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Over the past decade, the emergence of patient-derived tumor organoids (PDTOs) has broadened the repertoire of preclinical
models and progressively revolutionized three-dimensional cell culture in oncology. PDTO can be grown from patient tumor
samples with high efficiency and faithfully recapitulates the histological and molecular characteristics of the original tumor.
Therefore, PDTOs can serve as invaluable tools in oncology research, and their translation to clinical practice is exciting for the
future of precision medicine in oncology. In this review, we provide an overview of methods for establishing PDTOs and their
various applications in cancer research, starting with basic research and ending with the identification of new targets and
preclinical validation of new anticancer compounds and precision medicine. Finally, we highlight the challenges associated with the
clinical implementation of PDTO, such as its representativeness, success rate, assay speed, and lack of a tumor microenvironment.
Technological developments and autologous cocultures of PDTOs and stromal cells are currently ongoing to meet these challenges
and optimally exploit the full potential of these models. The use of PDTOs as standard tools in clinical oncology could lead to a new

era of precision oncology in the coming decade.
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BACKGROUND

Models in oncology: from 2D to 3D culture

Since the establishment of the first cell line (HeLa) from a cervical
cancer sample in 1951", cell lines grown in monolayer cultures have
served as tools to advance the understanding of cancer biology
and to develop new treatments (Fig. 1). Although their ability to
accurately mimic pathology is debated, they are still widely used in
research laboratories. However, it is acknowledged that their
genetic drift over time often prevents them from fully simulating
real human tumors Their ability to mimic cellular interactions and
the various gradients observed in vivo (such as oxygen, nutrients,
and metabolites) are also compromised, ultimately affecting
important cellular processes such as intracellular signaling pathway
activation, adhesion, mechanotransduction, proliferation, and
response to anticancer treatments, which does not consistently
reflect the physiological reality of cancer tissue.

In this context, scientists have sought to maintain or recreate
tumor complexity through various three-dimensional (3D) cell
culture approaches. The spheroid model was proposed in the
early 1970s by radiobiologists®. These highly compact spherical
structures can reach a size of over Tmm and are primarily
obtained from immortalized cell lines, thus preventing tumor cell
adhesion to the culture surface by using various methods (such as

rotational culture systems and use of antiadhesive substrates,
among other methods) to allow for cell aggregation®. Unfortu-
nately, these cell lines acquire irrelevant mutations over time that
do not reflect the biological characteristics of the original tissue.

Other 3D tumor cell culture approaches have subsequently
emerged, including tumor explants obtained from slices of cancer
tissue®, organotypic spheroids from patients’ tumor fragments
cultured under nonadherent conditions®, tumorospheres gener-
ated from self-renewing tumor-initiating cells’®, and tumor
spheres from partially dissociated tumor tissue®. However, these
models have limitations (such as limited culture maintenance, lack
of proliferation, and low establishment success rates), thus
explaining their disparate use in laboratories worldwide.

Over the past decade, the emergence of patient-derived tumor
organoids (PDTOs) has progressively revolutionized 3D culture in
oncology. Originally, culture conditions were optimized to allow
for adult “normal” stem cells, which have self-renewal and
differentiation properties, to self-organize in 3D and to reproduce
the microanatomy and some functions of their original organ in
vitro. The self-renewal capabilities of stem cells ensure the viability
of the culture.

In 2009, the laboratory of Hans Clevers (Hubrecht Institute,
Netherlands), a pioneer in this field, demonstrated that a single
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Fig. 1

adult intestinal stem cell expressing the LGR5 receptor, which was
isolated from mice, could reform in culture and exhibit a structure
and cellular diversity that are similar to the crypts and villi of the
intestinal epithelium'®. These principles have since been adapted
to many organs'' and to the culture of PDTO, initially based on
digestive origin'?> and subsequently from other cancerous
locations'®. Thus, PDTOs derived from various cancers, such as
colorectal, lung, pancreatic, breast, ovarian, and prostate cancers,
have been established by various teams (Table 1).

This review provides an overview of the various aspects of PDTO
production, their use and relevance for research and/or care in
oncology, and the associated challenges.

ORIGIN OF THE PDTO AND METHODS OF ESTABLISHMENT
Patient sample type

PDTOs are generated by culturing tumor cells from patient biopsies,
surgical specimens, or biological fluids such as ascites and
blood'*'>. In most cases, obtaining PDTOs from cancer tissues
involves an initial step of mechanical and/or enzymatic dissociation,
thus resulting in a suspension of isolated cells or small aggregates.
The cells are then embedded in an extracellular matrix (ECM) dome
and cultured in specific enriched media (Fig. 2) by using the
submerged culture method'?. PDTO can also be obtained by
introducing tumorigenic alterations via genetic engineering’® in
pluripotent stem cells, induced or embryonic stem cells, tissue-
specific stem cells (adult stem cells), or normal organoids'’.

PDTO and tumor of origin

PDTOs have the advantage of being very similar to the tumor from
which they are derived. For instance, PDTOs and tumor are
comparable in terms of histology'® and genetics'® and display
clonal evolution in culture®®. However, principal component
analysis (PCA) of transcriptomic data demonstrated that the
parental tumors were grouped together and away from PDTOs
from bladder cancer?®, in contrast to PDX models, which are able
to match with their tumor of origin®'. These inconsistencies are
mainly explained by the rapid growth of PDTOs in culture, as well
as their lack of stromal components®°. Overall, this resemblance
remains relatively stable over time compared with that of cell
lines®2. Therefore, they are suitable for research and for predictive
purposes in the context of precision medicine (Fig. 3). However,
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Timeline of the development of tumor cell models in oncology (created with BioRender.com). Adapted from'®°.

like any tumor sample harvested for diagnostic or predictive
purposes, PDTOs represent only the tumor fraction from which
they originate. Therefore, although the heterogeneity of the
sample fragment is well preserved during the establishment of
PDTOs (especially when they are truly generated from single cells
representing the polyclonal nature of tumors in general®), other
molecular characteristics that are present in another part of the
tumor may be lost, thus emphasizing the importance of the
quality of sampling during this process.

Extracellular matrix

The ECM in which PDTOs are cultured provides an essential 3D
microenvironment for their growth and self-organization. The
most commonly used commercial ECMs are natural hydrogels
derived from decellularized murine chondrosarcomas (Engelbreth-
Holm-Swarm)?* with or without growth factors (Matrigel, BME).
These hydrogels are primarily composed of laminin and collagen
IV. However, these ECMs have many drawbacks, including
significant interbatch variability that can affect repeatability and
their animal origin, which may hinder their use in clinical settings.
Additionally, their composition and their subsequent mechanical
and chemical properties are not finely regulated, thus preventing
the reproduction of topographical constraints specific to particular
organs. Therefore, numerous natural and synthetic alternatives
have been developed. Natural hydrogels include pure collagen
hydrogels®®> that may be mixed with other proteins, such as
laminin, fibronectin, or hyaluronic acid®®, as well as alginate
hydrogels extracted from brown algae?’. Protocols to obtain
hydrogels from decellularized tissues that offer the biochemical
properties of the original tissue have also been approved by the
Food and Drug Administration (FDA) and have been proven to be
effective for organoid culture®®, Some laboratories have chosen to
finely regulate the composition of their ECMs and have created
synthetic hydrogels. The most commonly used polymers for these
synthetic ECMs are polyethylene glycol (PEG)* or poly(lactic-co-
glycolic acid) (PLGA)*°. Each of these hydrogels has advantages
and disadvantages, and their use depends on the type of PDTO
being cultured and the tissue of origin.

