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Abstract
Patient-derived cancer cells (PDCs) and patient-derived xenografts (PDXs) are
often used as tumor models, but have many shortcomings. PDCs not only lack
diversity in terms of cell type, spatial organization, and microenvironment but
also have adverse effects in stem cell cultures, whereas PDX are expensive with
a low transplantation success rate and require a long culture time. In recent
years, advances in three-dimensional (3D) organoid culture technology have
led to the development of novel physiological systems that model the tissues
of origin more precisely than traditional culture methods. Patient-derived can-
cer organoids bridge the conventional gaps in PDC and PDX models and closely
reflect the pathophysiological features of natural tumorigenesis and metastasis,
and have led to new patient-specific drug screening techniques, development
of individualized treatment regimens, and discovery of prognostic biomarkers
and mechanisms of resistance. Synergistic combinations of cancer organoids
with other technologies, for example, organ-on-a-chip, 3D bio-printing, and
CRISPR-Cas9-mediated homology-independent organoid transgenesis, andwith
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treatments, such as immunotherapy, have been useful in overcoming their limi-
tations and led to the development of more suitable model systems that recapitu-
late the complex stroma of cancer, inter-organ and intra-organ communications,
and potentially multiorgan metastasis. In this review, we discuss various meth-
ods for the creation of organ-specific cancer organoids and summarize organ-
specific advances and applications, synergistic technologies, and treatments as
well as current limitations and future prospects for cancer organoids. Further
advances will bring this novel 3D organoid culture technique closer to clinical
practice in the future.

KEYWORDS
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1 BACKGROUND

Patient-derived cancer cells (PDCs) and patient-derived
xenografts (PDXs) are often used as tumor models, but
have many shortcomings [1,2]. PDCs not only lack diver-
sity in terms of cell type, spatial organization, andmicroen-
vironment but also have adverse effects in stem cell cul-
tures, whereas PDXs are expensive with a low transplanta-
tion success rate and require a long culture time [3,4].
In recent years, a three-dimensional (3D) cell culture

technique known as “organoid” has been developed [5].
An organoid is a multi-cell mass constructed from a 3D
culture in vitro [3,6] and can be generated from embry-
onic stem cells, induced pluripotent stem cells (iPSCs),
and somatic stem cells (SSCs). With the capabilities of
self-renewal and self-proliferation, while maintaining the
physiological structure and function of their source tis-
sues, organoids are useful for studying tumor models and
stem cell biology [7–9]. Patient-derived organoids bridge
the conventional gaps in PDC and PDX models and have
potential in clinical cancer research (Figure 1), particu-
larly modeling of cancer [10–12], individualized therapy
[13,14], tumor drug screening [15,16], tumor immunother-
apy [17,18], and translational medicine [19,20]. Organoids
have now been established for a wide range of tumor types
[21,22]. In this review, we elaborate on how the different
types of cancer organoids were developed and discuss their
applications, limitations, and future prospects.

2 EVOLUTION AND ESTABLISHMENT
OF ORGANOIDS

In 1907, Wilson [23] demonstrated that separated sponge
cells could reassemble and self-organize into a complete

organism. Lindberg et al. [24] and Pellegrini et al. [25]
then cultured limbal stem cells on 3T3 trophoblast cells
and transplanted them into damaged eyes, which marked
the start of the development of 3D organoid technology. A
search on PubMed for the years 2000-2020 using the terms
“organoid” and “organoid and tumor/cancer” yielded 6864
items and 3006 items, respectively. Progress in organoid
research was slow from 2000 to 2010 (Supplementary Fig-
ure S1). In 2009, Sato et al. [26] demonstrated that a single
leucine-rich repeat containing G protein-coupled receptor
5 stem cells without a mesenchymal background could be
used to construct small intestinal crypt-villus structures in
vitro. They used a novel Matrigel culture system that was
able to replace the extracellular matrix (ECM) and con-
tained growth factors, including epidermal growth factor,
Noggin, R-spondin 1, andWingless-related integration site
(Wnt). The 3D mouse crypt structures were established
in this culture system for 8 months [26]. Subsequently, in
2010, Unbekandt and Davies [27] used mouse embryonic
stem cells to produce kidney organoids. In 2013, Lancaster
et al. [28] showed that a brain organoid could be gener-
ated by growing human pluripotent stem cells (hPSCs)
in Matrigel. Between 2012 and 2013, there was a rapid
increase in the amount of published researches on gen-
eral organoids and cancer organoids (from 84 items to 151
items) and cancer-specific organoids (from 34 items to 66
items) (Supplementary Figure S1). After 2013, the number
of organoid studies continued to increase year by year. By
2020, there were 2086 published items related to general
organoids and cancer organoids, 907 (approximately 43%)
of which were in the field of cancer organoids.
The 3D cancer organoids could serve as an important

tool for unlocking the secrets of cancer. Given their abil-
ity to recapitulate the genotype, phenotype, and cellu-
lar features of their parent tissues, they can be used in
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F IGURE 1 Summary of the procedures used to establish normal tissue and cancer organoids. Induced pluripotent stem cells, somatic
stem cells, and embryonic stem cells can be used to establish normal tissue-derived organoids. Patient-derived cancer cells can be used to
establish in vivo xenografts or can be propagated on an enriched Matrigel matrix and cultured into three-dimensional tumor organoids that
have in vivo and in vitro applications. Abbreviations: ESCs, embryonic stem cells; iPSCs, induced pluripotent stem cells

the study of various tumors, including liver [29], breast
[30], lung [31], and pancreatic cancers [32]. Standard tis-
sue organoids for use in physiological studies can be
derived from hPSCs or SSCs; hPSCs can be derived from
embryonic stem cells or iPSCs, whereas SSCs are generally
derived by the separation and purification of tissue sam-
ples after surgery [33–35]. A cancer/tumor organoid, also
known as a “cancer surrogate,” uses the patient’s tumor
tissue for in vitro 3D cultures to simulate the biological
characteristics of the tumor. However, organoids cultured
from precancerous lesions are mainly used to simulate
the occurrence and development of tumors and to ana-
lyze changes in tumor-related omics. Oncolytic virother-
apy is currently being considered as a potential treatment
for cancer [36,37]. Oncolytic viruses preferentially replicate
in tumor cells; therefore, cytotoxicity can be enhanced by
introducing target genes. Zhu et al. [38] found that ZIKV
(a type of oncolytic virus) inhibited glioblastoma stem
cells in organoids and showed promise as a treatment for
glioblastoma. Furthermore, Raimondi et al. [39] found that
pancreatic cancer patient-derived organoids (PDOs) were
suitable for preclinical exploration of oncolytic viruses. A
tumor organoid encompasses the characteristics of the tis-

sue of origin and retains the heterogeneity of individual
cancers; thus, it could potentially be applied in precision
medicine and translational medicine [14,40–42].

