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A B S T R A C T

Organoid technology has been remarkably improved over the last decade. Various organoids have been derived
from different types of tissues and recapitulate their organ-specific gene expression signatures, particular tissue
spatial structures and functions of their original tissue. The patient-derived organoids (PDOs) have been used to
elucidate crucial scientific questions, including the relationships between genetic/epigenetic alterations and
drug responses, cell plasticity during disease progressions, and mechanisms of drug resistances. With the great
expectations, PDOs will be widely used to facilitate the personalized medical decisions, which have the potential
to profoundly improve patient outcomes. In this review, we will discuss the developmental details, current
achievements, applications and challenges of organoid technology in precision cancer medicine.

1. Introduction

Genotype-based cancer precision medicine is deeply and widely
studied to facilitate cancer treatments in order to improve patient
outcomes. However, the genotype-based predictions of cancer therapies
are not unequivocal. First, both intra-tumor and inter-tumor hetero-
geneity may increase diagnosis difficulties and thus contribute to
therapeutic resistances. Secondly, tumor development is a highly dy-
namic process. Mutations are usually accumulated through the rapid
DNA replications of tumor cells, including chromosome instability,
microsatellite instability and the changes in epigenetic modifications. In
addition, the tumor evolution is made by participations of the abnormal
microenvironments, which are established by cancer-associated fibro-
blasts, immunocytes and the multiple cells composed vascular net-
works. Furthermore, the diverse ranges of human tumor cells in both
molecular heterogeneity and plasticity present new challenges for
personalized precision medicine, which may be addressable through
making the relative guidance for drug testing on the patients derived
preclinical models.

Maintenance of heterogeneity in original tumors and restoration of
tumor microenvironments are the two major challenges for establishing
preclinical models, which may ultimately influence the conformance of
drug responses and clinical outcomes. The patients-derived cancer cell
lines (PDCs) can be rapidly established for drug discoveries and high
throughput screenings. However, lacks of the information on both

tumor architecture and microenvironment limit their application po-
tentials as the preclinical models. On the other hand, the patient-de-
rived tumor xenografts (PDXs) can maintain the particular tumor het-
erogeneities as well as the interactions between the tumor cells and
their surrounding stromal cells. Indeed, they have been utilized for
preclinical drug evaluation and biomarker identification. Nonetheless,
they also carry some shortcomings to hamper their practical applica-
tions for precision medicine, such as, the successful initiation rate varies
among tumors [1], and the required over-long time period for pre-
parations, etc. Compared to the above two type of models, the patient-
derived tumor organoids (PDOs) have the special property. They can be
rapidly generated with limited tumor samples and largely recapitulate
the nature of their tumor origins. Currently, organoid technology has
shown tremendous potentials for applications in personalized medicine
(Table 1). In general, organoids are organ-like structures that can be
efficiently generated either from the harvested samples of patients or
from the induction of pluripotent stem cells. Their advantages for ge-
netic and structural similarities with their original tissues highlight the
special potentials of organoid technology for precision medicine.
Usually, the heterogeneous diseases, especially the tumors, often con-
sist with various cell subpopulations with distinct gene alterations,
which are difficult for the clinical treatments and also hard for reser-
ving in cancer models. As the preclinical models, self-organized three-
dimensional organoid can largely recapitulate the heterogeneous
composition of its origin tumor [2,3], and keep to maintain the
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mutation patterns during long-term culture without genetic alterations
[4]. Another key advantage of PDO is reflected from organoid cultures.
The organoid in culture have high accessibility and visibility, which
makes it more suitable for studying dynamic process, such as tumor
development. Furthermore, organoid can be built with very few starting
cells and propagated rapidly under proper culture condition. This
property allows the rapid and efficient establishments of particular
preclinical model even with very limited amount of harvested tissue. In
conclusion, the organoid technology supplies a new generation of
platform for precision medicine, especially for the personalized medical
decisions, drug screening and signaling pathway study, etc.

