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Gut organoids are 3D cellular structures derived from adult or pluripotent stem cells, capable of closely replicat-
ing the physiological properties of the gut. These organoids serve as powerful tools for studying gut development
and modeling the pathogenesis of intestinal diseases. This review provides an in-depth exploration of technological
advancements and applications of gut organoids, with a focus on their construction methods. Additionally, the poten-
tial applications of gut organoids in disease modeling, microenvironmental simulation, and personalized medicine are
summarized. This review aims to offer perspectives and directions for understanding the mechanisms of intestinal
health and disease as well as for developing innovative therapeutic strategies.

Introduction have a long history of exploring in vitro culture techniques to sim-
ulate human and animal organs [9]. In 1907, Henry Van Peters
Wilson conducted the first documented attempt at in vitro organ-
ism regeneration. He demonstrated that dissociated sponge
cells have the remarkable ability to self-organize and regener-
ate into a complete organism [10]. The modern use of “organoid”
gained prominence with advancements in stem cell and three-
dimensional (3D) culture technologies. These organoids could
replicate key structural and functional aspects of various organs.
In 2007, Hans Clevers and his team, utilizing cell lineage tracing
techniques, made a groundbreaking discovery by Lgr5* intestinal
stem cells (ISCs) at the base of intestinal crypts, demonstrating
their capacity for self-renewal [11]. Building on this discovery, in
2009, Sato et al. reported the use of adult intestinal stem cells to
form 3D intestinal organoids in a 3D matrix [12]. Unlike traditional
primary cell cultures or established cell lines, organoids offer a
significant advantage in their cellular complexity. They closely rep-
licate the diverse cellular architecture of tissues from experimental
animals or humans, preserving essential physiological properties
of in vivo organs.

Intestinal epithelial cells (IECs) are among the most rapidly
renewing tissues in adult mammals, with a renewal cycle of every
3 to 5 days [1]. The intestinal epithelium is structured into crypts
(invaginated regions) and villi (projecting regions), with intestinal
stem cells (ISCs) residing at the base of the crypts. The primary
differentiated epithelial cell types include enterocytes, which are
the most abundant and play an essential role for nutrient absorp-
tion, along with Paneth cells, goblet cells, enteroendocrine cells
(EECs), and tuft cells [2-4]. Notably, Paneth cells are specific
to the small intestine and are absent in the colon and rectum.
IECs act as a physiological barrier, playing crucial roles in nutri-
ent absorption and metabolism, immune regulation, and medi-
ating interactions between host and microbial communities. The
remarkable self-renewal capacity of IECs, combined with their
diverse cell types and specialized functions, makes them a vital
biological resource for studying intestinal diseases [5].

Organoid technology is a new type of tissue engineering tech-
nology that leverages the self-organizing ability of stem cells to
grow in a three-dimensional culture environment [6—8]. Scientists
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By exploring disease mechanisms and evaluating therapeu-
tic efficacy, organoid technology can effectively reduce failure rates
during the clinical development of new drugs [13, 14]. Organoid
technology not only provides an in vitro model for partially mim-
icking disease states and microenvironments, providing an in vitro
model that closely replicates in vivo conditions for studying disease
mechanisms and developing novel therapeutic approaches, but
has also demonstrated potential in drug screening and organoid
transplantation, offering new strategies for disease treatment. In our
previous studies, we employed an in vitro intestinal organoid model
to identify the critical functions of HNF4 transcription factors in
intestinal development. Our findings revealed their regulatory inter-
actions with the BMP/SMAD signaling pathway and highlighted
their importance in metabolic regulation [15, 16]. Furthermore, we
discovered that transforming growth factor 1 (TGFB1) significantly
enhance the transplantation potential of intestinal organoids by
inducing fetal-like gene expression, which facilitates their adap-
tation and survival in damaged intestines in animal models [17].
This review provides an overview of intestinal organoid cultivation
techniques and their applications in simulating the intestinal micro-
environment, constructing disease models, screening drugs, and
exploring organoid transplantation, providing a theoretical founda-
tion and guidance for the broader application of intestinal organoids.

Cultivation of intestinal organoids

Intestinal organoids can be generated from adult stem cells
(ASCs) and pluripotent stem cells (PSCs), including embryonic
stem cells (ESCs) and induced pluripotent stem cells (iPSCs).
Traditional culture techniques rely heavily on Matrigel, which pro-
vides structural support and certain growth factors to partially
mimic the in vivo microenvironment, supporting the growth of
intestinal organoids. Emerging approaches, such as hydrogels,
further optimize organoid development by modulating biophysical
signals, advancing research in intestinal organoid technology (Fig.
1, top panel).

Matrigelis commonly used in conjunction with key components
such as R-spondin1 (which activates the Wnt signaling pathway),
epidermal growth factor (EGF, which promotes small intestinal cell
proliferation), and Noggin (which inhibits BMP activity). Together,
these elements partially replicate the signaling pathways present
in stem cell niches in vivo, promoting organoid growth and devel-
opment [18, 19]. To culture colon organoids, Wnt-3a is to com-
pensate for insufficient Wnt signaling in the absence of Paneth
cells and other Wnt-producing cells. Human intestinal organoids
require supplements, including gastrin, niacinamide, N-acetyl-L-
cysteine, a transforming growth factor receptor type | (TGF-B R1)
inhibitor (A83-01), and a p38 mitogen-activated kinase (MAPK)
inhibitor (SB202190), to support their growth, which differs from
that of murine organoids [20].

ASC-derived intestinal organoids are typically cultured from
crypts or Lgr5* ISCs. During the early stages of growth, these
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organoids initially form spherical cysts composed of progeni-
tor cells, which subsequently develop into a 3D structure char-
acterized by a “budding” pattern within 2—4 days [12, 21]. These
organoids can be passaged for long-term culture while maintain-
ing genetic stability. PSC-derived organoids, on the other hand,
can replicate the process of intestinal development. Spence et al.
were the first to successfully establish human intestinal organoids
(HIOs) from iPSCs using successive growth factor manipulations
that mimic embryonic gut development [22]. The development
of PSC-derived organoids occurs in three stages: expansion of
iPSCs and differentiation into definitive endoderm (DE), formation
of intestinal spheroids through the outgrowth of the DE mono-
layer, and maturation of these spheroids after embedding them
in a stromal gel for 28 days. Unlike ASC-derived organoids, PSC-
derived organoids offering a more comprehensive model of intes-
tinal development. These organoids can differentiate into both
epithelial and mesenchymal tissues, though they still lack other
components such as neural and immune cells [22-25] (Fig. 1,
top panel).

Matrigel is widely used as the standard material for cultivat-
ing intestinal organoids due to its broad availability. However, its
batch-to-batch variability and animal-derived origin present chal-
lenges for achieving reproducibility and scalability. Researchers
are increasingly exploring hydrogels as a promising alternative.
Hydrogels, both natural and synthetic, offer superior biocompat-
ibility and flexibility in modulating the microenvironment. Their
3D network structure mimics stem cell niches, with well-defined,
biocompatible compositions that influence organoid development
through various biophysical signals [26—-28] (Fig. 1, bottom panel).

For example, natural hydrogels could provide more favorable
environments for organoid survival compared to synthetic alterna-
tives [29, 30]. The density of alginate polymers has been shown to
significantly impact organoid survival by modulating the mechan-
ical properties and nutrient diffusion, whereas cellulose-based
media enhance adhesion between organoids and nanofibrillated
cellulose, supporting the formation of small intestinal organoids
[28, 31]. Additionally, natural polysaccharides, such as FP001 and
FPO003, facilitate large-scale organoid formation through suspen-
sion culture by enhancing cell aggregation and providing a stable
suspension environment [32]. CS-GelMA composite hydrogels
could potentially promote organoid formation by modulating YAP
expression via mechanical regulation [33]. In summary, natural
hydrogels not only offer advantages in biocompatibility but also
optimize organoid culture conditions through various mechanisms
(Fig. 1, bottom panel).

Emerging synthetic hydrogel scaffolds such as polyethylene
glycol (PEG) are highly suitable for organoid culture because of
their ease of engineering, ability to bind signaling molecules,
and customizable properties. For example, embedding mouse
intestinal stem cells in PEG hydrogels containing RGD peptides
(arginine-glycine-aspartic acid) enhances cell survival and facil-
itates organoid formation [34]. PEG-4MAL is known for its low
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Figure 1. Approaches for intestinal organoid cultivation.

The top panel illustrates traditional methods for cultivating intestinal organoids, categorized into two approaches: 1) Isolating intestinal crypts
and embedding them in Matrigel to generate organoids derived from ASCs; 2) Deriving stem cells from ESCs or iPSCs and culturing them in
Matrigel to generate intestinal spheroids. The bottom panel presents emerging methods for organoid cultivation, including the use of intestinal
extracellular matrix (ECM) hydrogels generated from decellularized intestinal tissue, artificial and tunable synthetic hydrogels, 3D printing
technology to fabricate hydrogels with complex tissue structures, and microfluidic systems that replicate the dynamic microenvironment of the
intestine.
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protein adsorption, easy incorporation of cell adhesion peptides,
and low inflammatory response. It has been used to advance tis-
sue implantation and wound healing research [35] (Fig. 1, bottom
panel).

Researchers have been advancing the design and custom-
ization of hydrogel scaffolds to facilitate personalized organoid
culture systems. For instance, QGel CN99 addresses key limita-
tions associated with Matrigel by enabling the establishment and
long-term expansion of intestinal organoids while preserving their
stemness and differentiation potential [36]. Studies have demon-
strated that different culture media significantly influence organoid
growth, stem cell differentiation, and intestinal disease model-
ing. For instance, Sato et al’s medium (S-medium) supports
stable organoid growth but results in lower expression levels of
pharmacokinetic-related genes, making it less suitable for
drug metabolism studies. Fuijii et al’'s medium (F-medium) pro-
motes greater cell diversity, including secretory cells, but fea-
tures slower growth and moderate enzyme activity. In contrast,
Miyoshi et al’s medium (M-medium) enhances the expression of
pharmacokinetic-related genes (e.g. CYP3A4) and enzyme activ-
ity, closely mimicking adult human intestinal tissue, making it more
appropriate for pharmacokinetic applications [37]. In the context
of disease modeling and personalized medicine, tailored media,
incorporating niche-specific factors such as Wnt3a, R-spondini,
and Noggin, are essential. These modifications enable the
development of patient-derived organoids (PDOs) that replicate
tumor heterogeneity and facilitate drug testing for colorectal can-
cer (CRC) and other intestinal diseases. Additionally, optimized
organoid media for PSCs and ASCs support the generation of
diverse cell lineages and complex tissue structures, advancing
research in regenerative medicine and epithelial function.

