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Abstract

Autoimmune gastritis (AIG) is a chronic, organ-specific autoimmune disease characterized
by progressive destruction of gastric parietal cells driven by autoreactive CD4" T-cells,
epithelial stress pathways, and microbial factors. Parietal cell loss results in achlorhydria,
intrinsic factor deficiency, and vitamin B12 malabsorption, ultimately leading to pernicious
anemia. Compensatory hypergastrinemia promotes enterochromaffin-like (ECL) cell hy-
perplasia and contributes to the development of type 1 gastric neuroendocrine neoplasms
(gNENS). These clinical consequences are well recognized, yet the cellular and molecular
mechanisms driving mucosal atrophy and neoplastic transformation remain incompletely
defined. Recent advances highlight the role of endoplasmic reticulum stress, impaired
autophagy, innate immune effectors, and dysbiosis in perpetuating inflammation and
epithelial injury. The frequent coexistence of AIG with other autoimmune disorders further
adds to its clinical complexity. Therapeutic options remain limited, spanning vitamin B12
replacement and endoscopic management to emerging targeted approaches. Netazepide,
a gastrin/CCK2 receptor antagonist, is the only agent tested in clinical trials, whereas
interventions targeting ER stress, autophagy, immune tolerance, or microbiome compo-
sition are still in the preclinical stage. Clarifying these mechanisms is crucial to improve
biomarker development, optimize surveillance, and identify targeted therapies to prevent
neoplastic transformation.

Keywords: autoimmune gastritis; parietal cells; hypergastrinemia; ECL cell hyperplasia;
gastric neuroendocrine neoplasms; ER stress; autophagy; microbiome

1. Introduction

Autoimmune gastritis (AIG) is a chronic, organ-specific autoimmune disease character-
ized by progressive destruction of gastric parietal cells. This process leads to hypochlorhy-
dria, intrinsic factor deficiency, vitamin B12 malabsorption, and an increased risk of gastric
neoplasia [1-6]. While these clinical sequelae are well recognized, the underlying molecular
and cellular mechanisms remain only partly understood [2,6-8]. The disorder is often un-
derdiagnosed, with a prevalence estimated between 0.5% and 2% in the general population,
rising to 5-10% among patients with other autoimmune conditions [1-8].
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Central to AIG pathogenesis is the autoreactive CD4" T-cell response against the
gastric H* /K* ATPase, the proton pump essential for acid secretion [6,7,9,10]. These T-cells
drive parietal cell apoptosis via Fas/FasL and perforin—granzyme pathways, amplifying
apoptosis and leading to oxyntic atrophy [1,10]. Innate immune cells further amplify tissue
damage: NK cells can directly mediate epithelial injury [11], while dendritic cells (DCs)
and innate lymphoid cells (ILCs), though less defined in AIG, are likely to influence local
immune polarization [11-13]. B cells and autoantibodies directed against parietal cells
and intrinsic factor serve as useful diagnostic markers, but their pathogenic contribution
remains debated [1].

Moreover, epithelial stress responses such as endoplasmic reticulum (ER) stress and de-
fective autophagy may heighten susceptibility to immune-mediated injury, while Fas/FasL
signaling provides a mechanistic bridge between immune aggression and epithelial apopto-
sis [1]. However, direct evidence for ER stress in human AIG remains limited, highlighting
an important knowledge gap.

The progressive loss of parietal cells disrupts acid-mediated feedback, leading to
compensatory hypergastrinemia. Gastrin acts on CCK2R to stimulate enterochromaffin-
like (ECL) cell proliferation, predisposing to type 1 gastric neuroendocrine neoplasms
(gNENSs) [14-20]. The downstream signaling nodes, such as ERK/MAPK, PI3K/Akt, and
STATS3, sustain proliferation and survival signals, likely cooperating with the inflamma-
tory microenvironment in neoplastic progression [17,21-23].In parallel, hypochlorhydria
reshapes the gastric niche and is associated with dysbiosis; microbial products engage
epithelial and immune receptors (e.g., Toll-like receptors, TLRs), sustaining inflammation
and epithelial stress and potentially modulating gastrin biology [24].

Finally, AIG seldom occurs in isolation but frequently coexists with other autoimmune
disorders, including autoimmune thyroid disease, type 1 diabetes, and vitiligo, supporting
the concept of a shared autoimmune predisposition. This broader context underscores the
need to consider AIG not only as an isolated gastric condition but also as part of a systemic
autoimmune spectrum [4,7].