Growth medium

The culture medium is supplemented with growth factors and
signaling pathway inhibitors, the nature of which varies

Experimental & Molecular Medicine (2024) 56:1531-1551
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Table 1.

Tumor location

Digestive

Gynecologic

Head and Neck

Urologic

Appendix

Biliary Tract

Colorectal

Gastric

Gastroenteropancréatic

Liver

Pancreas

Breast

Endometrium

Ovary

Head and Neck

Oropharyngeal and
esophagus

Salivary gland

Thyroid

Bladder

Tumor types for which PDTOs have been established.

Histological type

High Grade and Low
Grade appendiceal
primary

High Grade and Low
Grade appendiceal
primary

IHC, gall bladder
cancer, and NE

carcinoma of the
ampulla of Vater

EHC, gall bladder
cancer

UN

UN
ADK, NE
ADK

UN

ADK

Various
Various

ADK

Neuroendocrine
Neuroendocrine
Neuroendocrine
HCC, CC

HCC

ADK

ADK

IPMN

IDC and ILC
IDC and ILC

Endometrioid
Carcinoma

Endometrioid, Clear
Cell and Serous
Carcinoma

Various

Various

SCC

SCC

SCC

SCC

ADK

Various

Various

Papillary carcinoma
Papillary carcinoma
Urothelial carcinoma
Urothelial carcinoma
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Establishment
rate (%)

73.1

75

333

85.7

920
60
100
77
76

68

> 50
76.60

92

64.1
88.9
16
47
26
75
62
81
>80
87.5
100

40

83
65
65
30.2
714
80
31
84
19

77.6
70
82

Number of
PDTO lines
generated

19

22
46
55
55
13

10
103
52
13
95
UN

56
26
13
15
25
10
24

UN
38
12

Source of
samples

S
S

S and biopsy
S and biopsy

S (liver

metastasis)

Ascite

References

129

166

167

168
32
43

169

170

(mestastasis)

S

S, biopsy and

ascite

Ascite

70

171

172

(metastasis)

S and biopsy

S
S
S
Biopsy

S and biopsy
S and biopsy

S
S

S and biopsy

S

S

S and biopsy

S
S
Biopsy
Biopsy
S
S

S and biopsy

S
S
Biopsy

S and ascites

173
174

175

176
100
68
177
71
178

179

180

179
22

93

181
182
183
184
185
186
187
188
20

189
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Table 1. continued
Tumor location Histological type
Kidney Clear Cell Renal Cell
Carcinoma

Clear Cell, Papillary
and Chromophobe
Renal Carcinoma

Prostate Adenocarcinoma
NE
Others Brain Glioblastoma

Glioblastoma

Lung NSCLC
NSCLC and Small Cell
Carcinoma

Peritoneal Mesothelioma

Mesothelioma
Skin Melanoma
Melanoma

Oral mucosal
melanoma

Establishment Number of Source of References
rate (%) PDTO lines samples
generated
74 25 S 190
76.7 33 S 1
15-20 6 Biopsy 1o1
(metastasis)
16 4 Biopsy 192
(metastasis)
91.4 53 S 38
31.25 10 S 193
94 18 S 194
55.5 20 S and biopsy 102
100 2 S 195
85.7 7 S and biopsy 196
90 9 S 128
73 22 S 197
64 30 S 198

ADK Adenocarcninoma, CC Cholangiocarcinoma, EHC Extrahepatic Cholangiocarcinoma, HCC Hepatocellular carcinoma, IDC Invasive Ductal Carninoma, IHC
Intrahepatic Cholangiocarcinoma, ILC Invasive Lobular Carcinoma, NE Neuroendocrine, NK Not Known, NSCLC Non Small Cell Carnicoma, SCC Squamous Cell

Carcinoma, S Surgical specimen

Enzymatic
=" Biological andfor Isolated cells or small Enriched media
. fluids . clusters of cells
mechanic PDTO
\ dissociation formation
Tumor v :
Embedding in _—
* extracellular matrix 28
o 2
R o
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PDTO model

Research protocols
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cryopreservation

Fig. 2 Procedure for the generation of PDTOs. Schematic representation of the various stages in the production of tumor organoids for

research purposes (created with BioRender.com). Adapted from'®.

depending on the tissue’s origin to facilitate PDTO development'.
Examples of routinely used media components are presented in
Table 2. Two signaling pathways are essential for the growth of
most types of PDTOs: activation of the EGFR pathway, which

SPRINGER NATURE

promotes cancer cell proliferation and requires supplementation
with EGF in the culture medium, and stimulation of the Wnt
pathway, which requires the addition of agonists (R-Spondin and
Wnt3a) for LGR and Frizzled receptors, as well as their coreceptor

Experimental & Molecular Medicine (2024) 56:1531-1551
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Fig. 3 Contribution of PDTO to the fields of basic research and precision oncology (created with BioRender.com).

LRP. This pathway is involved in controlling various processes,
such as proliferation, adhesion, and cell differentiation, via
stabilization of the B-catenin transcriptional co-factor'>>'. How-
ever, although they are essential for the growth of colon
organoids derived from healthy tissue'?, in most colorectal cancer
cells, the activation of mutations in the Wnt pathway eliminate the
need to add Wnt and R-Spondin growth factors to the medium.
Similarly, tumors with mutations in the EGF receptor signaling
pathway are cultured in the absence of EGF*>~3*, Therefore, the
choice of components for PDTO culture media depends on several
established protocols, although additional experiments are
needed to identify the optimal composition for each histological
subtype of cancer.

