Nikdouz et al. Cancer Drug Resist 2023;6:788-804 Cancer
DOI: 10.20517/cdr.2023.93 .
Drug Resistance

Review Open Access

'.’ Check for updates

Emerging roles of 3D-culture systems in tackling
tumor drug resistance

Amin Nikdouz‘*’, Francesca Orso
Department of Translational Medicine, University of Eastern Piedmont, Novara 28100, Italy.

Correspondence to: Dr. Francesca Orso, Department of Translational Medicine, University of Eastern Piedmont, via Solaroli 17,
Novara 28100, Italy. E-mail: francesca.orso@uniupo.it

How to cite this article: Nikdouz A, Orso F. Emerging roles of 3D-culture systems in tackling tumor drug resistance. Cancer Drug
Resist 2023,6:788-804. https://dx.doi.org/10.20517/cdr.2023.93

Received: 11 Aug 2023 First Decision: 18 Oct 2023 Revised: 1Nov 2023 Accepted: 14 Nov 2023 Published: 21 Nov 2023

Academic Editor: Godefridus J. Peters Copy Editor: Pei-Yun Wang Production Editor: Pei-Yun Wang

Abstract

Drug resistance that affects patients universally is a major challenge in cancer therapy. The development of drug
resistance in cancer cells is a multifactor event, and its process involves numerous mechanisms that allow these
cells to evade the effect of treatments. As a result, the need to understand the molecular mechanisms underlying
cancer drug sensitivity is imperative. Traditional 2D cell culture systems have been utilized to study drug
resistance, but they often fail to mimic the 3D milieu and the architecture of real tissues and cell-cell interactions.
As a result of this, 3D cell culture systems are now considered a comprehensive model to study drug resistance in
vitro. Cancer cells exhibit an in vivo behavior when grown in a three-dimensional environment and react to therapy
more physiologically. In this review, we discuss the relevance of main 3D culture systems in the study of potential
approaches to overcome drug resistance and in the identification of personalized drug targets with the aim of
developing patient-specific treatment strategies that can be put in place when resistance emerges.

Keywords: Drug resistance, 3D culture system, extracellular matrix, tumor microenvironment, personalized
medicine

INTRODUCTION

One of the most significant challenges in cancer treatment is drug resistance. Cancerous cells can possess an
intrinsic resistance to therapy or they can develop an acquired resistance to chemotherapy and other
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targeted therapies, leading to treatment failure and disease progression"”. The development of drug
resistance in cancer cells is a multifactor event and involves numerous mechanisms that allow these cells to
evade the effect of treatments. Intrinsic drug resistance can be defined as the innate resistance to drugs that
are present inside the cells prior to the administration of any kind of treatment. It can be caused by (i)
inherent genetic mutations that impair the response of cancer cells to drugs; (ii) intratumoral heterogeneity
characterized by the presence of subclones, including cancer stem cells, which are insensitive to drugs; (iii)
activation of defense mechanisms against environmental toxins. On the other hand, acquired resistance is
defined as the progressive reduction of the efficacy of a treatment after its administration, which can be due
to: (i) the surge of secondary mutations in proto-oncogenes that could become the new driver genes; (ii)
mutation or dysregulation of the expression of the target of the therapy; (iii) dynamic alterations in the
tumor microenvironment (TME). The mechanisms underlying intrinsic and acquired drug resistance could
co-exist during tumor progression”?. During the last decades, many different therapeutic approaches to
overcome drug resistance have been tested. Combinatorial drug therapy (two or more drugs at the same
time) has been used extensively and simultaneous multitargeting seems more effective in fighting drug
resistance. It has been observed that cancers treated with the highest dosage of chemo- or targeted therapies
rapidly become resistant to the treatment and new therapeutic approaches are based on “on and oft”
strategies. The intermittent treatment could interrupt the growth of resistant subpopulations inside the
tumor'®. Unfortunately, this kind of approach has also shown limitations and researchers are working hard
to find new strategies to tackle drug resistance”. There is an urgent need to find new model systems to
complement traditional 2D cell culture systems that are still the golden standard in the study of drug
resistance. Researchers around the world are focusing on finding new systems to better model intrinsic and
acquired resistance in tumors with the final aim of studying and tackling tumor drug resistance.

For years, cell culture systems have had an intense effect on the field of biomedical research for studying the
molecular mechanisms of cancer progression and developing new therapies and treatments. Traditional 2D
cell culture systems are the most commonly used preclinical models for different reasons: (i) easy to handle;
(ii) relatively low costs; and (iii) suitable for high throughput analysis. Many anticancer drugs have been
discovered thanks to the National Cancer Institute cancer cell line panel (NCI60), and the relevance of these
models has been further supported by large pharmacogenomic screens such as the Genomics of Drug
Sensitivity in Cancer, the Cancer Cell Line Encyclopedia, and the Cancer Therapeutics Response Portal”".

Drug-adapted cancer cell lines are easily handled and they allow the establishment of a large number of
models in a given timeframe and at a given cost. Even if the procedure is quite long (several months), the
protocol is quite straightforward and the rate of success in establishing these models pretty high"".

Clinically relevant mechanisms of resistance have been discovered using these models"?; however, they
cannot mimic intra-tumor heterogeneity, the 3D milieu, and the architecture of real tissues and cell-cell
interactions. As a result, 3D cell culture systems are nowadays considered a more comprehensive model to
study drug resistance in vitro. For example, the heterogeneous traits of a tumor, such as hypoxia, genetic
status, and altered gene expression, can be more genuinely analyzed in 3D models rather than in 2D
models"*"*. Consequently, using 3D cell culture systems can find more reliable and accurate outcomes.
However, the setting of protocols for 3D models is quite a time-consuming procedure and not successful for
all kinds of tumors.

ADVANTAGES OF 3D CELL CULTURE SYSTEMS

3D cell culture systems have recently emerged as a better option than conventional 2D cell culture systems
for disease modeling, drug screening, and cancer research. In the section below, we want to briefly discuss
the advantages of 3D cell culture over 2D cell culture.
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3D cell culture systems mimic the in vivo microenvironment in comparison to 2D cell culture systems since
they contain a higher degree of cellular organization, cell-cell interactions, and extracellular matrix (ECM)
components. 3D cell cultures show a well-defined geometry, which could be directly related to function.
Furthermore, inside these cultures, proliferating, non-proliferating, and necrotic cells are present, as in
intact human tumors. In 3D cell systems, multicellular and multi-layered systems can be created and
exploited to study the interactions between different cell types"*"”. A wide variety of organoids, involving
mini-brains, intestinal tissue, and liver tissue, can be generated and organoids made of various cell types can
mimic the organization of an organ, making them ideal for drug screening and drug response"®. The
cellular heterogeneity obtained in 3D cultures models mass transport limitations typical of solid tumors.
This allows for the designing of more precise models of disease, which can help develop effective
treatments™. On the same line, 3D cell culture systems offer the potential for personalized medicine,
enabling the production of patient-specific organoids for personalized drug screening and treatment’.

3D cell culture systems can potentially offer better predictive outcomes for patients’ drug responses”'. They
are more suitable for evaluating drug bioactivity since they simulate the impacts of treatments compared to
2D cell cultures more precisely™. Additionally, they are a more biologically applicable system for toxicology
screening, as 3D systems provide more tissue-like structures and better simulate patients’ status, which can
help predict the effects of toxins more accurately”. They are ideal, for example, for studying the influences
of nanoparticles on cells, providing a more realistic test environment for nanotoxicity studies”"..

Cell shape and environment are recognized as crucial in determining cell behavior and gene expression of a
cell. In epithelial tumors, for example, polarity is essential, together with the formation of tight junctions
and desmosomes linked to cell proliferation and tumorigenesis. In a 3D context, cells acquire a “normal-
like” architecture and gene expression profile, while 2D monolayers on artificial support fail to maintain the
original epithelial cell characteristics”. Cancer stem cells, which are crucial for treatment response, are
strongly dependent on the niche for differentiation. Inducing stem cell differentiation and tissue-specific
functionality is a challenging process in 2D cell culture systems, while 3D cell culture systems can be used
for this purpose®”. An important feature of 3D cell cultures is the remarkable control over the growth and
differentiation of cells in complex tissue or organ-like structures that could be achieved, aiding researchers
in simulating multifaceted disorder organization or physiological environments'®'’.

3D cell culture systems are better tools for studying cell migration and invasion. Cells in 2D cell culture
systems often move in a flat 2D environment, while cells in 3D cultures can exhibit more natural 3D
migration and invasion, allowing for more precise modeling of cancer metastasis™. Moreover, 3D cell
culture systems can be used to study the impacts of mechanical forces on cancer cell movement™. In
theory, 3D cell culture systems can also be used to create substantial quantities of functional tissue, which
may be used for transplantation or tissue engineering. This is specifically useful for applications such as skin
grafts and bone regeneration™.

Even though 2D systems have been extensively used to study drug resistance due to their easy handling and
relatively low costs, in the last few years, 3D culture systems have attracted the interest of researchers.
Acquired resistance relies on different mechanisms, such as secondary mutations of proto-oncogenes or
mutations or dysregulation of the expression of the target of the therapy and alterations in the TME®.. 3D
systems could help in the study of this phenomenon. For example, RNA editing levels are significantly
correlated with drug sensitivity in cancer cell lines and can be heavily influenced by tumor environment”'..
By studying RNA editing in 3D cell culture models, researchers are able to investigate the relationship
between RNA editing and drug sensitivity/resistance in a more physiologically relevant context.
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Table 1 briefly summarizes the main differences between 2D and 3D culture systems.