3 APPLICATIONS OF ORGANOIDS IN
VARIOUS TYPES OF CANCER

The lack of an in vitro tumor model that can mimic the
heterogeneity of human cancers hinders our understand-
ing of the pathogenesis of cancer and the efficacy and
toxicity of treatment [43]. Three-dimensional organoid
culture models have shown considerable potential in the
modeling of human cancers [44–47]. A tumor organoid
grows more slowly than its counterpart from normal
epithelial organoid in living tissue, possibly because of
the failure of mitosis and subsequent cell death [7,48].
Therefore, pure tumor cell samples and selective culture
conditions are required to avoid excessive growth of
epithelioids and preserve normal tissues. Establishment
of an organoid culture requires Matrigel or basement
membrane extract as a substitute for ECM as well as a
particular culturemedium. The various components of the
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F IGURE 2 Various applications of tumor-derived organoids in tumor modeling, drug screening, precision medicine, tumor
immunotherapy, and gene profiling. Organoid technology can be used to model a variety of human cancers, to test drug efficacy and toxicity
in precision medicine, and to develop novel targeted therapeutics. Furthermore, organoid biobanks can be used for academic studies and
gene profiling of various cancers. Moreover, synergistic application with CRISPR/Cas9 gene editing can be used to further elucidate the
pathophysiology of various cancers and to study the effects of specific genetic changes on tissue function and the development of disease

types of culture medium used for several different tumor
organoids are listed in Table 1. The potential applications
of tumor-derived organoids in tumor modeling, drug
screening, precision medicine, tumor immunotherapy,
and gene profiling are presented in Figure 2.

3.1 Colorectal cancer

Several research groups have successfully established col-
orectal cancer (CRC) organoids [49–59]. Patient-derived
CRC organoids have been used to find associations
between stem cell markers, patient survival, and resis-
tance to therapy [49,60]. One study identified clusterin in
patient-derived tumor organoids resistant to 5-fluorouracil

and an association between the presence of clusterin and
a low patient survival rate [49]. Organoids have also been
used to model cancer stem cells (CSCs) and differentiated
cancer cells (non-CSCs). Zhao et al. [50] demonstrated that
CSCs and non-CSCs had distinctive metabolic profiles and
that lactate derived from non-CSCs promoted self-renewal
of CSCs, thereby, contributing to the progression of CRC.
Metastatic cancer can lead to abnormal functioning in

other organs, which is often fatal [61]. Organoids have
been used to study metastasis in CRC. Li et al. [51] mod-
eled the progression of colorectal tumors and metastasis
using paired PDOs and found that organoids from sites
of metastasis showed more tumorigenesis and metastatic
ability in comparison with those from the primary lesions.
Organoids have also been used in the search for more
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TABLE 1 Culture systems of different cancer organoid models

Tumor type
Extracellular
matrix Culture media Inhibitors Ref

Colorectal cancer Matrigel DMEM/F12, Glutamax, HEPES, Primocin,
recombinant human EGF, A83-01,
N-acetylcysteine, recombinant human Noggin,
Noggin-conditioned media,
R-spondin-1-conditioned media

Y-27632
dihydrochloride
kinase inhibitor

[49]

Lung cancer Matrigel MBM, DMEM/F12, DNase, collagenase/dispase,
penicillin/streptomycin, streptomycin,
amphotericin B, bFGF, human EGF, N2, B27

ROCK inhibitor [67]

Pancreatic cancer Matrigel Wnt3a-conditioned medium, B-27,
N-acetyl-L-cysteine, nicotinamide, human EGF,
human FGF10, prostaglandin E2, gastrin,
R-spondin, Noggin

A83-01 [79]

Breast cancer Basement membrane
extract

ADMEM/F12, penicillin/streptomycin, GlutaMAX,
HEPES, B-27, N-acetylcysteine, R-spondin-1,
FGF7, FGF10, nicotinamide, Noggin, primocin,
and neuregulin 1

A83-01, Y-27632 [30]

Liver cancer Basement membrane
extract

Classical human liver organoid isolation medium:
ADMEM/F12, penicillin/streptomycin,
GlutaMAX, HEPES, B-27, N2, N-acetyl-1-cysteine,
nicotinamide, gastrin 1, EGF, FGF10, HGF,
forskolin, R-spondin-1, Wnt3A, and Noggin

Tumoroid-specific isolation medium:
Classical human liver organoid isolation medium
with the elimination of R-spondin-1, Wnt3A, and
Noggin as well as the addition of dexamethasone

A83-01, Y-27632 [29,104]

Ovarian cancer Matrigel DMEM/F12, human EGF, R-spondin1, Noggin,
Jagged-1, L-glutamine solution,
penicillin/streptomycin, amphotericin B

Y-27632 [108]

Bladder cancer Matrigel DMEM/F12, FGF10, FGF7, FGF2, B-27, A83-01,
N-acetyl-1-cysteine, nicotinamide

Y-27632 [115]

Prostate cancer Matrigel DMEM/F12, B-27, Y-27632-HCl, nicotinamide,
Rspondin, N-acetyl-cysteine, SB202190, Noggin,
A83-01, DHT, Wnt3a, HGF, EGF, FGF10, FGF2,
PGE2

Y-27632 [119,121]

HNSCC Matrigel DMEM/F12, B-27, BME type 2, CHIR-99021,
Forskolin, GlutaMAX, HEPES,
N-acetyl-1-cysteine, nicotinamide, Noggin-Fc
fusion protein-conditioned medium, PGE2, hEGF,
hFGF-10, hFGF-2

Y-27632,
A83-01

[123,124]

Gastric cancer Matrigel DMEM/F12, GlutaMAX, HEPES, B-27,
N-acetylcysteine, human EGF, hFGF-10,
noggin-conditioned medium,
R-spondin-1-conditioned medium,
Wnt-conditioned medium, gastrin, nicotinamide,
IGF, PGE2

A83-01,
Y-27632,
SB202190,
CHIR99021

[126]

Glioblastoma Matrigel DMEM/F12, GlutaMAX, hibernate A, antibiotic
antimycotic, neurobasal medium, MEM-NEAAs,
N2, B-27, human insulin solution

Y-27632 [129]

DMEM/F12: Dulbecco’s modified Eagle medium/F12; HEPES: N’-a-hydroxythylpiperazine-N’-ethanesulfanic acid; Wnt, Wingless-related integration site; B-27, a
type of serum-free supplement; BME, basement membrane extract; DHT, dihydrotestosterone; A-83-01: transforming growth factor; RHOK: Rho-associated coiled
coil forming protein serine/threonine kinase; SB202190: p38 inhibitor; CHIR99021: glykogen synthase kinase 3b inhibitor; IGF: insulin-like growth factor; PGE:
prostaglandin E; EGF: epidermal growth factor; FGF: fibroblast growth factor.



