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Abstract
The advent of organoid technology has enabled scientists and clinicians to utilize cells from primary tissues or pluripotent
stem cells (PSCs) to grow self-organizing tissue systems, thus attaining cellular diversity, spatial organization, and
functionality as found within digestive tracts. The development of human gastrointestinal (GI) and hepato-biliary-pancreatic
organoids as an in-a-dish model present novel opportunities to study humanistic mechanisms of organogenesis, regeneration
and pathogenesis. Herein, we review the recent portfolios of primary tissue-derived and PSC-derived organoids in the
digestive systems. We also discuss the promise and challenges in disease modeling and drug development applications for
digestive disorders.

Facts

● Digestive organoids can be generated from two types of
stem cells: adult stem cells (AdSCs) or pluripotent stem
cells (PSCs) which include embryonic stem cells (ESCs)
and induced pluripotent stem cells (iPSCs).

● While AdSC-derived digestive organoids contain
mainly epithelial component, PSC-derived digestive

organoids harbor epithelial and non-epithelial
components.

● Patient-specific and gene-edited organoids have been
utilized for in vitro digestive disease modeling and
mechanistic studies.

● Organoids have been utilized for disease phenotyping,
drug screening, drug development, and disease
modeling.

Open questions

● What aspects of digestive diseases can and cannot be
modeled in organoids?

● What are critical quality control attributes for consistent
and reproducible organoid generation?

● Would phenotyping of organoid disease models lend
itself to expedite the drug discovery process?

● What are the key considerations involved in scaling up
the organoid manufacturing process for downstream
applications?

Introduction

Human organoids have received substantial attention as
in vitro culture systems, where stem cells self-organize into
three-dimensional structures resembling human organs [1].
Patient’s specific organoids offer a highly expandable and
tractable resource that can also be genetically and pharma-
cologically manipulated. In the human body, access to the
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digestive tract is generally limited, and it is not trivial to test
rapidly evolving knowledge associated with diagnosis and
therapeutic intervention. Thus, digestive organoids can be
used as an alternate model to study patients’ pathobiology and
individualized responses to therapy, offering an innovative
approach to drug development, toxicology, and precision
medicine.

The disorders associated with digestive systems (also
encompassing diseases of the liver and pancreas) affect
millions of people of all ages and have enormous social and
economic costs. Digestive organoids generated from dis-
eased patients have already been proven to phenocopy
aspects of molecular and cellular pathogenesis, and thus are
an invaluable platform for subsequent mechanistic investi-
gation and interrogation. Herein, we review digestive
organoid technology, their potential therapeutic applications
for diseases, and discuss challenges in clinical applications.

PSC-derived digestive organoids

The definitive endoderm (DE) was first defined as the inner-
most tissue or germ layer found in metazoan embryos. The DE
gives rise to a vast array of highly specialized epithelial cell
types that line the respiratory and digestive systems and is
fundamental for organs such as thyroid, thymus, lungs, liver,
biliary system, and pancreas [2]. After gastrulation, a series of
morphogenetic movements transforms the DE into a primitive
gut tube that is surrounded by mesoderm. Endoderm patterning
is controlled by a series of adjacent interactions with nearby
mesoderm tissues. As development continues, broad gene
expression patterns within the foregut, midgut, and hindgut
become progressively refined into precise domains for the
formation of specific organs. For example, WNT, BMP, and/or
FGF are known to be signaling molecules that regulate the
development of the foregut, midgut, and hindgut [3]. The
foregut further forms the esophagus, trachea, stomach, lungs,
thyroid, liver, bile duct, and pancreas, whereas the midgut
forms the small intestine, and the hindgut forms the large
intestine (Fig. 1a). Organ buds develop as outgrowths of
endoderm epithelium intermingle with the surrounding
mesenchyme. Although the precise role of region specific
mesenchyme has been elusive, recent single cell level analyses
indicates the presence of highly diverse and specialized
mesenchyme during early endoderm organogenesis [4].
Together, the endoderm epithelium and mesenchyme are
coordinated to establish early organ primordia during fetal
development [2].

