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Patient-derived organoids (PDO), based on the advanced three-dimensional (3D) culture
technology, can provide more relevant physiological and pathological cancer models,
which is especially beneficial for developing and optimizing cancer therapeutic strategies.
Radiotherapy (RT) is a cornerstone of curative and palliative cancer treatment, which can
be performed alone or integrated with surgery, chemotherapy, immunotherapy, or
targeted therapy in clinical care. Among all cancer therapies, RT has great local control,
safety and effectiveness, and is also cost-effective per life-year gained for patients. It has
been reported that combing RT with chemotherapy or immunotherapy or radiosensitizer
drugs may enhance treatment efficacy at faster rates and lower cost. However, very few
FDA-approved combinations of RT with drugs or radiosensitizers exist due to the lack of
accurate and relevant preclinical models. Meanwhile, radiation dose escalation may
increase treatment efficacy and induce more toxicity of normal tissue as well, which has
been studied by conducting various clinical trials, very expensive and time-consuming,
often burdensome on patients and sometimes with controversial results. The surged PDO
technology may help with the preclinical test of RT combination and radiation dose
escalation to promote precision radiation oncology, where PDO can recapitulate individual
patient’ tumor heterogeneity, retain characteristics of the original tumor, and predict
treatment response. This review aims to introduce recent advances in the PDO
technology and personalized radiotherapy, highlight the strengths and weaknesses of
the PDO cancer models, and finally examine the existing RT-related PDO trials or
applications to harness personalized and precision radiotherapy.

Keywords: patient-derived organoid (PDO), patient-derived xenograft (PDX), radiosensitizer, personalized
medicine, radiotherapy
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INTRODUCTION OF PDO
Cancer is increasingly a major health problem worldwide.
Developing novel cancer therapies offers opportunities to
reduce the global cancer burden. Yet costs are quite high and
success rates are quite low in clinical trials (1). The poor
performance for new therapeutics or drug combinations to
reach the clinic implies that many preclinical cancer models do
not retain characteristics of the original tumor (2). Many anti-
cancer therapeutics performing excellently in vitro and in vivo at
the lab have failed in clinical trials (3). There is an emerging need
for more relevant preclinical cancer models to faithfully reflect
the original tumor behaviors of the individual patient.

The recently surged PDO technology, the 3D cell cultures
derived from a patient’s tumor, may retain characteristics of the
original tumor as a better in vitro cancer model. The PDO
platform is thought to be the breakthrough moments with
enormous potentials for cancer biology and personalized
therapy as a preclinical human tumor model (4). Because the
drug response in PDO models is positively correlated to that in
patients, PDO becomes a great candidate to guide precision
medicine (5). In fact, not only the response of tumor organoids in
vitro to various anti-cancer agents is positively correlated with
the in vivo response in mice and humans [observed by
Vlachogiannis et al. (6) and Broutier et al. (7)], but also the
genetic diversity, phenotypes and tumor heterogeneity are
faithfully captured in PDO [reported by Weeber et al. (8) and
Sachs et al. (9, 10)]. PDO models were reported to maintain the
same chemoresistance, genetic mutations, and hypoxic gradients
as those in the original tumor tissues by Miserocchi et al. (11),
Jabs et al. (12), and Hubert et al. (13), respectively. Previously,
Vlachogiannis et al. also found the PDO’s phenotypic and
genotypic profiling possessed a high degree of similarity to the
original patient’s tumor (6). It has been reported that PDO can
also predict responses in metastatic colorectal cancer (CRC)
patients, where the in vitro PDO model was developed from
metastatic lesions to identify nonresponders to standard-of-care
chemotherapy in a clinical study (14). In that prospective study,
Ooft et al. showed the feasibility of generating PDO for
evaluating chemotherapy sensitivity and predicted response of
biopsied lesion in more than 80% of patients without
misclassifying patients who would have benefited from
treatment, which suggests that PDO model could be used to
prevent cancer patients from undergoing ineffective irinotecan-
based chemotherapy (14). Previous studies demonstrate that the
PDO cancer model could predict patients’ response towards
chemotherapy or radiotherapy (15, 16), complementing the
existing treatment regimens to improve outcome and
contribute to personalized cancer therapy (17).

In short, the PDO platform is a robust preclinical cancer
model allowing tumor cells from individual patients to form the
living, in vitro, 3D structured tissue culture. It can resemble
features of the original tumor microenvironment while
maintaining self-organize and self-renewal, described by
Clevers and Drost (18). The PDO model not only facilitates
discovering and developing novel therapeutics in cancer research
(19), but also plays an important role in clinical decision-making
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for patients (20). Since they offer biological links with patient
data, the PDO cancer models have emerged to an avatar for
precision cancer therapy (21).
COMBINED RADIATION STRATEGIES
AND RADIOSENSITIZERS

Radiotherapy (RT) has been a mainstay treatment for patients
with cancer for a century (22). More than half of cancer patients
undergo RT, either alone or together with surgery,
chemotherapy, immunotherapy, targeted therapy, or hormone
therapy. RT is used as an adjuvant therapy to combine with other
therapeutic agents to achieve better outcomes with relatively low
cost (23). Compelling evidences show that RT not only enables
effective treatment of large numbers of cancer cases to save lives,
but also brings positive economic benefits (24). Recent advances
in intensity-modulated radiotherapy (IMRT) (25) and image
guided radiotherapy (IGRT) (26) have substantially improved
the accuracy and precision of RT delivery with better treatment
outcomes, which makes RT an attractive and beneficial
treatment modality for cancer patients (23). To further
enhance treatment efficacy and increase tumor control,
clinicians and researchers have explored the opportunities of
RT combined with other therapeutics or radiosensitizers (27, 28).

