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Abstract
The etiology of gastrointestinal (GI) diseases is intricate and multifactorial,
encompassing complex interactions between genetic predisposition and gut
microbiota. The cell fate change, immune function regulation, and microenvi-
ronment composition in diseased tissues are governed by microorganisms and
mutated genes either independently or through synergistic interactions. A com-
prehensive understanding of GI disease etiology is imperative for developing
precise prevention and treatment strategies. However, the existing models used
for studying the microenvironment in GI diseases—whether cancer cell lines
or mouse models—exhibit significant limitations, which leads to the prosper-
ity of organoids models. This review first describes the development history of
organoids models, followed by a detailed demonstration of organoids applica-
tion from bench to clinic. As for bench utilization, we present a layer-by-layer
elucidation of organoid simulation on host–microbial interactions, as well as the
application in molecular mechanism analysis. As for clinical adhibition, we pro-
vide a generalized interpretation of organoid application inGI disease simulation
from inflammatory disorders to malignancy diseases, as well as in GI disease
treatment including drug screening, immunotherapy, and microbial-targeting
and screening treatment. This review draws a comprehensive and systematical
depiction of organoids models, providing a novel insight into the utilization of
organoids models from bench to clinic.
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1 INTRODUCTION

Gastrointestinal (GI) diseases encompass a broad spec-
trum of disorders affecting the digestive system, including
colorectal cancer (CRC), inflammatory bowel diseases
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(IBDs), and various functional GI disorders.1 The diagno-
sis of GI diseases typically entails a synthesis approach
involving medical history estimate, laboratory experi-
ments, physical examination, imaging studies (such as
X-rays or CT scans), and endoscopic procedures (such
as colonoscopy or gastroscopy). At present, the treat-
ment of GI diseases poses a multifaceted challenge due
to the complexity of the digestive system, the diverse
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array of affecting conditions, and the varying responses
of individual patients to therapeutic interventions. While
medications such as anti-inflammatory agents, immuno-
suppressants, proton pump inhibitors, and antibiotics can
help control symptoms and prevent disease progression
in many cases, they may not be effective for all patients
or may cause adverse reactions. Surgical interventions,
such as bowel resections, liver transplants, and tumor
resections, carry risks of complications and require careful
consideration of patient-specific factors. In order to over-
come those remaining challenges, we need to construct a
deeper comprehension of themolecularmechanisms of GI
diseases, which lies at the core of enhancing diagnosis and
treatment.
The etiology of GI diseases is intricate and

multifactorial.2 The prevailing consensus is that genetic
factors play a critical role in disease progression as
advancements in sequencing techniques over the past
few decades have unveiled the mutations and aber-
rantly expressed genes associated with various states of
GI diseases.3 However, targeted therapeutic strategies
developed for these targets often encounter significant
challenges during clinical trials, leading to unsatisfactory
outcomes characterized by substantial side effects or trial
failures.4 Moreover, success in the target development is
not guarantee of positive response to treatment among all
patients with corresponding diseases.5 This prompts us
to reconsider our approaches as previous gene expression
sequencing primarily directed toward the end state, rather
than the origin state, of the disease. Therefore, further
investigation into disease causality is imperative.
In addition to the genetic factors, environmental factors

are believed to contribute to 85% of the etiological factors
associated with GI diseases, with microbiota accounting
for a substantial proportion of these environmental influ-
ences. Being considered as a “microbial organ,” the gut
microbiome system is an important component of the
gut microbes that include bacteria, fungi, bacteriophages,
viruses, and protists.6 Numbered in trillions, they are
densely distributed in the intestinal lumen and mucosa
and are involved in physiological activities such as food
decomposition, nutrient supply, and energy regulation in
concert with the host.7 The dysbiosis of gut microbiome
has been proved to trigger or exacerbate intestinal diseases,
ranging from inflammatory disorders to malignancies.8,9
In recent years, the employment of omics technologies and
bio-informatics, as well as the emerge of novel techniques
such as high-throughput sequencing andmicrobiota inter-
active modeling, have widely broaden our horizon of the
relationship between gut microbiome and GI diseases.10–14
Stepping into the omics and postomics era, one of the
forward-looking considerations is how to adopt relevant
models as reliable representations of the normal and

diseased intestinal features to validate the associations
betweenmicrobes and hosts found in big data analysis and
to trace their correlation to causality with an eye to testing
therapeutic targets.
However, the most widely used models in studying

the molecular mechanism of GI diseases at present—cell
lines and mouse models—exhibit significant limitations
in both scientific investigations and clinical researches. It
has been observed that many of the bench findings apply-
ing those models fail to be adapted for clinical settings.
Mouse- or human-derived cancer cell lines typically con-
tain only one type of cells, thus it is likely to lose the
heterogeneity of the primary tumor cells after several times
of passages.15 As for mouse models, they are typically
immunodeficient ones so that have great limitation in sim-
ulating the real immune response, not to mention the high
cost of time consuming and resources during the disease
modeling.15 Under these circumstances, organoids mod-
els bring out new insights into the biomedical studies. As
a key technological overshoot, organoids models serve as
an important link bridging the bench and the clinic. The
development and application of organoids models hold
great potential for enhancing our understanding of GI
diseases as these models allow for the replication of com-
plex tissue architectures and cellular interactions that are
unable to be recapitulated in traditional two-dimensional
(2D) cell cultures. By culturing patient-derived organoids,
researchers can create personalized disease models that
capture the unique genetic, molecular, and physiological
characteristics of individual patients, shedding light on
more targeted and effective therapies. In this event, the
application of organoids models in both bench and clinic
would undoubtedly bemore prosperous in the near future.
The past few years have witnessed significant advance-

ments in organoid-related techniques, including different
cultivation methods and strategies for enhancing cellular
components to better emulate native organ structures.16–19
These achievements have greatly contributed to the
progress of biomedical research by enabling disease mod-
eling, elucidating pathogenic mechanisms, and exploring
therapeutic strategies. In order to get a comprehensive
understanding of the current progression, it is crucial
to summarize and analyze existing findings at the fore-
front of this field. Moreover, fostering the transition from
basic research to clinical application is of paramount
importance in ensuring the welfare of patients. In this
review,wewillmake a broad and systematical introduction
of the organoid application in both scientific researches
and clinical studies. First, we will briefly describe an
overview of the development history of organoids mod-
els. Next will be the bench utilization part, in which
we will present a layer-by-layer elucidation of organoid
simulation on host–microbial interactions, as well as the
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application in molecular mechanism analysis. As for the
clinical application, we will provide a generalized inter-
pretation of organoid application in GI disease simulation
from inflammatory disorders to malignancy diseases, as
well as in GI disease treatment including drug screening,
immunotherapy and microbial-targeting and screening
treatment. Finally, we will make a prospective prediction
of the future directions of organoids models in intestinal
microecology, as growing trend toward utilizing sophisti-
cated intestinal organoids and advanced techniques is a
heated topic. It is our hope that this review will serve as
a valuable reference for the advancement of organoids in
biomedicine and clinical treatment, and foster interdis-
ciplinary collaboration among professionals to facilitate
the application of organoids in diagnosing and treating GI
diseases.

2 OVERVIEWOF THE DEVELOPMENT
HISTORY OF INTESTINAL ORGANOIDS
MODELS

Organoids, also known as “mini-organs,” refer to cells
that are cultured in the three-dimensional (3D) environ-
ment in vitro. They are capable of self-organizing and
differentiating into various kinds of functional cells.20
The first intestinal organoid model, derived from sin-
gle Lgr5+ stem cells, was established by Hans Clevers
team in 2009,21 marking the beginning of researches
on the utilization of organoids models in various fields
such as gut disease modeling, mechanism revealing, drug
screening, clinical treatment testing and so on. Intestinal
organoids were initially originated from the crypts of small
intestine and then cultivated into a 3D structure, which
simulated the primary intestinal epithelium.22 Intestinal
organoids are mainly derived from three kinds of cells,
either from embryonic stem cells, or induced pluripo-
tent stem cells (iPSCs), or neonatal/adult stem cells. Stem
cell-derived organoids are induced to form microcell clus-
ters and are cultured in an ex vivo 3D environment.
Gut organoids derived from iPSCs in a stepwise man-
ner could mimic embryonic development after embryo
implantation under a complex coordinate specification,
allowing us to determine the formation of the morpho-
logical features.23,24 Multicellular compositions exist in
the organoids models, including mucus-producing gob-
let cells, absorptive enterocytes, chemosensory tuft cells,
hormone-secreting enteroendocrine cells, antimicrobial
peptide-producing Paneth cells, multipotent proliferative
stem cells, and antigen-sampling microfold cells. These
cells share different functions in processes such as nutri-
ent absorption, ion transport, mucus secretion, barrier
protection, and microbicidal peptide production.25

