their healing properties in the
setting of acute injury, these pyloric type lineages may also represent precursors to neoplastic
transitions in the face of chronic inflammatory influences. Further investigations are needed to
determine how discrete molecular profiles relate to the origin and function of pyloric-type
metaplasias previously described by histological characteristics in multiple epithelial mucosal
systems in the setting of acute and chronic damage.

The gastrointestinal mucosal lining must withstand many luminal insults, including low pH
in the stomach, luminal trauma, caustic contents and physical damage, in order to preserve
the epithelial barrier separating the external and internal milieu. Given the components of
the diet and the microbiome, this reparative process must be an ongoing function throughout
gastrointestinal tract. Furthermore, pathological influences including viral and bacterial
pathogens as well as alterations in mucosal immune tolerance, e.g. Crohn’s Disease, can
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lead to compromise of mucosal defenses requiring more active reparative responses to
ulcerating influences. At the heart of many of these local responses to injury is the induction
of reparative metaplastic lineages. These metaplastic lineages often take on the
characteristics of mucin-secreting lineages of the distal stomach: antral/pyloric glands and
Brunner’s glands (Figure 1). Here we examine the association of pyloric gland phenotype
metaplasias with a broad spectrum of gastrointestinal mucosal injury scenarios. Central to
this discussion is a need to re-examine over a century of histological observations by
pathologists in light of more recent molecular insights that can provide greater detail for the
characterization of reparative metaplastic lineages (Table 1).

Pyloric metaplasia in the intestine

The presence of gastric pyloric type glands associated with injury in the small bowel has
been noted by pathologists dating back to the nineteenth century. Early in the twentieth
century, pathologists, physicians and surgeons identified “gastric metaplasia” or “pyloric
metaplasia” associated with a number of chronic intestinal damage scenarios including
regional enteritis (Crohn’s disease), tuberculosis enteritis, and following gastro-jejunostomy
[1-3]. Liber [2] noted the association of pyloric gland metaplasia in the ileum of over half of
patients with regional enteritis. Similar results in Crohn’s Disease patients were observed by
Yokoyama [3]. In some cases of Crohn’s Disease a few glands with oxyntic gastric glands
could also be observed within a field of pyloric metaplasia [3,4]. Pyloric gland metaplasia
also has a strong association with Crohn’s Disease in patients with refractory pouchitis and
correlates with attendant eosinophilic inflammatory infiltrates [5]. Interestingly, while
pyloric metaplasia has been noted in Crohn’s colitis, it appears to be extremely rare in
ulcerative colitis [3]. While these studies have established the connection of pyloric gland
metaplasias with Crohn’s Disease, they do not address whether these metaplastic lineages
directly contribute to resolution of mucosal injury.

Pyloric gland or gastric metaplasia, with characteristic diastase PAS-positive mucin staining
[6], has long been recognized in association with duodenal ulcers [7]. Duodenal ulcers are
often surrounded by gastric type epithelia with distinct microvillar patterns similar to the
antrum [8]. The presence of pyloric gland metaplasia adjacent to duodenal ulcers is related
to both H. pyloriinfection and acid production [9]. Pyloric metaplasia is often maintained in
the duodenum after ulcer healing [10]. All of these studies based on histological
examinations suggested that pyloric metaplasia represented a healing lineage in the ulcerated
duodenal mucosa.

Ulcer-associated cell lineage (UACL)

In 1990, Sir Nicholas Wright first described the presence of a novel mucous cell lineage in
the context of ulceration associated with Crohn’s Disease [11,12]. This lineage was
associated with production of EGF and demonstrated expression of TFF2 in cells at the
bases of glands with TFF1 expressed in mucous cells towards the lumen [13-16]. All of
these characteristics are consistent with pyloric metaplasia associated with inflammatory
bowel disease. More recently, Kaneko, et al. [17] reported that UACL is Pdx1-positive, again
providing a molecular description of pyloric metaplasia. Furthermore, UACL glands also
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contain scattered TFF3-positive goblet cells [18]. Interestingly, UACL is observed in
Crohn’s colitis, but not in the context of ulcerative colitis. Thus, overall, UACL serves as a
more molecular description of pyloric metaplasia in the small intestine. It should also be
noted that intrinsic goblet cells in the small and large intestine may also show alterations in
response to ulcerative colitis or Crohn’s disease. Thus, colonic goblet cells in IBD patients
show upregulation of TFF1 [19], but this phenomenon appears distinct from UACL.

