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Tumor organoids inherit the genomic andmolecular characteristics of the donor tumor, which not only bridge the gap
between genome and phenotype but also circumvent the disadvantages such as genetic information change by using
2D cell lines and the mouse-specific tumor evolution in patient-derived xenograft (PDX). So, cancer organoid has been
widely applied to preclinical drug evaluation, biomarker identification, biological research, and individualized ther-
apy. Besides, cancer organoid can be preserved, resuscitated, passed infinitely, and mechanically cultured on a chip
for drug screening; it has become one of the partial models for low/high-throughput drug screening in the preclinical
trial in vitro. Therefore, this review presents the recent developments of tumor organoids for drug screening, which
will introduce from four aspects, including the stability/credibility, types, application, deficiency and prospect of
the tumor organoids model for drug screening.
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Introduction

Richard K. Harrison et al. found that most drug candidate attrition in
Phase II and Phase III for the period 2013–2015 was due to the lack of
effectiveness (52%) and safety (24%) [1]. Thus, it was of considerable
significance to test the efficacy and safety of drugs in vitro, which not
only improved the success rate of tumor drug screening in clinical trials
but also benefited for finding the most effective treatment for cancer pa-
tients. So, it was necessary and urgent to establish effective and stable
sevier Inc. on behalf of Neoplas
).
preclinical tumor drug screening models, which could faithfully recapit-
ulate the morphological and molecular characteristics of various human
tumors. In the era of precision oncology, scientists and oncologists were
committed to finding drug screening models that would be more effec-
tive, realistic, time-saving and labor-saving to study the response of
tumor patients to drugs [2,3]. Recently, more and more preclinical
drug screening models had been emerging, Such as commercial 2D
cell lines, patient-derived xenograft (PDX), primary patient-derived 2D
cell lines, and organoid etc. [4].
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On the one hand, commercial 2D cell lines originated from the estab-
lishment of the Hela cell line in the 1950s [5]. As it was easy to operate
and culture, 2D cell lines had gradually become the basic research model
for tumor research and drug screening [6–8]. However, 2D cell lines grew
in plastic bottles and accumulated plenty of gene mutations in the process
of passage, so 2D cell lines could not conclusively reveal the drug response
of clinical patients (Table 1). On the other hand, PDX had also served as the
workhorsemodel in cancer research for many years [9–11]. It reported that
the PDX model could retain the molecular and morphological characteris-
tics of the primary tumor [12–14] and reveal the heterogeneity of the pri-
mary tumor [15]. However, PDX models lacked the immune system, and
mouse-specific tumor evolution occurred in PDX (Table 1). Thus, a tumor
model that was more similar to the original tumor issue was required ur-
gently. Subsequently, the appearance of cancer organoid technology satis-
fied such requirements [16,17]. Cancer organoid facilitated personalized
therapy and provided an alternative for drug screening researches besides
2D cell lines and PDX [18–20] (Fig. 1). Tumor spheres cultured in BME,
which was surrounded by a medium containing Respond-1 EGF Noggin,
could maintain the cell composition and self-renewal ability of the original
cancer tissue [21,22]. For example, eleven malignant ascites-derived
organoids (MADOs) established from gastric cancer patients were cultured
for long-term expansion without any change in morphology and genome
[23]. Many studies had shown that organoids were superior to 2D cell
lines and PDX in terms of stability and fidelity as a drug screening model
[24,25]. However, due to the expensive and elaborate culture conditions
of tumor organoids, not all types of tumors were suitable for organoids' es-
tablishment (Table 1). Therefore, in pre-clinical drug screening experi-
ments, the rational combination of preclinical drug screening models was
essential to improve the success rate of clinical drug screening tests [9].
This review will summarize the recent progress of tumor organoids for
drug screening from its stability and fidelity, applications, types, deficien-
cies and prospects.
Stability and fidelity of cancer organoid drug screening model

The stability and fidelity of the cancer organoid model for drug screen-
ing could be classified into four aspects. Firstly, the drug screening results of
different generations of tumor organoids were almost consistent. A study of
colorectal cancer found that different generations of colorectal cancer
organoids behaved nearly the same reaction to plocabulin [26]. Besides,
drug responses showed little difference when authors compared 5FU and
cisplatin reactions of different generations of organoids in a study of gastric
cancer [27].