Nowadays, multiple organoids models have been devel-
oped and optimized in various directions with the
endeavor of the scientific community all over the world.
Not only from humans, organoids can also be gener-
ated from a broad range of other species, preserving and
exhibiting some inherent characteristics of their origin.
For instance, apart from human and mouse, organoids
can be derived from other model organisms: rat, mon-
key, nemathelminth, drosophila, xenopus, zebra fish; from
farm animals: sheep, pig, chicken; from wild animals:
rabbit, bird, and so on.26–29 Since the existing organoids
models are able to take different gut segments (Figure 1A),
health status (Figure 1B), ages (Figure 1C), and species
(Figure 1D) into consideration,24,26,30–34 they are expected
to facilitate the rapid transition from basic researches
to clinical applications. Different segments of established
organoids have variable transcriptome profiles and some
pattern recognition receptors (PRRs), Toll-like receptors
(TLRs) 1, 2, and 6 for example, which are capable of
showing strikingly species-specific expression along the
cephalocaudal axis.34 In addition to the position dif-
ferences, adult organoids also show age differences as
organoid cultures of early-onset CRC reveal distinct and
rare genetic profiles.31 Genes involved in maturation,
gut barrier function, and innate immunity are different
in fetal-derived and adult-derived intestinal organoids.32
Normal and disease-derived organoids differ in factor
secretion and gene expression as well as in growth
dominance.31,33 Meanwhile, except for the advances in
modeling intestinal organoids, organoids models have
also been established for other digestive tract organs,
such as stomach,35 pancreas,36 esophagus,37 liver,38 and
gallbladder.39 So far, a number of healthy and diseased
GI tissues have been included in the organoids banks.40,41
They faithfully recapitulatemutated genes, protein expres-
sion levels, and cellular composition observed in surgically
resected primary tissues, providing an invaluable in vitro
model for the investigation of digestive tract physiology
and pathology.

3 ORGANOIDSMODELS IN BENCH:
APPLICATION SCOPE OF GI ORGANOIDS
MODELS

GI organoids have significantly deepened our under-
standing of the physiological functions within the GI
tract over the past decade, showcasing their immense
potential in disease simulation and therapeutic testing.
For instance, specific gene knockouts can modulate the
fate of stem cells,42 of which the certain molecules or
signaling pathways play a crucial role in epithelial sys-
tem differentiation.43 However, the epithelial organoids
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F IGURE 1 Schematic diagram summarizing the generated gut organoids varied in location, health status, age and species, location, and
mode of differentiation. (A–D) The established long-term in vitro organoids models that have been derived from different gut segments (A),
health status (B), ages (C), and species (D). Organoids models derived from different sources demonstrate distinct morphological and gene
expression patterns.

models of those studies have inherent limitations. In
recent years, scientific researchers have been committed
to the development of the coculture system of epithelial
organoids to meet different research needs. For instance,
coculture of epithelial organoids with immune cells can be
used to construct immune microenvironments or conduct
immunotherapy testing44–46; coculture with endothelial
cells for vascularization investigation47,48; coculture with
neural cells to study the paracrine signaling effects.49 At
present, both academia and some industries are focusing
on how to optimize the cultivation systemof organoids and
develop multifunctional organoids models.
The GI tract can be broadly categorized into themucosal

layer, epithelial layer, immune layer, and vascular layer
based on its physiological structure. These layers inter-
act with each other in response to both endogenous and
exogenous stimuli, such as microbial infections and organ
function changes within the epithelial digestive tract. Cur-
rently, researchers are striving to integrating all these
advancements to comprehensively simulate the structure
and physiological activities of the entire GI tract. In this
section, we utilize intestinal organoids as a model system
to simulatemicrobial–host interactions and elucidate their
impact on shaping the various structure and function of
different intestinal barriers. Additionally, we explore the
molecular and cellular responses triggered by microbial
infections.

3.1 Application of organoids models in
simulating the host–microbiota interaction

Recently, organoids models have been emerging in the
study of gut microbes as they are capable of expressing
the corresponding PRRs, such as NOD domain-like recep-
tors and TLRs. This feature allows them to be well tested
in simulating the interactions between the microbes and
intestinal epithelium, and even between certain specific
cell types.50,51 As a prominent in vitro model, organoids
have overcome the substantial drawbacks of cell lines
in simulating multiple action modes of microbiota on
hosts, as well as the high cost of germ-free mice and the
insurmountable species differences between humans and
animals.
The process of regulating intestinal diseases by micro-

biota and its byproducts is essentially a course in which
microorganisms maintain or destroy intestinal homeosta-
sis by regulating the integrity of the intestinal barrier.
As the most complicated ecosystem in human body, the
intestinal microorganisms consist of a variety of differ-
ent species and are able to interact with the host cells
through invasion or adhesion mode,52,53 which can be fur-
ther divided into the role played by the microorganisms
themselves or by their derivatives such as virulence factors,
proteins, or metabolites. Organoids models demonstrate
the impact of microorganisms on the host through mor-
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phological changes, alteration in cell composition, and
differences in gene expression. Being a powerful tool in
bench, organoids models can be used to study the mech-
anism of the destruction or repair of gut barrier system at
the macro level, while can also be used to study the reg-
ulation of gene expression, epigenetic inheritance, or cell
composition at the micro level.
The intestinal tract is an important organ with various

diverse functions including digestion, nutrient absorption,
andwaste excretion.54–56 The twomajor components of the
intestinal tract are small intestine and colon. The former
one includes duodenum, jejunum, and ileum, in which
the contained villil, microvilli, and crypts allow the small
intestine to be the ideal place for nutrient absorption. The
colon is composed of ascending, transverse, descending,
and sigmoid colon, and is responsible for water, elec-
trolytes, and vitamin absorption.57 The intestinal tract
can be briefly divided into four layers of barriers against
pathogen invasion. Luminal microbes and mucosa come
from the mucus barrier; epithelial cells form the mechan-
ical barrier; immune cells, Peyer’s Patches (PPs) and
intestinal lymphatic system form the immunological bar-
rier; gut vascular barrier (GVB) is formed by endothelial
cells, pericytes and enteric glial cells. By mixing or cocul-
turing with stromal cells, or even with other organoids
(such as brain, liver, and lung), intestinal organoids mod-
els could simulate various barrier structures or functions
of the intestine, regardless of the presence of epithelial
organs (Figure 2A). Through the observation of the inter-
actions between various cells and microorganisms within
these barriers, we can use organoidsmodels to recapitulate
the stress responses and innate or adaptive immune pro-
cesses displayed by the gut, in order to combat intestinal
diseases induced by bacterial infections and resist bacte-
rial translocation or distal metastasis (Figure 2B). Here,
we present the influence of microorganisms on intesti-
nal barrier structure layer by layer in vivo to show the
protective and destructive effects of microbiota on vari-
ous intestinal barriers. Meanwhile, we demonstrate how
could organoids models represent those effects through
phenotypic changes. In addition, we also summarize the
molecular mechanisms behind these interactions, which
are presented as follows.

3.1.1 The mucus barrier

The mucus of the large intestine consists of two layers.
The first layer is the solid inner layer (or glycocalyx) asso-
ciated with the epithelium. On the surface of this layer,
mucins generally play a role in cleaning microorganisms
and establishing protective barriers. The second layer is the
sticky outer layer.58 These mucosal tissues contain a large

amount of glycoproteins and immunoglobulins secreted
by the lower epithelial cells. Pathogenic bacteria need to
degrade and penetrate the mucus layer in order to colo-
nize and infect the intestinal epithelium.59 Luminal and
mucosal symbiotic microorganisms regulate the complex
multimicrobial ecological network between the internal
and external environment and fight against the invasion of
pathogenic bacteria by promoting mucosal protein secre-
tion, maintaining the integrity of barrier structure, and
secreting protective factors.
Organoids are able to produce an intact mucus layer

with thickness similar to that have been observed in the
human colon, allowing for the colonization of various
microbes.60,61 Therefore, organoids models have signifi-
cant advantages in detecting mucus formation, explor-
ing competitive or synergistic effects between different
microflora in the mucous layer and demonstrating how
to use microflora to regulate the mucus thickness. The
colonization of bacterial communities is conducive to the
secretion of mucus and the maturation of mucus layer,
which improves barrier function.62 Some probiotics use
mucin as a carbon source to promote self-colonization,
so as to resist the colonization of harmful microorgan-
isms, while others are able to release certainmetabolites to
increase the goblet cell number or differentiation capacity
to hinder the invasion of pathogenic microorganism. Both
mechanisms can be detected on the organoidsmodels.63–65