DIFFERENT TYPES OF 3D CELL CULTURE SYSTEMS

The most relevant components of the tumor stroma are ECM proteins and stroma cells. The ability of
cancer cells to proliferate, migrate, adhere, differentiate and the activation of specific cell signaling pathways
strongly rely on changes in ECM composition” and on the interactions of tumor cells with stroma cells"”..
Cancer-associated fibroblasts (CAFs) are the most representative component in the tumor stroma, and they
enhance cancer cell survival and the ability of cell invasion. They are involved in ECM remodeling and
tumor metabolic rewiring, and contribute to the onset of drug resistance”. Mesenchymal stem cells
(MSCs), which support the epithelial mesenchymal transition (EMT) of various cancer cells, alter the
immunocompetence of the TME, inducing drug resistance in tumor cells. Various immune cells such as
tumor-associated macrophages (TAMs), lymphocytes, natural killer (NK) cells, and dendritic cells (DCs)
have pivotal roles in tumor control. Crosstalk between endothelial cells (ECs) and tumor cells during the
formation of new blood vessels is crucial in providing the required nutrients and oxygen for the growth of
tumors”™ [Figure 1]. Considering all these important interactions within the TME, cell-based 3D models
have emerged as models which could closely recapitulate physiological tumor organization in vitro.

Essential cell-ECM interactions can be recapitulated by biomimetic scaffolds, where tumor cells are seeded
inside a 3D platform made of a porous biomaterial where they attach, start to grow, rearrange, and secrete
ECM. After this process, called “scaffold maturation”, the entire scaffold is completely covered by cells
[Figure 2A]. Biomaterials present in scaffolds can be synthetic polymers, i.e., polyethylene glycol (PEG),
polycaprolactone (PCL), poly(hydroxyethylmethacrylate) (PHEMA), poly(lactic-co-glycolic acid) (PLGA),
and ceramics (i.e., hydroxyapatite or bioglass), which are often preferred over natural polymers because their
properties can be more easily controlled”” and they can be functionalized by the addition of peptides which
can modulate protein adsorption as well as cell adhesion". As far as natural biomaterials are concerned,
collagen, fibrin, alginate, and chitosan can be derived from tissue and cells"*. Decellularized native tissues
potentially allow for an easier recapitulation of tumor tissue and ECM architecture being closer to the in
vivo condition; however, the decellularization process can be challenging since various steps (i.e., detergent
and enzyme digestion) may affect tissue architecture.

Hydrogels are crosslinked networks formed by hydrophilic polymers connected through physical, ionic, or
covalent interactions that highly resemble ECM"” and allow cells to behave and communicate in an in vivo
setting". At first, cells are mixed with a precursor hydrogel, and then the hydrogel is crosslinked in order to
obtain a cell-laden hydrogel. Cells start to grow and rearrange in the mature hydrogel, where they form cell
clusters and secrete ECM, while the original hydrogel architecture remains intact [Figure 2B].

Scaffolds that are used to create complex 3D models can be obtained by 3D bioprinting, with the advantages
of well-defined architecture, composition, and high reproducibility®. A cell-laden bioink made of a
precursor hydrogel and cells is prepared and deposited in a preprogrammed pattern using a 3D bioprinter;
hydrogel is then crosslinked to form the final structure [Figure 2C]. Printing may be obtained through
extrusion, inkjet, and stereolithography, as well as laser-assisted and electrospinning-based bioprinting™.
Scalability is one of the interesting features of 3D printed models. Indeed, it is possible to take into
consideration 4D variables. Time, for example, is crucial for assessing the kinetics of growth factors, drugs
or for following tumor cell dissemination over time". Prominent issues in the use of 3D printing
techniques could be damaging pressure and excessive heating during the printing of living cells, as well as
slow printing speeds and the continuous need for new biocompatible and printable bioinks*. At the
moment, however, insufficient reproducibility to create reference models is the main limitation. Despite
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Table 1. Comparison of the main features of 2D and 3D culture systems

Aspect

2D cell culture

3D cell culture

Cell arrangement

Cell-cell
interactions

Cell-matrix
interactions

Phenotypic
expression

Cellular functions

Spatial
organization

Drug response

Disease modeling

High-throughput
screening

Cells grow in a monolayer on a flat
surface

Limited

Limited

Changed compared to in vivo
conditions

Basic, absent of tissue-specific
functions and complex cell-cell
interactions

Homogeneous distribution of cells

Useful to study different drug
sensitivities in comparison to in vivo
conditions

Limited capability to recapitulate
intricate diseases and tissue
interactions

Well-suited for high-throughput
analyses and screening purposes

Organoids, hydrogels, and other three-dimensional structures, such as scaffolds,
allow cells to grow in a more natural spatial environment.

Improved, allowing for direct interaction between cells, cell signaling, and
sophisticated cellular actions.

An ECM that mimics the in vivo microenvironment interacts with cells, managing
cell adhesion, migration, and differentiation.

Provides a more accurate representation of in vivo environments, including tissue-
specific gene expression, protein synthesis, and cellular responses.

It is possible to accomplish more intricate and organotypic processes, such as cell
polarization, differentiation, barrier function, and the creation of tissue-specific
substances.

Cells are capable of spatial organization, resulting in multicellular structures,
gradients, and tissue-like structures.

Improved cellular responses and interactions across various cell types provide
better predictive capability for drug screening, enabling assessment of medication
efficacy and toxicity.

Enables the creation of disease models that are more accurate, making it easier to
research disease progression, find new drugs, and practice personalized treatment.

Due to 3D culture's intricacy and additional experimental requirements, it is
typically less suitable for high-throughput screening.

ECM: Extracellular matrix.

Tumor Heterogenity and Drug Resistance

extravasating cancer
cell

° o

Medication  cancer Cell

Resistant
cancer cell

*

Dying cancer cell T cell Dendritic Cell

Figure 1. Tumor heterogeneity and drug resistance. Primary tumors are heterogeneous. Subpopulations of cancer cells showing partial
or full resistance to therapy are present. The activation of resistance mechanisms can be due to the activation of genetic or epigenetic
mechanisms that could be caused by the therapy itself and by the interaction of tumor cells with the microenvironment. This figure is
generated with Biorender.com.

these drawbacks, 3D bioprinting is a powerful technique since cancer and stroma cells are embedded in a
complex microenvironment where tumor-stroma cell interactions, tumor-ECM contacts, and self-
organization of the tissue could be deeply studied.
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Figure 2. Schematic drawing of different 3D culture systems describing the main features of each system. (A) Scaffold. Cells, including
immune cells, adhere to the scaffold, where they can proliferate and produce ECM, which coats the entire scaffold; (B) Hydrogel. Cells
are combined with a hydrogel solution, which produces a sturdy framework that can support the cells. Cells divide and reorganize
themselves; (C) 3D bioprinting. Cells are combined with hydrogel to produce bioink, a substance that can be printed using a 3D
bioprinter. Depending on the type of bioink used, multiple cultures, including scaffold-based, scaffold-free, and semi-scaffold-free
cultures, can be obtained; (D) Spheroid. Cells with significant cell-cell interaction are allowed to aggregate. As cells multiply, they
rearrange themselves, and dense spheroids with oxygen or nutrition gradients could develop. Different kinds of cells can be combined in
the spheroid; (E) Organoid. Cells are cultured in a hydrogel environment utilizing materials like Matrigel. Organoids are produced and
are surrounded by other cells that replicate and produce natural ECM. Immune cell penetration can be simulated by adding immune
cells to the culture; (F) Microfluidic device. Cells, spheroid, or organoids are plated onto the ready platform together with hydrogel, and
then a medium containing nutrients can flow and perfuse the cells. Different kinds of cells can be added to the culture. This figure is
generated with Biorender.com. ECM: Extracellular matrix.

Spheroids [Figure 2D] contain important features that characterize tumors, such as cellular heterogeneity,
gene expression variations, cell signaling pathway alterations, cell-cell, cel/ECM interactions, and
multicellular layer organization, thus mimicking in vivo tumor morphology'”. For these reasons, they are
widely used to study tumor biology and to evaluate anticancer drugs. Spheroids can be generated easily by
hanging drop methods or spontaneous cell aggregation of cells grown on low-attachment surfaces; however,
more sophisticated techniques, such as 3D bioprinting or magnetic levitation, are applied to obtain more
homogenous spheroid populations both in size and number'*!. Bigger spheroids (500 um in diameter) can
be used to recapitulate the milieu where micro-metastases develop since nutrients and oxygen are limited in
those big structures'“”. Spheroids are useful models to study cancers that form tumor embolus or cancers
characterized by packed tumor cell clusters such as inflammatory breast cancers**. In recent years,
spheroid models have been implemented by the combination of different cell types in the same spheroids,
i.e., tumor cells, monocytes, and CAFs, taking advantage of a particular technique utilizing spinner flasks"”.
In order to evaluate the role of pancreatic stellate cells (PSCs) in pancreatic ductal adenocarcinoma (PDAC)
cells resistance to gemcitabine and c-MET inhibitors, 3D-spheroid co-cultures of primary human PDAC
cells and PSC (heterospheroids) were generated and compared with spheroids containing only PDAC cells
(homospheroids). While heterospheroids were more resistant to gemcitabine compared to homospheroids,
no difference was observed for c-MET inhibitor treatment, suggesting that the choice of 2D or 3D systems
to study drug resistance is strongly dependent on the kind of drug under investigation'*”. The main
limitations of the use of spheroids are the poor uniformity in size/morphology of the obtained spheroids

46]

and often the difficulty in retrieving the cells for further molecular analysis'*'.
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Spheroids are formed by forcing cell aggregation®”’, whereas organoids are obtained from progenitor cells
that can proliferate, differentiate, and self-organize, thus closely recapitulating the 3D structure of the in
vivo tissue/tumor from which they originate. As a result of this natural process, organoids preserve cancer
cell heterogeneity as well as genetic and phenotypic properties of the tumor of origin [Figure 2E]. The
significant feature of organoids is that they can be obtained from the patient’s cells and represent a potential
alternative to patient-derived tumor xenografts (PDX) and animal models in many aspects, i.e., they are less
laborious and expensive™. However, it has been observed that organoids could be helpful in predicting the
responsiveness to therapy for some kinds of drugs but not for all. Ooft et al. developed patient-derived
organoids (PDOs) from metastatic lesions of colorectal cancer (CRC) to identify non-responders to CRC
standard therapy. While PDOs were able to predict the response in more than 80% of patients treated with
irinotecan-based therapies, they failed to predict the response to 5-fluorouracil plus oxaliplatin, underlying
once again the relevance of the choice of the system to study drug resistance®. To implement organoid
models, co-culture of PSCs and PDAC tumor organoids has been established, thus allowing the
differentiation of PSCs into myofibroblast-like and inflammatory CAFs". More sophisticated organoid
cultures can be obtained by 3D bioprinting"*”. The main drawback of organoids is that, in some kinds of
tumors, they are unable to reach in vivo-like levels, and often, the variability can be high between
experiments. Lastly, organoids lack vasculature and stroma'®.