Secondly, the drug screening results of the tumor organoids were simi-
lar to the clinical ones of patients [28,29]. In a clinical follow-up of radio-
therapy and chemotherapy for rectal cancer, when the organoids were
sensitive to at least one kind of treatment, the prognosis of the correspond-
ing patient was good. In contrast, when the organoids were resistant to any
kind of treatment, the patient progressed quickly [30]. Similarly, Hervé
Tiriac et al. found that five-sixths of the organoids derived from patients
of good prognosis were sensitive to at least one chemotherapeutic drug.
While two-thirds of the PDAC organoids from patients of poor prognosis
Table 1
Pros and cons of cancer drug screening models.

Model Cost Time M

Commercial 2D cell lines + + +
PDX +++ +++ +
Organoid +++ ++ +

+: Cost low; timesaving; easy to manipulate; poor stability; easy to culture; easy to get.
++: Degree between + and +++.
+++: Cost high; time-consuming; hard to manipulate; good stability; hard to culture;
PDX (patient-derived xenograft).
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were resistant to all chemotherapeutic drugs. As for the other cases with in-
consistent results, it found that the purity of tumor cells in the initial tumor
was too low [31]. Also, the half-inhibitor-concentration (IC50) of patient-
derived organoids (PDOs) obtained from paclitaxel responsive patients
were reduced by approximately 4-fold compared to PDOs of the patients
in progression. Interestingly, these resistant PDOs showed similar paclitaxel
dose-response to the patient of refractory paclitaxel [19].

Thirdly, drug screening of the same organoid cell line were tested re-
peatedly for three times, and drug screening results of the three repeated
times matched with each other [32]. In a study of gastric cancer, the results
with the semblable tendency were also obtained when we carried out the
biological replicates of tumor organoids in drug screening tests. Further-
more, the sensitivity of three patients to 5FU and cisplatin was almost con-
sistent with the response of corresponding organoids [27]. In a study
related to colorectal cancer, authors provided a method to establish the liv-
ing biobank of colorectal cancer organoids,which retained genetic informa-
tion in colorectal cancer patients such as mutation information and copy
number changes. It demonstrated that the results of three different techni-
cal replicates drug screening were nearly consistent in high-throughput
drug screening tests [33].

Finally, the results of organoids drug screening were almost consistent
with previously reported ones, which referred to the association of reported
genes and phenotypes. For example, Crizotinib targeted organoids with
EGFR-mutant/MET-amplified and BRCA2-mutant Lung cancer organoids
were sensitive to olaparib, while Erlotinib was useful to EGFR-mutant
organoids [34].
Types of cancer organoid model used for drug screening

Traditional cancer organoid model for drug screening

In 2009, since Hans Clever et al. discovered that Lgr5+ intestinal stem
cells could grow and passage in BMEwithmedium containing EGF, Noggin,
and R-spondin1 cytokines, the traditional culture methods of the tumor
organoids model for drug screening have blossomed for nearly ten years
[35], also, some improvements were developed for different tumor
organoids' growth characteristics [36,37]. The protocol of traditional
tumor organoids for drug screening was described as followed [38].
Tumor organoids were planted in the 384-well plate or 96-well plate and
treated with drugs for 3–6 days and then, CellTiter-Glo® (Promega)
organoid activity was tested based on the manufacturer's instructions
[39]. The traditional tumor organoids activity delivered the results of
drug screening, which had been utilized bymany researchers [40,41]. It re-
ported that breast cancer organoids grew well under the traditional
organoid culture conditions. The genetic and molecular characteristics of
breast cancer organoids were consistent with those of the initial tumors.
Furthermore, its drug screening results also matched with PDX and clinical
drug tests [42]. Additionally, it exhibited that the organoidswith BRCAmu-
tationwere sensitive to PARP inhibitors, whichwas consistent with the pre-
vious studies [43]. Parallelly, five colorectal cancer organoid cell lines
derived from KRAS and BRAF mutant patients were cross-resistance to
Olaparib and Oxaliplatin [44]. Therefore, traditional cancer organoid
model served as a useful tool for drug screening.
anipulate Stability Condition Source

+ + +
++ ++ ++ +++
+ +++ +++ +++

hard to get.