3.1.2 The mechanical barrier

Serving as a critical part of the gut barrier, the intesti-
nal epithelium plays a critical role in the pathophysiology
of both GI diseases and other nonintestinal diseases.66–69
The gut epithelium consists of microvilli, tight junc-
tion (TJ) proteins, and a variety of epithelial cells with
specific functions, forming a barrier system against the
incursion of pathogenicity microorganisms.51 Moreover,
the identification of microorganisms and the mobiliza-
tion of downstream response elements can be realized
through the recognition of receptors and precise regulatory
patterns.70
By utilizing intestinal organoids, it can be explained that

although the host expresses the same receptor, the subtle
differences of flagellar structure in symbiotic bacteria and
pathogenic bacteria may lead to the varying responses.71
Organoids with cellular heterogeneities, namely differ-
ent entry receptor expression patterns, can be used to
study the control of microorganisms on epithelial defense
and regeneration.61,72,73 A number of microbial functions
that reside in different functional niches of the intes-
tine can regulate epithelial function, as well as recovery
and repair. Organoids exhibit disruption of the epithelial
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F IGURE 2 Organoids models simulating the process, mechanism, and results of the interaction between microbiota and intestinal
barrier. (A) Organoids mimic the adhesion, invasion, immune invasion and distant metastasis of gut commensal bacteria or pathogens. The
effects of microbial communities on the mucus barrier, mechanical barrier, immunological barrier, gut vascular barrier, and distant
metastasis can be simulated by coculturing intestinal organoids with immune cells, glial cells, endothelial cells, and other organoids
including liver, lung and brain. (B) The changes of various molecular cells mediated by microbiota infection affect the occurrence and
development of intestinal diseases, such as inflammatory diseases and malignant tumors, which constantly form a feedback with intestinal
microbiota and disease states.

system through parameters such as surface cell apop-
tosis, release of inflammatory factors, decreased expres-
sion of TJ proteins, and penetration of the epithelium.
For instance, infection with the pathogenic bacterium
Salmonella typhimurium or Enterococcus faecium leads
to decreased expression of TJ and increased release of
chemokines in organoids.74 In the enterogenic monolayer
of human organoids containing M cells, the intestinal
pathogen Yersinia pseudotuberculosis (Yptb) is observed to
instigate specific M cell extrusion to enter and colonize
PPs.75
Furthermore, intestinal homeostasis is maintained

through a balance of orderly epithelial cell death and con-
stant cell self-renewal and differentiation based on the
stem cells. Thus, functional damage of stem cells is another
critical pathway through which some pathogenic bacteria
may disrupt the intestinal mechanical barrier. Currently,
differentiated organoids are coupled with numbers of
stem cell components, which allows further researches of
these potential functions. For example, Listeria monocy-
togenes infection will cause an increase in the secretion
of proinflammatory cytokines, reduce the budding rate
of organoids and further interfere with the differentia-
tion of intestinal stem cells (ISCs).76,77 Clostridium difficile
binds to epithelial receptors through its virulence factor
and disrupts the epithelial barrier structure by directly dis-

integrating the actin cytoskeleton or indirectly mediating
stem cell dysfunction, thereby delaying epithelial repair
time.78,79

3.1.3 The immunological barrier

The gut immunological barrier is thought to be another
important defense line against the invasion of gut
microbes. In response to the invasion of microorgan-
isms, the gut has formed a complex immune defense
network, containing a variety of immune cells correspond-
ing to the innate and adaptive immune systems.80,81 The
intruding bacteria would be identified, phagocytosed and
cleared by the mucosal innate immune cells composed
of macrophages and dendritic cells (DCs) after passing
through the mucosal and epithelial barriers. However,
under pathological conditions, critically ill patients usu-
ally experience intestinal mucosal innate immune cell
dysfunction, systemic immune deficiency or immunosup-
pression. Thus, these patients are leaving their immune
barrier unable to eradicate invading pathogens, with the
dysregulatedmicrobiota in turn exacerbating immune sys-
tem dysfunction. This situation leads to intestinal bacterial
translocation and further mediates intestinal infection or
tumor metastasis.
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The coculture of organoids and immune cells can be
used as a simple simulation of the intestinal immune bar-
rier to evaluate the response of immune cells duringmicro-
bial invasion. At present, some available coculture sys-
tems of organoids with lymphocytes or macrophages have
been developed.46,82,83 Organoids models play an impor-
tant part in many interesting examples of how micro-
bial communities regulate communication and coop-
eration among barrier systems. In an organoid-DCs
coculture system, the metabolites secreted by Lacto-
bacillus reuteri can mature DC cells and promote the
production of IL-10, thereby exerting anti-inflammatory
functions.84 Macrophages have a dual function of sup-
porting organoidsmaturation and strengthening intestinal
barrier. In the macrophage–enteroids coculture system,
these macrophages can sense, capture, and kill intracellu-
lar enteropathogenic Escherichia coli through appendages
across the enteroids monomolecular layer, without dis-
rupting the epithelial barrier and inducing remarkable
proinflammatory microenvironment.85 In addition, the
regulation and composition of bacteria-mediatedmicroen-
vironment can also be observed in these kinds of coculture
models. In colonic organoids cocultured with patient-
derived tumor-infiltrating lymphocytes (TILs), exposure to
Fusobacterium nucleatum increases the expression of PD-
L1 and the proportion of CD8+ and IFN-γ+ CD8+ TILs in
tumor organoids.86
Immune cells are also involved in organoids growth

and can release factors into the microenvironment to reg-
ulate the stem cell function and organoids regeneration
and maturation.87 The immune system plays a central role
in tissue repair after clearance of infection. For instance,
the innate lymphocytes (ILCs) of the lamina propria
play a critical role in eradicating infection, alleviating
inflammatory damage, and interacting with the overly-
ing epithelium. They can also produce microbial-derived
signals that promote or hinder epithelial regeneration
and are able to stimulate IL-22 production by ILC3s.88
The capture of pathogenic microorganisms by immune
cells with or without factors released by immune cells
activates stem cells to repair the epithelial system. Like-
wise, organoids provide a great platform for modeling
and studying the interaction between immune cells and
epithelial cells in repairing damaged tissues after pathogen
infection and tissue injury. L. reuteri D8 promotes the
growth of organoids and protects organoid morphology
by increasing the number of LGR5-expressing cells and
accelerating the regeneration of ISCs upon tumor necro-
sis factor alpha (TNF-α) treatment in the organoids and
lamina propria lymphocytes coculture system.89 Valerate,
a metabolite of gut microbiota, activates PGE2 production
through PGE2+ macrophage subsets to stimulate Wnt/β-
catenin signaling pathway in ISCs by binding to EP1/EP4.

This promotes self-renewal of stem cells and organoids
formation.90

3.1.4 The GVB

The final intestinal barrier GVB, which consists of intesti-
nal endothelial cells, associated pericytes and enteric glial
cells, can actively prevent the spread of bacteria to other
organs. Some bacteria can induce distal tumor metastasis
by disrupting the GVB and forming ametastatic niche. For
example, tumor-resident E. coli disrupts the GVB through
viral interferon regulatory factor and drives the spread
of bacteria to the liver.91 These destructions further pro-
mote the formation of a niche conducive to cancer cell
metastasis.
Organoids can be used to mimic distal metastases when

cocultured with endothelial cells or enteric glial cells, or
even with organoids derived from other organs.47,48,92–94
Since many coculture systems and fusion approaches are
still under test, many current examples indicate this pro-
cess by indirectly detecting other organ-specific strains
or damage to intestinal organoids. Chronic inflammatory
liver diseases and ulcerative colitis (UC) are common
complications of primary sclerosing cholangitis (PSC).
Intestinal organoids infected with Klebsiella pneumoniae
show PSC-derived epithelial cells injury effects, which are
associated with susceptibility to Th17-mediated hepato-
biliary injury and bacterial translocation.95 Exposure of
Paneth cell-depleted intestinal organoids to conditioned
media derived from gut microbes significantly reduces
tube formation and wound healing responses of endothe-
lial cells.96 The production of Shiga toxins (Stxs) by entero-
hemorrhagic E. coli induces renal organoids damage and
inflammatory response.97 Enterococcal family members
containing enteroporins Enterococcus pore-forming toxins
(Epxs) canmake intestinal organoids sensitive to Epx2 and
Epx3 toxicity by binding human leukocyte antigen class I
complex receptors and stimulating the expression ofMHC-
I under interferon exposure. Epx2-containing enterobacter
faecium has a destructive impact on intestinal organoids
and human peripheral blood mononuclear cells.98
Furthermore, multiorganoids models such as gut–liver,

gut–lung, gut–brain, and even combined models are grad-
ually being constructed. They are used to study the process
of colorectal tumor metastasis to the liver, lung, and brain
under microbial intervention, in order to elucidate the dis-
ease driving factors for distal metastasis. Considering that
the various roles of gut microbes in enterogenic infections
and distal metastasis of tumors are still under exploration,
it is believed that the inclusion of multiorganoids models
will provide a novel and powerful approach for studying
disease development and mechanism resolution.
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F IGURE 3 Organoids provide a versatile in vitro model for analyzing the molecular mechanism and biological functions of intestinal
symbiotic bacteria or pathogens in intestinal infection. At the molecular level, microorganisms and their by-products, such as proteins and
metabolites, can be sensed by receptors, ion channels and transporters on the cell membrane to induce (A) genetic replication and gene
expression; (B) the modulation of gene transcription and translation and posttranslational modification of proteins; (C) the regulation of gene
epigenetic modification; (D) the disruption of the mucosal/epithelial/immune/endothelial barrier, allowing it to reach blood or lymph node
and translocate to distant organs via the blood or lymphatic system; (E) cell fate changes manifested by proliferation, differentiation,
transformation, and apoptosis; (F) the epithelium and immune cells that sense bacterial components via Toll-like receptors, followed by the
release of inflammatory cytokines and the regulation of immune cell recruitment/domestication.

