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3D cancer models: One step
closer to in vitro human studies
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Cancer immunotherapy is the great breakthrough in cancer treatment as it
displayed prolonged progression-free survival over conventional therapies, yet,
to date, in only a minority of patients. In order to broad cancer immunotherapy
clinical applicability some roadblocks need to be overcome, first among all the
lack of preclinical models that faithfully depict the local tumor microenvironment
(TME), which is known to dramatically affect disease onset, progression and
response to therapy. In this review, we provide the reader with a detailed
overview of current 3D models developed to mimick the complexity and the
dynamics of the TME, with a focus on understanding why the TME is a major
target in anticancer therapy. We highlight the advantages and translational
potentials of tumor spheroids, organoids and immune Tumor-on-a-Chip
models in disease modeling and therapeutic response, while outlining pending
challenges and limitations. Thinking forward, we focus on the possibility to
integrate the know-hows of micro-engineers, cancer immunologists,
pharmaceutical researchers and bioinformaticians to meet the needs of cancer
researchers and clinicians interested in using these platforms with high fidelity for
patient-tailored disease modeling and drug discovery.
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Abbreviations: ACT, adoptive cell therapy; ADCC, antibody-dependent cellular cytotoxicity; ALI, air-liquid
interface; CAF, cancer-associated fibroblast; CAR, chimeric antigen receptor; CEA, carcinoembryonic
antigen; CSC, cancer stem cell; CTL, cytotoxic T lymphocyte; DC, dendritic cell; ECM, extracellular
matrix; GEMM, genetically engineered mouse model; ICB, immune checkpoint blocker; iToC,
immunocompetent Tumor-on-a-Chip; MCTS, multicellular tumor spheroid; NK, natural killer; NSCLS,
non-small-cell lung cancer; OoC, Organ-on-a-Chip; PBL, peripheral blood lymphocyte; PBMC, peripheral
blood mononuclear cell; PDAC, pancreatic ductal adenocarcinoma; PDO, patient-derived organoid; PDX,
patient-derived xenograft; TAM, tumor-associate macrophage; TCR, T cell receptor; TIL, tumor-infiltrating
T lymphocyte; TME, tumor microenvironment; TNBC, triple-negative breast cancer; ToC, Tumor-on-a-

Chip; 2D, two-dimensional; 3D, three-dimensional.
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1 Introduction

Despite the impressive progress in early detection and
development of increasingly efficient and tumor-targeted
treatments over the past decade, cancer remains a major burden
of disease worldwide and one of the leading causes of death (1).
Currently, the greatest challenge in oncology is to move away from
old “one-size-fits-all” treatments, which, in the majority of cases,
work well only for a few patients, toward novel personalized “one
dose-one patient” therapeutic approaches (2).

Tumor heterogeneity, within and across cancers, often
represents the most significant roadblock in the implementation
of effective patient-specific therapies (3-5). Of note, clinical
diagnoses are mainly based on tumor biopsies which do not really
capture the extensive intratumoral heterogeneity but may hide
newly emerging, highly aggressive, tumor clones. Moreover,
patients with the same cancer subtypes often present different
tumor phenotypes that dynamically evolve during disease
progression and clinical treatment, and lead to the most disparate
therapeutic responses, including natural and acquired therapeutic
resistance (6, 7). It is now well established that tumors are not
simple masses of neoplastic cells, but rather heterogeneous
collections of infiltrating or resident host non-neoplastic cells
[mainly T and B lymphocytes, natural killer (NK) cells, dendritic
cells (DCs), monocytes, endothelial cells, perycites, cancer-
associated fibroblasts (CAFs), mesenchymal stromal cells and
adipocytes], niche-relevant soluble factors (i.e., cytokines, growth
factors, metabolites, enzymes, miRNAs) and altered extracellular
matrix (ECM) that actively interact with one other and constitute
the tumor microenvironment (TME) (8). Increasing evidence
highlights that this evolving and reciprocal interplay between
cancer cells and TME players is a disease-defining factor as it
governs cancer initiation, metastasis and drug resistance and thus
represents a promising therapeutic target (9, 10).

In light of this, the chance to achieve the designing of successful
personalized anticancer strategies, characterized by more durable and
side effect-limited (or even better free) responses, will depend on the
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ability to accurately model cancer heterogeneity and TME
interactions (11). If on the one hand two dimensional (2D)
cultures, xenografts and syngeneic mouse models have made the
history in cancer research, on the other hand, to date scientists are
addressing their focus more and more on three dimensional (3D) in
vitro systems which can preserve tumor proper genetic, proteomic,
morphological and pharmacotypic features while offering the
unprecedented possibility to deeply dissect tumor-stroma dynamics.

In this review we present an overview of cancer model (r)evolution
over the years (Figure 1) for studying the biological implications of the
TME on cancer progression and response to therapy. We critically
discuss the opportunities of state-of-the-art in vitro 3D cell culture
strategies, with an emphasis on cancer spheroids, organoids and
Tumor-on-a-Chip (ToC) models, for the development of
microphysiological platforms recreating human cancers growing
within living organs. In addition, we point out the current
limitations and challenges that such novel culture systems should
overcome to fully establish, validate and exploit the fidelity of 3D
models for cancer research and clinic.

2 Chronicles of conventional cancer
models in preclinical research

For many years, in vitro 2D cell cultures and in vivo xenografts or
genetically engineered animal models have been the gold standards in
cancer research. Nevertheless, these “conventional” models lack the
ability to sustain the complex genetic and phenotypic heterogeneity
of the respective human patient-derived tumor samples as well as to
model the disease pathogenesis while simultaneously facilitating
comprehensive cellular and environmental manipulation (11).
Given their wide availability, reproducibility, high-throughput and
the overall low cost, 2D monolayer cultures of immortalized cell lines
have been widely employed as initial screening models to elucidate
the mechanisms of cancer biology and to identify the efficacy and
safety of several drug candidates (12, 13). However, a large body of
evidence indicates that these systems still present several drawbacks.
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First, isolation and culture maintenance of cancer cell lines from
patient biopsies may be tricky and unproductive. Second, once
cultured, these cells adhere, spread, and grow on a flat synthetic
surface, do not conserve the original morphology and polarization,
and therefore can potentially lose crucial cellular signaling pathways
or change their responses to external stimuli (14-16). Third, cells in
2D cultures commonly undergo to extensive clonal selection thus
resulting in the establishment of derived cell lines which no longer
recapitulate the genetic heterogeneity of parental tumors. Finally,
in vitro cancer cell lines are rarely flanked by a patient-matched 2D
normal tissue counterpart and, most importantly, they do not provide
significant information about the intricate network of dynamic
interactions within the 3D TME of living patient’s tumors, which
instead can dramatically affect the efficacy of cancer therapies (17-
19). In an attempt to partially simulate the complex in vivo cell-cell
communications occurring in the TME, 2D co-cultures of cancer cell
lines and different types of exogenous and heterogeneous cells [such
as peripheral blood mononuclear cells (PBMCs) or CAFs] have been
set up (20). In this regard, transwell cell cultures have been exploited
to assess the capability of cells to migrate toward a particular chemo-
attractant and additionally to test the ability of cancer cells to invade
and bypass the ECM and to extravasate by pre-coating the top of the
membrane insert with thin layers of ECM gels (such as collagen or
MatrigelTM) and endothelial cells (21). Anyway, despite somewhat
more complex, such 2D reconstituted systems failed to faithfully
model primitive intrinsic tumor stroma and its 3D architecture
(22, 23).

Otherwise, preclinical in vivo animal models, such as patient-
derived xenografts (PDXs) and genetically engineered mouse
models (GEMMs), enable unique studies that intrinsically
contemplate 3D tumor tissue organization and therefore offer
system-level analysis of tumor onset, progression and treatment
response (24, 25).