For example, similar to radiosensitizing chemotherapy, the
combination of RT and immunotherapy (IM) has great
potential for radiosensitizing immunotherapy and synergistic
effects to enhance the overall treatment efficacy (29). In fact, RT
combined with IM has been considered as a paradigm shift for
cancer treatment, and it is assumed that RT is most effective
when it causes tumor-targeting immune response (28). The
combined RT-IM strategy may have a systemic effect,
improving the overall survival in patients with non-small-cell
lung cancer (PACIFIC trial) (30). It is well known that radiation
can evoke stimulatory or suppressive immune effects, yet
the biological mechanisms underlying these effects are
not completely understood. Radiation-associated immune
stimulatory effects are complicated and they are highly
individualized, depending on the tumor model, and radiation
dose and fractionation. Therefore, the optimal combined RT-
IM strategies may highly depend on patient selection, radiation
dose distribution, treatment induced toxicity, individual
patient’s radiosensitivity and immune response. In fact, it is
crucial and difficult to select the right patient population and
avoid unnecessary toxicity and cost in clinical decision-making
(29, 30). The in vitro PDO models can help to not only
investigate fundamental research of mechanisms underlying
the RT-IM combination but also select right patients by
conducting RT-drug screening on the relevant platform of
personalized medicine.

In addition to radiosensitization induced by immunotherapy
or synergistic targeted or cisplatin-based chemoradiation (31),
metal-based nanoparticles (NP) such as gold NP have great
promise to conquer intrinsic radioresistance and enhance RT
efficacy in clinical applications (32). Unlike chemoresistance,
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radiation resistance may be a multifactorial phenomenon and
has not been fully understood. Factors responsible for
radioresistance include hypoxia or immune status, cancer stem
cell persistence, p53 loss, or enhanced DNA repair, which highly
depends on individual patient’s tumor characteristics and
microenvironment (33). The classical lab models of immortal
cell lines and in vivo animal models have been fundamental
to radiobiological studies to date. However, there are limitations
in those models of designing the effective combined RT-drug
strategies or developing novel radiosensitizers (34). Considering
the primary goal of RT has been increasing tumor control while
reducing the probability of normal tissue side effects, a strategic
translational program using new complementary preclinical
models such as PDO is required to fulfill the knowledge gap in
radiobiology research (34).

With the development of chemotherapy, targeted therapy,
immunotherapy, and radiosensitizers, the combined radiation
strategies including RT regimens and sequences in the clinical
setting become more and more complicated. RT combined with
therapeutics or novel radiosensitizers needs a robust and
personalized preclinical model, where organoids can be
adopted to facilitate to predict individual’s response or the
sensitivity to optimize radiation or drug dose for better clinical
outcomes (35). From our preliminary literature search on
PubMed till Dec 31, 2021, there are 113 studies in the field of
RT and tumor organoids. There are 59 studies specifically about
the PDO and RT, among which more than 90% were published
during the last four years (Figure 1), demonstrating there’s a
Frontiers in Oncology | www.frontiersin.org 3
surge of research on applying PDO to the RT field, showing great
promise to harness personalized and precision radiotherapy
using the PDO platform.
COMPARISONS OF PRECLINICAL
CANCER MODELS

There are several commonly used preclinical cancer models, such
as 2D in vitro adherent monolayer cell culture, 3D in vitro
organoids including PDO, and in vivo animal models
including PDX.

