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Human and other multicellular organisms harness the self- 
renewal and multidifferentiation capacities of somatic stem 
cells as the main engine for sustaining tissue homeostasis. 

In particular tissues, progenitor or quiescent cells restore their 
stem cell programme upon tissue damage to fuel regeneration and 
safeguard tissue integrity. Disorderly stem cell self-renewal and 
regeneration may trigger tumourigenesis or tissue degeneration. A 
wealth of the understanding of signalling pathways and microen-
vironmental regulations that orchestrate these homeostatic, regen-
erative and pathologic conditions in epithelial tissues has allowed 
us to instruct somatic stem cells that are isolated from their home 
tissue to self-renew ex vivo and organize into tissue-resembling 
three-dimensional (3D) structures, or organoids, in a serum- and 
feeder-cell-free setting. With relentless efforts to devise culture reci-
pes on an individual tissue basis, organoid technology now covers 
a number of human epithelial tissues with a healthy or diseased 
background. As the organoid research nears to the tentative goal of 
enabling a variety of somatic stem cells to develop into 3D tissues 
on a culture dish, spin-off studies have focused on the biological 
relevance of normal and disease organoids to real-world human tis-
sues and explored how the groundbreaking technology can carve 
out a niche in basic science and biomedical research.

In this Review, we outline the fundamentals and the practical 
usage of organoids through the lens of tissue and disease modelling, 
and discuss how organoids rival and outperform traditional cell line 
models in current experimental and preclinical application. We fur-
ther describe multilateral strategies in building human disease mim-
icries using patient-derived organoids and cutting-edge applications, 
including genome-editing technology and hybrid culture systems. 
Efforts to refine pre-existing organoid culture environments and to 
create more tissue-relevant organoids are renovating the organoid 
culture platform towards enhanced capabilities in the laboratory and 
the prospective use of organoid technology at the bedside. These 
movements to broaden the application of organoids has transformed 
the shape of human tissue research and may eventually usher in a 
next-generation biomedical platform that enables enhanced in vitro 
representation of human tissues and aids detection, diagnosis, prog-
nostication and cure of human diseases in a personalized fashion.

Previous work has utilized the term ‘organoid’1,2 or coined ana-
logue terms such as ‘enteroids’ or ‘tumouroids’3 independently 
and perhaps arbitrarily, leading to a dearth of a solid definition 
and nomenclature for in-vitro-cultured organotypic structures. To 
avoid confusion, we here define organoids as any heterotypic struc-
tures that can be reproducibly generated from single cells or cell 
clusters derived from somatic tissues or pluripotent stem cells, can 
self-assemble through cell–cell and cell–extracellular matrix (ECM) 
communications, and have some features of counterpart in vivo tis-
sues. Besides adult somatic cells, organoids can also be created from 
pluripotent stem cells by directed differentiation in this paradigm. 
The application of pluripotent-stem-cell-derived organoids has 
been covered extensively by others and organoids hereafter refer to 
adult tissue-derived organoids unless otherwise specified.

The organoid culture system
The keystone of organoid technology is the ability of isolated somatic 
epithelial stem cells to reconstitute the structure and function of the 
tissue of origin when they are deposited in an appropriate context 
or the ‘niche’. Organoid culture systems that direct the stem cells 
to manifest this ability can therefore be epitomized as the fabrica-
tion of the stem cell niche4. The initial derivation of mouse small 
intestinal organoids has verified this concept in a tangible form5, 
and the ensuing efforts to culture other tissues as organoids have 
basically inherited a similar culture style. An orthodox protocol for 
organoid establishment and culture first liberates tissue stem cells or 
stem-cell-containing units, for instance, intestinal crypts5, prostate 
acini6 and mammary glands7, from the underlying mesenchyme by 
physical and enzymatic isolation (Fig. 1). While particular tissues, 
such as the adult liver and pancreas, show sparse sign of tissue turn-
over in homeostasis, they still can rejuvenate the self-renewal activity 
in dormant cells, for example, pancreatic duct cells8,9, intrahepatic 
duct cells10,11 and hepatocytes12,13, upon specific stimuli, including 
inflammation, tissue injury and tumourigenesis. Organoid culture 
enables an expansion of such cells that show conditional proliferation 
by providing key signals that coax them out of dormancy. The stem 
cells or tissue fragments are then mounted into the ECM scaffold 
and overlaid with culture medium supplemented with combinations 
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of mitogens, morphogens and cytokines that guide the self-renewal 
and organized differentiation of somatic stem cells. These stem cell 
niche factors are typically selected from the activators of the canoni-
cal Wnt pathway (Wnt-3a and R-spondin) and the mitogen-activated 
protein kinase (MAPK) pathway (epidermal growth factor (EGF) 
and fibroblast growth factor (FGF)), and the inhibitors of the bone 
morphogenetic protein (BMP) pathway (Noggin and Gremlin) 
and the transforming growth factor-β (TGF-β) pathway (activin 
receptor-like kinase inhibitor). Unfortunately, no one-size-fits-all 
solution that allows organoid expansion regardless of the tissue ori-
gin has been crafted owing to the substantive tissue-to-tissue vari-
ability of the dependency on the stem cell niche. It is also challenging 
to determine a priori the biological activity of individual niche fac-
tors in a target tissue. Previous studies have therefore configured 
tissue-specific culture conditions by nominating potentially active 
niche factors, followed by individual assessment of their impact 
on organoid growth and long-term culture sustainability. This 
down-to-earth strategy has so far been prolific and has allowed us 
to culture various murine epithelial tissues14 and, shortly thereaf-
ter, human normal and diseased epithelial tissues6,15–36 as organoids 
(Fig. 2 and Table 1). Organoid derivation from other domesticated 
and laboratory animals, including pigs, dogs, cats and rats, have also 
been described24,37–39, and a similar culture setting further allowed 
an organoid expansion of snake venom glands40, underscoring the 
cross-species versatility of the organoid culture system. It should be 
noted that the growth factor combinations are not only tailored to 
individual tissues but also include unique molecules in some cases, 
such as gastrin for digestive tissues, neuregulin-1 for mammary 
organoids7,18,19, dihydrotestosterone for prostate organoidsd6,41 and 
forskolin for human liver bile duct organoids25 but not for hepato-
cyte organoids26. Differing growth factor conditions also exist for 
some tissues, suggesting a margin for further optimization.

Unlike primary cells that are considered to have finite replica-
tion capacity and eventually enter senescence (the Hayflick limit), 
many organoids can undergo stable expansion with serial passaging 
for over one year when placed under optimal culture conditions, 
reflecting the ability of particular tissue stem cells to self-renew 
throughout a lifetime. This capability of organoid culture may par-
tially be attributed to the activation of telomerase in stem cells via 

enhanced Wnt signalling42,43, given the vital role of telomere cap-
ping in ensuring sustained cell replication and telomerase activation 
in murine intestinal stem cells44 and hepatocytes with regenerative 
potential13. Nevertheless, some organoids, including human oesoph-
agus20,21 and human hepatocyte26 organoids, cease proliferation after 
a few months of culture. Whether the growth arrest in such cases 
results from cell-inherent growth limitation or the insufficiency of 
the culture composition remains largely unknown. Also, because 
the organoid culture systems that we highlight here are dedicated 
to specifically expand the epithelial lining of given tissues, they do 
not support the stable maintenance of non-epithelial components, 
including connective tissues, vessels and nerve. Deriving organoids 
from organs that that are mainly constituted of such non-epithelial 
elements, such as the heart and brain, may thus require completely 
different strategies.