Due to their ability to retain morphologies, architectures and
molecular signatures very close to those of the original tumors, PDX
mouse models provide promising platforms for personalized cancer
medicine (26). Hence, they have been increasingly utilized in both
basic and preclinical cancer research as potential tools for
biomarker detection, drug screening, drug-resistance mechanism
investigation and novel therapy development (27-30). PDXs are
generated by transplanting subcutaneously or orthotopically freshly
derived patient material into immunodeficient mice. Even though
subcutaneous transplantation models allow for easier cell transfer
and precise monitoring of tumor formation and growth, orthotopic
PDX mouse models better mimic the biological characteristics of
the donor tumor in terms of phenotype - cancer heterogeneity and
behavior - metastatic potential (31-34). Nevertheless, some
important and unavoidable limitations have restricted PDX
application in precision cancer therapy. Since they rely on
immunocompromised/immunodeficient mice that lack the
adaptive immune system, PDX mouse models do not fully
recapitulate the surrounding tumor stroma and thus constitute
inappropriate tools for the screening and the functional analysis
of new immunotherapeutic agents (35). Furthermore, the
progressive replacement of human stromal cells with recipient
mouse cells may affect drug response predictions (36). In the last
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years, new humanized PDX mouse models have been generated by
engrafting patient-derived tumors into immunodeficient mice
bearing CD34+ human hematopoietic stem cells or PBMCs, but
cost, time, throughput, and complete immune compatibility,
remain unmet challenges (37, 38). Undoubtedly, the main
weakness of PDX models is the inability to graft all tumor
subtypes. For instance, hormone-sensitive breast cancer has a
lower rate of engraftment than triple-negative tumors (39) and,
more generally, non-metastatic tumors fail to stably engraft and
grow in mice (32, 40). Finally, PDX models suffer from clonal
selection pressure upon human tumor tissue engraftment and
propagation leading to genetic and phenotypic divergence from
the parental tumor (41, 42).

By contrast, GEMMs develop de novo tumors in an
immunoproficient microenvironment thus enabling the
investigation of the native interactions between cancer cells and
the surrounding TME and representing valuable tools for testing the
potential of cancer immunotherapies (43). Additionally, tumors
arising in next-generation GEMMs closely mimic the
histopathological and molecular features of their human
counterparts, display genetic heterogeneity, and are able to
spontaneously progress toward metastatic disease (44, 45).
Although GEMMSs have been successfully used in preclinical
research (as reviewed in (46)) to validate candidate cancer genes
and drug targets, assess therapy efficacy, dissect the impact of the
TME, and evaluate mechanisms of drug resistance, there are still
some aspects that need to be improved. In particular, their overall
genetic manipulation is relatively limited and the introduction of
novel (non)-germline mutations is a laborious and slow
process (24).

On the whole, the development and validation of PDX and
GEMM models is expensive, time- and resource-consuming,
relatively low-throughput and subject to increasing ethical
pressure for replacement solutions according to the 3Rs’ principle
in animal experimentation (47). As a result of these limitations,
even preclinical in vivo models generally have a dramatic poor
performance (~3%) in terms of predicting the clinical success of
next-generation anticancer therapies (48).

3 3D models: Bridging the gap
between cell cultures and live tissues

The need to reduce drug failure in clinical trials has encouraged
researchers to deploy more sophisticated in vitro surrogate systems
which can recreate human organs and diseases in the laboratory bench.
In recent years, 3D cell models have gained even more attention in
cancer research for their ability to closely replicate several hallmarks of
in vivo tumors. Indeed, unlike 2D cell cultures, such systems provide a
more realistic insight of tumor-tissue architecture, multicellular
complexity and dynamic interplay between cancer cells and TME
thus holding the great promise for many applications in tissue
engineering, drug development, and precision medicine (49, 50). In
the following sections, we will explore, in order of biological and
technological complexity, the characteristics and potential applications
of the most cutting edge 3D systems (Figure 2).
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3.1 Tumor spheroids

Spheroids are one of the best established 3D culture methods for
the study of tumor biology (51, 52). As extensively reviewed in (53),
spheroids are microsized aggregates of closely-packed cells which
accurately recapitulate some important features of solid tumors
including internal structure, cellular heterogeneity, cell signaling
pathways, ECM deposition, cell-to-cell and cell-to-ECM
interactions, growth kinetics, gene expression and drug resistance.
These unique characteristics highlight the potential of spheroids to
be used as suitable in vitro tools for high-throughput screening of
anticancer therapeutics (54-56).

Depending on cellular source and preparation protocols,
spheroids can be distinguished into four major types, namely: (i)
multicellular tumor spheroids (MCTSs) assembled using primary cell
or cell line suspensions, (ii) tumorospheres obtained from solid
tumor dissociation, (iii) tissue-derived tumorospheres generated
from tissue remodeling after partial enzymatic or mechanical
dissociation and (iv) organotypic multicellular spheroids consisting
of cut and minced tumor fragment cultures obtained without
dissociation (57). Of these, MCTSs are the best characterized
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spheroid models and have been widely used to reproduce different
solid tumors, such as breast (58), cervical (59), colon (60), lung (61),
pancreas (62), and prostate cancer (63), among the others. Currently,
multiple techniques, requiring or not the incorporation of an
exogenous scaffold, are available for MCTS production (64). In the
most commonly employed scaffold-free methods, cells are cultured in
conditions that force to strong cell-to-cell interactions and ultimately
support cancer cell aggregation and ECM deposition. Several
anchorage-independent methodologies have been developed,
including the noteworthy hanging drop and liquid overlay
protocols, followed by agitation-based, microencapsulation, and
magnetic levitation systems (reviewed in detail in (65-67)). By
contrast, scaffold-based approaches enable cells to grow dispersed
on hydrogels that mimic ECM architecture or anchored to acellular
matrices, which may be comprised by natural (e.g., alginate, chitosan,
dextran, hyaluronic acid), synthetic (e.g., poly lactic-co-glycolic acid,
polycaprolactone, polyvinyl alcohol and polyethylene glycol)
biomaterials or decellularized natural ECM (e.g., MatrigelTM,
collagen, fibrin, gelatin) (50, 68-70). More recently, advances in
bioengineering techniques have emphasized the role of
microfluidics and 3D bio-printing for the development of more
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FIGURE 2

Schematic representation of spheroid, organoid and Tumor-on-a-Chip cell culture strategies for tumor microenvironment mimicking. (A) Downstream
applications of state-of-the-art 3D models according to their accessibility and biological fidelity. (B) Benefits (+) and drawbacks (-) of 3D in vitro models
CAF, cancer-associated fibroblast; DC, dendritic cell; ECM, extracellular matrix; NK, natural killer; MDSC, myeloid-derived suppressor cell; Treg,

regulatory T cell.

Frontiers in Immunology

04

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1175503
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Manduca et al.

complex tumor spheroids with well-defined architecture,
composition and high reproducibility which can model various
cancer types and stages (71-74). Intriguingly, such Spheroid-on-a-
Chip technologies have been proposed as preclinical platforms to
investigate tumor angiogenesis, metastatic potential and
chemotherapy response in glioblastoma, breast adenocarcinoma
and ovarian cancer (73, 75, 76), as detailed below.

