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Abstract

The stomach epithelium is a highly dynamic tissue that undergoes continuous self-renewal
and responds robustly to injury through tightly regulated repair processes. Organoids
have emerged as powerful tools for modelling gastrointestinal biology. This review focuses
on the capacity of gastric organoids to model epithelial homeostasis, injury and repair
in the stomach. We examine how organoid systems recapitulate key features of in vivo
gastric architecture and stem cell dynamics, enabling detailed interrogation of lineage
specification, proliferative hierarchies and regional identity. Gastric organoids have proven
particularly useful for studying how environmental factors, such as Helicobacter pylori
infection or inflammatory cytokines, disrupt epithelial equilibrium and drive metaplastic
transformation. Furthermore, we discuss the emerging use of injury-mimicking conditions,
co-cultures and bioengineered platforms to model regeneration and inflammatory
responses in vitro. While organoids offer unparalleled accessibility and experimental
manipulation, they remain limited by the absence of critical niche components such
as immune, stromal and neural elements. Nevertheless, advances in multi-cellular and
spatially resolved organoid models are closing this gap, making them increasingly relevant
for disease modelling and regenerative medicine. Overall, gastric organoids represent a
transformative approach to dissecting the cellular and molecular underpinnings of stomach
homeostasis and repair.
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1. Introduction
The gastric epithelium is a highly dynamic tissue that is exposed to ongoing chemical,

mechanical and pathological stress. As a consequence, the gastric epithelium undergoes
constant renewal and is equipped to respond to damage through eliminating defective
and damaged cells via tightly regulated regenerative signalling. Homeostasis of the
gastric epithelium is maintained by resident stem cells that orchestrate rapid cellular
turnover, while injury activates repair programmes that often mimic developmental
pathways. Understanding the mechanisms underlying these responses is critical for
advancing treatments for inflammatory diseases, infection and cancer. Over the past
decade, organoid technology has revolutionised the study of stomach biology by
enabling the in vitro culture of self-organising, stem cell-derived mini-organs, termed
organoids. Organoids recapitulate key features of the native epithelium and have proven
invaluable for dissecting the cellular and molecular events that drive regeneration following
damage, offering unprecedented opportunities to manipulate and visualise epithelial
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responses in a controlled environment. However, while organoids capture intrinsic
epithelial properties, they typically lack key components of the in vivo niche, such as
immune cells, vasculature and stromal support, limiting their ability to fully recapitulate
complex multi-cellular interactions.

This review explores how gastric organoids have been leveraged to model damage
and repair in the stomach, highlighting both their transformative potential and the
challenges that remain in bridging the gap between in vitro models and physiological
tissue regeneration.

2. Gastric Organoids as an Elevated Model System
Traditional monolayer (2D) cell culture systems are well-established and inexpensive

and have advanced our understanding of basic and biomedical gastrointestinal biology.
However, 2D systems fail to accurately model how cells interact with each other and
their surrounding microenvironment, which limits their value to study complex tissue
morphology and physiology. This means any breakthrough discoveries about tissue
homeostasis and regeneration made in 2D models need to be validated in more complex
systems. While in vivo models (e.g., mouse models) are able to better model complex tissue
architecture and physiology, they are burdened by high expense, long latency and marked
physiological differences (e.g., metabolism) [1]. This has direct implications for scalability
and translating drug development and toxicity studies, or the biological mechanisms
underpinning tissue homeostasis, regeneration after injury and the immune response from
animals to humans.

The past decade has seen an explosion in 3D organoid culture—forming a nexus
between mouse models and 2D cell lines to accelerate our understanding of fundamental
and translational research. Conventional organoid models are derived from isolated
epithelial cells (e.g., stomach) that self-organise into three-dimensional structures when
embedded into a supportive collagen-rich matrix (e.g., Matrigel). Over a matter of
hours-to-days, isolated epithelial cells begin to coalesce into spherical clusters, termed
gastroids, that eventually give rise to multiple gastric lineages (e.g., enteroendocrine cells,
mucus-secreting stem and progenitor cells) and develop multiple small buds that protrude
from the central organoid mass (Figure 1). Impressively, gastroids bare a close resemblance
to the native morphology, composition and physiology of the gastric epithelium. This
is not currently achievable with traditional 2D cell lines. The development of ex vivo
organoid culture has provided an elevated system to more accurately model in vivo
biology at scale. A key advantage of organoid culture systems over most other primary cell
cultures is their ability to preserve genomic stability over long periods while maintaining
the characteristics of the original tissue. Like traditional 2D cultures, organoids can
be split, frozen and thawed, offering flexibility for experimental use. These properties
make organoids a powerful tool for a wide range of laboratory applications that can be
used in place of animal models or as a complementary system. They are well-suited
for molecular profiling, including genomic, single-cell transcriptomic and large-scale
proteomic analyses [2]. Organoids can also be genetically modified using approaches
such as lentiviral transduction, bacterial artificial chromosomes (BACs), or CRISPR/Cas9
editing [3]. In addition, introducing bacterial or viral pathogens into the organoid lumen
provides valuable models for studying infectious diseases [4]. Organoids can be derived
from adult stem cells (ASCs), embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs) (or PSCs for both ESCs and iPSCs) [5,6], all of which are utilised in a variety of
applications including disease modelling (occurrence, development and progression), drug
development, host–microbe interactions, personalised medicine and regenerative medicine
(Figure 1) [7,8].
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Figure 1. Adult stem cell and pluripotent stem cell-derived organoids and their applications.
(A) Schematic showing workflow for generating adult stem cell (ASC)- or pluripotent stem cell
(PSC)-derived gastric organoids [4,9]. Top panel: isolated epithelial cells from the antrum or corpus
embedded in a collagen-rich matrix and overlaid with growth factor-rich media permits formation of
spherical organoids, which mature into gastric organoids. Bottom panel: pluripotent stem cells used
as starting material are gradually differentiated from definitive endoderm through to anterior and
foregut endoderm via sequential addition of growth factors shown [6]. PSC-derived organoids can be
cultured from embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs). (B) Downstream
applications shown for ASC- and PSC-derived gastric organoids. For full experimental details and
conditions for ASC- and PSC-derived cultures, please refer to [4,6,9].