Additionally, incorporating biologically derived cells into
the medium can elicit specific biological responses [38, 39],
such as enhancing vascularization within organoids [40] or
more effectively replicating the intestinal microenvironment [41].
Innovations in hydrogel technology, including thermo-responsive
[42] and photo-responsive [43] properties, are further broaden-
ing the scope for precise and adaptive optimization of intestinal
organoid cultures. The integration of advanced manufacturing
technologies, such as 3D printing, has further improved the effi-
ciency and reproducibility of organoid research. For example,
photopolymerization-based 3D printing with bioactive resin has
been demonstrated to closely mimic the physiological and struc-
tural characteristics of native tissues [44]. Additionally, organ-
oid biochips have emerged as a valuable tool to replicate the
complex microenvironment and functional attributes of human
organs in vitro [45]. Collectively, these advancements highlight
hydrogel-based materials as a promising alternative to Matrigel,
offering significant potential for organoid engineering. These
materials pave the way for novel research directions and practical
applications in the development and study of intestinal organoids
(Fig. 1, bottom panel).
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Intestinal organoids and their microenvironment

Intestinal organoids aim to mimic the in-vivo organ. However, tis-
sues obtained from biopsies often contain only epithelial cells,
which fail to fully capture interactions with other mucosal cell
types within organoid cultures [46]. This limitation arises because
epithelial stem cells inherently differentiate exclusively into epithe-
lial lineages, thereby excluding other cell types that are critical
for representing the full complexity of the intestinal microenvi-
ronment. Notable limitations include the absence of a functional
vascular system, smooth muscle, Cajal mesenchymal cells, con-
nective tissue containing fibroblasts, and components of the ner-
vous and immune systems. These shortcomings have prompted
researchers to explore co-culture methods that incorporate spe-
cific cell types to enhance organoid functionality and complex-
ity [47-50]. Efforts have focused on integrating these factors into
PSC/ASC-derived epithelial organoids to better replicate in vivo
conditions, as these cells are integral to organ function and tissue
homeostasis [51, 52]. For instance, co-culturing organoids with
macrophages has been used to study gemcitabine resistance
in cancer models, highlighting the role of immune cells in drug
resistance mechanisms [49]. Similarly, co-culture with dendritic
cells has provided insights into immune responses in CRC, par-
ticularly in how tumor cells interact with immune cells to modu-
late the tumor microenvironment [53]. Organoids co-cultured with
intestinal T-resident memory cells have provided valuable infor-
mation on the role of lymphocytes in inflammatory diseases such
as Crohn’s disease (CD), offering potential avenues for therapeu-
tic intervention [54]. Additionally, including endothelial progenitor
cells and organ-specific fibroblasts has been shown to enhance
the angiogenic capacity of organoids, facilitating the formation of
a more mature vascular-like network [55]. While clinical translation
remains a long-term goal, recent advancements in multicellular
co-culture systems, combined with innovations in material sci-
ence and technology, are critical for more accurately replicating
the intestinal microenvironment and evaluating therapeutic effi-
cacy in preclinical models (Fig. 2).

Co-culture with mesenchymal stem cells (MSCs)

MSCs possess strong immunomodulatory abilities, which allow
them to influence immune responses and facilitate tissue repair,
making them ideal for remodeling the intestinal immune environ-
ment and repairing the epithelial barrier. Co-culturing MSCs with
intestinal organoids has become a significant approach for study-
ing the mechanisms of intestinal injury repair. Lin et al. developed
a culture system that assembles intestinal epithelial cells and
MSCs, which more accurately replicated the development and
differentiation processes of intestinal crypts compared to tradi-
tional intestinal organoid models [56]. Additionally, Yetkin-Arik et
al. developed a co-culture model that combined small intesti-
nal human organoids and human bone marrow-derived MSCs
to study chemotherapy-induced injury and the regeneration of
damaged intestinal epithelium through MSC treatment [57].
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Figure 2. Simulation of intestinal microenvironment using intestinal organoids.

Various approaches to integrating organoids with different cell types or microorganisms include: 1) MSCs isolated from tissue samples and
combined with organoids. 2) Cancer organoids derived from tumor tissues paired with CAFs to study tumor-stromal interactions. 3) Patient-
derived organoids integrated with immune cells, including T cells, B cells, NK cells, and macrophages, to mimic immune microenvironments.
4) Small intestinal organoids cultivated alongside submucosal and myenteric neurons from the intestinal nervous system to explore neural
interactions. 5) Organoids embedded in hydrogels containing vascular networks to promote vascularization and simulate blood supply. 6)
Bacteria or other microorganisms introduced to organoids to model host—microbe interactions.

Further studies revealed that secreted factors from MSCs could
enhance regeneration of intestinal organoids and mouse intes-
tinal tissues by activating the Wnt-Notch signaling pathway [58]
(Fig. 2, panel 1).

Co-culture with cancer-associated fibroblasts (CAFs)

CAFs play a crucial role in the tumor microenvironment by pro-
moting cancer cell proliferation, maintaining stem cell proper-
ties, and enhancing drug resistance [59]. Calon et al. employed
single-cell mass spectrometry and machine learning methods to
analyze the responses of PDOs and CAFs from CRC patients
to clinical therapies. Their study highlighted the importance of
personalized therapy based on patient-specific drug responses
[60, 61]. In 2018, a study demonstrated the successful generation
of intestinal organoids from iPSCs by supplementing with Wnt3a
and fibroblast growth factor 2 [62]. Luo et al. further developed
a co-culture model by encapsulating PDOs in three-dimensional
hyaluronic acid-gelatin hydrogels with patient-derived CAFs. This
approach successfully mimicked the tumor microenvironment and
maintained the molecular characteristics of the original patient
tumors [63]. A subsequent study used organoid microarrays to
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optimize the co-culture conditions between PDOs and CAFs, rec-
reating the intestinal microenvironment. This 3D model has signif-
icant potential for evaluating immunotherapeutic drugs [64] (Fig.
2, panel 2).

Co-culture with immune cells

The adult gastrointestinal tract has a diverse population of
immune cells that are essential for maintaining homeostasis. The
balance between immune and epithelial cells is crucial, and dis-
ruptions can lead to inflammation. Studies have demonstrated
that immune cell-derived factors play key roles in maintaining
microenvironmental homeostasis when immune cells are co-
cultured with intestinal crypts [65-68]. Co-culture systems have
been established to study interactions between intestinal organ-
oids and immune cells, including T cells, macrophages, and B
cells [69-71]. Recent research has focused on the optimization
of these co-culture systems. For example, Neal et al. devel-
oped a gas-liquid interface co-culture system, embedding tumor
organoids and immune cells in a collagen matrix [72]. Munera
et al. successfully generated functional macrophages from blood-
derived endothelial-like cells and erythroid progenitor cells [73].

https://academic.oup.com/lifemedi



Co-culturing mouse-derived intestinal cells with syngeneic bone
marrow-derived macrophages effectively eliminated potential allo-
geneic reactions between immune and epithelial cells [74]. Kakni
et al. developed a micropore-based co-culture system for mouse
intestinal organoids and RAW 264.7 macrophages. This system
enables continuous monitoring of cell interactions and supports
high-throughput downstream applications [75]. Beyond the in vitro
co-culture system, in vivo studies have leveraged the renal cap-
sule as a transplantation site for organoids, offering new avenues
for co-culture research with immune cells [76] (Fig. 2, panel 3).

Co-culture with glial cells

The enteric nervous system (ENS) regulates intestinal functions,
including digestion and immunity, through a network of neurons
and glial cells within the intestinal wall [77]. Enteric glial cells
are widely distributed across the gut and are closely connected
to the ENS and nerve fibers that innervate the intestine. In 2017,
Workman et al. pioneered the co-culture of neural crest cells
(NCCs) with intestinal organoids, demonstrating that NCCs could
differentiate into both neurons and glial cells [78]. Llorente et al.
employed microinjection techniques to introduce fluorescently
labeled compounds into the organoid lumen and established
an innervation system for intestinal organoids by co-culturing
myenteric and submucosal neurons with intestinal organoids [79].
The ability to mimic the gut microenvironment more accurately is
crucial for exploring the role of nerves within the gut (Fig. 2, panel
4).

Vascularized epithelial organoids

The vascular endothelium is vital for intestinal barrier, blood sup-
ply, nutrient transport, and immune cell migration. However, the
absence of vascularization in organoid cultures has hindered
their ability to fully replicate the intestinal microenvironment.
Vascularization has traditionally been achieved through in vivo
models, where organoids could be transplanted into highly vas-
cularized regions of immunocompromised mice to achieve exten-
sive vascularization [80]. Recent efforts have focused on in vitro
approaches using microfluidics [81, 82] and organoid microarrays
[55, 83]. Endothelial cells capable of secreting vascular growth
factors are also being explored to induce vascularization of organ-
oids in vitro [84]. A recent study introduces an innovative culture
system that supports vascular development, organoid expansion,
and vascularization of primary cells by incorporating basic fibro-
blast growth factor (bFGF) and heparin [85]. These innovations
are laying the groundwork for a more comprehensive understand-
ing of the intestinal microenvironments (Fig. 2, panel 5).

Co-culture with microorganisms

The study of gut microbes and their interactions with the host
requires models that closely replicate key features of the
gut epithelium, such as a polarized epithelial layer consist-
ing of diverse cell types, along with the capacity to mimic the
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absorptive, immune, and neuroendocrine functions of the human
gut. Disruptions in these microbial interactions lead to ecologi-
cal dysregulation, which may impair the epithelial barrier, weaken
mucosal defenses, and activate immune cells. Intestinal organ-
oids have become essential tools for studying these interactions.
However, the 3D structure of traditional organoid culture models
presents challenges in accessing the inner cells, particularly
those on the luminal surface facing the organoid lumen, which is
critical for direct interactions with microorganisms. To overcome
this, several strategies have been developed to enhance the
co-culture of microbes with intestinal organoids, including micro-
injection [86—88], suspension culture with intestinal organoids [89,
90], organoid-derived monolayers [91, 92], and organoids with
reversed polarity [93] (Fig. 2, panel 6).

The microinjection method involves injecting microorgan-
isms directly into the lumen of organoids, facilitating interactions
between the microbes and the apical surface of the organoid
cells. This technique is precise, efficient, and minimally toxic to
the organoid cells. However, microinjection is technically demand-
ing, requiring advanced equipment and skilled operators, and it
may not be feasible for high-throughput experiments. Horvath et
al. developed an animal model by first culturing microorganisms
in a specific medium, microinjecting them into intestinal organ-
oids, and subsequently transplanting the organoids in vivo [94].
Similarly, Zhang et al. employed this technique to elucidate the
pathophysiology of Salmonella infections in the gut [95].