Alternate PDO cultures

PDTOs can also be cultivated by using an air-liquid interface (ALI)
culture system, which has the advantages of growing epithelial
cells and maintaining microenvironment components, including
fibroblasts and immune cells®®. In the ALI technique, the tissue is
very finely sliced and subsequently coated with collagen before
being deposited on a filter, after which media that is poor in

Experimental & Molecular Medicine (2024) 56:1531-1551

growth factor is added. In this system, the microenvironment can
be retained for one month®. In rarer cases, PDTOs can be cultured
without the use of ECM, either to reverse the polarity (apical-out
polarity) of cystic organoids grown in ECM*” or to establish
patient-derived glioblastoma organoids®. In this instance, glio-
blastoma samples were cut into ~1 mm diameter pieces and
cultured in ultralow attachment plates containing fully defined
serum-free media. The plates were then placed on an orbital
shaker to facilitate PDTO formation and increase nutrient and
oxygen diffusion®®,

Expansion and use of PDTO

Once formed, PDTOs cultivated in submerged ECM can be
dissociated and reseeded for amplification for experimental use.
PDTOs can also be cryopreserved for subsequent reculturing. The
biobanking of these models allows for the creation of large
biological collections that are useful for numerous applications in
both basic and clinical research'® (Fig. 2). The establishment of
extensive panels of PDTOs is a valuable way of investigating
cancer heterogeneity. Furthermore, these collections can be built
together with models derived from the same tumor, such as

SPRINGER NATURE
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patient-derived xenografts (PDXs), thus offering a broad range of
complementary experimental possibilities>?4°,

PDTOs can be subjected to various treatments (chemotherapy,

radiotherapy, or targeted therapies), and their responses to

| treatments can be evaluated. Various viability tests, such as the

CellTiter-Glo*' ™3, CellTiter Blue*’, MTS*, and CCK-8 assays®, are

widely used. Cellular imaging techniques (with or without probes),

as well as histology and/or immunohistochemistry, are also

. utilized. They can be used to study the morphology of PTDOs

(including size, texture, or organelle structure*®), metabolism

(for example, by using optical imaging®® or mass spectrometry*°),

proliferation (Ki67 expression proportion®®) or cell death (by using

the viability ratio®' or caspase probes®?), as well as the expression

of specific proteins constituting potential therapeutic targets (such

as PD-L1 for immunotherapy>>). Moreover, they can be performed

at the endpoint and in real time without sample deterioration by

using nontoxic probes. They allow for the assessment of the

intensity and/or localization of these processes within PDTOs so

that the latter may be classified according to their response to
treatments.

mercaptoethanol,
Insulin, NEAAs,

Neurobasal

Other
2-

inhibitor
SB202190

p38
MAPK

Inhibitor

ROCK
Y-27638
Y-27639

BMPs
inhibitor
Noggin

CCK2
receptor
agonist

APPLICATIONS IN ONCOLOGY

Mechanistic and basic insights

Organoids and PDTOs are increasingly being used within the
scientific community, particularly for basic oncology research.
Organoids have demonstrated their utility in modeling the stages
of carcinogenesis in various types of tumors, including colon
cancer?, breast cancer® and pancreatic cancer>>. They have been
transformed into tumor organoids via the inactivation of tumor
suppressor genes (such as TP53, PTEN, or APC) or the activation of
oncogenes (such as KRAS) by using CRISPR/Cas9 technology.
Additionally, the inhibition of gene expression via RNA inter-
ference approaches in tumor organoids has highlighted the
involvement of SIRT5 in pancreatic cancer®® and ARGLU1 in gastric
cancers®. The evaluation of the very early stages of transition
from healthy to tumor organoids can help researchers to better
understand the molecular mechanisms of tumor initiation and
thereby reveal new early diagnostic biomarkers for cancers for
which early diagnosis is still a challenge, such as pancreatic
cancer’®, Tumor organoid models may also be relevant for
mimicking the genomic evolution of tumors, as was recently
demonstrated by Lee et al, who studied genetic alterations
occurring during bladder cancer tumor organoid culture com-
pared with tumors developing in vivo°.

The assessment of the mechanisms of resistance to treatments
is a leading area of application for tumor organoids due to initial
evidence showing their potential to recapitulate the clinical
response of the original tumor. Resistance mechanisms to
conventional and targeted therapies are dynamic and sequential.
They involve reversible phenotypic changes, such as transient
senescence mechanisms®’, metabolic reprogramming®, epige-
netic changes®', modification of the tumor microenvironment,
epithelial-mesenchymal transition®® and/or irreversible muta-
tional changes®. These phenomena are difficult to observe in
patients or animal models, as multiple sampling steps during
patient management are often difficult to achieve. Tumor
organoids can be used to track the sequence of resistance
acquisition and identify the involved mechanisms in a reprodu-
cible and more relevant manner than can be achieved via 3D
spheroid culture®. Moreover, by using imaging techniques
coupled with capture systems, tumor organoids exhibiting
different responses can be analyzed separately, thus enabling
the assessment of the effects of a treatment on cell heterogeneity
(and vice versa). Several strategies have recently been adopted to
analyze resistance mechanisms by using PDTOs. One of them
involves the molecular comparison of PDTOs derived from
patients treated with neoadjuvant chemotherapy to PDTOs from
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NAD and
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N
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Antibiotics
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treatment-naive tumors to identify signaling pathways that could
be targeted with specific therapies®>. Another strategy is to grow
tumor organoids from PDXs treated with chemotherapy in mice to
evaluate several parameters that are impossible to assess in vivo,
including the secretion of extracellular vesicles following treat-
ment®®. Recently, we developed a model of acquired resistance to
FOLFIRINOX, which is a combination of three chemotherapies,
from PDTO derived from pancreatic adenocarcinoma®’. We
measured a set of parameters (ROS production, double-strand
DNA breaks, apoptosis, mutational profiles, and stemness)
throughout the process. This scenario allowed for the identifica-
tion of key steps of acquired resistance to combined drugs, thus
highlighting the reversible nature of these mechanisms. Finally,
we demonstrated that tumor organoids are an excellent model for
residual disease, which is another aspect of treatment resistance®’.

Identification of efficient treatments and/or new therapeutic
targets

Organoid biobanks exhibit promises for identifying new ther-
apeutic strategies, guiding the use of molecules in development,
and drug repurposing. Several groups have utilized panels of
PDTOs originating from different tumor types to screen ther-
apeutic molecules. The feasibility of medium-throughput pharma-
cological screening was demonstrated by exposing PDTOs derived
from colorectal cancers to 83 molecules, thus highlighting the
association between the efficacy of various molecules and
relevant genetic alterations related to targeted pathways. Screen-
ing of molecular libraries in PDTO models has also identified MTAP
as a new target in pancreatic cancer®® and SIRT1 as a new targetin
bladder cancer®. In another study, 9 gastric cancer PDTOs were
exposed to 37 molecules that are used in clinical practice and
under development, thus showing good responses to targeted
therapies that are already indicated for other cancers (such as a
stemness STAT-3 target inhibitor or a CDK4/CDK6 inhibitor)”°.
Sachs et al. also evaluated the relevance of 6 molecules (at 21
different concentrations) that act in vitro on the human epidermal
growth factor receptor (HER) signaling pathway; moreover, the
majority of HER2-overexpressing PDTOs were sensitive to these
molecules, and those not expressing HER2 were resistant.
However, some HER2-expressing lines did not meet this criterion,
thus highlighting the value of functional tests to assess and
predict treatment responses’’. In another study, a panel of 24
pancreatic PDTOs showed variable sensitivity to 74 molecules,
whether they were used in clinical practice or not; specifically, for
the same PDTO model, responses to treatments targeting the
same signaling pathways were similar®®, thus demonstrating the
consistency of the results. Another team used 6 PDTO models of
rhabdoid tumors to identify, among 150 molecules, a potentially
effective treatment for these rare pediatric tumors that currently
have no therapeutic options. A molecule acting on neddylation
(which is a posttranslational modification that adds the ubiquitin-
like protein NEDD8 to substrate proteins) showed efficacy in all of
the tested PDTO lines, thus indicating that NEDDS8 is a promising
target for further preclinical studies’. Ovarian PDTOs have also
been used to validate the antitumor effect of a combination of a
Bcl-x, inhibitor with an EGFR inhibitor’® or with an al-adrenergic
receptor antagonist’*. UBE2N has also been identified as being a
potential therapeutic target in ovarian cancers, with its inhibition
sensitizing several PDTO models to carboplatin’. Finally, coculture
of PDTOs from glioblastoma with chimeric antigen receptor-T
(CAR-T) cells demonstrated antigen recognition, subsequent T-cell
activation, and tumor cell death, thus highlighting the potential of
PDTOs for testing antigen-specific CAR-T-cell treatment
responsess,