In mimicking the early patterning and morphogenesis,
digestive organoids have been generated from PSCs
including ESCs and iPSCs (Fig. 1b and Table 1) [5–15].
PSC-derived digestive organoids generally remain imma-
ture with a transcriptomic profile resembling fetal-like state

[16]. Future efforts to direct continued organoid growth and
tissue maturation will be critical before being translated into
human studies [17, 18].

AdSC-derived digestive organoids

Generation of organoids derived from adult stem/progenitor
cells relies on regenerative biology principles. Decades of
studies identified the presence of adult stem/progenitor cells
that possess self-renewal capacity and differentiation

Fig. 1 Principles of developmental biology to generate digestive
organoids. a Overview of digestive organ formation. b Development
of PSC-derived digestive organoids. a Endoderm cell lineages pro-
jected on to a schematic of the digestive organs. As development
proceeds, broad gene expression patterns within the foregut, midgut,
and hindgut become progressively refined into precise domains in
which specific organs will form. The foregut gives rise to the eso-
phagus, stomach, liver, and pancreas; whereas the midgut forms the
small intestine and the hindgut forms the large intestine. b PSCs
[embryonic stem cells (ESCs) or induced pluripotent stem cells
(iPSCs)] can be derived into the endoderm in vitro with specific
stepwise differentiation protocols. After the endoderm specification,
progenitor cells are transferred into 3D systems and generate digestive
organoids with developmental signals.
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potential. In the regenerative conditions, recent advances in
understanding the stem cell niche, and molecular and cellular
factors have allowed for long-term in vitro cultures of adult
stem/progenitor cells isolated from primary human tissues
(Table 1) [19–26]. For example, intestinal organoids were
among the first to be derived from primary gut tissues by
introducing key niche signaling factors such as Wnt/R-spon-
din that control crypt proliferation in vivo [26]. Relative to
PSC-based approach, conserved epigenetic signatures are one
unique features in AdSC organoids that can be useful to
model tissue homeostasis and its disruption during disease
progression [27–29]. Generally, AdSC-derived organoids
retain more mature signatures than similar to the in vivo tissue
of origin than do PSC-dereived organoids. In the following
section, we review both PSC- and AdSC-derived digestive
organoid-based disease modeling for drug discovery and
development.

Digestive organoid-based disease modeling
for drug discovery and development

The use of disease-specific digestive organoids along with
healthy organoids will facilitate our understanding of

molecular mechanisms behind the disease, the identification
of potential biomarkers, and the development of patient-
specific platforms for drug testing or toxicology studies [30].
In the following subsections, we will discuss four major areas
of diseases related to disorders in the digestive tracts: genetic
diseases, infectious diseases, inflammatory diseases, and
malignant diseases.

Genetic diseases

Cystic fibrosis (CF) is the most common monogenetic
recessive disease in the Caucasian population and is caused
by mutations in the Cystic Fibrosis Transmembrane Con-
ductance Regulator (CFTR) gene. The CFTR protein reg-
ulates trans-epithelial secretion of bicarbonate and chloride,
and loss of function mutations in the gene result in aberrant
fluid transport and abnormal mucus formation that affects the
functionality of multiple organs, including the pancreas,
lungs, and the intestines [31]. Over 2000 CFTR mutations
have been identified, but the most dominant mutation
(accounting for 70% of the worldwide CF population) is a
deletion of phenylalanine at position 508 (CFTR F508del). In
addition, heterogeneity in the response to modulators of

Table 1 Current literature of developing tissue-derived or PSC-derived digestive organoids.

Tissue-derived organoids PSC-derived organoids

Esophagus Sato et al. [19] Trisno et al. [5]

Kalabis et al. [20] Zhang et al. [6]

Liver Huch et al. [21] Takebe et al. [7]

Huch et al. [40]: Genetic disease modeling Takebe et al. [9]

Broutier et al. [22] Sampaziotis et al. [39]: Genetic disease modeling

Broutier et al. [68]: Malignant disease modeling Guan et al. [42]: Genetic disease modeling

Nie et al. [52]: Infectious disease modeling

Ouchi et al. [55]: Inflammatory disease modeling

Koike et al. [75]

Stomach Bartfeld et al. [48]: Infectious disease modeling McCracken et al. [47]: Infectious disease modeling

Nanki et al. [66]: Malignant disease modeling McCracken et al. [10]