Both cell-ECM and cell-based 3D models described so far have an important limitation: cells cannot be
perfused inside the 3D organization. Microfluidics devices have been introduced in tumor modeling to
overcome this issue. They consist of a network of channels that allows the control and modification of
various parameters, for instance, mechanical forces, cell localization, and chemical gradients [Figure 2F].
Spheroids or organoids can be grown inside these platforms and thanks to the control of several factors,
microfluidics can model tumor tissues and organs so these systems are called organ-on-a-chip devices.
Another important point is that a small volume of reagents can be used due to miniaturization, thus
reducing the costs of these kinds of cultures compared to the other 3D-culture methods"”. High-throughput
screenings can be performed with increased controllability in microfluidics. The advent of 3D bioprinting
has speeded up the process and reduced the costs. However, there is an urgent need for new materials to
produce the chips, since the most common material used for this, polydimethylsiloxane (PMDS), can
absorb small molecules in a nonspecific way. Microfluidics can be used to study tumor-stroma cell
interactions because different cell types can be cultured in a chip®’. The possibility to tightly control
multiple gradient candidates makes microfluidics the model of choice to analyze the effects of growth
factors or drugs in a biomimetic microenvironment. The main limitation of microfluidics is that the
fabrication of these devices requires specialized skills.

Table 2 highlights the main characteristics of the different 3D systems described above.

APPLICATIONS OF 3D CULTURE SYSTEMS IN DRUG RESISTANCE RESEARCH

3D cell culture systems have drawn substantial attention in the study of various aspects of drug resistance.
Drug response and the mechanisms of drug resistance can be assessed using 3D cell culture models in a
setting that is more physiologically suitable. Altered cell signaling, genetic variations, and tumor
microenvironment interactions contribute to lower drug sensitivity due to tumor heterogeneity"*>*".

3D cell culture platforms can be used for the screening and identification of new therapeutic agents that can
overcome drug resistance. Through the use of these models, compound libraries may be tested in a more
accurate tumor microenvironment, which helps researchers find new treatment combinations that are more
effective at eliminating cancer cells that show intrinsic or acquired resistance. Ultimately, organoids and
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Table 2. Comparison among the different 3D-culture techniques

Technique Description Advantages Disadvantages Ref.

Scaffolds Cells are grown on or inside a three-dimensional scaffold ~ Mimics the structure of tissue  Limited control over the [37]
structure and encourages cell characteristics of the scaffold

differentiation

3D A bioprinter is used to deposit cells layer by layer to Precise cell placement control;  High-priced; limited scalability [40]

bioprinting  produce intricate three-dimensional structures customizable

Spheroids Without an external scaffold, cells self-assemble into 3D Easy and inexpensive to Limited scalability, limited [54]
spherical structures produce; repeatable nutrient, and oxygen diffusion

Organoids Three-dimensional self-organizing cell formations that Reflects the complexity of the  Variability, complexity, and [18]
resemble the functions and structures of organs organ and models disease time-consuming generation

Microfluidics Microscale channels that simulate in vivo tissue settings High-throughput screening and Required technical knowledge; [53]
are used to cultivate cells, giving researchers great control accurate gradient control restricted scalability
over the culture environment.

tumor explants are examples of patient-derived 3D cell culture models that can be used to assess how each
patient responds to a particular treatment. With the use of this strategy, precision oncology techniques can
be guided by the discovery of individualized treatment plans and the prediction of patient-specific drug
responses™.

3D cell culture systems to overcome drug resistance

Intratumor heterogeneity poses a significant obstacle to effective cancer therapy. Tumor subpopulations
may respond differently to therapeutic interventions due to intrinsic drug resistance or the emergence of
acquired drug resistance. Therefore, innovative research models to comprehend and address this
complexity are needed.

CRC exhibits distinct subpopulations within clonal organoids: cells generating large spheroids (D-pattern)
and cells generating small spheroids (L-pattern). S-pattern spheroids display chemotherapy resistance, but
modulation of Notch signaling can push them towards the D-pattern, offering a potential therapeutic target
to reverse chemoresistance”. The nuclear tyrosine-protein kinase receptor 3 (TYRO3) receptor tyrosine
kinase has been identified as an inducer of drug resistance and metastasis in CRC organoid culture and
mouse models. TYRO3 function requires matrix metalloproteinase-2 (MMP-2) and bromodomain-
containing protein 3 (BRD3), making selective inhibition of MMP-2 or BRD3 activity a potential strategy to
ameliorate CRC malignancy™. In understanding drug resistance mechanisms, mutational status plays a
crucial role. For instance, KRAS codon G12 (KRASG12) mutations in metastatic CRC (mCRC) patients
have been associated with increased resistance to trifluridine/tipiracil chemotherapy. This observation was
paralleled in isogenic cell lines and PDOs, highlighting the relevance of 3D systems in studying drug
resistance’™. In microsatellite instability-high (MSI-H) CRC, inflammation plays a pivotal role in disease
progression and immunosuppression. In silico investigation highlighted a correlation between inflammatory
conditions and poor response to programmed cell death-1 (PD-1) blockade. Cultures of paired T cells and
organoid cells from patients confirmed this hypothesis, and single-cell RNA sequencing revealed the
involvement of neutrophils in the suppressive immune microenvironment. An elevated neutrophil/
lymphocyte ratio was associated with an impaired immune status and a poor response to immunotherapy,
suggesting it could potentially serve as an indicator for clinical decision-making'. In MSI-H CRC,
resistance to immune checkpoint blockade has been observed in a specific subtype characterized by
peritoneal metastases and ascites formation. To study the mechanism of immune checkpoint blockade,
PDOs were transplanted into the cecum of humanized mice. It was found that immune checkpoint
blockade led to reduced tumor masses and liver metastasis, driven by the formation of tertiary lymphoid
structures (TLS) containing B cells, T cells, and an activated interferon-y signaling pathway. However,
peritoneal metastases lacked B cells and TLS, and T cells displayed a dysfunctional phenotype'*'’.
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3D cell culture systems, such as organotypic tumor spheroids and matched PDOs, have been instrumental
in identifying effective treatment strategies to overcome resistance to cancer immunotherapy in other
cancers. For instance, Sun et al. identified TANK-binding kinase 1 (TBK1) as a potent therapeutic target to
enhance the response to PD-1 blockade in melanoma and other cancers. Inhibition of TBK1 reduced the

[62]

cytotoxicity threshold to effector cytokines, thereby empowering the response to PD-1 blockade

Resistance to common chemotherapy treatments, such as 5-fluorouracil and cisplatin (sFU + CDDP),
remains a major challenge. As mentioned above, RNA editing is correlated with the emergence of
resistance™’; organoid lines from resistant patients with the intestinal subtype of gastric cancer (GC)
showed upregulation of JAK/Src-signal transducer and activator of the transcription (STAT) signaling and
adenosine deaminases acting on RNA 1 (ADAR1), along with hyper-edited lipid metabolism genes due to
A-to-I editing on the 3°UTR of stearoyl- CoA desaturase (SCD1). SCD1 favored lipid droplet formation,
reducing chemotherapy-induced ER stress and enhancing self-renewal in resistant GC lines'”. In another
subset of GC known as stem-like/Epithelial-to-mesenchymal transition/Mesenchymal (SEM-type) GC,
resistance to glutaminolysis inhibition was observed due to a stem-like population in the tumor. SEM
tumors displayed high glutaminase (GLS) levels and upregulation of the 3 phosphoglycerate dehydrogenase
(PHGDH)-mediated mitochondrial folate cycle pathway to produce NADPH. A potential treatment
strategy to combat chemotherapy resistance in SEM-type GC involves the combined inhibition of GLS and
PHGDH to eliminate stemness-high cancer cells'**..