The traditional 2D adherent cancer cell lines, originally
derived from primary patient materials, have contributed
tremendously to the radiation biology research, including
the clonogenic survival assay or screening for effective
radiosensitizers (36). However, the 2D cell culture model
cannot demonstrate cellular heterogeneity, cell-matrix and
cell-cell interactions, which makes results in cell lines often
overstate treatment responses and therefore the translation to
clinical patient setting using 2D cell cultures becomes in
convenient and inaccurate. The 2D cell cultures cannot
represent genetic heterogeneity and the microenvironment
of the original tumors. In addition, the cancer cell lines from
primary patients may undergo extensive adaptation, therefore
the 2D cell culture models can no longer represent treatment
responses in real patients. Finally, it is impossible to study the
long-term growth in 2D cell cultures.
FIGURE 1 | Publications of radiotherapy and tumor organoids on PubMed (till Dec 31, 2020). Total number of published studies of radiotherapy and tumor
organoids (RT + tumor organoids) = 113; total number of published studies of radiotherapy and patient-derived organoids (RT+PDO) = 59. Notice there is a surge in
the RT and PDO research area in the last four years (2018-2021).
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A novel in vitro 3D culture technology leads to the
development of organoids, as Sato et al. demonstrated that 3D
epithelial organoids derived from small and large intestines could
be established as long-term culture conditions and recapitulate
structural and functional characteristics of the tissue of origin
(37). Among tumor organoids, PDOs are derived from
individual patient and can be expanded long term,
cryopreserved, genetically and phenotypically stable, therefore
they are suitable for many applications of cancer research (18).
PDO can be developed collectively as different cancer biobanks
for drug development, personalized medicine, and response
evaluation (38). The PDO cancer model provides a unique
opportunity for drug sensitivity testing, correlating with the
genetic make-up of individual tumors, and modifying various
dosing schemes in vitro to optimize treatment outcome of
patients. Apparently, PDOs have advantages over traditional
2D cell cultures, making them suitable for biobanking
and high-throughput drug or combined RT dose screening. As
compared to animal models, organoids can reduce experimental
complexity, and more importantly, enable the study of cancer
and disease that are not easily or accurately modeled in animals
(39). However, compared to 2D cell cultures, PDOs may grow
with unpredictable and slow kinetics and the stiffness of
extracellular matrix such as the Matrigel concentration can
affect the organoid formation, differentiation, and drug
response (39). Compared to animal models, PDO models lack
stroma, blood vessels and immune cells. Nevertheless, the PDO
model can represent individual patient’s genetic and phenotypic
characteristics truthfully, has higher success rates of
establishment and is less expensive than animal models.

The in vivo animal model can overcome many of the
limitations of 2D cell cultures and 3D PDO models, but it is
expensive, very time consuming, and cannot be completed
during the RT treatment course of cancer patients. The animal
model may be limited by the growing pressure of restricted use of
animals in cancer research too. In preclinical cancer research, in
vitro and silico findings should be confirmed in vivo prior to
human translation, and hence animal models will remain crucial
to the radiation oncology research. Also the commonly used
subcutaneous tumor models in nude mice may not represent the
real world’s tumor in patients. The orthotopic tumor model is
assumed to be more accurate representing tumor-environmental
interactions in vivo. However, the preservation of complexity
also dramatically limits experimental control (40). Among the
animal models, patient-derived tumor xenografts (PDX) are
generated by transplanting freshly derived patient material
subcutaneously or orthotopically into immunodeficient mice.
The in vivo PDX model has the advantage of mimicking the
biological characteristics and pathogenesis process of the original
tumor more accurately than in vitro 2D cell culture, or 3D PDO
culture, or in vivo animal models from cell lines. However, the
PDX model has the limitations of limited engraftment
efficiencies, time-consuming, and may undergo mouse-specific
tumor evolution (40). Both PDO and PDX models maintain key
features from their parental tumors of individual patients, which
allows them to be used for a wide spectrum of cancer research. In
Frontiers in Oncology | www.frontiersin.org 4
contrast to PDX, PDO can be established and expanded with
high efficiency from primary patient material. Compared to PDO
culture, PDX can retain tumor-stroma interactions.

To summarize, the PDO model is less costly and less time-
consuming than PDX or traditional animal models from cell
lines, with reduced experimental complexity and feasible human
disease modeling that is not easily or accurately realized in
animal models (38). The clinical relevance and versatile feature
of PDOs make this in vitro 3D organoid technology exciting to
establish on a single patient basis for personalized oncology. On
the other hand, there are intrinsic limitations of PDO, i.e., lack of
stroma, blood vessels and immune cells, which may be addressed
by developing co-culture systems in the future. Clevers et al.
mentioned that the organoid approach may be not able to adapt
from non-epithelial tumors (18). Nevertheless, the in vitro PDO
model has emerged in personalized medicine to investigate
cancer mechanisms, develop new drugs or combined therapies,
predict normal tissue toxicity and radiosensitivity, conduct drug
screening within a meaningful time window for patients (5, 14,
21, 41, 42).
PERSONALIZED RADIOTHERAPY WITH
THE PDO MODELS

Published Studies of the PDO Models
Clinical studies using PDO cancer or normal tissue models with
RT or the combined RT regimens are summarized in Table 1.
Most of PDO models are preclinical cancer models, including
lung cancer, esophageal cancer, colorectal cancer, locally
advanced rectal cancer, pancreatic cancer, breast cancer, head
and neck cancer, and glioblastoma. The last three lines of PDO
models are based on patient-derived normal tissue organoids to
investigate RT-induced injury or toxicity in the intestinal tract.
The results from preclinical PDO cancer models show that PDOs
can faithfully recapitulate genetical and functional features of
the original tumor from individual patient, and hence
radiosensitivity or the combined RT-drug sensitivity can be
predicted for various cancer types. Meanwhile, if normal tissue
from patients can be successfully modeled into PDOs, then RT-
induced toxicity or injury can also be truthfully captured in the
normal tissue PDO model. The cancer and normal tissue PDO
models provide insights on personalized treatment regimens
with evaluations of tumor control and radiation-induced
toxicity for individual patient, which definitely helps to design
the optimal combined RT strategies to increase overall survival
and quality of life for cancer patients eventually.

