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Abstract

Patient-derived organoids (PDOs) have emerged as a promising platform for clinical and translational studies. A
strong correlation exists between clinical outcomes and the use of PDOs to predict the efficacy of
chemotherapy and/or radiotherapy. To standardize interpretation and enhance scientific communication in the
field of cancer precision medicine, we revisit the concept of PDO-based drug sensitivity testing (DST). We
present an expert consensus-driven approach for medication selection aimed at predicting patient responses.
To further standardize PDO-based DST, we propose guidelines for clarification and characterization.
Additionally, we identify several major challenges in clinical prediction when utilizing PDOs.

Keywords: Organoid, Patient-derived organoids (PDOs), Precision medicine, Drug sensitivity testing (DST), Expert consensus

Introduction

Nature Methods identified organoids as one of the
top ten annual technologies in 2017 [1].
Patient-derived organoid (PDO) has become an
attractive research platform for various cancer types,
including colon [2], stomach [3], breast [4], prostate

[5], liver [6], pancreas [7], neuroendocrine [§],
glioblastoma [9], lung [10] and pediatric kidney
cancers [11], etc. These organoid models are suitable
for translational research, the development of new
medications, and personalized care. Based on
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preclinical efficacy results obtained from the
organoid-on-a-chip model, the US FDA approved
Sutimlimab to commence clinical trials for the first
time in July 2022 without the requirement for in vivo
supporting data [12]. This marks a significant
milestone in the utilization of organoids for drug
development.

According to the National Cancer Center of
China's 2024 report [13, 14], the estimated number of
new cancer cases reached 4.82 million in 2022 (vs. 4.06
million in the 2022 report). Remarkably,
approximately 2.57 million cancer-related deaths
occurred in China. As the incidence and mortality rate
of cancer patients continue to escalate, it is imperative
to develop precise preclinical models for tumor
detection and treatment. In this article, we mainly
concentrated on PDOs generated from solid tumors.
Up to now, the techniques for culturing organoids of
hematological malignancies remain immature, with
only a few reports in the literature [15-17]. This
consensus paper outlines eight potential applications
of PDOs in the fields of cancer precision medicine and
drug discovery.

1. Tumor organoid definition

Tumor organoids are increasingly utilized in
cancer research and personalized medicine. They are
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in vitro culture models with a three-dimensional (3D)
structure and are self-differentiated from cells with
stem cell characteristics. Tumor organoids typically
allow for long-term expansion and recapitulate the
intricate  cellular  heterogeneity and  spatial
architecture of the original tumor. They also mimic
the functions and biological behaviors of the tissue
origins, while retaining pathohistological features and
several genetic traits, including mutation and
amplification of driving genes [2, 4, 6, 8, 9, 18]. PDOs
are miniature, simplified versions of organs or tissues
that can be grown in a laboratory setting and form a
valuable platform for tumor research and drug
discovery for the reasons outlined below (Figure 1)
[19-21]:

1) Constructing an in vitro model that precisely
recapitulates the origin tumor [22]. PDOs were
generated by collecting tumor tissues from various
cancer origins, including primary tumors, circulating
tumor cells, and metastatic lesions [23]. The tissue was
then pre-processed under the action of mechanical
and/or enzymatic digestion. Tumor cells were
ultimately facilitated in 3D matrices to form cancerous
organoids [16]. These organoids feature a diverse
array of cells, each with its unique role in the complex
tapestry of tumor development and progression.
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Figure 1. The application of organoid models. PDOs recapitulate the physiological features and function, providing a more authentic and effective technical platform. They
have potential applications in various research areas such as constructing disease models, biological sample repositories, gene therapy, drug discovery, and precision medicine.
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2) Establishing a living organoid biobank from
tumor species [7]. PDOs can be expanded for
prolonged periods, allowing cryopreservation and
recovery [24]. Freezing the organoid when it is highly
proliferative improves its recovery. PDOs are placed
in a frozen vial containing freezing solution and left
on ice for 30 minutes, then stored overnight at -80°C
before transferring to liquid nitrogen for long-term
storage. For organoid replating, thaw PDOs quickly at
37°C and place them in petri dishes for further
manipulation [25]. Inappropriate freezing/thawing
single cells or large and differentiated organoids may
result in poor recovery, morphological changes or
potential impact on drug screening outcomes [26].
Therefore, the principle of freezing/thawing should
be followed, similar to cell lines, and PDOs must
revive within 1-2 weeks to regain their expansion
capacity after recovery.

3) In vitro tumor modeling allows for the
manipulation of variables such as nutrient
availability, oxygen supply, and drug exposure to
investigate their impact on tumor cell behavior. These
models replicate the structure and microenvironment
of in vivo tumors, offering a standardized and realistic
platform for studying phenomena like tumor growth,
invasion, and therapeutic response.

4) Predict clinical responses of patients with
various cancer types [27-29], including colorectal [2,
30, 31], breast [4, 32, 33], lung [34, 35], ovarian [36],
urothelial [37], gastrointestinal [38] and pancreatic
[23, 39] cancers. PDOs advance precision cancer
medicine by enabling prospective therapy
assessment. Researchers generate PDOs to screen
therapeutic options that are potentially most effective.
This personalized approach offers the potential for
improving patient outcomes by optimizing treatment
regimens and minimizing unnecessary side effects.

5) Develop genetically modified tumor organoid
models [40, 41] and identify the development
mechanisms of tumor gene mutations [42, 43]. By
applying CRISPR/Cas9 gene editing for tumor-driven
genes, PDOs can be used to study tumor biology,
investigate the mechanisms of drug resistance, and
develop new therapeutic approaches for cancer
treatment.

In summary, PDOs represent the cutting-edge
intersection of biology, medicine, and technology.
Their usages enable researchers to dissect the
complexities of cancer, unravel its secrets, and
develop personalized medicine (Figure 1). With their
ability to faithfully recapitulate the cellular and
molecular intricacies of tumors, PDOs serve as a
testament to human ingenuity and an indispensable
asset in the ongoing fight against cancer.

