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SUMMARY

The mucosa of the body of the stomach (/.e., the gastric corpus) employs two overlapping,
depth-dependent mechanisms to respond to injury. Superficial injury heals via surface cells with
histopathological changes like foveolar hyperplasia. Deeper, usually chronic, injury/inflammation,
most frequently induced by the carcinogenic bacteria H py/ori, elicits glandular histopathological
alterations, initially manifesting as pyloric (also known as pseudopyloric) metaplasia. In this
pyloric metaplasia, corpus glands become antrum (pylorus)-like with loss of acid-secreting parietal
cells (atrophic gastritis), expansion of foveolar cells, and reprogramming of digestive enzyme-
secreting chief cells into deep antral gland-like, mucous cells. Following acute parietal cell loss,
chief cells can reprogram through an orderly, stepwise progression (paligenosis) initiated by
IL-13-secreting innate lymphoid cells (ILC2s). First, massive lysosomal activation helps mitigate
reactive oxygen species (ROS) and remove damaged organelles. Second, mucus and wound-
healing proteins (e.g. TFF2) and other transcriptional alterations are induced, at which point the
reprogrammed chief cells are recognized as mucus-secreting Spasmolytic Polypeptide Expressing
Metaplasia (SPEM) cells. In chronic severe injury, glands with pyloric metaplasia can harbor

both actively proliferating SPEM cells and eventually intestine-like cells. Gastric glands with such
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lineage confusion (mixed incomplete intestinal metaplasia and proliferative SPEM) may be at
particular risk for progression to dysplasia and cancer. A pyloric-like pattern of metaplasia after
injury also occurs in other gastrointestinal organs including esophagus, pancreas and intestines,
and the paligenosis program itself seems broadly conserved across tissues and species. Here, we
discuss aspects of metaplasia in stomach, incorporating data derived from animal models and work
on human cells and tissues in correlation with diagnostic and clinical implications.

The response to Injury in the stomach.

The stomach comprises two anatomical areas. The corpus is defined by epithelium harboring
abundant acid secreting parietal cells.> The antrumin most mammals is characterized by
epithelium harboring mucus secreting glands without parietal cells (although in humans
some parietal cells are also present in the antrum).l Antrum and corpus are also
distinguished by enteroendocrine cells with ghrelin-secreting cells in corpus and gastrin-
producing in antrum.! Gastric contents can harbor ingested pathogens and mutagens, and
gastric juice is caustic owing to acidity (~pH 2) and abundant pepsin (a digestive enzyme).2
Thus, it is not surprising that the stomach has evolved protective mechanisms that vary in
rapidity and complexity according to the nature of the injury. Generally, there are two broad
categories of response based on the depth of injury.3 Upon superficial damage, when surface
cells are damaged or denuded, foveolar mucous cells rapidly migrate to close wounds?* °
and, moreover, can rapidly be regenerated from stem cells located within the isthmus of
corpus glands. When this proliferative response is over-exuberant, it can lead to foveolar
hyperplasia.

In contrast, deeper damage triggers metaplasia of the entire epithelium that serves to

reduce endogenous production of caustic substance. Acid-secreting parietal cells die and
pepsin-secreting chief cells are reprogrammed acutely into mucin-secreting, wound-healing
cells. Mucus-secreting neck cells and foveolar surface mucus cells also expand during the
metaplastic response, likely arising from mucous neck and isthmal progenitor cells.® Deep
and superficial damage can be concomitant. For example, a deep erosion from the surface or
full-thickness damage (ulceration) can occur secondary to non-steroidal anti-inflammatory
agents or H. pylori-induced inflammation and acid damage. Such broader damage can

be repaired by coordinated foveolar hyperplasia and metaplasia. The end result of all of
these responses is to minimize the release of caustic substances and create a focus of mucus-
secreting cells that provide protection and promote healing (Figure 1). In acute injury, all
such changes are reversible, at least in the short term, upon resolution of the cause of injury.

Metaplasia as a response to injury

Metaplasia means the replacement of normal cells with lineages more representative of
another region, from a different developmental stage, or from a different organ entirely.
In the gastrointestinal tract, a metaplastic lesion commonly comprises an array of mucus-
secreting cells that arise to provide protection and healing following severe damage.’

In the stomach, two principal types of metaplasia are prominent. One, variously described
as pyloric or pseudopyloric metaplasia, has been recognized for over a century by
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histopathologists who noted that tissue sections of patients with atrophic gastritis (i.e.
inflammation with loss of parietal cells) in the body of the stomach also had altered
digestive enzyme-secreting chief cells.8-11 Namely, the chief cell zone in the base of the
glands becomes occupied with mucous cells displaying a deep antral or Brunner’s gland
phenotype, such that atrophic gastric units resemble the normal antral or pyloric units
(Figure 1).1:12-15 Histopathologists from the Nineteenth century had also recognized that
intestine-like cells could be found in the stomach, although their occurrence was so common
in that era that many considered them a normal aspect of gastric microanatomy (see e.g. this
1912 textbook16).9: 13 |ntestinal metaplasia is most prominently identified by the presence
of MUC2-secreting goblet cells, but it can also include absorptive lineages, Paneth cells

and enteroendocrine cells.1”- 18 Interest in intestinal metaplasia over the past 60 years or

so has completely overwhelmed recognition of pyloric metaplasia. The reason for this may
be because most diagnostic histopathological examination of stomach tissue came to be via
endoscopic biopsy, and such small amounts of randomly oriented, often superficial tissue
does not allow examination of differentiation across the entire gastric epithelium, including
the deepest portion of glands where which define pyloric metaplasia. Also, it was noted

that gastric cancers often harbor intestine-like cells, consistent with intestinal metaplasia
harboring the cancer cell of origin.1® Pelayo Correa most famously synthesized observations
about gastritis, atrophy, and metaplasia into a theory of stepwise development of gastric
cancer with an intestinal metaplasia intermediate playing a central role.1’

In the last two decades, however, interest in pyloric-type metaplasia has resurged, with an
inflection point occurring when it was recognized that the metaplastic cells at the base

of these lesions express spasmolytic polypeptide (TFF2). TFF2 induction marked such
metaplastic cells (known as Spasmolytic Polypeptide-expressing Metaplasia; SPEM) as
ectopic, spurring the search for the cells of origin (Figure 1).29 We argue it is most useful

to define pyloric metaplasia as the entire surface-to-gland-base alteration that occurs during
atrophic gastritis, whereas SPEM is specifically the TFF2+/MUC6+/PGCW mucus cell
lineage that arises at the gland base. Thus, a pyloric metaplasia lesion exhibits parietal cell
loss and replacement of basal chief cells by SPEM cells. Additionally, pyloric metaplasia
can harbor other lineage abnormalities including foveolar hyperplasia and mucous neck cell
census changes (Figure 1). Because SPEM cells at the base of corpus glands are seen only in
the setting of parietal cell loss and pyloric metaplasia, pyloric metaplasia can be diagnosed
by the presence of SPEM lineages. However, SPEM cells are only one part of the lesion.