Ongoing Clinical Trials With the
PDO Models
In addition to published studies described previously (Table 1),
there are several ongoing clinical trials incorporating
the organoids approach to evaluate the performance of
therapeutics registered at the ClinictrialTrials.gov website. For
example, in the FORESEE trial (functional precision oncology
April 2022 | Volume 12 | Article 888416
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for metastatic breast cancer) sponsored by University of
Utah, the PDO models are applied to monitor cancer
recurrence risk upon individual undergoing personalized
therapy (ClinicalTrials – NCT04450706). The PIONEER
trial with the initiative of Precision Insights On N-of-1 Ex
Vivo Effectiveness Research Based on Individual Tumor
Ownership (Precision Oncology), sponsored by SpeciCare,
planned to acquire 1000 samples on the PDO platform
(Trial Identifier: NCT03896958). In the SYNCOPE trial,
Frontiers in Oncology | www.frontiersin.org 5
the sponsor of Helsinki University Central Hospital plans
to conduct the Systemic Neoadjuvant and Adjuvant
Control by Precision Medicine in Rectal Cancer (SYNCOPE)
by conducting analysis of 93 organoids (NCT04842006).
In the TUMOVASC trial sponsored by University Hospital,
Strasbourg, France, 100 organoids samples were proposed
to collect for high throughput screening device based
on 3D nano-matrices and 3D tumors with functional
vascularization (NCT04826913).
TABLE 1 | Summary of PDO cancer models or normal tissue models undergoing RT.

PDO types Treatment
regimen

Key findings Sponsor Reference

Lung, colorectal
and pancreatic
adenocarcinoma

RT=0,2,5Gy, 5-FU PDO represented phenotypic and molecular heterogeneity in cancers. Therapeutic
thresholds established using PDO growth rate and optical metabolic imaging to determine
response to chemoRT. This study predicted individual patient’s sensitivity to chemo+RT.

University of
Wisconsin,
USA

Pasch 2019
(15)

Locally
advanced rectal
cancer

RT=8Gy, 5-FU,
Irinotecan

PDO predicted treatment outcome of chemoRT Fudan
University,
China

Yao 2020
(16)

Rectal cancer RT=0-8Gy, 5-FU,
FOLFOX

PDO showed clinically relevant chemo and RT responses Memorial
Sloan Kettering
Cancer Center,
USA

Ganesh
2019 (43)

Rectal cancer RT=0,2,5Gy 5-FU,
cetuximab

Cetuximab could potentiate RT based on KRAS mutational status and further mutations
might impact cetuximab sensitivity. PDO could identify 5-FU/RT-resistant and assist proper
personalized therapy

Medical
University of
South
Carolina, USA

Janakiraman
2020 (44)

Esophageal
cancer

g/proton RT=5Gy,
cisplatin, paclitaxel,
FOLFOX, trametinib

PDO mirrors clinical response following neoadjuvant treatment and showed therapeutic
values for individual patients with esophageal adenocarcinoma

University of
Pennsylvania,
USA

Karakasheva
2021 (45)

Glioblastoma
(GBM)

RT=3Gy PDO simultaneously cultured phenotypically diverse stem/non-stem GBM cells for stem cell
biology/microenvironment

Cleveland
Clinic, USA

Hubert 2016
(13)

Pediatric and
adult GBM

RT=3Gy PDO of GBM may offer a key approach to understand dynamic resistance mechanisms of
cancer

Cleveland
Clinic, USA

Sundar 2022
(46)

GBM RT=10Gy, TMZ PDO models presented a novel workflow for drug combination screening for more effective
treatment for recurrent GBM

University of
South Australia

Lenin 2021
(47)

GBM RT=0, 5, 10 Gy Cerebral organoids form rapidly and interconnect with tumor micro-tubes to invade normal
host tissue, which provide a modeling system for primary GBM ex vivo for high-throughput
drug screening

Cornell
University,
USA

Linkous
2019 (48)

Head and neck
squamous cell
carcinoma

RT=0-10Gy HNSCC’s PDO recapitulated genetical, histological, and functional features for current and
future therapy screening

University
Medical Center
Utrecht,
Netherlands

Driehuis
2019 (17)

HNSCC + CRC RT=1-10Gy Medium-throughput drug screening using HNSCC and CRC adenocarcinoma organoids.
Drug sensitivity parameters based on PDO models provided insight of being sensitive or
resistant to a particular RT or chemo treatment

Crown
Bioscience,
Netherlands

Putker 2021
(49)

Nasopharyngeal
carcinoma (NPC)

RT:0.2-30Gy
cisplatin, 5-FU

Hypoxic NPC organoids were highly radioresistant and required a large RT dose to
compensate for oxygen deficiency

