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Abstract
To accurately reveal the scenario and mecahnism of gastrointestinal diseases, the establishment of in vitro models of intes-
tinal diseases and drug screening platforms have become the focus of attention. Over the past few decades, animal models 
and immortalized cell lines have provided valuable but limited insights into gastrointestinal research. In recent years, 
the development of intestinal organoid culture system has revolutionized in vitro studies of intestinal diseases. Intestinal 
organoids are derived from self-renewal and self-organization intestinal stem cells (ISCs), which can replicate the genetic 
characteristics, functions, and structures of the original tissues. Consequently, they provide new stragety for studying vari-
ous intestinal diseases in vitro. In the review, we will discuss the culture techniques of intestinal organoids and describe the 
use of intestinal organoids as research tools for intestinal diseases. The role of intestinal epithelial cells (IECs) played in the 
pathogenesis of inflammatory bowel diseases (IBD) and the treatment of intestinal epithelial dysfunction will be highlighted. 
Besides, we review the current knowledge on using intestinal organoids as models to study the pathogenesis of IBD caused 
by epithelial dysfunction and to develop new therapeutic approaches. Finally, we shed light on the current challenges of 
using intestinal organoids as in vitro models.
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Introduction

In the human body, the gut is one of the most complicated 
organs. Different research models have been developed to 
understand intestinal development and disease. Digestion 
and absorption of nutrients are the main functions of the gut. 
The gut lumen is surrounded by a single layer of epithelium, 
which forms a selective barrier to prevent entering of intra-
mural pathogens into the lumen. When IECs are damaged 
and intestinal function is disrupted, it may lead to diseases 
[1]. However, intestinal disease research relies primarily on 
animal studies, which tend to be low-throughput and could 

not fully refelect physiologic setting of desease. Therefore, 
in vitro culture of human intestinal tissue offers a new hope 
for modeling human intestinal diseases.

In recent years, the development of 3D culture systems 
using stem cells (also called "organoids") has generated 
widespread utilization of organoids as models for intestinal 
disease research. Organoids are stem cell-originated and 
self-organized 3D clusters that have the ability to self-renew 
and spatially organize. Organoids can mimic the structure 
and functionality of the originating organ and display the 
same key features as those that occur in vivo, including tis-
sue architecture, cellular function, and genetic signature 
[2–5]. Organoids in 3D culture mode can reach the level of 
microorgans, and can be combined with cutting-edge tech-
nologies such as single-cell sequencing (scRNA-seq) [6, 7], 
gene editing [8, 9] and microfluidic organ-chips [10], dem-
onstrating high potency in various medical research fields. 
These properties make 3D organoid culture widely employed 
in the research on disease model construction [3, 11, 12], 
therapeutic development [13–15], drug screening and toxic-
ity testing [16, 17] and biomolecule delivery [18, 19]. Mul-
tiple organoid culture platforms have now been developed 
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for different organs, including the intestine [20], brain [21], 
liver [22], kidney [23], etc.

Intestinal organoids have the ability to replicate the char-
acteristics and cell types of the native intestinal epithelium 
[24, 25]. Since the first culture system of mouse small intes-
tinal organoids was generated in 2009 [24], intestinal orga-
noids have been widely applied to the research of a series 
of diseases, including cystic fibrosis [26], Crohn's disease 
[27], intestinal cancer [28], etc. In this review, Firstly, we 
outline pluripotent stem cells (PSCs) and adult stem cells 
(ASCs)-derived intestinal organoid culture systems and their 
application in intestinal diseases. A focus is placed on the 
role of intestinal epithelial dysfunction in the pathogenesis 
of IBD and current associated treatment method. Secondly, 
we elucidated the use of intestinal organoids to construct 
IBD models and develop new therapeutic methods. Finally, 
the challenges in using intestinal organoids as models are 
described.

Culture Systems of Intestinal Organoids

​ The type of intestinal organoids can be divided into two 
groups: (1) PSCs, including embryonic stem cells (ESCs) or 
induced pluripotent stem cells (iPSCs) [29], and (2) organ-
specific ASCs [30]. Intestinal organoids show all the features 
of the original intestine in terms of genetic signature and 
cell type composition [24, 31]. Intestinal organoids are cul-
tured in a unique serum-free and mesenchymal-free growth 
medium, which requires extracellular supporting substrates 
and large amounts of additional growth factors. The extra-
cellular matrix (ECM) provides stem cells with tissue 
integrity and elastic support while transmitting biochemi-
cal cues required for regulating cell adhesion, migration, 
proliferation and differentiation [32]. The key ingredients 
of the WENR medium commonly used in intestinal orga-
noid culture include: the WNT signaling pathway agonist 
R-spondin1, epidermal growth factor (EGF) as facilitating 
the mitosis of stem cells, and Noggin to hold up bone mor-
phogenetic protein (BMP) activity [33]. The growth and 
development of intestinal organoids are critically dependent 
on the WENR medium that replicate the signaling pathways 
in vivo stem cell niche [34, 35]. Furthermore, mouse colon 
organoid growth requires Wnt-3A, while human intesti-
nal organoid growth requires extra gastrin, nicotinamide, 
N-acetyl-L-cysteine, the transforming growth factor recep-
tor type I (TGF-βR1) inhibitor A 83–01 and p38 mitogen-
activated kinase (MAPK) inhibitor SB202190 [5, 36, 37]. 
After SB202190 was found to prevent the differentiation of 
secretory cell lineages in human intestinal organoid culture, 
insulin-like growth factor 1 (IGF1) and fibroblast growth 
factor 2 (FGF2) were added to replace this inhibitor [38]. 
This modification promotes simultaneous multi-lineage 