This review integrates immune, epithelial, and microbial mechanisms to explain the
transition from parietal cell loss to ECL hyperplasia, highlights unresolved questions, and
discusses therapeutic opportunities and future research directions.

2. Methods
We searched PubMed and Scopus databases for articles published between January

v

1990 and March 2025. Search terms included “autoimmune gastritis,” “parietal cell,”
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“hypergastrinemia,” “enterochromaffin-like cells,” “neuroendocrine tumors,” “ER stress,”
“autophagy,” and “microbiome.” We included original research articles, translational stud-
ies, and reviews in English that addressed immune, epithelial, microbial, and signaling
aspects of AIG pathogenesis or clinical outcomes. Case reports, conference abstracts with-
out full data, and studies not directly related to AIG were excluded. Reference lists of the

selected articles were also screened manually to identify additional relevant studies.

3. Mechanisms of Parietal Cell Loss

Parietal cell loss in AIG reflects the convergence of autoreactive T-cell cytotoxicity,
innate immune amplification, and epithelial stress responses. While adaptive immunity
represents the initiating force, innate cytotoxicity and impaired epithelial resilience broaden
the pathogenic spectrum and highlight potential therapeutic targets (Table 1).
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Table 1. Molecular Pathways and Cellular Outcomes in AIG.

. R Primary Cellular Relevance to AIG
Molecular Pathway Stimuli/Trigger Outcome Pathogenesis
ERK/MAPK Gastrin via CCK2R ECL proliferation Promotes hyperplasia and
neoplastic risk
PI3K/ Akt Gastrin, growth factors Enhar}ced surV}val, Maintains expanded ECL
anti-apoptosis pool
STAT3 Cytokines, PI3K/Akt Proliferation, angiogenesis Facilitates SNEN
crosstalk progression
PERK-CHOP (ER stress) Inﬂarnrnatlorlf misfolded Parietal cell apoptosis Links immune attack to
proteins cell loss
Caspase-8—mediated . . -
Fas/FasL T-cell/NK engagement apoptosis Direct parietal cytotoxicity
. N Normally protective;
Autophagy Stress, nutrient deprivation Organelle clearance impaired in AIG
TLR signaling Microbial PAMPs Innate immune activation Perp etuates mucosal
inflammation

3.1. Adaptive Immunity

The autoimmune destruction of parietal cells in AIG is primarily driven by autoreac-
tive CD4* T lymphocytes that recognize epitopes of the gastric H* /K* ATPase, the major
parietal cell autoantigen. These CD4* T-cells mainly differentiate into Th1 effector produc-
ing interferon-gamma (IFN-y) and tumor necrosis factor-alpha (TNF-o), which amplify
inflammation and recruit cytotoxic CD8" T-cells, macrophages, and NK cells [25,26]. IFN-y
also directly induces the upregulation of MHC class II molecules on gastric epithelial cells,
increasing their susceptibility to T cell-mediated cytotoxicity [27].

In parallel, autoreactive B cell activation results in the production of autoantibodies
directed against both the H* /K* ATPase and intrinsic factor. While their role is largely
diagnostic, these autoantibodies can trigger the classical complement cascade [26,28,29].
The deposition of complement components, notably C3b, on parietal cells facilitates their
opsonization and subsequent clearance by phagocytic cells. Moreover, complement frag-
ments further interact with NK cells, enhancing antibody-dependent cellular cytotoxicity
(ADCC), thereby accelerating epithelial attrition [30,31].

Failure of regulatory T-cells (Tregs) to adequately suppress autoreactive CD4" popula-
tions likely perpetuates the chronicity of this autoimmune response, though mechanistic
data in AIG remain limited [32].

