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Abstract

In the past decade, intestinal organoid technology has paved the way for reproducing tissue or organ morphogen-
esis during intestinal physiological processes in vitro and studying the pathogenesis of various intestinal diseases.
Intestinal organoids are favored in drug screening due to their ability for high-throughput in vitro cultivation and their
closer resemblance to patient genetic characteristics. Furthermore, as disease models, intestinal organoids find wide
applications in screening diagnostic markers, identifying therapeutic targets, and exploring epigenetic mechanisms
of diseases. Additionally, as a transplantable cellular system, organoids have played a significant role in the reconstruc-
tion of damaged epithelium in conditions such as ulcerative colitis and short bowel syndrome, as well as in intestinal
material exchange and metabolic function restoration. The rise of interdisciplinary approaches, including organoid-
on-chip technology, genome editing techniques, and microfluidics, has greatly accelerated the development

of organoids. In this review, VOSviewer software is used to visualize hot co-cited journal and keywords trends of intes-
tinal organoid firstly. Subsequently, we have summarized the current applications of intestinal organoid technology

in disease modeling, drug screening, and regenerative medicine. This will deepen our understanding of intestinal
organoids and further explore the physiological mechanisms of the intestine and drug development for intestinal

diseases.
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Introduction barrier functions [2, 3]. Additionally, nowadays, with the

The intestine, as a vital digestive organ, is considered to
be the most complex organ in the human body [1]. In
human physiological activities, it plays roles in the metab-
olism of nutrients, immune regulation, and mucosal
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advancement of research into the intestinal microbiota,
numerous studies have discovered that the gut microbi-
ota can exert several major physiological effects through
the gut-liver axis, gut-lung axis, gut-brain axis, and gut-
endocrine axis [4—6]. Intestinal epithelial cell damage,
immune stress, and disorder of the gut microbiota can all
contribute to the progression of intestinal diseases [7-9].
For example, Occludin downregulation limits intesti-
nal epithelial cell apoptosis via Caspase-3 pathway in
patients with Crohn’s disease and ulcerative colitis [10].
In 2019, a study reported that stress can increase the
expression of Gabra3 and induce colon inflammation in
mice, while also impairing barrier function [11]. Another
study analyzed metagenomic data from 3625 healthy
women and found that the association between IBD and
gut microbiota is age-specific [7]. Historically, research
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on intestinal diseases mainly relied on cell lines and ani-
mals, but both have significant drawbacks. Cell lines can-
not well reflect the genetic characteristics of patients due
to the lack of cell-cell and cell-matrix interactions in the
intestinal microenvironment [12]. Animal studies, on the
other hand, often face challenges such as high costs, long
experimental cycles, and insurmountable species differ-
ences between humans and mice [13].

In 2009, the team led by Hans Clevers first used mouse
Lgr5" small intestinal stem cells to construct small intes-
tinal organoids in vitro [14]. In 2013, organoids were
named one of top ten technologies of the year by Science.
Subsequently, after 5 years of rapid development, it was
named the 2017 Method of the Year by Nature. The most
significant advantage of organoids is that they are human-
derived and nearly physiological, and can simulate mul-
tiple types of organ-specific disease states in vitro, such
as tumors, primary sclerosing cholangitis and inflamma-
tory bowel disease (IBD) [15-17]. Mechanistic research
on disease pathology, efficacy of therapeutic intervention
and potential off-target effects can effectively reduce the
failure rate in the clinical development stage. It also plays
a role in precision medicine and guides patients’ clinical
medication, which has huge potential commercial value
[18, 19]. Using organoids as the keyword, the number of
articles published on PubMed has grown rapidly, reach-
ing 3400 in 2023. It can be said that the emergence of
organoids represents a revolution in biology [20].

Intestinal organoids originate from a group of crypt
base stem cells rich in Lgr5 [21]. These organoids possess
a 3D cell structure, with the lumen side facing inward and
the apical side facing the extracellular matrix [22]. The
cell clusters within include all differentiated intestinal
cell types, such as Paneth cells, absorptive enterocytes or
colonocytes, goblet cells, and enteroendocrine cells [23].
Mouse intestinal organoids can grow in a medium con-
taining the Wnt agonist R-spondin 1, epidermal growth
factor (EGF), and Noggin [24]. For human-derived
intestinal organoids, the culture medium needs to be
supplemented with EGF, Noggin, R-spondin 1, Wnt3a,
nicotinamide, ALK small molecule inhibitors, and MAPK
inhibitors [25]. In addition to possessing various charac-
teristics and cell types of intestinal epithelium, intestinal
organoids also possess the ability for self-renewal, and
physiological functions such as water and ion absorp-
tion and transport [26, 27]. They can also reflect the
genetic characteristics of the individual from which they
originated, offering advantages over cell line and animal
experiments [28, 29]. There are significant differences in
the genetics of organoids derived from different intestinal
tissues. For example, GATA4 and Na'/H* exchanger 3
activity are mainly expressed in the proximal small intes-
tine, and apical sodium-dependent bile acid transporter
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(ASBT) and basolateral organic solute transporter beta
subunit (OSTB) are mainly expressed in organoids in
the distal ileum [30]. With the deepening of organoid
research and the integration of multiple disciplines,
researchers have successively developed patient-derived
organoids (PDOs), tumor organoids, and engineered
organoids (using microfluidics, chips, hydrogels, etc.)
[31-34]. Currently, intestinal organoids are widely used
in fields such as Crohn’s disease, colorectal cancer (CRC)
disease modeling, drug screening, microbiota stud-
ies, and biomolecular delivery [35-37]. Additionally, in
recent years, the development of regenerative medicine
based on organoids as a new treatment for ulcerative
colitis (UC) and short bowel syndrome (SBS) has become
a focal point of interest [38—40].