2. The role of PDOs in drug discovery

In preclinical research, PDOs serve as potent
surrogates for understanding diseases, including
cancer and various organ-specific disorders, and
exploring new treatment options (Figure 2). By
faithfully recapitulating the complex cellular
architecture and functionality of the original tissue,
PDOs provide a remarkable platform for probing
disease mechanisms, elucidating molecular pathways,
and exploring therapeutic interventions. With the
generation of organoids from diverse tissue sources,
they can be utilized for multi-omics and gene editing
research, taking on an increasingly pivotal role in
preclinical drug development, especially target
finding (Figure 2).

1) Identification and wvalidation of mnovel
pharmacological targets. A cancer cell line is a typical
in vitro model for discovering novel therapeutic
targets. However, two-dimensional cell lines are
incapable of mimicking the essential 3D cell
composition and heterogeneity of in vivo tumors,
resulting in a success rate of less than 1% in novel
drug development [28, 44]. Organoids retain the
unique genomic alterations, molecular signatures, and
heterogeneity present in the original tissue, making
them invaluable for studying disease progression and
identifying potential therapeutic targets. Multi-omics
investigations, including genomics [45], proteomics
[46, 47], and metabolomics [48], further enhance the
reliability of applying PDOs for discovering novel
therapeutic targets. Organoids can be treated using
technologies like CRISPR/Cas9, RNAi, or gene
overexpression etc. for therapeutic target validation
[49]. Additionally, co-culture systems involving
organoids and mesenchymal/immune cells offer
great opportunities for studying therapeutic targets
other than tumor cells [50].

Normal tissue-derived organoids play valuable
roles in novel pharmacological discovery. Human
induced pluripotent stem cell-derived motor neurons
(hiPSC-MN) provide insights into neurobiological
mechanisms in motor neuron diseases such as spinal
muscular atrophy and spinal/bulbar muscular
atrophy [51]. These hiPSC-derived 3D organoids
facilitate disease pathogenesis study and therapeutic
discovery and validation. Additionally, in lung
epithelial repair, cigarette smoke extract-exposed
organoids  exhibit  defective lung epithelial
progenitors, restored by prostaglandin E2 and
prostacyclin [52]. Normal PDOs used for cancer drug
discovery normally allow for therapy side effect
monitoring [53].

2) Drug screening. Tumor organoids retain
patients' therapeutic targets and preserve the genetic

https://lwww.thno.org



Theranostics 2024, Vol. 14, Issue 8

3303

1) Novel pharmacological targets _

Cancer

Stromal cells Immune cells

( ﬁ\i\‘ ° 0 @ Drugs
\ | @ —
L 4 0°O0
Genomics Proteomics ~ Metabonomics

2) Pharmacodynamic evaluation

Organoid Models

(

|

== (glioma)

Esophagus

3) Diagnostic biomarkers

treatment responders

treatment non-responders

Biobank
— y =
| |

-

Vs '_> \ Q\

4) Indications expansion

Lung

Fallopian Tube
Prostate

(osteosarcoma, bone tumor)

TATIN

a

Personalized
Medicine

1. Primary drug-resistant tumor organoids
2. Sensitive tumor organoids

3. Domesticated drug-resistant tumor organoids
4. Rare tumor organoids

5) MOA and MOR
Plan A

Figure 2. Cancer organoid models used in precision medicine (left) and the opportunities for drug discovery (right). Tumor organoids simulate the biological
characteristics of tissues-of-origin, providing matched personalized treatment strategies. Currently reported tumor organoid models include but are not limited to esophageal,
lung, breast, gastric, renal, colorectal, and liver cancers, etc. (left image). Meanwhile, tumor organoids are effective preclinical models for drug development, which can be used
to discover novel drug targets, test drug dosages, explore diagnostic biomarkers, repurpose existing drugs, and conduct PDO-xenograft (PDOX) model, etc. (right image).

and phenotypic variability of malignancies [54, 55].
These can be available for assessing the efficacy of
specific medications or pharmacological combina-
tions. Co-culture systems also allow for the inclusion
of non-tumor cell types like stromal and immune
cells, enabling the evaluation of additional treatment

types [56].
3) Discovery of diagnostic companion
biomarkers. Biomarkers can be identified by

predicting the therapeutic efficacy of targeted
medications and comparing variations in multi-omics
characteristics between treatment responders and
non-responders [57]. Organoids serve as a crucial
platform for discerning potential diagnostic
biomarkers, which are subsequently validated via
analysis of clinical samples. For instance, extracellular
vesicle protein and PTP4A1 have been identified as
diagnostic  biomarkers for pancreatic ductal
adenocarcinoma and mucoepidermoid carcinoma,
respectively [58, 59].

4) Expanding indications for medications. A
comprehensive and diverse cancer organoid biobank
can be utilized to test pharmaceuticals still in clinical
trials to expand their treatment indications in addition

to medicines under development [7]. The cancer
organoid biobank combined with high-throughput
drug screening can reveal sensitivity to unexpected
drugs [3]. For example, the human gastric cancer
organoid biobank showed sensitivity to Napabucasin,
Abemaciclib, and VE-822 [3].