3.2. Intrinsic Epithelial Stress Pathways

Parietal cells are not merely passive targets, but exhibit intrinsic vulnerabilities that
modulate their survival in an inflammatory microenvironment. Endoplasmic reticulum (ER)
stress is a key driver of apoptosis. It arises from the excessive accumulation of misfolded
or unfolded proteins within the ER lumen, a process triggered by inflammatory cytokines
such as IL-1 and TNF-«. Activation of the unfolded protein response (UPR) seeks to
restore ER homeostasis through translational attenuation, upregulation of chaperones like
GRP78, and enhancement of ER-associated degradation pathways [33]. However, chronic
or overwhelming ER stress shifts the UPR towards pro-apoptotic signaling, primarily
mediated by the PERK-elF2x-ATF4-CHOP axis. CHOP (C/EBP homologous protein) acts
as a critical transcription factor that downregulates Bcl-2, promotes Bax activation, and
instigates mitochondrial outer membrane permeabilization, culminating in cytochrome c
release and caspase cascade activation [34,35].
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Simultaneously, death receptor-mediated apoptosis plays a pivotal role in parietal cell
loss. The Fas receptor (CD95) is markedly upregulated on parietal cells under inflammatory
conditions. Engagement of Fas by its ligand FasL, expressed on infiltrating T-cells and NK
cells, triggers the assembly of the death-inducing signaling complex (DISC). This complex
recruits and activates caspase-8, initiating the extrinsic apoptotic pathway that converges
on effector caspases such as caspase-3, leading to cellular demolition [36].

Autophagy, normally essential for clearing damaged cells [37], is impaired in the
inflamed gastric mucosa of AIG. Under physiological conditions, autophagy mitigates
cellular stress by removing damaged organelles and aggregated proteins. In AIG, persistent
inflammation and oxidative stress compromise autophagic flux, diminishing the capacity
of parietal cells to adapt to metabolic and proteotoxic insults [38]. This autophagic insuffi-
ciency heightens susceptibility to apoptosis, thereby reinforcing epithelial attrition [38,39].

Oxidative stress represents an additional pathogenic layer, wherein excessive pro-
duction of reactive oxygen species (ROS) during chronic inflammation inflicts damage on
mitochondrial DNA, lipids, and proteins. Mitochondrial dysfunction ensues, characterized
by loss of membrane potential and further ROS generation, creating a self-perpetuating
loop of oxidative injury and apoptotic signaling [40,41].

3.3. Innate Immunity

The innate immune pathways further amplify parietal cell destruction in AIG. Natural
killer (NK) cells represent more than 20% of gastric mucosal lymphocytes and can directly
mediate epithelial injury. They act via perforin-granzyme release and Fas—FasL interac-
tions [42—44], but are particularly effective in the context of antibody-dependent cellular
cytotoxicity (ADCC). Parietal cell-specific autoantibodies bound to the H* /K*-ATPase
provide a target for Fc receptor engagement, enabling NK cells to amplify damage initiated
by autoreactive T and B cells.

Activation of the classical complement pathway by parietal cell-directed autoantibod-
ies may further exacerbate mucosal injury. Complement deposition promotes opsonization,
neutrophil recruitment, and membrane attack complex (MAC) formation, directly lysing
parietal cells. Although data in human AIG are limited, evidence of complement activity in
gastric tissue supports its contribution as an underrecognized effector mechanism.

Dendritic cells (DCs) in the gastric lamina propria and submucosa may capture and
process gastric autoantigens, notably peptides derived from the H* /K* ATPase, for pre-
sentation via MHC class II molecules to naive CD4* T-cells in draining lymph nodes.
DCs exposed to pathogen-associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs) upregulate co-stimulatory molecules such as CD80 and CD86
and secrete cytokines, including IL-12 and IL-23. IL-12 drives Thl polarization, while
IL-23 fosters Th17 differentiation, contributing to a dual axis of IFN-y and IL-17-mediated
inflammation [45].

Innate lymphoid cells (ILCs), particularly group 3 ILCs (ILC3s), have emerged as
pivotal players in mucosal immunity within AIG. ILC3s secrete IL-17 and IL-22, cytokines
that modulate the epithelial barrier and immune responses. While IL-22 generally pro-
motes epithelial regeneration, in the context of AIG, the combined action of IL-17 and
IL-22 sustains a pro-inflammatory environment that compromises epithelial integrity and
perpetuates parietal cell stress. The chronic activation of ILC3s may thus indirectly facilitate
the continuous cycle of injury and impaired repair within the gastric mucosa [45].

Together, adaptive autoimmunity, epithelial stress, and innate immunity create a dele-
terious microenvironment that progressively destroys the parietal cell population [46,47].

However, several aspects remain unresolved. The contribution of dendritic cells and
innate lymphoid cells to AIG pathogenesis is largely speculative, as direct experimental
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evidence is scarce. Likewise, the interplay between complement deposition and NK-
mediated cytotoxicity remains underexplored in gastric autoimmunity.