A*STAR,
Singapore

Lucky 2021
(35)

Breast cancer RT~20Gy PDO models were used to mirror radiation-induced cell recruitment. The complex in vitro
PDO model is useful for tumor-stromal interactions, infiltration of immune cells and
macrophage polarization within the irradiated microenvironment

Vanderbilt
University,
USA

Hacker 2020
(50)

Small/large
intestine
organoids
(normal tissue)

RT=0-16Gy Organoids show inherent radiosensitivity of small and large intestinal stem cells Memorial
Sloan Kettering
Cancer Center,
USA

Martin 2019
(42)

Epithelial stem
cell colonic/
intestinal
organoids

RT=0-15, 30Gy Different radioresistance in colonic epithelial stem cells vs. small intestinal stem cell Fudan
University,
China

Hua 2017
(41)

Rectal epithelial
stem cell
organoids

RT=20Gy Radiation-induced toxicity in rectal epithelial stem cell contributes to acute radiation injury in
the rectum

University of
Kansas
Medical
Center, USA

Tirado 2021
(51)
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In addition to the four trials above, there are trials without
acronyms registered at ClinicalTrials.gov for the organoid platform,
such as “Novel 3D Myeloma Organoid to Study Disease Biology
and Chemosensitivity” (Wake Forest University, USA,
NCT03890614), “Feasibility Study of Multi-Platform Profiling of
Resected Biliary Tract Cancer” (University of Washington, USA,
NCT04561453), “The Culture of Ovarian Cancer Organoids and
Drug Screening” (Chongqing University, China, NCT04768270),
and “3D Bioprinted Models for Predicting Chemotherapy Response
in Colorectal Cancer With/Without Liver Metastases” (Peking
Union Medical College Hospital, China, NCT04755907).

Among the 32 studies in the “recruiting, enrolling, or active”
status for the registered clinical trials found with the keywords
“patient derived organoids” and “cancer, tumor, neoplasm” by
March 15 2022 on the ClinicalTrial.gov website, there are 7 from
United States covering lung, breast, pancreas, rectum cancers and
cholangiocarcinoma; 6 from China covering gastric, colorectal,
ovarian cancers and liver metastasis; 5 from Netherland covering
glioma, pancreas, ovarian cancers and sarcoma; 3 from Singapore
covering head and neck, gastrointestinal, breast, ovarian,
neuroendocrine cancers; 2 from Germany covering gastric,
esophageal, pancreas cancers; 2 from Canada covering breast,
ovarian, pancreas, colorectal cancers; 1 from France for lung
cancer; 1 from Switzerland for lung cancer; 1 from Denmark for
pancreas cancer; 1 from Italy for ovarian cancer; 1 from Finland for
colorectal cancer; 1 from Belgium for breast cancer; 1 from Hong
Kong from meningioma. So far PDO trial data are limited to assess
how well PDO performs in clinical settings. Still it is encouraging
and exciting to see the increasing number of active clinical trials
involving the organoids platform.

Challenges of the PDO Models
The PDOmodels are not yet in the mainstream of cancer diagnosis
and therapy. There are challenges facing the routine use of PDO in
precision radiation oncology. The PDO method by definition
requires viable tumor tissue, either from surgical resections or
biopsies. The current practice of tissue handling requires rapid
fixation for static histology or genomics tests. The tissue collecting of
PDOs using fresh and viable tissue is relatively difficult compared to
the standard tissue handling. In addition, it is also difficult for tumor
tissue samples to be stored in a viable situation. Notice that tissue
physiological and pathological signalings can change if kept in
different environments. Therefore, optimizing and standardizing
storage and handling conditions can be extremely important for the
success rates of PDO establishment.

Another challenge is obtaining sufficient tissue cells from
individuals. For solid tumors, large resections are relatively rare
in the setting of metastatic disease, in core needle biopsies, fine-
needle aspirates, or circulating tumor cells. If only low cell
numbers are collected, then the establishment of the PDO
models becomes very difficult.

The third challenge is the calibration of PDO models for clinical
decision-making. The ex vivo test results depend on drug
concentration or radiation dose and treatment duration. One
strategy is to compare drug responses in 2D cell culture or 3D
organoids with the response in matched in vivo models to
determine whether the PDO response is relevant (52). Another
Frontiers in Oncology | www.frontiersin.org 6
method involves comparing PDO results on cancer cells and
healthy cells. Both calibration methods are time-consuming and
labor-intensive. In addition, drug responses can be quite different
due to inter-personal tumor heterogeneity. If we collect data at
multiple drug concentrations across a range of tumors to identify
the calibrated drug concentration of the PDO models, then we lose
the key for personalized medicine.

The timing of testing PDOmodels can be another problem. The
clinical utility of PDO models depends on how quickly results are
returned to the clinician. For example, PDO assays that do not
require ex vivo expansions can typically be completed within several
days and still within the treatment course of radiotherapy. However,
many solid tumors, especially those starting from core needle
biopsies, require expansion for drug or combined RT testing. It
often takes several weeks to establish sufficient quantity to perform
drug or RT screening prior to decision making (52).