Chemoresistance in PDAC is quite common, and there is an urgent need to identify new targets and
compounds to improve treatment outcomes. A biobank of human PDAC organoid models was established
and used to screen FDA-approved compounds, leading to the discovery of irbesartan, an angiotensin type 1
(AT1) receptor antagonist. Irbesartan inhibits the Hippo/YAP1 pathway, reducing c-Jun expression and
enhancing chemotherapy effectiveness in killing PDAC cells. High c-Jun expression in PDAC patients was
associated with poor response to the standard chemotherapy regimen (gemcitabine plus nab-paclitaxel)'*”.
Loss of cyclin dependent kinase inhibitor 2A (CDKN2A) (encoding p16INK4A) and activation of KRAS
play crucial roles in PDAC development and malignant growth. Restoration of p16INK4A with CDK4/6
inhibitors (CDK4/61) alone has shown limited efficacy in clinics. However, combinatorial treatment with a
CDK4/i and an ERK-MAPK inhibitor synergistically suppresses tumor growth through blocking CDK4/6i-
induced compensatory upregulation of ERK, PI3K, antiapoptotic signaling, and MYC expression in PDAC
cell lines and organoids®’. Neoadjuvant chemotherapy (neoCTx) is used to treat PDAC, but its effects vary
among patients. PDOs generated from PDAC tissues allowed researchers to evaluate differential responses
to FOLFIRINOX or Gem/Pac regimens. This approach could help personalize poly-chemotherapy
regimens, avoiding severe side effects and increasing the number of patients who benefit from complete
neoadjuvant treatment'*”’,

TME strongly influences the treatment outcome and new therapies targeting the cells of the TME are
emerging. PDAC and cholangiocarcinoma (CCA) progression and chemoresistance are influenced by
CAFs. In co-cultures of primary PDAC organoids and patient-matched CAFs, CAFs displayed a pro-
inflammatory phenotype, while organoids showed increased expression of genes associated with EMT and
drug resistance. This suggests that targeting CAFs could improve treatment sensitivity in PDAC and
CCA™™. CAFs also contribute to drug resistance in CCA. In PDOs consisting of epithelial and matched
CAFs, CAFs were relatively resistant to bortezomib treatment due to an overexpression of CXCR4.
However, the addition of a CXCR4 inhibitor reversed the resistance to bortezomib in CAFs and sensitized
CCA to anti-PD1 treatment, offering a promising triple treatment strategy for CCA patients'*”.
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Pyroptosis is a gasdermin-driven lytic programmed cell death triggered by inflammatory caspases that can
be put to good use to kill cancer cells, including those exhibiting chemo- or targeted therapy resistance. Su
et al. have demonstrated that pyroptosis can be reactivated in resistant pancreatic and lung cancer cell lines
and organoids by administering a Src or ceramidase inhibitor. In resistant cancer cells, the B5-integrin
protein plays a crucial role in controlling chemotherapy-induced pyroptosis, leading to chemoresistance.
This effect is mediated through the upregulation of the sphingolipid metabolic enzyme ceramidase
(ASAH?2) expression, which is regulated by the STAT3 signaling pathway. The increased ceramidase
expression results in a reduction of the metabolite ceramide concentration and subsequent suppression of
reactive oxygen species (ROS) production, effectively blocking chemotherapy-induced canonical
pyroptosis”’.

In conclusion, intratumor heterogeneity presents a significant obstacle to the development of effective
cancer therapies. There are now more ways to understand and deal with this complexity thanks to the use of
sophisticated models such as organoids and 3D cultures. These models have highlighted possible treatment
targets and drug combinations to potentially overcome drug resistance.

3D cell culture systems to investigate drug resistance mechanisms

Inhibitors of receptor tyrosine kinases (RTKIs) are commonly used in cancer treatment. However, in head
and neck squamous cell carcinoma (HNSCC), despite the high expression of epidermal growth factor
receptor (EGFR), RTKI treatment often fails to show therapeutic efficacy in clinical trials, questioning their
inclusion in standard therapy regimens. To understand the reasons behind these failures, researchers
evaluated the response of HNSCC cell lines to RTK inhibitors under both 2D and 3D cell culture
conditions. Interestingly, the HNSCC cells displayed strong resistance to lapatinib, an RTKI, when cultured
in 3D conditions. However, in a 2D setting, the same cells responded to the lapatinib treatment. This
resistance was associated with an overexpression of HER3. These results indicate that the increased cell-to-
cell contacts and enhanced communication between cells due to higher cell density, as well as the
augmented concentration of receptors and intracellular signaling molecules of the EGFR family in 3D
systems, could impact drug response. Moreover, in 3D systems, cells live in hypoxic and nutrient-poor
conditions and behave as dormant cells that are less susceptible to cytostatic treatment, leading to increased
resistance. This finding indicates that the culture conditions can alter cell signaling pathways, potentially

leading to different drug resistance mechanisms in cancer therapy'”'..

Glioblastoma (GBM) is a challenging cancer with poor patient prognosis and frequent tumor recurrence.
Due to the resistance of certain subpopulations, such as mesenchymal and glioma stem cells, to the standard
chemotherapy drug temozolomide (TMZ). Small protein kinase inhibitors have also been extensively
studied for GBM treatment, but their benefit for patients has been limited compared to standard therapy
regimens. Fabro ef al. investigated the effects of prolonged treatment with TMZ, enzastaurin, and imatinib
on patient-derived GBM 2D and 3D organotypic multicellular spheroid models. They observed a
heterogeneous inter-patient response to the different drugs, with minor changes in kinase activation,
primarily associated with the ErbB signaling pathway. Additionally, they identified a new resistance
mechanism to imatinib treatment in one 3D sample, resulting in a more invasive behavior. The authors
suggest the stroma cell interactions present in 3D structures could exert a protective effect on tumor cells
against TMZ action"”. In other studies, using 3D collagen scaffold culture and 3D Ca-alginate scaffolds,
researchers analyzed the gene expression profiles of GBM cells. Glioma cells cultured in 3D collagen
scaffolds exhibited increased colony and sphere formation and increased drug resistance compared with 2D
cultures. The hub genes involved in 3D collagen-induced drug resistance (AKT1, ATM, CASP3, CCND1,
EGFR, PARP1, and TP53) were predicted by bioinformatics and their expression was verified by Western
Blot analysis'””.
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Glioma cells cultured in 3D Ca-alginate scaffolds exhibited significant changes in gene expression compared
with 2D cultures, with upregulation of genes related to mitogen-activated protein kinase signaling,
autophagy, drug metabolism through cytochrome P450, and ATP-binding cassette transporter, and
downregulation of genes related to the cell cycle and DNA replication. This altered gene expression could
be due to the fact that the 3D-collagen culture may enhance the stemness traits of glioma cells compared to
2D conditions”™. These findings provide valuable insights into the differences in gene expression between
2D and 3D culture systems and their potential implications for drug resistance in GBM.

Biomimetic collagen scaffolds have been used as models to study the tumor hypoxic state and may be
valuable tools in predicting chemotherapy responses in breast cancer (BC). Triple negative (TN) and
luminal A BC cells were treated with doxorubicin in 2D cultures, 3D collagen scaffolds, or orthotopically
transplanted murine models. In 3D culture conditions, TN cells displayed impaired drug uptake, increased
drug efflux, and drug lysosomal confinement, contributing to drug resistance. Luminal A cells, on the other
hand, were found to be insensitive to DNA damage due to deregulation of the p53 pathway. Transcriptome
analysis identified a signature of deregulated genes that were validated in BC patients, showing their
potential as predictive biomarkers. Transporter associated with antigen processing 1 (TAP1) and tumor
protein p53-inducible protein 3 (TP5313) showed high expression and were associated with shorter relapse
in ER+ breast tumor patients, while high expression of lysosomal-associated membrane protein 1 (LAMP1)
was associated with the same clinical outcome in TNBC patients. Resveratrol treatment with subsequent
hypoxia inhibition partially re-sensitized cells to doxorubicin treatment, highlighting the relevance of these
3D preclinical models in the study of resistance mechanisms. Conversely, data obtained in monolayers were
not able to recapitulate in vivo conditions and efficacy was overestimated when tested in a 2D context”. To
investigate recurrence mechanisms in ER+ BC, tumor organoids were generated from needle biopsy,
surgical excision, and cerebrospinal fluid samples. Next generation sequencing (NGS) analysis revealed
detrimental mutations in PIK3CA and TP53 genes and mutations of unknown functions in BAP1, RET,
AXIN2, and PPP2R2A. Drug screening in BC organoids allowed for the evaluation of drug toxicity and
showed dynamic changes in tumor progression, reflecting the heterogeneity of BC and demonstrating their
reliability as models for personalized medicine development”. In ER+ positive BC cells, the recurrent
deletion of 16q12.2 affects AKTIP, which governs tumorigenesis, specifically in ER+ positive BC cells. Its
deletion is linked to ERa protein level and activity and triggers JAK2-STAT3 activation, an alternative
survival signal in the absence of ERa activation. Consequently, ERa-positive PDOs become more resistant to
ERa antagonists, but this resistance can be overcome by co-inhibition of the JAK2/STATS3 signaling
pathway"”.

These papers show the applications of 3D cell culture platforms in the study of the mechanisms behind
treatment resistance in various cancers in comparison with 2D systems. In order to design targeted
therapies, it is now possible to identify specific molecular pathways and cellular interactions that contribute
to resistance through the use of 3D models.

Potential use of 3D cell culture systems to identify individual drug response

In recent years, personalized medicine has made considerable progress, allowing tailored treatments for
each patient. One of the potential advancements in personalized medicine is the development of 3D cell
culture models, which could hold the potential for addressing individual drug resistance.

Anderle et al. pioneered the creation of a 3D system of epithelial ovarian cancer (EOC) comprising patient-
derived microtumors and autologous tumor-infiltrating lymphocytes (TILs). By employing reverse-phase
protein array (RPPA) analysis of over 110 total and phospho-proteins on these models, they measured



Page 799 Nikdouz et al. Cancer Drug Resist 2023;6:788-804 | https://dx.doi.org/10.20517/cdr.2023.93

patient-specific sensitivities to standard platinum-based therapy and predicted individual treatment
responses. The inclusion of autologous TILs in 3D cultures facilitated testing patients’ responses to immune
checkpoint inhibitors (ICIs). The therapeutic sensitivity predictions obtained through 3D systems hold
clinical relevance post-surgery for patients’ treatment. Ongoing follow-up studies in larger cohorts aim to
validate the effectiveness of this platform for guiding clinical decision-making™..