4. Hypergastrinemia and ECL Cell Hyperplasia
4.1. Gastrin as a Trophic Factor

The depletion of parietal cells results in a profound reduction in gastric acid secretion,
which abolishes the negative feedback mechanism regulating gastrin release from antral G
cells. As a consequence, gastrin secretion becomes chronically elevated, leading to a state
of hypergastrinemia that exerts sustained trophic stimulation on ECL cells located in the
oxyntic mucosa [17,20,48,49]. Gastrin exerts its biological effects primarily through bind-
ing to the cholecystokinin-2 receptor (CCK2R), a G protein-coupled receptor abundantly
expressed on ECL cells [50,51]. Engagement of CCK2R by gastrin triggers intracellular
signaling cascades that culminate in ECL cell proliferation, enhanced histidine decarboxy-
lase (HDC) expression, and increased histamine synthesis [21,51]. Histamine, in turn, acts
in a paracrine fashion on H2 receptors of parietal cells to stimulate acid secretion; how-
ever, in the context of AIG, where parietal cells are depleted, this regulatory axis becomes
dysfunctional [52,53].

Chronic hypergastrinemia maintains a persistent proliferative drive on ECL cells,
predisposing to the development of linear hyperplasia, nodular hyperplasia, and ultimately
dysplastic changes that can progress to type 1 gNENs. This trophic effect is not only
quantitative, increasing the number of ECL cells, but also qualitative, potentially altering
the differentiation state and secretory profile of these cells [54].

Recent data, however, highlight that gastrin-CCK2R signaling is not exclusively tumor-
promoting. In murine models, hypergastrinemia expanded CCK2R* corpus progenitors,
accelerated ulcer healing, and mitigated gastric dysplasia during chronic injury [55]. These
observations suggest that the biological effects of gastrin are context-dependent, with
trophic stimulation contributing both to neoplastic risk and also to mucosal regeneration
and repair.

4.2. Molecular Pathways in ECL Cell Proliferation

The signaling cascades activated downstream of gastrin-CCK2R interaction are mul-
tifaceted and converge to promote proliferation, survival, and eventual neoplastic trans-
formation of ECL cells. One of the principal pathways activated is the extracellular signal-
regulated kinase/mitogen-activated protein kinase (ERK/MAPK) pathway. Upon CCK2R
activation, adaptor proteins such as Shc and Grb2 recruit Ras, which activates the Raf-
MEK-ERK kinase module. Phosphorylated ERK translocates to the nucleus and induces
transcription factors, including Elk-1 and AP-1, thereby driving expression of cell-cycle
regulators such as cyclin D1 and c-Myc.

In parallel, CCK2R stimulation engages the PI3K/Akt pathway. PI3K generates
phosphatidylinositol (3,4,5)-trisphosphate, which recruits and activates Akt. Activated
Akt phosphorylates a multitude of downstream substrates that collectively promote cell
survival by inhibiting pro-apoptotic factors like Bad and enhancing growth via mTOR
signaling. This confers resistance to cell death and sustains the expansion of hyperplastic
ECL populations.

Additionally, the crosstalk between PI3K/Akt and JAK/STAT cascades can lead to
STAT3 activation, nuclear translocation, and induction of genes promoting proliferation
(cyclin D1), survival (Bcl-xL), and angiogenesis (VEGF). Although less directly linked to
gastrin signaling, STAT3 appears central to the shift from hyperplasia to neoplasia [56].

Emerging evidence suggests that genetic and epigenetic alterations may further mod-
ulate these signaling pathways, lowering the threshold for ECL cell neoplastic transfor-
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mation. Epigenetic modifications, including DNA methylation and histone acetylation
changes, might influence the expression of tumor suppressor genes and oncogenes in ECL
cells [57]. Additionally, somatic mutations in components of the signaling pathways or
their regulators could confer a growth advantage to ECL cells under the chronic stimulus
of hypergastrinemia.

The interplay between hypergastrinemia-induced signaling and the microenvironmen-
tal factors, including hypoxia and inflammatory mediators present in the atrophic gastric
mucosa, may further synergize to promote the clonal expansion of transformed ECL cells.
This multifactorial process underscores the complexity of the progression from hyperplasia
to neuroendocrine neoplasia in AIG.