For over a century, pathologists have noted pyloric metaplasia is a response to

numerous acute and chronic gastric mucosal injuries including diphtheria infection, gastric
peptic ulcers/erosions, and associated with autoimmune and Helicobacter pylori-induced
gastritis.2 22 Pyloric metaplasia can also develop outside the stomach in duodenal ulcers,
cholecystitis, Crohn’s disease and pancreatitis.23-27 Work with animal models and high-
resolution genomic and transcriptomic analyses of metaplastic and cancerous tissue has
supported a central role for pyloric metaplasia and SPEM lineages as precursor lesions for
gastric cancer,20: 28-30 3 concept also proposed by pioneering gastric pathologists of the
19t and early 20t century, including Ménétrier.15 21, 22 31 |t remains unclear how corpus
pyloric metaplastic glands differ from normal antral glands, specifically whether SPEM cells
in pyloric metaplasia differ from actual deep antral cells. SPEM markers, including TFF2,
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MUCS6, AQP5 and CD44v9, are also expressed in deep antral gland cells,32: 33 although
some markers (e.g. HE4, also known as WFDC2) may be unique to SPEM cells.34 It is clear,
however, from both old and new literature that pyloric metaplasia is at least as important as
intestinal metaplasia as a harbinger and precursor for so-called intestinal type cancers.

The relationship between pyloric metaplasia and intestinal metaplasia remains unclear.
SPEM cells can rapidly emerge (even as rapidly as 48 hours in mice) in response to severe,
deep glandular injury.35-39 40 41 Hybrid lesions between normal chief and SPEM cells at
the bases of corpus glands are easily identifiable in inflamed human corpus, indicating a
potentially dynamic process.2%: 2% 42 However, in human pyloric metaplasia, SPEM cells are
commonly non-proliferative, indicating they can also be a chronic mucosal adaptation.#2-45
Multiple lines of evidence argue that intestinal metaplasia arises from pyloric metaplasia.*6
For one, intestinal metaplasia often arises in pre-existing atrophic pyloric metaplastic
stomach,13 and cells of hybrid phenotype have been noted both historically*’ and via more
modern immunological approaches.2% 43 Moreover, in H. pylori-infected gerbils, intestinal
metaplasia similarly arises within pre-existing pyloric metaplastic lesions.3> Likewise, when
constitutively-active mutant Kras(G12D) is induced in chief cells, TFF3 and other intestinal
phenotypes emerge only after SPEM cells have emerged.48

In addition to metaplasia, repair can also induce increased proliferation of normal cells,

i.e. hyperplasia. Expansion of normal surface mucous cells (foveolar hyperplasia) increases
surface mucus secretion (Figure 1). Foveolar hyperplasia can be isolated, but it often also
occurs in pyloric metaplasia as SPEM cells emerge at gland bases.*?

Thus, the stomach can mount a two-compartment response to injury with isthmal stem
cells fueling foveolar hyperplasia and expansion of neck cells and chief cells at the gland
base fueling the development of SPEM. 4550, 51 Even in homeostasis, two recent papers
showed that constitutive proliferation of stem and progenitor cells in the isthmus fuels
foveolar, parietal, and mucous neck cell replacement during homeostasis. Basal chief cells
are long-lived and replaced infrequently either by forward differentiation of mucous neck
cells® or by autoduplication.50. 53

In addition to foveolar hyperplasia, mucous neck cells in the mid-portions of the glands can
expand. Such mucous neck cell hyperplasia can occur acutely after parietal cell loss induced
by DMP-77740 and also in more chronic mouse models of pyloric metaplasia.>* 5% It is not
clear how much of such mucous neck cell hyperplasia is due to more rapid proliferation

of neck cells versus arrest of mucous neck cell differentiation into chief cells or even
contribution of chief cells to mucous neck cells.>6 Mucous neck and chief cells seem to be
remarkably plastic after injury.57: 58

Even though metaplastic lineages, by definition, replace normal lineages, the changes may
be reversible. Indeed, it seems likely that pyloric metaplasia evolved as an acute repair
mechanism to recruit additional progenitor cells, while increasing production of protective
(e.g. mucins) and wound-healing (e.g. TFF2) factors.” Such rapid tissue restitution is indeed
what happens after parietal cell-toxic drug (e.g. DMP-777) administration in rodents.5 60
Only when inflammation is chronic does metaplasia manifest as a stable, potentially
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precancerous lesion. Transient, successful metaplasia likely occurs all the time and is not
noted clinically. Indeed, we have noticed, in otherwise normal stomachs, occasional glands
with focal SPEM cells.!

Even chronic metaplasia may reverse. In both mutant Kras-expressing metaplastic mice and
H. pylori-infected gerbils, treating animals with MEK inhibitors both arrests the frankly
metaplastic cells and facilitates the return of normal gastric lineages from normal, rather
than metaplastic progenitors.#8: 61 Thus, metaplastic cells may create a milieu that inhibits,
but does not eliminate, normal progenitor cells from the corpus.

of SPEM lineages in the stomach.