differentiation and self-renewal of human intestinal orga-
noids. The percentages of various IEC types in the intestinal 
organoids are almost comparable with the types in vivo. For 
a better understanding the function of each cell type, indi-
vidual culture condition has been established that favor the 
generation of each one [39]. Although many studies have 
reported the composition of intestinal organoid culture 
medium [37, 40, 41], it is constantly optimized according 
to different schemes to reach the desired result.

ASC‑derived Intestinal Organoids

ASC-derived intestinal organoids are acquired by collecting 
crypts or single Leu-rich repeat-containing G protein-coupled 
receptor 5 (Lgr5)-positive ISCs (Fig. 1a) and their 3D cultures 
are grown in the presence of growth factors (R-spondin-1, 
EGF, Noggin) and laminin-rich Matrigel [42]. Within days, 
the crypt forms a cysts-like spheroids with a central lumen. 
Subsequently, it continues to grow into a budding structures 
and develops into a crypt-villus structure within 1–2 weeks. 
ISCs and Paneth cells exist at the bottom of the crypt. The 
villus domain contains secretory goblet cells, enteroendocrine 
cells (EECs), and absorptive enterocytes [24]. The resulting 
3D organoids exhibit normal polarization, with microvilli 
in the intestinal epithelium facing the central lumen and the 
basolateral side facing outwards [43]. These organoids are so 
stable that they can be passed every 5–7 days, allowing long-
term culture while maintaining genetic stability.. Interestingly, 
organoids can arise from any part of the gut and retain the 
regional identity to their tissues of origin [44]. These orga-
noids can be produced directly human intestinal isolated 
biopsy specimens and are easy to obtain, which may provide 
a promising research model for patient-specific therapy and 
the development of personalized medicine.

PSC‑derived Intestinal Organoids

Another exciting method of organoid technology is to 
generate 3D intestinal organoids from iPSCs and ESCs 
(Fig. 1b). Spence et al. were the first research group to set 
up human intestinal organoids (HIOs) from iPSC using 
continuous manipulations of growth factors that mimic 
embryonic gut development [45]. There are two major 
differences between PSC-derived organoids and ASC-
organoids: (i) Undifferentiated PSCs can generalize the 
process of intestinal development, and (ii) differentia-
tion of both the epithelial and submucosal tissues can be 
theoretically possible. PSC-derived HIOs are produced 
by guiding differentiation protocols that mimic intesti-
nal developmental processes in vivo [45, 46]. Initially, 
2D cultures of FOXA2+SOX17+ endoderm differentiated 
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from PSCs needs addition of activin A, a multifunctional 
cytokine of the TGF-β family. After endoderm formation, 
PSCs are induced to differentiate into CDX2+ midgut and 
hindgut tissues by adding FGF4 and Wnt3a. After four 
days, gut tube spheroids are formed by polarized columnar 
epithelium with villus-like structures and crypt-like areas 
surrounded by mesenchymal cells. During this patterning 
step, these 3D spheroids are further cultured in Matrigel 
along with tissue-specific growth factors. They can expand 
and differentiate into HIOs, which have mesenchymal cells 
and all major types of epithelial cells [43, 47]. HIOs has 
a phenotype similar to fetal gut, but lacks regional speci-
ficity in ASC-derived organoids [48]. The combination 
of IECs and mesenchymal cells in HIOs is closer to the 
original intestinal, which plays an crucial role in epithe-
lial function [49]. These intestinal organoids have already 
been applied to research areas such as disease modeling 
and drug development.

Applications of Intestinal Organoids 
in the Study of Intestinal Diseases

At present, human normal and cancer-derived intesti-
nal epithelial cell lines are only one dimention of cell 
type, which cannot fully refect the diversity of intestinal 
epithelial cell types. Although animal models provide 
a wide range of systemic responses, the gaps between 
animal models and human diseases may exist and could 
be one of the key factors leading to clinical trials fail-
ures [50]. In contrast, differentiated organoids possesse 
crypt-villus structures and major IECs types (ISCs, 
Paneth cells, goblet cells, EECs, enterocytes, transit-
amplifying cells, tuft cells, and microfold cells) [24]. 
Besides, polarized intestinal organoids retain functional 
characteristics such as absorption of nutrients and work-
ing as epithelial barriers and can remain stable in vitro 
for long periods without genetic or physiological changes 

Fig. 1   An overview of current approaches to develop intestinal organoids in vitro. a Adult stem cell-derived organoids; b Pluripotent stem cell- 
or embryonic stem cell-derived organoids
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[51, 52]. Therefore, intestinal organoids can overcome 
the limitations of animal models and immortalized cell 
lines and become reliable in vitro tools to reflect various 
intestinal physiological states and diseases.