2. History of three-dimensional (3D) cell culture

During the past century, 3D cell culture system has been gradually
established based on collective experiences from two-dimensional (2D)
cell culture at the earlier time. Although the establishment of 2D cell
culture reflected a significant revolutionary progress, the more devel-
oped and novel 3D cell culture system enables strict recapitulation of
the in vivo cell signatures, which is urgently needed for the studies on
the basic cell biology and human diseases in nowadays. As early as in
1907, Wilson et al. described the self-organization of sponge cells in
vitro [5]. Results from their study demonstrated the possibility of gen-
erating whole organism in vitro. At same time, “organoid” refers to the
small epithelial fragments taken from animals and removed with most
stromal components. For achieving the in vitro culture of organoid, the
hanging drop culture method was developed by Harrison in 1907 [6].
Remarkably, the embryo nerve cord was cultured in a liquid drop of
lymph to hold the tissue in a properly fixed position. The hanging drop
culture technology was widely used since then [7,8]. After the successes
in application of collagenase for tissue digestion in 1950s, researchers
were able to culture cells with 3D structures using dissociated cells
[9,10]. After the successful isolation of Matrigel in 1980s, various 3D
culture technologies were rapidly established and broadly used in the
study of organ morphogenesis [11–14].

Although 3D culture was described over a hundred years ago [5],
the first single stem cell-derived organoid was only established in 2009.
The single stem cell-derived organoid has special characters of self-
proliferation capability and differentiation potential to form organ like
structures. Sato et al. reported that the Lgr5+ intestine stem cells self-
organized to intestine crypt–villus structures without mesenchymal
niche in Matrigel [15]. Later on, the numerous groups started to focus
on the establishments of organoid biobanks for many kinds of tissues
based on their interested studies, both in the fields of researches of

healthy human physiology and the pathology with diseases [16].

3. Different stem cell origins for deriving organoids

Up to now, several kinds of organoids have been successfully de-
rived from different stem cells, including pluripotent stem cells (PSCs)
of both embryonic stem cells (ESCs) and induced pluripotent stem cells
(iPSCs), and various adult stem cells (ASCs). Under the proper niches
built by growth factor cocktails, they can display the capability of self-
organization and differentiation. With the gene-editing technology,
some models can be successfully used to study tumor-initiation and
basic mechanisms of cancer biology.

3.1. Organoids derived from PSCs

With high ability of self-renewal and differentiation, PSCs (both
ESCs and iPSCs) are broadly used in reconstructions of organ structures
in vitro in the form of organoids.

3.1.1. Brain organoids from PSCs
PSCs have been broadly used in reconstruction of tissue structures

for different brain regions and for the whole brain. Lancaster et al. first
reported the protocol to generate the cerebral organoids [17]. These
cerebral organoids consisted a broad diversity of cells representing
various brain regions [18] and recapitulate in vivo-like topography
[19–21]. Optic cup organoids and retina organoids were successfully
generated from ESCs and iPSCs respectively [22–27]. These organoids
differentiated into wide ranges of retinal cell types after transplantation
into mice [28] or primate [29] retinal degeneration models, which
implicated their potential in clinical applications. In another report,
functional adenohypophysis organoids were generated form mouse
ESCs [30]. The establishments of several brain region-specific orga-
noids were further reported, including forebrain [31,32], cerebellum
[33], cortex [34,35], hippocampus [36], midbrain [37,38] and hy-
pothalamus [31].

3.1.2. Organoids of foregut organs from PSCs
Theoretically, the endoderm shapes into a primitive gut tube, which

will give rise to foregut, midgut and hindgut after gastrulation [39].
The foregut further differentiates into thyroid, lung, esophagus, liver,
biliary tree, pancreas and stomach [40]. As reported, foregut organoids
could be generated from PSCs through a step-wise differentiation pro-
cess that resembles development stages in vivo. Agreeing with the
principles in developmental biology, almost all kinds of foregut

Table 1
Comparison of preclinical cancer models.