SPEM cells were first distinguished over 20 years ago when TFF2-expressing cells were
observed in the bases of atrophic glands in the human corpus (TFF2 is usually confined

to the mucous neck cells).2? Subsequently, SPEM was noted in rodent models including

the H. felis-infected mouse>* 6263 and in rats and mice treated with the parietal cell toxic
drug DMP-777.59: 60. 64 Fyrther studies demonstrated the induction of SPEM with other
parietal cell-toxic agents including L635, a molecular cousin of DMP-777,40. 60 and high
doses of the drug tamoxifen.3%: 6566 The induction of SPEM lineages by these parietal cell
toxic agents is rapid, synchronous, and the entire corpus of the stomach converts to pyloric
metaplasia with SPEM cells at the base of every gastric unit. All the mentioned drugs

act as protonophores, likely inducing metaplasia by poisoning proton-secreting parietal
cells, though injury/repair after each drug varies slightly.%5 For example, DMP-777 induces
SPEM without substantial infiltration of the mucosa by inflammatory cells, likely because
the drug also acts as a neutrophil elastase inhibitor.60 L635 does not affect neutrophil
elastase,59 kills parietal cells quickly, and induces robust inflammation.*? Tamoxifen induces
intermediate inflammation.3? Despite variation in obvious inflammatory infiltrates, innate
immune defense and cytokines are nonetheless likely critical for SPEM induction, no matter
the injury. Together, drug-based models have allowed detailed analysis of the mechanisms
required for induction of SPEM, because parietal cell loss and metaplasia induction are so
rapid.

Early studies using DMP-777 demonstrated that SPEM cells harbored both zymogen
granules (normally found in mature chief cells) and mucin granules (of the type normally
found in neck cells)34 suggesting that SPEM cells might derive from chief cells.5” To test
this, mice expressing both a lineage reporter and a tamoxifen-inducible cre recombinase
knocked into the Mist1 (Bhlhal5) promoter were used to trace chief cell fate after
metaplasia induction. Such lineage-mapping studies depend on the predominant expression
of Mist1in mature, exocrine secretory cells (e.g. acinar cells of pancreas or salivary
glands).29: 40. 68 |ndeed, MIST1 is required expressly for terminal maturation of exocrine
cells.59 Although both authors’ labs have confirmed the initial findings using a variety of
reporter alleles, the original studies employed MistI-CreFR72:RosaR26R-L SL-L.acZ mice to
mark chief cells with B-galactosidase expression, and then induce SPEM.0 In all cases of
SPEM induction, acute via DMP-777 and L635 treatment as well as chronic via H. felis
infection, SPEM cells marked with B-galactosidase expression derived from chief cells.
Thus, SPEM cells emerged largely via cellular plasticity of chief cells.
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Subsequent studies have demonstrated that chief cells have the capacity to reprogram

into SPEM, although as chief cells age over 60 days, their ability to give rise to SPEM
declines.”® Moreover, we and multiple other laboratories, using a variety of lineage markers,
have demonstrated such chief cell plasticity using various lineage-tracing approaches’1-"3
and single-cell RNA-sequencing,’ corroborated by identification of cells in the bases of
human gastric glands showing hybrid phenotypes between those of SPEM and chief cells.?®
Chief cell DNA can even be loaded with nucleotide analogs (BrdU and EdU) and traced into
SPEM cell DNA.56

We have proposed that chief cells become SPEM cells via discrete stages that are
reproduced consistently in all cells (Figure 2). Moreover, progression from stage to stage
can be inhibited by drugs or genetic mutations, leading to arrest of cells at different points in
the reprogramming process. The cellular program that governs how mature cells can become
proliferative, regenerative cells seems to be conserved across tissues and species, with cells
of diverse phenotypes having access to the same pathways, just as apoptosis is similar from
cell type to cell type.34 40. 74-76 This program (designated as paligenosis) involves an initial
stage in which the massive rough endoplasmic reticulum and secretory apparatus in the
chief cell, including much of the complement of large zymogenic granules is recycled via
extensive lysosome activation and autophagy (Figure 2).4: 7> The first stage depends on

the early-response transcription factor ATF3, which, in turn, upregulates expression of the
lysosome and autophagy trafficking protein RAB7B.7” The next stage involves the induction
of the pathognomonic TFF2 as a component of MUC6-containing mucous granules. Even
before autodegradative pathways are activated, one of the earliest events is that chief cells
en routeto SPEM decrease expression of Mist1.29: 70. 78,79 Downregulation of MistI helps
dismantle mature cell architecture, given the role of MistI in promoting the expression of
Rab proteins and ubiquitin ligases that maintain the elaborate secretory architecture of chief
cells (Figure 2).%8: 69 Loss of miR-148a, which is strongly expressed in mature chief cells, is
also an early event in the reprogramming process.”8

Concomitant with upregulation of TFF2 and specific mucins in the second stage of
paligenosis, chief cells en routeto SPEM upregulate CD44 variant 9 (CD44v9),4! which can
stabilize the XCT cystine transporter.32 Either knockout of xCT or inhibition of xCT with
sulfasalazine arrests paligenosis at a step distal to the down-regulation of Mist1.41 Blockade
of XCT leads to increased reactive oxygen species that chief cells cannot compensate for,
causing apoptosis. Similarly, paligenosis can also be arrested by a blockade of lysosomal
pathways through deletion of a gene required for lysosomal function (Gnptab) or inhibition
of mMTORC.#® Loss of lysosome function traps cells in the first stage, before induction

of metaplastic genes. Blockade of mTORCL traps cells in the CD44v9+/TFF2+/Mucin-
expressing state preventing cell cycle reentry (Figure 2).

SPEM is associated with upregulation of a number of genes associated with unwinding
DNA, as well as monitoring DNA damage via proteins, including MCM genes along with
IFRD1, DDIT4, and p53.34 53. 75 These genes help rearrange and monitor the genome as
an altered transcriptome fuels redifferentiation towards mucus-secretion and even cell cycle
reentry. Different inducers of SPEM cause varying degrees of proliferation among resulting
SPEM cells with chronic SPEM mostly mitotically quiescent.3: 56. 75
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Though evidence largely indicates that the bulk of SPEM in an acute setting derives from
chief cell reprogramming, a role for mucous neck cells or isthmal progenitors has not
been ruled out. Indeed, we acknowledge that Hayakawa and Wang have suggested that
SPEM actually arises from isthmal progenitor cells.8% Many of the conclusions of these
investigators depended on the results of experiments in which Lgr5 driven expression

of DTR was used to ablate chief cells. Because such DTR-mediated ablation did not

alter SPEM induction, they concluded that chief cells were not a source for SPEM. In
contrast, Barker and colleagues, who also used Lgr5 to express DTR, did not observe
complete ablation of chief cells, and concluded that SPEM was indeed derived from chief
cells.”* Moreover, several studies have shown that SPEM can arise in the absence of any
proliferation, which would preclude the 1-2 isthmal stem cells per gland giving rise to 10+
SPEM cells within a few days.40: 42. 45,70