By recapitulating tumor heterogeneity and imitating the
characteristics of the original tumor, the PDTO model allows for
high-throughput screening of numerous emerging therapeutic
options, thus making it potentially possible to identify tumor
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subtypes that could preferentially benefit patients. However, it is
important to keep in mind that PDTO media often contain
numerous growth factors and compounds, which can interfere
with the evaluation of sensitivity to specific targeted therapies or
anticancer drugs. For instance, the presence of EGF in the media
may affect the use of EGFR-targeted drugs, such as cetuximab.
Thus, the addition of exogenous EGF confers cetuximab resistance
to colorectal cancer cell lines and PDTO’®, and EGF-depleted
media is needed to assess the response to this drug77. Therefore,
screening a library of potential anticancer compounds may lead to
a higher rate of false-positive results than expected. Moreover,
high-throughput screening of PDTO models is a particularly
burdensome, time-consuming, and costly process compared to
cell line screening. To generalize its use, its benefits need to be
clarified (which is ongoing in relevant laboratories), and efforts
should be made to automate the culture, treatment, and analysis
processes.

Identification of biomarkers and predictive molecular
signatures
PDTO panels can also be used to define predictive molecular
signatures (genomic, transcriptomic, and proteomic signatures) of
treatment response. In the context of conventional treatments,
these approaches are performed directly on patients’ tumors.
However, for molecules in development prior to clinical trials, it
may be possible to define the sensitivity level of PDTOs to the
molecules under investigation and to search for differential
signatures in groups of sensitive or resistant PDTO models. This
could lead to the very early development of companion tests that
could support and accelerate the development of new drugs.
Several studies have established a link between response to
conventional treatments and predictive signatures of various
natures, thus providing perspectives for the development of
innovative therapies or novel therapeutic sequences’®’®. Biomar-
kers related to recurrence in pancreatic cancers have been
identified by using a PDTO bank with established metabolic
profiles. Several oncometabolites from the Krebs cycle were found
to be more abundant in PDTOs from patients who experienced
early recurrence. This characteristic may not only identify the most
aggressive tumors but also constitute a vulnerability that could be
targeted®. Machine learning analysis of pharmacogenomic data
from collections of PDTOs derived from 19 colorectal cancer
patients and 9 bladder cancer patients also identified specific
biomarkers for sensitivity to 5-FU or cisplatin. These biomarkers
subsequently demonstrated predictive value in discriminating
responders and nonresponders in larger cohorts®'. In-depth and
exhaustive molecular characterization of extended collections of
PDTOs derived from panels of tumors could efficiently enable the
identification of predictive biomarkers (or predictive signatures
including several of these biomarkers of different types) (Fig. 3).
The value of this approach, which may include artificial
intelligence techniques, will need to be confirmed by correlation
studies with the clinical response of molecules in development.
Nevertheless, the prospects in the field of developing new
candidate drugs are immense, and such approaches could both
accelerate their validation and provide a much better definition of
patient subpopulations that are likely to benefit from these new
therapies.

Precision medicine

In addition to the availability of conventional or innovative
treatments, precision medicine requires the identification of
biomarkers enabling the selection of patients who are likely to
benefit from these therapeutic strategies. Currently, the evaluation
of the expression of key targets or the presence of genetic
abnormalities associated with the responses to different treat-
ments helps in guiding the therapeutic management of selected
patients®84. This information is of diagnostic, prognostic and
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predictive interest but also has several limitations, such as the lack
of selectivity of some molecular signatures®® and the limits of
interpretation, such as complex mutational signatures or variants
of unknown importance®. This underscores the interest in
developing functional tests that are capable of providing
additional high-value information for predicting the response to
both conventional and innovative treatments. The progressive
implementation of functional tests in oncology began from the
hypothesis that exposing primary cells from the patient’s tumor to
treatments (isolated or not isolated from stromal cells) could
predict their response. These tests could also identify correlations
between ex vivo treatment responses and the presence of
predictive biomarkers of different types (such as DNA, messenger
RNA, noncoding RNA, and proteins, among other biomarkers) and
origins (such as tumors, blood, and urine, among other origins).
Thus, they may help in identifying the tumor phenotype through
functional approaches that address various parameters of treat-
ment response, and they can lead to the identification of
predictive molecular signatures, which can correspondingly
support the development of new therapies. The response of
PTDO to one or more molecules after exposure can thereby be
used predictively to guide therapeutic decisions for the patients
that they originate from in a so-called “chemogram”, or they can
even be retrospectively used (once a sufficiently large collection of
models is obtained) to search for predictive molecular signatures
(such as genomic, transcriptomic and proteomic signatures) of
treatment response®’.

A growing body of evidence indicates that PDTOs can predict
the responses of the tumor that they derive from to anticancer
treatments®. The correlation between the response to treatments
of PDTO models and the clinical response of patients, which is a
crucial and essential first step for the potential future clinical use
of PDTOs, is becoming increasingly evident. A review reported of a
sensitivity of 81% and a specificity of 74% for predicting treatment
responses by using functional tests performed on PDTOs®°. These
figures are difficult to compare with other tests that are currently
used in personalized medicine, such as the search for predictive
mutations or aberrant expression profiles of tumor markers on
which most targeted treatments are based. Indeed, the latter
method requires a diagnostic test with a sensitivity and specificity
as close as possible to 100% to be able to reach a “mutated” or
“overexpressed” status. Once this status is determined, the
treatment is administered to the patient, although not all selected
patients will eventually respond. This scenario is precisely what is
expected from functional tests that are performed on PDTO, which
seek to directly determine the effectiveness of the treatment on
the patient’s tumor without using an intermediate marker, which
is an approach that includes (by definition) all or most of the
parameters of the response to treatments.