6 QU et al.

effective treatments of CRC. Patients with CRC and peri-
toneal metastases have limited treatment options and a
poor prognosis. Hyperthermic intraperitoneal chemother-
apy is widely used to treat peritoneal metastases, and PDO
models have been used to evaluate hyperthermic intraperi-
toneal chemotherapy regimens in the search for more
effective and personalized treatment strategies [52]. Fur-
thermore, Narasimhan et al. [53] used organoids to guide
the precision treatment of CRC and peritoneal metastase
in the clinical setting by isolating CRC and peritoneal
metastase organoids from patients. Using parallel ex vivo
application of next-generation sequencing and medium-
throughput drug screening, they were able to identify
patient-specific drug sensitivities. Molecular tumor het-
erogeneity may play a role in the efficacy of targeted thera-
pies onmetastatic CRC. Bruun et al. [54] established a plat-
form for ex vivo pharmacogenomic profiling using PDOs
and found that it could be used for drug screening to find
new therapeutic strategies for metastatic CRC.
CRCs have different gene expression patterns, and

tissue-derived organoids have been established to study
these gene profiles. Costales-Carrera et al. [55] used tissue-
derived organoids to compare the gene profiles of nor-
mal tissues with those of tumor tissues in the colon and
rectum. Although organoids derived from normal colon
and rectal tissues showed similar gene expression pro-
files, rectal tumor organoids displayed heterogeneous gene
expression profiles that were different from those of colon
tumor organoids. Therefore, studies on gene expression in
organoids could help to identify useful prognostic mark-
ers and therapeutic targets in CRC. Hu et al. [56] revealed
the potentially helpful role of Dachshund homologue 1
(DACH1) as a prognostic marker for CRC, and Nguyen
et al. [57] demonstrated that inhibition of Erb-b2 receptor
tyrosine kinase 3 (ERBB3) could be a target for CRC ther-
apy using organoid technology. Human CRC organoids
have also been used to assess mutation-targeted inhibitors
and combination drug therapy [58].
Parallel application of other technologieswith organoids

can be advantageous. For example, mass spectrometry
immunopeptidomics has been used to investigate neoanti-
gen presentation and the effects of interferon-gamma and
MEK inhibitor therapy in CRCPDOs [59]. Schnalzger et al.
[62] developed a platform to investigate the resistance of
chimeric antigen receptor cells to cytotoxicity in a CRC-
derived PDO model using a confocal live imaging proto-
col formonitoring of effector cell recruitment and cytolytic
activity at a single organoid level. PDO models of CRC
have also been used to evaluate sensitivity to chemother-
apy [63]. Therapeutic thresholds deduced from changes
in the organoid growth rate and related optical metabolic
imaging have similarly been used to predict therapeutic

sensitivity in patients with CRC undergoing chemother-
apy/radiotherapy [64].

3.2 Lung cancer

Lung cancer accounts for the majority of cancer-related
deaths [65]. Preclinical models that accurately recapitu-
late the biology of lung cancer are needed for further
investigation of biomarkers and drug screening to allow
more individualized therapy in these patients. Biobanks
of lung cancer organoids and normal bronchial organoids
have been established from primary lung cancer tissues,
including adenocarcinoma [66], squamous cell carcinoma
[67], small cell carcinoma [68], large cell carcinoma [31],
and adenosquamous carcinoma [67], and from paired non-
neoplastic airway tissues [69]. Other researchers have also
established PDO biobanks and organoid models for use in
drug trials, elucidation of the mechanisms of metastasis
and resistance, the pathophysiology of tumorigenesis, and
personalized medicine [31,66,70–73].
Most cancer organoids are established using tissue

derived from patients. However, Mazzocchi et al. [74] suc-
cessfully established lung cancer organoids using pleural
effusion aspirate obtained from patients with lung cancer
to compare the chemotherapeutic response with that in a
2D culture system. Although the 2D cultures were more
chemosensitive than the 3D organoids, they concluded
that the 3D system was more accurate for studying tumor
progression and for drug screening.
In recent years, an increasing number of researchers

have been using organoid technology to study the effi-
cacy of immunotherapy. A system for evaluating immune
checkpoint inhibitors in PDOs has been developed by
researchers studying various classes of molecule-targeted
drugs [75]. Della Corte et al. [76] investigated the antitu-
mor and immune effects of a combination of atezolizumab,
anti-programmed death-ligand 1 (PD-L1), and selumetinib
in preclinical and clinical experiments using an organoid
model of non-small cell lung cancer (NSCLC).
Establishment of a pure organoid is important before

thesemodels can beused to tailor personalizedmedicine in
the clinical setting. Dijkstra et al. [77] evaluated the purity
of NSCLC tumors and reported that 80% of organoids from
intrapulmonary lesions had a standard copy number pro-
file and that the organoids did not reflect the characteristic
mutations in the tumors of origin, which they attributed
to an overgrowth of the normal airway organoids in cul-
ture. NSCLC organoids could be established in only 17% of
cases. Therefore, the methods currently used to establish
pure organoidsmust be improved before organoid technol-
ogy could be used in clinical practice.
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3.3 Pancreatic cancer

Pancreatic ductal adenocarcinoma (PDA) has a very poor
prognosis because it is difficult to detect early, behaves
aggressively, and is relatively resistant to conventional
chemotherapy [78]. A biobank of 30 characterized pan-
creatic cancer organoids was created to explore the role
of organoid technology in drug screening for PDA. These
organoids retained the histological features of the primary
tumors and carried genetic alterations commonly found
in the tumors of origin. High-throughput drug screening
using a panel of 76 compounds identified a range of tar-
geted therapies with efficacy in PDOs [79].
The time interval between biopsy and functional anal-

ysis of pancreatic cancer organoids is a major obstacle to
precision oncology and individualized treatment. Genera-
tion of PDOs from cell-freeDNAcan allow rapidmolecular
profiling and drug testing, which has implications for clini-
cal practice [80]. The lack of predictive biomarkers hinders
optimal systemic treatment in patients with PDA; there-
fore, rapid pharmacotyping of PDOs may guide postopera-
tive treatment selection, which could mimic the response
of primary tumors to drug treatment and therefore have
the potential for use in translational research and drug dis-
covery [81,82].
Pancreatic cancer organoids can also be used to

test immunomodulatory drugs. Immune checkpoint
inhibitors, independent of cytotoxic immune responses,
have direct cytotoxic effects on PDA cells. PDOs treated
with immune checkpoint inhibitors have direct therapeu-
tic effect on PDA, with the highest response induced by
a combination of anti-mitogen-activated protein kinase
kinase (MEK1/2) and anti-PD-L1 [83]. Moreover, organoid
models have been utilized to study mechanisms of resis-
tance and to predict the response of PDA to treatment
[84].
The factors that contribute to the high recurrence rate of

PDA (60%–80%) have yet to be elucidated [85,86]. Organoid
technology has shown potential in this regard. Braun et al.
[87] established PDOs from patients with early and late
recurrent PDA to investigate tumor metabolism and found
that levels of nine metabolites were higher in PDOs from
patients with early recurrence than in those with late
recurrence. Another study employed an organoid model
of PDA to determine the molecular alterations critical for
invasion from 25 resected PDA samples and found a dif-
ference in molecular levels between mutant and wild-type
tumors [88]. These studies suggest that organoid mod-
els have value for exploring molecular mechanism of the
tumor invasion programs in cancer research.
Organoids have also been used to study paraneoplas-

tic syndromes, such as cachexia. A large percentage of
patients with pancreatic cancer develop cachexia, but

the underlying mechanism is not completely understood.
Vaes et al. [89] established PDA organoids to identify the
factors driving cancer-related cachexia. Several cachexia-
related parameters, including physical performance, nutri-
tional status, and inflammation, were assessed, and PDA
organoids were found to express different levels of many
common cachexia-related genes.