Cancer models Advantages Challenges

PDCs, *Easy to maintain
∗ Propagated rapidly
∗ Amenable for genetic manipulation
∗ Suitable for high-throughput drug
screening

∗ Cost-effective

∗ Lack of heterogeneity
∗ Lack of microenvironment, such as tumor-stromal interaction and immune system
∗ Long term culture may increase genome instability
∗ Change of cell morphology in 2D culture may influence cell identity
∗ Lack germline mutation control from the origin patient, making it difficult to distinguish between oncogenic
gene alterations and alterations gained from long-term culture

PDXs, ∗ Recapitulate the tumor-stromal
interaction

∗ Maintain tumor architecture and
heterogeneity

∗ Long propagation time
∗ Successful rate varies among tumors
∗ Unsuitable for genetic manipulation
∗ Unsuitable for high-throughput drug screening
∗ Lack of immune cells because tumor are embedded in immune-deficient mice
∗ PDX derived from single biopsy, which may not represent the whole tumor

PDOs, ∗ High successful initiation rate
∗ Suitable for high-throughput drug
screening

∗ Amenable for genetic manipulation
∗ Maintain tumor architecture and
heterogeneity

∗ Suitable for biobank establishment

∗ Lack of tumor-stromal interaction and immune system
∗ Organoid culture depend on matrigel, which is not well-defined
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organoids could be established from PSCs, including liver [41], stomach
[40,42], pancreas [43,44], thyroid [45] and lung [46–50].

3.1.3. Organoids of small intestine and colon from PSCs
Robust and efficient generation of intestinal organoid from PSCs can

be achieves through the temporal manipulation of growth factors that
mimic the intestinal development in vitro [51]. These organoids have
the capacity to reconstructe the intestine tissues, which was confirmed
by transplantation assay with mouse model of damaged colonic epi-
thelium [52–54].

3.2. Organoids derived from ASCs

Adult stem cells are regarded to exist in almost every type of tissues,
responsible for tissue maintenance and injury repair. Theoretically,
they have the advantage in reconstructing the mature and functional
architect than both ESCs and iPSCs [55]. They have been broadly used
to establish many types of organoid lines, especially for surface ecto-
derm glandular tissues [56]. For example, Lgr5 (leucine rich repeat
containing G-protein-coupled receptor 5), a Wnt targeted gene, has
been proved to be a stem cell marker in various kinds of epithelium
[57].

3.2.1. Organoids of small intestine and colon from ASCs
The actively proliferating Lgr5+ stem cells were found to located at

the intestine crypt structure with a delicate niche composed of site-
specific paneth cells, transit-amplifying cells, goblet cells etc [58]. It
was reported that intestine organoids were successfully cultured by
adding growth factor cocktail to mimic the delicate niche in vivo [15].
Both Wnt3a and R-spondin, the Wnt signal enhancer, were employed to
activate the Wnt signal. In theory, Wnt signal is a key factor for the
stabilization of β-catenin, needed for both stem cell fate maintenance
and paneth cells differentiation [59]. In addition, Notch signal con-
tributes to the maintenance of the undifferentiated state of stem cells

[60]. Other key factors in small intestine organoid culture include the
mitosis accelerator EGF, the crypt structure promotor Noggin etc.
Therefore, the discovery of these essential factors enabled the estab-
lishment of small intestine organoids under defined conditions [61–64].

3.2.2. Organoids of liver and pancreas from ASCs
Liver and pancreas are both originated from foregut and cooperate

to regulate metabolism [65]. They have been found to harbor common
adult stem cells based on the results that transplantation of mouse
pancreatic cells rescues liver failure [66], and that hepatocyte-like cells
could be induced into pancreatic cells [67]. In addition, they both self-
renewal in a slow rate under homeostasis [55]. In accordance with the
slow proliferation rate, Lgr5+ cells were known to be very rare under
physiological conditions, but increased after injury [68]. Based on the
results of small intestine organoid in culture, it was reported that single
Lgr5+ stem cell in liver and pancreas had the capacity to form func-
tional liver and pancreas organoids respectively in vitro [69,70].

3.2.3. Other ASCs derived organoids
Based on the reported landmark work on the culture of small in-

testine organoids, several organoids were successfully derived from
other organs [15]. Karthaus [71] and Chua [72] cultured genetically
stable prostate organoids that were derived from luminal cells and basal
cells. Their work identified a new approach to study prostate cells in
vitro. Afterwards, various tissue-specific organoids were successfully
generated from their own ASCs, including mammary gland organoids
[73], fallopian tube epithelium organoids [74], taste bud organoids
[75], gastric organoids [57,76] and airway organoids [77–80].