This review aims to provide a fused perspective, offer-
ing a complete overview of the three main research direc-
tions of organoids and the attention-grabbing organoid
engineering strategies (Fig. 1). Here, we not only clarified
the current applications of organoids in disease models,
drug screening, and organoid transplantation. But also,
we are concerned about the bioengineering and materi-
als fields, such as multi-cell models, organoid-on-chips,
microfluics, 3D printing, hydrogel, etc. Organoid have
arisen as prominent technologies for truly entering clini-
cal practice and serving patients in the future.

Research trend in intestinal organoid

Data sources and methods

Firstly, we searched for research hotspots and progress
on intestinal organoids on the Web of Science. Subse-
quently, bibliometric analysis and visualization were
conducted using Vosviewer 1.6.20 software [41]. The
criteria for including studies are as follows: (1) Research
included in the core collection of Web of Science, includ-
ing reviews and original articles. (2) The main research
method or object is based on organoids, including vari-
ous intestinal organoids from humans and mice/rat. (3)
The period is from 2009 to January 2024.

According to the previously established retrieval strat-
egy, 1343 articles were included in the study, including
1080 original articles, 263 review articles. The publica-
tion time has been concentrated in the past 7 years, and
there has been a growing trend since 2009.

Bibliometric analysis of publications

In the rapid progress of research on intestinal orga-
noids, researchers in the Asia Pacific, European, and
North American regions have made the most contri-
butions. Among them, the United States (563 times,
41.921%) published the most documents, followed by
China (204 times, 15.190%) and the Netherlands (193
times, 14.371%). Utrecht University (104 times, 7.744%)
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Fig. 1 Applications of intestinal organoids. The various applications of intestinal organoids are as follows: (1) Developing in vitro models of intestinal

organoids derived from adult tissues, pluripotent stem cells, or embryonic stem cells. (2) Constructing organoid from healthy individuals or patients
for biobanks and drug screening. (3) Utilizing organoids for transplantation in the treatment of intestinal diseases. (4) Engineering modified
organoids through interdisciplinary collaboration. iPSC induced pluripotent stem cell, ESC embryonic stem cell, IBD inflammatory bowel disease.
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has published the most articles in this field, followed by
Utrecht University Medical Center (95 times, 7.074%)
and the Royal Netherlands Academy of Arts Sciences
(77 times, 5.733%). As the founder of organoids, Clev-
ers Hans has published the most literature (67 times,
4.989%). In addition, Sato T (33times, 2.457%), Spence JR
(32times, 2.383%), Wells JM (23times, 1.713%), Beekman
JM (17times, 1.266%) are the top five authors who pub-
lished relevant literature.

Co-citation analysis can identify the most influential
publication cluster in the field of intestinal organoids,
which is crucial for understanding the latest knowledge
dynamics in this field [42]. At the same time, this helps
us determine the relevance of journals, assist research-
ers in selecting journals to submit and read, and iden-
tify areas for cross disciplinary research. Based on the
results of co-citation analysis, we identified 674 journals,
including 297 key journals (Fig. 2). As the forefront and
hottest research topic, the study of intestinal organoids
has been published multiple times in famous journals
such as Nature (190 times), Cell (73 times), and Gastro-
enterology (72 times). In the field of intestinal organoids,

these co-cited journals can be divided into 7 themes:
Cell Biology (red), Gastroenterology Hepatology (green),
Immunology and Microbiology (blue), Materials Sci-
ence (yellow), Oncology (purple), Research Experimental
Medicine and Food Science Technology (light blue) and
Infectious Diseases (orange).

Co-word analysis is a technique used to examine the
actual content of publications themselves, as words that
frequently appear simultaneously in research related to
organoids have thematic relationships with each other
[43]. In the co-word analysis, we obtained 371 keywords,
including 70 main keywords (Fig. 3). The top 3 words are
in vitro (21 times), stem cells (17 times), intestinal orga-
noid (16 times). The keywords in the VOSviewer soft-
ware are divided into 6 topic clusters. The most frequent
topic cluster is organoid-based cell biology (red), which
also includes exploration of molecular mechanisms and
model construction of organoids in cancer. The second
largest theme, engineered organoids (green), explores
application of materials science in organoid culture
and regenerative medicine. The third theme, organoid
in vitro co-culture method (blue). The fourth theme,
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Fig. 2 Co-citation analysis of intestinal organoids. The journals in the VOSviewer software are identified 674 journals, including 297 key journals.
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organoid-based molecular mechanism exploration and
intestinal non-tumor disease simulation (yellow). The
fifth theme is virus infection (purple) and the sixth theme
is organoid-based differentiation (light blue).