Biomarkers can also be used to measure the response of PDTOs
to treatment. For example, an increase in c-Jun phosphorylation
after treatment exposure has been observed in cisplatin-sensitive
gastric cancer PDTOs?. A pioneering study demonstrated the
potential benefits of using PDTO derived from metastatic
gastrointestinal tumors to predict the responses of 21 patients
to different chemotherapies (100% sensitivity, 93% specificity,
88% positive predictive value, and 100% negative predictive
value)**. According to another study, 91% of pancreatic cancer
patients responded to first-line chemotherapy, and 80% of
patients responded to second-line chemotherapy from PDTOs
derived from 11 chemo-naive tumors. However, lines derived from
5 pretreated tumors predicted a treatment response in only 40%
of patients®’. Correlation with response to radiotherapy was
analyzed in 19 colorectal cancer patients, thus resulting in the
establishment of a prediction model with an accuracy of 82% for
sensitive patients and 92% for resistant patients®2. Furthermore,
the least radiosensitive PDTO derived from head and neck
squamous cell carcinomas in 7 patients corresponded to those
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who relapsed after treatment®. Finally, a study demonstrated an
accuracy of 84% (78% sensitivity and 92% specificity) in predicting
the response of colorectal PDTOs to a combination of chemother-
apy and radiotherapy®'; this was a particularly interesting result,
which was due to the frequent use of multimodal treatments in
clinical practice. Other studies have reported on the responses of
ovarian cancer patients to PARP protein inhibitors, which are
involved in the repair of single-strand DNA breaks. The use of
these molecules is relevant in tumors with deficiencies in
homologous recombination (HR) DNA repair, wherein the inhibi-
tion of single-strand break repair generates an accumulation of
double-strand breaks, which remain unrepaired in this context. A
functional assay known as the RECAP (REpair CAPacity test)
provides an overall assessment of the status of the HR pathway.
Before and after DNA damage induction by irradiation, the
organization of repair foci through the HR pathway was quantified
by detecting the localization of the RAD51 protein in proliferating
cells. It has been applied to PDTO derived from ovarian tumors
with potential success in identifying patients who are likely to
benefit from treatment with PARP inhibitors?>**. Several clinical
trials are underway to determine whether PDTO can predict
patients’ responses to treatments (Table 3). Some research teams
are continuing to use the response of PDTOs to guide therapeutic
decision-making (Table 3). In one such study, PDTO was used to
select the molecule administered after metastasectomy for
recurrent colorectal cancer, thus leading to persistent remission
at 6 months (when more than 50% of patients had progressed or
died at that point in time)®>®. PDTO is also being used as a tool
for therapeutic decision-making in patients with metastatic
cancers who do not respond to first-line treatments for breast or
gastrointestinal cancers (NCT04279509; NCT04450706;
NCT04611035). They are also under evaluation for their predictive
value in adjuvant settings for pancreatic cancer (NCT04931394)
and breast cancer (NCT05177432), as well as in neoadjuvant
settings for gastric (NCT05351398) or colorectal cancer
(NCT04842006). Another ongoing study is even using PDTO to
determine the drug to instill locally in bladder tumors during
initial management (NCT05024734). Therefore, research offers
hope for the rapid introduction of PDTOs into clinical manage-
ment, which could even precede their use for drug screening in
the pharmaceutical industry. However, their use for predictive
purposes still has some limitations. For example, a study
demonstrated a lack of correlation between the response to
biopsy-derived PDTO and the clinical responses of patients with
metastatic colorectal cancer treated with the 5-FU/oxaliplatin
combination. Conversely, a prediction rate exceeding 80% was
observed in patients treated with irinotecan and the irinotecan-5-
FU combination, thus suggesting that the predictive nature of
PDTO could depend on the anticancer agents that are used or that
it would be necessary to better adapt the doses and ratios of
chemotherapy combinations applied to the PDTO for them to
remain relevant in an in vitro setting”’. Furthermore, in another
clinical study, patients with metastatic colorectal cancer that
progressed despite first-line treatments were offered the oppor-
tunity to adapt their next therapeutic line based on the response
of PDTOs that were derived from their tumor®®. No improvements
in clinical responses were observed; however, the amount of
exploitable data was limited due to the low establishment rate
(57%) and the overall status of the patients, who were too
compromised to continue systemic treatment.

CHALLENGES AND ISSUES

PDTO currently provides a wealth of information regarding its
architectural organization, heterogeneity, molecular characteristics,
and response to various treatments. The coherence of this
response with clinical outcomes is gradually being confirmed by
the literature. However, it is currently impossible to address all of
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Fig. 4 Future challenges for using PDTO in clinical practice (created with BioRender.com). Adapted from 2.

the scientific and medical questions that have been raised by the
community, due to a number of limitations of these models and/or
their current culture conditions. In addition to the complexity of
experimental protocols (which are difficult to routinely set up in a
conventional biology laboratory) and the relative complexity of
sampling circuits and associated regulatory and ethical aspects,
serious limitations need to be addressed to ensure that reliable
generated data are delivered to clinicians within a time frame that
is compatible with clinical management. The challenges to be
addressed include the representativeness of the sampled material
considering the initial tumor and its polyclonal nature, the quantity
of required material, the success and timing of establishment, the
time needed to evaluate the response, the need to make the PDTO
more complex or to at least culture them with stromal cells (such
as fibroblasts and immune cells, among other cell types) to better
predict the responses to some specific molecules, and the
establishment of high-throughput culture processes capable of
handling a large number of tumor samples (Fig. 4). Some of these
points and potential solutions are discussed below.

Ensuring the representativeness of the sample

One of the challenges in personalized medicine in oncology is
ensuring that the utilized tumor material (in this case, PDTO)
corresponds accurately to the tumor that will receive the
treatment throughout the course of patient care. It has been
demonstrated that liver PDTOs derived from different regions of
the original tumor showed similar responses to different therapies.
In contrast, ovarian PDTOs derived from distinct intraperitoneal
nodules demonstrated treatment responses that could differ from
each other*'. These findings suggest the need to sample tumor
material from multiple areas when tumors are disseminated and
to generate as many clonal PDTOs as possible to ensure the
representativeness of the obtained lineages. However, this would
significantly complicate both the sampling and culture proce-
dures. This issue needs to be evaluated in large-scale cohorts.
Cancer cells can also evolve over time and under the influence of
treatments to which they have been exposed. Previous studies
have shown that the sensitivity of PDTOs derived from ovarian*',

Experimental & Molecular Medicine (2024) 56:1531 - 1551

breast® or pancreatic'® tumor samples at different stages of

treatment is likely to change. It may be necessary to repeat tumor
tissue sampling during disease progression, after treatment, in
cases of relapse, or when metastases appear. Paradoxically,
pancreatic PDTO derived from biopsies of recurrence or progres-
sion in patients who were already treated predicted the
therapeutic response only 40% of the time, whereas PDTO
derived from treatment-naive patients accurately predicted not
only the response to the first line treatment (91%) but also to the
second line (80%) of treatment”’.