5) Examining the mechanism of action (MOA)
and mechanism of resistance (MOR) of drugs. As an in
vitro model with greater therapeutic relevance than
cell lines, tumor organoids can be a valuable tool for
analyzing the MOA and MOR of therapeutics. Drug
resistance is unavoidable in cancer therapy, and
organoids can be utilized to investigate drug
resistance  mechanisms comprehensively  and
efficiently. Primary drug-resistant tumor organoids,
sensitive tumor organoids, and domesticated
drug-resistant tumor organoids are all high-quality
resources for studying MOR [60]. A multiplex
organoid-based drug response assay was conducted
in pancreatic ductal adenocarcinoma, utilizing the
area under the curve (AUC) to identify predictors of
drug sensitivity associated with the MOA [61]. Cong
et al. studied how colon cancer cells evade drug action
by enhancing metabolism, identifying specific
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metabolites involved in drug resistance [62]. The
study of seven epithelial ovarian cancer PDOs
accurately reflected the clinical response of patients to
platinum-based chemotherapy [63]. Similarly, PDOs
derived from colorectal cancer peritoneal metastases
predicted responses to cytoreductive surgery
followed by hyperthermic intraperitoneal chemo-
therapy [30]. Furthermore, an ovarian cancer PDO
demonstrated its suitability for drug resistance testing
and screening in the context of personalized medicine
[64]. Molecular and therapeutic profiling of pancreatic
cancer PDOs demonstrated accuracy in predicting
drug resistance, further advancing personalized
medicine [23].

6) Pharmacokinetics and pharmacodynamics in
vivo studies. The organoid model has been utilized
for pharmacokinetic/pharmacodynamic (PK/PD)
testing to evaluate the efficacy and safety of
pharmaceuticals. It is also integrated with
high-throughput technology for efficient compound
screening. Han et al. established lung and colon
organoid models using humanized pluripotent stem
cells (hPSCs) and conducted high-throughput
screening of FDA-approved drugs. Three small
molecule drugs were identified as potent inhibitors of
SARS-CoV-2 cell entry, indicating their potential as
candidates for COVID-19 treatment [65]. The
Patient-Derived Tumor Xenograft Organoid Model
(PDXO) can be generated from both Patient-Derived
Tumor Xenografts (PDX) and the PDO Xenograft
Model (PDOX). PDXOs are instrumental in evaluating
the efficacy of lead compounds and other clinical
candidates. These models enable the verification of
candidates with the most promising pharmacological
outcomes and facilitate the analysis of their
pharmacokinetics, optimal dosage, and administra-
tion schemes [66]. PDO has a higher success rate of
formation compared to PDX, significantly increasing
the likelihood of creating in vitro and in vivo model
pairings for the same original tumor material [38].

7) Organoid-based prediction of radiation
response. The organoid model offers new insights into
tumor radiation sensitivity. Martin et al. examined
how the colorectal and intestine organoids responded
to ionizing radiation [67]. Researchers assessed the in
vitro radiation-mitigating effects of SIRT1 inhibitors
on organoid survival rates and size changes
post-irradiation [68]. These studies using functional
organoid models may inform medical strategies
against radiation-induced damage.

The role of PDOs in preclinical research is
transformative (Figure 2). These engineered 3D
models faithfully mimic the characteristics of patient
tissues, serving as potent surrogates for investigating
disease mechanisms, testing novel therapeutics, and

advancing personalized medicine approaches. PDOs
stand as a promising frontier in medical research,
offering hope for better treatments, improved patient
outcomes, and ultimately, a more promising future in
combating diseases.

Expert consensus 1: PDOs offer extensive
application prospects in preclinical research, and can
be utilized for the discovery and validation of novel
therapeutic targets, pharmacodynamic evaluation,
detection of simultaneous diagnostic biomarkers,
expansion of pharmacological indications, exploration
of drug action and resistance mechanisms, and in vivo
pharmacokinetics, etc.

3. Tumor organoid models for preclinical
studies

Tumor organoid models are particularly
effective in their ability to replicate the tumor
microenvironment. Cells interact with each other as
well as with the surrounding extracellular matrix
(ECM), facilitating the study of key interactions that
influence tumor behavior, immune responses, and
drug resistance. This physiological relevance offers a
more comprehensive understanding of tumor biology
and enables the exploration of new therapeutic targets
and treatment approaches. Tumor organoids can fill
the gap where preclinical models for numerous
diseases are lacking (Figure 2):

1) Tumor organoids are derived from rare types
of cancer. Many malignancies with particularly low
incidence rates, such as glioma [69, 70], bone tumor,
osteosarcoma [71], pediatric tumors, lack reliable
preclinical research models. Tumor organoids stand
as groundbreaking solutions to this critical gap in
research.

2) Tumor organoids containing novel
therapeutic targets are lacking in tumor cell lines.
Existing tumor cell lines are inadequate in
recapitulating complex spatial structure, and
microenvironment of tumors, which results in a lack
of novel therapeutic targets. PDOs can facilitate drug
development by identifying these targets [72].
Driehuis et al. reported that PDOs from head and neck
cancer patients recapitulate EGFR expression levels,
validating their relevance superior to cell lines [73].
The absence of neuroendocrine neoplasms (NEN)
pre-clinical models poses challenges. Dayton ef al.
established PDOs from NEN patients, maintaining the
gene expression pattern, tumor heterogeneity and
evolutionary process in wvitro [74]. Besides,
vascularized organoids provide an appreciated
platform for testing anti-angiogenic drugs targeting
VEGF/VEGER [75]. For immunotherapy, co-culture
of tumor organoids and immune cells preserves
essential tumor-related antigens crucial for immune-
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related therapies, such as immune checkpoint
inhibitors (PD-1/PD-L1) [76], immune cell therapies
(TILs, CAR-T), pattern recognition receptors (PRRs),
etc. [77].

3) Drug-resistant tumor organoids. Antitumor
therapeutics often eventually lead to drug resistance,
causing treatment failure. Drug resistance-based
tumor organoid models can facilitate the study of
MOR [60, 78].

Normal organoids are vital in drug development
for both tumor and non-tumor conditions. They
contribute significantly to predicting adverse reac-
tions, drug metabolism, and toxicological evaluation
[79-81]. For instance, liver organoids, mimicking
normal liver cell composition and function provides a
physiologically relevant environment for in vivo
chemical processing, making them valuable for drug
validation and toxicity assessment [79-81].

Expert consensus 2: Preclinical studies on
pharmaceuticals largely depend on robust models.
PDOs are well-suited for studying rare malignancies,
tumors for which no existing models exist, and
drug-resistant species.