3.2 Application of intestinal organoids
models in molecular mechanism analysis

The underlying cellular and molecular mechanisms have
long been of great interest in the study of multiple
interactions between hosts and microbiomes. In the past
decade, organoids have provided a versatile in vitro model
for the in-depth and detailed research on the multi-
ple mechanisms of microbiota and its metabolites on
host, including epigenetic remodeling, DNA mutation,
changes in gene expression and posttranslational modi-
fications of proteins, cell fate determinations, disruption
of the intestinal barriers, inflammation, immune activa-
tion, and so on (Figures 3A–F). Epigenetic mechanisms
coordinate with healthy gut dynamics by sensing differ-
ent microbial signals in response to changes in micro-
biota. The microbiota or microbial metabolites interfere
with the host through epigenetic mechanisms and have
long-term effects.70,99 A landmark study showed that
Muciniphila Akkermansia, Faecalibacterium prausnitzii,
and their short-chain fatty acids (SCFAs) affect histone
deacetylases and corresponding epigenetic modification
in ileal organoids.100,101 In addition, many pieces of evi-
dence have shown that microbiota and its metabolites can

mediate changes in physiological function by regulating
the expression, activity, or modification level of epigenetic
factors.102,103
Stem cells have been proved to play an important role

in the repair of the epithelial system. In certain cases
of intestinal damage caused by external intrusion, stem
cells can repair and fight against the loss of epithe-
lial cells. The utilization of intestinal organoids models
has also revealed the mechanisms through which intesti-
nal microbiota directly or indirectly target stem cells to
modulate the repair and epithelial cell regeneration dur-
ing infection.104 Studies of intestinal organoids cultures
exposed to SCFAs showed that those SCFAs had antipro-
liferative and prodifferentiation effects on ISCs through
regulation of the transcription factor Foxo3.105 In addi-
tion to the stem cell epithelium, Paneth cells are also
one type of cells that are often regulated by microbes.
Emerging evidence has showed that western diet can con-
vert primary-to-secondary bile acid (BA) conversion by
commensal Clostridium species, such as deoxycholic acid,
thereby altering the gut microbiome, activating farnesoid
X receptor (FXR), and type I IFN pathways, and mediating
Paneth cell defects, further affecting gut innate immunity
and inflammation.106
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In addition, gut microorganisms and their metabolites
also participate in mutation accumulation, and regulate
substantial plasticity of cancer mutations through the
intestinal microenvironment. Human intestinal organoids
chronically and repeatedly infected with pks+ E. coli
showed the accumulation of mutation signatures caused
by the bacterial genotoxin and those unique mutation sig-
natures can be found in other independent cohorts.107,108
Gut microbiome or its metabolites can switch mutated p53
cancer drivers in the small intestine back to normal p53
by regulating the tumor microenvironment, making it a
“super repressor” that better inhibits cancer growth than
the healthy p53 protein. Mutant p53 plays an antitumor
role through the regulation of TCF4-chromatin interac-
tions and WNT activation, which is driven by gallic acid, a
metabolite derived from the gut microbiota.109 This study
highlights the role of the microbiota in determining of
mutational plasticity in cancer.
Microbes and the corresponding metabolites also play

an important role in immune regulation and inflammatory
response. Lipopolysaccharide (LPS) exerts immunomodu-
latory effects by interacting with TLR4 on the cell surface.
Additionally, it sensitizes multiple inflammatory signal-
ing pathways by activating NF-κB in organoids models.34
Clostridium strains selected from human stool samples
modulate intestinal susceptibility and immune activity
to IBD by inhibiting immune-mediated NF-κB activa-
tion in intestinal epithelial organoids derived from IBD
patients.110

3.3 Application of intestinal organoids
models in studying microbial composition
changes in coordination with the host
environment

Microbial composition and host environment are in
a coordinated relationship, and their interactions are
mutual, even causally related. When external factors such
as diseases, diet, drugs, competition among microbes
themselves, genetic mutations, or deletions disrupt this
harmonious pair, the composition of the microbes will
correspondingly change, presenting as colonization
(Figure 4A), changes in diversity (Figures 4B and D), and
metabolic profile variation (Figure 4C). These conditions
also have their own characteristics, specifically showing
in the terms of bacterial colonization.

3.3.1 Disease impact

Critically ill patients often have suppressed immune
microenvironment, resulting in a dysregulated and per-
sistent inflammatory circumstance that helps pathogens

to maintain their own growth conditions. There are also
many studies on the drug level. It is obvious that some
antibiotics will undoubtedly affect the distribution of bac-
teria. In addition to antibiotics, microorganisms can also
interfere with the therapeutic effect of many drugs by
altering their bioavailability, and conversely, drug treat-
ment can also affect the distribution and composition of
microorganisms.111

3.3.2 Lifestyle influence

It is also a common understanding that differences in
lifestyle habits can lead to the variation of the micro-
bial distribution in the body. Over the years, there have
been some interesting studies, such as the influence of
geography and family life on the composition of individ-
ual microbiota.112,113 In recent years, many enlightening
studies have been conducted on dietary habits, such as
western diet, high-fiber diet, ketogenic diet, and high-fat
diet, which can cause changes in the distribution charac-
teristics of microbiota.114 It is for sure that these changes
can respond at the molecular and cellular level, in other
words, another perspective is what it brings to us at the
micro level, regarding changes in gene expression or cell
composition that alter the structure of microbiota. It has
been shown that microbial infection-induced cell death is
usually a host defensemechanism that promotes the clear-
ance of infection through the production of cell cadavers,
such as pore-induced intracellular traps, apoptotic bodies,
and neutrophil extracellular traps.115 Gradually, there have
been emerging researches on the complicated relationship
between cell death and bacterial colonization. A recent
study found that certain substances released after mam-
malian cell death can be used as nutrients absorbed by
pathogenic Salmonella to induce the core transcriptional
response of the pflB gene encoding pyruvate formate lyase,
thereby helping bacteria colonize and proliferate in the
gut.116

3.3.3 Genetic mutations

Genetic factors also determine the composition of the
gut microbiota. Multicohort big data samples showed
that there was a correlation between human autosomal
genetic variation and gutmicrobiome, and some polygenic
structures may even determine the heritability of some
gut bacteria.117 After the intervention of some disease-
related genes, changes in the composition and structure
of some bacteria were detected. For instance, intestinal
epithelial MHCII is a regulator of inflammatory responses
to mucosal injury, T-cell colitis, and intestinal infection.
Furthermore, MHCII deletion reduces IgA binding to
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F IGURE 4 Microbial composition changes when external factors disrupt the harmonious operation. Metabolic molecules secreted or
substances released due to gene expression, cell composition /fate change or death by the host will also react on the microbiota, presenting as
(A) colonization, (B) increase or (D) reduction in diversity, and (C) the metabolic profile.

pathogenic bacteria and decreases bacterial clearance.118
Changes in the expression of some microbial sensors can
also cause variation in the number of colonized bacteria.119

3.3.4 Microbial competition

Bacteria influence the colonization and distribution of
other bacteria through themselves and their metabolites.
Lactobacillus gallinatus inhibits CRC progression by
enriching probiotic abundance and depleting poten-
tial CRC pathogens.120 Enterobacter faecalis inhibits
colonization and prevents S. typhimurium from domi-
nating the microbiome.74 Succinate from the commensal
microbiome drives gene expression and expansion in
ATOH1-independent tuft cells to combat eukaryotic
colonization.121 The gut microbiota alters host cell
function and differentiation in multiple ways to meet
microbial needs.122 Taiotaomicron infection of organoids
can directly induce the expression of fut2 in epithe-
lial cells and enhance mucus to provide energy source
for the bacteria.123 Compared with undifferentiated
organoids, differentiated human colonic organoids are
more likely to support the colonization and replication of
A. cmuciniphila and L. reuteri or Lactobacillus plantarum,
since they contain goblet cell-derived mucins that act
as bacterial carbon sources.64,124 The colonization of
microbiota under normal physiological conditions is the
result of harmonious multicellular operations. Upon
further consideration, these macro and micro levels may

be cause-and-effect relationships. For example, the use
of diet and drug can change the expression of certain
genes and cell components, thus affecting the distribution
differences of bacterial community.
At present, the correlation is not very systematic and

comprehensive. At the micro level, it is more likely that
the changes we observed are caused by specific interven-
tions at the genetic and cellular level. Themutual causality
between microbiota and host is similar to the fallacy of
chicken-and-egg. As various debates still remain, further
investigation and evidence is required. Nevertheless, they
have provided us with a lot of useful and interesting
information in their respective directions. We believe that
with the deepening of research, these relationships will
be analyzed in the future, forming a linear or correlated
causal relationship, thereby helping us gain a more com-
prehensive and clear understanding of the influence and
correlation of this interaction.