Based on existing research results, it is reasonable to
believe that the future trend of organoid research is orga-
noid engineering and regenerative medicine applications

(Fig. S1).

Diseases model of intestinal organoid

In the realm of disease modeling, the most prevalent
approach to date has been the use of cancer cell lines.
However, commonly employed cell lines fail to encom-
pass the cellular heterogeneity and genetic diversity
observed within the intestinal milieu. Currently, widely
utilized human intestinal epithelial cell lines such as
Caco-2, HT-29, and SW-480, while cost-effective and
readily available, do not offer the genetic instability or
sensitivity to mutations inherent in native intestinal cells.
Furthermore, these cell lines originate from tumor tis-
sues or have undergone genetic editing, and they lack

regional characteristics representative of the intestinal
tract. Although animal models can better simulate the
occurrence and development of diseases, they usually
bring huge economic and time constraints as well as
ethical issues, thus limiting their applicability in research.
Clearly, we need a more appropriate disease model.

The advent of organoid models has heralded a trans-
formative era in biomedical research. Traditional cell
lines have proven inadequate in capturing the genetic
disparities and functional variances specific to different
segments of the digestive tract. Organoids derived from
human tissues have effectively addressed this limitation.
Kayisoglu, for instance, generated 42 human and murine
organoid lines from adult and fetal gastric and intestinal
segments, revealing highly specific expression profiles
across various regions of the digestive tract [44]. Taking
their investigation, a step further, Masi conducted a com-
prehensive analysis by comparing the whole transcrip-
tomes of four preterm infant intestinal organoids and five
adult intestinal organoids after separate co-cultivation
with anaerobic bacteria. This in-depth research revealed
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that the genetic characteristics of preterm infant intesti-
nal organoids differed significantly from those of adults.
Furthermore, their responses to bacterial exposure
exhibited marked distinctions, underscoring the unique
genetic attributes and altered responsiveness of preterm
infant gut organoids in the context of microbial interac-
tions as compared to their adult counterparts [45].
Currently, organoid models have played a pivotal role
in advancing research related to diseases such as IBD
and CRC. In the pathogenesis of IBD, the intestinal
epithelium serves as a mechanical barrier, a biochemi-
cal barrier, and plays a crucial role in antigen presenta-
tion. Kollmann, for instance, stimulated organoids and
Caco-2 cells with a mixture of TNF«, IFN-y, and IL-1f3
[46]. The findings indicated that organoids outperformed
the Caco-2 cell line, displaying a heightened sensitivity to
inflammatory stimuli. They exhibited responses involv-
ing loss of cell—cell adhesion, redistribution of junctional
proteins, compromised barrier function, and ultimately,
epithelial cell death processes. Additionally, He leveraged

the diverse cell types present in organoids and discov-
ered that IL-22 does not directly control the regenerative
capacity of crypt base stem cells but rather increases the
number of Paneth cells [47]. Furthermore, Chiriac and
colleagues, using organoids derived from IBD patients,
identified that IL-20 could regulate the resolution of
experimental colitis by modulating epithelial IEN/STAT2
signaling. They also targeted the uPA-uPAR interaction
to enhance intestinal epithelial barrier integrity in IBD.
These experiments underscore the capability of orga-
noids derived from IBD patients to faithfully mimic the
intestinal epithelium of IBD patients, thereby advancing
research in the field of IBD [48, 49].

CRC is the fourth most lethal cancer in the world, kill-
ing nearly 900,000 people every year [50]. However, CRC
still faces challenges in clinical treatment, most likely due
to the lack of suitable models.

Numerous studies have demonstrated that CRC orga-
noids retain the histopathological structure of their par-
ent tumors, making them ideal models for studying



Xiang et al. Stem Cell Research & Therapy (2024) 15:155

cancer initiation, tumor invasion, and metastasis pro-
cesses [51, 52]. Plattner, through the establishment of a
sample library from CRC patients, conducted functional
and spatial proteomic analyses, revealing intracellular
and intercellular signal crosstalk in CRC [53]. Onco-
genic mutations and microenvironmental signals regulate
tumor cell fate. To comprehensively map how intracel-
lular and extracellular signals jointly regulate cell fate,
Qin conducted systematic single-cell analysis on 1107
colon organoids. It was found that oncogenic mutations
dominate homeostatic differentiation by obstructing
cell-extrinsic regulation of cell-fate plasticity [54]. Fur-
thermore, human CRC organoids cultured in vitro have
been shown to be transplantable in immunodeficient
mice, typically engrafted in the mouse flank or kidney
capsule, successfully recapitulating the tumor progres-
sion and metastasis processes [55, 56]. In 2020, a study
demonstrated the use of intestinal organoids for forward
genetic screening with a whole-genome CRISPR library
to identify genes about TGF-B-mediated altered mani-
festations in CRC [57]. PDOs can facilitate personalized
treatment strategies. For example, CRC patients exhibit
high genetic heterogeneity, and there are significant dif-
ferences in tumor microenvironmental cell populations,
which can impact the effectiveness of therapeutics. In a
recent study, Zapatero developed the “Trellis” approach
to characterize CRC-PDOs and cancer-associated fibro-
blasts (CAFs), shedding light on mechanisms of CRC
drug response or alterations in tumor microenviron-
mental cells [37]. In conclusion, the utilization of orga-
noid-based disease modeling and analytical methods is
gradually revolutionizing the research landscape in bio-
medicine, greatly accelerating progress in the study of
diseases.