3. Gastric Homeostasis
The stomach plays a critical role in food storage and digestion and is composed of

four main anatomical regions: the cardia, fundus, corpus and antrum. Like the human
stomach, the murine stomach has distinct regions: the forestomach, corpus and antrum. The
corpus and antrum are both glandular, with different cellular compositions that reflect their
specialised functions: acid secretion and digestion (corpus) vs. mucus secretion, hormone
production and motility (antrum) [10]. Corpus glands are elongated (compared with the
antrum) and have a unique conical flask shape that is sub-divided into four main areas:
the pit (which merges with the luminal surface), isthmus, neck and base (Figure 2). The
corpal gland base is heavily populated by zymogenic chief cells, which secrete digestive
enzymes (i.e., pepsinogen) to assist food digestion, whereas the neck and pit are densely
populated with mucin-secreting cells, which form a protective mucus barrier along the
luminal surface. Large eosinophilic parietal cells are concentrated in the middle of the corpal
epithelium and are responsible for secreting hydrochloric acid, assisting with digestion
and metabolism.

Antral glands are much shorter than corpal gastric glands and have three subdivisions:
the pit, isthmus and base (Figure 2). In contrast to the corpus, the antrum is composed
mostly of mucus- (Muc5AC, Muc6) and hormone-secreting (e.g., Gastrin, Somatostatin)
cells. Progenitor and stem cells reside in the antral isthmus and produce the various cell
lineages. The antral pit is composed of surface mucous pit cells (marked by Muc5AC and
Tff1), while the base of antral glands house various hormone-secreting enteroendocrine
cells (e.g., G cells, D cells), which stimulate the release of gastric acid, mucous gland cells
(marked by Muc6), rare tuft cells (Dckl1) and gastric stem cells (discussed below) [11,12].
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Figure 2. Gastric gland structure and associated niche signalling. Schematic depicting antral (left)
and corpus (right) glands. Left panel: epithelial cells in the gland present are surface mucous cells,
progenitor cells, mucous gland cells, tuft cells and enteroendocrine cells. Right panel: epithelial cells
in the gland present are surface mucous cells, progenitor cells, mucous gland cells, tuft cells, mucous
neck cells, parietal cells and chief cells. Two populations of long-lived multipotent stem cells can be
found in the isthmus and gland base of both types of glands, a slowly cycling cluster of cells and
a rapidly cycling population. Both types of glands are surrounded by niche cells including neural
cells, fibroblasts and immune cells (macrophages, dendritic cells, etc.) that provide extrinsic signals
to maintain homeostasis.

4. Epithelial Stem Cells in the Stomach
Renewal of the stomach epithelium is spearheaded by gastric stem cells, which

are able to self-renew and give rise to other gastric cell types [13,14]. One of the first
studies to confirm the existence of gastric stem cells showed the presence of a long-lived
progenitor (determined by 3H-thymidine integration) in the isthmus region of gastric
glands [15]. Subsequent studies applied chemical mutagenesis (N-ethyl-N-nitrosourea)
to hemizygous Rosa26.LacZ mice to induce random loss-of-function mutations in the
lacZ gene within individual epithelial cells. This elegant approach enabled researchers to
clonally trace single cells over time, further demonstrating the existence of proliferative
multipotent adult stem cells in the stomach [16].

4.1. Antral Stem Cells

The first definitive identification of adult gastric stem cells followed the discovery
of leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) as a stem cell
marker [17]. Using Cre-mediated lineage tracing and organoid culture, Barker et al. showed
that Lgr5+ cells at the base of antral glands were bona fide multipotent stem cells,
capable of long-term self-renewal and generating all epithelial lineages to maintain
homeostasis [9]. Lgr5 expression overlaps with Aquaporin-5 (Aqp5) and Aqp5+ cells
can generate long-term murine and human organoid cultures, although the functional
distinction between Aqp5+/Lgr5− cells remains unknown [18]. Since then, multiple
markers that purportedly identify independent stem cell populations responsible for antral
homeostasis have been reported, but their actual individuality is clouded by overlapping
expression with each other.

Lrig1, a negative regulator of EGFR signalling, marks stem/progenitor cells at
the gland base that contribute to multiple lineages, partially overlapping with Lgr5+

cells. Whether Lrig1+/Lgr5− cells are functional stem cells is unresolved [19,20]. In contrast,
Cck2r+ cells that are located above the Lgr5+ compartment with minimal overlap give rise
to all antral cell types and gastric organoids [21]. Notably, targeted ablation of Lgr5+ cells
triggers compensatory proliferation of Cck2r+ cells, indicating plasticity that preserves
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homeostasis [22]. Other studies utilising Lgr5-ablation models suggest Trop2+/Lgr5− cells
adopt a transient “foetal-like” transcriptomic state, allowing them to de-differentiate into
a progenitor-like state and restore epithelial homeostasis [23]. Further investigation is
needed to elucidate the molecular mechanisms by which Cck2r+ cells sense disruptions
in homeostasis and shift from a quiescent to an active state, potentially via gastrin
downregulation, which is known to maintain Cck2r+ cell quiescence [22]. This alternative
mechanism may reconcile the two stem cell populations but requires additional work to
map the relationship between “reserve” Cck2r+ cells and cells that can de-differentiate (i.e.,
Trop2+). However, the relative inefficiency of the Lgr5-DTR-GFP model compared with
the more robust Lgr5-2A-DTR system raises questions about the extent of true Lgr5+ cell
ablation in these studies [24,25].

Gastric cells that express the polycomb repressive complex protein Bmi-1 or Runx1
enhancer element (eR1) within the antral isthmus have been suggested to function as
“reserve” stem cells—a population of quiescent cells that respond to damage and restore
homeostasis [26,27]. While the distribution of eR1+ cells in the corpus is quite broad, rare
eR1+ cells restricted to the +4 position (isthmus region) in the antrum give rise to multiple
cell lineages and can form organoids [27]. However, it remains to be answered whether
eR1+ cells overlap with other +4 populations (e.g., Sox2, Axin2, Cck2r) or truly mark a rare
distinct population that is not required for homeostasis but fulfils a semi-supportive role
that is able to respond to oncogenic transformation [27]. Similarly, Bmi-1+ cells mark a rare
non-Lgr5+ population in the antrum that is multipotent [26]. In contrast to eR1+ cells, Bmi-1+

cells have a clear role in epithelial reconstitution following injury (e.g., high-dose tamoxifen,
chemical damage, irradiation). But it is currently unclear if Bmi-1+ cells transit through an
Lgr5+ intermediate state in order to repopulate the gastric epithelium following injury [26].