MCTCs have the ability to mimic to a great extent the TME thus
offering a good representation of oxygen, nutrient, and other soluble
factor diffusion and exchange (77). Indeed, if cells grown in
monolayer cultures are uniformly exposed to nutrients and
oxygen, cancer cells cultured as spheroids instead experience
physiochemical gradients similar to those observed in
micrometastases and avascular tumors (77). Moving toward the
center of the spheroid, oxygen nutrient and pH levels decrease,
whereas the amounts of carbon dioxide, lactate and waste products
increase. Owing to the limited diffusion of nutrients and oxygen,
larger spheroids (>500 uM in diameter) display an internal
structure consisting of different cell layers: an inner anoxic and
acidic core containing necrotic cells, a middle hypoxic zone of
quiescent/senescent cells and an outer layer of highly proliferating
cells (55, 78-80). Such heterogeneous multilayered organization is
reported to be the key factor behind the use of spheroids as
preclinical models to evaluate the therapeutic efficacy of
anticancer treatments, including chemotherapy, radiation therapy,
and immunotherapy (81-84).

The hypoxic environment found in the core of the spheroids is
detrimental for all those drugs known to induce DNA and
membrane damage via production of reactive oxygen species (e.g.,
5-fluorouracil, cisplatin, doxorubicin, and irinotecan) (77, 85, 86).
Accordingly, Doublier and co-workers observed that in estrogen
receptor-positive MCF7 breast cancer spheroids activation of
hypoxia-inducible factor 1 together with an increase of P-
glycoprotein expression were responsible for doxorubicin
resistance (87). Similarly, Kim and colleagues showed that U251
glioma and U87 astrocytoma cells, grown as spheroids under
hypoxia conditions, exhibited increased apoptosis resistance upon
exposure to doxorubicin and the caspase-3 activating molecule
resveratrol, as compared to monolayer cell cultures (88).
Additionally, senescent and necrotic cells that reside in MCTS’
inner zones were shown to be more resistant to antiproliferative
compounds (e.g., carboplatin, cisplatin, doxorubicin, oxaliplatin,
methotrexate, and paclitaxel) than rapidly dividing cells (89, 90). In
this regard, different breast cancer cell lines (i.e., BT-549, BT-474,
and T-47D) exhibited greater resistance to doxorubicin and
paclitaxel associated with higher levels of hypoxia, increased
percentages of GO-dormant cell subpopulation and lower
expression of cleaved-PARP and caspase-3, when cultivated as 3D
MCTSs. Moreover, the peculiar acidic pH of the spheroid core can
induce changes in the net charge of some chemotherapeutics (e.g.,
melphalan, methotrexate, mitoxantrone and vinca alkaloids) thus
negatively affecting their intracellular uptake (91-93).

Importantly, the deposition of ECM proteins and the close
ECM-cells and cell-cell physical interactions are known to increase
spheroid density, leading to a higher interstitial fluid pressure which
is responsible for the impaired penetration of anticancer drugs (94,
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95). Therefore, compact and larger MCTCs are often more resistant
to both chemotherapy and radiotherapy than loosely aggregated
cells (96, 97). Of note, due to their structural similarities with in vivo
solid tumors, MCTCs may also be used to improve the predictive
value of nanomedicine screening and their physicochemical
properties, by modeling the selective penetration, accumulation,
retention, and distribution of drug-loaded nanocarriers within the
tumor mass (98, 99).

MCTCs can be constituted exclusively of cancer cells
(homotypic spheroids) or of cancer cells co-cultured with other
cell types (heterotypic spheroids) such as fibroblasts, endothelial
cells or immune cells (53, 58). Such heterotypic MCTCs are shown
to be extremely helpful for studying tumor-immune system
interactions and testing immunotherapeutic agents. Intriguingly,
Coureau et al. recently exploited in vitro heterotypic co-cultures of
human colorectal cancer MCTSs with immune cells to assess the
infiltration, activation and function of T and NK cells. They showed
that allogeneic T and NK cells infiltrated cell line-derived spheroids,
inducing immune-mediated cancer cell killing and 3D structure
destruction via the engagement of the activating receptor NKG2D
(100) while cancer cells tried to evade immune recognition by
upregulating HLA-E, ligand of the inhibitory receptor NKG2A
expressed by CD8 T and NK cells. The simultaneous antibody
targeting of both NKG2D ligands on cancer cells, in order to elicit
an antitumor antibody-dependent cellular cytotoxicity (ADCC),
and of the inhibitory receptor NKG2A on immune cells,
highlighted an increased immune cell infiltration as well as a
greater antitumor response (100). Ultimately, the authors
confirmed these results in autologous co-cultures of colorectal
cancer patient-derived spheroids and tumor-infiltrating
lymphocytes (TILs) to generate a clinically relevant functional
assay to the study of immunotherapies (100). A heterotypic colon
carcinoma spheroid model was also used to evaluate the anticancer
immune response of allogeneic V82 yd T lymphocytes triggered by
zoledronate or cetuximab (101). Furthermore, gastric and ovarian
MTCS models have been exploited to test the therapeutic efficacy of
chimeric antigen receptor (CAR) T cells targeting the mesothelin
antigen (102), whose preclinical and clinical testing in combination
with immune checkpoint blockade (ICB)-based therapy has been
extensively discussed in (103-105). Of interest, Dordick’s group
have recently developed a high throughput 3D tumor spheroid
microarray consisting of a 330 micropillar-microwell sandwich
platform where NK cells are co-cultured with pancreatic
(MiaPaCa-2) or breast cancer cell lines (MCF-7 and MDA-MB-
231) to faithfully recapitulate the hypoxic TME and investigate NK-
cell mediated cell cytotoxicity in combination with the two
monoclonal antibodies Trastuzumab and Atezolizumab (106).

Overall, these models are limited by the absence of stromal cells,
which are usually present in the TME and are critical to the
establishment of a chemoresistant cancer cell niche (107). Driven
by the enticing possibility of improving cellular heterogeneity in
MCTS cultures, Jeong et al. established a more clinically relevant
colorectal cancer model by combining 3D co-culture with
microfluidic technology. Specifically, tumor spheroids were grown
within a collagen matrix-incorporated microfluidic chip and co-
cultivated with CAFs in a microscale distance away, allowing
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mutual microenvironmental interactions culminating in CAF
activation, as demonstrated by the increase of o-smooth muscle
actin (0-SMA) expression and migratory activity, as well as the
induction of resistance to the chemotherapeutic paclitaxel (108).

To further complicate the system, a scaffold-free MCTS consisting
of a triple co-culture of pancreatic cancer cells (PANC-1), fibroblasts
(MRC-5) and endothelial cells (HUVEC) was assembled to closely
mimic the in vivo influence of the surrounding TME on cancer cell
therapeutic resistance (109). Remarkably, a heterotypic spheroid model
composed of tumor cells, fibroblasts, and immune cells was developed
to assess the efficacy of novel cancer immunotherapy agents [i.e., IL-2
variant and tumor- or fibroblast-targeted T cell bispecific antibody]
both as monotherapy and in combination (110). To better understand
the role of macrophages in the TME using spheroids, Rebelo et al,
developed a 3D culture model based on alginate microencapsulation
and stirred culture strategies which enclosed tumor cell spheroids of
non-small cell lung carcinoma (NSCLC), CAFs and monocytes. In
such a way, they successfully recreated an immunosuppressive TME
enriched in cytokines/chemokines (IL-4, IL-10, IL-13, CCL24, CXCL1),
ECM elements (collagen type I, IV and fibronectin) and
metalloproteases (MMP1/9), supporting cell migration and monocyte
polarization toward an M2-like macrophage phenotype (109, 111).
Similarly, Kuen et al., established pancreatic cancer spheroids
consisting of different cancer cell lines (PaTu-8902, BxPc3, HPAC,
and MiaCaPa-2) and MRC-5 fibroblasts, which then incubated with
peripheral blood-derived monocytes. Such monocytes were able to
penetrate into the spheroids, reflecting the in vivo tumor infiltration,
and differentiated into M2-like macrophages (112).