More recently, the Hayakawa group has suggested that acute parietal cell loss leads to
apoptosis among chief cells marked with GPR30 or Mist1 driver mice and that not all

such chief cells make it to SPEM cells.8! These results don’t actually conflict with data
from other laboratories, as varying degrees of injury cause varying degrees of conversion
of chief cells to SPEM cells, depending on the age of mice and of chief cells.”® Moreover,
as mentioned above, apoptosis of a small cohort of cells has been noted after SPEM
induction, with many more dying if the process is disrupted by drugs or mutations that
affect completion of paligenosis.4%: 45. 70. 75, 77 Some differences in results may be due to
differences in the various fluorescent LSL-R0sa26R reporter strains. We have observed that
Confetti mouse labeling of chief cells is lost following induction of acute parietal cell loss,
while mapping with mTmG or YFP strains is not (data not shown). Moreover, mapping
with mTmG is scanter than mapping with Ai9 or YFP reporter strains. The hybrid CAG
promoter used in the Confetti mouse seems to dampen its induction. As an increase in
DNMTT1 is noted early on in chief cell paligenosis,’8 silencing of the CAG promoter during
the reprogramming process can lead to artifactual loss of lineage mapping. These findings
indicate that interpretation of lineage mapping in plasticity scenarios must consider silencing
of reporter expression.

In the final analysis, much of the problems in interpreting lineage mapping studies of
SPEM induction have accrued from lack of a consensus, non-tamoxifen-inducible chief
cell-specific reporter allele. However, Caldwell, et al.82 recently described that the Gastric
Intrinsic Factor (GIF)-rtTA mouse allele drives doxycycline-inducible reporter expression
only in chief cells in the corpus with no detectable expression in isthmal progenitor cells.
Treatment of GIF-rtTA;tetO-CreERT2;Rosa-nTnG mice with L635 induced SPEM from
GFP-marked chief cell-derived lineages.82 In addition, these studies demonstrated that
GRP30 protein-expressing chief cells also showed transdifferentiation into SPEM cells,
presenting conclusive evidence that SPEM can evolve from chief cells.82 We would also
note that in other studies, where long-lived cells were labeled by a BrdU pulse followed by
3-month chase and rapidly dividing cells were labeled with a short EAU pulse, BrdU was
largely confined to chief cells before acute SPEM induction, whereas EdU labeled isthmal
cells. After SPEM induction, the EdU-labeled populations included foveolar and neck cells
but not SPEM cells. SPEM cells were largely BrdU-positive.5¢ There was no substantial loss
of BrdU-labeled cells after SPEM induction, consistent with chief cells becoming SPEM
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cells without significant death. The GIF-rtTA allele lines should allow further studies as to
the origins of SPEM in longer term and more chronic models.

One population in the stomach that seems non-plastic and does not appear to contribute

to SPEM is the parietal cell lineage. We see no contribution of mature, existing parietal
cells to SPEM or pyloric metaplasia.3? Parietal cell progenitors can expand when glands
are cultivated ex 170,83 or when expression of pro-proliferative genes is forced;8 8 but Jin
vivo in mice and humans chronic atrophic gastritis means actual parietal cell loss (i.e. death
rather than reprogramming or some sort of plasticity).

Kras activation and the generation of pyloric gland phenotypes.

Controversy has emerged over studies examining the role of Ras activation driving the
evolution of SPEM and intestinal metaplasia. Expression of phospho-ERK is observed in
SPEM in the setting of Helicobacterinfection.81: 88 Induction of active KRAS in chief

cells was examined with low-dose tamoxifen-induction of Kras(G12D) expression using
Mist1-CreFRT2:[ S -KrasG12P (Mist1-Kras) mice discussed above.*® SPEM developed in
the stomach by one month after induction of active Kras indicating the existence of a SPEM-
associated pyloric metaplasia (SA-PM, Figure 3). TFF3-expressing intestinal metaplasia
developed by 3 months of induction followed by development of dysplasia by 4 months after
Kras©120 induction.43: 48 Lineage tracing showed that the metaplastic cells were derived
from cells originally expressing Mist1 (i.e. chief cells). Importantly, treatment of Mist1-Kras
mice with a MEK inhibitor at 3 months after active Kras induction arrested metaplasia and
triggered metaplastic cell extrusion from the mucosa by recrudescence of normal gastric
lineages (parietal cells). Lineage mapping demonstrated that the new, normal gastric lineages
were not derived from SPEM cells, but rather from normal progenitor cells that had lain
dormant within the metaplastic mucosa.*® Similarly, MEK inhibitor treatment in Mongolian
gerbils infected with H. pylori also showed reversal of metaplasia and reappearance of
normal gastric lineages.61 Recent investigations have also shown that A. pylori infection of
Mist1-Kras mice can accelerate dysplasia.8”

In contrast to the previous work indicating a role for Ras in promoting SPEM from chief
cells, it has been suggested that SPEM accrues from activation of Ras signaling in isthmal
progenitor cells.8% The laboratories of both authors of the current review article have done
extensive lineage mapping using MistI-CreFR72 to drive various reporters. To a varying
degree, we do observe rare cells (less than 1 per 20 gastric units) above the basal chief
cell zone that mark as expressing activated nuclear Cre within a few days.’® Moreover, no
investigators have published data that MIST1 protein is expressed in isthmal cells. While
one must take into account the ability of Kras mutant stem cells to expand through crypt
fission,88 it is nevertheless our view that the rare population of Mist1-marked cells outside
the chief cell zone cannot on their own account for the majority of SPEM seen in the
Mist1-Kras mice