The rapid development of intestinal organoid provided
a novel research platform for exploring the mechanisms
of microbial-epithelial interactions and assessing probi-
otics and health foods. The most commonly used method
for establishing co-culture models of organoids and
microorganisms is microinjection [58, 59].

Using organoids, researchers have been able to study
the complete processes of virus, bacteria, and eukary-
otic parasites adhesion, invasion, infection, and replica-
tion within epithelial cells. For instance, in 2015, a study
found that Salmonella enterica serovar Typhimurium
could invade the epithelial barrier of intestinal organoids
generated from human-induced pluripotent stem cells
(hiPSCs) [60]. Nickerson [61] confirmed that Shigella
flexneri effectively adhered to the cecum and colon in
human intestinal organoid-derived epithelial monolayer
model, with Typhi showing more efficient infection in the
cecum than the ileum. Traditional cell models and animal
models often cannot support the sustained and efficient
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replication of viruses, making organoids a significant
advancement in this field. Intestinal organoids support
viral infections, and post-differentiation, they express
mature cell types found in the villous epithelium, includ-
ing enterocytes, goblet cells, enteroendocrine cells, and
Paneth cells, which is important for determining the spe-
cific tropism of viral enterocytes. For example, Finkbeiner
and colleagues [62] used iPSC-derived human intesti-
nal organoids to demonstrate that they support rotavi-
rus replication. Ettayebi and colleagues [63] confirmed
that human norovirus could infect intestinal organoids,
selectively targeting enterocytes, which has important
implications for preventing norovirus transmission and
treating infections. Kolawole and colleagues [64] dem-
onstrated that human intestinal organoids sourced from
biopsies of different patients and intestinal regions could
be infected by human astrovirus, with VA1 infecting mul-
tiple cell types, including intestinal stem cells and mature
enterocytes. Brevini and colleagues [65] used intestinal
organoids to demonstrate that the Farnesoid X-Activated
Receptor (FXR) inhibitor ursodeoxycholic acid can pre-
vent SARS-CoV-2 infection by reducing Angiotensin
Converting Enzyme 2 (ACE2) expression.

Furthermore, the rapid development of intestinal orga-
noid chips has also opened new avenues for research
related to microbiome-based therapies, probiotics, and
health products [66]. The application of microfluidic
technology enables precise control of oxygen gradients,
growth factors, and fluid shear forces in the microenvi-
ronment of organoid chips, providing a more accurate
simulation of luminal structure [32]. By adjusting the
mechanical forces in the microenvironment of intestinal
organoid chips, Grassart discovered that peristalsis influ-
ences the invasion of Shigella flexneri [67]. Jalili-Firoozin-
ezhad used a microfluidic small intestine chip to control
and real-time assess physiologically relevant oxygen gra-
dients, offering unique insights into studying microbial
differences under aerobic and anaerobic conditions [68].
In conclusion, the rapid development of intestinal orga-
noid chips and their integration into microbial research
has significantly advanced our understanding of micro-
bial-epithelial interactions and holds great promise for
the development of novel therapies, probiotics, and
health products in the context of gastrointestinal health
and diseases.

Drug screening for intestinal organoids

Intestinal epithelial cells have the function of absorption
and metabolism about drugs, nutrients, and water [69,
70]. Prior to the emergence of organoids, cell lines and
animal models were the conventional platforms for drug
screening, but both had significant limitations.
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Primary intestinal cells can be isolated from human
intestinal samples and retain the genetic characteris-
tics and functions of their tissue of origin. They serve
as excellent in vitro models for studying the molecular
mechanisms of intestinal nutrition and gastrointestinal
hormone secretion [71]. However, this system has draw-
backs such as low reproducibility, short lifespan, and the
inability to establish cell-cell contacts, which limits its
applications.

Compared to primary cells, cell lines offer cost-effec-
tiveness and time efficiency. Cell lines like Caco-2, for
instance, are among the most commonly used platforms
for drug screening. These cells feature well-differentiated
brush borders on their apical surfaces, tight junctions,
and express typical small intestinal microvillar hydro-
lases and nutrient transporters, making them popular
in vitro models [72-74]. However, cell lines also have
many disadvantages. Firstly, cell lines have tighter inter-
cellular connections compared to human epithelial cells,
exhibit distinct transporter proteins, lack complex epi-
thelial cell functions and genetic characteristics, which
can restrict the detection of certain drugs [75-77]. Sec-
ondly, many cell lines are derived from tumors or have
undergone immortalization, making their gene expres-
sion profiling inconsistent with normal human intestinal
epithelium [78]. Finally, cell lines cannot replicate the sig-
nificant regional variations in the gastrointestinal tract.
For instance, the pH in the small intestine ranges from 5
to 7, while in the large intestine, it ranges from 6 to 7.5.
The small intestine primarily serves as the site for nutri-
ent digestion and absorption, whereas the large intestine
has a weaker nutrient transport capacity and primarily
absorbs water, vitamins, and inorganic salts [79-81].