Improving the success rate of establishment

The establishment rate of PDTO models varies considerably
depending on the tumor location, ranging from less than 20%
for prostate cancer'®' to approximately 60% for ovarian cancer®?
and up to over 90% for colon cancer®?. The achievement of an
establishment rate close to 100% will be necessary for the use of
PDTOs to be feasible in a clinical context. Ooft et al's study
suggested that an insufficient establishment rate could be a major
hindrance to the clinical use of PDTO. The proportion of tumor
cells in the initial sample can influence the success rate of
establishment'®?, thus potentially explaining the greater difficulty
in obtaining a satisfactory establishment rate with small biopsies
or after relapse. Furthermore, contamination by normal organoids
from surrounding tumor tissues represents a real issue in some
cases'%. To prevent overgrowth of normal organoids, PDTOs can
be selected by selective pressure based on their mutational
pattern. For instance, the MDM2 antagonist Nutlin-3a can be used
to select TP53-mutated PDTOs, and the withdrawal of EGF or
Wnt3A can be used to select PDTOs harboring activating
mutations in the EGFR and Wnt pathways, respectively'®*. PDTO
can also be isolated from normal organoids via phenotype-based
manual selection or via clonal expansion by using cell sorting.
However, all of these approaches for selecting pure tumor
organoids can lead to a loss of cellular heterogeneity compared
to initial cultures'®®. Finally, for some types of tumors, such as
sarcomas, the establishment of stable PDTO culture seems to be
much more challenging'®. Improvements in the establishment
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rate could involve enhancing the preparation and culture
conditions (such as dissociation methods, culture substrates, and
enriched or tailored media for the selection of tumor cells, among
other conditions). The implementation of controlled and standar-
dized methods is the first step in this process'. Fujii et al.
achieved a 100% establishment rate by using eight different
culture conditions, including various Wnt activators, p38 inhibitors,
and oxygen concentrations. The varying requirements between
tumors make it challenging to achieve a platform without overly
costly or complex procedures®2.

A platform based on more than 1000 PDTO models of different
histological types was established to optimize culture conditions
and analyze treatment responses®?. The authors of that study
showed that PDTOs can be established in both basic and enriched
media (except for pancreatic tumors). However, subtle variations
in the medium composition can sometimes have a significant
impact on the establishment rate of tumor subtypes. It will likely
be necessary to define the most suitable medium for each tumor
type or subtype, such as by allowing for the best establishment
rate and representativeness in a timely manner. Culture conditions
could also be optimized by using finely controlled ECMs.
Depending on the tumor type, the necessary biochemical and
mechanical environments can vary considerably, thus suggesting
the need for adaptation of the utilized matrices, as suggested by
the optimization of a sliced tumor explant model'®. The
envisaged alternatives (whether they are natural, synthetic or a
combination of both) show great potential but still require
considerable developments to enable their widespread use and
to completely replace current commercial matrices'®”'%8,

Making the predictive functional assay compatible with the
clinical management timeline

One of the major limitations impeding the implementation of
PTDO-guided therapeutic decision-making in routine clinical
practice is how quickly the results are returned to the clinician
for patient treatment. In the majority of cases, it is not compatible
with the timeframe of clinical practice, and further technical
challenges remain to be addressed to deliver a therapeutic option
to physicians in a convenient time frame. This limitation can be
overcome by increasing the elapsed time between sampling and
patient treatment and/or making the predictive functional assay
faster. For the first strategy, one option could involve generating
PDTOs from biopsy at the time of diagnosis to inform the selection
of adjuvant chemotherapy. However, this would require the
processing and culture of some samples that will appear to be
benign. Another option would be to use PDTO from treatment-
naive patients to select the therapy that will be given after a
recurrence or upon progression. Nonetheless, treatments exert
selective pressures that drive tumor cell evolution and favor the
appearance of resistant clones, thus leading to the development
of recurrence with genetic profiles that are markedly different
from those of the primary tumor. Therefore, further investigations
are required to determine whether the response of PDTOs derived
from samples that are collected prior to standard-of-care
treatment could reflect the response to recurrence. The second
strategy consists of decreasing the elapsed time between
sampling and the results of the functional assay. The methods
for treating PDTO and analyzing the response are crucial areas in
which action can be taken to reduce response times. Many teams
are specifically focusing on miniaturization and microfluidics
processes, which would allow for the testing of a larger number
of molecules on a smaller number of PDTOs, thus ultimately
enabling more work on isolated PDTO (“single PDTO") to
accelerate evaluation of the response to treatment. This scenario
is even more important because the amount of tumor sample is
often drastically limited. In this context, the standardization of the
methods also appears to be a major challenge because the
variability of the response will increase if the number of PDTOs

SPRINGER NATURE

that are used for this evaluation is low. The influence of the
number and size of PDTOs per condition on the response to
treatment and the processes to be implemented are particularly
important for controlling and standardizing these parameters.
Further correlation studies will be required for these purposes.

For instance, by developing a microwell system allowing for the
analysis of approximately one hundred PDTOs (a quantity
obtainable in the first passage), a team recently evaluated the
response to treatments of pulmonary PDTO within one week ', A
microfluidic system leading to the formation of droplets of ECM
around cells has also been proposed. PDTO was generated, and a
response to functional testing was obtained in under 14 days, with
the first correlations with clinical responses in patients being
observed''®. Another team conducted high-throughput screening
one week after seeding ovarian tumor cells in an ECM matrix ring
system rather than a droplet system''". Microfluidic devices based
on the use of micrometer-sized channels also enable the dynamic
control of nutrient, oxygen, and waste flows, thus consistently
producing high-quality PDTOs''2. The use of methods of
treatment response analysis through imaging to accelerate
information processing has also been proposed''®. When
combined with artificial intelligence, such methods have the
potential to allow for rapid and cost-effective evaluation of
treatment responses, thus further reducing the required response
time. The development of new equipment automating the culture
or treatment of PDTO, whole organoid sorting, and high-
throughput microfluidic culture, among other methods, is also a
subject of ongoing research, with biologists and physicists
working together on these issues. Various automated techniques
have been implemented by different platforms (such as the EIPM
core facility in New York, https://eipm.weill.cornell.edu/research/
organoids/; ORGAPRED core facility, www.orgapred.com and the
laboratory of Stem Cell Bioengineering''®). The aims of these
initiatives are to work faster and with a smaller quantity of PDTOs
so that results can be rapidly obtained (which is crucial for clinical
use) and to allow for a greater number of tests to be conducted on
the available PDTOs, such as by evaluating a larger number of
molecules.