4. Organoids in cancer clinical practice

The clinical efficacy of targeted and
immunotherapeutic treatments often falls short of
expectations.  Next-generation sequencing for
identifying genetic alterations has shown limited
value in guiding patients to most treatments [82, 83].
Precision medicine, based on the unique
pharmacodynamic phenotypes of each patient,
remains imprecisely defined. Numerous cancer PDOs
exhibit comparable drug sensitivity to patients in
clinical trials, including metastatic gastrointestinal
and colorectal cancers [38, 84, 85], etc. (Table 1). By
subjecting organoids to different treatment regimens,

researchers can assess both response and potential
side effects before initiating clinical trials. This
preclinical screening using organoids optimizes the
drug development process, increasing the likelihood
of success in subsequent clinical phases while
minimizing the risks and costs associated with
traditional approaches.

Organoids facilitate the exploration of precision
medicine in clinical trials. By establishing
patient-specific organoid models, researchers can
evaluate how these organoids respond to different
treatment options, thereby identifying the most
effective therapeutic regimen for individual patients.
Application of organoid models in clinical trials must
be meticulously planned and executed; as of
September 3, 2023, 159 organoid-related projects had
been registered on ClinicalTrial. Gov for cancer
research, including lung [26], breast [4], pancreatic
[86], head and neck [87], liver [88], ovarian [89],
kidney [90], prostate cancers [91], etc. (Table 1). The
first category of these «clinical trials is non-
interventional retrospective analyses or observational
contemporaneous (co-clinical) studies (now 62/149)
based on organoid DST. The second group (82/149) is
prospective, interventional research, which provides
more reliable data for customized treatments based on
organoid DST. Key application scenarios include:

1) Neoadjuvant treatment: For patients with
locally — advanced  cancer, prospective and
interventional clinical studies are conducted to screen
tumor therapeutic options and predict potential
beneficiaries of neoadjuvant therapy.

2) Salvage therapy: For patients at high risk of
recurrence or those who have already experienced
recurrence, prospective and interventional clinical
studies aim to identify potential and additional
treatment beneficiaries.

Table 1. Beneficial outcomes of applying organoid DST in clinical trials

Cancer types Sample Therapy Main Results Reference
Gastrointestinal cancer 77 organoids from Chemotherapy, Organoid DST predicts clinical response: 100% sensitivity, 93% specificity, 88% [38]
72 patients Targeted positive predictive value and 100% negative predictive value
therapy
Gastrointestinal cancer 11 patients Chemotherapy, Organoid DST predicts clinical response: 82% concordance rate [147]
Targeted
therapy
Lung cancer 54 organoids from Chemotherapy, Organoid DST predicts clinical response: 84.0% sensitivity, 82.8% specificity [112]
36 patients Targeted
therapy
Breast cancer 35 patients Chemotherapy, Organoid DST predicts clinical response: 82.35% sensitivity, 69.23% specificity, 76.67% accuracy [33]
Targeted
therapy,
Immunotherapy
Pancreatic cancer 31 patients Chemotherapy  Organoid DST divides patients into three groups: sensitive, intermediate, and resistant, with [148]
statistical differences in PFS between the groups
Pancreatic cancer 16 patients Chemotherapy  Organoid prediction model allows a successful response prediction in treatment-naive patients  [149]
with an accuracy of 91.1% for first-line and 80.0% for second-line regimens, respectively
Pancreatic ductal 12 organoids Chemotherapy A method for classifying PDOs as sensitive or resistant to chemotherapy regimens was [150]
adenocarcinoma developed to predict the clinical outcome of patients.
Pancreatic ductal 21 organoids Chemotherapy  Organoid DST responses were not different from patient tumor responses [151]

adenocarcinoma
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Figure 3. Process of organoid models for drug screening test (DST). They are summarized in three steps: 1) Sample acquisition: primary/metastatic tumors, biopsies,
liquids, and patient-derived xenograft (PDX) samples, etc.; 2) Drug screening: including sample transportation, organoid formation, drug screening, and data analysis; 3) Treatment
in the clinic: providing therapeutic options for patients with chemotherapy, radiotherapy, targeted therapy, immunotherapy, and combinational therapy, etc.

3) Palliative care: Prospective and
interventional clinical studies are conducted to assess
potential beneficiaries of precise treatment for
malignancies with recurrence, metastasis, and failed
first- or second-line therapies in patients with no
surgical indications [92].

Expert consensus 3: Clinical trials have shown
that the results of organoid DST align closely with the
actual clinical outcomes of patients. Integrating
organoid DST into clinical research can potentially
serve as a predictive biomarker of clinical treatment
response.

5. Has the time come for clinical
laboratory-developed test (LDT)
exploration of organoid DST?

LDT mode is an in vitro diagnostic item that has
not yet gained product registration and is developed,
verified, and applied in the laboratory. Accelerating
the development of LDT programs to support
precision medicine is a growing trend [93, 94]. Under
the supervision of licensed physicians, accredited
medical institutions can produce in vitro diagnostic
reagents tailored to the clinical needs of their units.
The exploration of using organoid DST in clinical
laboratory-developed tests (LDTs) is an area of
ongoing research and development. Organoid DST

involves testing patient-derived organoids against
various drugs or treatment regimens to measure their
response and sensitivity.