4. Current organoid models for cancers and other diseases

Nowadays, precision medicine advocates that every patient should
be treated differently based on the personal differences, including in-
dividual genome and transcriptome landscape, environment and life

Fig. 1. The applications of patient-derived
organoids in precision medicine. Organoids
can be generated from patient-derived
cancer cells with a high successfully rate.
The high throughput drug screening in pa-
tient-derived organoids can assist persona-
lized medical decision in clinical. In parallel,
patient-derived organoids can also be pre-
served as biobanks. Organoid biobanks can
facilitate fundamental research through
disease modeling, gene editing and linking
the relationship between genetic variations
and drug responses.
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style. However, due to the lack of understanding in the relationships
between genetic mutations and drug responses, particular treatment of
certain mutation with its targeted drugs cannot always receive the ex-
pected outcomes. To overcome the challenges in cancer therapy, per-
sonalized disease models have been addressed. Organoids have recently
emerged as a powerful disease model in precision medicine. It sheds
light on a new approach to improve drug responses and minimize side
effects on the highly heterogeneous diseases, especially cancers. The
patients-derived cancer organoids, which maintain both the hetero-
geneity and genetic features of their original cancer tissues might be
broadly used in the future of personalized cancer medicine (Fig. 1).

Organoid biobanks have been established to model various kinds of
tumors, including colorectal cancer [59,81], pancreatic cancer [82],
prostate cancer [71], liver cancer [83], bladder cancer [84,85], etc.
Based on their previous study on mouse small intestine organoid cul-
ture, Sato et al. cultured human intestinal adenoma organoids in 2011
[59]. After that, we established a protocol to culture advanced prostate
cancer organoids [71]. Different with some other common malignant
tumors, prostate cancer lacks in vitro models because of difficulty on the
propagation of prostate cancer cells. Using organoid culture system, we
were able to recapitulate frequent mutations in prostate cancer and
enabled genetic and pharmacologic studies of prostate cancer in a new
approach. In another study, Boj et al. successfully modeled ductal
pancreatic cancer using organoid culture [82]. Since the mortality of
ductal pancreatic cancer is extremely high due to the difficulty in the
early diagnosis, an optimal model of pancreatic cancer is greatly ex-
pected to study its tumorigenesis. Right now, pancreatic organoids can
be rapidly generated from benign or malignant tissues based on their
findings. Wetering et al. developed an organoid biobank for colorectal
cancer and the adjacent normal tissues in 2015 [86]. Furthermore,
based on the study of colorectal cancer organoids derived from different
clinical stages, Shimokawa et al. demonstrated the correlation between
niche-independent growth and disease progression [87]. Recently, or-
ganoid biobanks for liver tumor [83], mammary tumor [88,89],
bladder cancer [84] and brain tumor [90] were subsequently gener-
ated. In summary, orgnaoid biobanks have become a powerful platform
to understand the deadly malignancy and facilitate new drug devel-
opment.

As expected, organoid technology has gradually supplied the pro-
mising models for various types of tumors, which can recapitulate in
vivo natures of diseases or injuries under in vitro conditions [91]. Since
organoid contains most types of cells from its organ source, and it can
recapitulate the pathological changes of human organs in the more
faithful way [92,93]. For examples, H. pylori is a bacterium which can
colonize in the gastric mucosa and cause acute gastritis in vivo, how-
ever, H. pylori stopped proliferating and died gradually in 2D gastric
cancer cell culture system [40,94]. While the injection of H. pylori into
the lumen of gastric organoids can maintain the viability of the bacteria
and cause acute inflammatory response in epithelial cells [95]. Huch
et al. successfully modeled a1-antitrypsin deficiency and Alagille syn-
drome by culturing patient-derived organoids [70]. Morizane et al.
mimicked kidney development by culturing organoids from human
PSCs and successfully modeled kidney injury in vitro [96]. Qian et al.
employed the region specific brain organoid platform to model Zika
virus infection, which include cell death and neuronal cell-layer volume
decrease [31]. Neurodevelopmental disorders are often difficult to
mimic with mouse models. Lancaster et al. cultured reprogrammed
patient-derived fibroblasts to form cerebral organoids, which showed
features of microcephaly [17]. Therefore, organoid technology has
gradually become a powerful tool for understanding human pathology.