In organoid culture, tissue stem cells self-renew and together 
with their progenies self-organize into 3D clusters that show struc-
tural, functional and molecular similarity to the tissue of origin. 
For example, organoids derived from human small intestinal epi-
thelium assume a monolayered cystic morphology with crypt-like 
protrusions that lodge leucin-rich repeat-containing G-protein 
receptor 5 (LGR5)-positive stem cells at their summits23,24. Human 
endometrium-derived organoids generate glandular structures that 
retain an expression of endometrium marker proteins and respond 
to female hormones33,34. Such biological conformity of organoids 
to their counterpart tissues has been the driving force of the rapid 
dissemination of organoid technology and the usage of organoids 
in studying human epithelial tissues in a physiologically relevant 
setting. Besides the standardized culture procedures, the organoid 
platform is receptive to the modification of its three components, 
the organoids, ECM and culture medium condition. As discussed 
later in detail, recent studies have focused on tuning and control-
ling structural, compositional and biochemical properties of each of 
these elements to extend basic and clinical application of organoids.

Comparison with other human cytological models
Aside from the recent cascade of successful organoid derivation 
from diverse human tissues, a plethora of human cell lines estab-
lished so far have served as the main substitute of living human 

Crypt

LGR5+

stem cells

Organoid

ECM Culture medium with 
stem cell niche factors 

a

Normal tissue

Dissociation

Human colonic organoid

Tumour tissue

b

Fig. 1 | The organoid culture system. a, an example of organoid derivation from human normal colonic epithelium and a colon tumour. Isolated epithelial 
stem cells or stem cell-containing units (crypts) are embedded into the eCM and nourished with culture medium that includes essential niche factors. 
Within a week, the stem cells self-organize into organoids with a single lumen and multiple buds. Tumour organoids can be cultured in a similar way and 
usually form structures that represent the original histology. b, representative bright-field (left) and 3D-reconstructed fluorescence (right) images of a 
human normal colon organoid. Plasma membrane (magenta) was stained with CellMask Plasma Membrane (Thermo Fisher Scientific) and nuclei (cyan) 
were counterstained with Hoechst 33342. The fluorescence image was captured by FVMPe-rS multiphoton microscope (Olympus). Scale bar, 100 μm.
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tissues. Organoid and cell line cultures share commonality with 
respect to their ability to expand human tissue cells, yet these mod-
els differ in multiple dimensions including their topology, cellular 
composition and relevance to parental tissues (Fig. 3).

Human cell line culture in general adopts an adherent mono-
layer system using planar plastic substrates and an overlay with 
serum-supplemented media. While this format offers simplicity 
and high throughput, its deviation from the natural tissue environ-
ment can cast a bottleneck in the derivation of primary cell lines; 
the majority of cells that lack fitness drop out upon being trans-
ferred to a non-permissive culture environment. In addition, the 
poor compositional transparency and batch-to-batch variability of 
the serum, which is essential for many cell lines as a growth fac-
tor substitute, can complicate the interpretation of cell line behav-
iours. A detrimental effect of the serum on the growth of pancreatic 
ductal30 and liver ductal25 organoids has also been documented. For 
these reasons, cell line derivation is often interrupted by the low 
establishment efficiency, which does not exceed 30%45, and success-
ful cell line propagation may represent the survivorship of minor 
privileged cells that can accommodate themselves to adverse con-
ditions. Most of the authenticated human cell lines are indeed of 
cancer or embryonic cell origin, and normal epithelium-derived cell 
lines are immortalized by virus transformation. Cancer cell lines  
are yet filtered by the strong selection bias, and the majority of  
them derive from high-grade tumours. They therefore show poor 

differentiation as xenograft tumours and do not represent the histo-
logical and molecular diversity of human cancers46,47. Furthermore, 
unlike the columnar or (pseudo) stratified cell organization and 
heterogeneous cellular assembly in tissues and 3D organoids, adher-
ent cell lines assume a flat morphology with minimal cell-to-cell 
variation. Some cell lines can form 3D clusters or spheres in sus-
pension or soft agar, but these structures still have uniform cel-
lularity and are rather used for semi-quantitative inference of 
anchorage-independent growth capacity and clonogenicity.

These dissimilarities between organoids and cell lines point to 
differential arenas where these models can leverage their strengths. 
Tissue-relevant organoids are a preferable model for studying the 
biology and physiology of human tissues in health and disease, as 
well as for the potential usage in clinical practice such as precision 
and regenerative medicine. However, cell lines lend themselves to 
other fields such as cellular biochemistry research to investigate 
molecule interactions and modifications. Biologically homogenous 
and scalable cell lines can dedicate themselves to supply special-
ized culture by-products, for instance, as the feeder for conditioned 
medium and for culture of other cell types. High-throughput genetic 
perturbation assays including large-scale knockout screening also 
favour cell lines owing to the uniform growth of cell lines. Thus, 
organoids and cell lines are distinct but not completely exclusive, 
and the appropriate usage of these models is highly subject to the 
purpose of the research.
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Fig. 2 | range of human tissues in organoid technologies. Human epithelial tissues that are expandable as organoids are shown. Normal and tumour 
tissues from which organoids have been derived are shown in black and red text, respectively. Origins of tumour-derived organoids are also presented in 
red. HCC, hepatocellular carcinoma; IHCC, intrahepatic cholangiocarcinoma; SCC, squamous cell carcinoma; adeno, adenocarcinoma.
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Organoids as disease models
The stability and versatility of the organoid culture system have pro-
vided us with a unique window of opportunity to approach human 
diseases that affect epithelial tissues. Epithelium-autonomous 
dysregulation and extrinsic factors that misguide cellular behav-
iours can independently or interactively underlie such diseases. 
Therefore, organoid-based modelling of human diseases has basi-
cally focused on phenocopying either or both of these two disease 
facets depending on the disease nature. Epithelium-autonomous 
molecular aberrations, mainly genetic and epigenetic modifica-
tions, and cytological phenotypes such as clonogenic growth, 
histological abnormality and drug response are reconstituted by 
direct culture of disease tissues or by genetic engineering of organ-
oids. Intercellular dialogue between epithelial and non-epithelial 
cells can be resumed ex vivo by co-culturing non-epithelial cells 
with epithelial organoids. Imitating pathogenic tissue environ-
ments by modulating culture conditions is a simple but powerful 
strategy to investigate the role of environmental regulation in dis-
ease phenotypes. The following sections describe practical opera-
tions of organoid-based disease modelling systems and how they 
contributed to our understanding of disease biology. In any cases, 
organoids derived from healthy tissues provide an important ref-
erence material for gauging the molecular and phenotypic abnor-
mality of disease organoids.

Direct derivation of organoids from diseased tissues. The organ-
oid culture condition optimized for a specific normal tissue consis-
tently enables an expansion of diseased epithelium of the common 
tissue origin. This capability allowed us not only to handle a range 
of diseases as living tissue models but also to overcome experi-
mental hurdles attributed to the limited availability of disease tis-
sues. While explorative studies using human disease tissues have 
traditionally suffered from many reasons, such as the rarity of the 
subject disease, poor anatomical accessibility of the target tissue 
and ethical concerns, organoids that can be amplified even from 
minute tissues sampled by needle biopsy provide an ample resource 
of disease tissues that can directly be used for various downstream 
applications (Fig. 4a).