As mentioned previously, organoid models do not include cells
of tumor microenvironment (TME). The PDO models are lack of
key mediators regulating drug responses. Tumors grown as PDX
in nude mice develop a more realistic tumor microenvironment,
but interactions with human microenvironmental components,
such as immune cells, is still lacking. There is a growing presence
of immunotherapy in cancer treatment, incorporating a functional
immune microenvironment in the preclinical PDO models is
vital (53).

Finally, PDO assays and establishment can be very expensive
and labor-intensive. The cost-effective drug or RT testing of PDO
or co-culture models in the future may acquire automation and
miniaturization procedures.

Combined Therapy Towards
Personalized Oncology
RT combined with chemotherapy, immunotherapy, and targeted
therapy can achieve better treatment outcomes for cancer patients.
Despite all limitations of the PDOmodels described in section 5.3,
one advantage of functional PDO models is that they may identify
active drugs or RT-drug combinations. Even though the combined
therapy may suit well for individual patient, in the real world, it
faces a significant regulatory challenge. Many RT-drug
combinations are never verified in the clinic before, so it would
require multi-phase clinical trials to identify the recommended
sequences and dosage for radiation and drugs of the combination.
Apparently, such an approach is impractical, ineffective, expensive
and time-consuming. It is also inconsistent with the goal of
identifying novel, individualized combination regimens.

Given the urgent need for combined regimens and
regulatory requirements of clinical trials, the PDO platform
may be the solution of a timely and effective solution. A two-,
three-, or even four-way combination for precision radiotherapy,
challenging to verify responses in vivo, may be possible
and effective for the ex vivo PDO models to identify
the possible synergistic combination. In the field of clinical
RT practice, the combination of cisplatin or immune
checkpoint inhibitors can enhance radiosensitivity and
treatment efficacy. The PDO platform is suitable for testing
novel or optimal combinations of RT with drugs and
radiosensitizers (54).
April 2022 | Volume 12 | Article 888416
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Future Planning of the PDO Models
In the future there may be a few things to do regarding the PDO
models. First, the PDO handling process needs to be
standardized and the pre-analytical variability needs to be
controlled. Since the handling procedures of viable and unfixed
tumor tissue can introduce variability and differences, affecting
results of PDO assays downstream. In the future, standard
operating procedures (SOP) may be created from the initial
acquisition, sample storage, freezing, shipping duration, tumor
cell dissociation, culture conditions, to the PDO establishment
and maintenance. Making SOP and standardizing the PDO
handling process will reduce systematic errors. Also improved
communications about the PDO assay between patients,
clinicians, and researchers should be established for better
patient care.

Second, the comparison of PDO assays need to be rigorous
with clinically relevant outcomes. Hopefully with the increasing
number of ongoing clinical trials with PDO models, the utility of
PDO assays with verified treatment response to various RT-drug
combinations may be reported and provided with benefits for
personalized medicine. Eventually, with more applications of
PDO models in cancer treatment, high-performing assays as
standard clinical tools is expected in the future.

Third, PDO models may be adopted more frequently by the
pharmaceutical industry for developing new therapeutics or
novel combinations. With reliable calibration and quality
assurance procedures, PDO models are expected to survey
cancer samples and target pathways in a clinical context.
Meanwhile, data sharing of the PDO models of different cancer
types is important. With enough data collected in the PDO
biobank, it’s possible to apply the PDO models’ genomics and
response data to predict therapeutic responses for the individual
patient as functional assays (55).
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The PDO platform has tremendous potentials for discovering
novel drugs or optimizing combined radiation therapies to
improve outcomes and reduce toxicities for cancer patients.
The surged PDO technology can recapitulate individual
patient’ tumor characteristics and facilitate treatment response
prediction for personalized radiotherapy. With technology
advancement, the PDO models may be incorporated in the
mainstream of cancer diagnosis and therapy, and more
patients will benefit from the functional PDO assay through
precision radiotherapy in the future.
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Bradshaw CR, et al. Human Primary Liver Cancer-Derived Organoid
Cultures for Disease Modeling and Drug Screening. Nat Med (2017) 23
(12):1424–35. doi: 10.1038/nm.4438
8. Weeber F, van de Wetering M, Hoogstraat M, Dijkstra KK, Krijgsman O,
Kuilman T, et al. Preserved Genetic Diversity in Organoids Cultured From
Biopsies of Human Colorectal Cancer Metastases. Proc Natl Acad Sci USA
(2015) 112:13308–11. doi: 10.1073/pnas.1516689112

9. Sachs N, de Ligt J, Kopper O, Gogola E, Bounova G, Weeber F, et al. A Living
Biobank of Breast Cancer Organoids Captures Disease Heterogeneity. Cell
(2018) 172(1-2):373–86.e10. doi: 10.1016/j.cell.2017.11.010