Nevertheless, it is also clear that mouse models suggest that activation of Ras in isthmal
cells can result in a gland phenotype that shows the characteristics of a pyloric gland, albeit
with a vastly predominant expansion of the foveolar compartment (Figure 3). Activation
with mutant Kras directly in isthmal progenitor populations results in a marked foveolar
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hyperplasia response (Figure 3). This pattern is observed in mice in which Krasis driven
either by elements of the RunxI promoter (eR1-Kras), or by the /ggap3 promoter (both

of which have predominant isthmal progenitor expression)’3: 89 [t is also seen in mice

in which Krasis driven by the Bmi1 promoter or the LrigZ promoter, which show only
isthmal progenitor Kras expression with no mutant Kras induced in chief cells.9%. 91 |n

all of these mouse models, a small number of TFF2-expressing cells are observed at the
bases of glands. Whether they are SPEM cells or some derivative of mucous neck cells that
phenocopies deep antral gland cells has not been thoroughly examined. This overall pattern
therefore does phenocopy a pyloric gland morphology and could be considered as foveolar
hyperplasia-predominant pyloric metaplasia (FHP-PM, Figure 3). Importantly, this same
gland phenotype, with mostly foveolar hyperplasia and a small number of TFF2-positive
cells at their bases,% is similar to that observed in the stomachs of patients with Ménétrier’s
disease. The etiology of Ménétrier’s disease, characterized by massive foveolar hyperplasia,
is TGF-alpha/EGFR driven activation of ERK, the upstream activator of Ras.%3 94 Thus,
the Ménétrier’s disease pathology phenocopies activation of Ras in isthmal progenitor cells
of mice. This FHP-PM or Ménétrier’s phenotype is often associated with expression of the
antral transcription factor Pdx1, confirming a pyloric-type metaplasia.8% 91 92 This type of
pyloric metaplasia appears to arise by a switch in lineage allocation such that only foveolar
and mucous neck cells arise from the isthmal progenitors with parietal cell generation
curtailed. Treatment of Ménétrier’s disease patients with antibodies that block the EGF
receptor, causes normalization of the production of parietal cells versus surface cells.% In
sum, in FHP-PM, unlike the situations discussed above where chief cells fuel SPEM, the
isthmal progenitor zone may be the source of the basal, TFF2-expressing population. Thus,
there seem to be two different pathways toward pyloric metaplasia: one potentially fueled
more by isthmal progenitors, and the other fueled more by chief cells. It is notable that the
isthmal Ras induction mouse models and Ménétrier’s disease itself do not incite significant
inflammation, so the relationship of these lesions to cancer induction remains unclear.

Immune cell regulation of metaplasia induction and progression.

In humans and in rodents, H. py/oriinduction of metaplasia proceeds through a chronic
inflammatory response in two linked phases. Chronic H. pyloriinfection causes chronic
inflammation and parietal cell death, producing atrophic gastritis. Helicobacter-induced
parietal cell loss requires intact T and B cell responses and IFN-gamma® and does not
occur in immunocompromised mice (e.g. SCID or RagZ~~ mice).% In humans, as corpus
glands lose parietal cells, pyloric metaplasia develops,*2 which is consistent with animal
models that indicate that parietal cell loss is required for, and almost always is sufficient to
induce chief cells to reprogram to SPEM. Other studies have shown that myeloid-derived
suppressor cells (MDSCs) are also required for the development of oxyntic atrophy and
SPEM.%7 Interestingly, B and T cells are not directly involved in the process of SPEM
induction. Rather, both L635-induced and adrenalectomy-induced metaplasia models have
revealed that M2-polarized macrophages promote SPEM induction and progression towards
more proliferative metaplasia.%8: 99

Furthermore, a cascade of intrinsic mucosal cytokines from IL-33-release leading to release
of 1L-13 is required for induction of SPEM (Figure 4).100.101 || _13 in particular appears
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to be acting on chief cells directly through intrinsic IL13RA1 receptors.100. 102 The key
intermediary in this pathway is the class of type two innate lymphoid cells, ILC2s, that

are intrinsic to the gastric mucosa.1%% During homeostasis, the ILC2s can regulate isthmal
progenitor function in the corpus mucosa,8 but with induction of acute parietal cell loss,
ILC2s expand and promote the induction of SPEM through release of IL-13 and perhaps
other cytokines and growth factors, including amphiregulin and 1L-4.103 Ablation of ILC2s
prevents the induction of SPEM following acute parietal cell loss.193: 104 Thus, ILC2s are
key intrinsic regulators of the early response to severe injury in the stomach. It remains
unclear whether IL-13 or other ILC2-derived peptides promote maintenance or progression
of metaplastic lineages, especially during chronic injury and inflammation.

Induction of parietal cell loss is also associated with up-regulation of DCLK1-expressing
sensory tuft cells in the gastric mucosa.105 106 Tyft cells express IL-25, another stimulator
of ILC2 release of 1L-13 (Figure 4).107 Thus, the injured gastric mucosa has coordinated

the response of intrinsic immune and sensory elements to orchestrate the response to severe
injury. Importantly, resolution of injury and return of normal gastric lineages leads to a rapid
loss of tuft cells from the gastric muocsa.10°

Delineating the immune cell subsets that cause metaplasia can inform our investigations
into gastric adenocarcinoma tumorigenesis. For example, chronic administration to rats

of DMP-777 for over a year causes long term oxyntic atrophy and pyloric metaplasia

but not dysplasia or cancer, likely because DMP-777 does not cause a marked immune
response.®0 Similarly, patients who have autoimmune gastritis (pernicious anemia), and
thus have chronic oxyntic atrophy due to antibodies to parietal cell-specific proteins (e.g.
H*-K*-ATPase), develop severe chronic atrophic gastritis with pyloric as well as intestinal
metaplasia.108: 109 However, in the absence of concomitant H. pyloriinfection, they show

a lower risk for adenocarcinoma than those with diffuse atrophic gastritis and metaplasia
secondary to H. pyloriinfection. Indeed, they have a much higher risk for developing tumors
of the enterochromaffin-like cell (ECL) leading to multifocal carcinoid tumors. 110 111 |t js
possible that the reason for the differing adenocarcinoma risk is the type of inflammation
stimulated by H. pyloriand not simply loss of parietal cells alone, with autoimmune
gastritis patients having far fewer mucosal M2-macrophages than patients with gastric
adenocarcinoma.** Thus, development of adenocarcinoma is linked not only loss of parietal
cells and response of chief cells, but also to the presence of a milieu with pro-neoplastic
macrophages.

Diagnosing SPEM and incomplete vs. complete intestinal metaplasia in

sections.