Axin2+ cells at the antral gland base are Wnt-responsive and include both proliferative [12]
and quiescent cells [28]. Lineage tracing shows Axin2+ cells contribute to all antral epithelial
lineages, particularly following Lgr5+ cell ablation, suggesting they act as a reserve stem
cell pool. Notably, myofibroblast-derived R-Spondin 3 (RSPO3) is required for promoting
the expansion of Axin2+ cells in vivo and in vitro, which is further enhanced in the presence
of Helicobacter pylori infection [28].

4.2. Corpal Stem Cells

Like the antral stomach, distinct stem cell populations have been described in the
corpus. However, biophysical modelling and label-free lineage tracing has unified these
discrete stem cell populations to show a slow-cycling/semi-quiescent population located at
the gland base and an actively cycling population in the isthmus that undergoes punctuated
clonal bursts to replenish the pit-isthmus-neck region (Figure 2) [29]. The isthmus stem cells
migrate bidirectionally and give rise to cells in the isthmus, neck and pit. Interestingly, many
candidate biomarkers of antral stem cells are shared with several populations in the corpus
stomach but have divergent roles. For example, dormant Lgr5+ chief cells can proliferate
and generate multiple lineages after injury but are dispensable for homeostasis [30]. Within
this population, Troy+ chief cells also act as reserve stem cells, expanding after injury
(e.g., 5-FU chemotherapy) [31]. However, under basal conditions, Troy+ cells expand slowly
(>1 year) and are capable of giving rise to all differentiated cell types in the corpus [31]. Both
Lgr5+ and Troy+ chief cells express Wnt target genes (Lgr5, Ascl2, Rnf43/Znrf3, Axin2, CD44)
and can generate long-lived gastric organoids [31]. However, Lgr5+ chief cells, but not Troy+

cells, form tumours following activating KRAS mutation [30].
Isthmus stem cells in the corpus are marked by Mist1, IQGAP3, eR1, Stmn1, Lrig1,

and Sox2 [19,27,29,32–34]. The basic helix–loop–helix transcription factor Mist1 labels
both isthmus cells (Lgr5−) and chief cells (Lgr5+) [32]. Lineage-traced Mist1+ isthmus
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cells persist beyond 18 months and give rise to mucus neck cells (GSII), parietal cells
(H/K-ATPase), surface pit cells (Tff1), tuft cells (Dclk1) and enteroendocrine cells
(chromogranin A) [32]. Remarkably, isolated Mist1+ cells form corpal and antral organoids
in the absence of Lgr5 and independently of Wingless (Wnt) signalling, yet lineage
traced-Mist1+ chief cells do not give rise to other cells in vivo, suggesting they may respond
to damage rather than maintain homeostasis in the corpal stomach.

Cells marked by GTPase activating protein 3 (Iqgap3) produce pit mucous, mucous
neck and chief cells in organoids, driving cell proliferation during homeostasis and
repair [33]. In vivo, lineage tracing from Iqgap3+ cells is also able to generate parietal
cells; the difference between the two systems may stem from organoid-based limitations
(e.g., optimised growth factor conditions). Co-culturing stromal cells with organoids may
resolve this difference by providing the required signalling molecules to promote parietal
cell differentiation [33]. Runx1 enhancer element (eR1) may be a stem cell marker given
its potential to generate organoids; however, at this stage, both eR1 and Lrig1 do not
have defined characteristics for their cell populations [20,35]. Lrig1 expressing cells within
the corpal isthmus have been shown to contribute to the regeneration of the parietal cell
population only after acute gastric injury [20]. An additional marker for stem cells in the
corpus is Stmn, which appears to mark rapidly cycling stem cells in the isthmus [29]. Sox2
marks non-Lgr5+ cells in both the antrum and corpus that are long-lived and give rise
to multiple cell types [34]. Approximately 50% of Sox2+ cells are proliferative, indicating
functional heterogeneity within the Sox2+ stem cell pool. Indeed, Sox2+ cells in the stomach
can serve as a cell of origin for tumorigenesis following Apc loss, a context in which Sox2
normally acts to functionally repress Wnt signalling, thereby constraining proliferative
potential under homeostatic conditions [34,36].

5. Gastric Niche
Homeostasis of gastric stem cells and the gastric epithelium is supported by the niche,

which is composed of many non-epithelial lineages including fibroblasts, immune cells
(macrophages and dendritic cells), neural cells, blood and lymphatic vessels. Cells in the
niche provide a milieu of extrinsic signals to epithelial cells that regulate the delicate balance
between cell proliferation and differentiation, many of which are provided in organoid
culture growth media. Complementing the niche epithelial cells also generate a slew of
intrinsic signals that also help regulate tissue homeostasis.

Notch signalling plays a conserved role in regulating gastric stem cells, where
Notch ligands (e.g., Delta-like 1, Dll1; Jagged-1, Jag1) are expressed by epithelial
cells at the gland base in the antral stomach that bind to cognate Notch receptors
(e.g., Notch1, Notch2) expressed by Lgr5+ stem cells in the antrum [37–39]. Genetic or
pharmacological manipulation of Notch signalling in stomach organoids is sufficient to
skew stem cell homeostasis towards either gland fission and clonal expansion or stem cell
depletion (in the case of Notch inhibition) and cell differentiation (mucus, enteroendocrine
lineages) [37,40]. Antral organoids treated with Notch1 and Notch2 inhibitors force terminal
differentiation, while corpal organoids undergo lineage reprograming and begin to express
intestinal lineages, further confirming the critical role of Notch in maintaining gastric stem
cell homeostasis.