3.4 Breast cancer

A few studies have described the procedure used to cre-
ate breast cancer organoids from clinical samples. DeRose
et al. [90] described applications related to organoid
technology in depth. Moreover, Mazzucchelli et al. [91]
designed a novel approach for constructing organoids
derived from surgically resected tissue and biopsy samples
in patients with breast cancer. Another study assessed the
frequency of normal-like organoids in primary breast car-
cinoma cultures using organoidmethodology to establish a
living biobank containing over 100 primary andmetastatic
breast cancer organoid lines [30].
Researchers have developed many models that combine

organoids with other technologies [92]. CRISPR/Cas9 has
been used in conjunction with human breast organoids
to model breast cancer. Dekkers et al. [93] generated
breast epithelial organoids using specimens obtained dur-
ing reduction mammoplasty, and CRISPR/Cas9 was used
for targeted knockout of genes mimicking neoplasia in
organoids that were transplanted into mice. The response
to therapy was recorded. This study highlighted how other
technologies can be combined with organoids to create
models that could be used to study molecular events and
drug responses in breast cancer [93]. Another study engi-
neered a 3D biochemicomimetic and mechanomimetic
scaffold for culture of breast cancer organoids that allowed
better conservation of the gene expression profile of the
tumor of origin than the classic methods used to estab-
lish an organoid model. This 3D scaffold model recapitu-
lated the behavior of the tumor and its response to drug
therapymore realistically and has potential applications in
the development of effective and personalized chemother-
apy regimens [94]. Heterogeneous cell populations within
a tumor display varying metabolic profiles that can cloud
interpretation of the response to treatment. Organoids can
help overcome this problem [30]. Sharick et al. [95] showed
that the heterogeneity of cell metabolism could be cap-
tured accurately using optical metabolic imaging technol-
ogy and attributed the increased metabolic heterogeneity
seen after treatment to metabolic shifts within the tumor.
Metastasis is the most common cause of cancer-related

death; however, the value of organoidmodels of metastatic
cancer has not been assessed using large-scale genomic
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data. Liu et al. [96] detected genomic differences using
RNA sequencing data from 26 patient-derived breast can-
cer organoids and showed that these organoids had a
higher degree of genomic similarity to their parent sample
than to cell lines.
Organoids have also been used to study the more

uncommon breast cancers, such as papillary carcinoma.
Using surgical specimens to establish papillary carcinoma
PDOs, Li et al. [97] performed drug screening and subse-
quently examined the roles of endocrine agents and tar-
geted drugs in breast cancer.

3.5 Liver cancer

Three major types of liver cancer organoids, namely, hep-
atocellular carcinoma (HCC), cholangiocarcinoma, and
HCC combined with cholangiocarcinoma, have been
established [29] using typical human liver organoid cul-
ture medium and tumoroid-specific culture medium
(Table 1). Some studies have established and characterized
organoids from primary mouse liver tumors [98]. These
organoidmodels have significant potential to advance liver
cancer research, aid in signaling networks interacting with
specific cell types, and could be used as a tool in personal-
ized medicine [99,100]. However, there are still no models
in which the initiation of liver cancer can be investigated.
Sun et al. [101] established liver cancer organoids using
reprogrammed human-induced hepatocytes and demon-
strated that human-induced hepatocyte organoids can be
genetically manipulated in a liver cancer model to show
initiation of the cancer. Furthermore, Artegiani et al. [102]
created human liver cancer organoids using CRISPR/Cas9
technology, which is a good example of a synergistic exper-
imental platform for studying the underlying mechanisms
of genes involved in the development of cancer.
Resistance to chemotherapy is common in all types of

cancer, and liver cancer organoids have been shown to be
helpful in identifying themechanisms of resistance to anti-
cancer drugs. For example, sorafenib is widely used to treat
HCC; however, the underlying mechanism of resistance
has yet to be elucidated. Emerging evidence suggests that
tumor-initiating cells are a crucial driving force in resis-
tance, with CD44 and Hedgehog signaling playing a fun-
damental role in the properties of tumor-initiating cells in
HCC [103]. Wang et al. [104] used PDO models of HCC
to explore the roles of CD44 and Hedgehog signaling and
to investigate the therapeutic effects of and resistance to
sorafenib. Organoids have also been used to demonstrate
intra-tumor genetic heterogeneity, which may contribute
to the failure of chemotherapy in liver cancer. To evaluate
heterogeneity in primary human liver cancer, Li et al. [105]
established 27 liver cancer organoid lines that were tested

with 129 cancer drugs. They subsequently generated 3483
datum points for cell survival, which showed that the liver
cancer organoids displayed intra-patient and inter-patient
functional heterogeneity. Liver transplantation is one of
the treatment options for HCC. However, tumor recur-
rence due to immunosuppression is a major complication
of liver transplantation. Liver cancer organoids derived
frommice have been used to test the ability of mycopheno-
lic acid, an immunosuppressant commonly used after liver
transplantation, to inhibit tumor recurrence [106]. Overall,
these studies show the promise of organoid technology in
liver cancer modeling and as a platform for drug screening
and point to the possibility of its clinical applications for
individualized treatment of liver cancer.

3.6 Ovarian cancer

Ovarian cancer is a common malignant tumor of the
female reproductive system [107]. Despite advances in
chemotherapy, there has been no significant improvement
in the overall survival of patients with ovarian cancer. Sev-
eral studies have developed effective methods for estab-
lishing ovarian cancer organoids. Three-dimensional cul-
tures of gynecological tumor organoids using Matrigel
bilayer organoid culture and checking the histopathology
and sequencing of the targeted genome revealed that ovar-
ian cancer organoids maintained various features of the
tumor of origin [108]. However, different gynecological
cancers may require different environments or different
types of medium for the establishment of organoids. For
example, stable expansion of high-grade serous ovarian
cancer organoids requires a low-Wnt environment [109].
Nanki et al. [110] assessed the association between the
in vitro response of ovarian cancer PDOs and patients’
responses to chemotherapeutic drugs and found an associ-
ation between the response of the PDO and several clinical
response measures. These data demonstrated that PDOs
are physiologically suitable ex vivo cancer drug screen-
ing models that could allow the use of effective person-
alized drugs targeting ovarian cancer. PDOs have also
been shown to display inter-patient and intra-patient het-
erogeneity in terms of the toxicity of chemotherapy and
targeted drugs. This finding can be partly explained by
genetic aberrations. PDO drug screening identified a high
response rate to at least one drug in 88% of patients with
ovarian cancer [111].
Ovarian cancer is a highly heterogeneous disease that

is often diagnosed at a late stage. Experimental in vitro
models capturing hallmarks of tumor heterogeneity are
not limited but are difficult to establish. One study in
which 56 organoids were established from 32 patients
developed a protocol that was able to capture intra-patient
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and inter-patient tumor heterogeneity. Subsequently, these
organoidswere geneticallymanipulated for drug screening
applications [112]. In summary, ovarian cancer organoids
maintain the gene expression pattern of their tumor
of origin and can be used to target genes and guide
future research on targeted therapy [113]. Ovarian cancer
organoids can also be cultured on a large scale to enable
high-throughput drug screening.