Broda et al. [11]

Pancreas Huch et al. [23] Kim et al. [13]

Boj et al. [70]: Malignant disease modeling Nair et al. [15]

Broutier et al. [22] Koike et al. [75]

Takahashi et al. [76]

Seino et al. [71]: Malignant disease modeling

Small or large intestine Sato et al. [26] Spence et al. [14]

Yui et al. [24] Workman et al. [45]: Genetic disease modeling

van de Wetering et al. [63]: Malignant disease modeling Munera et al. [12]

Fujii et al. [69]: Malignant disease modeling Crespo et al. [73]: Malignant disease modeling

Fujii et al. [25]

Berkers et al. [35]: Genetic disease modeling
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CTFR carrying homozygous F508del-CFTR has been repor-
ted, therefore, optimal prediction of response to therapy on an
individual level is desirable [32, 33].

Berkers et al. derived rectal organoids (ROs) from
AdSCs in rectal biopsies that maintained patient-specific
CFTR modulator responses in cultures for over 6 months.
Furthermore, CF patient-derived ROs are stored as a living
biobank for drug efficacy measurements based on forskolin-
induced swelling (FIS) assays [34, 35]. The authors have
also reported that in vitro drug efficacy measurements using
FIS assays in ROs of individuals with CF correlated the best
with the clinical efficacy of CFTR modulators (change in
ppFEV1 and SCC). The data further suggest that thresholds
can be established to prospectively identify clinical
responders with acceptable positive and negative predictive
values. In vitro assay using organoid cultures can pro-
spectively identify efficacious treatments for patients and
that biobanked stem cells and organoids will potentially be
used to tailor individual treatments (Fig. 2).

The recent advances in genome editing, along with the
development of precise and efficient CRISPR-Cas9
nucleases, have accelerated the gene correction efforts for
genetic diseases, including CF. To restore CFTR function in
CF patient-derived intestinal organoids generated from
AdSCs, Schwank et al repaired the defective CFTR gene by
using CRISPR-Cas9 and homology-directed repair [36].
CFTR-corrected CF organoids regained the swelling
response to forskolin treatment with levels comparable to
those of wild-type intestinal organoids. Cas9 RNP and
Adeno-associated viruses have recently been used to effi-
ciently gene edit human airway basal stem cells with a
promising result of >30% allelic correction opening new
treatment possibilities for CF [37]. In another scenario,
Cas9-assisted adenine base editors repaired nonsense
mutations in CFTR efficiently without causing detectable
off-target effects during repair [38]. Therefore, CRISPR-
mediated gene correction of organoids enables an accurate
evaluation of causative mutations from identical genetic
(isogenic) backgrounds free from other heritable and non-
heritable factors.

Recently, hepato-biliary organoids have been used to
model several monogenic liver diseases including polycystic
liver disease [39], Alagille syndrome (ALGS) [40], Wilson’s
disease [41] and α1-antitrypsin (A1AT) deficiency [40] to
name a few. Guan et al. used iPSC-derived hepatic organoids
(HOs) composed of hepatocytes and cholangiocyte-like cells
organized as a layer of epithelia surrounding the lumen of
bile duct-like structures to study the effect of mutations in
Jagged1 which causes ALGS [42]. The ALGS patient-
derived organoids fail to develop tubular structures and
mainly consist of vesicles lined by hepatocytes, recapitulat-
ing the disease phenotype. Moreover, mRNA expression of
NOTCH2 and its target genes HEY1 and HES1, which are
involved in bile duct formation, are reduced, thus validating
the mechanisms known from animal and humans.

Huch et al. used patient-derived HOs originating from
adult bile duct stem cells in liver biopsies, to study the effect
of SERPINA1 gene mutations responsible for A1AT defi-
ciency [40]. In A1AT deficiency, the molecular pathogen-
esis of the liver disease relates to the aggregation of A1AT
protein within the endoplasmic reticulum (ER) of hepato-
cytes. A1AT protein aggregates were readily observed
within the cells of the patient-derived HOs similar to the
findings from the original biopsy. The HOs from A1AT
deficient patients mimicked the in vivo context and showed
signs of ER stress, such as phosphorylation of eIF2a and
increased apoptosis in the differentiated state. In a recent
study, Gómez et al reported that oncostatin M (OSM), a
well-known inducer of SERPINA1, significantly increased
A1AT expression in patient-derived HOs generated from
AdSCs [43]. These HOs recapitulate the disease phenotype
in vitro and can be used not only as precision diagnostics
but also for the identification of therapeutic targets for these
rare diseases (Fig. 3).