Application of Intestinal Organoids 
in Regenerative Medicine

Organ transplantation and repair are promising new treat-
ments for human bowel diseases in recent years (Fig. 2a). 
Yui et al. first described the ability of orgaoids to regener-
ate the colonic epithelium when mouse colonic epithelium 
organoids were transplanted into host animals [39]. They 
transferred cultured postive GFP colon organoids into osten-
sibly impaired mouse colon. The grafted donor cells attach 
to the damaged tissue, after 4 weeks, they rebuild well epi-
thelial tissue and formed a self-renewal crypts of normal 
function and histology. Watson et al. [53] first constructed 
an in vivo HIOs engraftment model to assess the role of 
in vivo environment in the development and maturation of 
HIOs. HIOs derived from hPSCs were transplanted into the 
the kidney capsule of immunocompromised mice. After 
transplantation, intestinal morphology with mucus-filled 
lumen and well-developed sheets of villi were observed, 
and each villi had its own central capillary network, dem-
onstrating tissue regeneration. Furthermore, the transplanted 

HIOs epithelium showed peptide uptake and permeability, 
confirming the existence of digestive functions [53, 54]. 
This indicated that although HIOs exhibited fetal intestinal 
phenotypes early in vitro, HIOs could be transformed into 
more mature IEC after transplantation in vivo. In addition, 
the following studies demonstrate that HIOs developed into 
almost the same tissue as adult intestinal tissue and pro-
mote colonic wound repair when they were inoculated onto 
synthetic polyglycolic/poly-L-lactic acid scaffolds and 
then implanted into the the abdomen of mice [55] or when 
directly delivered to mechanically induced colonic mucosal 
wounds using hydrogel as an injection vehicle [56]. To fur-
ther diversify the HIOs culture system, Workman et al. [57] 
utilized a tissue engineering approach to add hPSC-derived 
neural crest cells (NCCs) components to HIOs to generate 
human intestinal tissue containing functional enteric nervous 
system (ENS). This integration offers significant promise 
for the generation of tissue-engineered intestines contain-
ing ENS that controls intestinal motility. Tsai et al. [58] 
used human ESC-derived intestinal organoids to reveal the 
machine-processed that regulate regional specificity. They 
controlled gene expression patterns in specific regions 
by manipulating the time of exposure to active FGF and 
WNT signals. Short-term exposure produce duodenal-like 
organoids, while longer exposure produces ileal organoids. 
The resulting organoids retain their regional characteris-
tics when cultured in vitro or transplanted in vivo.​ Short 

Fig. 2   Multiple applications of 
intestinal organoid. a Applica-
tion of intestinal organoids in 
regenerative medicine; b Appli-
cation of intestinal organoids in 
drug screening; c Application of 
intestinal organoids in genetic 
engineering; d Application of 
intestinal organoids in host-
microbial interactions
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bowel syndrome (SBS) is a clinical syndrome caused by 
the decrease of small intestine absorption area due to dif-
ferent reasons. Sugimoto et al. [59] produced functional 
small intestinalized colon (SIC) by taking the place of 
colon epithelium with small intestinal epithelium through 
organotransplantation. Transplanting it into SBS rat models 
ameliorated intestinal failure. It was also confirmed that the 
graft was a functional small intestine with with absorption. 
This organ remodeling method provides a feasible strategy 
for SBS treatment. Overall, this area of research makes it 
possible to use intestinal organoids as a source of regen-
erative medicine. With further translational research, HIOs 
may have the potential to be used for repairing damaged 
intestines or compensating for the loss of human intestinal 
function.

Application of Intestinal Organoids in Drug 
Screening

During the development of drugs for intestinal diseases, 
intestinal organoids retain the physiological and pathological 
features of human intestinal segments, which can be applied 
to a high-throughput drug screening platform to more accu-
rately predict human drug reactions (Fig. 2b). A recent study 
described robust and repeatable monolayer growth condi-
tions for enteroid monolayers with complete secretion and 
absorption. A high-throughput compound screening plat-
form was established by miniaturizing it into 96 well plates, 
and phenotypic screening of approximately 2000 drug 
candidates was successfully performed [60]. Furthermore, 
some researchers have developed a series of high-throughput 
screening platforms using intestinal organoids. Du et al. [61] 
established a high-density plate organoid screening system 
using genetically engineered human colon organoids and 
demonstrated that the system has stable properties for high 
throughput primary compound screening. Norkin et al. [62] 
developed a high-throughput, high-content drug discovery 
system, targeted organoid sequencing (TORNADO-seq). 
The platform can be used to identify small molecule drugs 
that induce differentiation between normal and cancer cells 
in the gut. This approach could not only discover drugs, 
but also measure gene expression profiles to further eluci-
date the underlying biological mechanisms. Hirokawa et al. 
established a low viscosity matrix (LVM) suspension cul-
ture platform to produce organoids and tumoroids, which 
are compatible with engineered bioreactors and can be used 
to establish biobanks and perform high throughput tumor-
oid drug sensitivity testing [63]. Researchers have devel-
oped a colorectal cancer patient-derived organoids culture 
system that faithfully recapitulate the genetic changes in 
cancer samples [64]. In addition, the tumor organoids can 
better mimic the tumor response to drug stimuli and can 

detect correlations between cancer genomics and anti-cancer 
drugs through high-throughput drug screening [65]. There-
fore, organoids can be used as a system for high-throughput 
searching for new drugs and personalizing precision therapy.