Rodents, dogs, and monkeys have also been used
in drug metabolism studies. The metabolic processes,
multi-organ responses, and potential adverse reactions
of drugs in animals are important indicators for assess-
ing drug efficacy and safety, and hold significant signifi-
cance. However, as early as 1995, Kararli and colleagues
found anatomical, physiological, and biochemical differ-
ences between humans and these experimental animals
in the gastrointestinal tract [82]. For example, variations
in the pH, composition, and content of digestive fluids
can alter drug dissolution rates, solubility, and transport
mechanisms. The types and quantities of gastrointesti-
nal microbiota can also impact drug absorption via the
oral route [56, 83, 84]. Additionally, the use of animals for
drug screening and the assessment of efficacy and safety
comes with high time and economic costs, as well as ethi-
cal concerns, all of which hinder the application of ani-
mal models.

Organoids, as predictive models for drug testing, offer
unique advantages. If we conduct a PubMed search
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using the keywords “drug screening” and “organoid’, we
can observe an explosive growth in research literature
from 2012 to the present, with the majority of studies
focused on drug screening in the context of CRC. Orga-
noids can recapitulate the complexity of human tumors
and predict drug toxicity responses in normal organs.
Starting in 2015, researchers like Hans [52], Farin [85]
and Luo [86] established PDOs models (41, 30, and 33
cases, respectively), which accurately represent tumor
characteristics and can be used for high-throughput
drug screening. Cartry et al. based on the establishment
of 25 PDOs, screened 25 approved anticancer drugs.
Their clinical application based on drug testing results
showed a 75% sensitivity and specificity in predicting
responses [87]. Mao, leveraging eight CRC organoids,
developed a powerful organoid-based drug screening
system. They tested 335 approved small molecule drugs
and computationally predicted candidate drugs, suc-
cessfully screening out 34 candidate drugs with efficacy
against CRC organoids [88].

As research progressed, it was found that the 3D
spherical structure of organoids limits the access of
drugs and microorganisms to their lumens, thereby
affecting assessment of intestinal permeability or drug
absorption. Moreover, the presence of a relatively thick
extracellular matrix gel around organoids may restrict
the entry of drugs, nanoparticles, and microorganisms
[89]. The intersection of microfluidic technology and
organoid technology has given rise to intestinal chips,
which have provided a robust and reliable system for
drug screening. Intestinal chips technology can not
only simulate the absorption, metabolism, and barrier
functions of intestinal epithelial cells but also provide
a more realistic intestinal microenvironment, including
dynamic mechanical environments and oxygen gradi-
ents in the small intestine [90, 91]. For example, Kasen-
dra developed an adult duodenal chip that, compared to
common Caco-2 intestinal chips, can express CYP450
drug-metabolizing enzyme proteins and exhibits more
similar gene expression to human duodenal tissue [92].
Wu [93] developed a high-throughput screening tech-
nology using a superhydrophobic microwell array chip
(SMAR chip) for patient-derived tumor organoids,
reducing reagent and sample consumption by over ten-
fold. Kulkarni and colleagues [94] introduced a method
that combines organoids with intestinal chips. Orga-
noids are implanted into the top compartment of the
chip, while microvascular endothelial cells are inte-
grated into the bottom compartment of the chip. This
intestinal chip facilitates luminal exposure to Small
molecule drugs, bacteria and other substances, pro-
moting the research on intestinal microecology, intesti-
nal barrier and transport [94].
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Currently, a search on clinicaltrial.gov using the key-
word “organoid” has revealed 13 clinical trials related to
intestinal organoids after careful screening. As shown
in Table 1, we classify the tables in chronological order
and according to NCT numbers. Since 2017, clinical tri-
als utilizing organoids as models have been conducted in
the United States, China, France, and Germany. Among
these trials, seven have explicitly stated their use for drug
screening, while six are focused on disease modeling.
This demonstrates the growing recognition of the poten-
tial of intestinal organoids in advancing research and
clinical applications in the field of medicine. Companies

Table 1 Intestinal organoid models for drug testing in clinical trials
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specializing in microfluidic organs-on-chips/organoids-
on-chips, such as Emulate Inc®, Mimetas®, and Stemo-
niX®, have partnered with Johnson and Johnson, Roche,
Takeda, Merck, and the FDA to validate the efficacy of
their various products [95, 96]. Research and develop-
ment costs limit innovation and contribute to the high
prices of pharmaceuticals. Given that the development
cost for a single drug is approximately one billion US dol-
lars, the expenses associated with drug R&D and the risks
of clinical trial failures present significant challenges for
pharmaceutical companies [97]. It is under these circum-
stances that organ-on-a-chip technologies are endowed