Despite their huge potential, several issues still exist which
hinder the application of MCTSs as high-fidelity preclinical
cancer models. The main challenges concern the lack of standard
protocols and methods to establish spheroids of uniform size and
shape. In addition, some techniques are associated with low-
throughput and difficulty in retrieving cells for readout analysis.
Indeed, if on the one hand homotypic MCTS models provide a too
simplistic tissue representation, on the other hand they are more
suitable for high-throughput screenings. Conversely, heterotypic
MCTSs strengthen the in vitro representation of TME but requires a
mindful optimization of the cellular composition in terms of cell
ratios and cell media components, consequently affecting the
throughput (113). Furthermore, spheroids do not reproduce the
complexity observed in the 3D tissue architecture of living organs
nor incorporate mechanical forces (such as fluid shear stress,
hydrostatic pressure and tissue deformation) that can significantly
influence cancer cell behavior (114). Although nowadays a plethora
of techniques are commonly employed to perform phenotypic and
genetic analysis of tumor spheroids, such experimental procedures
conceal several drawbacks. For instance, standard biochemical
assays to evaluate viability and cytotoxicity (such as the acid
phosphatase activity, the MTT, the Trypan Blue exclusion, and
the lactate dehydrogenase assay) were found to be inefficient in 3D
spheroids, usually due to the incomplete probe penetration and
limited sensitivity (115-118). Optical, phase contrast, confocal,
fluorescence and electron microscopic techniques are reported to
be particularly valuable for characterizing spheroid size,
morphology and internal organization (119-121). However, 3D
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model imaging is generally affected by poor light penetration, light
scattering by cells, and high background (117, 118, 122). Flow
cytometry and western blotting application on 3D structures can
also be challenging. Indeed, both the techniques require spheroid
enzymatic dissociation into single cell suspensions which inevitably
leads to the loss of important information on marker spatial
distribution (123-125).

To date, considerable efforts are being made to improve large-
scale production of spheroids under highly reproducible conditions
and to further adapt quantitative analysis and imaging techniques
to such 3D models, in order to extract significant biological data and
allow for high-throughput screening of anticancer drugs.

3.2 Tumor organoids

Organoids originally arise as 3D in vitro stem cell derived
cultures that recapitulate the cellular variety, architectural
organization and function of their in vivo normal tissue
counterparts and have the ability to self-organize and self-renew
(126-128). Since their discovery, organoids represented an ideal
model for studying organ development (129) and host-pathogen
interactions (130) by bridging the gap between in vivo animal
models and in vitro 2D cell culture systems. The first attempts of
generating organ-specific models in vitro date back to the early
2000’s, when Sasai and colleagues demonstrated that embryonic
stem cells could differentiate and self-assemble into 3D apico-
basally polarized cerebral cortical tissues (131). Shortly after, Sato
et al. established gut organoids from single mouse adult intestinal
stem cells in specific culture conditions mimicking the in vivo stem
cell niche and favoring the dynamic proliferation and differentiation
of the intestinal crypt epithelium (132). This seminal work paved
the way to grow other organotypic cultures of multiple mouse and
human epithelial tissues, including colon (133), pancreas (134),
liver (135), prostate (136-138), stomach (139), lung (140),
endometrium (141), fallopian tubes (142), taste buds (143),
salivary and mammary glands (144, 145), retina (131) and brain
(131, 146).

Over the years, organoid technology promptly adapted to
tumor biology providing a novel low-cost approach for cancer
modeling and therapy development. Since they usually derive
from one or few cells, and follow the different stages of cancer
development, tumor organoids preserve key histopathological,
genetic and phenotypic features of the parent tumor and retain
cancer cell heterogeneity to a greater extent (126, 127, 147).
Therefore organoids emerge as promising research tools to
improve translational research and may have a potential relevance
in clinical decision making (148).

To date, cancer organoids may be generated by multiple
strategies. On the one hand genetic engineering of organoids from
wild-type tissues or induced pluripotent stem cells provides a unique
opportunity for determining the mechanisms of cancer initiation and
progression in specific organs, the tumor niche factor requirements
and the mutation pattern-related cellular response to anticancer
therapies (149-151). Starting from available healthy human tissue-
derived organoids, different reports exploited CRISPR-Cas9 genome
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editing to introduce combinations of common driver mutations and
model the multi-hit oncogenic transformation in colorectal (151-
153), brain (154), gastric (155), pancreatic (156) and breast (157)
cancer. Of note, numerous studies have focused on genetically
engineered colorectal cancer organoids carrying oncogenic
mutations in Wnt, EGFR, TP53 and TGFB/BMP signaling
pathways to gain deeper insights into the metastatic dissemination
program. Surprisingly, although such organoids efficiently grew in
vivo as invasive tumors, only when transplanted into their orthotopic
environment, they were able to develop primary tumors that
spontaneously formed distant liver and lung metastases as result of
progressive loss of stem cell-niche dependency (158, 159). Organoids
were also used to investigate the contribution of cancer stem cells
(CSCs) to colorectal cancer clinical progression. Intriguingly, two
seminal works from de Sauvage and from Sato teams, demonstrated
how the selective CSC depletion restricted primary tumor growth but
did not result in tumor regression, owing to the extensive cellular
plasticity of human colorectal cancer cells. Indeed, proliferative
differentiated cancer cells constantly attempt to replenish the CSC
state leading to rapid tumor recurrence upon treatment cessation
(160, 161). Remarkably, tumor organoids have also been derived
from transgenic mouse strains to study the effects of a particular
oncogenic mutation in the context of a specific genetic background.
In this regard, Kuo and colleagues demonstrated that TGFf receptor
2 was implicated in metastatic gastric cancer (162), whereas Fearon’s
group showed that the transcription factor CDX2 and BRAFV600E
mutations cooperated to promote serrated colorectal cancer
development (163).

Given the ability of genome-editing technologies to repair
disease-causing genes, as previously demonstrated for the
mutated dysfunctional CFTR allele in intestinal stem cell
organoids of cystic fibrosis patients (164), genetic engineered
cancer organoids are now revolutionarily investigated to test the
possibility of reverting particular oncogenic mutations and the so
leaded tumorigenic phenotype. Although cancer is genetically much
more complex, with tumors typically harboring hundreds of
mutations, it was shown that restoration of APC expression
recovers crypt homeostasis in a colorectal cancer mouse model
and derived organoids (165).

On the other hand, a large body of evidence has provided a
proof-of-concept for generating patient-derived organoids (PDOs)
which have shown relevant phenotypic and genetic resemblances
with their original tumor specimens (166-168) and a tremendous
potential in personalized cancer therapy (169). Unlike conventional
cancer models, PDOs can be robustly propagated from a small
sample size derived from solid/liquid biopsies or surgical resections
of primary tumors (167), circulating cancer cells (170) and
metastatic lesions (168, 171).

Since the establishment of the first colon adenocarcinoma PDO
by Sato et al. (133), long-term tumor organoid cultures were
successfully generated from a wide range of other primary colon
(167, 172), oesophagus (173), pancreas (174), lung (175), stomach
(176), liver (177), ovarian (178), breast (145), brain (179) and prostate
(170, 180) cancer tissues, as well as from urothelial (181) and renal
carcinoma (182). Importantly, the success rate of organoid generation
from these selected cancer subtypes was almost always reported to be
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>70% and notably higher than that for traditional cancer cell lines
(~20-30%) (183). Moreover, follow-up analyses of such 3D models
suggest that organoids have the ability to preserve long-term parent
tumor’s biology including (epi)genetic, proteomic, morphological
and pharmacotypic features. In addition, as PDOs are relatively
easy to establish and cheap to maintain, they are suitable for high-
throughput applications in the context of precision cancer treatments
and help predict treatment responses and stratify individual patients
to specific therapeutic regimens.