Hirschsprung’s disease (HSCR) is a complex genetic
illness, defined by the absence of enteric neurons at variable

Fig. 2 Personalized medicine application using digestive orga-
noids. Establishment of the individual patient tissue-derived digestive
organoid biobank and in vitro drug testing using clinically relevant
assay (e.g., FIS assay using rectal organoids for Cystic fibrosis) for
personalized medicine approaches.

Fig. 3 Digestive organoid-based phenotypic drug discovery and
development pipelines. Patient-derived digestive organoids can be
used in phenotypic screening and subsequent in vitro preclinical stu-
dies (e.g., toxicology testing) for drug discovery and development. 3D
phenotypic assay technologies, including organs/bodies-on-a-chip
using microfluidic devices, will play a prominent role in hit validation
and profiling. As the organoid-based strategies mature, preclinical
animal experiments can be phased out.
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lengths of the bowel. When left untreated, it can lead to
tonic colonic constriction and pseudo-obstruction leading to
megacolon and potentially life-threatening intestinal per-
foration. Currently, the only treatment is surgical resection
of the aganglionic segment of the bowel, with the aim of
improving bowel function by anastomosing the ganglionic
portion of the bowel with the normally innervated anal
canal. However, while surgical resection is lifesaving, it is
not curative [44]. Therefore, there is an unmet need for
novel regenerative medicine strategies and drug discovery
to treat HSCR and other enteric neuropathies.

Decades of developmental biology studies have revealed
the vagal neural crests cells (VNCCs) as the main source of
the developing enteric nervous system (ENS). Defects in the
migration and differentiation of VNCCs into enteric neu-
rons through the RET signaling pathway have been recog-
nized as key in the pathogenesis of HSCR. PSC-derived
human intestinal organoids (HIOs) that incorporate ENS-
like tissue have been developed to further study human
intestinal motility, HSCR, and other associated enteric
neuropathies. VNCCs derived from iPSCs that have been
treated with retinoic acid were subsequently incorporated
into HIOs [45]. Immunofluorescence imaging of HIOs
aggregated with VNCCs revealed that enteric neurons and
glial cells populated the smooth muscle fibers in the HIOs,
similar to the in vivo development of ENS ganglia. VNCC
with PHOX2B mutations in HIOs displayed impaired dif-
ferentiation and inhibited smooth muscle differentiation,
which resembles the aganglionosis phenotype in patient’s
bowel. Future studies will allow more detailed molecular
mechanistic investigation of enteric neuropathic defects as
well as the establishment of drug screening platform

Infectious diseases

Helicobacter pylori causes most cases of peptic ulcer dis-
ease by inducing hypersecretion of acid in the stomach, and
the colonization of this bacteria has been associated with
gastric cancer.　Despite a pressing need to develop new
experimental models of H. pylori-associated gastric
pathology, there has been no gold standard experimental
model of human gastric mucosa in which H. pylori can
establish their replicative niche. Although animal models
provide valuable insights, species differences in develop-
ment and architecture of the adult stomach highlight the
importance of studying pathogenesis of the human stomach
[46]. Recently, a H. pylori infection model using PSC-
derived human gastric organoids (GOs) that reproduces the
in vivo pathological conditions has been reported [47].
These GOs formed primitive gastric gland- and pit-like
domains, proliferative zones containing LGR5-expressing
cells, surface and antral mucous cells, and a diversity of