Organoid-derived monolayers provide another approach by
incubating single cells or organoid fragments in media contain-
ing microorganisms [96]. These monolayer cultures are particu-
larly effective for co-culturing with aerobic bacteria due to their
improved gas exchange and reduced oxygen concentration gradi-
ents compared with other systems. However, maintaining anaero-
bic conditions in such co-cultures requires a continuous supply of
nutrients and effective oxygen barriers to minimize oxygen diffu-
sion, especially when dealing with strict anaerobes. To overcome
the differing oxygen needs of epithelial cells and microorganisms
in the trans-well co-culture system, the Intestinal Hemi-Anaerobic
Co-Culture System (IHACS) was developed. IHACS features an
anoxic apical chamber and a normoxic basolateral chamber, cre-
ating a more suitable environment for human colonic epithelium
[97, 98]. This dual-chamber design effectively mimics the oxygen
gradients found in the gut while supporting the growth of anaer-
obic microorganisms and the survival of epithelial cells, thus pro-
viding a more physiologically relevant model [99].

Despite these advancements, the morphology of traditional
organoids continues to pose challenges for microbial access
to the organoid interior. To address this, Co et al. introduced an
innovative method of culturing organoids with reversed polarity,
where the lumen and basal structures are inverted while preserv-
ing the integrity and functionality of the epithelial barrier through
optimized extracellular matrix composition and fine-tuned culture
conditions that regulate key signaling pathways, such as Wnt
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and Notch [93]. Although apical-outward organoids face chal-
lenges such as reduced proliferation rates and difficulties in con-
trolling differentiation due to altered exposure to growth factors
and mechanical cues, they enable direct observation of microbial
interactions with the organoid’s interior [100—102]. For example,
Dinteren et al. examined the effects of glabridin on the intestinal
epithelium of enteroids by leveraging the apical-outward orien-
tation for more direct functional assays [103], while Kakni et al.
developed the first apical-outward model of human small intes-
tinal organoids in a hypoxic environment, which better simulates
the low-oxygen conditions of the gut lumen, thereby facilitating
direct microbial interactions [104]. Microorganisms often trigger
immune responses and repair processes, where immune and
stromal cells play critical roles. To more comprehensively mimic in
vivo conditions, studies [75, 105—-108] have incorporated immune
cells (such as macrophages, dendritic cells, and T cells), stromal
components (such as fibroblasts and glial cells), and microorgan-
isms into organoid systems. However, replicating the dynamic and
reciprocal signaling between these cells and organoids in vitro
remains a challenge.

Optimizing culture conditions, particularly for anaerobic
gut flora, continues to be a complex and unresolved issue.
Oxygen availability tightly regulates bacterial behavior, and its
interplay with other gradients, such as short-chain fatty acids
and hydrogen sulfide, further complicates the simulation of
a realistic gut environment. Advanced technologies, such as
microfluidic systems, can create appropriate oxygen gradients
to more accurately replicate the complex in vivo environment.
Despite their promise, these systems face hurdles such as
high costs, technical complexity, and limited scalability, which
hinder their widespread adoption. Continuous advancements
in microbial-gut organoid co-culture systems will allow for a
deeper understanding of the role of gut dysbiosis in the pro-
gression of intestinal diseases, including inflammatory bowel
disease, irritable bowel syndrome, and colorectal cancer, by
elucidating disease-specific microbial and host mechanisms

(Fig. 2).

Intestinal organoid simulation for disease models

Simulating the intestinal microenvironment using intestinal organ-
oids aims to recreate the normal physiological state of the gut,
incorporating the roles of various cell types, cell—cell interactions,
cell-matrix interactions, as well as the influence of microbial
communities. A more comprehensive simulation of the intesti-
nal microenvironment allows for a deeper understanding of gut
function in healthy states, which is essential for studying intes-
tinal diseases. Disease models built upon this foundation could
help explain how pathological changes disrupt these processes.
Organoids are capable of replicating the pathological alterations
observed in diseases, such as cancer, inflammation, tissue injury,
and immune responses (Fig. 3).
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CRC models

CRC develops primarily through two primary pathways: chromo-
somal instability and microsatellite instability. Given that different
CRC subtypes respond differently to specific drugs, individualized
treatments are crucial for effective therapy [109]. Tumor organoids
retain the histological and genetic mutation characteristics of the
original tumor. These organoids have become invaluable preclin-
ical tools, as they preserve tumor heterogeneity and predict indi-
vidual drug responses. A biobank of CRC organoids from patients
enrolled in clinical trials has demonstrated consistency between
organoid phenotypes and genotypes, allowing researchers to
track tumor changes during treatment and identify vulnerabilities
through molecular analysis and drug screening [110]. Research
using organoids has provided insight into factors that influence
CRC progression and metastasis [111—115]. Notably, UBXN2A
was identified as a novel tumor suppressor in CRC, with higher
expression levels correlating with increased survival rates [116].
Additionally, the IncRNA POU6F2-AS1 was found to regulate
fatty acids in CRC, promoting cancer cell proliferation [117]. The
transcription factor SOX17 has been implicated in coordinating
immune responses during early CRC development [118], while
the JAK/STAT3 pathway has emerged as a potential therapeutic
target [119]. Co-culturing of CRC patient-derived organoids with
CAFs revealed that inflammatory CAFs promote epithelial-mes-
enchymal transition (EMT), whereas myofibroblasts can reverse
this effect [120]. These findings underscore the utility of CRC
organoids in studying cancer initiation, invasion, and metastasis
(Fig. 3, top-left corner).

Inflammatory bowel disease (IBD) models

IBD results from a complex interplay between genetic factors,
immune responses, microbial imbalances, and environmen-
tal influences. In IBD patients, disruption of the gut microbiota
and damage to the epithelial barrier allow both commensal and
opportunistic bacteria to invade intestinal epithelial cells, leading
to abnormal immune responses and chronic inflammation [121].
Intestinal organoids have become indispensable for understand-
ing IBD pathogenesis by exploring the relationships between
genetic susceptibility, environmental factors, and epigenetic regu-
lation. For instance, CRISPR-mediated gene editing in IBD organ-
oids has been utilized to investigate how specific variants, such
as those in NOD2, impact cellular functions and barrier integrity
[75, 122]. Susceptibility gene variants in IBD can affect cellular
junction assembly, increasing IECs permeability and enhancing
interactions between antigens, microbes, and the immune system
[123].

Co-culturing IBD organoids with inflammation-associated
fibroblasts (IAFs) showed that IAFs activate cystic fibrosis trans-
membrane conductance regulators (CFTR) via prostaglandin
E (PGE)-mediated signaling pathways, disrupting ion balance
and contributing to epithelial damage [124]. Studies have also
mapped the transcriptional landscape of IBD organoids in
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Figure 3. Simulation of intestinal diseases using intestinal organoids.

1) CRC: Co-culturing CRC patient-derived organoids with CAFs demonstrated that inflammatory CAFs promote EMT. 2) Pathogen infection:
Co-culturing intestinal organoids with microbes enabled the investigation of pathogen infections. 3) Cystic fibrosis: Application of CRISPR
technology in organoids to study the role of the CFTR gene in cystic fibrosis. 4) Tissue repair: High-resolution phenotypic screening platforms
based on intestinal organoids have been established to explore the dynamic processes of intestinal injury repair. 5) CeD: The use of intestinal
organoids cultured from biopsy samples to study the pathogenesis of celiac disease. 6) IBD: Co-culturing organoids with gut-resident memory
T cells provides insights into the role of immune cells in the development of IBD. Furthermore, intestinal organoids cultured from biopsy
samples serve as a valuable tool for studying the mechanisms underlying celiac disease.

response to cytokines mediating mucosal immune responses
[125]. Pro-inflammatory cytokines, such as IL-20, IL-6, IL-13, and
IL-17, have been implicated in impairing epithelial barrier func-
tion [126—130]. Hammoudi et al. demonstrated that co-culturing
IBD organoids with intestinal T-resident memory cells, along with
inhibiting CD103 and NKG2D, can block lymphoepithelial interac-
tions, thereby reducing cytotoxic immune responses and alleviat-
ing tissue damage associated with IBD symptoms [54].

The gut microbiota and its metabolites, which play crucial
immunomodulatory and metabolic roles, undergo significant
alterations in IBD patients. Notably, changes in short-chain fatty
acids [131-133], bile acid derivatives [134—136] and tryptophan
metabolites [137, 138] have been observed. Giri et al. discovered
that certain Clostridium strains could inhibit immune-mediated
NF-kB activation in intestinal organoids [139]. Colonic organoid
models have significantly improved the clinical translation of IBD
therapeutics. For instance, Zein/SA/BG shows promise in treating
IBD by modulating macrophage polarization and promoting tissue
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regeneration [140]. Additionally, Kim et al. found that Schisandrin
C enhances epithelial barrier formation by upregulating ZO-1 and
occludin in both intestinal cell monolayers and organoids [141].
IBD organoid models offer a valuable platform for individualized
disease modeling, preserving the morphological structure and
genetic characteristics of the diseases (Fig. 3, top-right corner).

Tissue repair

Intestinal epithelial cells have a remarkable ability to self-repair
after injury. Organoids, which mimic the structure and function of
physiological epithelial tissues, have emerged as powerful tools
for studying mechanisms of epithelial repair. Upon injury, the
number of Lgr5* crypt basal columnar cells decrease, whereas
slow-cycling reserve stem cells resistant to DNA damage are acti-
vated to facilitate repair. Researchers developed a novel intestinal
organoid culture system, which is enriched with multiple regen-
erative stem cell populations, including injury-responsive Lgr5*
and Clu* cells [142]. Lukonin et al. constructed a phenotypic
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screening platform based on single-cell culture of intestinal organ-
oids, enabling high-resolution analysis of individual cell behav-
iors and phenotypes during regeneration, including proliferation,
differentiation, and signaling dynamics [143]. Our previous study
has shown that TGFB1 promotes a regenerative state in intestinal
organoids that resembles fetal-like regeneration by activating the
YAP-SOX9 signaling pathway in the epithelium [17]. In regenera-
tive medicine, implanting organoids into the host has been shown
to facilitate maturation into functional gut tissues. For example,
mouse colonic organoids embedded in type | collagen gel and
transplanted into damaged colonic regions effectively treated
ulcerative colitis in a mouse model [144] (Fig. 3, bottom-right
corner).

Cystic fibrosis (CF) models

CF is a severe autosomal recessive disorder that significantly
affects the life expectancy of patients [145]. In vitro drug response
in CF patient-derived organoids closely correlates with clinical
outcomes. CF primarily results from mutations in the CFTR gene.
To address this, researchers investigated the role of CFTR in the
maturation of the human intestine using patient-derived intestinal
samples in vitro and HIOs implanted in vivo. CFTR levels were
quantified using a forskolin-induced swelling assay [146, 147].
Recent advances include the use of CRISPR-based prime edit-
ing to correct CFTR mutations, leading to significant restoration of
CFTR function [148] (Fig. 3, bottom-left corner).

Pathogens infection models

HIOs have proven to be valuable models for understanding rotavi-
rus infection, supporting viral replication and generating infectious
viral particles [149-151]. In addition to viral infections, organoids
have also been used to study the effects of parasitic infections.
For example, Giardia infection in intestinal organoids has been
shown to alter ion channels and tight junction proteins, leading to
barrier dysfunction through adenylate cyclase signaling [152] (Fig.
3, left middle).