4 ORGANOIDSMODELS IN CLINIC: GI
DISEASE SIMULATION AND
TREATMENT

4.1 Application of organoids models in
GI disease simulation

GI diseases can exhibit diverse characteristics based on
multiple factors such as age, location, severity, molecular
typing, and so on. A key advantage of organoids models
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lies in their ability to faithfully recapitulate the genetic
andmolecular features of GI disease tissues. Furthermore,
certain organoids offer the unique capability to clone and
simulate mutant genes that are challenging to be repli-
cated in a 2D culture setting. For instance, CRC frequently
exhibits chromosomal instability, which can manifest dis-
tinct subclonal and regional variations in severity. By
cultivating organoids derived from patients with GI dis-
orders, we can investigate the underlying genetic and
molecular pathways driving disease pathology and pro-
gression. Here, we present a comprehensive analysis of
organoids models simulating GI diseases associated with
tumors, inflammatory diseases, virus- and parasite-related
infectious diseases, rare disorders, and others.

4.1.1 GI cancers

GI cancers can arise from different cell types within
the digestive tract, leading to diverse presentations, prog-
noses, and treatment approaches. Malignancies are one
of the most important parts of GI diseases. With the
rapid development of the culture measure of organoids
models, now both surgical resection tumor tissues and
tumor cells obtained in liquid samples such as ascites
and peripheral blood can be applied to generate patient-
derived specific organoids.41,125–128 The great advantage
of organoids models derived from clinical patients is
the unique genomic and functional characteristics inher-
ited from the original sample, which is quite distinct
from other experimental models.129 In addition to mim-
icking primary tissue characteristics, the utilization of
tumor organoids enables the investigation of how differ-
ent gene deletions or mutations directly impact stem cell
proliferation or tumor cell apoptosis to further regulate
the tumor occurrence and development.42,130–133 Besides,
organoids models are also employed to elucidate the
interactions between different cellular components within
the tumor microenvironment,134–136 which leads to an
indirect impact on facilitating tumor progression.137–139
Organoids models also enable the detection of alterations
in gene expression and epigenetic modifications during
precancerous stages.140,141
Furthermore, organoids can be utilized to observe the

temporal progression of precancerous evolution. The infor-
mation obtained from sequencing cancerous tissues may
represent a terminal stage and is not necessarily indica-
tive of causality. Longitudinal sampling limitations often
restrict comprehensive observation of the entire disease
progression. The application of organoids models fills the
gap in this area by making it possible for us to observe
how a single gene mutation induces precancerous lesions
and initiates early tumorigenic events. For instance, intro-

duction of TP53 deletion mutations into normal gastric
organoids revealed that TP53 deletion gradually leads to
aneuploidy over two years and subsequently dominates
clonal expansion in subsequent cultures.142 Longitudinal
single-cell sequencing analysis demonstrated the progres-
sion of malignant transcriptional programs in gastric
organoids lacking TP53, thereby illustrating that organoids
models can effectively depict the entire process of precan-
cerous lesions induced by single gene mutations.142
Additionally, tumor organoids offer a valuable tool

for the investigation of microbial infection impact on
tumor progression. For example, the pks+ E. coli is
associated with the development of CRC in terms of
genomic damage, which has been proved in organoids
models. Organoids long-term or short-term infected with
pks+ E. coli showed characteristic insertion and deletion
mutations, impaired differentiation, and typical genomic
instability respectively.107,108,143 In terms of tumor cell pro-
liferation and apoptosis, the invasive E. coli expressing
fia/fimH/htrA isolated from colonocytes is associated with
tumorigenesis by promoting the proliferation of colonic
organoids.144 Helicobacter pylori, which colonizes specifi-
cally in the gastric mucosa of over 50% of the population
worldwide, has long been proved to increase the risk
of niche-specific diseases including adenocarcinoma.145
Nevertheless, the precise underlying mechanisms through
which H. pylori increases the cancer risk has not been
fully understood. One of the viewpoints is that H. pylori
infection induces increased DNA damage in Apc trun-
cation stem cells, thereby potentially exacerbating the
tumor progression.146 Wroblewski et al.145 revealed that
the localization and expression of claudin-7 in epithe-
lial cells was significantly changed by H. pylori through
the application of gastroids, providing new insights into
themolecular interplay between oncogenic pathogens and
human epithelial cells.
In addition to the microbiota themselves, some of their

metabolites or byproducts are also associated with GI
diseases. BA can drive the activation of colonic mesenchy-
mal stem cells through the BA–FXR axis, promote the
growth of tumor characteristics, and accelerate the expres-
sion of colon cancer stem cell-related markers in colonic
organoids.147 Some outer membrane vesicles released by
F. nucleatum can activate TLR4 and NF-κB to stimu-
late proinflammatory signals in organoids with underlying
colon cancer and gastroesophageal reflux disease.148

4.1.2 Inflammatory diseases

GI inflammatory diseases present a diverse group of
conditions that affect the digestive tract, causing inflam-
mation, discomfort, and potential complications. Ranging
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from chronic IBD diseases like Crohn’s disease (CD) and
UC to conditions like diverticulitis and celiac disease,
inflammatory diseases have a significant impact on indi-
vidual’s life quality and overall health. The establishment
of a multitude of GI inflammatory organoids models has
provided a novel platform for the identification of molecu-
lar characteristics associated with inflammatory diseases
and the elucidation of underlying pathogenic mecha-
nisms. Organoids models representing varying degrees
of disease severity can be employed to investigate dis-
ease progression149 and facilitate the validation of distinct
gene deletions or mutations in disease development.130,138
While the exact causes of many GI inflammatory diseases
remain unclear, factors such as genetics, immune system
dysfunction, environmental triggers, and dietary habits are
believed to play significant roles.
Organoids models also provide a platform for investi-

gating how immune cells infiltrate the gut epithelium,
interact with epithelial cells, and contribute to disease
pathogenesis. Inflammatory responses in GI diseases
involve dysregulated immune activation and cytokine pro-
duction, leading to tissue damage and inflammation. By
coculturing organoids with immune cells or microbial
communities, researchers can recreate the inflammatory
microenvironment of the GI tract and study the spe-
cific immune-mediated responses in a controlled setting.
Microbial imbalance is one of the pathogenesis involved in
inflammatory diseases and organoids models can be used
to simulate disease progression and status caused by com-
plex microbial infections. The intricate interplay between
the gut microbiota and the host mucosal immune sys-
tem influences IBD. Organoids models could reproduce
the disease progressionwith themicrobes originating from
IBD patients.106,150 Organoids from healthy subjects cul-
tured in fecal supernatants or LPS of patients with irritable
bowel syndrome (IBS) can induce expression of unique
colonic epithelial genes, reflecting the pathophysiology of
the disease.151–153

4.1.3 Virus- and parasite-related infectious
diseases

Scholars have done a lot of remarkable work on study-
ing the infection of viruses in the intestines and the gut
response to viruses by applying gut organoids. The noncul-
tivatable pathogens in vitro, such as Human noroviruses
(HuNoVs), can be cultured in intestinal organoids and
combined with gene editing technology to search for
key genes in inflammation and viral replication for
HuNoVs.154,155 During the COVID-19 pandemic, some
patients developed GI symptoms, and organoids models
detected that the novel coronavirus could infect intesti-

nal organoids, specifically bind with intestinal epithelial
cells and destroy the integrity of the epithelial system.
Organoids models can quickly respond to the analysis
of disease mechanisms and the screening and valida-
tion of possible targets.156,157 Human rotavirus (HRV) is
a major cause of diarrhea-related mortality in children
under the age of 5 years worldwide, but the current stud-
ies are strictly limited due to the fact that HRV growth is
strongly restricted in most cell lines and animal models.158
Saxena et al.159 made a breakthrough over this clinical
issue by establishing a novel human intestinal enteroid,
which has been proved to recapitulate the in vivo HRV
infection features. In addition, some intestinal parasites
such as Cryptosporidium infection will cause diarrhea
and malnutrition in children. Organoids models can be
used to mimic the natural ecological niche of the para-
sites and observe the life cycle of these parasites and host
responses.160Therefore, organoids models have shown
incomparable advantages in simulating the pathogenic
process and characteristics of pathogenic microorganisms,
and even in the testing and verification of drug targets.