Traditional pathology terms for various lesions are general and not cell-lineage-specific:
“mucinous metaplasia”, “foveolar hyperplasia”, “pyloric metaplasia” and “incomplete” and
“complete intestinal metaplasia”. As our ability to observe multiple morphological and
molecular phenotypes within individual cells increases, we should be able to make more
specific diagnoses. However, single markers can also be misleading, as heterogeneous cells

can express the same staining phenotype. For example, SPEM lineages are increasingly
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identified by either histochemical Diastase-PAS staining, where SPEM cells stain as pink
rather than the carmine-stained foveolar cells, as well as immunostaining for TFF2. But both
of these stains also label mucous neck cells in normal corpus mucosa, so confusion can be
present in the setting of mucous neck cell hyperplasia. Similarly, after 14 days of DMP-777
treatment, extensive TFF2-staining cells are observed along half the length of the gland.
However, by lineage mapping, only TFF2-expressing cells at the bases of glands are derived
from chief cells,? and long-term nucleotide-labeling studies suggest similar zone-specific
patterns of proliferation and reprogramming.5® Thus, it may be better to think of the pattern
of gastric units characterized by foveolar cells (often hyperplastic) on top, hyperplastic
TFF2+ mucous neck cells in the middle and SPEM cells at the base as “pyloric metaplasia”
and dissect each cell lineage within the metaplastic unit as a separate entity, each with

its own etiology. In short, it is best to use multiple markers to characterize injury-induced
lesions.

We have discussed how intestinal metaplasia likely arises from pyloric metaplasia. However,
intestinal metaplasia is not monolithic. In some cases (often referred to as complete or small
intestine-like metaplasia), entire intestinal units occur in the stomach with Paneth cells,
crypt-base-columnar cells, and enterocytes all arranged in the crypt to villus organization
typical of small intestine. In contrast, incomplete intestinal metaplasia has been dubbed
“colonic”, although, in our experience, most so-called incomplete intestinal metaplasia is
simply more disorganized, harboring immature goblet cells or glands with hybrid gastric
and intestinal morphologies. In fact, a common pattern in incomplete metaplasias is to
observe mixed, immature intestine-like cells in the superficial portion of the glandular unit
with basal cells having characteristics of SPEM cell differentiation in a pattern resembling
Barrett’s esophagus with so-called specialized epithelium.33: 112 Recent studies have shown
that AQP5-expressing SPEM cells are present at the bases of glands with incomplete,

but not complete, intestinal metaplasia.3® Incomplete intestinal metaplasia in humans has
been associated with the highest risk for gastric adenocarcinoma, while complete intestinal
metaplasia is associated with a lower risk.113 Thus, complete intestinal metaplasia in the
stomach, as is also seen in Barrett’s esophagus, may represent a successful endpoint for
evolution of a protective metaplasia.39 In contrast, incomplete intestinal metaplasia, with
mixtures of gastric and less mature intestinal goblet lineages indicating a milieu with lineage
confusion, is associated with higher risk of dysplasia and cancer, both in stomach and in
esophagus in the setting of Barrett’s metaplasia.112 114

Insights into the evolution of metaplasia towards dysplasia.

It is likely that many mature cells in most tissues have access to a conserved program of
paligenosis, like the one that turns chief into SPEM cells, to execute a regenerative, healing
response to tissue injury.”® Pyloric metaplasia can emerge in a gland-by-gland pattern from
the corpus and incisura in both humans®: 78115 and in rodent models.”# 116 Thus, the
metaplastic response to injury is organized to repair localized insults to the mucosa in the
harsh environment of the gastric mucosa. In the case of more expansive local injuries, such
as focal ulcerations, SPEM induction mobilizes regenerative cells surrounding the entire
circumference of an ulcer.8 117. 118 Thys, in general, pyloric metaplasia likely evolved as a
transient source of regenerative, reparative cells that either redifferentiate back into mature
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cells or are replaced by normal gastric lineages upon resolution of mucosal injury. However,
chronic injury or inflammation can make metaplasia persist, spread, and even transform into
other types of metaplasia or dysplasia.

As mentioned, the animal models for following development of intestinal metaplasia

and other steps involving progression of pyloric metaplasia to other lesions are

relatively limited.119 120 However, the metaplasia that develops in Mist1-Kras mice
phenocopies incomplete intestinal metaplasia with an absence of Paneth cells or CCK-
expressing enteroendocrine cells and the presence of basal AQP5-expressing SPEM cells.*8
Interestingly, recent studies have shown that the gene 7ropZ2 ( Tacstd?), an intronless

gene encoding a membrane protein of uncertain function, is upregulated in Mist1-Kras
mice beginning at 3 months after Kras(G12D) and is augmented further at four months,
concomitant with emergence of dysplastic glands.#3 In human tissues, TROP2 is upregulated
in incomplete intestinal metaplasia, but not in complete intestinal metaplasia.*® TROPZis
prominently expressed in human dysplasia, but no 7ROPZ expression is observed in either
mouse or human SPEM lineages. Knockdown of 7ropZ2in mouse dysplastic gastroids leads
to reduced organoid growth.43 As noted above, AQP5-expresing SPEM cells are present

at the bases of incomplete intestinal metaplasia glands.33 Overall, thus, there may be a
connection between the lineage confusion associated with incomplete intestinal metaplasia
and progression to dysplasia.

Other experimental models have also shed light on progression of metaplasia and dysplasia.
Organoids grown from corpus epithelial cells (gastroids) of Mist1-Kras mice, for example,
adopt intestinalized growth patterns.121 In contrast to such gastroids (termed Meta3 since
the cultures were begun 3 months after induction of mutant Kras), 4-month, Meta4 gastroids
express increased 7rop2and harbor stem cells that may propagate dysplastic clones.43: 121
A more quiescent stem cell population was triple positive for markers CD44, CD133

and CD166. A separate, actively proliferating Meta4 stem cell population was positive

for CD133 and CD166, but negative for CD44. The populations classified by these two
patterns of proliferation and gene expression could interconvert, and proliferation of the
double-positive stem cells was inhibited by MEK inhibitor treatment.12! The data show how
discrete populations of cells with behavior and gene expression patterns consistent with
progenitors seen in dysplasia and cancer can emerge ultimately from chief cells forced to
express mutant Kras. Moreover, such dysplastic stem cells may be precursors of progressive
carcinogenesis.

As discussed above, metaplasia can originate and spread from individual gland units, and,
even in a phenotypically normal stomach from an organ donor, individual glands with
SPEM can be found within a field of normal glands.! Similarly, individual glands with the
features of incomplete intestinal metaplasia can be identified in a field of complete intestinal
metaplasia and normal gastric glands.33 Thus, adenocarcinoma may originate from single
glands of metaplasia, especially from glands with lineage confusion and mixtures of SPEM
and incomplete intestinal lineages. Accordingly, single glands of incomplete intestinal
metaplasia have been shown to expand through gland fission, spawning pre-neoplastic gland
islands.122 This scenario is compatible with the observed pattern of field cancerization in
patients with extensive metaplasia, with frequent metachronous lesions found in patients
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after they have undergone endoscopic mucosal resection for early (Stage 1) cancers. Such
patients with early cancers demonstrate a 2-4% per year incidence of metachronous cancers
despite complete resection and H. pylori eradication treatment.123. 124 Thys, therapy for
gastric cancer must also confront the fact that there may be diffuse individual glands with
neoplastic potential throughout the stomach.