Application of Intestinal Organoids 
in Genetic Engineering

Using intestinal organoid models, the relationship between 
the genotype of interest and the disease phenotype can be 
explored (Fig. 2c). Based on gene delivery methods such as 
lipofection, DNA electroporation and recombinant lentivirus 
transduction, gene knock down, knockout, knockin or over-
expression can be performed in intestinal organoids [66]. 
Studies have shown that CRISPR-Cas9 system was used to 
modify the intestinal organoid genome to correct the cystic 
fibrosis transmembrane conductance regulator (CFTR) 
locus and repair its function [67]. An organoid culture com-
bined with CRISPR-Cas9 genome editing offers a new way 
to study to study normal and cancer stem cells. Organoids 
derived from normal tissue can also model cancer. In one 
study, the most commonly mutated genes in colorectal can-
cer (i.e., APC, TP53, SMAD4, KRAS and PIK3CA) were 
introduced by CRISPR/Cas9 into normal intestinal epithe-
lium to obtain genetically mutated organoids. Transplanta-
tion of them into the subperitoneum of the mouse kidney 
resulted in tumor formation. Compared with other colon 
cancer models, this model can be better mimic the situation 
of tumor formation in patients [68]. Therefore, the model 
may provide new hope for studying colon cancer progression 
and discovering anti-cancer drugs.

Application of Intestinal Organoids 
in Host‑microbial Interactions

The human gut is ceaselessly challenged by microorgan-
isms and toxins. It is very complex to explore the interac-
tion between microorganisms and the gut epithelium or 
the destruction of gut epithelium by toxins in vivo. Orga-
noids, by contrast, can be much more easily manipulated. 
Therefore, intestinal organoids are widely used to explore 
the mechanisms of epithelial cell destruction caused by 
microorganisms or toxins (Fig. 2d). By co-culturing orga-
noids with microorganisms or injecting microorganisms into 
organoids, a model system has been established to study 
how microorganisms adhere to and invade the intestinal 
epithelium. Human norovirus (Hunov) and rotavirus are 
the most common pathogens causing acute gastroenteritis 
worldwide. Currently, intestinal organoids have been suc-
cessfully appiled to construct disease models of norovirus 
and rotavirus infection in vitro [69, 70]. These systems 
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can promote the development of new diagnostics and, vac-
cines for specific viral pathogens. Other bacterial patho-
gens can also cause gastrointestinal illness and diarrhea, 
such as Salmonella enterica and Clostridium difficile. By 
microinjecting bacterial pathogens into iPSCs or ASCs-
derived intestinal organoids to establish the infection, these 
models can be used to study the interactions between host 
IECs and microorganisms [71, 72]. These researches may 
contribute to explain the pathophysiology of infectious dis-
eases and provide new targets for the development of other 
therapeutic pharmaceutical in the future. Although injecting 
microorganisms into 3D organoids can study physiological 
responses in epithelial cells, the technique remains challeng-
ing. In recent years, 2D organoid culture system has made it 
more convenient to study the interaction between IECs and 
microorganisms and to observe the physiological changes 
of epithelial cells [73].

The Pressing Need of Intestinal Organoid 
Models in the IBD Research

IBD is the result of a combination of genetic variations, 
immune, microbial alterations, and environmental factors [74]. 
In healthy individuals, intestinal homeostasis is guaranteed 

by a complicated system called the "intestinal barrier". The 
intestinal epithelium forms a mechanical barrier, with its apex 
exposed to the lumen microorganisms and environmental fac-
tors, and its base acting on immune cells in the lamina pro-
pria to regulate antigen transport (Fig. 3a). However, in IBDs, 
interference from the intestinal microbiome and breakdown 
of the intestinal epithelial barrier allow pathogens to invade 
IECs (Fig. 3b). Further, anomalous immune responses to anti-
gens of the intestinal contents result in persistent inflamma-
tory states [75]. Thus, the intestinal epithelium is located at 
the crossroads of four factors in the pathogenesis of IBD. In 
addition, several recent GWASs studies on the pathogenesis of 
IBD have identified some IBD susceptibility genes related to 
epithelial barrier functions [76]. Thus, these studies indicate 
that barrier dysfunction of the intestinal epithelium is one of 
the critical factors promoting the pathogenesis of IBD.

The Role of Intestinal Epithelial Dysfunction 
in the Pathogenesis of IBD and the Current 
Treatment

As a mechanical barrier, IEC is tightly arranged through 
cell junctions, which consist of tight junctions(TJs), 
gap junctions(GJs), adhesion junctions(AJs) and 