3.7 Bladder cancer

Bladder cancer is a common malignancy of the urinary
tract. Encountered regularly in clinical practice, bladder
cancer has a high risk of recurrence and a high muta-
tion rate. Owing to the heterogeneity of this tumor, the
prognosis is poor [114]. Culture systems for bladder cancer
organoids have been mentioned in many studies [115,116].
Mullenders et al. [115] created a biobank consisting of blad-
der cancer organoids derived from 53 patients for the use
as a drug screening platform. Identification of biomarkers
that can predict the response to anticancer drugs is imper-
ative in the effort to improve therapeutic outcomes. Kong
et al. [117] used pharmacogenomic data derived from 3D
organoid culture models and a machine-learning frame-
work to identify biomarkers that accurately predicted the
response to chemotherapy in 77 patients with bladder can-
cer. This novel network-based approach combined with
application of gene modules was able to predict the thera-
peutic response and has the potential to be applied in drug
screening for personalized medicine and for pharmacoge-
nomic research in the field of cancer.

3.8 Prostate cancer

Prostate cancer is a common malignant tumor of the gen-
itourinary system in men [118]. The natural history of
prostate cancer varies from person to person. Gao et al.
[119] used engineered mutations to successfully generate
prostate cancer organoids, suggesting a promising way to
test antitumor drugs both in vivo and in vitro. Puca et al.
[120] and Karkampouna et al. [121] developed organoid
models of prostate cancer with specific biological and
genetic landscapes that could be used to investigate tumor
growth, metastasis, and drug resistance in the early stages
of the disease and to evaluate the response to chemother-
apy, with the aim of providing a basis for clinical decision-
making. Furthermore, Servant et al. [122] developed a
biobank consisting of prostate cancer organoids derived
from 81 patients that were used to construct stable cell
lines.

3.9 Other types of cancer

There have been some researches on head and neck
squamous cell carcinoma (HNSCC) organoids. Driehuis
et al. [123] devised an in-depth protocol for the cre-
ation of HNSCC organoids and their applications in semi-
automated drug screening. Another study established
HNSCC organoid lines derived from patients’ tumors and
characterized their growth and response to various phar-
macological agents [124]. Furthermore, organoids have
been used to assess the efficacy of targeted photodynamic
therapy on HNSCC using 3D PDO models in vitro [125].
Human gastric cancer organoids have also been created.

Bartfeld et al. [126] successfully developed a system for cre-
ating gastric organoids that could be used to study various
gastric pathologies, and Seidlitz et al. [127] established gas-
tric cancer organoids for assessment of responses to con-
ventional chemotherapy. Moreover, Steele et al. [128] used
gastric cancer organoids to predict the responses of tumors
to treatment in individual patients.
A procedure for generating patient-derived glioblastoma

organoids was described by Jacob et al. [129]. Glioblastoma
organoids maintain many key features of the tumor of ori-
gin, so can be used tomodel the disease and for rapid inves-
tigation of patient-specific treatment strategies. Patient-
derived glioblastoma organoids were confirmed to recapit-
ulate critical features of the tissue of origin, including its
histological characteristics, cellular diversity, gene expres-
sion patterns, and mutation profiles [130].

4 ADVANCES IN TECHNOLOGYWITH
SYNERGISTIC APPLICATION OF CANCER
ORGANOIDS

The applications of various cancer organoid models iso-
lated from patients are described in Table 2. Although can-
cer organoids display various key features of cancer pro-
gression, there is room for improvement [131]. For exam-
ple, cancer organoids usually include epithelial cells and
progenitor cells but not non-parenchymal cells, includ-
ing fibroblasts and endothelial cells. Moreover, classic
3D organoid culture techniques do not allow for exact
spatiotemporal control of various factors in the tumor
microenvironment (TME) [17,132]. Synergistic applica-
tion of cancer organoids with other technologies, such
as organ-on-a-chip, 3D bio-printing, and CRISPR-Cas9-
mediated homology-independent organoid transgenesis
(CRISPR-HOT), has allowed the development of highly
precise cancer models for studying various mechanisms
of tumor interactions, metastasis, and drug resistance
(Figure 3).



10 QU et al.

TABLE 2 The application of cancer organoid models

Tumor
organoid
model Date Cell derived

Sample
size Research type Achievement Ref

Colorectal
cancer

2020.01 Patient 11 Drug resistance Clusterin, a drug resistance
marker used to detect
colorectal cancer
progression

[49]

Colorectal
cancer

2020.11 Patient 15 Tumor metabolic
properties and
phenotypes

Established a basis for the
development of new
treatments which target
metabolic parameters in
colorectal cancer

[50]

Colorectal
cancer

2020.09 Patient 2 Tumor metastasis Development of an
experimental model for
investigating colorectal
cancer progression

[51]

Colorectal
cancer

2019.09 Patient 40 Tumor metastasis Developed an evaluation
method to assess existing
hyperthermic
intraperitoneal
chemotherapy regimens
on an individual patient
level

[52]

Colorectal
cancer

2020.07 Patient 28 Personalized
therapy

Displayed the use of
organoids in guiding
precision treatment for
patients with CRC and
peritoneal metastases

[53]

Colorectal
cancer

2020.08 Patient 22 Drug screening and
gene profiling

The use of ex vivo drug
screening to identify novel
treatment options for
metastatic colorectal
cancer

[54]

Colorectal
cancer

2020.08 Patient 50 Tumor gene profile Distinguished genetic
profiles of rectal and colon
tumors using organoids

[55]

Colorectal
cancer

2020.06 Patient and
cells

22 Tumor biomarker DACH1 as a potential
prognostic marker and
therapeutic target for
colorectal cancer

[56]

Colorectal
cancer

2016.11 Patient NA Drug screening Demonstrating the potential
of colorectal cancer
organoid libraries in drug
screening

[58]

Colorectal
cancer

2019.11 Patient 5 Neoantigen
presentation

Identified novel approaches
to increase neoantigen
presentation

[59]

Colorectal
cancer

2019.06 Patient NA CAR-mediated
cytotoxicity

Colorectal cancer organoids
successfully evaluate CAR
efficacy and tumor
specificity in a
personalized manner

[62]

(Continues)
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TABLE 2 (Continued)

Tumor
organoid
model Date Cell derived

Sample
size Research type Achievement Ref

Colorectal
cancer

2019.09 Patient 90 Chemotherapy
and/or
radiotherapy
sensitivity

Predict treatment sensitivity
for patients with cancer
undergoing
chemotherapy and/or
radiotherapy

[64]

Lung cancer 2019.09 Patient 80 Biobank of lung
cancer organoids
construction

Successfully construct
biobank of lung cancer
organoids

[67]

Lung cancer 2020.03 Patient 30 Tumor modeling Successfully construct
NSCLC organoid for drug
testing

[31]

Lung cancer 2020.08 Patient 12 Drug screening To identify new therapeutic
targets and advanced
personalized medicine

[66]

Lung cancer 2020.08 Patient 12 Genomic
characteristics
and drug
screening

PDOs are highly credible
models for personalized
precision medicine

[71]

Lung cancer 2020.03 Patient 4 Drug screening PDOs were relatively more
sensitive to CF10

[72]

Lung cancer 2020.03 Patient 10 Drug screening To identify the anticancer
activity of chelerythrine
chloride, cantharidin, and
harmine in PDOs

[73]