gastric endocrine cells. Gastric cancer cell 2D models that
were classically used for H. pylori research, due to lack of
diversity and polarity of these epithelial cells, cannot
accurately recapitulate the combination of an adherent
mucus layer and a polarized epithelial cell layer for H.
pylori infection, thus, GOs reflect a more relevant in vivo-
like physiology by displaying more key aspects of the
human stomach. Many observable hallmarks of an in vivo
H. pylori infection such as attachment, CagA-c-MET
interaction, and host cell proliferation have been recapitu-
lated in the GOs. Complementing PSC-derived GO model,
GOs derived from AdSCs in gastric tissues have been uti-
lized to study the epithelial response to H. Pylori infection.
Microinjection of H. Pylori into the GOs induced inflam-
matory response mediated by NF-κB pathway and chemo-
kine IL-8 [48]. Upon microinjection of H. Pylori,
phenotypes on physiological epithelial cells could be reca-
pitulated in both PSC- and AdSC-derived GOs. These
results indicate that GOs are a new and valuable model of
H. pylori-associated gastric pathology. However, AdSC-
derived GOs are composed of a simple epithelium without
mesenchymal component, which is known to establish a
specialized niche in the stomach [49]. To address this,
transwell-based co-culture system with the immortalized
stomach mesenchymal cells helps in achieving the main-
tenance of mature cell lineages within GOs and the func-
tional activity of the gastric epithelium [50]. Furthermore, to
study H. Pylori-induced protection (metaplasia) of gastric
epithelium from immune response via programmed death
ligand 1 (PD-L1), cytotoxic T lymphocytes and dendritic
cells were cocultured with GOs [51]. Continued efforts are
necessary to further promote the maturation of GOs and the
integration of disease-relevant cells will help establish
patient-specific, personalized medicine approaches for
peptic ulcer disease.

Therapies against hepatitis B virus (HBV) have
improved in recent decades; however, due to the lack of
infection models that capture the personalized genetic
background of each patient, the development of individua-
lized treatments has been limited. Therefore, researchers
generated iPSC-derived liver organoids (iPSC-LOs) and
evaluated the organoids’ ability to model HBV infection
and virus–host interactions [52]. To establish functional
iPSC-LOs, the authors used iPSC-derived endodermal,
mesenchymal, and endothelial cells with a chemically
defined medium in a three-dimensional microwell culture
system. These cells could self-organize and differentiate
into functional organoids, which exhibited stronger hepatic
functions than iPSC-derived hepatocyte-like cells (iPSC-
HLCs) [52]. Furthermore, the functional iPSC-LOs
demonstrated more susceptibility to HBV infection than
iPSC-HLCs, could maintain HBV propagation, and could
produce infectious virus for 20 days post infection.
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The authors also found that HBV infection could cause
hepatic dysfunction in iPSC-LOs, accompanied with
downregulation of hepatic gene expression, induced release
of early acute liver failure markers (ALT and LDH), and
altered hepatic ultrastructure. Therefore, HBV infection in
iPSC-LOs could recapitulate the virus life cycle and virus-
induced hepatic dysfunction, suggesting that iPSC-LOs may
provide a promising personalized infection model for the
development of individualized antiviral treatments for
hepatitis.

Inflammatory diseases

Steatohepatitis is a common liver disease that lacks an
approved drug therapy and is marked by increased liver fat
leading to inflammation and fibrosis. Steatohepatitis-related
research has been mostly performed in various animal models,
and has been unsuccessful in predicting clinical efficacy,
highlighting a critical need for a predictive human model to
study disease mechanisms and to discover potential new anti-
inflammatory and anti-fibrotic therapies [53, 54]. Recently,
Ouchi et al. developed human liver organoids (HLO) com-
posed of iPSC-derived multiple key hepatic cell types (hepa-
tocyte-, stellate-, and Kupffer-like cells) (Fig. 4 and Table 2)
[55]. Under oleic acid treatment, the authors succeeded in
recapitulating key features of steatohepatitis, including lipid
accumulation, inflammation, and fibrotic phenotypes. Using
atomic force microscopy, the authors demonstrated that
organoid stiffening correlated with fibrosis severity as is seen
in clinic elastography of patients with fibrosis.

Wolman disease is caused by defective lysosomal acid
lipase activity, and hepatocytes from patients have massive
lipid accumulation accompanied by lethal steatohepatitis
and fibrosis. Consistent with the clinical phenotype, HLO
from Wolman disease patient-specific iPSCs phenocopied
severe steatohepatitis and fibrosis. It was shown that this

phenotype was rescued by FGF19, which is a downstream
target of obeticholic acid, a known FXR-agonist, and is
currently in phase III clinical trial (ClinicalTrials.gov
Identifier: NCT02548351) as a potential drug for non-
alcoholic steatohepatitis [56]. These results suggested that
the in-a-dish model system can be utilized for steatohepa-
titis modeling and drug testing, allowing for the elucidation
of pathological mechanisms and for the discovery of
effective treatments against steatohepatitis that will ulti-
mately benefit patients.