Organoid model Objective Status Location Study start NCT number
Human intestinal organoid The influence of nutrient Recruiting University of Erlangen-Nurn- 2017-04-01  NCT03256266
antigens or therapeutic agents berg Medical School, Germany
observed based on small intes-
tinal human organoids
Human intestinal organoid These organoids will be used ~ Completed Duke University, USA 2017-09-05 NCT02888587
to study the biology of inner-
vated sensory epithelial cells
Human colorectal cancer Drug screening of patient- Recruiting Chongging University Cancer ~ 2020-01-01  NCT05304741
organoid derived organoids Hospital, China
from advanced/recurrent/
metastatic colorectal cancer
culture
Human gut organoid Gut inflammation and gut- Active, not recruiting  University of Florida, USA 2021-03-05 NCT04497727
gut microbiome interactions
in the pathogenesis of hyper-
tension
Human colorectal cancer Tumor immune microenviron-  Not yet recruiting University Hospital, Grenoble, ~ 2021-09-30  NCT05038358
organoid ment involvement in colorectal France
cancer chemoresistance
mechanisms
Human colorectal organoid Explore the consistency Recruiting Changhai Hospital, China 2022-01-01  NCT05183425
of drug sensitivity between pri-
mary colorectal cancer
and liver metastases
Human colorectal cancer Tumor tissue sampling Recruiting University Hospital, Akershus, ~ 2022-03-28  NCT05401318
organoid for organoid development USA
Human intestinal organoid Generate a biocollection of 3D Recruiting Rennes University Hospital, 2022-09-06 NCT05294107
intestinal models from diges- France
tive biopsies
Human intestinal organoid Intestinal irradiation Recruiting Institut National de la Santé 2022-09-19  NCT05425901
and inflammatory bowel dis- Et de la Recherche Médicale,
ease from organoids biopsy France
Human gastro-intestinal cancer  Establishment of organoid Recruiting Technische Universitdt Dres- 2022-12-08 NCT05652348
organoid cultures and in vitro sensitivity den, Germany
testing
Human colorectal cancer Molecular Profiling & drug test-  Not yet recruiting Wuhan Union Hospital, China ~ 2023-07-01  NCT05883683
organoid ing in tumor organoids
Human colorectal cancer Chemotherapy based Recruiting Nanfang Hospital, Southern 2023-05-01 NCT05832398
organoid on organoid for colorectal Medical University, China
cancer patient-derived tumor
organoid drug sensitivity
Human colorectal cancer Using organoids for colorectal ~ Recruiting China Medical University, China  2023-10-17  NCT06100016

organoid cancer drug sensitivity testing
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with the mission to innovate and redesign R&D pro-
cesses, reduce costs, and potentially save lives [96]. Before
intestinal organoids can be widely applied in the clinic,
several key issues need to be emphasized: (1) Standardi-
zation and reproducibility of models. Variations exist in
cell cytokine concentrations, activity, and Matrigel den-
sity during the culturing process; (2) Scaling up and auto-
mation of drug screening. Utilization of biotechnological
approaches to construct cell chips and microfluidic tech-
nologies for ease of use; (3) Accuracy of disease models
in organoid systems. Establishing multicellular organoid
systems with more intestinal functionality remains chal-
lenging; (4) Ethical and regulatory concerns. While ethi-
cal issues surrounding organoids are relatively minor,
organoids constructed from patient tissues still retain the
genetic information of the patients, necessitating clear
ethical guidelines. Collaborative efforts from clinicians,
pharmacologists, bioengineering laboratories, and regu-
latory bodies are essential to translate laboratory achieve-
ments into clinical applications [98].

In summary, human intestinal organoids exhibit char-
acteristics that are closer to the complexity of the intes-
tinal system compared to cell lines and primary cells.
Compared with animal models, they have cost-effective-
ness, time efficiency, and reduced ethical concerns.

The status and challenges of intestinal organoids
transplantation

Mounting evidence suggests that the intestinal epithe-
lium plays a role in promoting host-microbe interactions,
controlling mucosal immunity, coordinating nutrient
cycling, and forming a mucosal barrier. Its repeated dam-
age and repair are crucial in the pathogenesis of diseases
such as primary sclerosing cholangitis (PSC), IBD, and
celiac disease [99, 100]. For instance, bacterial translo-
cation and T-cell immune responses can cause human
colonic organoid epithelial damage, thereby promoting
PSC disease progression [101, 102]. Besides, high expres-
sion of inflammatory factors such as IL-17A, IFN-y, and
TNF-a can promote apoptosis and necroptosis of intes-
tinal epithelial cells [103, 104]. There is a long-term cycle
of destruction and repair in the intestinal mucosal epi-
thelium of IBD patients, which can cause chronic and
recurrent inflammatory infiltration in the intestine and
weaken the intestinal barrier function [105, 106]. Intesti-
nal organoid transplantation to restore damaged intesti-
nal epithelium offers a new treatment option for patients
suffering from these diseases.