Therefore several “living biobanks” of PDOs capturing the
histological and mutational heterogeneity of human cancers (like
colon, pancreas, breast, prostate, liver, lung, stomach, ovary, kidney,
bladder, and brain, among the others) have been created in recent
years providing a representative collection of well-characterized
models for preclinical drug screening and for predicting patient
outcomes, as extensively discussed by others (147, 184). In 2015 van
de Wetering et al. created the first organoid biobank from colorectal
cancer patients consisting of 20 primary tumors matched with
adjacent normal-tissue derived organoid cultures. By developing a
robotized high-throughput drug screening, they tested 83
compounds (including standard-of-care chemotherapeutics and
new targeted inhibitors) across the organoid panel and correlated
drug sensitivity with cancer genomic features to identify molecular
signatures and clinically relevant biomarkers associated with drug
responses (167). In line with this previous report, Sato and
colleagues generated a larger biobank of 55 colorectal cancer
organoids derived from different histological subtypes and clinical
stages, including the poorly differentiated adenocarcinoma,
mucinous adenocarcinoma, and neuroendocrine carcinoma and
observed a progressive decrease in niche factor requirements
during adenoma-carcinoma transition, reflecting accumulation of
multiple mutations (172). Interestingly, the authors underscored
cancer organoids’ ability to model distinct histopathological
features and genetic signatures of their parental tumor
counterparts also following xenotransplantation under the kidney
capsule of immunodeficient mice, suggesting that such 3D culture
systems can be effectively employed to validate in vitro drug
responses in a more complex in vivo environment (172).
Similarly, Ooft et al. derived a collection of PDOs from metastatic
colorectal cancer patients to predict responsiveness to standard-of-
care chemotherapy (185). These organoids were able to predict
responses of the biopsied lesion in more than 80% of patients
treated with irinotecan-based therapies without misclassifying
patients who would have benefited from treatment. Conversely,
such predictive value was not identified for 5-fluorouracil or
oxaliplatin combined treatment, probably because of the lack of
the surrounding TME, which might influence the efficacy of one
treatment more than the other. Additionally, to test the potential of
organoids to evaluate drug responses in preclinical settings,
Verissimo et al. utilized a colorectal cancer organoid panel to
evaluate the effect of different RAS pathway inhibitors that are
currently used in the clinic, either as single agents or in
combinations. Using this strategy, the authors confirmed that the
presence of mutant RAS strongly correlated with resistance to these
targeted therapies. Moreover, they highlighted that combinatorial
targeting of the EGFR-MEK-ERK pathway in RAS mutant
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organoids effectively suppressed tumor growth by inducing a
transient cell-cycle arrest rather than cell death (186). Moreover,
Ganesh et al, established a biorepository of 65 patient-derived
rectal cancer organoid cultures from patients with primary,
metastatic or recurrent disease to study individual responses
following chemoradiation (187).

As pancreatic cancer is one of the most lethal malignancies with
high recurrence rate and a minor survival benefit following
systemic therapy, different libraries of primary pancreatic ductal
adenocarcinoma PDOs were generated to determine prognosis-
predictive gene expression signatures (156, 174). Notably, Tiriac
et al,, attempted to fully recapitulate the mutational spectrum and
transcriptional subtypes of primary pancreatic cancer and hence
established pancreatic cancer organoids from a comprehensive
cohort of 138 patients. Detailed pharmacotyping of these organoid
lines revealed genetic and transcriptomic signatures associated with
anticancer drug response that could potentially correlate with patient
clinical outcomes. Interestingly, by focusing their attention on 9
patients with advanced pancreatic adenocarcinoma, they obtained a
retrospective clinical follow-up which perfectly matched with PDO
chemosensitivity profile (174). Recently, a living biobank of more
than 100 breast cancer organoids was generated from a wide variety
of primary and metastatic tumors broadly recapitulating the diversity
of the disease. Besides preserving the typical breast cancer
morphology and histopathology, most of these organoids also
retained the hormone receptor and the HER2 status of the original
tumors allowing in vitro drug screens that were consistent with
patient response (145).

Alongside these large biobanks, smaller PDO collections from
advanced prostate and primary liver cancer were generated that
helped validate that tumor organoids recapitulate molecular and
genomic diversity of cancer subtypes and enable physiologically
relevant drug screens (170, 177).

Kim et al. reported a method for successfully creating a living
biobank of 80 lung cancer organoids that were assessed for drug
sensitivity to both cytotoxic (i.e., docetaxel) and targeted agents (i.e.,
olaparib, erlotinib and crizotonib). According to what observed in
patients, organoids exhibited a mutation-based drug sensitivity profile.
Therefore, as expected, responses to olaparib (PARP inhibitor),
erlotinib (EGFR tyrosine kinase inhibitor) and crizotonib (c-Met
inhibitor) correlated with BRCA2, EGFR and MET mutational
status, respectively (175). Moreover, Vlachogiannis et al., applied
PDOs to predict the clinical outcomes of gastrointestinal cancer
patients undergoing a compound library of drugs (encompassing
chemotherapeutics, immunotherapeutics and targeted therapy
agents) either already approved in the clinic or currently in clinical
trials. By comparative analysis of the drug sensitivity of patients with
metastatic gastrointestinal cancers and that of corresponding PDO
models, they showed that the PDO model can accurately recapitulate
patient responses in the clinic and could be implemented in
personalized medicine programs to define cancer vulnerabilities
while improving treatment responses (171). Two organoid platforms
that capture intra- and interpatient heterogeneity were also successfully
developed from multiple stages and subtypes of ovarian cancer. PDO
drug screening of both chemotherapeutics (platinum/taxanes) and
targeted agents (PIK3K/AKT/mTOR inhibitors or PARP inhibitors)
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revealed relevant differences in drug sensitivity which significantly
correlated with clinical responses (188, 189).

In 2020, Calandrini et al. described the first pediatric cancer
organoid biobank consisting of tumor and matching normal
organoid cultures from over 50 children with different subtypes of
kidney cancer, including Wilms tumors, malignant rhabdoid
tumors, renal cell carcinomas, and congenital mesoblastic
nephromas. By using this approach, they identified treatments
with the best therapeutic ratio, considering both tumor efficacy
and normal tissue toxicity (190). Yao et al. established a living
organoid biobank of locally advanced rectal cancer and showed that
PDOs could predict chemoradiation responses in patients (191).
Yet, Lee et al,, screened 50 drugs in organoid models of bladder
cancer, expressing the FGF receptor, mitogen-activated protein
kinase, and the mechanistic target of rapamycin inhibitors (192).
More recently, Song and colleagues reported methods for
generating and biobanking high-fidelity patient-derived
glioblastoma organoids to test personalized therapies and model
CAR T cell-based immunotherapy (179).

A less described application of organoids lies in a better
understanding and prediction of treatment-related side effects,
which is often observed with targeted therapy. As organoids can
be generated from both healthy and tumor tissues of the same
patient, they offer the possibility to screen for drugs that specifically
target tumor cells while leaving normal cells unharmed thus
potentially reducing toxicities in clinical trials (193).

Despite the multiple downstream therapeutic applications of
tumor organoids, the lack of stromal components and of an
immune-competent microenvironment may hamper the
implementation of this approach in a clinical setting. Therefore
significant efforts have already being made in order to incorporate
aspects of the TME into the cancer organoid system and thus to
decipher complex tumor immune cell crosstalks, to identify
immune evasion mechanisms and to determine the effectiveness
of various immunotherapeutic approaches (194).