A representative example of patient-derived organoids is cancer 
organoids. In parallel with the extending coverage of human epithe-
lial tissues by organoid technology, tumour-derived organoids now 
encompass miscellaneous neoplasms of epithelial origin, specifi-
cally carcinomas of gastrointestinal (oesophagus48,49, stomach22,50–52, 
large intestine23,53–59, liver60–62, biliary tract63 and pancreas29,30,56,64,65), 
craniocervical15,49, mammary18, genitourinary (endometrium33,66, 
ovary36,67, bladder32,68, kidney56,69 and prostate41,70) and respiratory 
(lung16,17,56) systems. Although the establishment efficiency of tumour 
organoids is largely contingent on the sample volume, purity and 
origin, the derivation rate of organoids from fresh tumour tissues  

Table 1 | Organoid models of normal human tissues

Tissues Growth factor supplements Culture duration refs.

Head and neck

Oral mucosa r-spondin, CHIr99021, eGF, FGF-2, FGF-10, Noggin, forskolin, prostaglandine e2, a83-01, b27 >15 passages 15

respiratory

airway r-spondin, FGF-7, FGF-10, Noggin, a83-01, Sb202190, b27 >1 year 16

Wnt-3a, eGF, FGF-2, Noggin, a83-01, N2, b27 >10 passages 17

Breast

Mammary r-spondin, eGF, FGF-7, FGF-10, neuregulin-1, Noggin, a83-01, Sb202190 ~20 passages 18,19

Digestive tract

Oesophagus Wnt-3a, r-spondin, eGF, FGF-10, Noggin, Gastrin, a83-01 ~4 passages 20

eGF, bovine pituitary extract ~3 passages 21

Stomach Wnt-3a, r-spondin, eGF, FGF-10, Noggin, gastrin, a83-01 >1 year 22

Small and large intestine Wnt-3a, r-spondin, eGF, Noggin, gastrin, a83-01, Sb202190 >1 yeara 23

Wnt-3a, r-spondin, eGF, IGF-1, FGF-2, Noggin, gastrin, a83-01 >1 yeara 24

Hepatopancreatobiliary

Liver (ductal) r-spondin, FGF-10, HGF, forskolin, gastrin, a83-01, N2, b27 >6 months 25

Liver (hepatocyte) r-spondin, CHIr99021, eGF, FGF-7, FGF-10, HGF, TGF-a, gastrin, a83-01, b27 ~2–3 months 26

extrahepatic biliary tree r-spondin, eGF, DKK-1, dexamethasone >20 passages 27

r-sponin, eGF, FGF-10, HGF, Noggin, N2, b27 >16 weeks 28

Pancreatic duct Wnt-3a, r-spondin, eGF, Noggin, gastrin, a83-01 >6 monthsa 29,30

Genitourinary

Kidney tubule r-spondin, eGF, FGF-10, a83-01,b27 >6 months 31

Urothelium FGF-2, FGF-7, FGF-10, a83-01, b27 >30 passages 32

endometrium r-spondin, eGF, FGF-10, HGF, Noggin, a83-01, N2, b27 >6 months 33

Wnt-3a, r-spondin, eGF, FGF-10, Noggin, a83-01, N2, b27, Sb21092, e2 >4 months 34

Fallopian tube Wnt-3a, r-spondin, eGF, FGF-10, Noggin, Sb431542, N2, b27 >16 months 35

Ovarian surface epithelium Wnt-3a, r-spondin, eGF, Neuregulin-1, Noggin, hydrocortisone, estradiol, forskolin, a83-01, b27 Not specified 36

Prostate r-spondin, eGF, FGF-2, Noggin, dihydrotestosterone, prostaglandine e2, a83-01, Sb202190, b27 >12 months 6

Growth factor components and culture duration in previously reported organoid culture systems. N2, N2 supplement; b27, b27 supplement. a83-01, CHIr99021 and Sb202190 are inhibitors of TGF-β 
receptor, GSK-3 and p38 MaPK, respectively. aConfirmed in our laboratory.
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typically falls between 30% and over 90%, far exceeding the prob-
ability of establishing stable cancer cell lines from the same tissues17,71. 
Omics-based comparisons between tumour-derived organoids and 
original tumour tissues demonstrated that tumour organoids carry 
over the molecular fingerprints of the original tumours. Tumour 
organoids under culture also morphologically echo the histological 
grade or differentiation status of the original tumours. This molecular 
and phenotypic credibility of tumour-derived organoids as the substi-
tute for patient tumours has facilitated their usage in functional assays, 
including genetic perturbation experiments and drug screening on a 
per-patient basis. Efforts to comprehensively catalogue tumour organ-
oids are beginning to archive the extensive diversity of the histological 
and molecular subtypes in human cancers. Tumour organoids grown 
from single tumour cell clones captured intratumour heterogeneity 
of genetic mutations and drug sensitivity at the clone level72. Aside 
from the immense possibilities of patient-derived tumour organoids, 
organoids with chromosomal instability73,74 or mismatch-repair defi-
ciency54,75 continuously accrue chromosome mis-segregations or repli-
cation errors during culture, respectively, and researchers should keep 
in mind the impact of long-term culture on the genomic architecture 
of tumour organoids. It is therefore crucial to cryopreserve early pas-
sage organoids and avoid their excessive long-term culture to preserve 
the genetic features of the original tumours in patient-derived organ-
oids and to ensure experimental reproducibility.

In addition to the use in cancer research, patient-derived organ-
oids have remedied the scarcity of viable and functional human 
epithelial tissues that are affected by rare heritable monogenic dis-
eases. Intestinal76, kidney tubule31 and airway16 organoids derived 
from patients with cystic fibrosis showed impaired intraluminal 
fluid secretion upon activation of cyclic adenosine mono-phosphate 
and reproduced genotype-specific response to cystic fibrosis trans-
membrane conductance regulator (CFTR) correctors. Organoid 
culture of tissues affected by other monogenic disorders, namely 
microvillus inclusion disease77 (caused by myocin Vb or syntaxin 
3 deficiency), multiple intestinal atresia78 (caused by tetratricopep-
tide repeat domain 7A deficiency), diacylglycerol-acyltransferase 
1 deficiency79, Alagille syndrome25 (caused by Jagged-1 or notch 2 
deficiency) and α1-antitrypsin deficiency25, have successfully cap-
tured functional, structural, metabolic and developmental errors 
that characterize these diseases.