Celiac disease (CeD) models

CeD is an immune-mediated disorder primarily triggered by
dietary gluten. Gluten-derived peptides bind to major histocom-
patibility complex (MHC) class Il human leukocyte antigen mol-
ecules, HLA-DQ2 or HLA-DQS8, resulting in duodenal mucosal
damage [153—155]. Dotsenko et al. provided a detailed process
for culturing intestinal organoids from biopsy and developed pro-
tocols for detecting viral infection and transglutaminase activity
[156]. This method for assessing gluten’s immunogenic potential
offers new avenues for CeD treatment [157]. Further research
by Verdu et al. revealed significant differences in phenotype and
gene expression between organoids derived from crypt stem cells
of healthy individuals and those from CeD patients. These find-
ings may help explain the abnormalities in crypt and villus devel-
opment observed in CeD [158], and a deeper understanding of
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these differences could offer critical insights into disease mech-
anisms. Additionally, Conte et al., in their investigation of CeD
mechanisms, found that prolamins activate the mTOR/autophagy
pathway and induce an inflammatory response in the intestinal
organoids of CeD patients, while Lactobacillus paracasei was
shown to mitigate these harmful effects [159]. This suggests
that HLA-restricted, prolamin-specific intestinal T-cell responses
are central to CeD pathogenesis [160]. A recent study identified
interleukin-7 (IL-7), produced by T cells, as a gluten-induced
pathogenic regulator that modulates NKG2C/D expression in
CD8 T cells [161]. This innovative CeD organoid model, which
incorporates multiple epithelial, stromal, and immune cell types,
successfully simulates gluten-induced intestinal epithelial dam-
age and the progression of CeD (Fig. 3, right middle).

Drug screening

Each commonly used model system for drug screening has its
limitations. Two-dimensional cell lines are simple and inexpensive
to culture, but they fail to capture the complex structure, behav-
ior, and drug responses of natural tissues. Mouse models suffer
from species-specific differences that limit their clinical relevance
[162]. Patient-derived xenograft (PDX) models are more represen-
tative of human cancers but are impractical for large-scale drug
screening due to their high cost and time constraints [163, 164].
Organoids are promising models for precision medicine [165—
168], accurately mimicking patient-specific responses to treat-
ment. These physiologically relevant, personalized cancer models
that are well-suited for drug development and clinical applications
[169, 170]. In particular, intestinal organoids show great potential
in drug screening, especially for CRC. Since 2015, research has
successfully replicated tumor characteristics using PDO models
for high-throughput drug screening. Establishing a bio-screening
library in advance could further accelerate drug discovery. Luo et
al. developed a high-risk colorectal adenoma (HRCA) organoid
model that was subjected to high-quality HRCA drug screening
[171]. These PDOs closely mirrored the genetic characteristics
of primary tumors, including gene expression, proliferation, and
drug responses. Cartry et al. tested 25 PDOs models, identify-
ing effective anticancer drugs with 75% sensitivity and specificity
in predicting clinical drug responses [172]. Similarly, Mao et al.
tested 335 drugs, identifying 34 drugs with anti-CRC effects [173].

Organoid technology has also been used to screen various
aspects of energy metabolism [174], pharmacokinetics [175], drug
toxicity [176], and bioavailability [177, 178]. For example, Zheng
et al. employed organoids as drug-screening models to identify
mitochondria-targeted drugs [179]. The combination of organoid
technology with other emerging technologies provides a more
realistic platform for drug screening. For example, 3D printing
technology allows precise control over the spatial arrangement of
cells and biomaterials, enabling the construction of complex tissue
structures. Tebon et al. combined bioprinting with high-speed live
cell interferometry, improving the quality of drug screening [180].
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Microfluidics, when integrated with organoids, provide continuous
medium perfusion and promote sustained organoid growth [181].

The field of organoid applications is rapidly expanding, with
a trend toward more complex and sophisticated model systems.
Advancements in organoid culture techniques, such as refin-
ing extracellular matrix plates [182], integrating CRISPR-based
genetic screening [183], and employing cellular microengineering,
are making significant strides. Brandenberg developed microen-
gineered cell culture devices to generate thousands of individual
intestinal organoids for suspension cultures and real-time analy-
sis. These devices were used to screen anticancer drug candi-
dates from patient-derived CRC organoids, applying high-content
image-based phenotyping to gain insights into drug mechanisms
[184]. Additionally, improvements in data analysis after drug
screening, such as Z-stack imaging to capture the maximum
cross-section of organoids in a single session [185] and multifac-
torial analysis combined with computerized screening to construct
and evaluate predictive models [186], enhance the accuracy and
efficacy of drug screening (Fig. 4, left panel).

Organoid transplantation

Although HIOs have demonstrated certain intestinal functions in
vitro, this model remains inadequate for studying the effects of a
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wide range of physiological stimuli on human intestinal tissues.
Specifically, in vitro HIOs lack critical features, such as vascular-
ization, neural innervation, and integrated immune components,
all of which are essential for accurately replicating the human
intestinal microenvironment. To overcome this limitation, Watson
et al. developed an in vivo HIO implantation model that success-
fully produced mature, functional human gut tissue. They embed-
ded HIOs in type | collagen and transplanted them into the kidney
capsules of immunocompromised NOD SCID gamma (NSG)
mice. This method not only increased HIO size but also signifi-
cantly enhanced vascularization [187]. In a follow-up study, they
expanded their transplantation approach by using the mesentery
as the anatomical site, providing a more natural environment sim-
ilar to intestinal tissue. The mesentery shares a blood supply with
the intestine, which is believed to support critical functions, such
as peristalsis, immune response, and tissue repair [188].
Transplantation of HIOs into both the renal capsule and mes-
entery was feasible and successful. Organoids from both sites
showed significant maturation, with epithelial and mesenchymal
structures developing similarly in both the renal capsule and mes-
entery. Mesenteric transplantation provided unique advantages,
including the development of a dominant lumen within the grafts
and a more accurate replication of the intestinal blood supply,
both of which supported functions like nutrient absorption and
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mucosal immune responses. However, mice that received mes-
enteric transplants exhibited higher mortality than those that
received renal capsule transplants. The procedure of renal cap-
sule transplantation was technically easier, making it an ideal
model for studying developmental gut biology.

Building on these advances, Singh et al. developed a new
HIO system that successfully integrated human immune cells
by culturing HIOs in a mouse model with a humanized immune
system. These immune cells infiltrated the HIO mucosa, closely
mirroring the immune landscape of the developing human gut
[76, 189]. Further studies on organoid transplantation in IBD have
laid the groundwork for related clinical trials [190-192]. The trans-
plantation of organoids has also shown therapeutic potential, as
demonstrated by Zhang et al., who transplanted intestinal organ-
oids into mice with intestinal ischemia-reperfusion injury. This sig-
nificantly improved survival rates and promoted self-renewal of
intestinal stem cells [193].

Our previous studies demonstrated that TGFB1 signaling
repairs intestinal damage by activating the pro-regenerative factors
YAP/TEAD and SOX9. Moreover, TGFB1 pretreatment enhanced
the efficiency of intestinal organoid implantation in damaged
mouse colons [17]. Cruz-Acufa et al. synthesized a novel hydro-
gel that supports stable HIO growth and expansion, which can
also be used as an injectable vehicle to deliver HIOs directly to the
site of intestinal injury, facilitating HIO implantation and colonic
wound repair [194]. However, despite these advancements, cur-
rent intestinal organoid technology still faces challenges, particu-
larly in achieving the size and functionality required to treat larger
intestinal defects, such as those seen in short bowel syndrome
(SBS) [195]. To address this, Sugimoto et al. developed an SBS
model in rats by performing a total jejunectomy and creating a
small intestinalized colon (SIC) by transplanting ileum-derived
organoids into the colon at the ileocecal junction. This anatomical
relocation allowed the SIC to replicate small intestine structures,
including villus and lymphovascular systems. Encouragingly, rats
that received ileal organoid transplants had significantly higher
survival rates compared to those that received colonic organoids
[196]. This approach provides a promising foundation for regen-
erative medicine and offers novel strategies for treating intestinal
diseases (Fig. 4, right panel).

Summary and prospect

Organoid technology has made remarkable progress over the
past decade, emerging as a powerful tool for modeling intestinal
structure and function. This advancement has not only expanded
research methodologies in intestinal biology but also opened new
avenues for understanding the complex physiological mechanisms
of the gut. As research evolves, the application of intestinal organ-
oids in disease modeling, drug screening, and regenerative med-
icine is becoming more widespread, showing significant potential.
Organoids are typically cultivated using stem cells derived from
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adult or fetal intestinal tissues. These cells differentiate in vitro
under specific growth factors and matrix environments, forming
tissue structures that closely resemble the architecture and func-
tion of the gut (Fig. 5, top panel). In recent years, the introduction
of microfluidic technology has enhanced the precision of organ-
oid culture, enabling more accurate simulation of the physical and
chemical environment of the gut. By optimizing growth factors and
matrix compositions, this approach not only improves the physi-
ological relevance of organoids but also provides a more realistic
model for drug screening and toxicology studies.

Compared to traditional cell lines and animal models, organ-
oids offer unique advantages in disease research. They more
accurately recapitulate the genetic characteristics and microen-
vironment of the human gut, providing greater credibility in sim-
ulating intestinal diseases. Organoids have proven particularly
valuable in the study of CRC, IBD, CeD, and SBS. By co-culturing
with gut-specific cells, these models can better replicate the
mechanisms underlying disease onset. However, current stud-
ies often rely on single-cell-type co-cultures, which do not fully
capture the complexity of gut physiology. Future research should
focus on integrating multiple systems, including immune, neural,
and microbial components, into organoid models to develop more
comprehensive and realistic gut microenvironments (Fig. 5, mid-
dle panel). The advantages of intestinal organoid technology are
compelling in drug development, where organoids have demon-
strated significant advantages in the early stages of drug screen-
ing. Their ability to closely mimic the in vivo microenvironment
allows for a more accurate reflection of drug bioactivity, toxicity,
and metabolism. In particular, organoid-on-a-chip systems, which
integrate organoid technology with microfluidics, have improved
precision by simulating drug absorption, distribution, metabolism,
and excretion processes. This integration of organoid technology
with organ-on-a-chip systems has further enhanced the efficiency
of screening, reduced the impact of cross-species differences
and improved the success rate of clinical translation. As a result,
organoid technology has attracted attention from regulatory agen-
cies, emphasizing its potential to replace traditional animal testing
in drug development (Fig. 5, bottom panel).

While organoid technology has shown great promise, it is
important to address the variability inherent to organoid cultures.
Differences in cell sources, culture conditions, and technical pro-
cedures contribute to this variability, which poses challenges for
reproducibility and scalability. For instance, variations in donor
cell genetic background, batch-to-batch differences in matrix
materials such as Matrigel, and inconsistencies in manual han-
dling can lead to significant heterogeneity in organoid outcomes.
Standardized protocols, robust quality control measures, and
high-throughput analysis tools are essential for mitigating these
issues. Additionally, the variability in organoid models limits their
utility in large-scale drug screening and cross-laboratory compar-
isons. To address this, it is crucial to develop modular and auto-
mated culture systems that minimize human error and ensure
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Figure 5. Approaches and applications of intestinal organoids.