The Wnt signalling pathway regulates a range of cellular functions within the
stomach, including proliferation, differentiation and stem cell function [41]. During
development, Wnt/β-catenin signalling influences lineage specification in the corpus and
antrum [42,43]. While Notch signalling occurs via cell–cell interaction, Wnt signalling occurs
mostly as a short-range secreted morphogen in the surrounding niche. Corpus organoids
require lower levels of Wnt signalling compared with antral organoids, as the treatment
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of corpal organoids with Wnt and R-SPO promotes chief and neck cell differentiation,
while decreasing surface cell differentiation [44]. This phenomenon coincides with the
differential response to Wnt-activating mutations (e.g., Apc) in the corpal stomach versus
the antrum and the ability to form tumours [44]. Gastric stem cells are marked by Wnt
target genes Troy (corpus), Axin2, Rnf43 and Lgr5 (antrum), but Wnt ligands (Wnt5a, Wnt11)
and secreted Wnt inhibitors (Dkk1, sFRP) are expressed by stromal cells surrounding
the epithelium [28]. In particular, R-SPO3 is secreted by sub-epithelial myofibroblasts
surrounding the base of the gland and promotes the proliferation of Axin2+ stem cells,
especially following injury [28]. However, being somewhat counterintuitive, continuous
exposure of R-SPO3 pushes Lgr5+ antral organoids towards a mucous cell-state to produce
anti-microbial factors (e.g., Itln1, Reg3g), which are protective against Helicobacter pylori
(H. pylori) colonisation [45]. This may suggest a Wnt-independent function of R-SPO3
in the stomach, but also a dual role, where R-SPO signalling simultaneously regulates
anti-microbial defence and epithelial repair. Nevertheless, gastric organoid cultures
consistently require both Wnt3a and R-SPO, indicating a strong requirement for Wnt
to maintain gastric epithelial identity [9]. Indeed, inhibiting Wnt secretion with Porcupine
inhibitors or the deletion of Fzd7 (but not Fzd5) is sufficient to arrest the growth of Lgr5+

gastric organoids [46,47], demonstrating the specificity of Fzd receptors and necessity of
Wnt for gastric epithelial homeostasis.

Recent single-cell RNAseq and organoid co-culture studies have expanded our
understanding about the molecular- and region-specificity of sub-epithelial myofibroblasts
in the stomach. Using PdgfraGFP reporter mice, FACS-sorted PdgfraHi myofibroblasts in the
corpus and antrum express a range of bone morphogenetic protein (BMP), Wnt, fibroblast
growth factor (FGF) and epidermal growth factor (EGF) family ligands [48]. BMP plays
a conserved and important role in the gastric niche to help maintain a balance between
cell differentiation and proliferation. Ectopic BMP signalling at the base of antral glands
inhibits R-SPO3 expression and Wnt signalling, which are pro-stem/pro-proliferative
programmes [49]. Indeed, exogenous BMP4 blocks antral organoid growth by forced
cell differentiation and loss of stem/progenitor cells at the expense of increased cell
differentiation [49]. In corpus organoids, BMP stimulates pit and parietal cell differentiation,
while inhibition of transforming growth factor-β (TGF- β) and BMP4 signalling promotes
chief cell differentiation [50]. On the other hand, FACS-sorted PdgfraLo CD55+ cells located
around the base of gastric glands are enriched for BMP antagonists (Noggin, Grem1) and
R-SPO ligands that promote cell proliferation and stem cell expansion [48]. Consequently,
gastric organoids co-cultured with isolated PdgfraLo, but not PdgfraHi, myofibroblasts
grow successfully in the absence of exogenous growth factors, demonstrating their role as
sources of critical niche factors. Interestingly, targeted ablation of Grem1+ cells or deletion
of Fgf7 did not critically disrupt gastric homeostasis, suggesting a high degree of functional
redundancy in the adult gastric niche [48].

The enteric nervous system (ENS) influences mucosal immunity, epithelial function
and regeneration [51]. To improve the complexity of organoids and better recapitulate
the in vivo environment, human pluripotent stem cell-derived mesenchyme and enteric
neural crest cells (ENCCs) were co-cultured with antral and corpus gastric organoids,
resulting in a three germ-layered gastric organoid [52]. The resulting organisation was
spatially similar to the host tissue, specifically the neuronal plexuses with ENS neurons
in the submucosa and muscularis-externa-like muscle layers. Consequently, three-layered
corpus organoids do not require the addition of BMP and MEK inhibition for parietal cell
differentiation as normal PSCs require [52]. Remarkably, ENS co-cultured antral organoids
were capable of muscle contraction and spontaneous contractile oscillations consistent with
in vivo tissue [52].
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A more recent advance in organoid technology has seen the integration of multiple
stromal cells that self-assemble with epithelial organoids, aptly named “assembloids” [53].
Assembloids form a complex cellular organisation and anatomy very similar to in vivo
anatomy that recapitulate directional epithelial turnover and signalling gradients previously
only seen in vivo [53]. This new co-culture methodology fundamentally changes the
organisation and structure of epithelial organoids, leading to better modelling of
epithelial–stroma interactions in cancer and therefore, heightened biological insights.

6. Tailoring the Niche in a Dish: Growth Conditions for Gastric Organoids
The first organoid system was established from crypt base columnar (CBC) stem

cells isolated from the murine intestinal epithelium [5,17]. Critically, CBCs are enriched
for the adult stem cell marker Lgr5 and are long-lived and multipotent and remain
karyotypically stable for at least twelve months in vitro [5,17]. The first-generation
of gut organoids are propagated without a mesenchymal niche and consequently
are supplemented with exogenous signals in their culture medium (EGF, Noggin
and R-SPO) that recapitulate the endogenous stromal niche. These critical niche
signals are indispensable for crypt proliferation, stem cell maintenance and lineage
commitment [54–56]. Although differentiated Paneth cells within intestinal organoids
are known to express and secrete Wnt ligands (e.g., Wnt3a) and EGF, exogenous EGF
and Wnt potentiation (i.e., R-SPO) remain essential for sustained expansion [57].