Fig. 3   The epithelial barrier system. a Normal epithelial barrier; b Inflammatory bowel disease (IBD) epithelial barrier
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desmosomes(DMs). Polymorphism of some IBD suscep-
tible genes adjust the expression and assembly of TJs and 
AJs, and increase the permeability of IECs. This would 
promote connections between antigens, luminal microbes, 
and the host immune system [77]. In order to ensure the 
continuity of the epithelial barrier after tissue damage, 
epithelial barrier is rapidly resealed by neighboring cells, 
and then the wound healing process is delayed. ISCs 
continue to differentiate and proliferated to form newly 
developed IECs [78]. At present, several drug candidates 
have been reported that target epithelial cell proliferation 
or TJ assembly to correct physical barrier dysfunction. 
For example, several growth factors, such as EGF, GLP-2 
analogue Teduglutide and recombinant HGF, can promote 
ISC proliferation and have potential effects on mucosal 
healing. Preliminary studies have shown that these growth 
factors are moderately effective in treating patients with 
IBD [79–81]. Additionally, one recent study has shown 
that activating the IL-22-STAT3 pathway enables cell pro-
liferation and increases the expression of secretion factors 
such as RegIIIβ, RegIIIγ or S100A9 to promote epithelial 
regeneration. Anti-TNFα therapy can play a therapeutic 
role in mucosal healing by inhibiting the expression of the 
endogenous IL-22 inhibitor IL-22BP [82, 83]. In addition, 
vitamin D deficiency may impair the mucosal barrier and 
increase the risk of IBD [84]; Estradiol regulated perme-
ability and TJ function, enhancing intestinal epithelial 
barrier function [85]; Metformin was shown to activate 
AMPK to promote TJ expression and assembly, which sig-
nificantly controlled the progression of colitis in mouse 
models of IBD [86].

In addition to forming a physical barrier between the 
lumen and the mucosa, IECs also act as a biochemical 
barrier. Goblet cells secrete and produce abundant highly 
glycosylated MUC2, which forms mucus matrix on the 
surface of intestinal epithelium to prevent the invasion 
of pathogens [87]. Goblet cell reduction is a common 
pathological characteristic of IBD. It has been shown 
that the mucous layer becomes thinner and the expression 
level of MUC2 is decreased due to goblet cell depletion 
in active UC patients [88]. In addition, Muc2-deficient 
mice developed spontaneous colitis, which emphasizes 
the significance of mucin production by goblet cells. The 
loss of normal MUC2 secretion may directly contribute to 
chronic inflammation [89]. Goblet cells also secrete and 
produce another small antiprotease peptide trefoil factors 
(TFFs). Mashimo et al. [90] suggested that TFF-deficient 
mice take orally dextran sodium sulfate (DSS) resulted in 
impaired mucosal healing and death. TFFs are considered 
as initiators of mucosal healing and can promote the repair 
of IECs, which plays an significant role in the sustenance 
of intestinal mucosa [91]. Recent studies have shown that 
a newly discovered bicarbonate transporter (bestrophin 2, 

Best2) is specifically expressed in colonic goblet cells. 
In UC patients, Best2 was found to be down-regulated in 
their inflamed colon mucosa, which was related to mucous 
dysfunction and pathogenesis of UC [92, 93]. Enterocytes 
and Panth cells secrete AMPs to further enhance intestinal 
barrier function. Enterocytes produce the C-type lectin 
regenerating islet derived protein IIIγ (REGIIIγ), which 
can keep bacteria out the surface of the intestinal epithe-
lium, and its production depends on the IECs innate rec-
ognition of symbiotic microbial signals [94]. Paneth cells 
based on intestinal crypts can maintain homeostasis of 
intestinal stem cell niche [95]. At the same time, these 
cells maintain host immunity by secreting a variety of anti-
bacterial molecules (defensins, cathelicidins, lysozymes) 
to form micropores in bacterial membranes, destroying the 
integrity of the bacteria [96]. Paneth cells are also involved 
in the pathogenesis of IBD. Several genetic susceptibility 
factors of CD such as the intracellular pattern recognition 
receptor NOD2, the key molecule in autophagy ATG16L1, 
and endoplasmic reticulum stress-induced transcription 
factor (XBP1) are related to Paneth cell function [97–99]. 
In conclusion, Paneth cells are of great significance in the 
study of CD pathophysiology. NOD2 and ATG16L1 risk 
variants are associated with impaired autophagy and AMP 
secretion in Paneth cells. Loss of Paneth cells function 
cause CD-like ileitis in mice deficient in both ATG16L1 
and XBP1 [99]. Finally, IECs transport secretory immu-
noglobulin produced by lamina propria cells across the 
epithelial barrier into the intestinal lumen to maintain the 
homeostasis of IEC and immune cells. Therefore, under-
standing the regulatory processes of mucus, AMPs and 
secretory immunoglobulin will help develop new thera-
peutic interventions to maintain IEC barrier function. At 
present, there are several potential therapies to treat the 
dysfunction of IECs. For example, the prostaglandin E2 
receptor 4 (EP4) agonist ONO-4819CD induced mucus 
production by IECs and improved histological scores in 
UC patients. Phosphatidylcholine (PC), one component of 
mucus, is thought to be arranged as a continuous lamellar 
layers in the apical mucus. Clinical studies have shown 
that oral PC preparation (rPC) can effectively resolve 
rectal mucous PC deficiency [100]. Interestingly, the 
change of gut microbiota are also associated with early 
gut barrier dysfunction. López-Cauce et al. [101] observed 
significant differences in bacterial composition in the 
stool and colonic mucosa from week 5 in wild-type and 
IL-10−/− mice, and Akkermansia muciniphila deficiency 
was remarkably observed in IL-10−/−mice. Subsequently, 
intestinal permeability increased, the number of goblet 
cells, and the expression of MUC-2, IL-18, WAP Four-
Disulfide Core Domain 2(WFDC2) and X-box-binding 
protein(Xbp-1) decreased significantly. This suggests that 
Akkermansia muciniphila deficiency and mucin depletion 
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affect intestinal barrier function. Also, studies have shown 
that the fecal bacterial composition of UC patients in long-
term remission is more similar to that of healthy control 
subjects, and the abundance of Akkermansia muciniphila 
is positively correlated with the duration of remission 
[102]. Therefore, Akkermansia muciniphila might play an 
important role in maintaining the integrity of the intesti-
nal barrier in IBD, and the composition of beneficial gut 
microbiota should be further investigated in the future. 