Top panel: Intestinal organoids can be derived from intestinal crypts, ESCs, or iPSCs. They are typically cultured in Matrigel or synthetic
hydrogels, which provide structural support for their growth and self-organization. Middle panel: Co-culturing organoids with various cell types,
including mesenchymal stem cells, immune cells, glial cells, cancer-associated fibroblasts, endothelial cells, and microorganisms, enables the
modeling diverse intestinal diseases. These include colorectal cancer, inflammatory bowel disease, celiac disease, cystic fibrosis, pathogen
infections, and tissue repair. Bottom panel: Organoids serve as powerful tools in drug screening and transplantation research, allowing precise
evaluation of drug responses and demonstrating significant potential in regenerative medicine.

uniformity across experiments. Integration of real-time monitoring
systems, such as live-cell imaging and biosensors, could further
enhance the consistency and reliability of organoid production by
providing continuous feedback on growth parameters.
Furthermore, the growing volume of data generated by organ-
oid studies, including imaging, omics, and functional response
datasets, requires advanced computational approaches for inte-
gration and analysis. These datasets are often complex, multi-
dimensional, and heterogeneous, making traditional analysis
methods insufficient. The development of Al-powered analytical
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pipelines and shared organoid databases could enhance data
interpretation, promote cross-study comparisons, and accelerate
progress in the field. Such databases could include metadata on
organoid culture conditions, genetic profiles, and experimental
outcomes, providing a centralized resource for researchers to
identify patterns and optimize protocols. Collaboration between
biologists, bioinformaticians, and engineers will also be critical in
addressing these challenges. By leveraging advances in machine
learning and cloud computing, the field can establish scalable
platforms for data storage, sharing, and analysis, ultimately
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enabling the full potential of organoid technology to be realized.
These efforts will not only improve the reproducibility and scal-
ability of organoid systems but also pave the way for their wider
adoption in translational research and precision medicine.

By addressing these challenges and promoting the integra-
tion of organoid technology with other cutting-edge techniques
such as microfluidics and genome editing, the feasibility of its
clinical applications can be significantly enhanced. Organoids
possess a unique capability to bridge the gap between simplistic
in vitro models and complex in vivo systems, offering unprece-
dented opportunities to understand human physiology and dis-
ease. With advancements in organoid culture methods, analytical
approaches, and their integration into broader research frame-
works, the applications of organoids in precision medicine, drug
discovery, and regenerative therapies will continue to expand.

The future of organoid research lies not only in overcoming its
limitations but also in reimagining the transformative possibilities
it brings to science and medicine. Through sustained innovation
and collaborative efforts, organoid technology has the potential
to revolutionize how we study biology and treat diseases, serving
as an increasingly effective tool for exploring intestinal physiology,
understanding disease mechanisms, advancing drug develop-
ment, and driving progress in regenerative medicine.

Acknowledgements

L.C. is supported by grants from the National Key R&D Program of
China (No. 2023YFA1801500), the National Natural Science Foundation
of China (No.32270830), the Nature Science Foundation of Jiangsu
Province (No.BK20230026), the Southeast University Interdisciplinary
Research Program for Young Scholars (No.2024FGC1003), and the
Start-up Research Fund of Southeast University (No. RF1028623015).
A.P. was supported by the National Cancer Institute of the National
Institute of Health (No. K22CA218462). All illustrations are created with
Biorender.com.

Author contributions

Xiaoting Xu (Writing—original draft [equal]), Yuping Zhang (Writing—
original draft [equal]), Guoxin Huang (Writing—original draft [equal]),
Ansu Perekatt (Writing—review & editing [supporting]), Yan Wang
(Conceptualization [equal], Supervision [equal], Writing—review & editing
[equal]), and Lei Chen (Conceptualization [equal], Funding acquisition
[lead], Supervision [lead], Writing—review & editing [equal])

Conflict of interest

The authors declare no conflict of interest.

References

1. Chelakkot C, Ghim J, Ryu SH. Mechanisms regulating intestinal
barrier integrity and its pathological implications. Exp Mol Med
2018;50:1-9.

2. Nystrém EEL, Martinez-Abad B, Arike L, et al. An intercrypt subpop-
ulation of goblet cells is essential for colonic mucus barrier function.
Science (New York, N.Y.) 2021;372:eabb1590.

Life Medicine, 2025, Volume 4

w

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Clevers HC, Bevins CL. Paneth cells: maestros of the small intestinal
crypts. Annu Rev Physiol 2013;75:289-311.

Beumer J, Clevers H. Cell fate specification and differentiation in the
adult mammalian intestine. Nat Rev Mol Cell Biol 2021;22:39-53.
Gehart H, Clevers H. Tales from the crypt: new insights into intestinal
stem cells. Nat Rev Gastroenterol Hepatol 2019;16:19-34.

Yu Q, Kilik U, Holloway EM, et al. Charting human development
using a multi-endodermal organ atlas and organoid models,. Cell
2021;184:3281-98.e22.

Barker N. Adult intestinal stem cells: critical drivers of epithelial
homeostasis and regeneration. Nat Rev Mol Cell Biol 2014;15:19-33.
Rossi G, Manfrin A, Lutolf MP. Progress and potential in organoid
research. Nat Rev Genet 2018;19:671-87.

Corro C, Novellasdemunt L, Li VSW. A brief history of organoids. Am
J Physiol Cell Physiol 2020;319:C151-65.

Wilson HV. A new method by which sponges may be artificially
reared. Science (New York, N.Y.) 1907;25:912-5.

Barker N, van Es JH, Kuipers J, et al. Identification of stem
cells in small intestine and colon by marker gene Lgr5. Nature
2007;449:1003-7.

Sato T, Vries RG, Snippert HJ, et al. Single Lgr5 stem cells build
crypt-villus structures in vitro without a mesenchymal niche. Nature
2009;459:262-5.

Hung SSC, Khan S, Lo CY, et al. Drug discovery using induced plu-
ripotent stem cell models of neurodegenerative and ocular diseases.
Pharmacol Ther 2017;177:32—-43.

Palasantzas V, Tamargo-Rubio I, Le K, et al. iPSC-derived organ-
on-a-chip models for personalized human genetics and pharmacog-
enomics studies. Trends Genet 2023;39:268—84.

Chen L, Vasoya RP, Toke NH, et al. HNF4 regulates fatty acid oxi-
dation and is required for renewal of intestinal stem cells in mice.
Gastroenterology 2020;158:985-99.e9.

Chen L, Toke NH, Luo S, et al. A reinforcing HNF4-SMAD4
feed-forward module stabilizes enterocyte identity. Nat Genet
2019;51:777-85.

Chen L, Qiu X, Dupre A, et al. TGFB1 induces fetal reprogramming and
enhances intestinal regeneration. Cell Stem Cell 2023;30:1520-37.€8.
Almegdadi M, Mana MD, Roper J, et al. Gut organoids: mini-tissues
in culture to study intestinal physiology and disease. Am J Physiol
Cell Physiol 2019;317:C405-19.

Artegiani B, Clevers H. Use and application of 3D-organoid technol-
ogy. Hum Mol Genet 2018;27:R99-R107.

Fujii M, Matano M, Nanki K, et al. Efficient genetic engineering of
human intestinal organoids using electroporation. Nat Protocols
2015;10:1474-85.

Tsakmaki A, Fonseca Pedro P, Bewick GA. 3D intestinal organoids
in metabolic research: virtual reality in a dish. Curr Opin Pharmacol
2017;37:51-8.

Spence JR, Mayhew CN, Rankin SA, et al. Directed differentiation
of human pluripotent stem cells into intestinal tissue in vitro. Nature
2011;470:105-9.

McCracken KW, Howell JC, Wells JM, et al. Generating human
intestinal tissue from pluripotent stem cells in vitro. Nat Protocols
2011;6:1920-8.

Wells JM, Spence JR. How to make an intestine. Development
(Cambridge, England) 2014;141:752—-60.

Hynds RE, Bonfanti P, Janes SM. Regenerating human epithelia with
cultured stem cells: feeder cells, organoids and beyond. EMBO Mol
Med 2018;10:139-50.

https://academic.oup.com/lifemedi



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

OXFORD

Broguiere N, Isenmann L, Hirt C, et al. Growth of epithelial organoids
in a defined hydrogel. Advanced Materials (Deerfield Beach, Fla.)
2018;30:e1801621.

Jee J, Jeong SY, Kim HK, et al. In vivo evaluation of scaffolds com-
patible for colonoid engraftments onto injured mouse colon epithe-
lium. FASEB J 2019;33:10116-25.

Capeling MM, Czerwinski M, Huang S, et al. Nonadhesive alginate
hydrogels support growth of pluripotent stem cell-derived intestinal
organoids. Stem Cell Rep 2019;12:381-94.

Rastogi P, Kandasubramanian B. Review of alginate-based hydro-
gel bioprinting for application in tissue engineering. Biofabrication
2019;11:042001.

Varadarajan A, Kearney LT, Keum JK, et al. Effects of salt on phase
behavior and rheological properties of Alginate-Chitosan polyelectro-
lyte complexes. Biomacromolecules 2023;24:2730-40.

Curvello R, Kerr G, Micati DJ, et al. Engineered plant-based nano-
cellulose hydrogel for small intestinal organoid growth. Advanced Sci
(Weinheim, Baden-Wurttemberg, Germany) 2020;8:2002135.
Ogawa |, Onozato D, Anno S, et al. Suspension culture of human
induced pluripotent stem cell-derived intestinal organoids using nat-
ural polysaccharides. Biomaterials 2022;288:121696.

Ma W, Zheng Y, Yang G, et al. A bioactive calcium silicate
nanowire-containing hydrogel for organoid formation and functional-
ization. Mater Horiz 2024;11:2957-73.

Gjorevski N, Sachs N, Manfrin A, et al. Designer matrices for intesti-
nal stem cell and organoid culture. Nature 2016;539:560—4.
Cruz-Acufa R, Quirés M, Huang S, et al. PEG-4MAL hydrogels
for human organoid generation, culture, and in vivo delivery. Nat
Protocols 2018;13:2102—19.

Bergenheim F, Fregni G, Buchanan CF, et al. A fully defined 3D
matrix for ex vivo expansion of human colonic organoids from biopsy
tissue. Biomaterials 2020;262:120248.

Yokota J, Yamashita T, Inui T, et al. Comparison of culture media for
human intestinal organoids from the viewpoint of pharmacokinetic
studies. Biochem Biophys Res Commun 2021;566:115-22.
Hogenson TL, Xie H, Phillips WJ, et al. Culture media com-
position influences patient-derived organoid ability to predict
therapeutic responses in gastrointestinal cancers. JCI Insight
2022;7:e158060.