Organoids also preserve pathological states that are not neces-
sarily defined by genetic defects. For instance, endometriosis organ-
oids showed intrinsic activation of several oncogenic pathways that 

paralleled disease progression66. Organoids derived from gastric 
intestinal metaplasia50 and Barrett’s oesophagus23 maintain intes-
tinal marker expression, demonstrating that these intestine-like 
metaplastic conditions are cell-intrinsically fixed despite the impor-
tance of the inflammatory environment in their etiology, that is, 
Helicobacter pylori infection and chronic acid reflux, respectively. 
A methylome analysis revealed promoter hypermethylation in 
gastric intestinal metaplasia organoids and suggested epigenetic 
modification as a driver of metaplastic transformation50. Organoids 
established from the inflamed tissue of patients with inflammatory 
bowel disease also preserved characteristic gene expression80,81 and 
DNA methylation patterns that were distinct from those of healthy 
organoids81. Intestinal organoids derived from subjects with coeliac 
disease showed reduced expression of the genes that are related to 
the gut barrier function and had increased epithelial permeability82. 
Bile duct organoids established from patients with primary scle-
rosing cholangitis showed higher expression of immune-activated 
genes, including downstream targets of interleukin-17A (IL-17A), 
compared with healthy organoids83. Interestingly, a recent study 
identified specific strains of Klebsiella pneumoniae in the microbiota 
of patients with primary sclerosing cholangitis. These strains were 
capable of damaging the surface structure of 2D-cultured human 
colonic organoids, and this ability was considered to facilitate bac-
terial translocation and T helper 17 cell response in the host liver84. 
These studies highlight the presence of environmentally imprinted 
phenotypes in the human epithelium and the validity of using 
patient-derived organoids in investigating molecular mechanisms, 
especially epigenetic modifications that underlie such pathological 
conditions.

Organoid reverse engineering for genetic disease modelling. 
Although patient-derived organoids have facilitated human dis-
ease modelling from a disease- and phenotype-oriented viewpoint, 
direct establishment of organoids can be hindered in cases where 
the disease is extremely rare or the genetic defect leads to prenatal 
lethality. Solidifying the causality between a gene defect and dis-
ease phenotypes using genetic perturbation, or the reverse genet-
ics approach, is also pivotal in establishing genotype–phenotype 
correlations in human genetic disorders. To manipulate genes of 
interest in human organoids, researchers have implemented con-
ventional gene overexpression and knockdown assays, and, subse-
quently, clustered regularly interspaced short palindromic repeats 
(CRISPR)–CRISPR-associated protein (Cas9)-based genome  

Organoid derivation
(~30% to >90% efficiency)

Cell line derivation
(<30% efficiency)

Bottleneck
effect

Xenotransplantation

Culture-competent cells

Fig. 3 | Distinctions between organoids and cell lines. an illustrative example of derivation of organoids (top) and a cell line (bottom) from a tumour that 
shows moderate differentiation. Organoids preserve differentiated structures, such as glandular and cribriform structures, during culture and as xenograft 
tumours. In contrast, cell line culture only enables expansion of culture-proficient cells that usually form undifferentiated xenografts.
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editing on organoids85. Pioneered by the accurate rectification  
of a defective CFTR sequence in cystic fibrosis organoids86, the 
partnership between CRISPR–Cas9 and organoid technologies has 
paved a new path for tackling human diseases related to defective 
gene functions, including monogenic diseases and, for the most 
part, cancer (Fig. 4b).

Human cancers typically accumulate multiple genomic abnor-
malities during tumour history. However, whether and how individ-
ual genetic flaws derail the cytological behaviour of human tissues 
has been difficult to address due to the highly complex and het-
erogeneous nature of genetic defects among human cancers and an 
experimental hurdle in setting up cancer-relevant mutations in nor-
mal human tissues. Initial attempts to adapt CRISPR–Cas9-mediated 
genome editing of human organoids to functional cancer genom-
ics aimed to genetically reconstitute human colon cancer using 
the classical genetic model of colorectal cancer progression, or the 
adenoma–carcinoma sequence, as a genetic blueprint. Sequential 

disruption of tumour suppressor genes (APC, TP53 and SMAD4) 
and the introduction of oncogenic hotspot mutations (KRAS 
and PIK3CA) in human normal colonic organoids incremented 
growth-factor-independent growth in  vitro74,87 and tumourigenic 
capacity as xenograft tumours87. p53 inactivation also induced chro-
mosomal instability74. Independent deletion of MLH175, NTHL175 or 
XPC88, which are related to distinct DNA repair functions, in human 
normal colonic organoids accelerated the acquisition of unique 
mutation signatures. Treatment of BRAF-mutation-introduced 
human colonic organoids with TGF-β upregulated a set of genes 
that are related to the epithelial-to-mesenchymal transition89. 
Genetic replication of the molecular chronology of pancreatic duc-
tal cancer using pancreas organoids highlighted the importance of 
defective GATA-binding factor 6 (GATA6) function in the acqui-
sition of niche-independent growth and disease progression30. 
Knockout of the CDH1 (E-cadherin) gene in human gastric organ-
oids induced structural deformation reminiscent of the diffuse-type 

Tumourigenic growth

b

a

Tumour organoids

Sequencing

Drug screening

Xenograft

Colon cancer modelling Diffuse-type gastric cancer modelling

Pancreatic cancer modelling Cholangiocarcinoma modelling

CDH1 TP53

Niche independency
Tumourigenic growth

APC

KRAS
TP53
SMAD4

KRAS
CDKN2A
TP53 GATA6

Structural
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Wnt independencyEGF independency
Clonogenic growth
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SMAD4
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Fig. 4 | Cancer modelling in organoids. a, Tumour-derived organoids and examples of their downstream applications. b, representative examples of genetic 
modelling of human cancers using normal organoids and CrSIPr–Cas9-mediated genome editing. Tumour suppressor genes are shown in blue text and the 
KRAS oncogene is shown in red text.
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gastric cancer, and further knockout of TP53 conferred the abil-
ity to grow independently of the R-spondin niche50. Knockout of 
BAP1, an epigenetic modifier, distorted epithelial organization and 
apicobasal polarity in human liver ductal organoids, and additional 
inactivation of the TP53, SMAD4, NF1 and PTEN genes generated 
organoids that form xenograft tumours that are histologically com-
parable to cholangiocarcinoma90. Disruption of TP53, PTEN, RB1 
and NF1 genes transformed normal human mammary organoids 
into the luminal-type breast cancer19.

In addition to these conservative knockout and knockin experi-
ments, efficient genome cleavage by CRISPR–Cas9 further enabled 
introduction of complex genomic rearrangements in human 
colonic organoids and contributed to the genetic modelling of tra-
ditional serrated adenoma, a relatively rare subtype of colonic pol-
yps91. Thus, the strategy to build human tumours from scratch using 
normal organoids and CRISPR–Cas9 technology allows us to study 
the pure contribution of defined gene defects to the behaviour of 
tumour cells and is instructive in decomposing cancer genomics 
into single genotype–phenotype elements.

Modifying culture conditions to simulate diseased tissue envi-
ronments. Once organoids are established, researchers are free to 
arrange the culture substrate and medium composition, just like 
cell line experiments, for studying the action of epithelial cells in 
specific environments. Placing organoids in disease-pertinent con-
texts may perhaps be the simplest approach for disease modelling. 
For instance, to partially reconstitute the inflammatory milieu 
in immunological and infectious diseases, previous studies have 
treated organoids with various cytokines and bacterial products. 
Stimulation with tumour necrosis factor-α or its combination with 
interferon-γ elicits an apoptotic and necroptotic response in mouse 
intestinal organoids that genetically lack autophagy related 16 like 
1 (ATG16L1, encoded by Atg16l1), a Crohn’s disease susceptibility 
gene in humans, highlighting the protective role of ATG16L1 dur-
ing epithelial damage by intestinal inflammation92,93. ATG16L1 loss 
also sensitized mouse intestinal organoids to IL-22, which alter-
natively promotes the regeneration of intestinal stem cells94 and 
protects them from genotoxic stress95. Using clonal derivation and 
gene engineering of organoids, a recent study demonstrated that 
the colonic epithelium of patients with ulcerative colitis accumu-
late somatic mutations that provide survival benefit under chronic 
inflammatory damage induced by IL-17A96. These studies effectu-
ally used organoids to dissociate the effect of individual cytokines 
in epithelium- and genotype-specific manners. Inspired by the 
deposition of type I collagen in the regenerative epithelium follow-
ing experimental colitis and in the human large intestine affected 
by ulcerative colitis, another study demonstrated that the remodel-
ling of the ECM that occurs during tissue repair gears the epithe-
lium towards an embryonic state via mechanotransduction and that 
embedding intestinal organoids into type I collagen gel reproduces 
this process97. Interestingly, parasitic granulomas in the mouse 
intestine induce a similar developmental reversion in the overlying 
epithelium through interferon-γ signalling98, suggesting that ECM 
properties and inflammatory signalling converge into an identical 
regenerative fetal phenotype to promote wound repair.