Complexification of models

The interaction of cancer cells with cells in the tumor micro-
environment, such as cancer-associated fibroblasts (CAFs),
endothelial cells and immune cells, can influence treatment
responses''> and/or constitute a therapeutic target. Anti-
angiogenic strategies and immunotherapies are among the
therapies for which it is still difficult to use PDTOs for predictive
purposes. Various developments are currently underway to
complexify PDTO models by coculturing them with cells from
the tumor microenvironment, either directly or by using micro-
fluidic devices enabling compartmentalized coculture of different
cell types, as well as by using “vascularization”, or coculture of
various types of normal cells and PDTOs (referred to as
“organoids-on-chip, tumors-on-chip, organs-on-chip”
approaches)''®'"”. These developments will accelerate preclinical
evaluation and pharmacological research, in particular.

Immune cells.  As described above, one of the challenges in PDTO
development is to “complexify” the culture with nontumoral cells
to widen the spectrum of therapies with associated predictive
assays (Fig. 5). Thus, the coculture of PDTOs with autologous
immune cells is a very active field of research that aims to develop
relevant models to evaluate and predict the responses to
immunotherapies. A major issue in developing such a model
involves the source of immune cells, as this affects their
phenotype, including their maturation status, metabolism, cycling
activity, and migration capacity. The use of immune cells
infiltrating the tumor of origin seems to be the best strategy, as
was proposed in a model of tumor slices cultured in ALl in which

Experimental & Molecular Medicine (2024) 56:1531-1551
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the immune diversity of the tumor microenvironment (TME) is
maintained®®. In addition to representing TME diversity, these
types of models are sensitive to immune checkpoint blockade
(ICB) and display morphologic changes and increased cell death
after treatment®®''®12°, PDTO using “native” immune cells can
also be obtained from dissociated tumor samples cultured in
Matrigel domes'?" or acoustically assembled spheroids'?* and are
more easily cryopreserved. Nevertheless, due to the lack of
immune-specific factors, immune cells infiltrating this type of
PDTO exhibit a progressive decrease in viability and almost
disappear after one month of culture®®. Consequently, functional
assays must be quickly performed, and the reuse of these models
for further tests can be complicated. An alternative is to expand
tumor-infiltrating lymphocytes (TILs), as suggested by the study by
Knochelmann et al., who managed to isolate and expand TILs from
murine and human solid tumors by using interleukin-2 (IL-2)"3,
This type of strategy has been successfully used with organoids
and PDTOs derived from intestinal and colorectal tissue in which
organoid infiltration and killing by intraepithelial T cells were
observed'*'%. However, the number of expandable TILs is
highly dependent on the amount of tissue sample that is available,
which may explain why this type of protocol is mainly used in the
intestinal tract wherein the amount of resected tissue is relatively
abundant. Thus, the use of peripheral immune cells may be
needed for PDTOs derived from small pieces of resected tissue or
biopsies. For example, Votanopoulos et al. used immune cells
isolated from lymph nodes to activate patient-matched T cells to
kill PDTOs derived from melanoma'?®, appendiceal cancer'?® and
Merkel cell carcinoma'>°. However, access to this type of surgical

Experimental & Molecular Medicine (2024) 56:1531 - 1551

sample may not always be easy, which could prevent the use of
immune-enriched PDTO on a larger clinical scale. Another option
would be to use immune cells isolated from peripheral blood
mononuclear cells (PBMCs), which may be easier to harvest. This
method provided interesting results in PDTO derived from
pancreatic ductal adenocarcinoma'®"'3? as well as colorectal
and lung cancer'*3. Furthermore, these immune-enriched PDTOs
using PBMCs may be more suitable for clinical purposes, as they
were also used in an exploratory study (NCT03026140) assessing
the response to neoadjuvant immunotherapy in colorectal
cancers*. In this study, the authors managed to establish 12
PDTO-PBMC cocultures derived from patients and showed that
T-cell reactivity against matched PDTO was more often observed
in patients responding to treatment (3/6, 50%) than in non-
responders (0/6, 0%). Nevertheless, the use of such a model can
induce a nonnegligible bias, as most of the T cells that are present
in PBMCs will not display antigen specificity against PDTO. A first
attempt to address this challenge was the study by Dijkstra et al.,
who published a detailed protocol in which repeated cycles of
coculture of PBMCs and PDTOs were used to induce the
emergence of PDTO-specific T cells'**7'3°, Another challenge lies
in the exhaustion status of the cells. Indeed, antigen persistence
induces several alterations in T cells, such as immune checkpoint
expression and epigenetic modifications, which have recently
been reported to increase progressively from the periphery to the
tumor bed'*®. Thus, preactivation protocols will have to mimic this
exhaustion process as much as possible to increase the relevance
of the model. Finally, until recently, immune-enriched PDTOs have
mainly focused on T cells for the evaluation of immune checkpoint
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blockade (ICB)-based immunotherapies in clinical practice (Fig. 5).
Complexification with other immune cells, such as macrophages,
natural killer (NK) cells, dendritic cells (DCs) and B cells, may allow
for other immunotherapies, such as macrophage polarizing
agents, bispecific and trispecific killer engagers (BiKEs and TriKEs),
Toll-like receptor agonists and cancer vaccines, to be tested (Fig.
5). Therefore, coculture of PDTOs and immune cells faces a
number of challenges, which need to be addressed before an off-
the-shelf model becomes available for translational and preclinical
research.

Cancer-associated fibroblasts. CAFs play a significant role in
tumor development and aggressiveness, which are primarily
accomplished through the secretion of paracrine factors or ECM
remodeling, thus providing both biochemical and mechanical
support for tumor growth. However, long-term PDTO culture often
leads to the gradual loss of multicellular components of the tumor
microenvironment, thus limiting model accuracy'’. Therefore, the
development of PDTOs that can mimic in vivo cancer cell and
stromal fibroblast interactions is crucial. These advances in the
development of 3D coculture models of multicellular PTDO offer a
deeper understanding of the cellular and molecular cues derived
from both the cellular and acellular interactions provided by CAFs
and their surrounding ECM. Organoids cultured in the presence of
CAFs are useful for assessing complex diseases such as cancer.
They can also be used to assess preclinical anticancer drugs prior
to clinical trials. Recently, a 3D coculture of CAFs and oral cancer
organoids was established. CAFs enhanced the organoid-forming
ability of CD44+ oral cancer stem cells'®. These cultures not only
allowed us to evaluate the tumor-promoting effects of CAFs but
also revealed the role of the NOTCH signaling pathway in the
activation of CAFs'*°. A previous study demonstrated the
relevance of incorporating CAFs in pancreatic PDTOs for the
functional analysis of CAF activation. The authors identified the
genesis of two CAF subpopulations, depending on the spatial
localization within the pancreatic PTDO with different protein
expression profiles'®. CAFs may also exhibit antitumorigenic
properties, as shown in lung squamous carcinoma PDTOs, in
which epithelial overexpression of SOX2 is sufficient to mediate
the transition from hyperplasia to dysplasia. Surprisingly, CAFs
suppress the activity of high SOX2 levels, restore hyperplasia and
enhance the formation of acinar-like structures, thus demonstrat-
ing that stromal factors can overcome cell-intrinsic oncogenic
changes in determining the disease phenotype'*'. The addition of
CAFs to liver PDTOs promoted tumor growth and resistance to
conventional chemotherapeutic agents that are used in clinical
practice. That study provided evidence for the potential clinical

importance of CAFs in liver cancer'*%.