Fig. 1. Cancer models for drug screening in vitro.
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Cancer organoid on a chip for drug screening

On the one hand, as a cultural tool of cancer organoids, the chip could
be permitted to imitate the physiological environment of tumor cells as
much as possible. Organoid-on-a-chip produced the components of
vascularized tissue, lymphatic vessels, and immune system. It also simu-
lated the characteristics ofmicrocirculation that afluid outflowbrought nu-
trients and drugs for tumor cells at the end of the capillary artery with net
absorption of liquid at the venous end [45]. A micro-physiological system
(MPS) provided a 3D microfluidic culture device similar to the sophisti-
cated living environment of lung cancer, which could complete drug
screening in one step. The organoid cultured in MPS maintained better
stemness than the traditional organoid grown in thematrix. Another device
simulated the microenvironment of the lung parenchyma by creating a thin
alveolar barrier. Hence, lung-on-a-chip became the most similar candidate
in terms of representing human lung [46]. Similarly, under the conditions
of flow and circulatory deformation, small intestinal epithelial cells on
the porous membrane formed a multi-lineage differentiation similar to
the small intestinal villi structure in the microfluidic device [47]. Thus,
though the organoid-on-a-chip was expensive, it was one of the most emu-
lating devices of tumor microenvironment at present.

On the other hand, it could mechanize the cultivation of tumor
organoids and complete the drug screening of tumor organoids on a chip,
which could save the human resources and reduce human operational
error [48]. Without tedious manual procedures, human brain organoids
on a micropillar array expanded its application in developmental biology,
drug testing, and disease modeling [49]. Besides, if a patient had multiple
tumors or metastasis tumors, the chip could complete the culture of
multi-site tumor organoids. As a result, the results of organoid drug screen-
ing in a chipwas closer to the clinical tests than previous tumormodels. In a
lung cancer organoid chip, lung cancer cells invaded vascular channels and
migrated to the distant liver, bone, or brain chip; metastatic diffusion could
be detected, and the growth of metastatic lesions could be identified and
studied [50,51]. Analogously, Sunghee Estelle Park et al. proposed that
organoid-on-a-chip could imitate the microenvironment of tumor, carry
out drug screeningmechanically on a large scale, and realize the interaction
of multiple organs and tissues [52]. Therefore, organoid-on-a-chip had a
perspective application for the frontier of biomedical research and shortens
the distance to precision therapy.
Short-term cancer organoid for drug screening

The cancer organoid model for drug screening was named short-term
drug screening model when tumor organoids were passed on within thirty
generations or three months [53]. It had found that short-term small cell
3

lung cancer (SCLC) organoid complemented reliably drug sensitivity
predicting, when combined genes and phenotypes interaction [54]. The
sensitivity of colorectal cancer tissue-originated spheroids (CTOSs) to 5FU
was measured within several generations, which provided a new platform
for the study of tumor biology and individualized therapy [55]; the short-
term head and neck cancer organoid showed the same function [56]. The
genomic and morphological characteristics of short-term cancer organoid
culture were more similar to primary tumors, which provides more accu-
rate drug screening results than long-term ones [57]. However, due to the
limited generation and culture time, it was impossible to complete the
high-throughput drug screening like long-term culture; thus, it was cur-
rently used for screening several drugs. The results of gene analysis and
short-term screening drugs of ovarian cancer organoids implied that homol-
ogous recombination (HR) deficient organoids were sensitive to PARP in-
hibitors. In contrast, organoids' functional defects in replication fork
protection were sensitive to DNA damage drugs such as CHK inhibitor
and ATR inhibitor [58]. Another short-term culture of ovarian cancer
organoids screened a drug which could convert mutated p53 into active
p53, leading to apoptosis and cell cycle arrest of ovarian cancer [59]. In
summary, the short-term organoid drug screening model was mainly ap-
plied to low-throughput drug screening, and it was suitable for identifying
the biomarker of drug and exploring the mechanism of drug resistance.