The establishment of murine gastric organoids makes use of the methodology
adapted for intestinal organoids but also includes additional growth factors needed for
gastric lineage specification and maintenance [9]. Wnt3a plays a conserved function and
helps to maintain the Lgr5+ stem cell pool [9]. However, stepwise attenuation of Wnt
signalling induces pit cell differentiation, as evidenced by Mucin-5AC (Muc5AC), Trefoil
factor-2 (Tff2) and Chromogranin A expression [9]. These studies reveal Lgr5 marks
proliferative stem cells in the antral but quiescent “reserve” stem cells in the corpus [30],
highlighting regional heterogeneity in the Lgr5+ pool and gastric epithelial renewal. Like
the intestine, R-SPO1 is secreted by periglandular myofibroblasts, and its addition in vitro
augments Wnt activity and Lgr5 expression [9,58,59]. Mitogenic FGF-10 is expressed by
mesenchymal cells surrounding the epithelium and helps sustain cell proliferation and
lineage specification [60]. While normally stimulated by food digestion, Gastrin is added
exogenously to aid maturation of enteroendocrine lineages within gastric organoids. The
resultant murine gastric organoids recapitulate antral epithelial identities and co-express
Lgr5 together with gastric intrinsic factor (GIF), Mucin-6 (Muc6) and pepsinogen C [9].

Stange et al. identified Troy-expressing chief and parietal cells as quiescent, Wnt-
responsive reserve stem cells of the corpus [31]. Organoids derived from Troy+ cells
generate mucous neck, pit and chief lineages but lack parietal lineages. Surprisingly,
organoid cultures initiated from quiescent Mist1+ isthmus progenitors overcame this
limitation, yielding corpal organoids that include both parietal and enterochromaffin-like
cells [32]. However, the exact stem capabilities of Mist1+ cells have been fiercely debated
over the years and only recently reconciled. An alternative strategy to supply niche factors
has been to co-culture epithelial organoids with gastric mesenchyme, which naturally
produce various Wnt, EGF, FGF and BMP family ligands to assist tissue homeostasis [28,61].

The development of human gastric organoid cultures was built upon protocols
initially established in human intestinal organoids, but researchers also turned to
pluripotent stem cells models, including induced pluripotent stem cells and embryonic
stem cells, as an alternative pathway to generate human gastric organoids [5,62]. To
culture antral gastric organoids from iPSCs, pluripotent cells were first directed toward the
definitive endoderm (DE) lineage via treatment with Activin A, a member of the TGF-β
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superfamily [6]. Subsequent inhibition of BMP signalling with Noggin, in combination
with Wnt and FGF stimulation directs anterior and foregut endoderm specification [6]. The
application of retinoic acid (RA) to three-dimensional foregut spheroids induces posterior
foregut identity, marked by Sox2 expression, which mature into Sox2+Pdx1+ antral-like
organoids [6]. In contrast, activation of Wnt/β-catenin signalling promotes differentiation
into corpus-like organoids (Sox2+Pdx1−), thus distinguishing region-specific lineages
from a common foregut precursor [6,63,64]. A key distinction between PSC-derived and
ASC-derived organoids is the inclusion of mesenchymal components in PSC-derived
cultures. The mesenchyme arises during in vitro differentiation and contributes paracrine
signals that support epithelial growth and patterning, mimicking the in vivo niche more
faithfully than ASC-only cultures [6].

The derivation of human gastric organoids from adult tissue required substantial
modification of murine protocols. Initial attempts using mouse intestinal stem cell
culture conditions were insufficient to establish human gastric organoids [4,65]. Medium
optimisation involved supplementation with nicotinamide and prostaglandin E2 (PGE2)
to maintain stemness and ROCK inhibitors (ROCKi) to prevent anoikis and enhance cell
survival during early establishment. The final formulation includes EGF, R-SPO, Noggin,
Wnt3a, FGF-10, gastrin and TGF-βR1 inhibitor (TGFβi) to support organoid growth and
budding (Table 1) [4].

Table 1. Epithelial stem cells of the stomach (antrum and corpus) and their differentiation potential.

Molecular
Marker Corpus Antrum Differentiation Potential In Vivo Differentiation Potential

In Vitro
Culture
Medium References

Lgr5 + + Surface mucous cells, parietal cells
(corpus), enteroendocrine cells

Surface mucous cells,
enteroendocrine cells

(antrum), pit cells (corpus)
WENRF [9]

Sox2 + +
Surface mucous cells, chief cells
(corpus), parietal cells (corpus),

enteroendocrine cells

Enteroendocrine, mucous
cells (PSC-derived

organoids)
[6,34]

Troy + -
Surface mucous cells, mucous

neck cells, chief cells, parietal cells,
enteroendocrine cells

Mucous neck cells, chief
cells, pit cells WENRF [31]

Mist1 + -
Surface mucous cells, mucous

neck cells, parietal cells,
enteroendocrine cells, tuft cells

Parietal cells, ECL cells WENR or
ENJ [32,66]

Bmi1 + +
Surface mucous cell, mucous neck

cell, chief cells, parietal cells, G
cells, tuft cells

Not confirmed WENR [26]

Cck2r - + Surface mucous cells, G cells, D
cells, tuft cells

Pit cells, endocrine cells,
Lgr5+ cells WENRF [22]

Aqp5 - + Surface mucous cells, parietal
cells, enteroendocrine cells

Tff2/Muc5AC mucous
pit cells WENRF [18]

Lrig1 + +
Surface mucous cells, mucous

neck cells, chief cells, parietal cells,
G cells, tuft cells

Not confirmed WENR [20]

eR1 + - Surface mucous cells, mucous
neck cells, chief cells, parietal cells

Mucous neck cells, chief
cells, pit cells

WENR or
ENJ [27]

Axin2 - +
Surface mucous cells, mucous

neck cells, enteroendocrine cells,
tuft cells

Not confirmed - [28]

Villin - +
Mucous neck cells, mucous gland

cells, parietal cells,
enteroendocrine cells

Not confirmed - [67]

Tff2 + - Mucous neck cells, chief cells,
parietal cells Not confirmed - [34]

Gastric organoid culture conditions (right side of table): W: Wnt; E: Epidermal Growth Factor (EGF); N: Noggin;
R: R-spondin (R-SPO); F: Fibroblast Growth Factor-10 (FGF-10); J: Jagged-1.
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7. Epithelial Injury and Repair
7.1. Infection and Inflammation

Helicobacter pylori is a gram-negative bacterial species that infects approximately half
of the world’s population with particular prevalence in developing regions [68]. H. pylori is
the top risk factor for developing gastric cancer, the fourth leading cause of cancer-related
death [69]. H. pylori preferentially colonises the gastric epithelium and induces pathogen-
driven inflammation, which, in turn, increases immune infiltrate, compromises epithelial
barrier function and if left untreated, evokes irreversible changes to the epithelium towards
a pre-cancerous state (i.e., metaplasia). To study H. pylori pathogenicity and the impact on
stomach homeostasis, gastric organoids have been widely used as they provide a tractable
system to study the effects of host–pathogen interactions [4,6,70] (Figure 3).