Three main strategies have been developed to date to capture
TME cell heterogeneity and heterotypic cell interactions,
specifically: (i) reconstituted submerged cultures (195), (ii)
holistic microfluidic 3D cultures (196), and (iii) air-liquid
interface (ALI) cultures (197).

In reconstituted TME models, organoids containing exclusively
cancer cells, derived from mechanically and enzymatically
dissociated tissues, are cultured in ECM domes (e.g., MatrigelTM
or Cultrex® Basement Membrane Extract) and submerged beneath
tissue culture medium. Exact culture conditions are customized for
specific tumor histologies, but often include various growth factors
and/or pathway inhibitors which allow stem cells to undergo self-
renewal and differentiation (e.g, in intestinal organoids) (20). To
model the TME, exogenous immune cells, such as those from
autologous peripheral blood or tumor bulk, are isolated and
subsequently co-cultured with grown organoids. Such submerged
reconstituted PDOs are suitable for modeling cancer disease and for
screening drug efficacy by recapitulating not only the genetic and
phenotypic diversity of original tumors, but also the functional
patient responses to clinical treatment (187, 198). Several
reconstitution approaches were developed by supplementing PDO

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1175503
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Manduca et al.

cultures with CAFs. Interestingly, human ductal adenocarcinoma
(PDAC) organoids co-cultured with CAFs revealed that CAF-
secreted Wnt drives organoid growth in Wnt-non-producing
PDAC subtypes (156). Additionally, co-culture of murine
pancreatic stellate cells with PDAC organoids revealed
desmoplastic stroma production and heterogeneous CAF
differentiation into two distinct subtypes: IL-6-expressing
inflammatory CAFs activated by paracrine secreted factors from
tumor cells, and high aSMA-expressing myofibroblast-like CAFs
that interact with tumor cells (199). Of note, in another study
reconstituted PDOs enabled the identification of IL-1 and TGFp as
tumor-secreted ligands responsible of shaping the above-mentioned
CAF heterogeneity (200). Similarly, Ebbing, van der Zalm et al. co-
cultured oesophageal adenocarcinoma organoids with patient-
derived CAFs and found that stromal-derived IL-6 drove
epithelial-to-mesenchymal transition and therapeutic resistance
(201). Diverse immune cell reconstitution of submerged
MatrigelTM organoids has also been performed. By co-culturing
patient-matched CAFs and peripheral blood lymphocytes (PBLs)
with PDAC organoids, Tsai et al. demonstrated myofibroblast-like
CAF activation and tumor organoid lymphocyte infiltration (202).
A noteworthy study reported a more complex setup involving a
triple co-culture of mouse gastric tumor organoids, DCs and
cytotoxic T lymphocytes (CTLs). In the presence of anti- PD-L1
neutralizing antibody, antigen stimulated-CTLs killed gastric tumor
organoids, suggesting that the reconstitution of multiple immune
cells may allow the study of tumor-immune and immune-immune
cell crosstalks (203). Furthermore, reconstitution models of tumor
organoids with autologous PBLs hold the potential to predict the
functionality of TILs after ICB-based therapy. In a proof-of-
principle study, Ramsay and colleagues co-cultured human
colorectal cancer organoids with TILs and observed that
exposition to anti-PD-1 antibody partially restored antitumor
immunity of PD1-expressing T cells (204). Accordingly, Voest’s
group generated tumor-reactive CD4" and CD8" T lymphocytes by
co-culturing autologous PBMCs with colorectal cancer or NSCLC
PDOs, in medium supplemented with IL-2, anti-CD28, and anti-
PD1 (195, 205). In a clinical study with early stage colon cancer
patients treated with neoadjuvant immunotherapy, Chalabi et al.
used the same autologous organoid and PBMC co-culture system to
potentially correlate ex vivo induced T cell reactivity to patient
response. However, T cell reactivity could only be partly linked to
clinical response, due to the absence of anti-CTLA4 in the co-
culture system and lack of key TME constituents (206). Organoid-
based immune assays have also been explored to provide a rationale
for combination treatments of targeted MEK or BRAF inhibitors
with multiple ICB agents (207).

Given their adaptability, tumor organoids have been applied for
numerous other immunotherapeutic approaches. In this regard,
Gonzalez-Exposito et al. used patient-derived colorectal cancer
organoids to gain insight into treatment response to cibisatamab,
a carcinoembryonic antigen (CEA)-targeting bispecific antibody
(208) demonstrating that heterogeneity and plasticity of CEA
expression conferred low sensitivity to such an agent. Moreover,
tumor organoids may support studies in the field of adoptive
cellular therapy (ACT), including the use of tumor TIL, NK, and
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CAR-T cell treatments. Intriguingly, Schnalzger et al. used available
matching normal and tumor organoids to explore tumor antigen-
specific cytotoxicity of CAR-NK cells (209).

Otherwise, holistic TME models preserve, as a cohesive unit, the
intrinsic immune microenvironment of tumor specimens along
with tumor cells. Of interest, spheroid-based organotypic cultures
within collagen gels in 3D microfluidic culture devices have been
adapted to culture murine- or patient-derived tumors (114). Briefly,
tumor spheroids from syngeneic immunocompetent murine
models and patient tumor specimens, such as melanoma and
Merkel cell carcinoma, were mixed with collagen gels, injected
into microfluidic devices and cultured for 1-2 weeks (196, 210, 211).
Flow cytometric immune cell profiling showed that such
organotypic cultures were able to retain cancer cells as well as
autologous lymphoid and myeloid cell populations while
recapitulating the in vivo therapeutic sensitivity and resistance
profile to PD-1 blockade (211). In vitro culture systems are
further being deployed to explore novel mechanisms, therapeutic
combinations, and putative biomarkers relevant to ICB response
and resistance. In another study, small-molecule screening
identified CDK4/6 inhibitors as compounds enhancing T cell
activation in PD-1-overexpressing Jurkat T cells. Combination of
CDK4/6 inhibition and PD-1 blockade significantly induced tumor
cell death in vitro in MC38 murine-derived organoids, as evidenced
by tumor live/dead staining as well as by T cell-mediated tumor
growth inhibition in vivo in syngeneic MC38 and CT26 mouse
models (210).

More recently, ALI cultures offer a valuable and more
sophisticated alternative to co-culture the original tumor
epithelium en bloc with its native stromal and immune cells
without any reconstitution (212). In this method tumor organoids
from minced primary tissue fragments containing both tumor cells
and immune components are embedded in a collagen gel within an
inner transwell dish. Culture medium in an outer dish diffuses via
the permeable transwell into the inner dish and the top of collagen
layer is exposed to air via an AL allowing cells access to a sufficient
oxygen supply (197). Initially, ALI organoid method was developed
to culture different normal tissues, including small intestine, colon,
stomach, and pancreas, which were shown to comprise both
epithelial and mesenchymal components. Subsequently, this
technology was extended to the establishment of PDOs from
human biopsies, such as melanoma, renal cell carcinoma, and
non-small cell lung cancer, as well as from murine tumors in
syngeneic immunocompetent mice (197). ALI PDOs preserve not
only the genetic alterations of the original tumor, but also the
complex cellular composition and architecture of the TME. Indeed,
both tumor parenchyma and stroma are retained, including
fibroblasts and a variety of endogenous infiltrating immune cell
populations, such as TAMs, T cells [T helper (Th), cytotoxic (Tc),
regulatory (Treg), and exhausted (Tex)], NK cells, and B cells (197).