Lung cancer 2019.04 Pleural
effusion
aspirate from
patient

2 Drug response Serve as more accurate
disease models for the
study of tumor
progression and drug
development

[74]

Lung cancer 2019.05 PDOs 3 Evaluating
molecular
targeted drugs

PDOs are suitable for
evaluation molecular
targeted drugs

[75]

Lung cancer 2019.06 Patient 11 Immunotherapy Combining PD-L1 with
MEK-I in 3D-culture
model, useful to predict
sensitivity of patients to
immunotherapy

[76]

Pancreatic
cancer

2019.12 Patient 30 Personalized drug
screening

Development of a platform
for identification of novel
therapeutics for
pancreatic cancer using
PDOs

[79]

Pancreatic
cancer

2020.08 Patient 10 Personalized
therapy

Generation of PDOs from a
limited sample can allow
molecular profiling and
drug testing

[80]

Pancreatic
cancer

2020.09 Patient 76 Precision medicine To guide postoperative
adjuvant
chemotherapeutic
selection

[82]

(Continues)
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TABLE 2 (Continued)

Tumor
organoid
model Date Cell derived

Sample
size Research type Achievement Ref

Pancreatic
cancer

2019.09 PDOX models NA Drug sensitivity
and resistance

Development of
PDOX-derived organoid
system for use in
prediction of treatment
response in advanced
pancreatic cancer

[81]

Pancreatic
cancer

2019.01 Patient NA Immunotherapy Exploring the role of PD-L1
in pancreatic cancer
organoids

[83]

Pancreatic
cancer

2019.11 Patient NA Tumor resistance Pan-ERBB kinase inhibitor
resulted in suppression of
cell viability and tumor
regressions when
combined with MEK
inhibition

[84]

Pancreatic
cancer

2020.06 Patient 6 Investigate the
metabolism in
PDOs

A therapeutic intervention
could delay PDA
recurrence and prolong
the survival of affected
patients

[87]

Pancreatic
cancer

2020.07 Patient 25 Study the pattern of
invasion in PDA

Invasion programs in
SMAD4-mutant and
SMAD4 wild-type tumors
are different in both
morphology and
molecular mechanism

[88]

Pancreatic
cancer

2020.12 Patient 8 Study human PDA
induced cachexia

To further understand the
mechanisms driving
cancer cachexia

[89]

Breast cancer 2020.05 Patient 12 Using
CRISPR/Cas9 to
model tumor
organoids

Modeling breast cancer
using
CRISPR/Cas9-mediated
engineering of human
breast cancer organoids

[93]

Breast cancer 2019.08 Primary
patient-
derived
breast cancer
cells

NA Personalized
chemotherapy

Development of a new
platform for culturing
primary cells for
developing personalized
chemotherapy regimens

[94]

Breast cancer 2019.06 Genetically
engineered
mouse
model

NA Cellular metabolic
heterogeneity

Found that metabolic
heterogeneity after upon
treatment is attributed to
heterogeneous metabolic
shifts within tumor cells

[95]

Breast cancer 2019.05 Patient 26 Metastasis cancer
related
translational
research

Demonstrated metastatic
breast cancer organoids
closely resemble the
transcriptome of their
parent lesion

[96]

(Continues)
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TABLE 2 (Continued)

Tumor
organoid
model Date Cell derived

Sample
size Research type Achievement Ref

Breast cancer 2020.03 Patient 1 Drug screening Identified possible
treatments in patients
with breast papillary
carcinoma

[97]

Liver cancer 2019.03 Primary mouse
liver tumors

129 Drug development
and personalized
medicine

The antitumor drug can be
successfully used in the
organoids from primary
mouse liver tumors

[100]

Liver cancer 2019.08 Reprogrammed
human
hepatocytes

NA Modeling liver
cancer

Showed human-induced
hepatocyte organoids can
be genetically
manipulated to model
cancer initiation

[101]

Liver cancer 2019.06 Patient NA CRISPR/Cas9
engineer human
liver organoids

Demonstrate combination of
organoid technology with
CRISPR/Cas9 can serve as
an experimental platform
for mechanistic studies of
human cancer gene
function

[102]

Liver cancer 2020.01 Patient 4 Tumor resistance Combination of sorafenib
and Hedgehog signaling
inhibitors might be
effective in HCC patients
with high CD44 levels as a
personalized-medicine
approach

[104]

Liver cancer 2019.01 Patient 5 Drug response
heterogeneity

This study lay the
foundation for functional
personalized oncology
approaches

[105]

Liver cancer 2019.05 Primary mouse
liver tumors

NA Tumor growth Mycophenolic acid inhibits
liver tumor organoids
initiation and growth

[106]

Ovarian
cancer

2020.07 Patient 7 Drug sensitivity and
resistance testing

PDOs are suitable cancer
models that can be used
to screen effective
personalized ovarian
cancer drugs

[110]

Ovarian
cancer

2020.06 Patient 23 Tumor
heterogeneity

Increase our knowledge of
genetic and drug response
heterogeneity

[111]

Ovarian
cancer

2019.05 Patient 32 Genetic
manipulations
and drug
screening

Ovarian cancer organoids
illustrating intra- and
inter-patient
heterogeneity to use for
drug-screening assays

[112]

Bladder
cancer

2019.3 Patient 53 Construct a bladder
organoids
biobank

Bladder organoids biobank
for drug testing in the
future

[115]

(Continues)
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TABLE 2 (Continued)

Tumor
organoid
model Date Cell derived

Sample
size Research type Achievement Ref

Bladder
cancer

2020.10 Patient 77 Predict cancer
patient drug
responses

Used pharmacogenomic
data derived from
organoids and developed
a novel machine learning
framework to identify
biomarkers and predict
drug response in bladder
cancer

[117]

Prostate
cancer

2014.09 Patient 32 Predict cancer
patient drug
responses

Enable the generation of a
large repertoire of
patient-derived prostate
cancer
lines amenable to genetic
and pharmacologicstudies

[119]

Prostate
cancer

2021.08 Patient 81 Explores
determinants of
outcome

Ensure the reliable
establishment of
organoids derived from
specific prostate cancer
molecular subtypes

[122]

HNSCC 2018.12 Patient 43 Predict drug
sensitivity

Show organoids can predict
drug sensitivity and
potential of organoids in
the development of
precision treatments for
HNSCC

[124]

HNSCC 2019.11 Patient 7 For PDT Demonstrated HNSCC
organoid as a useful
model for in-vitro testing
of targeted PDT

[125]

Gastric
cancer

2019.02 Patient 20 Modeling gastric
cancer

Modeled human gastric
cancer using organoids

[127]

Gastric
cancer

2019.01 Patient 7 Personalized
treatment

To predict individual
therapy response and
patient outcome

[128]

Glioblastoma
organoids

2020.01 Patient 53 Personalized
treatment

Establishment of a
glioblastoma organoid
biobank for testing
personalized therapies

[130]

DACH1,Dachshundhomolog 1; NA,Not available; CAR,Chimeric antigen receptor; PDOs, Patient-derived organoids; CF10, fluoropyrimidine polymer F10; PD-L1,
Programmed cell death ligand 1; MEK-I, MAP-ERK kinase inhibitor; PDOX, Patient-derived orthotropic xenograft; ERBB, Receptor tyrosine-protein kinase; PDA,
Pancreatic ductal adenocarcinoma; SMAD4, Mothers against decapentaplegic homolog 4; HCC, Hepatocellular carcinoma; HNSCC, Head and neck squamous
cell carcinoma; PDT, Photodynamic therapy.