Culture of tumour organoids has also exploited the customiz-
ability of the culture composition. By virtue of the extensive compi-
lation of genetic abnormalities that occur in human cancers, we now 
understand that genetic aberrations in human cancers often hijack 
stem cell niche pathways99, thereby enabling autonomous growth 
of tumour cells in the absence of the stem cell niche. For instance, 
human colorectal tumours predominantly acquire APC mutations, 
and it follows that most, if not all, colorectal tumour organoids 
expand in the absence of exogenous Wnt and R-spondin54. Similarly, 
most human pancreatic ductal carcinomas carry KRAS mutations, 
which enable the EGF-independent growth of patient-derived 

organoids30. Human cancers also acquire other hallmarks of cancer, 
such as resistance to cell death and hypoxia, through genetically or 
non-genetically defined mechanisms. These prior knowledges not 
only allowed us to omit specific growth factors from the culture 
media but also to efficiently derive tumour organoids from crude 
tissues by eliminating outgrowing normal organoids and enabling 
the positive selection of tumour organoids. For instance, treatment 
with a mouse double minute 2 homologue (MDM2) inhibitor, which 
activates the intrinsic p53 pathway, and removal of a rho-associated 
protein kinase (ROCK) inhibitor following single-cell dissociation, 
which selects organoids that are resistant to anoikis, allowed for 
efficient derivation of gastric cancer organoids50. Some colorectal 
cancer organoids favoured hypoxic growth, highlighting the impor-
tance of preparing several culture patterns with differing oxygen 
tensions during their establishment54. The culture environment 
with reduced niche activity may briefly represent a barren land to 
which the tumour cells must acclimate themselves for survival. In 
a genetically engineered model of pancreatic cancer, placing organ-
oids in a growth-factor-deficient condition was essential for their 
epigenetic transformation30. Specifically, pancreatic cancers adapt 
to a Wnt-deficient environment through epigenetic silencing of 
GATA6, which is recurrently observed in a poor prognostic subtype 
of pancreatic cancer, and genetically engineered organoids gained 
this phenotype only in the absence of Wnt-3a. Another study dem-
onstrated that mouse colonic organoids with an oncogenic Braf 
mutation show cell-autonomous activation of the Wnt pathway after 
a long-term culture100. This process accompanied DNA methyla-
tion with an aging-like pattern, which suggests that the long-term 
organoid culture induces a spontaneous remodelling of the epigen-
etic landscape in a genotype-dependent fashion. Together, expos-
ing organoids to specific cancer-relevant environments is useful not 
only for facilitating selective expansion of patient-derived tumour 
organoids but also for modelling tumour progression by inducing 
epigenetic transformation in vitro.

Organoid co-culture systems for modelling disease ecosystems. 
In many human diseases, non-epithelial cells often physically or 
indirectly interact with epithelial cells to modify disease presenta-
tions. Probing such interplay between distinct cellular populations 
can be challenging with stereotypical organoids constituted exclu-
sively of epithelial cells. With the aim of comprehending the cel-
lular diversity engaged in disease ecosystems, previous studies have 
incorporated non-epithelial cells in the organoid culture system 
(Fig. 5).

The co-culture system was representatively used for study-
ing the functionality of cancer-associated fibroblast (CAF), a 
cancer-specific stromal component of the tumour microenviron-
ment that is deemed to have a pleiotropic role in cancer biology. 
In pancreatic cancer, distinct CAF populations exist, but the con-
troversy as to whether they have tumour suppressive or promotive 
function has remained unsettled. A recent study demonstrated that 
mouse pancreatic stellate cells activate an inflammatory programme 
when co-cultured with mouse tumour organoids and promote 
organoid growth101. Another study showed that a subset of pancre-
atic CAFs secrete Wnt ligands and that their physical contact with 
pancreatic cancer organoids supports organoid growth through a 
juxtacrine molecular communication30 (Fig. 5a). Due to the pref-
erential growth of fibroblasts on stiff substrata rather than in soft 
matrix, this study established tumour-derived organoids and CAFs 
individually using standard organoid culture and a plastic substrate, 
respectively. Together, pancreatic CAFs are, at least in the organoid 
co-culture system, contributory to tumour growth.

In a similar manner, hybrid culture organoids with immune 
cells has allowed for ex vivo modelling of immuno–epithelial 
interactions, which include the cross-talk between leukocytes 
and organoids102–105, cytotoxicity of chimeric antigen-engineered 
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lymphocytes106 and tumour education of circulating T  cells by 
co-culture with autologous tumour organoids107 (Fig. 5b). An air–
liquid-interface-based tumour organoid culture system encom-
passed the stroma and tumour-infiltrating lymphocytes with 
preserved T-cell receptor and immunoglobulin repertoires of the 
parental tumours and recapitulated the programmed cell death 
protein 1 (PD-1) -dependent immune regulation56. These studies 
collectively demonstrate that increasing the complexity of organ-
oids through the hybrid culture with non-epithelial cells is a prag-
matic strategy for studying the interaction between epithelial and 
stromal cells.

Host–pathogen co-culture as an infection model. Adaptation 
of the co-culture system further allowed us to study the interplay 
between epithelial tissues and microorganisms (Fig. 5c and Table 
2). Due to the lumen-facing cellular alignment in most 3D organ-
oids, modelling bacterial encroachment that generally occurs 
at the lumen side of the epithelium has initially relied on the 
labour-intensive microinjection of bacteria. In parallel to the effort 
to improve the accuracy and throughput of organoid microinjection 

using an automated device108, the structural and technical limitation 
of using 3D organoids for studying bacterial infection was largely 
resolved by the later development of 2D monolayer organoid cul-
ture systems109,110. Anaerobic culture systems using human intestinal 
organoids further enabled the conservation of the gut microbiota 
repertoire, including obligate anaerobic species111,112. Inverting the 
cell polarity of intestinal organoids by means of suspension culture 
alternatively increased accessibility to the apical side of the organ-
oids and allowed for straightforward organoid–microbe co-culture 
as well as nutrient transport analysis113. These strategies have suc-
cessfully recreated the interaction between untransformed epithe-
lium and pathogenic bacteria, including Helicobacter pylori22,110,114, 
Salmonella typhimurium38,113,115, Listeria monocytogenes113, 
Escherichia coli (enterohemorrhagic109,116, enterotoxigenic104, entero-
pathogenic104,109 and enteroaggregative109,117 strains), Klebsiella pneu-
moniae84, Clostridium difficile118 and chlamydia trachomatis119.