As one of the regulatory factors of immune homeostasis, 
IECs can be used as a non-specific antigen presenting cell to 
process antigens and present them to intestinal immune cells. 
Under normal physiological conditions, IECs, as a sentinel 
of innate immunity, recognize commensal bacteria through 
PRRs including Toll-like receptors (TLRs) and NOD-like 
receptor (NLRs) [103]. IECs-derived thymic stromal lym-
phopoietin (TSLP), TGF-β and retinoic acid (RA) react to the 
symbiotic bacteria signals and transform dendritic cells and 
macrophages into tolerant phenotypes [87]. These dendritic 
cells promote the differentiation of naive CD4+ T cells into 
regulatory T (Treg) cells and maturation B cells into IgA-
secreting plasma cells. The IECs can then transport secreted 
IgA into the intestinal lumen to maintain immune homeostasis 
[87]. Treg cells and tolerant macrophages secrete IL-10 and 
other anti-inflammatory cytokines to help maintain immune 
homeostasis [104]. Under the condition of IBD, IECs barrier 
function is destroyed, and activated macrophages in lamina 
propria munch bacterial invaders and produce TNFα, IL-6, 
IL-12 and IL-23, facilitating inflammatory response [105]. 
Recent studies have shown that normal IECs preferentially 
activate CD8+ regulatory T cells through non-classical 
(MHC) Class I molecules CD1d and costimulatory glyco-
protein gp-180 as non-specialized antigen presenting cells, 
resulting in suppression of immune responses. In contrast, the 
expression of gp-180 in IECs was abnormal in IBD patients, 
especially in the CD group. IECs from IBD patients prefer-
entially stimulated proliferation of CD4+ T cell and secretion 
of IFN-γ through MHC class II [106]. Finally, etrolizumab, 
an anti-β7 integrin monoclonal antibody blocks the action 
of αE (CD103) on intestinal T cells to E-cadherin on IECs, 
thereby inhibiting the retention of CD4+ and CD8+ T cells 
in the inflammatory sites of IBD [107]. These studies high-
lighted the need to develop new drugs that specifically target 
the innate immune dysfunction in IECs for IBD treatment.

Construct IBD Models and Develop New 
Therapeutic Methods using Intestinal 
Organoids

Current models for studying the pathogenesis of epithelial 
barrier dysfunction in IBD have certain limitations and 
there are only a few therapeutic agents targeting epithelial 

barrier dysfunction. Recently, Kollmann et al. [108] pro-
posed an optimized in vitro model and demonstrated that 
human organoids are superior to cell culture models in 
intestinal barrier studies. In this study, they cultured dif-
ferentiated intestinal organoids and added cytokine mix-
ture (TNF-α, IFN-γ, IL-1β) to simulate the occurrence of 
intestinal inflammation. Inflammatory stimulation induces 
loss of intercellular adhesion, redistribution and loss of 
junctional proteins resulting in loss of barrier function 
with consecutive epithelial death. This is consistent with 
what has been observed in patients with intestinal inflam-
mation. Therefore, the use of differentiated organoids can 
more reliably simulate inflammation in vivo, which is very 
helpful for further analysis of the molecular mechanism 
of inflammatory barrier dysfunction. Organoids provides 
a powerful tool for powerful tools for modeling IBD and 
developing new drugs to treat IBD.