Long-term cancer organoid for drug screening

Tumor organoids were long-term organoid cell lines after cultured for
more than three months or more than thirty generations [60]. The long-
term tumor organoids model for drug screening still imprinted the genomic
features of the primary tumor after conservation, resuscitation and passage.
Hence, the authors established cancer organoid cell lines, which revealed
disease-associated traits and cancer-linked mutations of each patient [61].
Besides, long-term cancer organoid cell lines could achieve not only high-
throughput drug screening but also accomplish individual treatment
[62,63]. In 2019, Jumpei Kondo et al. utilized machine-processed drugs
in organoid systems to screen 2427 drugs, and the results manifested that
colorectal cancer organoid lines had different sensitivity to hit compounds.
It indicated that this system could be used for personalized medicine [64].
In the same year, Oded Kopper et al. established 56 ovarian cancer
organoid cell lines from 32 patients. These ovarian cancer organoid cell
lineswere utilized to screen patients whowere sensitive or resistant to stan-
dard chemotherapy regimens. Then the ovarian cancer organoid lines were
subcutaneously implanted into NCG mice to complete drug screening of
assay in vivo [65]. Similarly,Matteo Boretto et al. established the organoids
library of endometrial carcinoma from patients with a broad spectrum of
endometrial pathologies. The organoid cell lines that had been passaged
for more than eight months still replicated the mutational landscape,
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maintained the pathological features of endometrial carcinoma, and
showed patient-specific drug responses [66]. Another organoid study of en-
dometrial cancer exhibited the same results [67]. Since it was insufficient to
use genetic information for predicting patients' response to drugs, Chantal
Pauli et al. performed high-throughput drug screening of four organoid
cell lines and corresponding PDXs. Then, the authors integrated genomic
information and the results of cancer organoid cell lines as well as PDX
drug screening to identify effective drugs and drug combination therapy
for patients [68]. Moritz Schutte et al. also integrated the genomic informa-
tion of colorectal cancer, and the drug screening results of PDX/PDO to
identify the biomarker of EGFR inhibitors [69]. Additionally, the living
biobank of bladder cancer organoids from patients not only retained
tumor histopathology and gene mutations but also proceeded the tumor
evolution in the process of passage [70]. Therefore, long-term cancer
organoids were appropriate for high-throughput drug screening and indi-
vidualized therapy [71].

Application of cancer organoid model for screening drugs

Firstly, the drug screening of normal organoids and tumor organoids
was extended to detect the drug toxicity and predict the prognosis of
tumor patients [72]. For example, the organoids derived from the central
nervous system were employed to detect the neurotoxicity of small molec-
ular inhibitors [73,74]. After integrating the transcriptomedata of organoid
derived from Biliary Tract Carcinoma (BTC) and clinical data of BTC pa-
tients, Yoshimasa Saito et al. discovered that SOX2, KLK6, and CPB2 were
associated with BTC patients' prognosis [75].

Secondly, several patient-derived organoids (PDO) and patient-derived
xenograft organoids (PDXO) were applied to the fundamental investiga-
tions of drug combination and the reversal of drug resistance [76,77].
The transgenic mouse model that had spontaneous breast cancer was uti-
lized to explore the mechanism of resistance of PARP inhibitors [78].
Also, it reported that PDXO and PDO of castrate-resistant prostate cancer
(CRPC) were combined to detect the sensitivity of PARP inhibitors and
carboplatin [79] (Fig. 1).

Thirdly, cancer organoid was used for drug screening to find the most
effective drug for the cancer patient and the biomarker of a drug for specific
cancer patients [80,81]. For instance, the organoid cell lines of colorectal
cancer exhibited different responses to EZH2 inhibitors, because ATRX
and PAX2 mutation organoids were sensitive to EZH2 inhibitors, while
the p53 mutant organoid lines were resistant to EZH2 inhibitors [82].
Anti-EGFR strongly inhibited colorectal cancer organoids with Microsatel-
lite stable (MSS), parallelly, microsatellite instable (MSI) ones were resis-
tant to anti-EGFR [83]. Another study inferred that one of the
mechanisms of colorectal cancer resistance to the chemotherapeutic drug
5FU was the maintenance of stemness [84]. In a non-small cell lung cancer
(NSCLC) survey, organoids treated with MEK inhibitors and anti-PD-L1
could kill tumor cells by activating immunity [85].