Figure 3. Organoid models of injury and regeneration. (A) Schematic depicting models of infection
and inflammation to mimic in vivo disease progression. Gastric organoids exposed to bacteria
(e.g., H. pylori) either via microinjection or through co-culture simulate microbial infection and
pathogenicity. Inflammatory responses are modelled by treating organoids with immune factors or
co-culturing with immune cells to replicate features of inflammatory diseases. (B) Gastric organoid
models of cytotoxic injury to the stomach. Organoids exposed to ionising radiation, chemotherapy or
targeted cell ablation replicate the molecular features of epithelial damage and tissue regeneration,
which can be used to study how the stomach recovers following injury.

Organoids have been used extensively to investigate gastric cancer development in the
context of infection [71,72]. H. pylori infection in both in vitro and in vivo systems has two
key hallmarks that promotes cancer development: an increase in epithelial cell proliferation
and activation of nuclear factor-kB (NF-κB) [4,70]. Infection with H. pylori induces
DNA double-stranded breaks in proliferating cells, which is type IV secretion system
(T4SS)-dependent [73,74]. In line with this, patients with inherited pathogenic variants
of homologous recombination (HR) genes are at an increased risk of developing gastric
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cancer [73]. The T4SS effector β-ADP heptose is delivered to the cytosol of the target cell and
binds to innate immune sensor alpha-kinase 1 (ALPK1), activating NF-κB signalling. NF-κB
signalling mediates Sonic Hedgehog (SHH) expression in a CagA dependent manner in
mouse corpus organoids [70]. Sonic Hedgehog, produced by parietal cells, is essential for
gastric acid secretion and signals primarily to myofibroblasts in the healthy stomach. During
H. pylori infection, SHH-GLI1 signalling promotes the recruitment and polarisation of
bone marrow-derived myeloid cells into myeloid-derived suppressor cells, fostering a
wound-healing and pro-metaplastic microenvironment [70]. Chronic inflammation caused
by H. pylori infection induces “antralisation” in the corpus, characterised by a loss of parietal
cells and the reprogramming of chief cells (paligenosis) into an embryonic-like progenitor
that secretes mucous—a feature of spasmolytic polypeptide expressing metaplasia
(SPEM) [75]. While SPEM may resolve following an acute injury, its persistence during
chronic inflammation is linked to pre-neoplastic changes. SPEM is marked by increased
Cd44 expression, which promotes tumour growth through its interaction with the xCT
transporter and protection against oxidative stress [76]. Organoid studies in mice have
shown that IL-13, secreted by immune cells, promotes this metaplastic transition by acting
directly on the epithelium, while IL-17 contributes to disease progression by inducing
parietal cell apoptosis and organoid degeneration [77,78]. Chronic cytokine signalling
invoked by H. pylori infection promotes the differentiation of inflammatory macrophages
into M2 macrophages, which contribute to SPEM and parietal cell atrophy [79]. Together,
these findings highlight how chronic inflammation, immune signalling and epithelial
plasticity converge to drive metaplastic transformation in the stomach.

In the antrum, H. pylori preferentially infects highly proliferative cells in the isthmus
and Lgr5+ cells in a CagA dependent manner, resulting in an increased expansion of Lgr5+

stem cells and organoid culture [80]. Once translocated into epithelial cells, CagA binds the
c-Met receptor, resulting in its phosphorylation and subsequent activation of proliferative
signalling pathways, thereby enhancing epithelial cell expansion [80]. Activation of
NF-κB signalling by the T4SS and target cell exchange promotes the expression of
Lgr5 [72]. Almost 50% of gastric cancers are influenced by dysregulated Wnt signalling
and mutations in genes such as APC [81] drive constitutive Wnt signalling and Lgr5
stem cell expansion [9]. Inactivation of Apc in organoids promotes H. pylori infection
through enhanced DNA damage, while other common gastric cancer drivers like Trp53
or Smad4 have modest effects on DNA damage, respectively. This suggests that in the
context of Wnt hyperactivation, H. pylori-induced DNA damage converges on Lgr5+

stem and progenitor cells, which promote gastric cancer hallmarks [72,74]. The cell
surface marker CD44 also promotes epithelial proliferation and is upregulated in H. pylori
infection, reinforcing pro-tumorigenic pathways [82]. Mechanistic studies have also shown
chronic H. pylori infection leads to elevated R-SPO3/YAP signalling, triggering the
expansion of both Axin2+/Lgr5− and Axin2+/Lgr5+ stem cell populations and driving
gland hyperplasia [28,83]. Importantly, targeted inhibition of R-SPO3 in myofibroblasts
suppresses the growth of H. pylori-infected gastric organoids, suggesting a potential
therapeutic role for modulating R-SPO3 signalling in the context of infection-induced
gastric disease.

To properly model H. pylori in conventional organoids, researchers use specialised and
time-consuming microinjectors to deliver the bacterium into the organoid lumen—allowing
the bacterium to interact with the apical surface of gastric epithelia, akin to natural infection
in vivo [4]. However, to circumvent this labour-intensive approach, new “apical-out”
organoid cultures provide an alternative to study pathogen–host interactions [84]. To
generate polarity-reversed organoids that expose the apical surface, regular basolateral-
orientated organoids are grown and transferred to a suspension culture format, followed
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by removing the ECM (i.e., Matrigel), which suppresses ECM-β1-integrin signalling
and results in subsequent polarity switching—exposing the apical surface [85]. A
current limitation of this method is that the infection is not maintained beyond 8 h,
preventing long-term investigation of changes to the epithelium [84]. A recently developed
organoid-on-a-chip capable of modelling prolonged infection, has provided a unique
perspective on cellular responses to infection [86]. This system is bilaterally accessible
(apical and basal) with similar cellular diversity to the human antrum and develops a
mucous layer on the apical side. The model more closely replicates the initial stages of
natural infection and colonisation of antral stem cells and the molecular changes to pit
cells—upregulating cell junction proteins and a dual oxidase 2 and dual oxidase maturation
factor 2 (Duox2 and Duoxa2, respectively) antibacterial response [84,86].