He S, Lei P, Kang W, et al. Stiffness restricts the stemness of the
intestinal stem cells and skews their differentiation toward goblet
cells. Gastroenterology 2023;164:1137-51.e15.

Garreta E, Moya-Rull D, Marco A, et al. Natural hydrogels support
kidney organoid generation and promote in vitro angiogenesis.
Advanced Materials (Deerfield Beach, Fla.) 2024;36:2400306.
Kim S, Min S, Choi YS, et al. Tissue extracellular matrix hydrogels as
alternatives to Matrigel for culturing gastrointestinal organoids. Nat
Commun 2022;13:1692.

Curvello R, Alves D, Abud HE, et al. A thermo-responsive
collagen-nanocellulose hydrogel for the growth of intestinal organ-
oids. Mater Sci Eng C Mater Biol Appl 2021;124:112051.

Yavitt FM, Brown TE, Hushka EA, et al. The effect of thiol struc-
ture on allyl sulfide photodegradable hydrogels and their applica-
tion as a degradable scaffold for organoid passaging. Adv Mater
2020;32:1905366.

Elomaa L, Gerbeth L, Almalla A, et al. Bioactive photocrosslinkable
resin solely based on refined decellularized small intestine sub-
mucosa for vat photopolymerization of in vitro tissue mimics. Addit
Manuf 2023;64:103439.

Life Medicine

UNIVERSITY PRESS

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Xie D, Chen B, XueYY, et al. Printable and biocompatible hydrogels for
residual-free and high-throughput printing patient-derived organoid
biochips,. Sci China Mater 2024;67:2505—14.

Min S, Kim S, Cho SW. Gastrointestinal tract modeling using organ-
oids engineered with cellular and microbiota niches. Exp Mol Medi
2020;52:227-37.

Magré L, Verstegen MMA, Buschow S, et al. Emerging
organoid-immune co-culture models for cancer research: from
oncoimmunology to personalized immunotherapies. J ImmunoTher
Cancer 2023;11:e006290.

Schuth S, Le Blanc S, Krieger TG, et al. Patient-specific modeling
of stroma-mediated chemoresistance of pancreatic cancer using a
three-dimensional organoid-fibroblast co-culture system. J Exp Clin
Cancer Res 2022;41:312.

Jiang S, Deng T, Cheng H, et al. Macrophage-organoid co-culture
model for identifying treatment strategies against macrophage-
related gemcitabine resistance. J Exp Clin Cancer Res 2023;42:199.
Lago C, Gianesello M, Santomaso L, et al. Medulloblastoma and
high-grade glioma organoids for drug screening, lineage tracing,
co-culture and in vivo assay. Nat Protocols 2023;18:2143-80.
Kasendra M, Tovaglieri A, Sontheimer-Phelps A, et al. Development
of a primary human Small Intestine-on-a-Chip using biopsy-derived
organoids. Sci Rep 2018;8:2871.

Trapecar M, Wogram E, Svoboda D, et al. Human physiomimetic
model integrating microphysiological systems of the gut, liver,
and brain for studies of neurodegenerative diseases. Sci Adv
2021;7:eabd1707.

Subitil B, lyer KK, Poel D, et al. Dendritic cell phenotype and function
in a 3D co-culture model of patient-derived metastatic colorectal can-
cer organoids. Front Immunol 2023;14:1105244.

Hammoudi N, Hamoudi S, Bonnereau J, et al. Autologous organoid
co-culture model reveals T cell-driven epithelial cell death in Crohn’s
disease. Front Immunol 2022;13:1008456.

Orge ID, Nogueira Pinto H, Silva MA, et al. Vascular units as
advanced living materials for bottom-up engineering of perfusable
3D microvascular networks. Bioact Mater 2024;38:499-511.

Lin M, Hartl K, Heuberger J, et al. Establishment of gastrointesti-
nal assembloids to study the interplay between epithelial crypts and
their mesenchymal niche. Nat Commun 2023;14:3025.

Yetkin-Arik B, Jansen SA, Varderidou-Minasian S, et al.
Mesenchymal stromal/stem cells promote intestinal epithelium
regeneration after chemotherapy-induced damage. Stem Cell Res
Therapy 2024;15:125.

Chen J, Horiuchi S, Kuramochi S, et al. Human intestinal
organoid-derived PDGFRa + mesenchymal stroma enables prolifer-
ation and maintenance of LGR4 + epithelial stem cells. Stem Cell
Res Therapy 2024;15:16.

Xu Y, Ren Z, Zeng F, et al. Cancer-associated fibroblast-derived
WNT5A promotes cell proliferation, metastasis, stemness and gly-
colysis in gastric cancer via regulating HK2. World J Surg Oncol
2024;22:193.

Calon A, Lonardo E, Berenguer-Llergo A, et al. Stromal gene expres-
sion defines poor-prognosis subtypes in colorectal cancer. Nat Genet
2015;47:320-9.

Isella C, Terrasi A, Bellomo SE, et al. Stromal contribution to the col-
orectal cancer transcriptome. Nat Genet 2015;47:312-9.

Takahashi Y, Sato S, Kurashima VY, et al. A refined culture system
for human induced pluripotent stem cell-derived intestinal epithelial
organoids. Stem Cell Rep 2018;10:314-28.

Life Medicine, 2025, Volume 4

e
&
<
@

=

UIdI




icine

=

5
>
=
—

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Luo X, Fong ELS, Zhu C, et al. Hydrogel-based colorectal cancer
organoid co-culture models. Acta Biomater 2021;132:461-72.
Verhulsel M, Simon A, Bernheim-Dennery M, et al. Developing an
advanced gut on chip model enabling the study of epithelial cell/
fibroblast interactions. Lab Chip 2021;21:365-77.

Jowett GM, Norman MDA, Yu TTL, et al. ILC1 drive intestinal epithe-
lial and matrix remodelling. Nat Mater 2021;20:250-9.

Lindemans CA, Calafiore M, Mertelsmann AM, et al. Interleukin-22
promotes intestinal-stem-cell-mediated epithelial regeneration.
Nature 2015;528:560—4.

Hernandez PP, Mahlakoiv T, Yang |, et al. Interferon-) and interleukin
22 act synergistically for the induction of interferon-stimulated genes
and control of rotavirus infection. Nat Immunol 2015;16:698-707.
Brice DP, Murray Gl, Wilson HM, et al. Interleukin-27 regulates
the function of the gastrointestinal epithelial barrier in a human
tissue-derived organoid model. Biology 2022;11:427.

Kumar BV, Connors TJ, Farber DL. Human T cell development, local-
ization, and function throughout life. Immunity 2018;48:202—13.

Lee CZW, Ginhoux F. Biology of resident tissue macrophages.
Development (Cambridge, England) 2022;149:dev200270.

Staab JF, Lemme-Dumit JM, Latanich R, et al. Co-culture system of
human enteroids/colonoids with innate immune cells. Curr Protocols
Immunol 2020;131:e113.

Neal JT, Li X, Zhu J, et al. Organoid modeling of the tumor immune
microenvironment. Cell 2018;175:1972—-88.e16.

Munera JO, Kechele DO, Bouffi C, et al. Development of functional
resident macrophages in human pluripotent stem cell-derived colonic
organoids and human fetal colon. Cell Stem Cell 2023;30:1434-51.
e9.

Hentschel V, Govindarajan D, Seufferlein T, et al. An adaptable proto-
col to generate a murine enteroid-macrophage co-culture system. Int
J Mol Sci 2024;25:7944.

Kakni P, Truckenmdiller R, Habibovi¢ P, et al. A microwell-based
intestinal organoid-macrophage co-culture system to study intestinal
inflammation. Int J Mol Sci 2022;23:15364.

Bouffi C, Wikenheiser-Brokamp KA, Chaturvedi P, et al. In vivo devel-
opment of immune tissue in human intestinal organoids transplanted
into humanized mice. Nat Biotechnol 2023;41:824-31.

Sharkey KA, Mawe GM. The enteric nervous system. Physiol Rev
2023;103:1487-564.

Workman MJ, Mahe MM, Trisno S, et al. Engineered human
pluripotent-stem-cell-derived intestinal tissues with a functional
enteric nervous system. Nat Med 2017;23:49-59.

Llorente C. Isolation of myenteric and submucosal plexus from
mouse gastrointestinal tract and subsequent co-culture with small
intestinal organoids. Cells 2024;13:820.

Cortez AR, Poling HM, Brown NE, et al. Transplantation of human
intestinal organoids into the mouse mesentery: A more physiologic
and anatomic engraftment site. Surgery 2018;164:643-50.

Huang J, Xu Z, Jiao J, et al. Microfluidic intestinal organoid-on-a-chip
uncovers therapeutic targets by recapitulating oxygen dynamics of
intestinal IR injury. Bioact Mater 2023;30:1-14.

Rajasekar S, Lin DSY, Abdul L, et al. IFlowPlate-A customized 384-
well plate for the culture of perfusable vascularized colon organoids.
Adv Mater 2020;32:€2002974.

Park SE, Kang S, Paek J, et al. Geometric engineering of organ-
oid culture for enhanced organogenesis in a dish. Nat Methods
2022;19:1449-60.

Life Medicine, 2025, Volume 4

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Palikugi B, Nguyen DT, Li G, et al. Adaptable haemodynamic
endothelial cells for organogenesis and tumorigenesis. Nature
2020;585:426-32.

Wen Z, Orduno M, Liang Z, et al. Optimization of vascularized intes-
tinal organoid model. Adv Healthcare Mater 2024;13:2400977.
Puschhof J, Pleguezuelos-Manzano C, Martinez-Silgado A, et
al. Intestinal organoid cocultures with microbes. Nat Protocols
2021;16:4633—-49.

Andersson-Rolf A, Fink J, Mustata RC, et al. A video protocol of
retroviral infection in primary intestinal organoid culture. J Vis Exp
2014:e51765.

Holthaus D, Delgado-Betancourt E, Aebischer T, et al. Harmonization
of protocols for multi-species organoid platforms to study the intes-
tinal biology of toxoplasma gondii and other protozoan infections.
Front Cell Infect Microbiol 2020;10:610368.

Huang J, Zhou C, Zhou G, et al. Effect of Listeria monocytogenes on
intestinal stem cells in the co-culture model of small intestinal organ-
oids. Microb Pathog 2021;153:104776.

Iftekhar A, Berger H, Bouznad N, et al. Genomic aberrations after
short-term exposure to colibactin-producing E. coli transform primary
colon epithelial cells. Nat Commun 2021;12:1003.

Nickerson KP, Llanos-Chea A, Ingano L, et al. A versatile human
intestinal organoid-derived epithelial monolayer model for the study
of enteric pathogens. Microbiol Spectrum 2021;9:e0000321.

Sasaki N, Miyamoto K, Maslowski KM, et al. Development of a scal-
able coculture system for gut anaerobes and human colon epithe-
lium. Gastroenterology 2020;159:388—90.e5.