4.1.4 Rare GI diseases

Rare GI diseases present significant challenges for
patients, healthcare providers, and researchers due to
their low prevalence, diverse clinical manifestations, and
limited therapeutic options. These conditions encom-
pass a wide range of disorders affecting the GI tract,
including rare genetic syndromes, congenital malfor-
mations, and uncommon inflammatory or neoplastic
conditions. Modeling rare GI diseases is therefore critical
for comprehending the pathophysiology, elucidating
disease mechanisms, and developing targeted therapeutic
interventions. In the context of rare GI diseases, organoids
models offer several advantages over conventional cell
culture systems and animal models as they play a pivotal
role in replicating disease characteristics and elucidating
pathogenic mechanisms.
Gastric neuroendocrine carcinomas are aggressive

malignancies that have been under-investigated due
to their rarity and lack of disease models. Inspiringly,
GEP-NEN organoids faithfully recapitulate the pathohis-
tological features and the functional phenotypes of the
original tumors, providing a valuable tool for studying this
disease.161 Additionally, these organoids can effectively
replicate the drug response observed in patients.162 The
incidence of small intestinal neuroendocrine tumor,
although rare, has shown an increase over the past
four decades. Genome-wide association studies have
recognized a new missense mutation in LGR5, namely
“rs200138614, p.Cys712Phe,” that is associated with this
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disease. The established organoid model provides insights
into its etiology by demonstrating that overexpression of
LGR5 p.Cys712Phe disrupts R-Spondin-LGR5 signaling
and promotes stem cell proliferation.163 Cronkhite-Canada
Syndrome (CCS) is an exceptionally unusual noninherited
polyposis syndrome, affecting only one in every million
individuals. The etiopathogenesis and optimal treatment
for this syndrome remain elusive due to its rarity and the
absence of suitable model systems. The organoid model
demonstrates the aberrant local epithelial 5HT produc-
tion and the dysregulated control of epithelial stem cell
proliferation in a human organ affected by CCS, resulting
in an increased quantity of enteroendocrine cells.164
In conclusion, organoid technology exhibits immense
potential in modeling rare GI diseases and advancing our
comprehension of disease pathophysiology.

4.1.5 Other diseases

In addition to the above mentioned GI diseases, sim-
ulations of several other intestinal diseases have
also been presented in a series of studies. Intestinal
ischemia/reperfusion (I/R)-induced ferroptosis of intesti-
nal cells is accompanied by the changes in intestinal
microbiota and its metabolites, such as capsiate (CAT),
which can be simulated by the hypoxia/reoxygenation
(H/R) model of ileal organoids.165 Interestingly, recent
studies have found that organoids models can also be used
to elucidate the role of circadian clocks in pathogenic
responses to microbial infection, and to expound the role
of microbial and circadian networks in regulating intesti-
nal epithelial homeostasis. Enteroid organoids of mice and
humans demonstrated a circadian-dependent necrotic
cell death in response to C. difficile toxin B through
rhythmic expression.166 The C-type lectin antimicrobial
peptide REG3γ coordinates circadian oscillations with key
ileal microorganisms in a bidirectional manner. High-fat
diet can lead to abnormal REG3γ expression in the host
and impair the microbial oscillators of host metabolic
homeostasis.167
Organoids models mimicking the intestinal diseases

mediated by microbial infection and the correspond-
ing mechanism analysis are concluded in Tables 1
and 2, classifying human and mouse models into two
categories.

4.2 Application of organoids models in
GI disease treatment

Organoids models offer a robust platform for investi-
gating the potential mechanisms of GI diseases and

evaluating potential therapeutic interventions. By cul-
turing organoids derived from patients’ tissues or stem
cells, researchers can delve into disease-specific cellular
and molecular pathways, encompassing aberrant cell sig-
naling, perturbed immune responses, and dysfunctional
metabolic processes. These disease-specific phenotypes
enable the study of disease progression, screening of
prospective therapeutics, as well as identification of novel
drug targets and mechanisms of action for GI diseases in a
clinically relevant context.

4.2.1 Drug screening

Drug screening plays a pivotal role in pharmaceutical
research and drug development, aiming to identify can-
didate compounds with therapeutic potential for vari-
ous GI diseases. Traditionally, drug screening relies on
2D cell culture and animal models, which often fail to
accurately replicate the complex physiology and patho-
physiology of human tissues. With the rapid growth of
high-throughput 3D organoids screening, including seed-
ing geometries and alternative plate design, organoids
models play a generally important part in drug screen-
ing and discovery.125,178 The establishment of the organoids
banks enables high-throughput drug screening, and most
GI disease organoidsmodels exhibit in vivo responsiveness
to therapeutic drugs.179 Furthermore, organoids models
are employed for evaluating repurposed drugs originally
intended for other diseases and assessing their efficacy
against novel diseases.180,181 They also serve as a means
to continuously identify new targets and design targeted
therapy strategies.182–185 Organoids models also facilitate
the exploration of alternative treatment approaches for
challenging drug targets. For instance, though certain ther-
apeutic strategies targeting the WNT pathway often lead
to adverse effects on normal crypt development, innova-
tive approaches focusing on terminal differentiation have
shown promise in resolving these issues. Furthermore, the
establishment of organoids offers a valuable in vitro model
for the continuous optimization of clinical treatment
strategies, enabling extensive exploration of stratified and
personalized therapies. For instance, esophageal-gastric
adenocarcinoma organoids were employed to investigate
their response to combined 5-FU and FLOT treatment, as
well as their pathological correlation with patients. The
threshold for stratified treatment could also be determined
with the help of organoids models.186 Distinct mutation
profiles call for tailored treatments, while different sub-
types within the same disease require diverse therapeutic
approaches.131,187,188 By combining disease staging and
considering various stages and characteristics along with
molecular classification, specific treatment strategies can
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be tested using orgnaoids models prior to clinical drug
trials.163,189,190
Drug resistance has always been a major challenge in

tumor therapy. Organoids models play a pivotal role in
elucidating the mechanisms underlying drug resistance.
These models enable the identification of drug-resistant
genes, cell populations, and even microenvironmental
structures, thereby facilitating the design of targeted
therapies based on these indicators. For instance, down-
regulation of drug resistance-associated genes, induc-
tion of stem cell differentiation, and elimination of
drug resistance-promoting microenvironment were taken
together, followed by a combination with chemoradio-
therapy agents, to evaluate the synergistic effects on
organoids models.191–197 Establishing organoids models at
early stages of tumor progression helps to evaluate the
effectiveness of specific disease-targeted drug candidates
and conduct molecular mechanism analyses. For exam-
ple, novel drugs for serrated neoplasia pathway-derived
CRC can be screened after the culture of SSL patient-
derived organoids, and its specific gene expressions could
be identified prior to tumor evolution. In recent years, sig-
nificant advancements have been made in drug screening
not only within organoids themselves but also through
improvements in culture conditions and screening equip-
ment such as high-throughput culture devices for new
drug screening.198,199 Furthermore, organoid-based drug
screening enables the investigation of complex disease
mechanisms and the identification of novel therapeutic
targets. By studying the behavior of diseased organoids
in response to candidate drugs, researchers can uncover
underlying disease pathways and identify potential drug
targets for the further investigation.
Organoids models also play an important role in clini-

cal trials, with a primary focus on drug screening. These
models can be divided into two categories according to
different purposes: (1) as a preclinical model or a par-
allel control model for predicting disease progression or
drug efficacy; (2) as a validation model or a method for
exploring the mechanism of clinical outcomes. In terms
of the first category, clinical trials for metastatic CRC,200
gastroenteropancreatic neuroendocrine carcinoma,201 and
celiac disease202 using organoids as a guideline have
been conducted and achieved considerable results. Pre-
clinical experiments based on organoids will not cost
much time of patients, so it will hardly delay the treat-
ment process. Also, using organoids to screen out the
most promising options can exclude ineffective treatment
and improve the clinical outcomes of patients. As for
the second category, drug tests designed for esophageal
squamous cell cancer,203 CRC,204,205 gastro-oesophageal
adenocarcinoma,206 IBD,207 and Lynch syndrome208 have
also been on the way of conducting sub experiments based

on patient-derived organoids. Those sub experiments can
verify the difference in the patients’ response to drugs and
increase the credibility of trial results.