Dysregulated signaling has direct clinical consequences. On one hand, ER stress and
defective autophagy accelerate parietal cell apoptosis, exacerbating hypochlorhydria, in-
trinsic factor deficiency, and pernicious anemia. On the other hand, sustained ERK/MAPK,
PI3K/Akt, and STAT3 activation drives ECL proliferation, survival, and resistance to apop-
tosis, predisposing to type 1 gNENs. Thus, disruption of stress-response and trophic
signaling pathways provides the mechanistic link between autoimmune epithelial loss and
the two major outcomes of AIG: anemia and neoplasia.

Despite compelling mechanistic hypotheses, clinical validation of ER stress and defec-
tive autophagy as drivers of parietal cell loss is still lacking. It remains unclear whether
these processes represent primary triggers or secondary amplifiers of autoimmune injury.

5. Interplay with the Gastric Microbiome

The gastric microbiome, once thought negligible, is now recognized as a dynamic
community shaped by gastric acidity, mucosal immunity, and environmental factors. In the
context of AIG, hypochlorhydria fundamentally alters the gastric niche, creating conditions
favorable for microbial overgrowth and shifts in microbial composition, collectively termed
dysbiosis [24]. The reduction in gastric acidity permits the survival and colonization of
bacteria typically restricted to the oropharyngeal cavity and small intestine. This altered
microbial milieu is characterized by an increased abundance of non-Helicobacter species,
including Streptococcus, Lactobacillus, and Veillonella, which may possess distinct im-
munomodulatory properties [58]. Moreover, the decreased barrier function associated
with epithelial atrophy facilitates closer interactions between luminal microbes and the
gastric mucosa, potentially enhancing antigenic stimulation and perpetuating local immune
activation [59,60].

One of the critical consequences of microbial dysbiosis in AIG is the potential mod-
ulation of innate and adaptive immune responses. Certain bacterial metabolites, such as
short-chain fatty acids (SCFAs), can influence the differentiation and function of regulatory
T-cells (Tregs) and Th17 cells, thereby skewing the immune balance within the gastric mi-
croenvironment. Additionally, microbial-derived pathogen-associated molecular patterns
(PAMPs) engage pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs)
on epithelial and immune cells, triggering downstream signaling pathways that sustain
inflammation and epithelial stress [61,62].

Furthermore, the interplay between the altered microbiome and hypergastrinemia
remains an area of emerging interest [63,64]. Some microbial species have been shown to
modulate enteroendocrine cell function and gastrin secretion, potentially amplifying the
hypergastrinemic state that drives ECL cell proliferation. Conversely, chronic hypergas-
trinemia itself may influence the composition of the gastric microbiome by altering mucosal
secretions and immune surveillance mechanisms [24,64].

The pro-inflammatory environment fostered by dysbiosis may also contribute to
oxidative stress and DNA damage in epithelial cells, creating a genotoxic milieu that
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facilitates neoplastic transformation [24,65]. This is particularly relevant in the context of
ECL cell hyperplasia, where sustained proliferative signaling combined with genotoxic
stress could accelerate the progression toward type 1 gNENs.

However, current evidence is limited by methodological issues, including small and
heterogeneous cohorts, cross-sectional study designs, variability in sequencing platforms,
and the risk of contamination inherent to low-biomass samples. Moreover, it remains
unclear whether dysbiosis acts as a driver of disease, a consequence of hypochlorhydria, or
merely an epiphenomenon.

Understanding the bidirectional interactions between the gastric microbiome, im-
mune responses, and epithelial dynamics in AIG offers a promising frontier for research.
Microbiome-targeted strategies such as probiotics, prebiotics, or fecal microbiota trans-
plantation (FMT) have been proposed, but remain speculative in AIG given the absence of
clinical trials.

6. Autoimmune Gastritis and Associated Autoimmune Disorder

AIG rarely presents as an isolated condition and is often part of a broader autoimmune
spectrum. Epidemiological studies show that up to one-third of patients with AIG develop
additional autoimmune diseases, most commonly autoimmune thyroid disease, type 1
diabetes mellitus, vitiligo, and Addison’s disease [4,7]. This clustering is particularly
evident within autoimmune polyendocrine syndromes, where AIG coexists with multiple
organ-specific disorders.