Co JY, Margalef-Catala M, Li X, et al. Controlling epithelial polarity: a
human enteroid model for host-pathogen interactions. Cell Reports
2019;26:2509-20.e4.

Horvath TD, Haidacher SJ, Engevik MA, et al. Interrogation of the
mammalian gut-brain axis using LC-MS/MS-based targeted metabo-
lomics with in vitro bacterial and organoid cultures and in vivo gnoto-
biotic mouse models. Nat Protocols 2023;18:490-529.

Zhang YG, Wu S, Xia Y, et al. Salmonella-infected crypt-derived
intestinal organoid culture system for host-bacterial interactions.
Physiological Reports 2014;2:e12147.

Bozzetti V, Senger S. Organoid technologies for the study of intestinal
microbiota-host interactions. Trends Mol Med 2022;28:290-303.
Zhang J, Hernandez-Gordillo V, Trapecar M, et al. Coculture of pri-
mary human colon monolayer with human gut bacteria. Nat Protocols
2021;16:3874—900.

Kim R, Attayek PJ, Wang Y, et al. An in vitro intestinal platform with a
self-sustaining oxygen gradient to study the human gut/microbiome
interface. Biofabrication 2019;12:015006.

Li T, Ding N, Guo H, et al. A gut microbiota-bile acid axis promotes
intestinal homeostasis upon aspirin-mediated damage. Cell Host
Microbe 2024;32:191-208.e9.

Ahmad V, Yeddula SGR, Telugu BP, et al. Development of
polarity-reversed endometrial epithelial organoids. Reproduction
2024;167:230478.

Joo SS, Gu BH, Park YJ, et al. Porcine intestinal apical-out organoid
model for gut function study. Animals 2022;12:372.

Csukovich G, Wagner M, Walter |, et al. Polarity reversal of canine
intestinal organoids reduces proliferation and increases cell death.
Cell Prolif 2024;57:€13544.

Dinteren SV, Araya-Cloutier C, Robaczewska E, et al. Switching
the polarity of mouse enteroids affects the epithelial interplay with

https://academic.oup.com/lifemedi



104.

105.

106.

107.

108.

109.

110.

.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

OXFORD

prenylated phenolics from licorice (Glycyrrhiza) roots. Food Function
2024;15:1852—66.

Kakni P, Jutten B, Teixeira Oliveira Carvalho D, et al. Hypoxia-tolerant
apical-out intestinal organoids to model host-microbiome interac-
tions. J Tissue Eng 2023;14:20417314221149208.

Recaldin T, Steinacher L, Gjeta B, et al. Human organoids with
an autologous tissue-resident immune compartment. Nature
2024;633:165-73.

Wallisch S, Neef SK, Denzinger L, et al. Protocol for establishing
a coculture with fibroblasts and colorectal cancer organoids,. STAR
Protocols 2023;4:102481.

Fattahi F, Steinbeck JA, Kriks S, et al. Deriving human ENS lineages
for cell therapy and drug discovery in Hirschsprung disease. Nature
2016;531:105-9.

Leslie JL, Huang S, Opp JS, et al. Persistence and toxin produc-
tion by Clostridium difficile within human intestinal organoids result
in disruption of epithelial paracellular barrier function. Infect Immun
2015;83:138—45.

Li J, Ma X, Chakravarti D, et al. Genetic and biological hallmarks of
colorectal cancer. Genes Development 2021;35:787-820.
Vlachogiannis G, Hedayat S, Vatsiou A, et al. Patient-derived organ-
oids model treatment response of metastatic gastrointestinal can-
cers. Science (New York, N.Y.) 2018;359:920-6.

Li H, Feng H, Zhang T, et al. CircHAS2 activates CCNE2 to promote
cell proliferation and sensitizes the response of colorectal cancer to
anlotinib. Mol Cancer 2024;23:59.

Dong C, Meng X, Zhang T, et al. Single-cell EpiChem jointly mea-
sures drug-chromatin binding and multimodal epigenome. Nat
Methods 2024;21:1624-33.

XuT, Li X, Zhao W, et al. SF3B3-regulated mTOR alternative splicing
promotes colorectal cancer progression and metastasis. J Exp Clin
cancer Res 2024;43:126.

Kim N, Kwon J, Shin US, et al. Fisetin induces the upregulation of
AKAP12 mRNA and anti-angiogenesis in a patient-derived organoid
xenograft model. Biomed Pharmacother 2023;167:115613.

Pilat JM, Brown RE, Chen Z, et al. SELENOP modifies sporadic col-
orectal carcinogenesis and WNT signaling activity through LRP5/6
interactions. J Clin Invest 2023;133:6165988.

Sane S, Srinivasan R, Potts RA, et al. UBXN2A suppresses the
Rictor-rmTORC2 signaling pathway, an established tumorigenic path-
way in human colorectal cancer. Oncogene 2023;42:1763-76.

Jiang T, Qi J, Xue Z, et al. The m(6)A modification mediated-IncRNA
POUBF2-AS1 reprograms fatty acid metabolism and facilitates the growth
of colorectal cancer via upregulation of FASN. Mol Cancer 2024;23:55.
Goto N, Westcott PMK, Goto S, et al. SOX17 enables immune evasion
of early colorectal adenomas and cancers. Nature 2024;627:636—45.
Pennel KAF, Hatthakarnkul P, Wood CS, et al. JAK/STAT3 represents
a therapeutic target for colorectal cancer patients with stromal-rich
tumors. J Exp Clin Cancer Res 2024;43:64.

Mosa MH, Michels BE, Menche C, et al. A Wnt-Induced phenotypic
switch in cancer-associated fibroblasts inhibits EMT in colorectal
cancer. Cancer Res 2020;80:5569-82.

Noben M, Verstockt B, Bruyn M. de, et al. Epithelial organoid cul-
tures from patients with ulcerative colitis and Crohn’s disease: a truly
long-term model to study the molecular basis for inflammatory bowel
disease? Gut 2017;66:2193-5.

Limanskiy V, Vyas A, Chaturvedi LS, et al. Harnessing the potential
of gene editing technology using CRISPR in inflammatory bowel dis-
ease. World J Gastroenterol 2019;25:2177-87.

Life Medicine

UNIVERSITY PRESS

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Geng Z, Zuo L, Li J, et al. Ginkgetin improved experimental colitis by
inhibiting intestinal epithelial cell apoptosis through EGFR/PI3K/AKT
signaling. FASEB J 2024;38:€23817.

DongY, Johnson BA, Ruan L, et al. Disruption of epithelium integrity
by inflammation-associated fibroblasts through prostaglandin signal-
ing. Sci Adv 2024;10:eadj7666.

Pavlidis P, Tsakmaki A, Treveil A, et al. Cytokine responsive
networks in human colonic epithelial organoids unveil a molec-
ular classification of inflammatory bowel disease. Cell Reports
2022;40:111439.

Chiriac MT, Hracsko Z, Glnther C, et al. IL-20 controls resolution of
experimental colitis by regulating epithelial IFN/STAT2 signalling. Gut
2024;73:282-97.

He GW, Lin L, DeMartino J, et al. Optimized human intestinal organ-
oid model reveals interleukin-22-dependency of paneth cell forma-
tion. Cell Stem Cell 2022;29:1333—45.€6.

Lee C, Song JH, Cha YE, et al. Intestinal epithelial responses to
IL-17 in adult stem cell-derived human intestinal organoids. J Crohns
Colitis 2022;16:1911-23.

Choi EK, Rajendiran TM, Soni T, et al. The manganese transporter
SLC39A8 links alkaline ceramidase 1 to inflammatory bowel disease.
Nat Commun 2024;15:4775.

Liang X, Li C, Song J, et al. HucMSC-Exo promote mucosal healing
in experimental colitis by accelerating intestinal stem cells and epi-
thelium regeneration via Wnt signaling pathway. Int J Nanomedicine
2023;18:2799-818.

Deleu S, Arnauts K, Deprez L, et al. High acetate concentration
protects intestinal barrier and exerts anti-inflammatory effects in
organoid-derived epithelial monolayer cultures from patients with
ulcerative colitis. Int J Mol Sci 2023;24:768.

Ye J, Haskey N, Dadlani H, et al. Deletion of mucin 2 induces coli-
tis with concomitant metabolic abnormalities in mice. Am J Physiol
Gastrointest Liver Physiol 2021;320:G791-803.

Jurickova I, Bonkowski E, Angerman E, et al. Eicosatetraynoic acid
and butyrate regulate human intestinal organoid mitochondrial and
extracellular matrix pathways implicated in Crohn’s disease stric-
tures. Inflamm Bowel Dis 2022;28:988—1003.

Gallagher K, Catesson A, Griffin JL, et al. Metabolomic analysis in
inflammatory bowel disease: a systematic review. J Crohns Colitis
2021;15:813-26.

Sorrentino G, Perino A, Yildiz E, et al. Bile acids signal via TGR5
to activate intestinal stem cells and epithelial regeneration.
Gastroenterology 2020;159:956—-68.€8.

Lavelle A, Sokol H. Gut microbiota-derived metabolites as key actors
in inflammatory bowel disease. Nat Rev Gastroenterol Hepatoly
2020;17:223-37.

Park JH, Lee JM, Lee EJ, et al. Indole-3-carbinol promotes
goblet-cell differentiation regulating Wnt and Notch signaling path-
ways AhR-dependently. Mol Cells 2018;41:290-300.

Yang Q, Bermingham NA, Finegold MJ, et al. Requirement of
Math1 for secretory cell lineage commitment in the mouse intestine.
Science (New York, N.Y.) 2001;294:2155-8.

Giri R, Hoedt EC, Khushi S, et al. Secreted NF-kB suppressive
microbial metabolites modulate gut inflammation. Cell Reports
2022;39:110646.

Zhu'Y, Wang Y, Xia G, et al. Oral delivery of bioactive glass-loaded
core-shell hydrogel microspheres for effective treatment of inflamma-
tory bowel disease. Advanced Sci (Weinheim, Baden-Wurttemberg,
Germany) 2023;10:e2207418.

Life Medicine, 2025, Volume 4

e
&
<
@

=

UIdI




icine

=

5
>
=
—

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157

158.

159.

Kim MR, Cho SY, Lee HJ, et al. Schisandrin C improves leaky gut
conditions in intestinal cell monolayer, organoid, and nematode mod-
els by increasing tight junction protein expression. Phytomedicine
2022;103:154209.

Qu M, Xiong L, Lyu'Y, et al. Establishment of intestinal organoid cul-
tures modeling injury-associated epithelial regeneration. Cell Res
2021;31:259-71.

Lukonin I, Serra D, Challet Meylan L, et al. Phenotypic landscape of
intestinal organoid regeneration. Nature 2020;586:275-80.

Yui S, Nakamura T, Sato T, et al. Functional engraftment of colon
epithelium expanded in vitro from a single adult Lgr5+ stem cell. Nat
Med 2012;18:618-23.