4.2.2 Immunotherapy

Immunotherapy has emerged as a promising treatment
approach for GI diseases, offering new avenues for
targeted therapy and improved patient outcomes. Uti-
lizing organoids models derived from patient samples
has facilitated significant advancements in understanding
and harnessing the immune system’s role in GI dis-
ease pathogenesis and treatment. Organoids models allow
researchers to study the interactions between immune
cells, epithelial cells, and microbial components within
the GI tract, providing insights into the complex immune
responses underlying GI diseases. By culturing patient-
derived organoids, researchers can recreate the individu-
alized immunemicroenvironment of GI diseases, enabling
the investigation of immune dysregulation, inflammatory
processes, and immune evasion mechanisms. In the con-
text of immunotherapy, organoids models offer valuable
tools for screening and optimizing immune-based treat-
ments for GI diseases. Researchers can assess the efficacy
and safety of immunotherapeutic agents, such as chimeric
antigen receptor T cells, immune checkpoint inhibitors,
and adoptive T cell therapy, in organoids derived from
patient tissues.209 This approach allows for the identi-
fication of personalized treatment strategies that target
specific immune pathways or tumor antigens, thereby
enhancing treatment efficacy and minimizing adverse
effects.210
Furthermore, organoids models enable the study of

immune-mediated responses to GI diseases and ther-
apeutic interventions.211 By coculturing organoids with
immune cells, researchers can investigate immune cell
infiltration, cytokine signaling, and immune-mediated
tissue damage in GI diseases, providing insights into dis-
ease progression and treatment responses.212 Additionally,
organoids models allow for the evaluation of combination
therapies that target both tumor cells and immune cells,
potentially enhancing treatment outcomes and overcom-
ing resistance mechanisms.213,214 A microculture system
was developed to meet the model building conditions
for endoscopically resected small samples with limited
tissue availability, and the feasibility of the treatment
strategy was assessed within a 14-day timeframe. T cell
infiltration and immunosuppressant efficacy were eval-
uated by incorporating T cells and interstitial cells into
an organoid model.215 In the future, these immune cells
can be integrated into organoids to facilitate testing of
diverse immunosuppressants, optimal timing and dosage
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for immunosuppressant treatment, identification of novel
immunosuppressants, and enhancement of existing ones.
Despite the promising advancements, challenges

remain in the development and utilization of organoids
models for immunotherapy in GI diseases. Standardiza-
tion of culture protocols, optimization of immune cell
integration, and validation of findings in preclinical and
clinical settings are among the key areas that require
further research and development. Additionally, regula-
tory considerations and ethical implications surrounding
the use of organoids models for immunotherapy war-
rant careful consideration and oversight. In conclusion,
immunotherapy holds great promise for revolutionizing
the treatment of GI diseases, with organoids models
serving as invaluable tools for advancing research in this
field. By leveraging the power of organoid technology
alongside immunotherapeutic approaches, researchers
can accelerate progress toward personalized and effective
treatments for GI diseases, ultimately improving patients’
clinical outcomes and life quality.

4.2.3 Microbial-targeting and screening
treatment

Meanwhile, under themicrobial insight, organoidsmodels
also play a crucial role in the testing of microbial-targeted
therapeutic regimens and the screening of beneficial bacte-
ria for the treatment of intestinal diseases. Some beneficial
bacteria slow down the progression of intestinal dis-
eases by modulating cell proliferation, apoptosis, immune
responses, andmicrobiota composition. L. gallinis is one of
the most depleted probiotics in the feces of CRC patients,
which can eliminate tumorigenesis by promoting apop-
tosis of cancer cells in human CRC-derived organoids.120
Bifidobacterium longum can upregulateWnt3A and TGF-β
to promote organoids growth, suggesting a potential rea-
son of alleviating IBS symptoms in the clinical setting.168
The organoids H/R model has been used as an alterna-
tive model for intestinal I/R injury. It was found that
CAT or pravastatin, the intestinal microbiota metabolite,
could attenuate H/R damage under H/R conditions.165,171
Deficiency in budding and mucin expression have been
observed in the intestinal organoids derived from irra-
diated mice; treatment with Lactobacillus acidophilus or
its associated oligonucleotide 1 can promote post irra-
diation recovery, rescue the germinated organoids, and
induce the full differentiation of mucin-producing epithe-
lial cells.172 In response to the intestinal injury induced
by radiation and methotrexate, the strain A. Muciniphila
AK32s show enhanced intestinal epithelial regeneration
function, and are capable of maintaining ISCs stemness
and repairing damaged intestine.169 Humanized L. reuteri

is a probiotic that produces the antimicrobial compound
reuterin, which can preventC. difficile from colonizing the
antibiotic-treated fecal microbial communities and allevi-
ate antibiotic resistance issues. Reuterin has beenproved to
have a protective effect against C. difficile toxin-mediated
cellular damage in human intestinal enteroid model.216
Some of the beneficial bacteria have protective effects of

enhancing barriers, such as increasing TJ protein expres-
sion, reducing inflammation levels, and promoting stem
cell function. L. reuteri can effectively repair gut dam-
age after pathological injury by enhancing Lgr5+ stem
cell amplification.173 Lactobacillus rhamnosus GG restored
epithelial barrier functions after barrier disruption caused
by proinflammatory cytokines by normalizing TJ protein
expression.174 Lactobacillus paracasei was able to reduce
constitutive inflammation in organoids derived from celiac
patients with damaged intestinal mucosa.170
The metabolites, such as inositol-1,4,5-triphosphate,

lactate, propionate, and BAs, can also induce the
growth of intestinal organoids and promote epithelial
repair.99,100,175–177,217 Some bacteria produce SCFAs to
combat the breakdown of the intestinal barrier and
inflammatory response of organoids derived from patients
with enteritis.218 These data suggest that certain metabo-
lites have the potential to treat IBD or various intestinal
injuries. Butyric acid produced by butyric bacteria can
inhibit the adherent-invasive E. coli pathobionts asso-
ciated with CD, indicating that butyrate are capable
of helping maintain epithelial mitochondrial form or
function when challenged by E. coli-LF82. Therefore,
decreased abundance of butyrate-producing bacteria in
IBD would contribute to loss of epithelial mitochondrial
and barrier functions, which could further trigger disease
and/or exacerbate a low-grade inflammation.180
Bacterial tumor therapy (BCT) has great application

prospects in the treatment of solid tumors. Salmonella
enterica servovar attenuated typhimurium strain (STm) has
been widely used in mouse xenograft models and ortho-
topic xenograft models of BCT. In vitro cultured tumor
organoids showed reduced tumor stemness markers after
STm treatment.219 Bacteriophages therapy, as a highly tar-
geted approach, can be used to selectively remove invasive
pathogens from the gut and prevent disease progression.
Phage therapy is another area that has been extensively
explored. In organoids models, human intestinal enteroid
monolayers infected with phage showed a strong adhesion
and aggregation phenotype of bacteria to cells, and sig-
nificantly reduced enteroaggregative E. coli on the surface
of organoids.220 Fecal microbiota transplantation (FMT)
is a hot field with insufficient research, achieving unex-
pected results in the treatment of certain diseases.221,222
However, current FMT treatment is controversial and has
limitations such as transient outcomes, pathogen trans-
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fer, and difficulties in storage and reproducibility. How
to select the appropriate specific flora for transplanta-
tion based on the pathological characteristics of patients
requires in-depth and long-term exploration. The devel-
opment of relatively safe, durable and effective antibiotics
or vaccine approaches is also a great direction. More-
over, organoids models also demonstrate great application
prospects in the screening and the in vitro test of oral drug
and vaccine delivery. In fact, since animal tests are no
longer required before human drug trials by United States
Food andDrug Administration since 2023, organoidsmod-
els gradually demonstrate their integrated advantage of
providing drug features and individual physiology at the
same time.129,223,224 Several laboratories have suggested
the possibility of using organoids to promote the delivery
of nanoparticle-based drugs to the intestinal inflamma-
tion sites of IBD.225,226 For instance, Tong et al.227 applied
intestinal organoid monolayers to test the transport effec-
tiveness of the constructed oral drug delivery vehicles.
Similarly, Davoudi et al.223 used intestinal organoids to
investigate the influence of surface charge on the transport
of 5ASA loaded PLGA nanoparticles, further validating
that organoids models could be utilized as a proper in vitro
model to simulate the function of intestinal epitheliumand
evaluate the efficacy of nanoparticle-based drug delivery.
Recent advances in the understanding of the gut micro-

biome have also opened new avenues for the treatment of
someGI diseases. The relationship between billions of bac-
teria living in the human gut and the health of GI tract is
a rapidly evolving research area, with probiotics and FMT
being explored as potential treatments for conditions like
C. difficile infection and IBD. However, bacterial therapy
is a trend that needs to be carefully controlled to ensure
clear effects and mechanisms, and organoids models are
expected to play a role in the above-mentioned therapeutic
approaches against intestinal diseases.73,228 How to con-
vert pathological and molecular characteristics of patients
into read-values and parameters of organoids requires fur-
ther consideration. In conclusion, the use of organoids
models in microbial-targeting and screening treatment
represents a transformative approach to pharmaceutical
research, offering amore physiologically relevant platform
for identifying novel therapeutics and advancing precision
medicine. By leveraging the power of organoid technol-
ogy alongside complementary approaches, researchers can
accelerate the drug discovery process and improve the
translation of promising candidates from the laboratory to
the clinic.