Shared genetic backgrounds contribute to this overlap, especially HLA-DR3 and HLA-
DR4 haplotypes, which predispose to both AIG and other autoimmune conditions [66].
Beyond HLA, polymorphisms in immune-regulatory genes, such as CTLA4 and PTPN22,
have been associated with increased susceptibility to concurrent autoimmunity [67]. Im-
munologically, a breakdown of central tolerance in the thymus and defective peripheral
regulatory T-cell function are thought to underpin the coexistence of autoreactivity against
different organ-specific antigens.

Clinically, the association with autoimmune thyroid disease (Hashimoto’s thyroiditis
or Graves’ disease) is the most frequent and may precede or follow the diagnosis of
AIG [68,69]. The link with type 1 diabetes mellitus is well established, and AIG should be
considered in diabetic patients presenting with unexplained anemia [70]. Less commonly;
associations with celiac disease, autoimmune diseases, and vitiligo have been described,
suggesting a common immunogenetic background [4,7,71].

Recognizing the coexistence of AIG with other autoimmune diseases is clinically im-
portant. First, the presence of multiple autoimmune conditions may modify the phenotype
and course of AIG. Second, systematic screening for thyroid dysfunction, glycemic abnor-
malities, and other autoimmune manifestations is recommended once AIG is diagnosed.
This integrated approach facilitates early recognition, timely treatment, and improved
long-term outcomes for affected patients.

7. Prognosis and Long-Term Outcomes

The prognosis of AIG is heterogeneous and largely determined by the degree of
parietal cell loss and its clinical consequences (Table 1). In many patients, progression is
indolent, but the cumulative impact of vitamin B12 deficiency, iron malabsorption, and the
risk of neoplastic transformation requires long-term surveillance [1,4,18,72,73].

From a hematologic perspective, pernicious anemia remains the most clinically rele-
vant outcome, with potential complications including irreversible neurological damage if
unrecognized or untreated [74]. Iron deficiency may precede cobalamin depletion, particu-
larly in younger patients, and contributes to fatigue and impaired quality of life [75,76].
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The strongest prognostic concern relates to the increased risk of gastric neoplasia.
Chronic hypergastrinemia promotes ECL cell hyperplasia, which in a subset of patients
progresses to type 1 gNENSs [15,19,77]. Although gNENSs associated with AIG are generally
indolent and carry a favorable prognosis [78], their multifocality and tendency for recur-
rence require endoscopic monitoring [79,80]. In parallel, the risk of gastric adenocarcinoma,
although lower than historically estimated, remains elevated compared to the general
population [58,77,81,82].

Overall, long-term management should integrate the correction of nutritional deficien-
cies [76] with structured endoscopic surveillance [72,83]. Current guidelines recommend
lifelong follow-up, tailored to individual risk factors such as family history, coexisting
autoimmune disorders, and the presence of premalignant lesions [5,72]. Future studies are
needed to refine risk stratification and to identify biomarkers capable of predicting disease
course and neoplastic transformation.

8. Therapeutic Perspectives

The therapeutic landscape of AIG and its sequelae, particularly ECL cell hyperplasia
and type 1 gNENSs, remains largely empirical and symptom-driven. Current management
relies on vitamin B12 supplementation, endoscopic surveillance, and the treatment of
established neoplasia by endoscopic or surgical resection. Nevertheless, advances in the
understanding of the molecular pathways underpinning parietal cell loss and ECL cell
proliferation are paving the way for targeted therapeutic approaches [84] (Table 2).

Table 2. Therapeutic strategies in AIG in Autoimmune Gastritis.

Strategy Target/Mechanism Current Status
Vitamin B12 supplementation Corrects anemia Clinical standard
Netazepide (CCK2R antagonist) Blocks gastrin-driven ECL hyperplasia Clinical trials completed
ER stress modulators (e.g., TUDCA) Reduce parietal cell apoptosis Preclinical
Autophagy enhancers Promote epithelial resilience Preclinical
Immunomodulators (e.g., Treg therapies) Restore tolerance Theoretical
Microbiome modulation Correct dysbiosis Preclinical /theoretical

One of the most promising strategies involves pharmacological modulation of the
hypergastrinemia—CCK2R axis. The gastrin/CCK2 receptor antagonist netazepide is the
only drug tested in clinical trials for AIG-related type 1 gNENs, where it reduced ECL
hyperplasia and induced regression of lesions [84]. By blocking the trophic effect of gastrin,
these agents effectively attenuate the proliferative drive on ECL cells and may reduce
neoplastic risk [85]. While long-term data are still needed, netazepide represents the only
agent so far tested in AIG patients with type 1 gNENS.