Organoid models for DST have been carried out
in vitro for a wide range of solid cancers, including
breast [4], bladder [95], gastric [3, 96], and rectal
cancers [97], etc. These models have confirmed the
consistency between laboratory data and clinical
outcomes, which provides a practical approach to
examining the mechanisms of sensitivity and
resistance [98, 99]. While further research is required
to determine whether organoid DST improves the
disease-free survival and overall survival of patients
[100, 101], the incorporation of organoid DST
platforms  provided by the industry into
hospital-based LDT programs is encouraged for
patient benefit. By incorporating organoid DST into
clinical LDTs, healthcare providers may be able to
tailor treatment decisions based on the unique
characteristics of a patient's tumor, ultimately
improving treatment outcomes (Figure 3). The
following precautions merit consideration when
incorporating organoid DST into clinical LDT:

1) The implementation of organoid DST in
clinical LDTs requires rigorous validation,
standardization, and regulatory approval to ensure its
accuracy, reproducibility, and clinical utility. This
involves navigating various regulatory frameworks
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and meeting stringent criteria to ensure patient safety
and the reliability of test results.

2) The adoption of organoid DST in clinical LDTs
may also be influenced by factors such as healthcare
system regulations, reimbursement policies, and the
availability of resources and expertise in conducting
such tests.

3) It is important to note that the field of LDTs is
continually evolving, and the decision to explore
organoid DST in clinical LDTs would depend on
multiple factors, including scientific evidence,
regulatory considerations, and the needs and
priorities of the healthcare community.

4) For the most accurate and up-to-date
information on the status and potential future
developments in organoid DST and its incorporation
into clinical LDTs, it is advisable to consult scientific
literature, regulatory authorities, and healthcare
experts specialized in the field.

Motivated by the current progress in clinical
exploration of organoid DST, the transition from
laboratory development to commercialization is
imminent:

1) Laboratory development: LDTs were
developed and implemented within individual
laboratories to address specific needs unmet by
available tests. As of May 2023, the Centers for
Medicare & Medicaid Services report over 277,251
CLIA registered laboratories in the U.S., with fewer
than 6% of high-complexity laboratories capable of
conducting LDTs.

2) Regulatory oversight and quality control:
Concerns about the quality and consistency of LDTs
have led regulatory bodies such as the U.S. FDA to
consider enhanced oversight. In October 2023, the
FDA proposed ending enforcement discretion for
LDTs, aiming for more stringent regulation.

3) Transition to commercialization: the shift from
LDTs to commercialized tests involves:

A. Validation and verification: These processes
precede commercialization, ensuring accuracy and
reproducibility across diverse populations and
conditions.

B. Regulatory approval: Commercial tests
undergo regulatory scrutiny, including assessment of
analytical and clinical performance, and compliance
with safety and efficacy standards.

C. Manufacturing scale-up: Upon regulatory
approval, manufacturers scale up production,
optimizing processes and quality control to meet
market demand.

D. Distribution and marketing: Commercialized
tests are distributed through various channels, with
targeted marketing strategies to promote their
benefits and expand market reach.

Expert Consensus 4: Organoid DST has reached
clinical service; accredited institutions are encouraged
to refine their LDT protocols.

6. Which patients would benefit from
organoid DST?

In the clinical practice of cancer treatment, the
identification and judicious application of molecular
markers are essential. However, fewer than 7% of
patients can benefit from precision medicine through
next gene sequencing [83]. Vlachogiannis reported in
2018 that organoid DST achieved a negative and
positive predictive value of 100% and 88%,
respectively, in advanced gastrointestinal cancer,
paving the way for clinical application of PDO [38].
Organoid DST can provide valuable insights into a
patient's response to specific drugs or treatment
regimens, thereby guiding treatment decisions and
improving patient outcomes. It's reported that
pancreatic cancer organoid DST could predict the
curative effect and degree of gemcitabine efficacy
[102]. Yao et al. established 18 rectal cancer organoids
for DST, achieving accuracies, sensitivity, and
specificity of 84.43%, 78.01%, and 91.97%, respectively
[103]. Wang et al. assessed the treatment response of
colorectal PDOs, the DST results showed the value of
sensitivity (63.33%), specificity (94.12%), accuracy
(79.69%) and positive predictive rate (90.48%) [31].
Here are some scenarios where organoid DST could
be beneficial:

1) Patients with solid tumor. Current organoid
technology is primarily designed for epithelial cells,
making it suitable for most solid tumors originating
from the epithelium (i.e., colorectal [2, 30, 31], breast
[4, 32, 33], lung [34, 35], ovarian [36], and pancreatic
[39] cancers). Hematological cancers, unlike solid
tumors, originate in the bone marrow and affect the
growth of white blood cells. Tumor cells exist in
fast-moving blood, dispersing throughout the body.
Current reports support the in vitro organoid culture
of hematoma and glioblastoma [104, 105].

2) Patients receiving mneoadjuvant chemo-
therapy. Neoadjuvant chemotherapy refers to
systemic chemotherapy administered before local
treatment (such as surgery or radiotherapy). This can
reduce tumor size, eliminate micrometastases at the
maximal level, and downgrade the disease, thereby
facilitating subsequent treatment. A biopsy obtained
through puncture is exposed to organoid culture and
DST before administering neoadjuvant chemo-
therapy. As a prescription, the most effective
treatment is then picked [106-108].

3) Patients considering targeted therapies [32,
109, 110]. Organoid DST can help predict the response
to targeted treatments for patients with specific
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genetic mutations or alterations. This information can
guide treatment decisions and prevent unnecessary
exposure to ineffective drugs.

4) Patients with rare or hard-to-treat cancers
[110]. Organoid DST can help identify potential
targeted therapies or novel drug combinations that
may be more effective for rare or hard-to-treat cancer
types. These types of cancer may have limited
treatment options or suboptimal response rates to
standard therapies.

5) Patients whose initial treatment was
unsuccessful. Patients who receive ineffective
first-line therapy may benefit from organoid DST on
primary or recurrent tumor biopsies, depending on
the wvarious therapeutic combinations used.
Evaluation can improve the prognosis of patients who
benefit from second-line treatment or unconventional
therapy [111].

6) Patients with recurrent or metastatic disease
[30, 112]. Organoid DST can be useful for patients
with recurrent or metastatic diseases, where treatment
decisions become more complex. By testing the
sensitivity of organoids derived from metastatic sites,
clinicians can gain insights into the best treatment
options and potentially identify therapies that are
effective against specific metastatic lesions.