Strikingly, the ALI PDOs could preserve the T cell receptor
(TCR) heterogeneity found in the original tumor and model
immune checkpoint-dependent mechanisms of immune
suppression (197). Indeed, ALI organoids grown from mouse
tumors inoculated into syngeneic immunocompetent mice (i.e.,
B16-SIY, MC38, and A20) and from diverse human cancer
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biopsies, (such as NSCLC, melanoma, and renal cell carcinoma)
exhibited antigen-specific clonal CD8" T cell expansion, activation
and subsequent tumor killing in response to anti-PD-1/PD-L1
antibodies (213).

As extensively discussed, tumor organoids have undoubtedly
emerged as physiological relevant in vitro models to study cancer
biology. However, to realize their full potential, key challenges need
to be addressed. First, the use of non-standardized and ill-defined
culture protocols across cancer organoid studies (i.e., cancer tissue
source, medium formulations, animal-derived 3D matrices)
introduces a huge technical variability that leads to a
misrepresentation of cancer’s intrinsic biological heterogeneity
which may potentially affect drug development and biomarker
discovery (214). Second, for several cancer subtypes the efficiency
of organoid derivation is extremely low and to date only few studies
were able to adapt the organoid approach for non-epithelial cancers
(11, 127). Third, established organoid cultures often include only
cancer cells and do not support long-term co-culture of other TME
cell types (212). In the future, the development of next-generation
tumor organoids will require a meticulous patient-specific
understanding of the in vivo tumor niche in order to identify the
necessary medium components to maintain non-neoplastic cells in
culture and favor heterotypic interactions. Last, but not the least,
organoids are significantly high time- and resource-consuming and
in order to become highly relevant model for translational
applications they require optimization of high-throughput and
high-content functional readout analyses, as already described
for spheroids.

3.3 Tumor-on-a-Chip models

Organ-on-a-Chip (OoC)-technology is a rapidly evolving,
highly innovative, and promising tool that allows in vitro
microscale biomimetics of human organs. By flanking and
integrating cell biology with microengineering and microfluidics,
Oo0Cs model physiological and pathological tissue
microenvironments thus breaking conventional in vitro and in
vivo impasses (215). Specifically, OoCs are multichannel
microfluidic cell-culture devices hosting multiple cell types
organized in a 3D tissue, and even organ, structure in order to
model with high fidelity, and to control with high precision, key
structural and functional units including, but not limited to,
vasculature-like perfusion, heterotypic cellular interactions, flows
of chemical gradients and mechanical forces (216-219). These
features make OoCs accurate human-relevant models critical to
address questions that conventional cell culture and animal models
do not (220, 221). Indeed, conventional in vitro models are not
complex enough to recapitulate tissue/organ pathophysiology, and
animal models do not faithfully mimic human disease and natural
and therapy-induced response (218). Since their first introduction
in basic research in the early 2000s (222-224), OoCs rapidly became
a valuable asset to model and dissect a wide range of pathologies
across all human organs (225-231) as well as to screen and test
various therapeutics (232, 233). For the sake of completeness, as the
OoC field is constantly evolving, new devices with improved
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functionality, integration, and automation are emerging that
recapitulate multi-organ-, body-, and even patient-on-chip
complexities at once, as exhaustively covered in (234-237).
Therefore, the key advantage of OoCs is the unique possibility,
they offer, to recreate a patient-tailored disease model taking into
consideration the genetic make-up, sex and gender features that
affect drug response (238). Of note, OoCs enable high-throughput,
high-resolution, live imaging, which allows to track cell trajectories
and quantify heterotypic cell interaction times at once. In addition,
end point assays could be performed to interrogate recovered cell
states at transcriptomic, proteomic and biochemical/metabolic
levels and to analyze cell secretome on perfused cell culture
media (239). All these aspects render OoC platforms perfect tools
for cancer research, which led to the rise of the ToC concept (202,
240-242) (Table 1). Today we dispose of state-of-the-art ToC
platforms that allow, in a less than 1l-inch chip, to precisely
recapitulate and timely control critical hallmarks of the TME and
to integrate all tissue components while envisioning in real-time
cell-to-cell interactions and co-evolutions (243, 244). In particular,
immunocompetent ToC (iToCs) models are emerging as precious
tools to analyze and manipulate crucial aspects affecting both cancer
onset and progression as well as response to therapy (245, 246).
Indeed, 2D cell culture models do not recapitulate the TME and in
vivo animal models do not effectively resemble its immune
contexture and the response to immunogenic and immune-based
therapies (247, 248). By in vitro mimicking human immunity,
advanced iToCs address these unmet challenges and help
understand natural and therapy-induced evolutive pressures as
well as predict the clinical efficacy and safety outcomes of tested
drugs (245). In addition, by integrating TME biomimicry with
vasculature-like perfusion, iToCs allow to tightly control and
manipulate oxygen and nutrient supply, the release of growth
factors and cytokines and the interaction with ECM components
(249, 250) and to recapitulate and systematically depict the
communication between cells in disease progression and
metastatic dissemination in an unprecedented detail (251, 252).
First generation iToCs were designed to represent study-tailored
TME where cell types and positions reflect experimental needs and
specific research questions. In their simplest form, iToCs have been
used to study 2D cell migration and immune cell chemotaxis in
response to chemokine and immune alarmin gradients (246, 253-
257). Immune cell trajectories and interaction with cancer cells were
real-time monitored and quantified by time-lapse microscopy and
automated tracking analysis (246, 254-257). In a bit more complex
system, we and others analyzed competitive immune
chemoattractant forces of cancer cells with diverse
immunogenicity by culturing in opposite, microchannel
connected, chambers three different cell types (246, 254, 257,
258). Similar devices have been used to study cancer cell
interactions with stromal and immune cells when cultured in
separate chambers (259). In a seminal study, Yu and collaborators
described a reconfigurable iToC allowing the spatiotemporal
control of paracrine signaling between pancreatic cancer cells and
TAMs (260). According to a fit-for-purpose approach, the authors
assembled a ‘stackable’ multi-culture system, in which each cell
component was cultured in a distinct layer, and then stacked,
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TABLE 1 Summary of Tumor-on-a Chip platforms.

Tumor-on-a-Chip models

Lung Cancer

Breast Cancer

Prostate Cancer

Cell types

A549, H1975, H560, LCA-
1, NCI-H1650, H2052
spheroids, BE063-T,
BE069-T spheroids

ductal carcinoma in situ
cells, MCF10A, HMT-
3522, BC tumor
organoids, MDA-MB-231,
SUM-159, SK-BR-3
spheroids

DU145, LNCaP, C4-2,
PC3, BCaP

Applications

drug response and resistance,
evaluation of photodynamic
therapy, tumor-stroma
crosstalks, tumor-bacteria
crosstalks, tumor migration and
metastasis

tumor invasiveness and
metastasis, angiogenesis, cell
cytotoxicity, drug sensitivity,
metabolic adaptation

TME mimicking, immunological
studies, drug testing

10.3389/fimmu.2023.1175503

Drugs

Gefitinib, Afatinib, Osimertinib,
Erlotinib, Cisplatin

Doxorubicin, Tirapazamine, Paclitaxel,
Taxol

Docetaxel, Paclitaxel

References (PMID)

36005014, 29029734,
29020635, 26088102,
29686328, 27606718

27549930,30482722,
30723584, 30393802,
27678304, 33094918,
36278146

30810874, 28371753,
33034643, 31427781

Colorectal Cancer

CRC-268, Caco-2,
HCT116, SW620, SW480,
HT-29, MC38 spheroids,
CT26 spheroids, colon
organoids

angiogenesis, tumor-stroma
crosstalks, immunological
studies, drug sensitivity,
nanomedicine, pharmacokinetic,
pharmacodynamic, tumor
metastasis

Bevacizumab, FOLFOX, Oxaliplatin,
Pazopanib, Vincristine, CMCht/
PAMAM dendrimer nanoparticles
loaded with gemcitabine, Doxorubicin,
Pembrolizumab, Ipilimumab, 5-
fluorouracil