Fourthly, the cancer organoid model could achieve individualized ther-
apy throughhigh-throughput drug screening. Yuki Kita et al. screened 2098
compounds in bladder cancer organoid cell lines. They discovered that Di-
sulfiram (DSF), an anti-alcoholism drug, and cisplatin had a cooperative ef-
fect [86]. After screening 484 compounds in six Cholangiocarcinoma's
(CCA) organoid cell lines, Lampis A et al. presented that the sensitivity of
HSP90 inhibitors was related to the mutation of MIR21 gene [87].

Besides, this model was also used to the lack of tumor models in vitro.
Due to the lack of a drug screeningmodel of mitigate CRPC in vitro, the au-
thors established seven organoid cell lines that summarized the phenotypic
diversity of CRPC, including TMPRSS2-ERG fusion, SPOP mutation,
SPINK1 overexpression, and CHD1 loss [88]. Xiaodun Li et al. established
the Esophageal adenocarcinoma (EAC) organoid cell lines They found the
potential capacity of targeting receptor tyrosine kinases and downstream
mediators in EAC after medium-throughout drug screening [89]. Except
for these, Else Driehuis et al. found that the expression of EGFR in head
and neck malignant organoids was higher than that in normal head and
neck organoids. Therefore the organoid model was used to investigate the
4

deadly effect of EGFR-targeted photodynamic therapy (PDT) on tumor
and its side effects on normal tissues in vitro [90]. Bernhard W. Renz
et al. found that when b2 receptor blockers were injected into the medium,
the pancreatic tumor grew slower [91]; such a drug screening model could
be employed to explore the interaction between tumor and nerve in vitro.
Therefore, the drug screening model of tumor organoids was mainly ap-
plied to preclinical drug evaluation, biomarker identification, biological re-
search, and individualized therapy.

The deficiency and prospect of cancer organoid model for drug
screening

So far, there were still many defects in the preclinical drug screening
model of tumor organoids. Firstly, because the cancer organoid establish-
ment was highly tissue specific, not all types of tumors were suitable for
organoid culture. Also, the non-tumor components were not suitable for
tumor organoids. Consequently, at present, tumor organoids were mainly
applied in the following types of tumors (Table 2). Besides, some tumors
had a low culture success rate, such as breast cancer. Furthermore, although
tumor organoids could be cryopreserved, the recovery rate was not as high
as 2D cell lines. Thus, the development of the organoid model was limited
to a certain extent.

Secondly, although tumor organoids retained the genetic characteristics
of tumor tissue during long-term passages, clonal drift inevitably occurred.
Except for that, the culture condition of cancer organoid was elaborate and
expensive. Although 2D cell lines were widely used to produce growth fac-
tors instead of commercial cytokines to reduce the cost, cytokinesmay have
an impact on the drug screening results of tumor organoids [92]. Helen
H.N. Yan et al. removed L-wnt3A as well as Sachs N et al. removed Y-
27632 and N-Acetylcysteine from organoids' growth medium when they
used cancer organoid for drug screening [27,42].

Thirdly, the source of cancer tissues for non-operative tumor patients
was difficult to obtain. Although the development of tumor organoids de-
rived from biopsy specimens and circulating tumor cell-derived organoids
enriched the models of drug screening in vitro for non-operative tumor pa-
tients [93,94], still, some kinds of tumor organoids could not be established
from circulating tumor cell or biopsy specimens as reported, which also
badly affected the application of tumor organoids in personal therapy.
The liver cancer organoid cell lines constructed from the biopsy specimens
of patients regained the mutation, number variation, and heterogeneity of
the original tumor [95]. Bee Luan Khoo et al. used a 3Dmicrofluidic device
to culture circulating tumor cells, in which drug screening could be carried
out to achieve individualized treatment [96].