A significant milestone was achieved by Senkowski et al., who leveraged viably biobanked tissues to
establish organoids from high-grade serous ovarian cancer (HGSC). These organoids faithfully recapitulated
the original tumors in terms of both genetics and phenotype, as evidenced by genomic, histologic, and
single-cell transcriptomic analyses. Furthermore, when cultured in a human plasma-like medium, organoid
drug responses correlated with clinical treatment outcomes, highlighting the potential of these models for
predicting patient responses to therapy””.

The significance of 3D systems in predicting drug responses and the development of resistance has led to
the establishment of international consortia conducting multicenter studies to validate the clinical relevance
of these models.

The INFORM program, an international precision oncology initiative, enrolled 132 pediatric cancer patients
with relapsed or refractory conditions. In a two-year pilot study, fresh tumor tissue spheroid cultures were
exposed to a library of clinically relevant drugs. The drug sensitivity profile (DSP) results from the
multicellular tumor tissue spheroid cultures correlated with known molecular targets (BRAF, ALK, MET,
and TP53 status). Remarkably, drug vulnerabilities were identified in 80% of cases, and the correlation
between clinical outcomes and DSP results in selected patients suggests the potential advantage of this
platform in predicting individual treatment responses'®.

3D models are also proving useful in predicting individual responses to radiotherapy (RT) in various tumor
types. For instance, Lee et al. cultured HNSCC patient tumor cells in a 3D pillar/well array culture system,
exposing them to standard radiation protocols and evaluating their RT response. This approach allowed the
quantification of the radioresponse index in HNSCC patients"®". Similarly, a HNSCC organoid biobank
comprising 110 models, including 65 tumor models, was established. Organoids exposed to chemo-
radiotherapy and targeted therapies demonstrated drug response correlations with patient clinical

outcomes. Notably, in vitro, organoid response to RT closely mirrored patients’ clinical responses'®.

In the context of mCRC, which often develops resistance and has limited therapeutic options, tumor-
derived organoids are being used to assess individual drug sensitivity and explore new treatment avenues. In
a phase 2 study involving 90 mCRC patients with progression after standard therapy, organoids derived
from metastatic biopsies were cultured and evaluated for sensitivity to a panel of drugs. Patients were
treated with the drug demonstrating the highest relative activity, resulting in a 50% progression-free rate at
two months™!. Another study generated organoids from 40 mCRC patients and performed drug screenings,
associating the results with patients’ responses. In the future, these findings may support the potential use of
organoids to generate functional data and to aid in clinical decision-making®. The integration of PDO drug
response with multi-omics data could likely lead to the identification of proteomic and gene expression
signatures capable of predicting treatment response or resistance in advanced CRC. Drug sensitivity tests
coupled with mass spectrometry and RNA-seq analysis revealed differential responses to oxaliplatin and
palbociclib. Oxaliplatin resistance was linked to t-RNA aminoacylation processes, while high palbociclib
responses were associated with MYC activation and T-complex protein ring complex (TriC) chaperonin
protein enrichment'®,
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The complexity of protocols to generate PDOs has posed a challenge, prompting efforts to standardize these
procedures. A novel microfluidics-based system known as the Pu-MA System has been introduced, coupled
with high-content imaging and metabolite analysis, for the processing and multi-functional profiling of
tumoroid samples from metaplastic BC subtype patients. High-content imaging and multi-parametric
profiling revealed tumoroid sensitivity to specific drugs, closely mirroring primary tumor responses™’. In
inflammatory BC, a living organoid biobank was established from locally advanced patients undergoing
neoadjuvant chemotherapy. Organoids treated with neoadjuvant drugs demonstrated a response pattern
that closely matched patients’ clinical responses, suggesting that PDOs could predict neoadjuvant therapy
outcomes in BC patients'’.

Predicting clinical treatment responses in locally advanced or metastatic lung cancer (LC) patients using
tumor organoids has also been explored. Wang et al. generated 212 LC organoids and conducted drug
sensitivity tests for chemotherapy and targeted therapy. Organoids successfully predicted clinical treatment
responses”™. In another study by Mazzocchi et al., 3D LC organoids were fabricated from pleural effusion
aspirate, a rare cell source. These organoids recapitulated lung tissue anatomy and exhibited lung-specific
behavior compared to 2D cultures. While 2D cultures were more sensitive to chemotherapy, organoids
better reflected the in vivo situation, underlining the relevance of 3D systems in studying drug responses

[89]

and resistance emergence®”.

In the context of GBM, the need for assays that predict drug responses prompted the establishment of a
high-density 3D primary cell culture model from resected GBM tissue. These cultures accurately modeled
GBM heterogeneity, including tumor and surrounding cells, and replicated histopathological traits of parent
tumors. These 3D cultures effectively predicted chemotherapy responses within a brief period and
correlated with patients’ responses to TMZ therapy™. Metabolic imaging based on NAD(P)H fluorescence
lifetime imaging microscopy (FLIM) was applied to GBM organoids to predict anticancer treatment
responses. This technique identified TMZ Responder and Non-Responder tumors shortly after surgery,
with metabolic stratification aligning with molecular levels, demonstrating its potential for patient
stratification®".

PDOs have also proven valuable in predicting responses to neoadjuvant chemotherapy (NAT) in PDAC
patients. A PDO biobank was generated from patients receiving NAT and untreated patients. The response
to NAT correlated with PDO chemotherapy response (oxaliplatin), highlighting the feasibility of rapid PDO
drug screening shortly after tissue resection for optimal patient NAT regimen selection®”.

Through standardization and integration with multi-omics data, 3D cell culture models offer improved
patient outcomes across various cancer types, enabling precise prediction of drug reactions, therapeutic
outcomes, and personalized treatment options.

CONCLUSION

Overall, 3D cell culture models may be of help in understanding the general and the patients’ specific
mechanisms of drug resistance by providing more physiologically relevant systems for disease modeling and
drug screening. These models could allow for the identification of personalized drug targets and the
potential development of patient-specific treatment strategies. However, standardization of culture
protocols, characterization methods, and outcome metrics is essential for maximizing the clinical value of
3D cell culture models. For example, the choice of bio-materials used to generate 3D cultures is critical for
the successful generation of organoids and the prediction of drug response. The comparison among patient-
derived BC cells encapsulated in bioprinted PEG-derived hydrogels and gelatin-derived hydrogels (GelMA
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and GelSH) showed that GelSH increased organoid formation ability and a better response to doxorubicin,
EP31670, and paclitaxel treatments compared to 2D cultures and other matrices”. To ensure repeatability
among laboratories, efforts are being made to create standards and quality control procedures'. Integrating
3D cell culture models with multi-omics data (genomics, transcriptomics, and proteomics) can provide a
thorough understanding of disease causes and treatment responses. The combination of these datasets can
enable the identification of molecular signatures and biomarkers for patient stratification and therapy
choice"!. However, the fact that the 3D models cannot be used for all drugs without distinction needs to be
considered. It has been shown, for instance, that organoids fail to predict the response to 5-fluorouracil plus
oxaliplatin, while they are able to predict the response in more than 80% of patients treated with irinotecan-
based therapies”'. Therefore, for some kinds of drugs, 2D culture models remain the elective systems to
study the mechanisms of drug resistance'™”. Despite this, 3D cell culture models hold tremendous potential
for improving therapeutic approaches and ultimately enhancing patients’ outcomes.

DECLARATIONS
Acknowledgments
We thank Lari Levi for the English language revision.

Authors’ contributions
Substantial contributions to literature search and writing of the manuscript: Nikdouz A, Orso F
Conception and supervision of the review work: Orso F

Availability of data and materials
Not applicable.

Financial support and sponsorship

This work was (partially) funded by the Italian Ministry of University and Research (MUR) Program
“Department of Excellence 2023-2027”, AGING Project - Department of Translational Medicine, Universita
del Piemonte Orientale.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2023.

REFERENCES

Gottesman MM. Mechanisms of cancer drug resistance. Annu Rev Med 2002;53:615-27. DOI PubMed

2. Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG. Cancer drug resistance: an evolving paradigm. Nat Rev Cancer
2013;13:714-26. DOI PubMed

3. Wang X, Zhang H, Chen X. Drug resistance and combating drug resistance in cancer. Cancer Drug Resist 2019;2:141-60. DOI
PubMed PMC

4. Lippert TH, Ruoff HJ, Volm M. Intrinsic and acquired drug resistance in malignant tumors. The main reason for therapeutic failure.
Arzneimittelforschung 2008;58:261-4. DOI PubMed

5. Kelderman S, Schumacher TNM, Haanen JBAG. Acquired and intrinsic resistance in cancer immunotherapy. Mol Oncol 2014;8:1132-
9. DOI PubMed PMC

6. Kaiser J. When less is more. Science 2017;355:1144-6. DOI PubMed


https://dx.doi.org/10.1146/annurev.med.53.082901.103929
http://www.ncbi.nlm.nih.gov/pubmed/11818492
https://dx.doi.org/10.1038/nrc3599
http://www.ncbi.nlm.nih.gov/pubmed/24060863
https://dx.doi.org/10.20517/cdr.2019.10
http://www.ncbi.nlm.nih.gov/pubmed/34322663
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8315569
https://dx.doi.org/10.1055/s-0031-1296504
http://www.ncbi.nlm.nih.gov/pubmed/18677966
https://dx.doi.org/10.1016/j.molonc.2014.07.011
http://www.ncbi.nlm.nih.gov/pubmed/25106088
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5528612
https://dx.doi.org/10.1126/science.355.6330.1144
http://www.ncbi.nlm.nih.gov/pubmed/28302821

Nikdouz et al. Cancer Drug Resist 2023;6:788-804 | https://dx.doi.org/10.20517/cdr.2023.93 Page 802

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.
30.