7)  Patients with tumors resistant to
radiotherapy [39, 97, 113, 114]. Radiotherapy is the
initial treatment for nasopharyngeal, cervical, and
skin cancer. When radiation resistance occurs,
organoid models provide patients with a selection of
potential life-expending drugs. By predicting the
sensitivity of the primary tumor, organoids also
improve the achievement ratio of radiation for
patients who undergo selective preoperative radiation
therapy.

8) Patients with advanced cancers [31, 112].
There are no surgical indications for patients with
advanced stages or metastases; chemo- and cell-
therapies have become the standard of care. Before
treatment, a biopsy and organoid DST could be
performed, enabling the selection of targeted
approaches. If drug resistance develops after
treatment, a DST of post-resistance organoids can be
performed [103].

9) Patients with limited treatment options [112].
Organoid DST is valuable for patients with limited
treatment options due to factors such as prior
treatment failures, drug resistance, or specific tumor
characteristics. By assessing the drug sensitivity of
organoids, clinicians can identify alternative
treatment strategies and potentially repurpose
existing drugs for personalized treatment approaches.

The clinical utility and applicability of organoid
DST are still being investigated and refined. The

decision to use organoid DST for a specific patient
would depend on several factors, including the type
of disease, treatment history, testing resources, and
clinical judgment.

Expert Consensus 5: Both organoid DST and
next-generation sequencing belong to the field of
precision medicine. However, organoid DST has more
advanced application scenarios, such as neoadjuvant
and/or palliative chemotherapy, ineffective first-line
treatment, advanced and rare cancer, and metastatic
tumors, etc., and can be implemented throughout the
entirety of cancer treatment.

7. What types of samples are acceptable
for organoid culture?

Organoid culture can be established using
various types of samples depending on the specific
research or clinical goals. The suitability of different
sample types for organoid culture can vary based on
factors such as the organ of interest, accessibility, and
preservation of tissue integrity. The collection of
high-quality samples is essential for the organoid
establishment. After surgically removing a sample, it
must be stored in a preservative solution at a specific
temperature (e.g., 4°C) and transported to the
laboratory within 48 hours [115]. The success rate is
higher when a greater quantity of tumor cells is
collected, while avoiding necrotic, damaged, or
fibrotic tissues. The sampling requirements for
various source tissues are refined as follows.

1) Samples from recent surgical resection.
Immediately following surgery, organoid seeding
samples should be collected, including the primary
tumor and metastases (should be preserved in two to
three peanut-grain-sized fragments, > 50 mg
recommended). These specimens had the highest
success rate for organoid culture and the most reliable
responses in drug testing [9, 116]. This is particularly
relevant for studying organ-specific diseases or
investigating the response of specific tissues to drugs
or treatments.

2) Percutaneous or endoscopic biopsy. Tumor
biopsies obtained through minimally invasive
procedures or surgical resections are frequently used
for organoid culture. Organoid culture can be
performed with 1-2 puncture sutures from primary
and metastatic tumors, or 1-2 tissue fragments
clamped under a gastrointestinal endoscope. The
challenge with these samples lies in determining
whether they are sufficient for DST at the puncture
site, which is crucial for evaluating the overall efficacy
of the medication [95, 117]. The length of puncture
specimens should reach one centimeter, preparing
two to three puncture samples. For endoscopic
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biopsies, 1-2 tissue fragments are typically clamped
under the guidance of an endoscope for further
analysis.

3) Fluid biopsy-derived samples. Blood (> 5 ml),
urine (> 5 ml), pleural (> 2 ml), ascites (> 2 ml),
peritoneal (> 2 ml), pericardial effusions and other
liquid biopsies are essential for clinical diagnosis and
translational research. These fluid body specimens
have been utilized effectively for organoid models
[118, 119]. Fluid-based organoids can provide insights
into the behavior of cancer cells in a systemic context
and help monitor disease progression or treatment
response (Table 2).

Table 2. The difference between conventional fluid-based
organoids and PDOs

Differences Conventional PDOs  Fluid-based organoids

Resources  Surgical or biopsy Peripheral blood [152], malignant pleural

specimens effusion [38], ascites [153], and urine [154]
Sample Enzymatic or Positive selection immunoaffinity, negative
processing  mechanical selection immunoaffinity, filtration, label free
dissociation [155] microfluidic and centrifugation [156]
Successful ~ 70-80% [38, 157] Peripheral blood 75-90% [157], urine 83%
rate [154], malignant pleural effusion and ascites
40% [158]
Strengths The higher number of Dual character, non-invasive sampling, can

tumor cells, the more track dynamic change, monitor tumor
successful rate metastasis, and monitor patients' response to
treatment and make timely adjustments [159]

4) Cryopreserved samples. For subsequent
organoid culture, it is also possible to use shredded
frozen tissue or frozen pre-digested single cells that
have been stored at -80°C or liquid nitrogen.
However, cryopreserved tissue has a lower success
rate in establishing organoids and requires a longer
expansion period [86].

5) Patient-derived xenografts (PDX). PDX
models involve transplanting patient tumor tissue
directly into immunocompromised mice. These tumor
xenografts can be subsequently used to generate
organoids, allowing for the propagation of
patient-specific tumor characteristics in a laboratory
setting.

Expert Consensus 6: For organoid DST, small
surgical biopsies obtained through puncture or
gastrointestinal endoscopy can be used for cancer
tissues. The success of organoid culture depends on
factors such as the viability and quality of cells in the
starting tissue sample, as well as the specific protocols
and culture conditions used for organoid generation.
Researchers and clinicians need to consider these
factors when selecting the most appropriate sample
type for their study or clinical application.

8. Which patient treatment approaches
can be utilized via organoid DST?

1) Chemotherapy. Chemotherapy is currently the
predominant therapeutic modality for solid tumors

and the main direction of organoid DST, which
comprises monotherapy and combined treatment.
The correlation between organoid DST and clinical
response has been extensively reported [3, 24, 38, 97].