Several other strategies remain at a preclinical or conceptual stage, supported largely
by mechanistic or animal data. Beyond CCK2R antagonism, pathway-specific inhibitors
under development in oncology (e.g., ERK, PI3K, and STAT3 inhibitors) might theoretically
be repurposed for AIG-related lesions, although no clinical data are available. In particular,
small molecule ERK and PI3K inhibitors, already in clinical development for gastric and
other solid tumors, could theoretically be repurposed to restrain ECL cell hyperplasia
in AIG [86]. Similarly, STAT3 antagonists may counteract the proliferative and survival
signals driving ECL cell hyperplasia [87]. However, given the typically indolent behav-
ior of type 1 gNENS, careful safety evaluation is required before translation to clinical
practice. Combination strategies, such as pairing CCK2R antagonists with inhibitors of
downstream signaling cascades, remain speculative but could theoretically enhance efficacy
and limit resistance.
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Targeting intrinsic epithelial stress responses also represents a therapeutic opportunity.
Agents targeting epithelial stress pathways, such as modulators of ER stress or enhancers
of the UPR, could protect parietal cells from apoptosis, but evidence remains confined to
preclinical models [88]. Small molecule chaperones, such as tauroursodeoxycholic acid
(TUDCA), have shown promise in reducing ER stress in preclinical models of epithelial
injury [89,90] and other chronic inflammatory diseases [91]. These targets could be explored
in the context of AIG, but they still remain untested.

Similarly, enhancing autophagic flux in gastric epithelial cells might mitigate cellular
vulnerability to inflammation-induced damage. Pharmacological activators of autophagy,
including mTOR inhibitors or AMPK activators, may restore cellular homeostasis and
preserve parietal cell function, but their systemic effects raise safety concerns [92].

Immunomodulatory approaches, such as restoring Treg function or low-dose IL-2
therapy, could theoretically halt autoimmune aggression, but remain experimental and
untested in AIG. Low-dose IL-2 therapy, which preferentially expands Tregs, or the use
of checkpoint inhibitors targeting co-stimulatory pathways involved in autoimmunity,
may provide innovative strategies, though their application in AIG requires rigorous
investigation [93].

Given the emerging role of the gastric microbiome in modulating mucosal immunity
and epithelial dynamics, microbiome-targeted interventions have been proposed. Probi-
otics to restore microbial balance, prebiotics to promote the growth of beneficial bacteria,
or even FMT could theoretically reconstitute a protective microbial community. These
approaches might synergize with other therapies to reduce inflammation and restore gastric
homeostasis, but no clinical trials have yet been conducted in AIG [94].

An integrative therapeutic approach could also arise from simultaneously targeting
the immune system, epithelial stress responses, and the altered microbiome. For example,
strategies aimed at restoring Treg-mediated tolerance (e.g., low-dose IL-2) may be combined
with agents that alleviate ER stress (such as TUDCA) or enhance autophagy, thereby
reducing parietal cell vulnerability. In parallel, modulation of the gastric microbiome with
probiotics or other microbiota-directed interventions could help dampen inflammation and
promote epithelial stability. Leveraging this interplay in a coordinated fashion may offer a
more rational and effective strategy than focusing on single mechanisms in isolation.

Despite these promising approaches, several barriers have hindered the translation of
preclinical targets into clinical trials. First, the rarity and usually indolent course of type 1
gNENSs limit patient recruitment and reduce the perceived need for interventional studies.
Second, the absence of validated biomarkers hampers risk stratification and the identifica-
tion of patients who might benefit from targeted therapies. Third, long-term modulation
of immune, autophagy, or stress—response pathways raises safety concerns in a condition
that is often asymptomatic or slowly progressive. Finally, limited commercial interest in
rare autoimmune gastric disorders reduces the incentive for pharmaceutical investment.
These limitations explain why, despite extensive mechanistic insights, netazepide remains
the only agent tested in controlled clinical settings.