4.1 Cancer organoids cultured with
organ-on-a-chip

Organoids are incomplete in the sense that they lack vascu-
lature, stromal components, and tissue-resident immune
cells [133]. Furthermore, the random configuration in con-
ventional 3D organoid culture does not allow for accu-
rate spatiotemporal control of biophysical and biochem-
ical factors in the TME. Moreover, 3D organoid cul-

ture systems are unable to replicate the microenviron-
ment of the organ and lack the signaling that prompts
organogenesis.
To advance in vitro technology, researchers have inte-

grated organoid culture systems with “organ-on-a-chip”
technology [134]. An organ-on-a-chip is a microfabricated
device for integrated culture of living cells, ECM, and
microstructures that mimic organs or tissues. To create
an organ-on-a-chip, elements in an organ essential for
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F IGURE 3 Advance in technology and current limitations of organoids for cancer therapy. Synergistic applications of cancer organoids
with novel technologies include organ-on-a-chip, 3D bio-printing, and CRISPR-HOT. These synergistic technologies with cancer organoids
underwent testing at the molecular and cellular levels and in animal models and were ultimately investigated in various cancers. At present,
the main limitations of cancer organoids for cancer research are their variable reproducibility, failure to reconstitute the microenvironment,
the unwanted effects of the ECM, lack of standardized protocols, high cost, and absence of vascular elements. ECM, extracellular matrix;
CRISPR-HOT, CRISPR-Cas9-mediated homology-independent organoid transgenesis

physiological function are identified, after which the bio-
chemical and physical microenvironments of the organ-
specific functional unit can be assessed. A cell culture
device was designed to retain these features and produced
using microfabrication techniques [135]. Integration of liv-
ing human cells with a synthetically generated microen-
vironment creates a model that can mimic not only phys-
iological homeostasis but also complex disease processes
that benefit medical end-users [136].
Although the fundamental concepts of organoids and

organ-on-a-chip are different, they share the same goal of

recapitulating complex human organs in vitro. Combining
features from both concepts allows for a more powerful in
vitro technology. As mentioned above, traditional 3D cul-
tures do not allow for precise spatiotemporal control of the
microenvironment. Researchers have tackled this issue by
using microengineering techniques to create a microflu-
idic system [137]. Similar methods were used to develop
a human brain organoid-on-a-chip model derived from
human iPSCs, which facilitated 3D culture, in situ neural
differentiation, and self-organization of brain organoids in
a controlled manner [138].
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Conventional organoid cultures also do not have a vas-
culature, relying entirely on their culture medium for
nutrients, and therefore can only grow to a certain size
because diffusion alone cannot support their metabolic
requirements. Because organs-on-a-chip can mimic per-
fusable blood vessels, integration of this technology with
organoids can help overcome the obstacle of nutrient sup-
ply. Shirure et al. [139] successfully demonstrated this inte-
gration by developing a tumor-on-a-chipmicrofluidic plat-
form that was used to investigate the progression and
response to chemotherapy and antiangiogenic therapy in
cell lines and PDOs.
Another challenge is the inability of organoids to model

interactions between different tissues and organs. Interac-
tions between different tissues within the organ of interest
and other organs play an essential role in organ develop-
ment and homeostasis. Organs-on-a-chip provides a more
controllable environment for culturing different types of
cells and tissues in organoid systems, as seen in the vascu-
larized liver organ-on-a-chip model developed by Jin et al.
[140]. The same team also created a multiorgan model for
coculturewith stem cell-derived liver, intestinal, and stom-
ach organoids, which were able to display features of inter-
organ crosstalk. Together, these studies illustrate how a
synergistic combination of organoids and organ-on-a-chip
technology can help achieve a level of cell maturity that is
not possible when either technology is applied alone.

4.2 3D bio-printing of culture systems
for cancer organoids

Three-dimensional bio-printing allows the production of
biomaterials through designed structures joined by hydro-
gels with the properties of printability, crosslinking, bio-
compatibility, and controllability [141,142]. These features
can provide researchers with accurate control over spa-
tial heterogeneity within the TME by spatially depositing
predefined biobanks [143,144]. The ECM plays an impor-
tant role in controlling the fate of cells and has important
implications for developmental biology, tissue engineer-
ing, regenerative medicine, and tumor therapy; however,
classic organoid cultures lack tissue-specific ECM,making
it difficult to study cell interactions. The synergistic appli-
cation of organoids and 3D bio-printing can allow for the
development of a more sophisticated cancer model with
structures that are more cell-specific and well-separated
properties that are more suited for the growth and matu-
ration of organoids [145,146].
The sustainability of these bio-printed organoid models

has been demonstrated in several studies. Mollica et al.
[147] and Sandercock et al. [148] generated 3D hydrogels
composed solely of human or mouse mammary ECM and

demonstrated that their novel 3D culture substrates effec-
tively maintained large 3D bio-printed organoids and for-
mation of tumoroids. Reid et al. [149] found that bio-
printing significantly increased the formation of tumor-
oids in 3D collagen gels and allowed accurate produc-
tion of tumoroid arrays when studying the tumorigenesis
of breast cancer. They also demonstrated that bio-printed
organoids can accurately mimic in vivo conditions, show-
ing that the capacity of 3D bio-printing served as a media-
tor to investigate tumorigenesis and the TME for the con-
trol of cancer cells. Bio-printing can also allow the produc-
tion of multiple scales of vasculature, enabling the growth
of larger organoids [150]. Furthermore, bio-printing tech-
niques can also increase the throughput of 3D drug screen-
ing, as shown by Maloney et al. [151]. Ideally, 3D bio-
printed organoids would be representative of an in vitro
functional organ containing different cell types, a vascula-
ture, and even nervous and immune system components,
aiding the investigation of potential mechanisms of tumor-
stroma interactions, multiorgan metastasis, TME interac-
tions for multiple tumor types, and drug screening.

4.3 CRISPR-HOT in cancer organoids

Although CRISPR-Cas9 has helped to simplify genetic
engineering, there is considerable room for error dur-
ing this process. In 2020, Artegiani et al. [152] developed
CRISPR-HOT, a newgenetic tool for labeling specific genes
in human organoids, which they used initially to inves-
tigate modes of division in human hepatocytes. CRISPR-
HOT was applied to fluorescently tag and visualize sub-
cellular structural molecules for rare intestinal cell types
by generating reporters. Some cell types are rare and dif-
ficult to study, but CRISPR-HOT can easily tag and allow
visualization of these cells. Another report from the same
group indicated that it took only 2-3 months to produce
genetically engineered human fetal hepatocyte organoids
using CRISPR-HOT [153], which is highly efficient. This
novel tool can be applied in the study of cell fate and
differentiation and in developmental diseases, and can
be used to visualize any type of gene or cell. CRISPR-
HOT also shows promise for the advancement of cancer
research.