2) Radiotherapy. Radiotherapy, like
chemotherapy, has attracted much interest in
organoid DST, including single-agent chemotherapy
paired with radiotherapy [39, 97, 113, 114].

3) Targeted therapy [32, 109, 110]. Targeted
therapy is underutilized in most solid tumors,
excluding lung and breast malignancies, for which
targeted therapy is relatively well-established. For
clinical diagnosis and therapy recommendations,
organoid DST, histological labeling, and large-scale,
high-throughput genetic mutation screening may
become commonplace [48, 120, 121].

1) Immunotherapy [77, 122, 123].
Immunotherapy is promising for cancer treatment.
However, its clinical efficacy prediction using
organoid DST requires additional research:

A. How to maintain the immune microenvironment
in vitro. Organoids can either be co-cultured with
immune cells and elements of the innate immune
microenvironment from samples, or they can be
developed using an Air-Liquid Interface (ALI) to
create a Tumor Microenvironment (TME) model that
more closely simulates real-life conditions.

B. How to co-culture organoids with immune cells.
Co-culturing organoids with immune cells permits
the in wvitro cultivation of organoids under the
stimulation of immune cells, thereby creating an
environment that more closely resembles in vivo
growth. There are currently two methods for
co-culturing  immune cells and organoids:
maintaining and expanding the organoid's native
immune cells and introducing exogenous immune
cells during organoid culture.

C. How to assess the efficacy of immune checkpoint
inhibitors and combine them with chemotherapeutics in the
organoid system. Organoids can foretell how tumors
respond to immune checkpoint inhibitors (ICls),
including antibodies against CTLA-4 and PD-1 or
PD-L1. PDOs may facilitate the prediction and
evaluation of individual tumor responses using
PD-1/PD-L1 blockades [124], thereby guiding clinical
translational therapy.

D. How to evaluate the efficacy of adoptive cell
therapies such as CAR-T and TILs in in vitro trials [125,
126]. Tumor organoids summarize endogenous
antigen expression, can more accurately evaluate the
target reactivity, response threshold, and specificity of
CART cells, can be used for early evaluation of tumor
cell specificity, and used as an in vitro test platform for
optimizing CAR T therapy. As a 3D cell culture model
simulating the in vivo microenvironment, tumor
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organoids can form similar spatial structures of
organs and differentiate corresponding functions,
demonstrating a high degree of tissue consistency and
clinical relevance. They can be used as a "patient
surrogate" to predict and evaluate the efficacy of TILs,
and they can be performed quickly and efficiently,
enabling individualized and precise treatment.

5) Combination therapy optimization [127].
Organoid DST can aid in the optimization of
combination therapies. By testing organoids against
various combinations of drugs, clinicians can identify
synergistic or additive effects that enhance treatment
efficacy. This information helps design personalized
combination  treatment strategies, potentially
improving response rates and overcoming drug
resistance. Particularly, organoid DST can be used to
optimize existing immunotherapies and combination
therapies, as well as to evaluate novel combinations.
In the clinic, ICI therapies are increasingly being
combined with chemotherapy, radiotherapy, and
targeted therapy. Various multicenter, prospective,
and large-scale clinical studies of combination
therapies are also currently underway, with the
outcomes of these clinical trials being validated using
organoid models.

1) Sample availability
and processing

e v
%»éX

11) Cost-effectiveness
and reimbursement

10) Regulatory
considerations

9) Validation and correlation
with clinical outcomes

SERUM DRUG CONCENTRATION

8) As a measure of DST?

Limitation of
Organoids

Expert Consensus 7: Organoid DST can be used
to predict the efficacy of chemotherapy, radiotherapy,
targeted therapy, and immunotherapy for individual
patients.

9. What flaws or significant challenges
must be solved for the clinical application
of organoid DST?

The clinical application of DST faces certain
challenges and limitations that need to be addressed
for broader adoption. Some of the significant
challenges and areas that require attention include
(Figure 4):

1) Sample availability and processing.
Obtaining sufficient and high-quality tissue samples
for organoid culture can be challenging, especially for
certain tumor types or metastatic lesions. Availability
of fresh, viable tissue samples is critical for successful
organoid establishment. Efforts are needed to
optimize sample collection and processing methods,
develop strategies for sample preservation, and
explore alternative sources such as minimally
invasive procedures or liquid biopsies.

2) Standardization

N,

3) Turnaround time
and scalability

o failure

4) The success rate
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of tumor organoid
culture

2 o <> 5) Recapitulation of
T FE e T the tumor
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Figure 4. Challenges and improving direction of organoid models. The development of organoids currently faces certain challenges, which require researchers to
continuously strive for improvement and overcome. They at least include 1) Sample acquisition and processing; 2) Standardized procedures; 3) Turnaround time; 4) Success rate
of tumor organoid construction; 5) Simulation of the tumor microenvironment; 6) Optimization of culture media; 7) Determination of drug concentrations; 8) Optimization of
tumor organoids; 9) Determination of clinical protocols; 10) Regulatory standards; 11) Consideration of time and financial costs.
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2) Standardization. Protocols for organoid
culture and DST methodologies need to be
standardized to ensure consistent and reproducible
results across different laboratories. Standardization
efforts should focus on factors such as sample
handling, culture conditions, quality control
measures, and result interpretation. This is essential
for ensuring reliable and comparable outcomes across
different institutions and establishing guidelines for
clinical implementation.