31

32.

33.

34.

35.

36.

37.

38.
39.

Barretina J, Caponigro G, Stransky N, et al. The cancer cell line encyclopedia enables predictive modelling of anticancer drug
sensitivity. Nature 2012;483:603-7. DOI

Basu A, Bodycombe NE, Cheah JH, et al. An interactive resource to identify cancer genetic and lineage dependencies targeted by
small molecules. Cell 2013;154:1151-61. DOI PubMed PMC

Iorio F, Knijnenburg TA, Vis DJ, et al. A landscape of pharmacogenomic interactions in cancer. Cell 2016;166:740-54. DOI

Ghandi M, Huang FW, Jané-Valbuena J, et al. Next-generation characterization of the cancer cell line encyclopedia. Nature
2019;569:503-8. DOI

Michaelis M, Wass MN, Cinatl J. Drug-adapted cancer cell lines as preclinical models of acquired resistance. Cancer Drug Resist
2019;2:447-56. DOI PubMed PMC

Rothenburger T, Thomas D, Schreiber Y, et al. Differences between intrinsic and acquired nucleoside analogue resistance in acute
myeloid leukaemia cells. J Exp Clin Cancer Res 2021;40:317. DOI PubMed PMC

Wang W, Itaka K, Ohba S, et al. 3D spheroid culture system on micropatterned substrates for improved differentiation efficiency of
multipotent mesenchymal stem cells. Biomaterials 2009;30:2705-15. DOI

Hirschhaeuser F, Menne H, Dittfeld C, West J, Mueller-Klieser W, Kunz-Schughart LA. Multicellular tumor spheroids: an
underestimated tool is catching up again. J Biotechnol 2010;148:3-15. DOI PubMed

Lee J, Cuddihy MJ, Kotov NA. Three-dimensional cell culture matrices: state of the art. Tissue Eng Part B Rev 2008;14:61-86. DOI
PubMed

Elsdale T, Bard J. Collagen substrata for studies on cell behavior. J Cell Biol 1972;54:626-37. DOI PubMed PMC

Kim JB. Three-dimensional tissue culture models in cancer biology. Semin Cancer Biol 2005;15:365-77. DOI PubMed

Fatehullah A, Tan SH, Barker N. Organoids as an in vitro model of human development and disease. Nat Cell Biol 2016;18:246-54.
DOI

Jensen C, Teng Y. Is it time to start transitioning from 2D to 3D cell culture? Front Mol Biosci 2020;7:33. DOI PubMed PMC
Takebe T, Zhang B, Radisic M. Synergistic engineering: organoids meet organs-on-a-chip. Cell Stem Cell 2017;21:297-300. DOI

Ravi M, Paramesh V, Kaviya SR, Anuradha E, Solomon FDP. 3D cell culture systems: advantages and applications. J Cell Physiol
2015;230:16-26. DOI

Antoni D, Burckel H, Josset E, Noel G. Three-dimensional cell culture: a breakthrough in vivo. Int J Mol Sci 2015;16:5517-27. DOI
PubMed PMC

Huh D, Matthews BD, Mammoto A, Montoya-Zavala M, Hsin HY, Ingber DE. Reconstituting organ-level lung functions on a chip.
Science 2010;328:1662-8. DOI PubMed PMC

Sambale F, Lavrentieva A, Stahl F, et al. Three dimensional spheroid cell culture for nanoparticle safety testing. J Biotechnol
2015;205:120-9. DOI

Stoker AW, Streuli CH, Martins-Green M, Bissell MJ. Designer microenvironments for the analysis of cell and tissue function. Curr
Opin Cell Biol 1990;2:864-74. DOI PubMed

Fennema E, Rivron N, Rouwkema J, van Blitterswijk C, de Boer J. Spheroid culture as a tool for creating 3D complex tissues. Trends
Biotechnol 2013;31:108-15. DOI PubMed

Song HHG, Park KM, Gerecht S. Hydrogels to model 3D in vitro microenvironment of tumor vascularization. Adv Drug Deliv
Rev 2014;79-80:19-29. DOI PubMed PMC

Friedl P, Gilmour D. Collective cell migration in morphogenesis, regeneration and cancer. Nat Rev Mol Cell Biol 2009;10:445-57.
DOI PubMed

Discher DE, Janmey P, Wang YL. Tissue cells feel and respond to the stiffness of their substrate. Science 2005;310:1139-43. DOI

De Pieri A, Rochev Y, Zeugolis DI. Scaffold-free cell-based tissue engineering therapies: advances, shortfalls and forecast. NPJ
Regen Med 2021;6:18. DOI PubMed PMC

Han L, Diao L, Yu S, et al. The genomic landscape and clinical relevance of A-to-I RNA editing in human cancers. Cancer Cell
2015;28:515-28. DOI PubMed PMC

Langhans SA. Three-dimensional in vitro cell culture models in drug discovery and drug repositioning. Front Pharmacol 2018;9:6.
DOI PubMed PMC

Orso F, Quirico L, Dettori D, et al. Role of miRNAs in tumor and endothelial cell interactions during tumor progression. Semin Cancer
Biol 2020;60:214-24. DOI

Rizzolio S, Giordano S, Corso S. The importance of being CAFs (in cancer resistance to targeted therapies). J Exp Clin Cancer Res
2022;41:319. DOI PubMed PMC

Kaur S, Kaur I, Rawal P, Tripathi DM, Vasudevan A. Non-matrigel scaffolds for organoid cultures. Cancer Lett 2021;504:58-66. DOI
PubMed

Bock N, Forouz F, Hipwood L, et al. GeIMA, click-chemistry gelatin and bioprinted polyethylene glycol-based hydrogels as 3D ex
vivo drug testing platforms for patient-derived breast cancer organoids. Pharmaceutics 2023;15:261. DOl PubMed PMC

Elisseeft J. Hydrogels: structure starts to gel. Nat Mater 2008;7:271-3. DOI PubMed

Murphy SV, Atala A. 3D bioprinting of tissues and organs. Nat Biotechnol 2014;32:773-85. DOI PubMed

Sztankovics D, Moldvai D, Petévari G, et al. 3D bioprinting and the revolution in experimental cancer model systems - A review
of developing new models and experiences with in vitro 3D bioprinted breast cancer tissue-mimetic structures. Pathol Oncol
Res 2023;29:1610996. DOI PubMed


https://dx.doi.org/10.1038/nature11003
https://dx.doi.org/10.1016/j.cell.2013.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23993102
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3954635
https://dx.doi.org/10.1016/j.cell.2016.06.017
https://dx.doi.org/10.1038/s41586-019-1186-3
https://dx.doi.org/10.20517/cdr.2019.005
http://www.ncbi.nlm.nih.gov/pubmed/35582596
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8992517
https://dx.doi.org/10.1186/s13046-021-02093-4
http://www.ncbi.nlm.nih.gov/pubmed/34641952
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8507139
https://dx.doi.org/10.1016/j.biomaterials.2009.01.030
https://dx.doi.org/10.1016/j.jbiotec.2010.01.012
http://www.ncbi.nlm.nih.gov/pubmed/20097238
https://dx.doi.org/10.1089/teb.2007.0150
http://www.ncbi.nlm.nih.gov/pubmed/18454635
https://dx.doi.org/10.1083/jcb.54.3.626
http://www.ncbi.nlm.nih.gov/pubmed/4339818
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2200288
https://dx.doi.org/10.1016/j.semcancer.2005.05.002
http://www.ncbi.nlm.nih.gov/pubmed/15975824
https://dx.doi.org/10.1038/ncb3312
https://dx.doi.org/10.3389/fmolb.2020.00033
http://www.ncbi.nlm.nih.gov/pubmed/32211418
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7067892
https://dx.doi.org/10.1016/j.stem.2017.08.016
https://dx.doi.org/10.1002/jcp.24683
https://dx.doi.org/10.3390/ijms16035517
http://www.ncbi.nlm.nih.gov/pubmed/25768338
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4394490
https://dx.doi.org/10.1126/science.1188302
http://www.ncbi.nlm.nih.gov/pubmed/20576885
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8335790
https://dx.doi.org/10.1016/j.jbiotec.2015.01.001
https://dx.doi.org/10.1016/0955-0674(90)90085-s
http://www.ncbi.nlm.nih.gov/pubmed/2083086
https://dx.doi.org/10.1016/j.tibtech.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23336996
https://dx.doi.org/10.1016/j.addr.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24969477
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4258430
https://dx.doi.org/10.1038/nrm2720
http://www.ncbi.nlm.nih.gov/pubmed/19546857
https://dx.doi.org/10.1126/science.1116995
https://dx.doi.org/10.1038/s41536-021-00133-3
http://www.ncbi.nlm.nih.gov/pubmed/33782415
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8007731
https://dx.doi.org/10.1016/j.ccell.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26439496
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4605878
https://dx.doi.org/10.3389/fphar.2018.00006
http://www.ncbi.nlm.nih.gov/pubmed/29410625
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5787088
https://dx.doi.org/10.1016/j.semcancer.2019.07.024
https://dx.doi.org/10.1186/s13046-022-02524-w
http://www.ncbi.nlm.nih.gov/pubmed/36324182
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9632140
https://dx.doi.org/10.1016/j.canlet.2021.01.025
http://www.ncbi.nlm.nih.gov/pubmed/33582211
https://dx.doi.org/10.3390/pharmaceutics15010261
http://www.ncbi.nlm.nih.gov/pubmed/36678890
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9867511
https://dx.doi.org/10.1038/nmat2147
http://www.ncbi.nlm.nih.gov/pubmed/18354410
https://dx.doi.org/10.1038/nbt.2958
http://www.ncbi.nlm.nih.gov/pubmed/25093879
https://dx.doi.org/10.3389/pore.2023.1610996
http://www.ncbi.nlm.nih.gov/pubmed/36843955