As parasites often have complex lifecycles where each phase 
involves specific host tissues and species, organoids also provide 
a suitable model for studying parasitic infection. Recent studies 
infected human intestinal and lung organoids with Cryptosporidium, 
a parasite that mainly affects the intestinal and respiratory systems, 
and demonstrated that cryptosporidium can complete its lifecycle 
in human intestinal organoids120,121. Toxoplasma gondii is one of 
the most common parasites in the human population and has two 
main lifecycle phases: the sexual stage that is restricted to the cat 
intestinal epithelium and the asexual stage that can occur in any 
warm-blooded animals. A study using feline small intestinal organ-
oids as a definitive host identified linoleic acid abundance or a defi-
ciency of delta-6-desturase, an enzyme that is essential for linoleic 
acid metabolism, as a determinant of sexual reproduction of T. gon-
dii39, and another study infected bovine and porcine small intestinal 
organoids with T. gondii tachyzoites as a model of invasion to inter-
mediate hosts38.

Organoids have further contributed host cells for a range of 
viruses, such as influenza virus122–124, respiratory syncytial virus16, 
human norovirus125, human rotavirus126–128, enteroviruses129, human 
adenovirus130, BK virus31, human papillomavirus15, herpes simplex 
virus15, human astrovirus131 and Middle East respiratory syndrome 
coronavirus (MERS-CoV)132. Of note, some human norovirus 
strains required bile supplementation for their efficient replication 
in human small intestinal organoids125.

At the time of the preparation of this manuscript, the global 
health is facing a serious crisis due to the pandemic of coronavi-
rus disease 19 (COVID-19) caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). As a part of the worldwide 
effort to break through this situation, human organoids are also uti-
lized for investigating SARS-CoV-2133–136. Such studies may remedy 
the current insufficiency of our understanding of its infection mode 
and the mechanism of disease aggravation, and facilitate the discov-
ery of effective drugs.

The strength of organoids in studying infectious disease is par-
ticularly evident when specific tissues and cell types are implicated 
in disease pathophysiology. For instance, goblet cell and enterocyte 
differentiation in human colon organoids enabled efficient coloni-
zation of enterohemorrhagic E. coli116. T. gondii parasites were able to 
undergo sexual reproduction in small intestinal organoids derived 
from cats, the only mammal known to lack delta-6-desaturase activ-
ity in the intestine39. Replication of human influenza virus in human 
airway organoids dramatically increased in the presence of ciliary 
cells123. Human rotavirus infected not only enterocytes but also 
enteroendocrine cells in human intestinal organoids127,128. A spe-
cific strain of human adenovirus showed a preferential infection to 
goblet cells compared with the other cell types in human intestinal 
organoids130. Genogroup II, genotype 4 (GII.4) human norovirus 
strains could not efficiently replicate in intestinal organoids derived 
from individuals that genetically lack functional fucosyltransferase 
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Fig. 5 | Organoid co-culture applications. a, Co-culture of pancreatic 
cancer organoids with CaFs. a mixture of dissociated organoids and CaFs 
self-organizes and forms a single CaF-covered organoid. b, an example 
of immune cell–organoid co-culture. Co-culture of cancer organoids with 
autologous T cells induces tumour reactivity in T cells. c, Organoid–pathogen 
co-culture systems and access routes to the lumen side of organoids.
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2 (FUT2) and are known to be resistant to human norovirus infec-
tion125. This genotype-specific phenotype was later confirmed by 
the genetic manipulation of FUT2 in human intestinal organoids137. 
Such observations have been challenging to make in cell lines and 
encourages the utilization of the organoid co-culture system for a 
physiological reconstitution the host–pathogen interface.

roads and hurdles for clinical implementation of organoids
In parallel to the broadening usage of organoids in the explora-
tion of disease biology, preclinical studies capitalizing on organoid 
technology have portended the deployment of organoids in trans-
lational medicine and clinical application. The organoid-based 
selection of potential responders to cystic fibrosis drugs has 

spearheaded translation of organoid-based in  vitro drug test-
ing to clinical decision-making76,138. Beyond monogenic dis-
eases, pilot studies have exhaustively pursued the potential of 
patient-derived cancer organoids in precision medicine, and these 
experiments demonstrated variable responses of tumour organ-
oids to anticancer agents and genotype-expected sensitivities to 
molecular-targeting drugs139. Recent proof-of-principle studies fur-
ther reported that patient-derived tumour organoids can inform 
radiological response of clinical tumours to chemotherapy65,140,141 
and chemo-radiotherapy58,59. CRISPR–Cas9-mediated labelling 
and targeting of cancer stem cells in patient-derived colon cancer 
organoids illuminated the potential of cancer stem cells targeting 
as well as the extensive de-differentiation capacity of progenitor 
cancer cells142.

Aside from the use of patient-derived organoids as preclinical 
disease models, massive expandability and phenotypic reliability 
of normal tissue-derived organoids justifies their practical usage 
in regenerative medicine. Human intestinal organoids can repopu-
late the denuded rectal epithelium of mice and retain self-renewal 
and multidifferentiation capacities over months as xenografts143. 
Human liver organoids functionally colonize the damaged mouse 
liver25,26. Human bile duct organoids embedded within a collagen 
tube scaffold can stably bridge the surgical defect in mouse biliary 
tract27. Importantly, none of the organoid xenografts in these mod-
els showed a sign of tumourigenesis.

Although such successful transmission of human epithelial 
structures and functions by organoid transplantation, together with 
the promise of patient-derived organoids in precision medicine, 
brightens the prospect of organoid-based assays in clinical practice 
and in basic research, several obstacles that must be cleared lie on 
the track. As discussed below, organoids currently bear uncertain-
ties and limitations that are inherent to each of the cellular, extra-
cellular and medium components of the organoid culture system. 
Recent research is nonetheless beginning to resolve these setbacks 
by integrating state-of-the-art technologies and material science.

Replacing ECM with synthetic hydrogels. The reliance of organ-
oid culture on natural ECM has been one of the major road-
blocks in producing clinical-grade organoids that comply with 
good manufacturing practice. The de facto standard substrate for 
organoid culture is the basement membrane matrix (BMM) puri-
fied from Englebreth–Holm–Swarm mouse sarcoma, a benign 
murine tumour that abundantly produces ECM. Although BMM 
is not the genuine basement membrane that exists as a thin layer 
and anchors the epithelial lining in normal tissues, the biochemi-
cal compatibility of BMM with the native basement membrane has 
encouraged its usage in 3D cell culture. Organoid culture favours 
the growth-factor-reduced variant of BMM to minimize phenotype 
modulation by undefined growth factors. Type I collagen, which 
is typically extracted from bovine or porcine tissues, also supports 
the 3D growth of tissue stem cells97,144. Despite the common adop-
tion of these two ECMs in organoid culture, their substitution with 
non-xenobiotic materials is desirable when considering the usage of 
organoids in human body.

This growing demand for biosimilar culture substrates has moti-
vated the field to synthesize and bioengineer hydrogels that parallel 
natural ECMs with respect to the ability to foster the growth and 
maturation of organoids. Given that biological and physical cues 
that emanate from the ECM largely influence tissue cell behaviour145, 
the biochemical and mechanical properties of BMM that accepts 
virtually all types of organoids have been parametric milestones 
that can be leveraged for increasing layers of bioactivity in synthetic 
culture scaffolds. The main components of BMM are type IV colla-
gen, laminin, perlecan (heparan sulfate proteoglycan) and nidogen/
entactin, most of which are shown to support the growth of mouse 
intestinal organoids when individually blended into polyethylene 

Table 2 | list of pathogens used for co-culture with organoids

Pathogen Host organoid refs.