H. pylori-infected organoids also upregulate PD-L1, a key immune checkpoint ligand
that suppresses T cell-effector function and facilitates immune evasion [87]. Notably, PD-L1
expression persists beyond the acute phase of infection, including in cells undergoing SPEM
(precursor to gastric cancer) [87]. These findings suggest that even after bacterial clearance,
residual epithelial immune evasion mechanisms may continue, potentially maintaining
a tumour-promoting environment and underscoring the need for therapeutic strategies
beyond eradication alone.

Beyond bacterial infection, gastric organoids have also been used to investigate
host–parasite interactions. For instance, bovine-derived gastric organoids have served
as an in vitro model to study interactions with gastrointestinal nematodes [88]. However,
these parasitic organoid models are limited by the absence of key host features, such
as vasculature, innervation and immune cells, which are essential for recapitulating the
complex lifecycle and pathogenesis of parasites [89]. Patient-derived organoids (PDOs)
cultured using the air–liquid interface (ALI) method retain stromal cells (immune and
myofibroblasts) for up to a month allowing for longer-term host–pathogen investigations
with a syngeneic host microenvironment [90]. The integration of assembloid models [53],
which maintain some immune, stromal and neural elements, could help overcome these
limitations and more accurately simulate in vivo infection dynamics. Importantly, the
application of gastric organoids extends beyond traditional gastrointestinal pathogens;
for example, human gastric organoids have been used to model SARS-CoV-2 infection,
revealing the stomach as a potential site of viral replication and faecal–oral transmission [91].
Collectively, these examples underscore the versatility of gastric organoids as a platform to
study diverse infectious agents, with broad implications for basic biology, disease modelling
and therapeutic development.

7.2. Cytotoxic Models of Injury

Radiotherapy and chemotherapy are cornerstone cancer treatments that eliminate
malignant cells by targeting cell proliferation. However, a relatively underexplored
consequence of these therapies is the unintended damage to highly regenerative mucosal
tissues, including the gastric epithelium. Given the reliance of the stomach lining on
continuous turnover driven by resident stem and progenitor cells, cytotoxic injury may
disrupt epithelial homeostasis, impair repair mechanisms and contribute to long-term
gastrointestinal dysfunction (Figure 3).

Recent studies using organoid and animal models have provided key insights into how
radiotherapy and chemotherapy impact the gastric epithelium [92]. PDOs from surgically
resected specimens have been composed into biobanks and used to investigate tumour
responses to treatments, linking human and animal responses [92–95]. For the stomach,
a major research focus has been on using gastric cancer organoids to investigate drug
efficacy, toxicity and novel drug combinations and predict responses [92,93,96,97]. PDOs
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generated from locally advanced gastric adenocarcinoma (LAGA) and treated with
standardised chemotherapy regimens could provide a predictive model for resistance
within patients [98]. PDOs paired with patients treated with either fluorouracil, leucovorin,
oxaliplatin and docetaxel (FLOT) or 5-fluorouracil, leucovorin and oxaliplatin (FOLFOX)
had a highly significant predictive capacity of responses seen in patients [98]. The current
biobanks of PDOs are composed of the morphological and genetic traits of different
tumour subtypes, enabling rapid therapeutic screening prior to patient treatment and
can be established from small biopsies, reducing the need for animal-based testing
methods [95,98,99]. Surprisingly, the impact of ionising radiation on the stomach epithelium
and its downstream consequences to tissue homeostasis has rarely been investigated. Mice
that receive whole-body irradiation (12Gy) develop atrophy of the gastric mucosa and
disturbance to parietal and chief lineages [100]. Lgr5+ cells are highly radiosensitive and
undergo cell death [101], and similar to the gut, radio-resistant Bmi-1+ stem cells are
capable of regenerating the murine stomach epithelium following whole-body irradiation
(8Gy) [26,101]. The molecular cues that regulate stomach repair following irradiation are
poorly characterised, but microtubule-associated serine/threonine kinase 1 (Mast1) is
considered to play a positive role to repair the gastric mucosa following irradiation via
activation of p38/MAPK signalling [102].

5-fluourouracil (5-FU) is a common anti-cancer chemotherapeutic drug but has
also been used to study how non-cancerous cells in the stomach respond following
treatment [31]. Troy+ chief cells in the corpus, which are usually non-proliferative under
basal conditions, become active and repopulate the epithelium with the full gamut of
gastric lineages following 5-FU chemotherapy [31]. Mist1+ isthmus cells were also shown
to assist in regenerating the parietal cell population after 5-FU treatment [32]. Similarly,
infection with Helicobacter felis (H. felis) results in Mist1+ isthmus stem cell proliferation
and lineage tracing [66]. In a study investigating gastric cancer, normal human-derived
gastric organoids were treated with a panel of chemotherapeutic agents, including
5-FU, oxaliplatin, irinotecan, epirubicin and docetaxel [92]. Differential cell viability
were observed across organoid lines, particularly in response to 5-FU and oxaliplatin,
highlighting the intrinsic variability in drug sensitivity [92]. A recent study utilised
large-scale CRISPR screening to show the feasibility of studying gene–drug interactions
in organoids [103]. The resulting genetic hits were highly reliable and identified genes
that influence sensitivity to cisplatin, a commonly used chemotherapeutic drug for
advanced gastric cancer. The development of highly sensitive and reliable testing systems
like this can be applied to other anti-cancer drugs in PDO biobanks, improving our
understanding of basic biological processes and drug responses and finding future
drug targets. These findings underscore the benefit of organoids as tools to study
patient-specific resistance mechanisms, with the aim of developing personalised approaches
to chemotherapy selection.