5. Applications of organoid technology

5.1. Organoids for drug screenings

The establishment of organoid culture system provides an

opportunity to rapidly and efficiently model the human cancers and
other diseases, to enable the high throughput drug screenings specific
for individual patient. As a successful example, Dekkers et al. employed
organoid-based drug screening in cystic fibrosis [97]. Cystic fibrosis is
usually caused by the mutation of CFTR, which is a epithelial anion
channel protein encoding gene. There are nearly 2000 identified CFTR
mutations, but only a few of them have been successfully targeted. The
drug testing in patient-derived organoids enabled the prediction of
particular drug response in individual patient with the rare and un-
characterized CFTR mutations.

With the establishment of tumor organoid biobanks, organoid
technology gradually shows the powerful potentials to facilitate per-
sonalized cancer medicine. Two organoid biobanks were derived from
colon cancer and their adjacent healthy tissue, representing common
gene alterations in colon cancer, which revealed by DNA and RNA se-
quencing. 83 clinically used drugs were screenned on those organoids.
The screening results are consistent with known gene-drug associations,
which showed the potential of organoid as a high-throughput drug
screening platform [86,87]. Vlachogiannis et al. first compared the
relationship of drug responses between patients and their metastatic
gastrointestinal tumor organoids. This endeavor represented the valu-
able application of tumor organoids for setting the guidance during
drug prescription in precision cancer medicine [98]. Afterward, Tiriac
et al. tested chemotherapy in patient-derived pancreatic cancer orga-
noids. The therapeutic profiles of pancreatic cancer organoids paral-
leled patients outcomes and the longitudinal assessment of PDOs re-
flected the clinical course for an individual patient [99]. Through the
co-culture of patient-derived glioma stem cells and human ESCs-derived
cerebral organoids, glioblastoma organoids can closely phenocopy
glioblastoma in patients, providing the platform for high-throughput
drug screening [100]. Henceforth, the subsequent drug screenings will
be greatly helped by the tumor organoids biobanks, during which the
relationships between genetic landscapes and therapeutic outcomes for
patients will be better understood [101–104].

Besides, organoid models may also be used in drug toxicity testing
in the future. For example, hepatocyte derived liver organoids showed
the potential in studying drug metabolism and toxic reactions to com-
plement animal testing [70]. When cisplatin, a nephrotoxicant, was
used to treat kidney organoids in culture, the mature proximal tubules-
specific apoptosis could be caused, indicating that the application of
kidney organoids has been successfully performed in drug response
tests [105].

5.2. Organoids for tissue engineering

Genetic manipulation can be employed to further broaden the scope
of utilizing organoids in drug screenings, regenerative medicine and
signaling pathway studies [106]. For instance, the accurate gene editing
technology such as CRISPR-Cas9 can be used to correct the gene mu-
tations in patient-derived organoids. Transplantation of those fully
functionally modified organoids back into patients may efficiently ac-
celerate tissue repair in patients. Schwank et al. have tried to put this
strategy into the clinical practice through correcting gene mutation in
cystic fibrosis [107], a hereditary disease caused by single-gene muta-
tion. As reported, the CRISPR-Cas9 mediated DNA repair restored the
normal function in patient-derived organoids. Right now, this is just at
initial stage of an early attempt to treat the currently incurable her-
editary diseases by the transplantation of genetic engineered organoids.

6. Current challenges of organoid technology in precision cancer
medicine

6.1. Challenges in reconstruction of tumor microenvironment

Although organoid is regarded as a promising model in vitro, it still
has limitations on many aspects. It cannot fully recapitulate the
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complicated structures of tumor microenvironment. It lacks the blood
vessels, immune cells and neurons. Both disease progression and drug
resistance for most tumors not only depend on gene alterations of tumor
themselves, but are also influenced by the tumor microenvironments,
such as the surrounding fibroblasts and immunocytes.