5 CANCER ORGANOIDS AND
IMMUNOTHERAPY

Cancer immunotherapy uses the host’s own immune sys-
tem to combat tumors. In recent years, there has been
a series of major breakthroughs in cancer immunother-
apy. Owing to its advantages of relatively minor toxicity
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and long-lasting efficacy, immunotherapy has become a
hot topic in cancer research [154,155]. The use of human
organoid cultures is a novel approach in the study of tumor
immunobiology. Organoids are commonly used as cancer
models and are created by genetically engineering iPSCs
to bear oncogenes or tumor suppressor genes or by propa-
gating biopsied cells in vitro to create PDOs. This has led to
the creation ofmany tumor biobanks, as discussed inmany
of the studies mentioned in the earlier sections. However,
due to their genomic instability, there may be genetic vari-
ations between PDO models and their parent tumor tis-
sues. Furthermore, 3D organoids require artificial recon-
stitution to recapitulate the TME, although various strate-
gies to overcome this problem have been described. Yuki
et al. [156] showed that tumor-only 3D PDO systems can be
reconstituted by the addition of exogenous immune com-
ponents. Whole air-liquid interface (ALI) cancer organoid
culture and microfluidic culture can reproduce the TME
by retaining endogenous matrix components (including
multiple immune cells) without recombination. Recent
developments in tumor organoid/immune cell cocultures
and ALI systems have allowed new insights into the
interactions between epithelial cells and immune cells.
Organoids that incorporate cells (lymphocytes/immune
cells/fibroblasts) from the TME that combat cancers have
been extensively studied [157–159]. For example, Scog-
namiglio et al. [157] found that programmed cell death
protein 1(PD-1)/CD8-positive lymphocytes isolated from
PD-L1-positive organoids were a promising tool. Similarly,
Holokai et al. [158] reported that co-cultured mouse and
human-derived autologous PDA organoids and immune
cells effectively inhibited the effector functions of T cells
in the TME. Nakamura et al. [159] also used a cancer
organoid model to evaluate the effect of cancer-associated
fibroblasts and found it to be useful for the assessment
of the TME. Finally, Neal et al. [17] used ALI to establish
a PDO system and modeled immune checkpoint block-
ade with anti-PD-1/anti-PD-L1. They successfully demon-
strated that immuno-oncology investigations could be car-
ried out successfully using organoid models and that
these organoids may facilitate personalized immunother-
apy testing.
Tumor organoids have several potential applications,

including translational immuno-oncology research,
immunotherapy modeling, and personalized medicine
[6,22,160,161]. Combination of different technologies, such
as organ-on-a-chip, CRISPR-Cas9, and microfluidics,
has helped model immunotherapeutic responses within
organoids [162]. For example, Hai et al. [163] showed
that the CRISPR-Cas9 system can efficiently and rapidly
generate lung squamous cell carcinomas that closely
mimic human disease at the genomic and phenotypic
levels.

Overall, these results demonstrate that cancer organoids
are an ideal model for investigating immunotherapy and
have the potential to allow personalized treatment strate-
gies. Moreover, the combination of different strategies
with organoids has allowed for advancement of models of
immunological disease and aided in further investigation
of the link between immunity and cancer [164]. Further
combinations of organoids and other technologies in the
future could help to overcome the current challenges of
organoid technology.

6 CURRENT LIMITATIONS OF
TUMOR ORGANOIDS FOR CANCER
THERAPY

Although organoids have shown strong potential in can-
cer research and clinical applications, there are still many
drawbacks [165,166]. A summary of the current limita-
tions with regard to cancer organoids is provided in Fig-
ure 3. Currently, successful creation of organoid models
is highly variable, with success rates ranging between 15%
and 90% [108,116]. The conditions for organoid culture
require optimization. Only when the same samples can
produce very similar phenotypic characteristics, includ-
ing organ-like diameter, cell composition, 3D structure,
and gene expression, under the same experimental con-
ditions can the organoid formation process be accurately
repeated and the organoid culture system be considered
mature and applied in various studies [167]. The repro-
ducibility of organoids can vary under the same conditions,
as demonstrated by Velasco et al. [168]. Therefore, determi-
nants for the generation of reproducible organoidsmust be
identified. This variation limits large-scale reproducibility
and inhibits the potential application of organoids in high-
throughput drug screening.
Furthermore, in vitro organoids cannot completely reca-

pitulate all the cell types and maturity of the organ of ori-
gin owing to the dynamic process and pulsatile nature
of many growth factors. Moreover, most PDOs lack stro-
mal cells. Therefore, they fail to reconstitute the microen-
vironment, which includes fibroblasts, endothelial cells,
immune cells, and ECM, and lack the signaling that
prompts organogenesis, hindering the ability to accurately
predict clinical outcomes. As discussed in the above sec-
tions, cancer organoids have the potential to serve as an
in vitro testing platform to predict the response to person-
alized immunotherapy. However, the lack of these funda-
mental components can affect the response to treatment
and make it more difficult to assess the pharmacological
effects of immunomodulatory agents. Furthermore, these
models can only be used for a short term because the num-
bers of fibroblasts and immune cells they contain decline
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over 1-2 months. Moreover, the effects of the composition
of the ECM on human organoid cultures remain uncer-
tain and could influence the outcomes of various chemical
and genetic screening processes. To make further progress
in organoid technology, all materials, protocols, and qual-
ity control procedures used to establish organoids must be
completely defined and standardized.
Current organoid models have a limited size owing

to the lack of vascular elements to allow for adequate
absorption of nutrients. Recently, considerable progress
has been made with vascularized organoids and applica-
tion of tumor-on-a-chip platforms, as discussed earlier.
However, vascularization remains a difficult obstacle to
overcome. Current organoid models lack the ability to
model interactions and crosstalk between different tissues
and organs; thus, they cannot completely reflect the devel-
opmental and pathological characteristics of their in vivo
origins. Moreover, human organoids have limited tissue-
specific micro-physiology. Research efforts to overcome
this limitation are underway.
Finally, there are some practical issues worthy of men-

tion. First, the production of PDOs is very expensive.
Therefore, this technology cannot be incorporated into
existing health care systems. Second, owing to the com-
plex 3D culture system, production cannot be conducted
on a large scale to reduce costs. Finally, standardized pro-
tocols must be established for reliable assessment of drug
screening outcomes in both preclinicalmodels and clinical
research.

7 CONCLUSIONS

Patient-derived tumor organoids are physiologically and
clinically more advanced than classic cancer cell lines
and animal cancer models. Furthermore, compared with
classic cancer cell lines and PDX models, patient-derived
tumor organoids can better capture and retain the molec-
ular, cellular, genetic, and histological phenotypes of the
tumor of origin while also maintaining patient-specific
tumor heterogeneity. Despite the remaining challenges,
human organoids have considerable potential in the treat-
ment of cancer. With the rapid development of other
technologies, we believe that synergistic applications that
include organoids can help narrow the gap between ex
vivo organoids and their in vivo counterparts and help
pave the way for novel cancer treatments. Correct applica-
tion of these remarkable 3D cultures could allow for com-
prehensive development of high-throughput drug screen-
ing for better prediction of drug responses and personal-
ized medicine that can guide optimized therapeutic strate-
gies for individual patients. Advances in the future will
undoubtedly bring this novel 3D culture technique closer
to clinical use.
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