10. Sachs N, Clevers H. Organoid Cultures for the Analysis of Cancer Phenotypes.
Curr Opin Genet Dev (2014) 24:68–73. doi: 10.1016/j.gde.2013.11.012

11. Miserocchi G, Mercatali L, Liverani C, De Vita A, Spadazzi C, Pieri F, et al.
Management and Potentialities of Primary Cancer Cultures in Preclinical and
Translational Studies. J Transl Med (2017) 15(1):229. doi: 10.1186/s12967-
017-1328-z

12. Jabs J, Zickgraf FM, Park J, Wagner S, Jiang X, Jechow K, et al. Screening Drug
Effects in Patient-Derived Cancer Cells Links Organoid Responses to Genome
Alterations. Mol Syst Biol (2017) 13(11):955. doi: 10.15252/msb.20177697

13. Hubert CG, Rivera M, Spangler LC, Wu Q, Mack SC, Prager BC, et al. A
Three-Dimensional Organoid Culture System Derived From Human
Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell
Heterogeneity of Tumors Found In Vivo. Cancer Res (2016) 76(8):2465–77.
doi: 10.1158/0008-5472.CAN-15-2402

14. Ooft SN, Weeber F, Dijkstra KK, McLean CM, Kaing S, Werkhoven EV, et al.
Patient-Derived Organoids Can Predict Response to Chemotherapy in
April 2022 | Volume 12 | Article 888416

https://doi.org/10.1093/biostatistics/kxx069
https://doi.org/10.1093/biostatistics/kxx069
https://doi.org/10.1038/nrd1635
https://doi.org/10.1038/nrd3385
https://doi.org/10.1016/j.stem.2019.05.006
https://doi.org/10.1016/j.ccell.2021.07.020
https://doi.org/10.1016/j.ccell.2021.07.020
https://doi.org/10.1126/science.aao2774
https://doi.org/10.1126/science.aao2774
https://doi.org/10.1038/nm.4438
https://doi.org/10.1073/pnas.1516689112
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1016/j.gde.2013.11.012
https://doi.org/10.1186/s12967-017-1328-z
https://doi.org/10.1186/s12967-017-1328-z
https://doi.org/10.15252/msb.20177697
https://doi.org/10.1158/0008-5472.CAN-15-2402
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. PDO Models for Personalized Radiotherapy
Metastatic Colorectal Cancer Patients. Sci Transl Med (2019) 11(513):
eaay2574. doi: 10.1126/scitranslmed.aay2574

15. Pasch CA, Favreau PF, Yueh AE, Babiarz CP, Gillette AA, Sharick JT, et al.
Patient-Derived Cancer Organoid Cultures to Predict Sensitivity to
Chemotherapy and Radiation. Clin Cancer Res (2019) 25(17):5376–87. doi:
10.1158/1078-0432.CCR-18-3590

16. Yao Y, Xu X, Yang L, Zhu J, Wan J, Shen L, et al. Patient-Derived Organoids
Predict Chemoradiation Responses of Locally Advanced Rectal Cancer. Cell
Stem Cell (2020) 26:17–26. doi: 10.1016/j.stem.2019.10.010

17. Driehuis E, Kolders S, Spelier S, Lõhmussaar K, Willems SM, Devriese LA, et al.
Oral Mucosal Organoids as a Potential Platform for Personalized Cancer Therapy.
Cancer Discov (2019) 9(7):852–71. doi: 10.1158/2159-8290.CD-18-1522

18. Drost J, Clevers H. Organoids in Cancer Research. Nat Rev Cancer (2018) 18
(7):407–18. doi: 10.1038/s41568-018-0007-6

19. Kretzschmar K. Cancer Research Using Organoid Technology. J Mol Med
(Berl) (2021) 99:501–15. doi: 10.1007/s00109-020-01990-z

20. Verduin M, Hoeben A, De Ruysscher D, Vooijs M. Patient-Derived Cancer
Organoids as Predictors of Treatment Response. Front Oncol (2021)
11:641980. doi: 10.3389/fonc.2021.641980

21. Kato S, Kurzrock R. An Avatar for Precision Cancer Therapy. Nat Biotechnol
(2018) 36(11):1053–5. doi: 10.1038/nbt.4293

22. Bernier J, Hall EJ, Giaccia A. Radiation Oncology: A Century of
Achievements. Nat Rev Cancer (2004) 4:737–47. doi: 10.1038/nrc1451

23. Thariat J, Hannoun-Levi JM, Sun Myint A, Vuong T, Gérard JP. Past, Present,
and Future of Radiotherapy for the Benefit of Patients. Nat Rev Clin Oncol
(2013) 10:52–60. doi: 10.1038/nrclinonc.2012.203

24. Atun R, Jaffray DA, Barton MB, Bray F, Baumann M, Vikram B, et al.
Expanding Global Access to Radiotherapy. Lancet Oncol (2015) 16(10):1153–
86. doi: 10.1016/S1470-2045(15)00222-3