Although, we are still dissecting how pyloric metaplasia evolves into intestinal metaplasia of
differing phenotypes or progresses to cancer, there does seem to be an order to how pyloric
metaplasia itself spreads within the stomach. It first occurs in humans usually at junctional
zones between antrum and corpus (and likely cardia and corpus). It then spreads over
decades into the corpus to eventually include the whole corpus/fundus. In endemic H. pylori
regions, the transformation occurs over the 5 or so decades from the first appearance of
atrophic gastritis and metaplasia in children.125.1286 Mouse models of H. pylori and pyloric
metaplasia recapitulate these patterns.3 74 The prevailing hypothesis is that the bacteria,
which initially can persist only in the antrum, may trigger pyloric metaplasia in the corpus
to progressively convert the whole stomach into a hospitable niche for their continued
growth, 74 87, 125

It has long been a mystery why many gastric cancers seem to originate in the antrum even
though the extent of atrophic gastritis/metaplasia in the corpus is the major risk factor.
However, the seeming antral origin of gastric cancers has to be scrutinized, given that the
antral histological appearance may be due to metaplastic conversion of mucosa that had
been corpus decades earlier. Common sites for tumors are along borders between corpus-
and antral-type mucosae. Interestingly, in our own experience inducing multiple rounds

of paligenosis along with mutagenesis in a mouse model, the invasive tumors invariably
arose in regions surrounded by non-tumor epithelial cells that exhibited antral histology on
one side and corpus histology on the other.12” Thus, one way to explain tumors arising in
these antral or antral-corpus junctional zones is that those are the regions where metaplastic
injuries have occurred the longest, because the initial metaplasia in children begins in corpus
epithelium bordering the antrum. In those initial regions of pyloric metaplasia, decades of
cycles of paligenotic cell reprogramming and redifferentiation and repair may occur. Such
cycles would allow the acquisition, storage, and eventual unmasking of serial mutations,
putting cells at risk for developing dysplasia with uncontrolled growth. This pattern of
mutation accumulation has been called the cyclical hit model of tumorigenesis.128

A common gastrointestinal tract metaplasia/tumorigenesis phenotype.

Pathologists and investigators have mostly approached tumorigenesis and metaplasia within
the silos of their particular tissue of interest. We who study SPEM/pyloric metaplasia in the
stomach focus on the molecular-morphological patterns in the stomach. Barrett’s esophagus
is studied separately, as is acinar-to-ductal metaplasia in the pancreas, and proliferative
ductular changes in cirrhosis are studied by those interested in hepatocellular tumorigenesis.
However, there is emerging evidence that all such processes may be similar and that each

of these metaplasias arises as mature cells in each tissue invoke similar gene programs to
converge on a shared regenerative phenotype.”8 All of these lesions have certain common
characteristics, including that they secrete wound-healing substances (mucins, TFFs), and
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express common, progenitor-associated transcription factors (e.g. SOX9 and nuclear YAP1),
as well as markers of proliferating or progenitor cells (e.g. CD44). Interestingly, as we
mentioned earlier, H. pylori can induce the transition from the complex architecture of the
gastric corpus gland units to a simpler pyloric-like gland metaplasia. The normal pylorus is
composed of a majority of mucus-secreting cells, comprising many cells positive for TFF1
or TFF2, as well as AQP5, CD44 and SOX9.33. 129

Similarly, acinar-ductal metaplasia in the pancreas is characterized by acinar cells

(the digestive-enzyme-secreting, exocrine cousins of gastric chief cells) downscaling

and reprogramming to become mucin-expressing, SOX9+ cells that can proliferate to
regenerate pancreatic damage.30: 131 The precancerous lesions known to pathologists

as Pancreatic intraepithelial neoplasias (PaNINs) arise from such metaplastic acinar cell
changes, and can progress to pancreatic ductal adenocarcinoma in a similar sequence to
chief cells undergoing reprogramming into SPEM and eventually progressing to gastric
adenocarcinoma.132 Accordingly, recent single cell transcriptomes have noted the presence
of mucus secretory lineages in the setting of pancreatitis that show strong similarity to
SPEM or antral/pyloric glands.133-135 Similarly, the ulcer-associated cell lineage (UACL),
originally identified by Sir Nicholas Wright in the context of intestinal mucosal damage in
Crohn’s disease, represents a recapitulation of the pyloric gland structure to provide local
injury response.136: 137 Recent transcriptomic analysis of UACL lesions has revealed that
these lesions showed similarity to SPEM lineages within a pyloric metaplasia lesion.138. 139
Other studies have highlighted the plasticity of Paneth cells. Paneth cells, like chief and
acinar cells, are MIST1-expressing secretory cells and display plasticity that may contribute
to a metaplasia that also resembles the pylorus.149-142 py|oric-like metaplastic changes have
long been known to arise after chronic acid exposure in the setting of duodenal peptic
ulcers.143 Similarly, the gall bladder can undergo pyloric-like metaplastic changes.144