Organoid technology has enabled us to deepen our
understanding of the function and structure of intes-
tinal epithelial cells, thereby promoting the advance-
ment of regenerative medicine. Since 2012, Shiro et al.
have first depicted a serum-free expansion method for

Page 9 of 17

Lgr5™ colonic stem cells and repaired the intestinal epi-
thelium of Rag2™~ mice under dextran sulfate sodium
(DSS) stimulation [107]. Currently, researchers are study-
ing how to use natural intestinal submucosal tissue as a
scaffold for direct organoid transplantation for diseases
such as refractory UC. Nakanishi et al. [108] found that
human induced pluripotent stem cell-derived intestinal
organoids expressing intestinal-specific markers could
be transplanted into the kidney capsule of mice, but not
directly into the damaged intestines of mice. In the same
year, to improve the intestinal epithelium in patients with
UC, Satoshi and colleagues performed in situ transplan-
tation of epithelial organoids into the colons of recipient
mice through the anus, achieving repair of the intestinal
epithelium in UC model mice [109]. Watanabe et al. [110]
transplanted organoids derived from sulfur-rich mucin
regions into the damaged recipient epithelial cells in mice
with DSS-induced colitis. They discovered the transmis-
sibility of sulfomucins in disease-related transplant mod-
els, contributing to the treatment of refractory UC [110].
SBS is a clinical syndrome resulting from intestinal resec-
tion due to reasons such as Crohn’s disease, mesenteric
ischemia, and surgical complications. Likewise, SBS lacks
effective treatment methods. In 2021, Sato et al. found
that transplanting ileal organoids into the colon of SBS
rats can generate Small intestinalized colon (SIC) [111].
SIC can perform small intestine functions, reshape lym-
phatic vessel structures, and maintain muscular tissue
regulated by nerve circuits and autonomous nervous
control [38].

Another approach involves using decellularized scaf-
folds, animal/human matrices combined with intesti-
nal organoids to create tissue engineered small intestine
(TESI) [112]. In the past decade, in order to form more
mature intestinal epithelia, good villi and crypts in TESI,
researchers have conducted extensive studies. For exam-
ple, they developed various biodegradable tissue scaffolds
(PGA, PLLA, PCL) [113]; improved the sources of inter-
scaffold matrices, ranging from rodent, hiPSC to human
tissue-derived cells [114—116]; and enhanced TESI stem
cell niches, intestinal villus height, and the propor-
tion of proliferating epithelial cells in crypts through
rhRSPO1 treatment, or overexpressing Fgfl0 [117,
118]. Liu et al. compared TESI constructed from fetal
mice, 5-day-old mice, 21-day-old mice, and 6-week-old
adult rats as donors, and found that TESI derived from
5-day-old mice had the highest proliferative potential
[119]. In 2021, Meran et al. constructed functional TESI
using human jejunal organoids, jejunal fibroblasts, and
HUVECS, a highly relevant step towards clinical transla-
tion [116]. However, current studies still face challenges
in fully restoring neuromuscular functions and complete
vascularization in TESIL
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These studies all indicate the broad prospects of intes-
tinal organoid for regenerative medicine. Here, we have
summarized the intestinal organoid transplantation
research available to date. As shown in Table 2, we clas-
sified the included studies according to the different
sources of organoids used for transplantation and sorted
them in chronological order. We excerpted the repre-
sentative literature on intestinal organoid transplanta-
tion from 2006 to 2023. The hot research countries are
the United States and Japan. Most researchers use the
NSG IL2Rg-null mice model, and the main methods of
intestinal organoid transplantation are to instill into the
renal capsule through laparotomy or to instill into the
colon and seal the anus. In addition, most of these stud-
ies aimed to study colonization of organoid. In summary,
a considerable amount of research has been conducted
on intestinal organoid derived from humans and mice,
which has verified the effectiveness and safety of intes-
tinal organoid transplants. In July 2022, a Japanese
research team conducted the first autologous transplant
using intestinal organoid cultured from healthy intestinal
mucosal stem cells of a UC patient. This marks the true
clinical application of intestinal organoid and represents
another new milestone in the clinical use of intestinal
organoid.

Future prospects and conclusions

The discussed content highlights significant advance-
ments of organoids in disease modeling, drug screen-
ing, and regenerative medicine, assessing the differences,
strengths, and weaknesses of organoids and engineered
organoids compared to primary cells, cell lines, and ani-
mals. Considering that the appropriate applications,
advantages, and disadvantages of each model have been
articulated in three separate sections, further elaboration
here is omitted. We have categorized the models based
on their differences and summarized their suitable appli-
cations, strengths, and weaknesses in Table 3. Further-
more, we will address some key challenges and potential
directions for improvement in these fields.

In the field of modeling intestinal diseases, iPSC-
derived intestinal organoids have made it possible to
simulate intestinal development and healthy homeosta-
sis. PDOs accurately reflect the genetic heterogeneity
and regional characteristics of diseases such as celiac
disease [120], IBD [47], and CRC [121]. Additionally,
intestinal organoids hold immense promise for study-
ing the interactions between the intestinal tract and
the microbiome (bacteria, viruses, etc.) [122]. In this
field, it is important to note that the major limitation
of organoids is their inability to replicate the intercel-
lular and interorgan communication and exchange of
substances. The integration of advanced technologies
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such as microfluidic systems, biomimetic scaffolds, and
3D printing is expected to facilitate the construction of
biomimetic intestinal models [112, 123, 124]. Incorpo-
rating mesenchymal, vascular, neural, and epithelial tis-
sues will bring these models closer to mimicking in vivo
intestinal tissues. Furthermore, future challenges are
anticipated to include finding a balance between stand-
ardization, repeatability, and reliability of organoids.