Tamoxifen is widely used to spatiotemporally delete mouse genes using the CreERT/loxP
system [104], but at high doses (>150 mg/kg), tamoxifen induces rapid and transient
metaplasia in the mouse stomach [105]. As such, many groups use high-dose tamoxifen
(HDT) as a model of stomach injury to study the cell and molecular events that underpin
intestinal metaplasia, which is an important pathological step in the gastric cancer
cascade. HDT treatment causes acute gastric mucosal injury in the corpus, followed by
quiescent cells re-entering the cell cycle to promote gland regeneration and the replacement
of damaged cells through progenitor cell de-differentiation [105]. Iqgap3+ cells and Lgr5+

chief cells replenish parietal cells and give rise to other gastric lineages including mucous
pit, neck, parietal and chief cells during repair [33]. In the gastric corpus, injury leads
to the loss of parietal and chief cells, accompanied by the emergence of Tff2-positive
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SPEM [26]. SPEM is characterised by reprogramming of the gastric epithelium that can
support tissue repair or, under chronic inflammation, progress toward dysplasia as a
pre-neoplastic event [106]. Following HDT treatment, Bmi1+ cells have been implicated
in the regeneration of both the corpus and antrum by giving rise to progenitors capable
of multilineage differentiation into all major gastric cell types. Although parietal cell
loss was initially considered a key trigger of SPEM, studies using diphtheria toxin
(DT)-induced parietal cell ablation suggest that this loss alone is insufficient to drive
robust SPEM development [107]. In contrast, HDT treatment induces more widespread and
pronounced SPEM, as evidenced by the loss of GIF-expressing chief cells and upregulation
of markers such as CD44v9, Tff2 and Clusterin throughout the neck and base regions
of the gland [107]. YAP overexpression has been linked to SPEM induction in an ulcer
injury model using acetic acid; during the regenerative phase, YAP expression is elevated
and the “regenerated” epithelium displays morphological features resembling those of
a Cre-inducible YAP-activated hyperplastic phenotype [108]. Hedgehog signalling has
been shown to play a role in the differentiation of cells during epithelial regeneration in
ulcer injury models and H. pylori infection [70,109]. In organoid/macrophage co-cultures,
histamine-stimulated SHH secretion from parietal cells acted as a chemoattractant for
macrophages [76]. Macrophages secrete cytokines and pro-angiogenic factors that regulate
repair, making them an essential tool for regeneration of the epithelium [110]. While
organoid models of gastric ulcers have not yet been developed, an ulcerative colitis (UC)
organoid model with a similar molecular signature to UC patients has shown promising
results for the treatment of IBD [111].

8. Conclusions and Future Directions
Organoid technology has transformed our ability to model epithelial damage

and repair, offering unprecedented insight into the cellular hierarchies, regenerative
pathways and microenvironmental interactions that govern gastric homeostasis and
disease. Gastric organoids have proven invaluable in dissecting host–pathogen interactions,
advancing regenerative medicine and serving as personalised avatars to guide precision
therapy. However, there remains a critical gap in our understanding of how the
stomach responds to cytotoxic injury, with few models capturing the complex crosstalk
between epithelial and stromal compartments during radiation- or chemically induced
damage. Developing organoid-based models of cytotoxic injury that incorporate stromal
compartments could reveal the molecular cues that drive epithelial repair, offering
much-needed therapeutic avenues for gastric cancer, where current treatments often leave
patients with limited quality of life.

Looking forward, gastric organoids hold untapped potential for modelling inflammatory
diseases. While coeliac disease has been effectively studied using duodenum-derived
organoids, its impact on gastric inflammation remains underexplored. Similarly, despite
extensive organoid-based research into inflammatory bowel disease (IBD) in the intestine,
the stomach’s role in IBD initiation and progression has yet to be examined through these
lens. Gastric organoids could provide critical insights into the earliest inflammatory events
and epithelial vulnerabilities within the upper gastrointestinal tract. Beyond modelling,
recent advances in regenerative medicine highlight the potential of organoids not only as
investigative tools but also as therapeutic agents. In the intestine, transplantation of Lgr5+

stem cell-derived organoids have successfully regenerated damaged epitheliums in murine
models of colitis [112,113].

The development of PDOs to prevent immune rejection would be preferable to
allotransplantation, which would require a lifetime of immunosuppression, however
it would be costly and may lead to recurrence or have poor therapeutic efficacy if the
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patient is already under treatment. A recently developed human PSC-derived neural cell
line was modified to evade immune detection by overexpressing immunomodulatory
transgenes for use in parkinsonian rats [114]. These genes are typically expressed in
the placenta and cancer, regulating different immune cell populations to evade immune
detection [114]. Similar immune evasion methods could be developed in gastric organoid
models for transplantation in humans.

Organoids are currently generated in hydrogels in vivo and typically injected onto
the injured region [112,115], these hydrogels lack typical components of the ECM and
the microenvironment found in the tissue. To improve the clinical translation of organoid
transplantation, human-derived decellularised tissue scaffolds that can graft organoids onto
a region of injury have been generated along with various bio gels that better encapsulate
the local environment [116,117]. The lack of heterogeneity in organoids also poses a concern
with current organoid models lacking the complexity of the in vivo environment. It may
be possible in the future to generate and transplant organoid co-cultures, composed of
organoids and stromal cells. The possibilities of organoid transplantation in regenerative
medicine are endless, the ability to differentiate gastric organoids into insulin-producing
cells that restore glucose homeostasis in diabetic mice exemplifies the therapeutic breadth
of this platform [118].

To incorporate organoids into more clinical settings, organoid production needs to be
scaled up. High-throughput organoid development is both labour-intensive and expensive,
limiting their accessibility for many groups around the world. Combining organoids with
3D bioprinting and standardised protocols may provide a more efficient high-throughput
testing system.

Organoids are a system that can reduce the need for animal models, and as they
become more advanced with components from the microenvironment and fluidics, they will
become high-value asset for clinical translation [119]. However, animal models play a vital
role in translational research, bridging the gap between research and clinical application and
until 3D culture systems better replicate the complex microenvironment, their continued
use in pharmaceutical testing and disease modelling is required. To fully realise the
translational potential of gastric organoids, it will be essential to integrate molecular
insights from human-specific datasets—including spatial and single-cell profiling of gastric
tissues—with complex organoid and animal models that faithfully recapitulate human
physiology while remaining experimentally tractable [2,120]. Such integrative approaches
promise to accelerate discoveries in tissue repair, inflammation and cancer, ultimately
advancing targeted therapies that address the unmet clinical needs of gastric disease.
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