Microbe

Helicobacber pylori Human stomach 22,110,114

Salmonella typhimurium Cow and pig small 
intestine

38

Mouse small intestine 115

Human small intestine 113

Listeria monocytogenes Human small intestine 113

Escherichai coli Human small intestine 104,109,117

Human large intestine 109,116,117

Klebsiela pneumoniae Human large intestine 84

Clostridium difficile Mouse small intestine 118

Chlamydia trachomatis Human fallopian tube 119

Parasite

Cryptosporidium Human small intestine 120

Human airway 120

Mouse small intestine 121

Toxoplasma gondii Cat and mouse small 
intestine

39

Cow and pig small 
intestine

38

Virus

Influenza a virus Human airway 122–124

Influenza b virus Human airway 124

respiratory syncytial virus Human airway 16

Human norovirus Human small intestine 125

Human rotavirus Human small intestine 126–128

enterovirus Human fetal small 
intestine

129

Human adenovirus Human small intestine 130

bK virus Human kidney tubule 31

Human papillomavirus Human oral mucosa 15

Herpes simplex virus Human oral mucosa 15

Human astrovirus Human small and large 
intestine

131

MerS CoV Human large intestine 132

SarS-CoV-2 Human small and large 
intestine

133–135

bat small intestine 135

Human liver duct 136

NaTure MaTerialS | VOL 20 | FebrUary 2021 | 156–169 | www.nature.com/naturematerials164

http://www.nature.com/naturematerials


Review ARticleNaTuRe MaTeRIals

glycol hydrogels146. The sustained expansion of organoids in type I 
collagen gel suggests that the biochemical requirement of ECMs in 
organoid culture is relatively lenient and that BMM constituents are 
functionally redundant. Polyethylene glycol hydrogels tethered with 
the arginine-glycine-aspartate (RGD) peptide, the integrin recog-
nition motif found in fibronectin, indeed enabled the survival and 
growth of mouse and human intestinal organoids146. This study fur-
ther charted the mechanical requirement for organoid growth and 
demonstrated that stiff ECM is essential for the initial expansion 
phase of intestinal stem cells, whereas ECM softening by proteoly-
sis promotes subsequent organoid formation and differentiation. 
Another study found that the incorporation of the α2β1 integrin 
affinity motif found in type I collagen allows for enhanced recovery 
and expansion of human intestinal and endometrial organoids147. 
These are good examples of how fractionalizing the dependency of 
organoids on BMM and ECM properties can navigate the synthesis 
of minimal and defined hydrogels for organoid culture.

Although the current efforts are largely dedicated to design-
ing BMM-compatible hydrogels, customizing hydrogels beyond 
this purpose should provide novel opportunities for approaching 
ECM-driven phenotypes in organoids, especially from the disease 
viewpoint. For example, intestinal organoids acquire a fetal and 
regenerative phenotype in type 1 collagen gel97, and simulating this 
situation using bioengineered synthetic hydrogels may not only 
provide insights into the role of ECM parameters in the pathophysi-
ology of colitis and tissue fibrosis but also contribute to the prospec-
tive production of organoids with enhanced regenerative capacity.

Tunable hydrogels may also shed light onto the ECM-related 
phenotypes of cancer that are critical for disease progression, 
namely invasion and metastasis. Although these cancer phenotypes 
have been extensively investigated from the cellular perspective 
using genetic perturbation, cell-line-based in  vitro experiments, 
such as the invasion and wound healing assays, and xenograft 
models, in  vitro testing that accurately predicts the invasive and 
metastagenic capacities of cancer cells in the human body has yet to 
be established. As reviewed comprehensively elsewhere148, tumour 
cells experience multiple steps en route to the formation of overt 
metastasis, including invasion, intravasation, circulation, extravasa-
tion and colonization, and the competence of tumour cells and the 
tumour environment both mediate these processes. Some metastatic 
cancers also show tropism to specific organs with distinct biologi-
cal and mechanical properties149. Modelling these capabilities on the 
basis of patient-derived cancer organoids and tailored hydrogels, 
together with the usage of other technologies such as control-release 
particles to beacon invasive growth, microfluidics and 3D bioprint-
ing to build the vasculature, and perhaps other types of cells and 
organoids to recreate the vascular and metastatic niche, will be an 
exciting strategy for studying cancer biology as well as for generat-
ing in vitro preclinical platforms for enhanced precision oncology.

Replacing niche factors with biomimetic compounds. Due to the 
fixed biological property of BMM and collagen scaffolds, modifying 
the composition of the culture medium has been the mainstream 
strategy for establishing organoid culture systems for previously 
uncultured tissues, for formulating defined medium conditions with 
improved bioactivity and for studying the environmental impact on 
organoid behaviour. This approach may be an extension of the his-
torical effort to depart from a serum-supplemented, promiscuous 
culture condition for cell lines towards a fully defined condition for 
tissue stem cells. As most of the growth factors, agonists and antago-
nists supplied in organoid culture derive from recombinant proteins 
or conditioned medium, replacing them with compounds or other 
molecules has been a popular approach for creating more defined, 
bioactive and economical culture conditions. A representative exam-
ple in this framework is the transitioning usage of Wnt-3a, which is 
essential for many organoids that are driven by LGR5+ stem cells. 

Wnt ligands require post-translational palmytoylation to become 
biologically active and are hydrophobic in nature. Recombinant 
Wnt-3a products therefore include detergents, which hampers their 
usage at high concentrations and have obliged initial organoid cul-
tures to use serum-supplemented conditioned media for efficient 
Wnt pathway activation. However, later identification of the afamin 
protein150 and liposome151 as stabilizers of Wnt ligands in aqueous 
solution has realized the stable culture of Wnt-dependent organoids 
in a serum-free setting. Surrogate Wnt agonists that activate canoni-
cal Wnt signalling in a frizzled receptor-selective manner have also 
been developed152. Besides these protein-based refinements, glyco-
gen synthase kinase 3 (GSK-3) inhibition by small molecules ren-
ders Wnt activators (both Wnt and R-spondin) dispensable in the 
culture of mouse intestinal organoids153. Of note, GSK-3 inhibitors 
could not maintain the culture of human intestinal organoids for 
long term154.

Another example of a niche factor that was rationally replaced 
from the originally reported condition is the p38 MAPK inhibitor, 
which was essential for efficient EGF receptor pathway activation 
in human intestinal organoids but interfered with their secretory 
differentiation23. Transcriptome-based inference of active ligand–
receptor pairs in the human intestinal stem cell niche, followed 
by high-throughput growth factor screening on human intes-
tinal organoids, identified that the combination of insulin-like 
growth factor-1 (IGF-1) and FGF-2 enables efficient propagation 
of human intestinal organoids in the absence of the p38 inhibi-
tor, while retaining multiple differentiated cell populations24. This 
refined culture method also permitted robust growth of a sub-
set of patient-derived colorectal cancer organoids that showed a 
reduced growth in the presence of the p38 inhibitor. Although the 
definitiveness of organoid derivation is a prerequisite for a univer-
sal delivery of organoid-guided precision medicine, the establish-
ment rate is highly variable, especially in cancer as noted before. 
Complementing the permissiveness of the organoid culture envi-
ronments is therefore imperative, and the displacement of the serum 
and the p38 inhibitor is only the first step towards this mission. In 
this regard, organoid research can largely benefit from the recent 
advance in de novo protein design155, and the prospective develop-
ment of highly active, stable and selective mimics of growth factors 
and cytokines may present a new avenue for generating minimal but 
fully defined settings for organoid culture that promote accurate, 
reproducible and sustainable modelling of tissues and disease.