Pseudopyloric metaplasia in the stomach

The term of pseudopyloric metaplasia has been utilized to described aberrant observation of
antral type glands in both the body of stomach and in the intestine. The latter association
appears to be synonymous with “pyloric metaplasia” in the intestines. The description of
pseudopyloric metaplasia dates back at least to the beginning of the twentieth century, when
it was associated with the healing of ulcers in the gastric corpus [20]. Bonne, et al. [21]
described pseudopyloric glands as commonly associated with severe erosions in the body of
the stomach in Chinese and Malay patients. Hebbel [22] described pseudopyloric glands in
approximately 20% of patients with gastritis and also noted the presence of pseudopyloric
glands adjacent to healing gastric ulcers. Magnus [23] also noted that gastric ulcerations
were often completely surrounded by pyloric-type glands.

In the stomach, metaplastic lineages are most often associated with oxyntic atrophy or
parietal cell loss, usually related to chronic infection with Helicobacter pylori [24]. Some
authors have considered regions of pseudopyloric or pyloric metaplasia as extensions of the
pyloric mucosa, often along the greater curvature into the oxyntic region [25,26]. This
pattern of extension of pseudopyloric metaplasia from the distal stomach across the incisura
has been described as “antralisation” and is also associated with aging [27]. These regions of
atrophy and pseudopyloric metaplasia may in turn be associated with multi-focal intestinal
metaplasia [26]. This type of pattern is consistent with the concept of field lineage changes
or field cancerization, where metaplastic lineages are associated with an altered milieu that
can pre-dispose to the development of neoplasia.

Spasmolytic polypeptide-expressing metaplasia (SPEM)

In 1999, Schmidt, et al. reported the presence of a metaplastic lineage adjacent to gastric
cancers in the body of the stomach that expressed Trefoil Factor 2 (TFF2) which was then
designated as spasmolytic polypeptide [28]. Spasmolytic polypeptide-expressing metaplasia
(SPEM) was identified more than goblet cell-containing intestinal metaplasia in an initial
cohort from the United States [28] and in association with early gastric cancers in Iceland
[29]. This lineage showed many of the characteristics of deep antral gland cells or Brunner’s
gland cells. Since its initial description, the SPEM lineage has been further-characterized as
a diastase PAS-positive lineage that expresses TFF2 and Muc6 as well GSlI-lectin binding,
similar to the mucinous secreting cells of the deep antral gland [30]. This lineage has also
expresses a number of other antral lineage markers including CD44 variant 9 (CD44v9) and
clusterin [31-33]. One marker that is present uniquely in SPEM, but not in antrum, is the
protease inhibitor HE4 (WFDC2) [34,35]. All of these studies show a strong similarity of
SPEM lineages to those of deep antral glands. Indeed, since glands with SPEM lineages at
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their bases often show foveolar lineages expressing TFF1/Muc5AC luminal to SPEM, these
reparative glands recapitulate the antral gland phenotype [36,37]. Thus, SPEM appears to
represent a more molecular representation of the histological description of pseudopyloric or
pyloric metaplasia.

While SPEM and pseudopyloric metaplasia can be identified by pink rather carmine
diastase-resistant-PAS histological staining [38], one cannot determine the molecular nature
of the lineage as reparative versus pre-neoplastic based on histological staining alone. SPEM
arises in the setting of acute injury or ulceration [32,39-41]. The observation of SPEM
emerging rapidly after acute parietal cell loss induced by DMP777, L635 or high dose
tamoxifen is consistent with this lineage performing a role in the response to injury [41-43].
SPEM appears to resolve following resolution of injury and can often appear as a highly
localized phenomenon [29,41,43]. Thus, acute ulceration injury in the stomach is associated
with the appearance of SPEM around ulcers and SPEM contributes to the healing of these
lesions [32,39,44]. As was noted decades ago for healing duodenal ulcers, local areas of
gastric injury lead to the evolution of a pyloric type metaplasia, SPEM, that resolves after
healing. Nevertheless, recent studies have shown that SPEM acquires more intestinalized
phenotypes in the context of inflammatory influences, specifically alternatively activated
macrophages [33,45,46]. Furthermore, increasing evidence indicates that SPEM likely
represents an initial metaplastic response to gastric injury, while chronic injury and
inflammation may lead to the further evolution of goblet-cell intestinal metaplasia from
SPEM [30,47]. Thus, while pyloric type metaplasias in the stomach are initially reparative,
their maintenance in the setting of chronic inflammation can lead to deleterious neoplastic
scenarios.