The prominent example of Barrett’s metaplasia in the esophagus appears to be a specialized
case. While in other Gl tract locations, pyloric metaplasia lineages are likely derived from
the plasticity of resident cell lineages, in the case of Barrett’s epithelium, the origin of

the initial change to replace normal squamous epithelium with pyloric-like epithelium is
unclear. In perhaps the most accepted theory, the origin of the columnar epithelium in
Barrett’s accrues from the most proximal glands of the fundus. These glands,4> which vary
in abundance in humans, are pyloric-like and known as cardia-type mucosa. Every mammal
appears to have one or two pyloric type glands at the gastroesophageal squamocolumnar
junction.45 It is thought that cells from these cardia glands can migrate proximally to
replace squamous esophageal cells in the face of severe damage via refluxed acid and
bile.112, 146-148 |nterestingly, proximal cardia glands vary widely in abundance among the
human population, and autopsy and biopsy series of children have shown the naive cardia
may be only a few millimeters. Thus, some have proposed that most, if not all, of what
composes an adult cardia is actually metaplastic.149 150 That would indicate that the normal
corpus glands have been replaced over time by insult (either with H. py/orior acid reflux)
with pyloric metaplasia.14®> Whatever the etiology, the initial metaplasia in Barrett’s is likely
to involve the replacement of squamous epithelia with pyloric type epithelium with goblet
and other intestinal cell phenotypes arriving on the scene later.
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Thus, one can make the case that multiple types of metaplastic changes, known by organ-
specified names, may all be related manifestations of pyloric metaplasia. However, similar,
mucin-rich, proliferative, simple glandular/duct-like growth patterns also characterize the
epithelial cells of the developing, embryonic gastrointestinal tract. Indeed, the stomach
mucosa, itself, is first pyloric-like with fundic-type chief and parietal cells maturing only
after 6 months of gestation in humans?! and postnatally in mice.151: 152 Thys, pyloric
metaplasia might also be considered a reversion to the embryonic pattern. Similarly, it has
been noted that acinar-ductal metaplasia is considered more a return to an embryonic pattern
of pancreas organization with scant resemblance to adult pancreatic duct-lining epithelial
cells.153. 154 Regardless of whether the lineage changes in the injured gastrointestinal
mucosa are described as a pyloric metaplasia or a return to an embryonic phenotype,

it is clear that mechanisms of mucosal cell plasticity have much more in common

than previously thought, and we might learn much about repair and common routes to
tumorigenesis by studying them as a common mechanism.

Conclusions and prospectives: Is metaplasia good or bad?

Several lines of evidence indicate that pyloric metaplasias are typically benign, regenerative
adaptations to injury that can be transient, if the injury is temporary. Even if injury

and the reactive metaplasia become chronic, in most cases, the changes are benign. The
vast majority of patients with Barrett’s esophagus never develop dysplasia or cancer, and
complete intestinal metaplasia in the stomach also seems to be benign.12: 30 Thus, most
metaplastic processes during chronic injury may be successful, adaptive mucosal responses.
The establishment of protective lineages in the mucosa prevents further damage and may
allay deleterious symptoms, as in the case of gastroesophageal reflux.

On the other hand, in both the esophagus and the stomach, the risk of neoplasia appears

to correlate with the presence of metaplastic lineages that fail to complete their transitions
to endpoint metaplasia, but are rather caught in between gastric and intestinal lineages.
This type of lineage confusion may represent the true pre-neoplastic field cancerization
scenario. In both incomplete intestinal metaplasia and mixed lineage Barrett’s epithelium,
these pre-neoplastic lesions may represent isolated single or small groups of glands within
a field of otherwise benign complete intestinal or columnar metaplasia. Such scenarios can
account for the multifocality of cancerous lesions within a field of metaplastic esophageal
or gastric mucosa. It certainly accounts for the high incidence of metachronous lesions in
the stomach of patients following endoscopic resection of Stage | intestinal type gastric
cancers,123: 124,155 even after concomitant eradication of H. pylori 158 157 Therefore,

the vast majority of metaplastic lesions in both the esophagus and stomach appear to

be protective, and future focus should rely on identification and treatment of patients

with incomplete intestinal metaplasia in the stomach and the equivalent mixed metaplasia
(“specialized epithelium”) in the esophagus, who are truly at higher risk of developing
cancer. Targeting early metaplastic lineages for reprogramming could be an effective
approach in scenarios with chronic pyloric and intestinal metaplasia.
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Figure 1: Markers of pyloric metaplasia.
Pyloric metaplasia evolves in the corpus of the stomach following parietal cell loss with the

establishment of SPEM cells at the base of glands and often foveolar hyperplasia luminal
to the SPEM lineages. Foveolar hyperplasia is marked by expansion of cells expressing
Muc5AC and TFF1. SPEM is identified by cells expressing chief cell markers in low
abundance plus induced AQP5, MUC6, TFF2, WFDC2/HE4 and CD44v9.
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Figure 2: Evolution of SPEM through transdifferentiation/paligenosis.
Following parietal cell loss, chief cells rapidly down-regulate expression of the chief-cell-

architecture master regulating transcription factor MistZ and the micro-RNA miR-148a.
mTORC1 is downregulated, and reactive oxygen species (ROS) increase. Loss of MIST1,
decrease of MTORC1, and ROS facilitate expansion of lysosomal elements to remove
damaged ROS-producing organelles and consume excess zymogen granules. Next, cellular
ROS-adaptive mechanisms such as xCT/CD44v9 are increased. Management of ROS and
downscaling of zymogen granules are required before the next stage: up-regulation of
TFF2 and MUCG expression and the assembly of mucus-secreting granules that define

the reprogramming into a SPEM cell phenotype. Continued damage and inflammation can
promote the progression of SPEM into a more proliferative lineage and transition to this
stage requires re-induction of mTORC1.
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Figure 3: The divergent effects of Ras activation in isthmal progenitor cells and chief cells
establish two types of pyloric metaplasia.

Increases in Ras activation in isthmal progenitor cells in transgenic mice and in the setting of
Ménétrier’s disease leads to massive foveolar hyperplasia (foveolar hyperplasia predominant
pyloric metaplasia, FHP-PM) with preferential differentiation of foveolar cells, and to a
lesser extent mucous neck cells, over parietal cells. In contrast, activation of Ras in chief
cells leads initially to the development of SPEM from reprogramming of chief cells (SPEM-
associated pyloric metaplasia, SA-PM). Continuously active Ras expression can lead to
intestinal metaplasia and dysplasia, establishing the full range of pre-neoplastic lineages
associated with the development of intestinal type gastric cancer. Note: the intestinal
metaplasia depicted here would be of the “incomplete type.” The figure is not meant to show
definitively which exact cells are the ones fueling the expansion of dysplastic/neoplastic
cells, but evidence does point to lineages at the interface of intestinal metaplasia arising from
pyloric metaplasia/SPEM as the figure depicts.
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Figure 4: Intrinsic immune cells coordinate the initiation of SPEM.
Severe damage in the corpus mucosa leads to the release of 1L-33 from surface mucous cells

and IL-25 from tuft cells, both of which stimulate the release of IL-13 from ILC2s. IL-13 in
turn is required for initiation of the reprogramming of chief cells into SPEM cells and the
development of pyloric metaplasia.
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