Genetic changes affecting IECs function play a cru-
cial role in IBD. Since organoids hold on to the genetic 
makeup of the primary tissue, the effects of genetic and 
epigenetic background investigated using patient-derived 
intestinal organoids on IBD epithelium. Mutations in sev-
eral genes related to IECs function have been indicated 
to be associated with epithelial phenotype abnormalities. 
Two recent studies using intestinal organoids have shown 
that two proteins known to be concerned with autophagy, 
ATG16L1 and ATG5, have a protective effect against 
TNFα-mediated cell death in Paneth cells [109, 110]. 
This study has provided new insights into the function 
of Paneth cells and its molecular basis, contributing to 
the development of new therapeutics for IBD. Moreover, 
host genetics in some patients with very early-onset IBD 
(VEO-IBD) that occurs in children under the age of five, 
plays an important role in disease development. Genetic 
deficiencies influencing epithelial function have also 
been found in some patients with these Mendelian IBD 
(e.g. ADAM17, TRIM22, TTC7A) [111–113]. Intestinal 
organoids can provide sufficient and genetically stable 
experimental materials for exploring the genetic and phe-
notypic relationships in IBD. In a recent study, Howell 
et al. [114] found that changes in DNA methylation in 
IECs of IBD patients were stable over time compared to 
controls. This change was partially preserved in patient 
derived organoid cultures. These organoids can be pas-
saged and frozen and they maintain the stability of their 
genetic materials. Furthermore, CRISPR/Cas9 technol-
ogy can import mutations into normal organoids to study 
the role of gene mutations on IECs function, providing 
a useful tool for exploring the mechanism of intestinal 
epithelial function in IBD [115]. Therefore, organoids 
can be used in the analysis of genetic and epigenetic 
changes in IBD. Recently, Boye et al. [116] discussed 
for the first time clinically the possibility of achieving 
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phenotype, genotype, and epigenetic recovery in IBD 
through molecular manipulation and stem cell treatment. 
This was achieved by targeting a genetically suscepti-
ble IBD risk gene in patient-derived intestinal organoids 
with CRISPR/Cas9 and then reintroducing the in vitro 
CRISPR/Cas9-manipulated intestinal organoids into 
damaged tissues. Stem cells manipulated by CRISPR/
Cas9 recolonize the gut and alter the molecular balance, 
extending remission. This patient-based ISC organoid 
technology combines stem cell therapy with (epi)drugs 
and/or CRISPR-Cas9 genome editing technology, open-
ing up new opportunities for molecular therapies. Over-
all, healthy organoids constructed with IBD associated 
mutations or organoids from IBD individuality can be 
used to study the influence of genetic and proinflam-
matory environments on epithelial barrier function. 
The organoid models have the potential for diagnosing 
IBD, finding therapeutic targets, and predicting the risk 
of cancer recurrence and inflammation.An organoid 
model of based on simulated IBD conditions has been 
reported. Intestinal microorganisms and their metabo-
lites, cytokines, immune cells and other intracavitary 
and lamina propria factors lead to epithelial dysfunction, 
which leads to the occurrence and development of IBD. 
The complex pathogenesis of IBD was replicated in vitro 
to model IBD epithelial barrier dysfunction by introduc-
ing these elements into healthy intestinal organoids. For 
example, IFN-γ and TNF-α induce apoptosis and loss of 
epithelial cells in intestinal organoids [117, 118]. There-
fore, intestinal organoids can regarded as as an effec-
tive model to study epithelial cell dysfunction in IBD 
patients, and may provide a new strategy for correcting 
epithelial cell dysfunction and promoting survival in IBD 
patients. Similarly, organoid culture systems can serve as 
assessing the effects of microorganisms and their metab-
olites on intestinal epithelium. To explore the mutual 
effect of Enterohemorrhagic Escherichia coli (EHEC) 
with epithelium, colonic organoids derived monolayers 
were differentiated to mimic IBD host–pathogen interac-
tions. Studies have shown that colonizing EHEC reduced 
the production of mucus and destroys the mucous layer 
in the colon [119]. Escherichia coli O157:H7 is well 
known to infect host epithelial cells and hold up the 
IFN-γ/STAT1 signaling, a mechanism very be alike to 
the pathogenic features of adherent invasive Escherichia 
coli (AIEC) separated from patients with CD. Therefore, 
these intestinal organoids monolayer cultures may also be 
used as related pathophysiological models to investigate 
the role of AIEC in IBD biochemical barrier dysfunction 
[120, 121]. Giri et al. [122] have shown that organoid-
based in vitro methods can be used to screen bacteria 
and their metabolites that inhibit NF-kB activation in the 
context of IBD and identify strains that alleviate colitis. 

This makes the study of complex interactions between 
epithelium and gut microbes or their metabolites another 
promising application of organoid systems.

IBD is a chronic disease of repeated injury and repair 
of intestinal epithelium. Epithelial regeneration is an 
important process to achieve mucosal healing and repre-
sent the golden standard for UC and CD therapy. Using 
intestinal organoids, it has been shown that IL-22 pro-
duced by innate lymphoid cells (ILCs) after intestinal 
damage promoted organoid growth and ISCs proliferation 
through the IL-22-induced STAT3 phosphorylation path-
way. Therefore, this signal transduction pathway may be 
a prospective therapeutic target for IBD mucosal healing 
[123]. During intestinal epithelial repair, epithelial cells 
were transiently reprogrammed to their original state by 
remodeling the ECM and activating transcription factors 
YAP/TAZ. The intestinal epithelium transiently acquired 
fetal phenotype [124]. In addition, the wound-associated 
epithelium (WAE) loses polarity as the epithelium heals 
and begins to migrate to the lesion to restore its integ-
rity [125]. A previous study showed that PGE2-PTGER4 
signaling promoted post-injury epithelial regeneration by 
driving ISC differentiation into WAE cells [126]. These 
findings may help identify new curative targets for IBD 
to promote IECs regeneration.