Identification of pyloric metaplasia in other glandular mucosal tissues

Pyloric metaplastic lineages are not limited to the bowel lumen. Lineages with
characteristics of pyloric glands (TFF2 and Muc6-expressing cells) are also observed in
ductular metaplasias in the pancreas in the setting of chronic pancreatitis [11,48]. These
metaplastic mucous cell lineages underlie the development of PanIN lesions in the pancreas.
Pyloric metaplasia and intestinal metaplasia have also been noted in association with chronic
cholecystitis and implicated in metaplasia to neoplasia progression similar to that in gastric
carcinogenesis [49-51]. Gastric and intestinal metaplasia lineages are pathognomonic of
Barrett’s epithelium and the organization of the metaplastic glands resembles the structure of
pyloric glands [52]. Still Barrett’s epithelium metaplastic lineages arise in the setting of
injured squamous epithelia, so their origin has been controversial [53]. It should also be
noted that this pattern of reparative mucous cell metaplasia may be a more general
phenomenon of columnar lined epithelia as pyloric and intestinal metaplasias have been
observed in chronic injury within the female genital tract [54]. Similarly, mucinous
adenocarcinomas in the lung have also been associated with pyloric metaplasia [55].

Lineage origins of pyloric-type reparative mucous cells

The origin of reparative mucous cell lineages has been the focus of a number of important
investigations over the past several years. SPEM appears to arise in the setting of parietal
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cell loss or acute corpus mucosal damage, primarily through transdifferentiation of chief
cells into mucous cell metaplasia [42,47,56]. While one group has suggested that SPEM
arises from isthmal progenitor cells in the corpus [57], the vast majority of evidence from
multiple groups indicates that chief cells are indeed the predominant origin of SPEM
lineages in the stomach corpus.[42,47,56,58-60] Importantly, expression of pepsinogen | has
been used as a marker of pseudopyloric metaplasia [61], consistent with the equivalence of
pseudopyloric metaplasia with SPEM. Similarly, ductal metaplasia/PanIN lesions in the
pancreas appear to evolve from reprogramming of zymogen-secreting pancreatic acinar cells
[62]. These studies in stomach and pancreas have led to the suggestion that zymogen
secreting cell lineages may serve as a general source of reparative mucous-secreting
lineages. Far less is known about the possible origin of UACL/pyloric metaplasia in the
small intestine. Still, the initial descriptions of UACL noted the origin of neo-glandular units
arising from the bases of crypts [63]. This observation might implicate Paneth cells as an
origin for the formation of UACL, but this requires further investigation. Of note, loss of
Cdx2 in the intestines of mice leads to the development of a pyloric type metaplasia
expressing antral mucins, TFF1 and TFF2 [64,65]. Thus, loss of the expression of the Cdx2
master-regulator transcription factor in stem cells may also account for colonic lineage
reprogramming towards an antral mucous gland phenotype. Overall, these observations link
induction of metaplastic lineages from the bases of glands and crypts in the gastrointestinal
mucosa in response to significant injuries that may reach deep to the bases of the mucosa.
More superficial injuries may not elicit metaplasia and are repaired by coverage and then
expansion by surface mucous cells.

Conclusion

Acute and chronic injury to the mucosae of the gastrointestinal mucosa leads to the
emergence of metaplastic lineages with similar phenotypes that recapitulate mucous-
secreting glands of the gastric antrum (Figure 1). Pathological and molecular descriptions
have given these metaplastic glands various names, including pyloric metaplasia,
pseudopyloric metaplasia, SPEM and UACL. All of these reparative metaplasias provide
protective mucins and growth factors that likely promote epithelial restitution. Although the
cellular origins of these metaplastic lineages may vary, they all contribute to the resolution
of acute and chronic damage to the lining of the gastrointestinal tract and other epithelia-
lined organs.
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Epithelial damage:

= Gastric ulcers

*» Oxyntic atrophy

* Crohn’s disease

* Tuberculosis enteritis
* Gastro-jejunostomy

* Duodenal ulcers

* Chronic pancreatitis
* Chronic cholecystitis
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Pyloric gland metaplasia
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A generalized pattern for the induction of pyloric phenotype reparative metaplasias. Injury to
the lining of gastrointestinal mucosae by various acute or chronic maladies leads to the
evolution of metaplastic glands which recapitulate the structure of mucous-secreting glands
of the distal stomach with TFF2/Muc6-expressing mucous cells at the bases and TFF1/
MucbAC-expressing cells towards the lumen. These reparative glands can be identified
histologically and immunohistologically by various hames, but all share a common pyloric

glan

d phenotype.
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Table 1

Characteristics used to define metaplastic glands in the gastrointestinal tract.

Metaplastic Lesion

Gut Region

M ode of Identification

Pseudopyloric metaplasia

Stomach Corpus

H&E, PAS, Immunostaining: Pepsinogen |

SPEM Stomach Corpus | PAS, Immunostaining: TFF2, GSII lectin, Muc6, CD44v9, WFDC2
Pyloric metaplasia Duodenum H&E, PAS
lleum and colon H&E, PAS

UACL

lleum and colon

H&E, PAS, Immunostaining: TFF1, TFF2, Muc5AC, Muc6
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