3) Turnaround time and scalability. Organoid
DST should ideally provide rapid results to guide
treatment decisions in a clinically relevant timeframe.
Efforts are needed to optimize the workflow and
reduce the turnaround time for organoid generation
and drug sensitivity testing. Additionally, scalability
of organoid culture and testing should be addressed
to accommodate larger patient populations and
facilitate widespread clinical implementation. For
patients undergoing postoperative chemotherapy, a
drug sensitivity test after 1-3 weeks is acceptable,
whereas those getting neoadjuvant chemotherapy or
those with advanced tumors require the drug
screening to be done as soon as feasible, potentially in
less than two weeks. Tumors are heterogeneous, and
different cancers or portions of the same tumor
develop at varying rates; the organoid DST process
will take longer for tumors with a sluggish growth
rate. Due to the conflict between time and throughput,
it is vital to discuss with clinicians how to choose
qualified tumor biopsies for various clinical
decision-making scenarios [128, 129].

4) The success rate of tumor organoid culture.
Organoid culture is affected by tumor cell
composition, tumor heterogeneity, cell activity, and so
on. It requires that qualified and established process
protocols be in place to improve the success rate [130,
131].

5) Recapitulation of the tumor micro-
environment (TME). TME reconstruction is
challenging since the tumor may comprise "normal"
cells in the TME [132]. Current organoid models lack
in vivo components, such as immune cells [133],
endothelial cells [75], and fibroblasts. It is challenging
to create organoids composed of vascular and
immune cells, but this obstacle should be addressed
shortly. When interpreting organoid DST results, the
impact of non-tumor cell components on drug testing
outcomes should be evaluated [80].

6) Cultural conditions on drugs. The presence of
variables that impact signaling pathways, such as the
ALK pathway, in the organoid culture medium may
affect the natural outcome of testing medications that
target this system. Certain cancers require the use of a
suitable culture media [134, 135].

7) Drug concentration for tumor organoid DST.
Due to pharmacokinetics following administration,
the drug concentration administered to patients
differs from the that of acting on tumor cells in vitro.
An excessive drug concentration will lead to cell
death, and this cell-killing effect is not caused by the
drug's inhibitory effects. For actual clinical application
by wusing PDO-based DST, the optimal drug
concentration should be determined by at least two
factors. First, serial passaged organoids have been
separated from the support and protection of the
surrounding TME, every cell in the organoids is a
tumor cell at this time. There are two primary
methods for determining drug concentrations. The
first, and most used, involves calculating the IC50
from dose-response curves [6, 26, 88, 107]. The second
approach is to refer to the Cmax of a specific drug, as
reported in clinical trials or listed on drug labels
[136-138]. When using gradient concentrations to
detect the drug activity on organoids, multiple
approaches for detecting total cell activity can be
utilized, including live-death staining (calcein-PI
staining) [139], organoid size/area quantification
[140], MTT [141], MKI67 [140, 142], Brud, and
CellTiter-ATP detection [143-146]. Michael Koch et al.
examined organoid cell activity after sorafenib
treatment by measuring the size/area and MKI67
expression of organoids [140]. To obtain the optimal
concentration, one must also consider normal
organoids in the situation. If it also has a strong
inhibitory effect on normal organoids at a particular
dosage, it does not accurately reflect the action in
patients. Further consideration is needed for the
requirements concerning technicians, dispensing
balances, and pipettes. The actual drug concentration
in organoids will differ from the standard due to
human or instrumental error, and batch-to-batch
variation will also affect the stability of drug
sensitivity.

8) Whether organoids can reliably be used as a
measure of drug sensitivity. Due to the various
additives in the culture medium, organoids may
become contaminated with normal cells during the
culturing process. Therefore, quality control measures
for organoids are essential before conducting drug
sensitivity testing. For instance, NGS sequencing is
performed prior to drug sensitivity testing to
determine if organoids still contain important
mutations related to drug response. If there is a
significant deviation from the original tissue, the drug
sensitivity results of this strain of organoids should be
evaluated with caution. Due to the heterogeneity of
tumors, some tumor organoids grew poorly and
disintegrated after the addition of drugs, resulting in
false positive results. Some tumor organoids develop
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drug resistance and grow too quickly, resulting in
false negative results. Consider repeated inoculation
of wells in response to this phenomenon. If the
growth of organoids in different wells from the same
patient is inconsistent prior to the addition of the
drug, this may impact the interpretation of drug
sensitivity results. To reduce the variances caused by
manual labor, it is possible to use automatic sampling
equipment or to drill multiple holes.

9) Validation and correlation with clinical
outcomes. Extensive validation studies are required to
establish the clinical relevance and predictive
accuracy of organoid DST. It is essential to correlate
organoid DST results with clinical outcomes to
demonstrate its utility in guiding treatment decisions
and improving patient outcomes. Longitudinal
studies with larger patient cohorts and diverse cancer
types are needed to evaluate the clinical value and
performance of organoid DST.

10) Regulatory considerations. The regulatory
landscape for incorporating organoid DST into
clinical practice needs to be defined. Regulatory
bodies must establish guidelines for validation,
quality control, and ethical considerations related to
organoid DST. Clear regulations will ensure the
safety, reliability, and ethical use of organoid DST in
clinical settings.

11) Cost-effectiveness and reimbursement. The
cost implications of implementing organoid DST in
clinical practice need to be considered. Development
of cost-effective protocols, automation of workflows,
and optimization of resources are necessary to make
organoid DST economically viable. Additionally,
reimbursement policies need to be established to
support the clinical use of organoid DST and ensure
patient access to this promising technology.

Expert Consensus 8: Addressing these
challenges will require collaborative efforts between
researchers, clinicians, regulatory authorities, and
healthcare stakeholders to advance the field of
organoid DST and enable its widespread clinical
application. Timeliness should always be considered
when conducting organoid DST. It is possible to
produce a report within one to three weeks, and the
time required for organoid DST must be progressively
shortened through technical development. Continued
research, validation studies, technological advance-
ments, and consensus-building efforts are crucial to
overcome these limitations and unlock the full
potential of organoid DST in precision medicine.

Supplementary Material

Supplementary Methods and Members of the
PDO-based DST Consortium.
https:/ /www.thno.org/v14p3300s1.pdf
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