A further complexity emerges from recent evidence on the dual role of the gastrin—
CCK2R axis. A recent study demonstrated that hypergastrinemia can expand CCK2R*
isthmus progenitors, accelerate ulcer healing, and even mitigate preneoplastic changes
in models of H. pylori gastritis and carcinogen exposure [55]. These findings indicate
that gastrin signaling is context-dependent, with both pathogenic and regenerative roles,
complicating the rationale for long-term CCK2R blockade. This duality may partly explain
the slow clinical translation of pathway-targeted therapies: interventions blocking gastrin
or CCK2R must balance suppression of ECL hyperplasia with preservation of mucosal
repair and host defense.
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CLINICAL
OUTCOMES

Translation of mechanistic insights into therapies remains challenging. Until disease-
modifying therapies become available, surveillance remains the cornerstone of patient
management. Endoscopic monitoring and biomarker assessment are essential for the
early detection of neoplastic progression in AIG patients. The identification of molecular
biomarkers predictive of ECL cell dysplasia or transformation to gNENs would enhance
risk stratification and guide personalized interventions [95].

9. Conclusions

Parietal cell loss and ECL cell hyperplasia in AIG result from a complex inter-
play of immune-mediated cytotoxicity, intrinsic epithelial stress responses, and trophic
hypergastrinemia-driven signaling. The convergence of autoimmune aggression, intrin-
sic epithelial stress responses, and chronic hypergastrinemia creates a permissive envi-

ronment for neoplastic transformation, particularly the development of type 1 gNENs
(Figure 1) [15,19,96].

Immune attack
(CD4*T,
Fas/FasL, NK,
complement) y 4

Epithelial stress
(ER stress,
autophagy

impairment)

B cells

\ Parietal cells lost

Microbiome

Autoantibodies dysbiosis (H.
pylori?)

[ ECL Hyperplasia [ pernicious anemia ]

[type 1 gNENs [Gastric cancer? ]

Figure 1. Inmune-mediated cytotoxicity (CD4" T-cells, Fas/FasL, NK cells, complement), epithelial
stress (ER stress, impaired autophagy), and microbiome dysbiosis (e.g., H. pylori) converge on parietal
cell loss. B cells and autoantibodies amplify the autoimmune response. The resulting hypochlorhydria
leads to hypergastrinemia, driving enterochromaffin-like (ECL) cell hyperplasia and type 1 gastric
neuroendocrine neoplasms (gNENSs), while intrinsic factor deficiency causes pernicious anemia.

A comprehensive understanding of the molecular and cellular mechanisms underlying
parietal cell apoptosis, ECL cell proliferation, and their modulation by the gastric micro-
biome is critical for advancing clinical management [46]. Dysregulated stress—response
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and trophic signaling pathways not only explain the molecular cascade of AIG but also
explain its main clinical sequelae. Excessive parietal cell apoptosis driven by ER stress
and impaired autophagy culminates in hypochlorhydria and intrinsic factor deficiency,
the basis of pernicious anemia, whereas persistent activation of ERK/MAPK, PI3K/Akt,
and STAT3 sustains ECL cell proliferation and survival, fostering progression toward type
1 gNENSs.

These mechanistic insights reveal potential therapeutic targets—such as the ERK/MAPK,
PI3K/Akt, and STAT3 cascades [97-101]. Furthermore, recognizing the influence of dysbio-
sis in perpetuating inflammation and altering epithelial dynamics underscores the need to
integrate microbiome-focused strategies into the therapeutic arsenal [24,64]. Among emerg-
ing targeted strategies, only CCK2 receptor antagonists such as netazepide have been tested
in clinical trials [84], whereas ER stress modulators [89,90], autophagy enhancers [102], and
immunomodulatory agents remain at a preclinical or conceptual stage.

Future therapeutic development will likely require integrated strategies that com-
bine immune tolerance restoration, epithelial protection, and microbiome modulation,
addressing the multifactorial nature of AIG pathogenesis. In parallel, research should
prioritize the identification of predictive biomarkers for neoplastic progression, the design
of personalized treatment paradigms, and the execution of well-powered clinical trials.

Finally, significant gaps persist in our understanding of AIG. The contribution of
underexplored immune populations (e.g., Tregs, dendritic cells, innate lymphoid cells),
the validation of epithelial stress pathways in patient-derived models, and the need for
longitudinal microbiome studies remain key unanswered questions. Addressing these gaps
will be essential to move beyond descriptive knowledge and toward precision interventions,
ultimately improving prognosis and quality of life for patients with AIG.
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