The inflammatory bowel diseases (IBD), Crohn’s disease
(CD), and ulcerative colitis (UC), are chronic relapsing-
remitting disorders with ill-defined etiology [57, 58]. IBD is
thought to result from a dysregulated, inappropriate immune
response against commensal microbes in a genetically
susceptible host with additional environmental factors
(dietary factors, smoking, drugs, etc.) also playing roles
[59]. Despite the use of currently approved biological
agents such as anti-tumor necrosis factor (TNF), and
alpha4beta7 monoclonal antibodies, non-responders are still
encountered in IBD patients, which impedes mucosal
healing and often necessitates surgical intervention [60].
Therefore, it is of paramount importance that drug resis-
tance mechanisms are elucidated and effective therapies are
developed to support mucosal healing and to avoid poten-
tially invasive surgeries in IBD patients.

Recently, by using single cell RNA-sequencing data of
colon biopsies from UC patients, Smillie et al. revealed that
inflammatory monocytes and inflammation-associated
fibroblasts are enriched in samples from anti-TNF non-
responders and are associated with anti-TNF resistance via
expression of OSM and oncostatin M receptor that pheno-
copy TNF [61]. The authors also reported the notable
expansion of CD8+ IL-17+ T cell in UC that are also
supported by the mapping of GWAS-implicated disease risk
genes. Nanki et al. found somatic mutations in multiple
genes related to IL-17 signaling in the inflamed epithelium
using whole-exome sequencing (WES) data of colon orga-
noids from UC patients. These mutations confer resistance
to the IL-17 induced pro-apoptotic response through
unbiased CRISPR-based knockout screening in colon
organoids [62]. These two papers share findings related to
disruption of IL-17 signaling in UC. Thus, in vitro WES
analyses of organoids from GI disease patients will provide
valuable insights for linking disease risk genes with specific
cell types and disease-associated pathways that are con-
cordant with in vivo disease progression.

Malignant diseases

Gastrointestinal (GI) cancers account for one-third of the
total global cancer incidences and mortality. Therefore, it is

Fig. 4 Different platforms for generating digestive organoids.
Foregut-derived spheroids from PSCs do not merely generate epithe-
lial cell types but also co-differentiate mesenchymal cell components,
which may possess a capability to become supportive lineages such as
hepatic stellate cells and Kupffer cells, thus can be used for inflam-
matory disease modeling, while AdSC-derived digestive organoids
include no mesenchymal cell component, thus co-culture system with
mesenchymal cells is required.
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essential to translate knowledge from basic research into
health benefits by advancing therapeutics for GI cancers.
Since transformed cell lines cannot recapitulate the com-
plexity of the original human tumors and developmental,
genetic, and physiological differences limit animal models,
organoid technology has emerged as a powerful alternative
method for culturing GI tumors. To create cancer model
using human organoids, patient tumor-derived organoids
have been utilized. These organoids are biobanked and used
for drug screening and personalized medicine approach
[63]. Organoids derived from oncogenic driver gene-edited
AdSCs using CRISPR-Cas9 technology facilitate our under-
standing of multistep carcinogenesis (e.g., aberrant growth,
metastatic potential, niche factor dependence) [64–66].
Recently, PSC-derived organoids have begun utilized for
studying gene functions in driving tumorigenesis or inherited
cancer-causing mutations. PSCs undergo directed differentia-
tion to a cell type of interest that represents a likely cell-of-
origin for a given cancer type and can be used to generate
cancer organoids. Cancer-associated genetic alterations, if not
already present in the genome of the source material, are
introduced at the PSC stage, following PSC-directed differ-
entiation [67]. Organoid models have been used to model
tumor initiation, metastatic progression, and therapy response
of the common GI cancers, including primary liver cancer
(PLC) [68], colorectal cancer (CRC) [63, 69], and pancreatic
ductal adenocarcinoma (PDAC) [70, 71]. The majority of PLC
cases are classified into either hepatocellular carcinoma (HCC)
or cholangiocarcinoma (CC), and there is also a combined
hepatocellular-cholangiocarcinoma (CHC) subtype [68]. The
development of effective treatments for PLC has been hin-
dered by a shortage of reproducible human models in which to
assess the efficacy of candidate therapeutic agents. Therefore,
PLC organoids which were composed of HCC, CC, and CHC
tumors were developed from patient biopsies [68]. Organoids
generated from tumor-needle biopsies of various etiologies/
tumor stages of patients with HCC, preserved the morphology
and genetic heterogeneity of the source tumors [72]. The PLC