Teng L, Dedousis N, Adeshirlarijaney A, et al. Impaired intestinal free
fatty acid transport followed by chylomicron malformation, not pan-
creatic insufficiency, cause metabolic defects in cystic fibrosis. J Lipid
Res 2024;65:100551.

Bierlaagh MC, Ramalho AS, Silva IAL, et al. Repeatability and
reproducibility of the Forskolin-induced swelling (FIS) assay on
intestinal organoids from people with Cystic Fibrosis. J Cyst Fibros
2024;23:693-702.

Cuyx S, Ramalho AS, Fieuws S, et al. Rectal organoid morphology
analysis (ROMA) as a novel physiological assay for diagnostic clas-
sification in cystic fibrosis. Thorax 2024;79:834—41.

Bulcaen M, Kortleven P, Liu RB, et al. Prime editing functionally cor-
rects cystic fibrosis-causing CFTR mutations in human organoids
and airway epithelial cells. Cell Rep Med 2024;5:101544.

Finkbeiner SR, Zeng XL, Utama B, et al. Stem cell-derived human
intestinal organoids as an infection model for rotaviruses. mBio
2012;3:e00159-00112.

Yin Y, Bijvelds M, Dang W, et al. Modeling rotavirus infection and
antiviral therapy using primary intestinal organoids. Antiviral Res
2015;123:120-31.

Drummond CG, Bolock AM, Ma C, et al. Enteroviruses infect human
enteroids and induce antiviral signaling in a cell lineage-specific
manner. Proc Nat/ Acad Sci USA 2017;114:1672-7.

Holthaus D, Kraft MR, Krug SM, et al. Dissection of barrier dysfunc-
tion in organoid-derived human intestinal epithelia induced by giardia
duodenalis. Gastroenterology 2022;162:844-58.

Catassi C, Verdu EF, Bai JC, et al. Coeliac disease. Lancet (London,
England) 2022;399:2413-26.

Iversen R, Sollid LM. The immunobiology and pathogenesis of celiac
disease. Annu Rev Pathol 2023;18:47-70.

Fais S, Maiuri L, Pallone F, et al. Gliadin induced changes in the
expression of MHC-class Il antigens by human small intestinal epi-
thelium. Organ culture studies with coeliac disease mucosa. Gut
1992;33:472-5.

Dotsenko V, Sioofy-Khojine AB, Hydty H, et al. Human intestinal
organoid models for celiac disease research. Methods Cell Biol
2023;179:173-93.

Ribeiro M, Sousa T. de, Sabenca C, et al. Advances in quantification
and analysis of the celiac-related immunogenic potential of gluten.
Compr Rev Food Sci Food Saf 2021;20:4278-98.

Verdu EF, Schuppan D. Co-factors, microbes, and immunogenetics
in celiac disease to guide novel approaches for diagnosis and treat-
ment. Gastroenterology 2021;161:1395-411.e4.

Conte M, Nigro F, Porpora M, et al. Gliadin peptide P31-43 induces
mTOR/NFkp activation and reduces autophagy: the role of lactoba-
cillus paracasei CBA L74 postbiotc. Int J Mol Sci 2022;23:3655.

Life Medicine, 2025, Volume 4

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Barone MV, Auricchio R, Nanayakkara M, et al. Pivotal role of inflam-
mation in celiac disease. Int J Mol Sci 2022;23:7177.

Santos AJM, van Unen V, Lin Z, et al. A human autoimmune
organoid model reveals IL-7 function in coeliac disease. Nature
2024;632:401-410.

Day CP, Merlino G, Van Dyke T. Preclinical mouse cancer models: a
maze of opportunities and challenges. Cell 2015;163:39-53.
Cekanova M, Rathore K. Animal models and therapeutic molecu-
lar targets of cancer: utility and limitations. Drug Design Dev Ther
2014;8:1911-21.

Bleijs M, van de Wetering M, Clevers H, et al. Xenograft and organoid
model systems in cancer research. EMBO J 2019;38:e101654.
Kenny PA, Lee GY, Myers CA, et al. The morphologies of breast can-
cer cell lines in three-dimensional assays correlate with their profiles
of gene expression. Mol Oncol 2007;1:84-96.

Stock K, Estrada MF, Vidic S, et al. Capturing tumor complexity in
vitro: comparative analysis of 2D and 3D tumor models for drug dis-
covery. Sci Rep 2016;6:28951.

Porter RJ, Murray Gl, McLean MH. Current concepts in tumour-
derived organoids. Br J Cancer 2020;123:1209-18.

Schutgens F, Clevers H. Human organoids: tools for understanding
biology and treating diseases. Annu Rev Pathol 2020;15:211-34.
Wetering M. van de, Francies HE, Francis JM, et al. Prospective der-
ivation of a living organoid biobank of colorectal cancer patients. Cell
2015;161:933-45.

Toden S, Ravindranathan P, Gu J, et al. Oligomeric proanthocyani-
dins (OPCs) target cancer stem-like cells and suppress tumor organ-
oid formation in colorectal cancer. Sci Rep 2018;8:3335.

Luo Z, Wang B, Luo F, et al. Establishment of a large-scale
patient-derived high-risk colorectal adenoma organoid biobank
for high-throughput and high-content drug screening. BMC Med
2023;21:336.

Cartry J, Bedja S, Boileve A, et al. Implementing patient derived
organoids in functional precision medicine for patients with advanced
colorectal cancer. J Exp Clin Cancer Res 2023;42:281.

MaoY, Wang W, Yang J, et al. Drug repurposing screening and mech-
anism analysis based on human colorectal cancer organoids. Protein
Cell 2024;15:285-304.

Zhang K, Xi J, Wang Y, et al. A microfluidic chip-based automated
system for whole-course monitoring the drug responses of organ-
oids. Anal Chem 2024;96:10092—101.

Inui T, Uraya Y, Yokota J, et al. Functional intestinal monolayers from
organoids derived from human iPS cells for drug discovery research.
Stem Cell Res Ther 2024;15:57.

Mertens S, Huismans MA, Verissimo CS, et al. Drug-repurposing
screen on patient-derived organoids identifies therapy-induced
vulnerability in KRAS-mutant colon cancer. Cell Reports
2023;42:112324.

Hao M, Cao Z, Wang Z, et al. Patient-derived organoid model in the
prediction of chemotherapeutic drug response in colorectal cancer.
ACS Biomater Sci Eng 2022;8:3515-25.

Toshimitsu K, Takano A, Fujii M, et al. Organoid screening reveals
epigenetic vulnerabilities in human colorectal cancer. Nat Chem Biol
2022;18:605-14.

Zheng R, Yang W, Wen Y, et al. Dnah9 mutant mice and organoid
models recapitulate the clinical features of patients with PCD and
provide an excellent platform for drug screening. Cell Death Disease
2022;13:559.

https://academic.oup.com/lifemedi



180.

181.

182.

183.

184.

185.

186.

187.

188.

OXFORD

Tebon PJ, Wang B, Markowitz AL, et al. Drug screening at single-
organoid resolution via bioprinting and interferometry. Nat Commun
2023;14:3168.

Zhu'Y, Jiang D, QiuYY, et al. Dynamic microphysiological system chip
platform for high-throughput, customizable, and multi-dimensional
drug screening. Bioact Mater 2024;39:59-73.

Deben C, Hoz E.C. De La, Compte ML, et al. OrBITS: label-free and
time-lapse monitoring of patient derived organoids for advanced drug
screening. Cellular Oncol (Dordrecht, Netherlands) 2023;46:299-314.
Lin L, Clevers H. Decoding endocrine cell differentiation: insights
from high-throughput CRISPR screening in human gut organoids.
Clin Translational Med 2024;14:e1526.

Brandenberg N, Hoehnel S, Kuttler F, et al. High-throughput auto-
mated organoid culture via stem-cell aggregation in microcavity
arrays. Nat Biomed Eng 2020;4:863—74.

Li X, Fu G, Zhang L, et al. Assay establishment and validation of a
high-throughput organoid-based drug screening platform. Stem Cell
Res Ther 2022;13:219.

Cai X, LiY, Zheng J, et al. Modeling of senescence-related chemo-
resistance in ovarian cancer using data analysis and patient-derived
organoids. Front Oncol 2023;13:1291559.

Watson CL, Mahe MM, Munera J, et al. An in vivo model of human
small intestine using pluripotent stem cells. Nat Med 2014;20:1310-4.
Singh A, Poling HM, Sundaram N, et al. Evaluation of transplantation
sites for human intestinal organoids. PLoS One 2020;15:e0237885.

Life Medicine

UNIVERSITY PRESS

189.

190.

191.

192.

193.

194.

195.

196.

Singh A, Poling HM, Chaturvedi P, et al. Transplanted human intes-
tinal organoids: a resource for modeling human intestinal develop-
ment. Development (Cambridge, England) 2023;150:dev201416.
Watanabe S, Kobayashi S, Ogasawara N, et al. Transplantation of
intestinal organoids into a mouse model of colitis. Nat Protocols
2022;17:649-71.

Watanabe S, Ogasawara N, Kobayashi S, et al. Organoids transplan-
tation as a new modality to design epithelial signature to create a
membrane-protective sulfomucin-enriched segment. J Gastroenterol
2023;58:379-93.

Nash A, Lokhorst N, Veiseh O. Localized immunomodulation tech-
nologies to enable cellular and organoid transplantation. Trends Mol
Med 2023;29:635-45.

Zhang FL, Hu Z, Wang YF, et al. Organoids transplantation atten-
uates intestinal ischemia/reperfusion injury in mice through
L-Malic acid-mediated M2 macrophage polarization. Nat Commun
2023;14:6779.

Cruz-Acuna R, Quirés M, Farkas AE, et al. Synthetic hydrogels for
human intestinal organoid generation and colonic wound repair. Nat
Cell Biol 2017;19:1326-35.

Huang J, Xu Z, Ren J. Small intestinalization of colon using ileum
organoids. Trends Cell Biol 2021;31:517-9.

Sugimoto S, Kobayashi E, Fujii M, et al. An organoid-based
organ-repurposing approach to treat short bowel syndrome. Nature
2021;592:99-104.

Life Medicine, 2025, Volume 4

c.
&
<
@
=

uIdI




	Advances and applications of gut organoids: modeling intestinal diseases and therapeutic development
	Introduction
	Cultivation of intestinal organoids
	Intestinal organoids and their microenvironment
	Co-culture with mesenchymal stem cells (MSCs)
	Co-culture with cancer-associated fibroblasts (CAFs)
	Co-culture with immune cells
	Co-culture with glial cells
	Vascularized epithelial organoids
	Co-culture with microorganisms

	Intestinal organoid simulation for disease models
	CRC models
	Inflammatory bowel disease (IBD) models
	Tissue repair
	Cystic fibrosis (CF) models
	Pathogens infection models
	Celiac disease (CeD) models

	Drug screening
	Organoid transplantation
	Summary and prospect
	Acknowledgements
	References