Vascularization. Coculturing PDTOs with endothelial cells allows
for the analysis of the effectiveness of antiangiogenic molecules
such as bevacizumab and sorafenib'*® under conditions that are
more similar to the physiology of the tumor. Indeed, as some
tumors are particularly vascularized, whereas others are much less
so (such as pancreatic cancer), it seems essential to consider this
dimension when testing the potential efficacy of a treatment,
particularly when evaluating intratumoral angiogenesis, the effect
of cancer cells and the cancer microenvironment on tumor
vascularization, endothelial network architecture and maturation
dynamics and functionality. Microfluidics can significantly con-
tribute to this domain, thus enabling work to be conducted under
flow conditions that mimic the physiology of the tumor. This
technology has been applied to several types of 3D culture,
human induced pluripotent stem cells'**, tumor spheroids'** and
organoids'*°. The examination of the efficacy of a drug or immune
cells on a vascularized PDTO under flow could better mimic the
tumor environment, thereby improving the predictive capabilities
of these models (Fig. 6).
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These coculture models are particularly useful for some studies
but necessitate modifications in the preparation of biological
collections during PDTO preparation. It becomes important to
preserve stromal cells from tumor dissociation as much as possible
and to harvest autologous immune cells at the time of tumor
sampling for subsequent coculture with autologous PDTOs.
Although this procedure involves specific logistics and compliance
with the rules and requirements for the use of human samples, it
provides significant possibilities for applications, especially in
clinical settings. Ongoing developments based on the use of
coculture devices (such as organoids-on-chip) could allow for the
evaluation of the response of PDTOs to a wide range of treatments,
including those targeting the tumor microenvironment.

Organoids-on-chip

The integration of PDTOs into microfluidic systems has subse-
quently emerged as being a powerful tool in cancer research. In
addition to the advantages of PDTOs (as discussed above),
microfluidics also have additional benefits for tumor organoids-
on-chips, including precise control of nutrient and oxygen
gradients, fluid flow, spatial organization, and the incorporation
of components of the microenvironment, among other benefits,
as well as the ability to create microphysiological systems (MPSs)
that more closely resemble human physiology.

To date, numerous researchers have developed their own
organoids-on-chip systems'*>'*771%° \yhereas others have used
commercially available chips'*®'®'. The overall design typically
includes one channel with organoids embedded in a hydrogel and
one or more channels of culture media, thus providing lateral flow
by using a peristaltic pump or pressure controllers. Although these
models typically overcome the issue of media renewal that comes
with classical static cultures, most designs do not address issues
such as normalization of organoid size, number and localization.
To overcome these challenges, several teams have developed
trapping methods by pipetting a single organoid into a central
chamber'>?, with acoustofluidics'>* or the hydrodynamic trapping
of organoids'>*. Trapping methods allow for the standardization
of the localization of the organoid, thus making image acquisition
and downstream analysis more reproducible. In addition, the
ability to trap a single organoid makes it possible to study tumor
heterogeneity and clonal evolution, which is difficult to address
with typical organoid culture methods.

In terms of cancer research applications, organoids-on-chip can
help with various issues that the field is experiencing. First, high-
throughput screening of anticancer drugs can be facilitated by
simultaneously testing multiple compounds, along with different
combinations of treatments or even drug regimens'>>'®. These
platforms also enable the development of personalized cancer
therapies by culturing PDTOs and testing drug responses ex vivo.
Due to the limited quantity of biological samples that are needed,
the delay between the procurement of biopsies and the response
to drug treatments from mature organoids can decrease, which is
one of the greatest challenges in the field of personalized
medicine. Additionally, organoids-on-chip better emulate the
tissue microenvironment than do organoids.

The addition of flow itself is an important microenvironmental
cue that benefits organoid growth over culture in well plates. For
example, the size and efficiency of PDTO formation increased with
the addition of flow in a colorectal cancer context'*’. Another
team observed improvements in ovarian cancer organoid size and
changes in response to drugs'>®. Moreover, the integration of
vascular or endothelial networks inside of organoids-on-chip
models represents a major advantage over classic PDTO culture
and enables researchers to specifically examine intratumoral
angiogenesis, the effect of cancer cells and the cancer micro-
environment on tumor vascularization. The endothelial network
inside of the organoids-on-chip system usually surrounds the
organoid or PDTO'® and can anastomose with the 3D structure,
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thus providing successful intravascular perfusion (Fig. 6) and, as a
consequence, better maturation of the organoid'*®. Moreover, the
endothelial network is more developed when there is media flow
and can be perfused and transport small molecules'®®, blood
cells'®" or PBMCs'®2. The circulation of cells and small molecules
provides the opportunity to study not only cancer metastasis
phenomena but also tumoral inflammation or immunotherapies.
Finally, with appropriate platforms, on-chip organoids can be
coupled with sensors to obtain more quantitative data and
perform real-time kinetic studies on the response of PDTOs to
treatments. For instance, such captors could measure oxygen
levels'®® or metabolites such as glucose or lactate’®* to more
accurately evaluate PDTO metabolism.

By combining the strengths of PDTO culture with microfluidic
engineering, this innovative platform allows for the improvement
of tissue differentiation and integration of microenvironmental
cues into PDTOs. Overall, organoids-on- chip systems exhibit great
potential for accelerating drug discovery, understanding disease
mechanisms, and ultimately improving patient outcomes in
oncology.

CONCLUSION

Organoids and PDTOs represent groundbreaking developments
for both researchers and clinicians in various fields, including
developmental and cancer biology, regenerative medicine,
toxicology, drug development, and precision oncology. Their vast
potential is waiting to be fully exploited, although numerous
challenges remain for the scientific and medical communities.
These challenges include an understanding of how to successfully
obtain and maintain PDTOs, accelerating establishment processes
and predictive testing, enhancing model complexity, and improv-
ing physiological representation via enrichment or integration into
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coculture devices. High-throughput culture and analysis pro-
cesses, protocol standardization, and determination of the optimal
sampling for obtaining reliable responses are challenges that are
being actively addressed by the scientific community. With the
integration of these models into routine clinical use, precision
oncology can enter into a new era in the coming decade. This
represents the essence of research that is being conducted
worldwide and ongoing clinical trials aimed at validating the
potential of this approach. The future holds considerable promise
for leveraging these models to advance personalized cancer
treatment and transform patient care.
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