Enhancing the cyto-biological relevance of organoids. The extent 
to which an experimental tissue model represents the tissue of origin 
is a primordial question that should always be revisited when using 
them as tissue and disease alternatives. For organoids, histological 
assessment of organoid structure and immunostaining of cardinal 
maker proteins have visualized how organoids optically and qualita-
tively resemble native tissues. Electron microscopy has captured the 
presence of specific cell types and cellular anatomy in organoids at 
the microstructure level. Digital information, including transcrip-
tome, proteome and epigenome data, has been used as a quantitative 
readout of the organoid–tissue comparability. These multi-tiered 
approaches have collectively spotlighted not only the biologi-
cal authenticity of organoids but also their limitations. Exposure 
of organoids to highly potent and uniform niche factors orients 
the organoids towards a proliferative and undifferentiated mode. 
Overrepresentation of dividing cells in organoids may lead to aug-
mented response to cycle-targeting anticancer drugs, and previous 
studies indeed have documented discordant response to fluoroura-
cil treatment between patient-derived colorectal cancer organoids 
and organoid xenografts55, as well as clinical tumours141. In many 
cases, human organoids also lack terminally differentiated cells 
and require medium conversion from expansion to differentiation 
conditions to produce functional cell types23,25,123. Human intestinal  
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organoids primarily lack the secretory lineage in an expansion cul-
ture medium owing to the activation of the Notch pathway that 
blocks secretory differentiation23. The initial organoid culture of 
liver tissue propagated cystic structures with ductal features from 
bipotent ductal progenitors, and treatment with a differentiation 
medium was required to spawn hepatocytes25. Induced differen-
tiation invariably causes growth arrest, and hence phenomena that 
involve specific cell types, such as hepatocyte-specific production of 
α1-antitrypsin in liver organoids25 and human influenza virus infec-
tion in human mucociliary differentiation-facilitated airway organ-
oids123, can only be maintained temporarily.

Aiming to offset these experimental burdens, as partly men-
tioned above, organoid researchers have aspired to strengthen the 
biological fidelity of organoids by renovating the culture condi-
tion. This momentum was further accelerated by the recent rise of 
single-cell analysis that enables fine-grained molecular character-
ization of organoids and reference tissues. For instance, substitu-
tion of a p38 MAPK inhibitor with IGF-1 and FGF-2 in the culture 
medium of human intestinal organoids promoted secretory cell 
differentiation without impairing organoid growth. Single-cell 
transcriptome analysis clearly illustrated the conserved diversity 
of differentiated cells, including enteroendocrine cells, paneth cells 
and microfold cells, in organoids expanded with the refined condi-
tion24. A recent single-cell census of the human liver demonstrated 
a transcriptomic difference between epithelial cell adhesion mol-
ecule (EPCAM)-positive liver cells and bipotent progenitor-derived 
liver organoids156. However, adjustments to the prior culture con-
dition for liver organoids allowed hepatocytes to form albumin+ 
rosette-like organoids, and single cell-RNA sequencing clearly 
partitioned hepatocyte liver organoid-derived cells and ductal liver 
organoid-derived cells26. It is thus tempting to investigate how these 
human hepatocyte organoids compare with human tissues at the 
cellular level. Single-cell analysis also identified multiple cellular 
populations that differentially express tubular segment-specific 
genes in human kidney tubule organoids31, and demonstrated cel-
lular heterogeneity and responses to estrogen treatment in human 
endometrium organoids157.

So far, single-cell analysis has been performed for only a hand-
ful of human organoids, and further cellular decomposition of 
organoids derived from other healthy and disease tissues is awaited. 
For instance, a single-cell atlas of human cancer tissues and their 
organoids cultured in differing growth factor conditions may pro-
vide the optimal culture conditions that enable the organoids to 
reflect the cellular state of the original tumours, thereby contribut-
ing to an enhanced prediction of drug response. High-throughput 
comparison with counterpart human tissues using single-cell 
analysis has become a prevailing method to comprehensively sur-
vey the maturation, lineage commitment and off-target cells in 
pluripotent-cell-derived organoids, such as those of brain158 and 
kidney159, whereas its application in adult stem-cell-derived organ-
oids is just at the nascent stage. With the current downward trend 
in the cost for DNA sequencing, systematic and high-definition 
comparison of organoids and counterpart tissues using single-cell 
RNA sequencing should be a next standard for benchmarking the 
accuracy of organoids as a representative of human tissues.

Perspectives and conclusions
This decade punctuated by the success in the long-term culture of 
mouse intestinal organoids has perhaps been one of the most kalei-
doscopic periods in the chronicle of 3D culture and organoid tech-
nology160, when researchers have strived to derive organoids from 
tissues that had been difficult to culture with the existing meth-
ods and in parallel have procured diseased organoids mainly as a 
resource. Now that every end user has gained access to healthy and 
diseased tissues as organoids and can use this high-fidelity tool for 
various purposes, the priority in organoid research in the coming 

decade will be to set up practical stages where organoids can maxi-
mally unleash their potentials. As noted above, current organoid 
models of human diseases are basically tuned for studying either 
cell-intrinsic or environmental factors that control disease phe-
notypes. Integrating genetic engineering and effective mimicry of 
disease environments may enable deeper probing of this duality of 
human diseases. For example, knockout screening in organoids, 
followed by co-culture with CAFs, may reveal forward and reverse 
signalling and ligand–receptor pairs that are operative and action-
able in the cancer ecosystem. Genetic screening of organoids and 
co-culture with a pathogen will identify key mediator and effector 
molecules that are essential for the host recognition, entry, replica-
tion and virulence of the pathogen.

From a more clinically oriented perspective, tissue replacement 
using gene-corrected organoids holds great promise for restoring 
vital tissue functions that are impaired by pathogenic genetic vari-
ants. Correction of defective CFTR in airway organoids derived 
from patients with cystic fibrosis161 and their transplantation may 
alleviate respiratory complications. Patients with congenital meta-
bolic diseases that result from an insufficient amount or function of 
vital enzymes may benefit from transplantation of gene-corrected 
liver organoids. Realization of such conceptual frameworks can 
be accelerated by development of efficient delivery methods for 
CRISPR–Cas9 as well as by advances in CRISPR-based genome edi-
tors162. Deep profiling of the stem cell niche using spatially resolved 
single-cell RNA sequencing and single-cell proteomics will also 
contribute to the development of organoid culture systems with 
high bioactivity and cytocompatibility, and facilitate production of 
clinical grade organoids that are ready for transplantation usage.

Although several scientific, technical and ethical ramifica-
tions inherent to organoid and stem cell studies have yet to be 
settled as noted above, we are optimistic about the future of organ-
oid research and believe that, together with advances in other  
technologies, organoids will continue to open new horizons in 
biomedical science.
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