In the field of drug screening, the emergence of
organoids has significantly alleviated the slow pace of
drug development and resource wastage caused by
the inability of traditional 2D cell and animal models
to accurately predict human clinical trial outcomes.
Multiple studies have confirmed the successful appli-
cation of potential cancer chemotherapy drugs to clini-
cal patients through organoid models, demonstrating
the high predictability of organoids in simulating drug
responses in the human system. The emergence of
cutting-edge technologies such as 3D bioprinting or
microfluidic chips raises the prospect of closely mim-
icking the tumor microenvironment [125]. However,
it is important to note that current research often
focuses on combinations of epithelial cells or fibro-
blasts. Vascularization, immunization, and multi-organ
chips that link multiple organ modules (similar to the
human body) appear to be better models for studying
drug transport and metabolism [126, 127]. Addition-
ally, the integration of Al technologies to construct rel-
evant candidate drug libraries and analytical methods
is expected to greatly enhance the efficiency of high-
throughput drug screening [128, 129].

According to regenerative medicine, human organoids
have the potential to be transplanted into immunodefi-
cient mice with damaged intestines, becoming a poten-
tial source of transplantable tissues [130, 131]. Currently,
there are two main methods for transplantation: direct
transplantation of organoids and the construction of
tissue-engineered small intestines, both of which can
effectively repair damaged intestines [39, 111]. However,
reconstructing the entire small intestine, including its
complex lymphatic vascular system, remains challenging.
Furthermore, while most studies report no tumor growth
after the transplantation of tissue-derived organoids,
ethical concerns related to human embryonic stem cell-
derived organoids and the potential carcinogenicity of
iPSCs must also be considered [132, 133].

To conclude, the development of organoids provides an
unprecedented tool for human to study diseases. Intesti-
nal organoids have already played a solid role in disease
models, drug screening models, and regenerative medi-
cine. By combining microfluidic technology, innovative
biological support materials, and automated detection
methods, we have more faithful that organoid technology
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Table 3 Characteristics of different intestinal models
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Model

Representative type

Purpose

Advantages

Limitations References

Immortalized intestinal
cell lines

Primary intestinal cells

Caco-2; HT-29; SW-480
IEC-6; IEC-18; IEC-17

Small intestinal epithelial
cells; intestinal glial cells;
colon lamina propria

(1) Disease model

(1) Disease model
(2) Regenerative medi-
cine

(1) Low cost

(2) Less establishment
time

3) No ethics issue

(1) Complexity

(2) Genetically modified
(3) Multicellular com-
munication

[10, 149, 150]

immune cells; colon
epithelial cells

Intestinal organoids Colon organoids; ileal (1) Disease model
organoids; rectal orga- (2) Drug research
noids (3) Regenerative medi-

cine

Bioengineered intestinal  Intestine-chip; multi- Disease model

(
organoids organ chip; tissue (2) Drug research
engineered intestine 3
cine
Animal* DSS-fed mouse; TNBS-fed Disease model

(1
mouse; rats after partial 2
colectomy; PDX model

Drug research

n
)
)
) Regenerative medi-
n
)
)

(
(1) Low cost (1) Complex procedure [71,151]
(2) Genetic characteristics  (2) Amplification and pas-
(3) No ethics issue sage
(3) Multicellular com-
munication

(1) 3D morphology
(2) Genetic characteristics
(3) No ethics issue

(1) Complex procedure
(2) Moderate cost

[47,109, 152]

(1) Complexity (1) Complex setup [153,154]
(2) High throughput (2) Reproducibility

(3) No ethics issue (3) Moderate cost

(1) Complexity (1) High cost [155-157]
(2) Multicellular com- (2) Ethics issue

munication (3) Low throughput

DSS dextran sulfate sodium, TNBS 2,4,6-trinitrobenzene sulfonic acid, PDX Patient-derived tumor xenograft

*Considering the current status of research, the animal model here refers to rodents

will greatly accelerate the drug discovery for intestinal
diseases and the innovation of treatment methods.

Abbreviations

ACE2 Angiotensin converting enzyme 2

ASBT Apical sodium-dependent bile acid transporter
CAFs Cancer-associated fibroblasts

CRC Colorectal cancer

DSS Dextran sulfate sodium

FXR Farnesoid X-activated receptor

hiPSCs Human-induced pluripotent stem cells

IBD Inflammatory bowel disease

OSTB Basolateral organic solute transporter beta subunit
PSC Primary sclerosing cholangitis

PDOs Patient-derived organoids

SMAR chip  Superhydrophobic microwell array chip

SBS Short bowel syndrome

SIC Small intestinalized colon

TESI Tissue engineered small intestine

uc Ulcerative colitis
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