organoids recapitulated many features of these subtypes ran-
ging from histological architecture to genetic and tran-
scriptomic features and displayed metastatic characteristics
upon transplantation.

CRC, also known as bowel cancer and colon cancer, is
the development of cancer from the colon or rectum. CRC
pathogenesis has been classically portrayed as the stepwise
progression of cancerous lesions from potentially malignant
precursors, predominantly tubular adenomas. Familial ade-
nomatous polyposis (FAP) is an inherited disorder char-
acterized by CRC. Crespo et al. developed FAP patient-
specific iPSC harboring germline mutations in the APC
gene and generated colonic organoids (FAP COs) that
exhibit enhanced WNT activity and increased epithelial cell
proliferation [73]. Also, they revealed that a read-through
drug, geneticin, can restore APC protein expression levels,
can significantly decrease WNT overactivation, and can
inhibit epithelial cell hyperproliferation specifically in FAP
COs without affecting the normal phenotype of WT COs.
Oncogenic driver gene-mutated COs from patient-derived
iPSCs or using CRISPR-Cas9 technology can be utilized for
drug discovery/development platforms.

PDAC has the worst survival rate of common malig-
nancies due to late diagnosis and lack of curative ther-
apeutic options. PDAC is characterized by a desmoplastic
reaction resulting in dense, fibrotic stroma. Epithelial
organoids from primary cancers, while useful for deter-
mining cancer-intrinsic sensitivities, miss these important
stromal cues. Ohlund et al. established co-cultures of PDAC
organoids and pancreatic stellate cells (PaSCs) and recapi-
tulated the desmoplastic reaction of PDAC with PaSCs
converting from a resting quiescent state to activated,
stroma-producing fibroblasts [74]. They identified culture
conditions in which the PDAC organoids and fibroblasts
were mutually supportive to each another such that the co-
cultures, but not monocultures, could proliferate. Also,
using this co-culture system, they identified two mutually
exclusive subpopulations of fibroblasts with reversible

Table 2 Advantages and limitations of tissue- or PSC-derived organoids.

Tissue-derived organoids PSC-derived organoids

Advantages • Established in <2 weeks
• Preservation of genetic and epigenetic signature of original tissue
(e.g., pros for modeling aging- associated diseases)

• Expanded for an unlimited period of time

• Mesenchymal component in long-term culture
• Unlimited source of patient-specific cells (iPSCs)
• Non-invasive derivation from various cell types
(e.g., skin fibroblasts/blood cells)

• Modeling complex diseases involving mesenchymal cell
components (e.g., inflammatory diseases)

• Modeling fetal state for studying human organ
development　

Limitations • No mesenchymal component in long-term culture
• Restricted access to patient tissue and need for invasive biopsy
methods

• Difficulty in choosing the optimal medium for co-culture systems

• Established in >1 month
• Need for meticulous quality control
• Fetal-like character (e.g., cons for modeling adult diseases)
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features (inflammatory fibroblasts and myofibroblasts) pre-
sent in the PDAC microenvironment that might act in
tumor-supportive and tumor-restrictive roles. These results
suggest novel therapeutic approaches against PDAC by
inhibiting tumor-supportive and activating tumor-
restraining fibroblasts. Co-cultures of PDAC organoids
and these cancer-associated fibroblasts can be utilized as an
assay system for drug discovery. GI cancer organoid,
assisted with cells consisting the tumor microenvironment,
provide a new means to emulate some aspects of therapeutic
responses against in vivo cancer.