Except for thementioned shortcomings, cancer organoidmodel for drug
screening had also been continuously breaking through in recent years.

On the one hand, co-culturing tumor organoids with non-tumor cells or
human induced pluripotent stem cells (iPSC)-induced tumor organoids
compensated for the lack of other non-tumor cellular components in
tumor organoids [97,98]. Chiara M. Cattaneo et al. provided a protocol to
co-cultured tumor cells and T cells to detect T cell-based immunotherapy
in vitro [99]. Yotam E. Bar-Ephraim et al.co-cultured tumor organoids
and immune cells to study the interaction between tumor cells and immune
cells [100]. Furthermore, iPSC-derived organoids were a 3D, self-organized
spherical structure of multiple cell types, which was more faithful to tumor
tissue in terms of structure [97,101]. Also, iPSC-derived organoids could re-
tain tumor cell and non-tumor cell components, which more veritably re-
vealed the sensitivity of tumor patients to drugs [102].

On the other hand, as the tumor organoids lost their original arrange-
ment style, it was necessary to develop new technology such as scaffolds,
3D printing technology, and air-liquid interface, which facilitated tumor
organoids form similar structures to primary tumor tissues. 3D printing
technology had been used to construct an engineered organ, which enabled
the organ to complete the spatial arrangement of cells, the composition of
ECM, and the multicellular activity [103,104]. In 3D scaffolds, cancer
cells and endothelial cells were co-cultured, a vascular structure could be
formed by using microfluidic technology [105]. In the future, with the



Table 2
Various types of cancer organoid models for drug screening.

Cancer type Culture method Culture method Application Reference

Glioblastoma Traditional organoid Long-term Biological research [18]
HNSCC Traditional organoid Long-term Personalized therapy [35]
Lung cancer Traditional organoid Short-term LTS [34]
Lung cancer Organoid-on-a-chip Short-term LTS [51]
Esophageal adenocarcinoma Traditional organoid Long-term Personalized therapy [89]
Gastrointestinal cancer Traditional organoid Long-term Preclinical drug evaluation [19]
Pancreatic cancer Traditional organoid Long-term Biological research [40]
Liver cancer Traditional organoid Long-term Personalized therapy [61]
Biliary tract carcinoma Traditional organoid Long-term Biomarker identification [75]
Colorectal cancer Traditional organoid Long-term HTS [33]
Rectal cancer Traditional organoid Long-term Preclinical drug evaluation [29]
Breast cancer Traditional organoid Long-term HTS [42]
Ovarian cancer Traditional organoid Short-term Biological research [58]
Ovarian cancer Traditional organoid Long-term Personalized therapy [65]
Endometrial cancer Traditional organoid Long-term Biological research [66]
Prostate cancer Traditional organoid Long-term Biological research [88]
Bladder cancer Traditional organoid Long-term Biological research [70]

HTS: high-throughput drug screening.
LTS: low-throughput drug screening.
HNSCC: head and neck squamous carcinoma.
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rapid development of cancer organoid technology, tumor organoids will be
first expected to predict the effectiveness and accuracy of drug responses
in vitro [106].

Conclusion

In summary, tumor organoids can be passed on infinitely and do not
lose or change genetic information in the process of passage. It can also cap-
ture the intra-/interpatient heterogeneity. The traditional cancer organoid
model for drug screening saves money, while organoid-on-a-chip frees
human resources. Short-term drug screening takes little time. However,
long-term drug screening can be used for high-throughput drug screening.
So far, the cancer organoidmodel for low-/high-throughput drug screening
has been widely used in preclinical drug evaluation, biomarker identifica-
tion, biological research, and individualized therapy. Although tumor
organoids have many shortcomings in the application of drug screening,
the cancer organoid model for drug screening is also continuously develop-
ing and breaking through. Besides, the drug screening results of tumor
organoids are very stable and fidelity. However, 2D cell lines are easy to op-
erate and cheap, and the drug screening results of PDX are not affected by
cytokines. Therefore, we should rationally use a combination of pre-
clinical drug screening models according to the characteristics of cancer
types.
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