The healthy stromal cells functions as a barrier against tumor, while
the cancer associated fibroblasts facilitate tumor progression. Cancer
associated fibroblasts (CAFs) often harbor unique cytokine secretion
profiles, have an increased capability of cell proliferation and produce
an abnormal extracellular matrix [108,109]. Those properties con-
tribute to tumor remodeling and pathogenic angiogenesis, which pro-
moted tumor progressions and eventually associated with poor out-
comes [110]. Through the addition of stromal components during
establishment process of organoid in culture, stromal microenviron-
ment in organoids could be partially restored. Direct input of human
endothelial cells into the co-culture of breast cancer organoids in mice
generated functional network of capillary vessel, which could connect
to mice circulatory system [111]. PSCs-derived human blood vessel
organoids can be self-assembled in vitro into a capillary network with
endothelial cells and pericytes. This study showed the possibility of
rebuilding the vascular system in organoid in vitro [112,113]. Workman
et al. incorporated PSCs-derived neural crest cells into intestine orga-
noids [114]. Those PSCs-derived nerve cells incorporated into orga-
noids to successfully form neuroglial structures that resembled enteric
nervous system in intestine and had functional neural activities.

Immune system can be tumor-promoting and tumor-preventing
under different context. Although healthy immune system mount anti-
tumor responses, unbalanced immune cells could become a micro-
environment as a powerful contributor to tumor development
[115–117]. For this regard, some efforts have been made to restore the
immune microenvironment in organoid system. Lymphocytes were co-
cultured with cells for the establishment of intestinal epithelial orga-
noids. These lymphocytes showed significantly sustained activities of
proliferation and active movement [118]. In addition, macrophage-
enteroid was established by co-culture of intestinal stem cells with
monocyte-derived macrophages. It was found that epithelia and mac-
rophages could cooperate to regulate cytokine secretion and respond
after virus infection [119,120]. Under modified situations, tumor or-
ganoids could also entrain peripheral blood derived T cells to a tumor-
specific reactive state [121]. With the 3D organoid culture system, the
PSCs can be induced as a T cell with anticancer function, which pro-
vides an possible way to produce therapeutic T cells [122]. Neal et al.
employed an air-liquid interface method to generate patient-derived
organoids that preserve tumor stromal cells and T cells [123].

Nowadays, it is still an insurmountable challenge to reconstitute the
tumor microenvironment with patients-derived CAFs, immunocyte and
capillary system in 3D organoid cultures, mimicking the disease pro-
gression and evolution.

6.2. Challenges for requirements of more defined matrices

The matrix resembling basement membrane used for 3D culture was
successfully isolated from murine chondrosarcoma as early as 1977
[40]. The bioactive molecules containing extracellular matrix scaffolds
provide the physical and biochemical supports necessary for 3D culture.
Those matrix supports the tissue reconstruction by creating a favorable
microenvironment, which enabled 3D assemble of cells in cultures.

In present, most of current protocols of organoid culture depend on
animal-derived Matrigel or collagens as supports of 3D matrix.
Certainly, both Matrigel and collagens are powerful matrix to mimic
extracellular matrix in vivo and maintain the stability of un-
differentiated state for some stem cells. However, they are composed of
complex components including laminin, collagen IV, and entactin etc.
These components contain multiple undefined growth factors that may
affect cellular activities unexpectedly. And current 3D scaffolds are still
not suitable for the controlled modifications due to the undefined

property. For consideration of clinical applications, the risks in im-
munogen or pathogen transformation are still existed concerns.
Therefore, new generation of matrices with known components is
needed to broaden the applications of organoids [37,124–126]. For
example, poly(ethylene glycol) (PEG) macromers was found in study to
mimic collagenase substrates in ECM [127]. In another work, the con-
jugation of hydrophilic polymers with fibrinogen, collagen, or albumin
could be used to generate new semi-synthetic hydrogels [128].

7. Conclusion

Organoid technology has already emerged as a new platform that
facilitates the studies of complicated diseases, especially many cancers.
Particularly, patient-derived organoids serve as preclinical models in
the practice of precision medicine, which are proved to have great
potentials of applications in cancer treatments and improvements of
patients’ outcomes. To reach this long-term goal, drug screenings in
preclinical models might broadly use to predict treatment responses in
future. Patient-derived organoids can be used in the prediction of drug
response of particular individual patient. Furthermore, organoids are
amendable for applying genetic manipulations on the cells before en-
tering into organoid establishment, which enables the organoid-based
fundamental researches. In the future, organoid technology will become
a more powerful platform for understanding of human diseases and the
discovering of new drugs.
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