25. Bortfeld T. IMRT: A Review and Preview. Phys Med Biol (2006) 51:R363–79.
doi: 10.1088/0031-9155/51/13/R21

26. Jaffray D, Kupelian P, Djemil T, Macklis RM. Review of Image Guided
Radiation Therapy. Expert Rev Anticancer Ther (2007) 7:89–103. doi:
10.1586/14737140.7.1.89

27. Lawrence YR, Vikram B, Dignam JJ, Chakravarti A, Machtay M, Freidlin B,
et al. NCI-RTOG Translational Program Strategic Guidelines for the Early-
Stage Development of Radiosensitizers. J Natl Cancer Inst (2013) 105:11e24.
doi: 10.1093/jnci/djs472

28. Formenti SC, Demaria S. Combining Radiotherapy and Cancer
Immunotherapy: A Paradigm Shift. J Natl Cancer Inst (2013) 105(4):256–
65. doi: 10.1093/jnci/djs629

29. Sharabi AB, Lim M, DeWeese TL, Drake CG. Radiation and Checkpoint
Blockade Immunotherapy: Radiosensitisation and Potential Mechanisms of
Synergy. Lancet Oncol (2015) 16:e498–509. doi: 10.1016/S1470-2045(15)00007-8

30. Antonia SJ, Villegas A, Daniel D, Vicente D, Murakami S, Hui R, et al. Overall
Survival With Durvalumab After Chemoradiotherapy in Stage III NSCLC. N
Engl J Med (2018) 379(24):2342–50. doi: 10.1056/NEJMoa1809697

31. Rose PG, Bundy BN, Watkins EB, Thigpen JT, Deppe G, Maiman MA, et al.
Concurrent Cisplatin-Based Radiotherapy and Chemotherapy for Locally
Advanced Cervical Cancer. N Engl J Med (1999) 340:1144–53. doi: 10.1056/
NEJM199904153401502

32. Cui L, Her S, Borst GR, Bristow RG, Jaffray DA, Allen C. Radiosensitization by
Gold Nanoparticles: Will They Ever Make it to the Clinic? Radiother Oncol
(2017) 124(3):344–56. doi: 10.1016/j.radonc.2017.07.007

33. Venkatesulu BP, Krishnan S. Radiosensitization by Inhibiting DNA Repair:
Turning the Spotlight on Homologous Recombination. Hepatology (2018)
67:470e472. doi: 10.1002/hep.29526

34. Nagle PW, Coppes RP. Current and Future Perspectives of the Use of
Organoids in Radiobiology. Cells (2020) 9(12):2649. doi: 10.3390/cells9122649

35. Lucky SS, Law M, Lui MH, Shi J, Mong J, Yu S, et al. Patient-Derived
Nasopharyngeal Cancer Organoids for Disease Modeling and Radiation Dose
Optimization. Front Oncol (2021) 11:622244. doi: 10.3389/fonc.2021.622244

36. Liu Q, Wang M, Kern AM, Khaled S, Han J, Yeap BY, et al. Adapting a Drug
Screening Platform to Discover Associations of Molecular Targeted
Radiosensitizers With Genomic Biomarkers. Mol Cancer Res (2015) 13
(4):713–20. doi: 10.1158/1541-7786.MCR-14-0570

37. Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, et al.
Single Lgr5 Stem Cells Build Crypt-Villus Structures In Vitro Without a
Frontiers in Oncology | www.frontiersin.org 8
Mesenchymal Niche. Nature (2009) 459(7244):262–5. doi: 10.1038/
nature07935

38. Weeber F, Ooft SN, Dijkstra KK, Voest EE. Tumor Organoids as a Pre-
Clinical Cancer Model for Drug Discovery. Cell Chem Biol (2017) 24(9):1092–
100. doi: 10.1016/j.chembiol.2017.06.012

39. Li M, Izpisua Belmonte JC. Organoids - Preclinical Models of Human Disease.
N Engl J Med (2019) 380(6):569–79. doi: 10.1056/NEJMra1806175

40. Bleijs M, van de Wetering M, Clevers H, Drost J. Xenograft and Organoid
Model Systems in Cancer Research. EMBO J (2019) 38(15):e101654. doi:
10.15252/embj.2019101654

41. Hua G, Wang C, Pan Y, Zeng Z, Lee SG, Martin ML, et al. Distinct Levels of
Radioresistance in Lgr5+ Colonic Epithelial Stem Cells Versus Lgr5+ Small
Intestinal Stem Cells. Cancer Res (2017) 77(8):2124–33. doi: 10.1158/0008-
5472.CAN-15-2870

42. Martin ML, Adileh M, Hsu KS, Hua G, Lee SG, Li C, et al. Organoids Reveal
That Inherent Radiosensitivity of Small and Large Intestinal Stem Cells
Determines Organ Sensitivity. Cancer Res (2020) 80(5):1219–27. doi:
10.1158/0008-5472.CAN-19-0312

43. Ganesh K, Wu C, O'Rourke KP, Szeglin BC, Zheng Y, Sauvé CG, et al. A Rectal
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