Page 803 Nikdouz et al. Cancer Drug Resist 2023;6:788-804 | https://dx.doi.org/10.20517/cdr.2023.93

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

S1.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Silvestri VL, Henriet E, Linville RM, Wong AD, Searson PC, Ewald AJ. A tissue-engineered 3D microvessel model reveals the
dynamics of mosaic vessel formation in breast cancer. Cancer Res 2020;80:4288-301. DOI PubMed PMC

Groll J, Burdick JA, Cho DW, et al. A definition of bioinks and their distinction from biomaterial inks. Biofabrication
2018;11:013001. DOI PubMed

Nunes AS, Barros AS, Costa EC, Moreira AF, Correia 1J. 3D tumor spheroids as in vitro models to mimic in vivo human solid tumors
resistance to therapeutic drugs. Biotechnol Bioeng 2019;116:206-26. DOI PubMed

Costa EC, Moreira AF, de Melo-Diogo D, Gaspar VM, Carvalho MP, Correia 1J. 3D tumor spheroids: an overview on the tools and
techniques used for their analysis. Biotechnol Adv 2016;34:1427-41. DOI PubMed

Dister S, Amatruda N, Calabrese D, et al. Induction of hypoxia and necrosis in multicellular tumor spheroids is associated with
resistance to chemotherapy treatment. Oncotarget 2017;8:1725-36. DOI PubMed PMC

Nath S, Devi GR. Three-dimensional culture systems in cancer research: focus on tumor spheroid model. Pharmacol Ther
2016;163:94-108. DOI PubMed PMC

Lee KH, Kim TH. Recent advances in multicellular tumor spheroid generation for drug screening. Biosensors 2021;11:445. DOI
PubMed PMC

Colombo E, Cattaneo MG. Multicellular 3D models to study tumour-stroma interactions. /nt J Mol Sci 2021;22:1633. DOI PubMed
PMC

Firuzi O, Che PP, El Hassouni B, et al. Role of c-MET inhibitors in overcoming drug resistance in spheroid models of primary human
pancreatic cancer and stellate cells. Cancers 2019;11:638. DOI PubMed PMC

Drost J, Clevers H. Organoids in cancer research. Nat Rev Cancer 2018;18:407-18. DOI PubMed

Qu J, Kalyani FS, Liu L, Cheng T, Chen L. Tumor organoids: synergistic applications, current challenges, and future prospects in
cancer therapy. Cancer Commun 2021;41:1331-53. DOI PubMed PMC

Ooft SN, Weeber F, Dijkstra KK, et al. Patient-derived organoids can predict response to chemotherapy in metastatic colorectal cancer
patients. Sci Transl Med 2019;11:eaay2574. DOI

Ohlund D, Handly-Santana A, Biffi G, et al. Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic cancer.
J Exp Med 2017;214:579-96. DOI PubMed PMC

Wen J, Liu F, Cheng Q, et al. Applications of organoid technology to brain tumors. CNS Neurosci Ther 2023;29:2725-43. DOI
PubMed PMC

Bhatia SN, Ingber DE. Microfluidic organs-on-chips. Nat Biotechnol 2014;32:760-72. DOI PubMed

Vinci M, Gowan S, Boxall F, et al. Advances in establishment and analysis of three-dimensional tumor spheroid-based functional
assays for target validation and drug evaluation. BMC Biol 2012;10:29. DOI PubMed PMC

Wakefield L, Agarwal S, Tanner K. Preclinical models for drug discovery for metastatic disease. Cell 2023;186:1792-813. DOI
PubMed

Coppo R, Kondo J, lida K, et al. Distinct but interchangeable subpopulations of colorectal cancer cells with different growth fates and
drug sensitivity. iScience 2023;26:105962. DOI PubMed PMC

Hsu PL, Chien CW, Tang YA, et al. Targeting BRD3 eradicates nuclear TYRO3-induced colorectal cancer metastasis. Sci Adv
2023;9:eade3422. DOI

van de Haar J, Ma X, Ooft SN, et al. Codon-specific KRAS mutations predict survival benefit of trifluridine/tipiracil in metastatic
colorectal cancer. Nat Med 2023;29:605-14. DOI

Sui Q, Zhang X, Chen C, et al. Inflammation promotes resistance to immune checkpoint inhibitors in high microsatellite instability
colorectal cancer. Nat Commun 2022;13:7316. DOI PubMed

Kigciikkose E, Heesters BA, Villaudy J, et al. Modeling resistance of colorectal peritoneal metastases to immune checkpoint blockade
in humanized mice. J Immunother Cancer 2022;10:¢005345. DOI PubMed PMC

Sun Y, Revach O, Anderson S, et al. Targeting TBK1 to overcome resistance to cancer immunotherapy. Nature 2023;615:158-67.
DOI

Wong TL, Loh JJ, Lu S, et al. ADARI1-mediated RNA editing of SCD1 drives drug resistance and self-renewal in gastric cancer. Nat
Commun 2023;14:2861. DOI PubMed PMC

Yoon BK, Kim H, Oh TG, et al. PHGDH preserves one-carbon cycle to confer metabolic plasticity in chemoresistant gastric cancer
during nutrient stress. Proc Natl Acad Sci U S A 2023;120:¢2217826120. DOI PubMed PMC

Zhou T, Xie Y, Hou X, et al. Irbesartan overcomes gemcitabine resistance in pancreatic cancer by suppressing stemness and iron
metabolism via inhibition of the Hippo/YAP1/c-Jun axis. J Exp Clin Cancer Res 2023;42:111. DOI PubMed PMC

Goodwin CM, Waters AM, Klomp JE, et al. Combination therapies with CDK4/6 inhibitors to treat KRAS-mutant pancreatic cancer.
Cancer Res 2023;83:141-57. DOI PubMed

Hennig A, Baenke F, Klimova A, et al. Detecting drug resistance in pancreatic cancer organoids guides optimized chemotherapy
treatment. J Pathol 2022;257:607-19. DOI

Schuth S, Le Blanc S, Krieger TG, et al. Patient-specific modeling of stroma-mediated chemoresistance of pancreatic cancer using a
three-dimensional organoid-fibroblast co-culture system. J Exp Clin Cancer Res 2022;41:312. DOI PubMed PMC

LiL, Zhou Y, Zhang Y, Hu H, Mao HQ, Selaru FM. A combination therapy of bortezomib, CXCR4 inhibitor, and checkpoint inhibitor
is effective in cholangiocarcinoma in vivo. iScience 2023;26:106095. DOI PubMed

Su L, Chen Y, Huang C, et al. Targeting src reactivates pyroptosis to reverse chemoresistance in lung and pancreatic cancer models.


https://dx.doi.org/10.1158/0008-5472.can-19-1564
http://www.ncbi.nlm.nih.gov/pubmed/32665356
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7541732
https://dx.doi.org/10.1088/1758-5090/aaec52
http://www.ncbi.nlm.nih.gov/pubmed/30468151
https://dx.doi.org/10.1002/bit.26845
http://www.ncbi.nlm.nih.gov/pubmed/30367820
https://dx.doi.org/10.1016/j.biotechadv.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/27845258
https://dx.doi.org/10.18632/oncotarget.13857
http://www.ncbi.nlm.nih.gov/pubmed/27965457
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5352092
https://dx.doi.org/10.1016/j.pharmthera.2016.03.013
http://www.ncbi.nlm.nih.gov/pubmed/27063403
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4961208
https://dx.doi.org/10.3390/bios11110445
http://www.ncbi.nlm.nih.gov/pubmed/34821661
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8615712
https://dx.doi.org/10.3390/ijms22041633
http://www.ncbi.nlm.nih.gov/pubmed/33562840
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7915117
https://dx.doi.org/10.3390/cancers11050638
http://www.ncbi.nlm.nih.gov/pubmed/31072019
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6562408
https://dx.doi.org/10.1038/s41568-018-0007-6
http://www.ncbi.nlm.nih.gov/pubmed/29692415
https://dx.doi.org/10.1002/cac2.12224
http://www.ncbi.nlm.nih.gov/pubmed/34713636
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8696219
https://dx.doi.org/10.1126/scitranslmed.aay2574
https://dx.doi.org/10.1084/jem.20162024
http://www.ncbi.nlm.nih.gov/pubmed/28232471
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5339682
https://dx.doi.org/10.1111/cns.14272
http://www.ncbi.nlm.nih.gov/pubmed/37248629
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10493676
https://dx.doi.org/10.1038/nbt.2989
http://www.ncbi.nlm.nih.gov/pubmed/25093883
https://dx.doi.org/10.1186/1741-7007-10-29
http://www.ncbi.nlm.nih.gov/pubmed/22439642
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3349530
https://dx.doi.org/10.1016/j.cell.2023.02.026
http://www.ncbi.nlm.nih.gov/pubmed/37059072
https://dx.doi.org/10.1016/j.isci.2023.105962
http://www.ncbi.nlm.nih.gov/pubmed/36718360
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9883198
https://dx.doi.org/10.1126/sciadv.ade3422
https://dx.doi.org/10.1038/s41591-023-02240-8
https://dx.doi.org/10.1038/s41467-022-35096-6
http://www.ncbi.nlm.nih.gov/pubmed/36443332
https://dx.doi.org/10.1136/jitc-2022-005345
http://www.ncbi.nlm.nih.gov/pubmed/36543378
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9772695
https://dx.doi.org/10.1038/s41586-023-05704-6
https://dx.doi.org/10.1038/s41467-023-38581-8
http://www.ncbi.nlm.nih.gov/pubmed/37208334
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10199093
https://dx.doi.org/10.1073/pnas.2217826120
http://www.ncbi.nlm.nih.gov/pubmed/37192160
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10214193
https://dx.doi.org/10.1186/s13046-023-02671-8
http://www.ncbi.nlm.nih.gov/pubmed/37143164
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10157938
https://dx.doi.org/10.1158/0008-5472.can-22-0391
http://www.ncbi.nlm.nih.gov/pubmed/36346366
https://dx.doi.org/10.1002/path.5906
https://dx.doi.org/10.1186/s13046-022-02519-7
http://www.ncbi.nlm.nih.gov/pubmed/36273171
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9588250
https://dx.doi.org/10.1016/j.isci.2023.106095
http://www.ncbi.nlm.nih.gov/pubmed/36843847