5 CONCLUSION AND PROSPECTS

The organoidsmodels inGI research allows for the replica-
tion of complex tissue structures and cellular interactions

that cannot be recapitulated in traditional 2D cell cul-
tures. By culturing patient-derived organoids, researchers
can create personalized disease models that capture the
unique genetic, molecular, and physiological character-
istics of individual patients, paving the way for more
targeted and effective therapies.Moreover, organoidsmod-
els enable high-throughput drug screening and precise
medicine approaches, allowing researchers to identify
novel therapeutic agents and predict patient responses
to treatment more accurately. By testing potential drugs
in organoids derived from patient tissues, researchers
can assess the drug efficacy, toxicity, and side effects in
a more clinically relevant context, ultimately accelerat-
ing the translation of promising therapies from bench to
clinic. Furthermore, organoids models enable researchers
to explore how microbial dysbiosis contributes to dis-
ease development and progression. Dysregulation of the
gut microbiota composition and function has been impli-
cated in various GI disorders, including IBD, CRC, and
IBS. Organoids models allow for the study of how spe-
cific microbial species or communities influence epithelial
barrier function, immune activation, and inflammatory
responses within the GI tract, providing insights into dis-
ease mechanisms and potential therapeutic targets. Also,
organoids models facilitate the screening and optimiza-
tion of microbiome-based therapeutics for GI diseases. By
culturing organoids with defined microbial communities
or fecal samples from patients, researchers can assess the
effects of probiotics, prebiotics, and FMT on GI epithelial
integrity, immune modulation, and disease progression.
This approach allows for the identification of microbiome-
based interventions that restoremicrobial homeostasis and
ameliorate disease symptoms in GI disorders.
However, despite the tremendous potential, organoids

models also present several challenges that must be
addressed to realize their full clinical utility. A major
bottleneck remaining in the development of organoids
models is that few existing organoids are capable of
reproducing all the cell types, maturity level and overall
function of the original organs.129 The fact that differ-
ent cell types have varied proliferation rate, growth factor
and oxygen exposure requirements is one of the lead-
ing challenges. Reproducibility of the organoids models
generated by multicellular or multitissue has been wit-
nessed a reduction due to this obstacle.93 Meanwhile, the
prior isolation approach and cultural conditions specific to
the GI organoids models remain to be further explored.22
Furthermore, current research on GI organoids remains
predominantly in the preclinical stage. Challenges also
remain in the development and utilization of organoids
models for studying microbes in GI diseases. The current
epithelial organoids and coculture system are mostly per-
formedwith just simple heterogeneity components. There-
fore, it is possible to advance the organoid culture systems
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F IGURE 5 Future trends of microbial research on gut organoids. (A) More sophisticated organoids models, which more closely
resemble the structure and function of the gut, can be developed in two ways, either by multipotent stem cell differentiation, or by integrating
a variety of immune cells, mesenchymal cells, endothelial cells, and glial cells isolated from the gut. The resulting organoid cultured in a
3D-printed perfusion system to monitor changes in culture factor and oxygen in real time. (B) The application of omics approaches in
studying microbe–host interactions. Biological changes in strain-host cell interactions have been studied to find and verify the protein targets
of the interaction between microbiota and intestinal cells through multiomics and gene-editing technology. This can be reached by knockout
(KO) of the host or bacterial interaction proteins to verify the form of interaction between them, or by knockin (KI) of the target cell/gene into
the green fluorescent protein, the strain/specific gene into the red fluorescent protein, or vice versa. Through this way, we can observe the
specific interaction between them and analyze the physiological and functional changes (epigenetics, transcriptomics, proteomics,
metabolomics, and single cell) of the two sides during the process of interaction. (C) Modeling the effects of the populations (a particular
community) or single strains in organoids. (D) Through the automatic collection of organoid model flux tests combined with bioinformatics
for big data mining and association analysis, artificial intelligence can be used for treatment plan prediction before biomedical technology
used to verify the predicted data. (E) Therapies that target the microbiota and stratify the risk factors for patients with microbial infection, and
identify beneficial bacteria for fecal microbiota transplantation (FMT).

that are more similar to cellular conformation, biologi-
cal, and mechanical functions of the native gut in vivo
by combining materials science.229,230 3D bioprinting231
and microfluidic devices232 in the future (Figure 5A).
Sophisticated organoids may be obtained by the multidi-
rectional differentiation of pluripotent stem cells, or the
integration of epithelial organoids and other cells of gut,
which can be used to elucidate the causal relationship

of host–microbe interactions. Moreover, they might be
used to define how different microorganisms or patient-
specific microorganisms, even the whole microbiota of
gut, regulate intestinal physiological processes and patho-
logical progression (Figure 5B). The close-knit integration
with gene editing233,234 and multiomics,235,236 which will
provide important insights into the mechanisms under-
lying microbial–host interactions, is also being expected
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(Figure 5C). These technologieswill enable comprehensive
and detailed detection of the modification or expression
levels of various components, from DNA to RNA to pro-
tein, so as to clarify the functional changes after the
interaction between intestinal cells and bacteria. Subse-
quently, organoids combined with gene-editing technolo-
gies, through the knock-out or knock-in of organoids or
microbial target genes, is able to reveal protein molecules
involved in microbe–host interactions, verify interaction
patterns, and assess microbe-induced functional changes.
This allows us to focus on the development and val-
idation of therapeutic targets, identification of specific
cell populations of host involved in microbes recogni-
tion and interaction through combination with single-cell
techniques.121,237 The complexity of the interwoven rela-
tionship between microbes and hosts is complicated by
differences in each individual’s genetic predisposition and
microbial composition. Thus, it would be best to refine or
even personalize the treatment of the microbiome. Also,
it is necessary to develop automated facilities for large-
scale sample testing and data collection215,238 and perform
detailed correlation analysis with the help of continuously
improved bioinformatics and big data. Making predic-
tions with the help of AI technology,239,240 and carefully
verifying the conclusions are also critical to reveal corre-
lations between microbial profiles and individual genetic
profiles as well as among various treatment regimens
(Figure 5D). The acquisition of these data will certainly
benefit the treatment of patients withmicrobial infections,
the risk stratification of patients,241 the screening of safe
and specific antibiotics and other drugs, the identification
of profitable components for FMT, the testing of vaccine
development and phage therapy (Figure 5E). The com-
bination and application of organoids models with these
advanced technologies are expected to contribute to the
future of personalized therapy.
In order to facilitate the future application of organoids

models in personalized medicine, multidimensional
efforts must be taken by multiple sectors of the society.
Clinicians should collect diverse samples during surgery
to generate patient-specific organoids and gather com-
prehensive clinical information encompassing patients’
medical history, treatment methods, and even lifestyles.
By leveraging big data analysis, genetic changes and cell
composition of each sample can be detected to establish
interactive datasets reflecting the correlation between
diseases and their underlying causes. Researchers need
to focus on optimizing the culture system of organoids,
exploring models that closely resemble human body struc-
ture and function, deciphering developmental cues, aswell
as analyzing physiological and pathological mechanisms.
Additionally, there has been a noticeable emergence of
scientific research companies within the industry aiming

to advance organoid establishment techniques along
with drug screening capabilities for high throughput
applications and testing novel immunotherapy methods.
For clinical experimentalists utilizing micro-organoids
models established through endoscopic technology,
these models serve as valuable tools for assessing drug
responses in patients during clinical experiments and
enabling prediction and enhancement of drug efficacy.
Regulatory authorities play a crucial role in overseeing
organoid development regulations alongside formulating
ethical laws, with regulatory agencies assessing the safety,
quality, and efficacy of GI organoids through preclinical
studies, clinical trials, and manufacturing processes.
Organoid-based therapies and products should meet
established standards for patient safety and efficacy before
being approved for clinical use or commercialization.
Ultimately, it is imperative to effectively coordinate the
interaction among all stakeholders in order to foster a
constructive and collaborative environment and promote
progress of this field. In summary, the development and
utilization of organoids models hold great promise for
advancing our understanding of GI diseases and develop-
ing more personalized and effective treatment strategies.
By addressing the challenges associated with organoids
culture and integrating organoid-based research with
other experimental and clinical approaches, we can accel-
erate progress toward improving outcomes for patients
with GI disorders.
To sum up, GI organoids, whether derived from PSCs

or adult tissue, can be used as an accurate and reliable
in vitro models to faithfully reflect the in vivo physiology.
Organoids models boast the strong potential of providing
new insights into GI disease and revealing the possible
underlying mechanisms. Meanwhile, they also play an
important role in helping develop therapeutic regimens
for GI disease therapy. However, though organoids mod-
els are serving as an indispensable tool nowadays, it has to
be admitted that the current organoids technology is still
imperfect. Further quality and quantity improvements,
as well as a more accurate cellular composition of stem
cell-derived tissues, are required for progress to continue
apace. It is with no doubt that together with the con-
tinuous development of advanced technologies, organoids
models will further unravel the effect and the underlying
mechanisms of GI disorders. Integration of organoids and
new technologies will provide new insights into the mech-
anism beneath physiological functions and pathological
processes. Additionally, subsequent specific treatments
cast light on new therapeutic approaches.
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