Hopes, hypes, and future challenges

As described above, the widespread applications of orga-
noid models have been promised, but many challenges still
prevent the clinical applications of organoid technologies.
In the following section, we review the significant chal-
lenges involved in developing pharmaceutical applications
and discuss future perspectives.

Clinical relevance (diagnostic potential)

Although the drug efficacy/toxicity in organoid models is
different from that in 2D culture models, only a small set of
data has confirmed that the drug efficacy/toxicity in orga-
noid models resemble clinical data [35]. Identifying clini-
cally relevant genetic signals (biomarkers) for drug efficacy/
toxicity in organoid models are critical to rationalize and
enhance the drug discovery and development process. In
support, organoid-based modeling of drug-induced liver
injury revealed critical correlation between organoid and
patient’s phenotype, thus informing novel polygenic sig-
natures behind the disease susceptibility [30]. It is not only
critical to demonstrate the correlative functional character-
istics in the patient-derived organoids, but also establish
measurable clinically relevant phenotypes in long-term
culture condition before being translated as diagnostic and/
or prognostic tools.

Additional complexity

Advancing organoid technologies is pivotal for recapitu-
lating more complex microanatomy in vitro to achieve
higher-order functions [45]. Recent organoid models allow
for co-differentiation or co-culture of epithelial and
mesenchymal component for modeling diseases such as
inflammatory disease [55]. However, recapitulation of full
complexity in a dish remain highly challenging such
includes immune, neural, and endocrine interactions found

in homeostatic conditions [7]. As found in extra-digestive
organs such as kidney–ureter–bladder and brain–spinal
cord–peripheral tissues, it is obvious that the emergence of
organ function will critically require inter-organ connec-
tions. To this aim, an iPSC-derived three-organoid system
(hepato-biliary-pancreatic organoid) that connected func-
tionally between organoids has been reported [75]. As such,
establishing interconnection between adjacent organs and
their functional interaction will improve in vitro modeling
of diseases associated with multi-organ interactions such as
biliary atresia.

Reproducibility and consistency

Large scale manufacturing of organoids could benefit a
variety of fields including drug discovery/development,
and transplantation therapy [76]. Major hurdle includes its
limited reproducibility and consistency, which increases
batch to batch variation in assays and makes it difficult to
detect/quantify the disease-relevant phenotypes and
accomplish large scale evaluation of drug candidates.
Therefore, development and/or optimization of massive
and reproducible production system using devices such as
spinner flask [77] and microwell-array [9] that can yield
homogeneous organoids with same phenotypic traits (e.g.,
size, shape, cellular composition and 3D architecture) is
needed. Synthetic matrices with minimal batch to batch
variation that can control organoid formation efficiency
and proliferation by tuning the stiffness could expedite the
development of organoid production and subsequent dis-
ease modeling [78]. In addition, development of a quality
control system such by image-guided and biochemical
analyses is required [79]. These systems will make the
organoid-based drug discovery/development more
realistic.

High-throughput screening

Many 3D cell models, such as organoids, have more com-
plex morphology and function than 2D cultured cells,
causing difficulties for their systematic assessments. This
presents challenges in standardization of culture and assay
protocols, phenotypes, and output data for analysis. Also,
realistic drug screening applications require higher-
throughput phenotypic readouts that are currently not
available in organoid technologies. Through the con-
vergence of several technologies including single cell ana-
lysis [80], imaging [81, 82], bioengineering, and organ-on-
a-chip/microfluidics [83, 84], detection of complex diseases
phenotypes and subsequent development of high-
throughput phenotypic assays will improve disease
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modeling and facilitate the discovery of effective treatments
against incurable diseases [85].

Conclusion and perspective

In vitro modeling of digestive tissues is pivotal for an
understanding of the disease mechanisms and drug dis-
covery/development. Challenges remain to achieve full
functionality in organoid systems, however, recent advances
in generating the disease-specific organoids from patient-
derived cells hold great promise for recapitulating complex
pathogenesis thereby expediting personalized medicine
applications. Multidisciplinary efforts including from biol-
ogists, bioengineers, and professionals from other emerging
areas will help to engineer increased complexity in orga-
noids that is not possible today and facilitate digestive
organoid medicine approaches to bring a cure for the
patients with intractable disease.
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