During the pathogenesis of IBD, IECs interact with 
multiple cell types (neuronal cells, mesenchymal cells, 
andimmune cells). Recent studies suggest that mesenteric 
fat in CD has a certain relationship with intestinal inflam-
mation, suggesting that mesenteric fat is obviously related 
to changes in the connective tissue of the intestinal wall 
(e.g. muscle hypertrophy, fibrosis, and stenosis formation). 
So mesenteric fat has been described as a characteristic of 
CD [127]. Recently, co-culture of intestinal organoids with 
differentiated adipocytes in a transwell has revealed mutual 
inflammatory activation between these cell types, which 
provides important new information for future research. 
Fat cells could provide a potential drug target for the pre-
vention or therapy of CD and obesity-related enterocolitis 
[128]. Doublecortin-like kinase 1 protein (DCLK1) is a 
marker of gastrointestinal epithelial cluster cells. In the 
gastrointestinal crypt 3D culture, DLCK+ tuft cells were 
observed to completely lose over time. A recently estab-
lished coculture model of intestinal organoids and primary 
neurons has shown that intestinal nervous system signal-
ing prolonged the survival of DLCK1+ tuft cells in vitro. 
DLCK+ tuft cells promote the progression of DSS-induced 
colitis to poorly differentiated colon cancer in adenoma-
tous polyposis coli (APC)-deficient mice. This suggests 
that DLCK+ tuft cells may be participated in the initiation 
of IBD colitis-associated cancer (CAC) [129]. Therefore, 
this system should provide a new tool for the further devel-
opment of the CAC model of IBD.
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Challenges of Intestinal Organoid Modeling

Although organoids have many advantages over traditional 
experimental models and their clinical applications and 
future prospects are encouraging, many issues still need to 
be resolved. In vitro culture of intestinal organoids requires 
appropriate ECM and media rich in growth factors. How-
ever, the Matrixgel from mouse sarcoma cells is an unam-
biguouse mixture of proteins, and the growth factors in con-
ditioned culture-medium also contain different number of 
heterogeneous and undefined components. This increases the 
introduction of multiple unknown variables into organoids, 
potentially decreasing their ability to accurately restate phys-
iology and hindering their potential application for therapeu-
tic purposes [130, 131]. Therefore, optimization of organoid 
culture conditions is still an urgent problem to be solved.

Currently, intestinal organoids transplantation may have 
the potential to repair injured intestines or intestinal func-
tion in humans. This area of research makes it possible to 
use gut organoids as a source of regenerative medicine. 
Much needed intestinal organoid scaffolds materials can 
not only support growth, proliferation, differentiation and 
inward growth but also induce no acute inflammation or 
chronic immune response when implanted in vivo. There-
fore, the development of new intestinal organoid scaffolds 
will accelerate the great potential of advances in regenera-
tive medicine.

The transfection efficiency for gene editing in intestinal 
3D organoid culture is not the same as that achieved in cell 
lines. Although detailed protocols have been reported for 
successfully acquiring gene edited organoids, there is an 
urgent need for future efforts to overcome the inefficiencies 
of gene-editing. This could provide a more efficient intes-
tinal disease model to accelerate drug development and 
clinical treatment of intestinal diseases. In addition, some 
late-stage tumor organoids are difficult to grow in vitro. It 
is also unclear whether tumor organoids can capture the 
full heterogeneous tumor cell population from the original 
tumor. Therefore, this will also pose a certain challenge for 
some cancer drug screening.

In recent years, human intestinal organoids have been 
used as effective models for studying host–pathogen inter-
actions. How to co-culture the dominant anaerobic intes-
tinal microbiota with aerobic cells under aseptic culture 
conditions is an important challenge. Presently, a promising 
microfluidic cavity system that combines peristaltic stretch-
ing with apical and basolateral fluid flow (intestine-on-a-
chip) may be a method to surmount the shortcomings of 
intestinal organoids [132]. In addition, the intestinal orga-
noid system lacks a natural microenvironment composed 
of nerve cells, blood vessels, and immune cells. These fac-
tors are the key factors in the pathophysiology of intestinal 

infection, tumor, genetic process. Therefore, further research 
is needed to incorporate these factors into the model. How-
ever, so far, the coculture conditions of intestinal organoids 
and other cell types are still limited, and further exploration 
and optimization of co-culture conditions are needed.

In the mucosa of active IBD, the quantity and quality of 
intestinal crypts were low, which resulted in low production 
of intestinal organoids and did not guarantee follow-up tests. 
This suggests that the existing methods for the separation 
and growth of intestinal organoids are not sufficient for the 
preparation of the organoids sample bank of active inflam-
matory IBD. Currently used organoids lack certain elements 
of complete organs found in the body such as mesenchymal 
tissue, immune cells and nerve cells. The intestinal epithelial 
structures of organoids differentiated from iPSCs are more 
representative of the gut, but it takes longer time to produce 
and still lacks the immune cells necessary to tackle IBD.

Conclusions

Intestinal organoids are self-organized multicellular culture 
systems that reproduce the cellular composition, structure, 
and function of the gut. Intestinal organoids can be culti-
vated in vitro for a long time and retain host genetic charac-
teristics, which provides hope for the modeling of intestinal 
diseases. With advances in organoid culture techniques, 
intestinal organoid modeling techniques have expanded 
to multiple fields, including intestinal tissue regeneration, 
genetic manipulation, drug screening analysis, and co-
culture systems with various microorganisms. In addition, 
current intestinal organoids can also simulate multifactorial 
complex intestinal diseases such as IBD. Currently, intestinal 
organoids can be used as pathophysiological models to study 
genetic abnormalities and mucosal injury of IBD. Despite 
the limitation of organoid technology, the rapid advances in 
the field of technology and the efforts of scientists in many 
disciplines will make human organoids more reliable and 
create extraordinary value in the field of medicine.
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