Nikdouz et al. Cancer Drug Resist 2023;6:788-804 | https://dx.doi.org/10.20517/cdr.2023.93 Page 804

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Sci Transl Med 2023;15:eabl7895. DOI

Heid J, Affolter A, Jakob Y, et al. 3D cell culture alters signal transduction and drug response in head and neck squamous cell
carcinoma. Oncol Lett 2022;23:177. DOI PubMed

Fabro F, Kannegieter NM, de Graaf EL, et al. Novel kinome profiling technology reveals drug treatment is patient and 2D/3D model
dependent in glioblastoma. Front Oncol 2022;12:1012236. DOI PubMed PMC

Jia W, Zhu H, Zhao M, et al. Potential mechanisms underlying the promoting effects of 3D collagen scaffold culture on stemness and
drug resistance of glioma cells. Biochim Biophys Acta Mol Basis Dis 2022;1868:166522. DOI

Chaicharoenaudomrung N, Kunhorm P, Promjantuek W, et al. Transcriptomic profiling of 3D glioblastoma tumoroids for the
identification of mechanisms involved in anticancer drug resistance. /n Vivo 2020;34:199-211. DOI PubMed PMC

Liverani C, De Vita A, Spadazzi C, et al. Lineage-specific mechanisms and drivers of breast cancer chemoresistance revealed by 3D
biomimetic culture. Mol Oncol 2022;16:921-39. DOI PubMed PMC

Liu Y, Gan Y, AiErken N, et al. Combining organoid models with next-generation sequencing to reveal tumor heterogeneity and
predict therapeutic response in breast cancer. J Oncol 2022;2022:9390912. DOI PubMed PMC

Ng ASN, Zhang S, Mak VCY, et al. AKTIP loss is enriched in ERa-positive breast cancer for tumorigenesis and confers endocrine

resistance. Cell Rep 2022;41:111821. DOI PubMed PMC

Anderle N, Koch A, Gierke B, et al. A platform of patient-derived microtumors identifies individual treatment responses and
therapeutic vulnerabilities in ovarian cancer. Cancers 2022;14:2895. DOI PubMed PMC

Senkowski W, Gall-Mas L, Falco MM, et al. A platform for efficient establishment and drug-response profiling of high-grade serous
ovarian cancer organoids. Dev Cell 2023;58:1106-21.e7. DOI PubMed PMC

Peterziel H, Jamaladdin N, ElHarouni D, et al. Drug sensitivity profiling of 3D tumor tissue cultures in the pediatric precision
oncology program INFORM. NPJ Precis Oncol 2022;6:94. DOI PubMed PMC

Lee DW, Choi SY, Kim SY, et al. A novel 3D pillar/well array platform using patient-derived head and neck tumor to predict the
individual radioresponse. Trans! Oncol 2022;24:101483. DOI PubMed PMC

Millen R, De Kort WWB, Koomen M, et al. Patient-derived head and neck cancer organoids allow treatment stratification and serve as
a tool for biomarker validation and identification. Med 2023;4:290-310.e12. DOI

Jensen LH, Rogatto SR, Lindebjerg J, et al. Precision medicine applied to metastatic colorectal cancer using tumor-derived organoids
and in-vitro sensitivity testing: a phase 2, single-center, open-label, and non-comparative study. J Exp Clin Cancer Res 2023;42:115.

DOI PubMed PMC

Martini G, Belli V, Napolitano S, et al. Establishment of patient-derived tumor organoids to functionally inform treatment decisions in
metastatic colorectal cancer. ESMO Open 2023;8:101198. DOI PubMed PMC

Papaccio F, Garcia-Mico B, Gimeno-Valiente F, et al. "Proteotranscriptomic analysis of advanced colorectal cancer patient derived
organoids for drug sensitivity prediction". J Exp Clin Cancer Res 2023;42:8. DOI PubMed PMC

Cromwell EF, Sirenko O, Nikolov E, et al. Multifunctional profiling of triple-negative breast cancer patient-derived tumoroids for
disease modeling. SLAS Discov 2022;27:191-200. DOI

Shu D, Shen M, Li K, et al. Organoids from patient biopsy samples can predict the response of BC patients to neoadjuvant
chemotherapy. Ann Med 2022;54:2581-97. DOI

Wang HM, Zhang CY, Peng KC, et al. Using patient-derived organoids to predict locally advanced or metastatic lung cancer tumor
response: a real-world study. Cell Rep Med 2023;4:100911. DOI PubMed PMC

Mazzocchi A, Dominijanni A, Soker S. Pleural effusion aspirate for use in 3D lung cancer modeling and chemotherapy screening.
Methods Mol Biol 2022;2394:471-83. DOI PubMed

Brown JMC, Zaben M, Ormonde C, et al. A high-density 3-dimensional culture model of human glioblastoma for rapid screening of
therapeutic resistance. Biochem Pharmacol 2023;208:115410. DOI

Morelli M, Lessi F, Barachini S, et al. Metabolic-imaging of human glioblastoma live tumors: a new precision-medicine approach to
predict tumor treatment response early. Front Oncol 2022;12:969812. DOI PubMed PMC

Demyan L, Habowski AN, Plenker D, et al. Pancreatic cancer patient-derived organoids can predict response to neoadjuvant
chemotherapy. Ann Surg 2022;276:450-62. DOI PubMed PMC

Breslin S, O’Driscoll L. Three-dimensional cell culture: the missing link in drug discovery. Drug Discov Today 2013;18:240-9. DOI

PubMed

Mazzocchi A, Soker S, Skardal A. 3D bioprinting for high-throughput screening: drug screening, disease modeling, and precision
medicine applications. App! Phys Rev 2019;6:011302. DOI PubMed PMC


https://dx.doi.org/10.1126/scitranslmed.abl7895
https://dx.doi.org/10.3892/ol.2022.13297
http://www.ncbi.nlm.nih.gov/pubmed/35464304
https://dx.doi.org/10.3389/fonc.2022.1012236
http://www.ncbi.nlm.nih.gov/pubmed/36408180
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9670801
https://dx.doi.org/10.1016/j.bbadis.2022.166522
https://dx.doi.org/10.21873/invivo.11762
http://www.ncbi.nlm.nih.gov/pubmed/31882480
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6984103
https://dx.doi.org/10.1002/1878-0261.13037
http://www.ncbi.nlm.nih.gov/pubmed/34109737
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8847989
https://dx.doi.org/10.1155/2022/9390912
http://www.ncbi.nlm.nih.gov/pubmed/36046364
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9423951
https://dx.doi.org/10.1016/j.celrep.2022.111821
http://www.ncbi.nlm.nih.gov/pubmed/36516775
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9837615
https://dx.doi.org/10.3390/cancers14122895
http://www.ncbi.nlm.nih.gov/pubmed/35740561
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9220902
https://dx.doi.org/10.1016/j.devcel.2023.04.012
http://www.ncbi.nlm.nih.gov/pubmed/37148882
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10281085
https://dx.doi.org/10.1038/s41698-022-00335-y
http://www.ncbi.nlm.nih.gov/pubmed/36575299
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9794727
https://dx.doi.org/10.1016/j.tranon.2022.101483
http://www.ncbi.nlm.nih.gov/pubmed/35850059
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9294182
https://dx.doi.org/10.1016/j.medj.2023.04.003
https://dx.doi.org/10.1186/s13046-023-02683-4
http://www.ncbi.nlm.nih.gov/pubmed/37143108
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10161587
https://dx.doi.org/10.1016/j.esmoop.2023.101198
http://www.ncbi.nlm.nih.gov/pubmed/37119788
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10265597
https://dx.doi.org/10.1186/s13046-022-02591-z
http://www.ncbi.nlm.nih.gov/pubmed/36604765
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9817273
https://dx.doi.org/10.1016/j.slasd.2022.01.006
https://dx.doi.org/10.21203/rs.3.rs-1060052/v1
https://dx.doi.org/10.1016/j.xcrm.2022.100911
http://www.ncbi.nlm.nih.gov/pubmed/36657446
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9975107
https://dx.doi.org/10.1007/978-1-0716-1811-0_24
http://www.ncbi.nlm.nih.gov/pubmed/35094341
https://dx.doi.org/10.1016/j.bcp.2023.115410
https://dx.doi.org/10.3389/fonc.2022.969812
http://www.ncbi.nlm.nih.gov/pubmed/36132155
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9483168
https://dx.doi.org/10.1097/sla.0000000000005558
http://www.ncbi.nlm.nih.gov/pubmed/35972511
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10202108
https://dx.doi.org/10.1016/j.drudis.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23073387
https://dx.doi.org/10.1063/1.5056188
http://www.ncbi.nlm.nih.gov/pubmed/33738018
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7968875