30393802, 27549930,
31131324, 28544639,
27796335, 27391808,
28439087, 20126684,
29101162, 34113836

Pancreatic Cancer

Melanoma

PAC, PANC-1, PDAC162,
PDACI175, PD7591,
MH6883, PD883,
MH6556, S2-028, KPC2,
eKIC, mKIC, PDOs

MNT-1, WM-115, LOX-
IMVI, A-375, SK-Mel-28
spheroids

immunological studies, TME
mimicking, EMT investigation,
drug resistance, tumor-stroma
crosstalks, tumor invasiveness

angiogenesis, tumor-stroma
crosstalks, tumor migration, drug
resistance, immunological studies

Gemcitabine, All-trans retinoic acid,
Clodrosome, Paclitaxel

Vemurafenib

32930334, 31489365,
31546820, 31997571,
35450328, 29329547

33533390, 26542093,
36671624

Ovarian Cancer

Brain Cancer

SK-OV-3, OV90,
OVCAR-3,A2780

U-251 MG, primary GBM
cell culture, U87
spheroids, GS5, SKNBE,
PC9-BrM3

angiogenesis, tumor-stroma
crosstalks, TME mimicking,
immunological studies, tumor
invasiveness, tumor-platelet
crosstalks, tumor metastasis

TME mimicking, drug screening,
tumor cell heterogeneity, tumor
metastasis

Cisplatin, Revacept

Temozolomide, Tirapazime, Cisplatin,
Irinotecan, Isotretinoid

TME, tumor microenvironment; EMT, epithelial-to-mesenchymal transition; PDO, patient-derived organoid; GBM, glioblastoma.

28544639, 34290095,
32851999, 33524968,
35995621

31148598, 27151082,
27796335, 31016107,
29158813, 31034948

unstacked, and dynamically reconfigured over the course of the
study in order to control the spatial and temporal interaction of
these subsets. By manoeuvering the system, the authors
recapitulated the in vivo observation that paracrine signaling from
more aggressive prostate cancer cell variants tips the balance of
TAM polarization toward an anti-inflammatory, M2-like
phenotype which, in turn, promotes the formation of new blood
vessels by signaling with endothelial cells (260). Similar findings
were described by Guo et al. and Kim et al. in a NSCLC and triple-
negative breast cancer (TNBC) model, respectively (260-262). As
ECM meshwork is known to deeply condition cancer
immunosurveillance and therapeutic response (263-265), more
complex iToC systems including ECM scaffolds were developed
that allowed researchers to create a 3D TME where testing with high
fidelity the therapeutic effects of immune-based drugs (266-269).
More recently, ex vivo cultures of human tumor tissues were
introduced in iToCs as a representative platform to profile ICB-
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based therapies (211). Notably, within this setting, elaborated iToCs
have been designed that are characterized by a tightly planned
spatial compartmentalization allowing immune cell migration from
lymphnodes to blood circulation up to the TME, with the intent to
faithfully reproduce the human cancer-immunity cycle (245, 270,
271). In particular, Shim et al. established a first model of multi-
compartment iToC that recapitulates lymphnode-tumor bulk
crosstalks through a continuous perfusion of culture medium
(272). In the effort to integrate measurements of additional
chemical and physical cues (e.g., oxygen levels, cytokine and
chemokine flows, ECM stiftness and remodeling, lymphatic shear
stress and blood perfusion, among the others) working in the TME,
in vitro iToCs have been combined with multiscale in silico
modeling (273, 274). This systematic analysis offers a panoply of
combined factors and dynamics molding overall tumor behavior in
terms of progression and therapeutic response (273, 274).
Specifically, oxygen levels in ToC models have been tuned either
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by the introduction of physical barriers (266), or by placing the
device into an hypoxic, adjustable culture chamber (266), or by
naturally generating hypoxic cores within cancer spheroids (275).
Cytokine-, chemokine- and alarmin-based flow gradients can be
either pre-established in dedicated device sinks (276), or naturally
triggered by the addition of soluble factors (277), or cancer cell
death inducers (246, 257). As ECM composition and stiffness were
shown to play a role in immune cell infiltration and therapeutic
response (278), cancer matrices with diverse composition, porosity
and density have been used and the ability to either impede immune
cell migration, or promote immune-cancer cell crosstalk have been
tested (266, 279). Lymphatic and blood perfusion are crucial players
within the TME as they affect immune cell homing and cancer cell
diffusion to distant sites (280-282). However, conventional in vitro
cancer models almost always lack vascular perfusion. In this sense,
iToCs represent a significant step forward, as they inherently
include vessel-like microchannels that researchers took advantage
of for studying neo-angiogenesis (283), cancer cell spreading
through intravasation (284) and extravasation (285), and off-
target effects of anticancer treatments (286). Moving forward in
complexity and fidelity, through careful study design and co-culture
selection, researchers have integrated cancer spheroids and
organoids in iToC models (219, 287, 288). Chemical and
biological drug testing are the most promising applications of
cancer organoids-on-a-Chip as this merger greatly improves the
fidelity of TME in vitro reconstruction. Hence, on the one hand
cancer organoids, as described above, are miniaturized tumors that
follow intrinsic developmental programs, developing from self-
organizing stem cells, and resembling their in vivo counterparts
better than any other in vitro modeling, on the other hand
microfluidic platforms are man-made constructs in which
heterotypic cell components and their microenvironment are
precisely controlled (288). Moving forwards, the design of multi-
organoids in iToCs could open the possibility to test drugs on
patients routinely excluded from clinical trials, such as children and
pregnant women. However, despite the impressive advances in
iToC field and the enormous potential these models offer, issues
remain that need to be addressed to reach the ambitious goal to
broadly apply iToCs in biomedical research (289, 290). Indeed, it is
still not possible to assess some systemic drug toxicities and side
effects currently studied using animal models (e.g., vomiting,
diarrhea and alopecia). Integration of in silico modeling and
artificial intelligence-based data analysis could maybe help in this
sense and circumvent this limitation to some degree. Moreover,
iToCs need to be improved in terms of throughput, adaptability and
manufacturing. Indeed, (i) the high in vivo relevance of these
models comes at the price of low throughput, as only a few
replicates can be performed at once; (ii) the culture
microenvironment needs to be adapted to the according patient-
derived tumor, in a fit-for-purpose approach; and (iii) the high cost
and the availability of equipment and materials to realize iToCs are
a challenge to scale-up the manufacture (289-291).

In sum, while ToC models are still unable to fully replace animal
studies, the ever growing flow of innovation in the design and
development of microfluidic iToC technologies will continue to
provide ripe rewards for the cancer research and will help to solve
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unmet challenges in both basic biology and clinical patient
management, particularly in the field of immune-oncology and
cancer immunotherapy, as comprehensively reviewed in (245).

Concluding remarks

The improvement and integration of cancer spheroids, organoids
and iToCs into cancer research, drug development pipelines and patient
care hold great potential as these models offer biologic fidelity along
with experimental control as never before. Hence, 3D cancer models
help recreate, in a stepwise manner, the complexity of the TME by
making possible to decipher, monitor and timely maneuver the roles of
individual cell players and of their reciprocal interactions on tumor
progression and (immune)therapy response. Joining forces, know-hows
and skills from micro-engineers, cancer immunologists, pharmaceutical
researchers and bioinformaticians is anticipated to achieve the
ambitious goal of overcoming the near-term challenges of these
platforms in order to expand their implementation in disease
modeling and drug discovery. Our vision is that, the selection of the
right 3D cancer model for each experimental purpose, and the proper
reconstitution and handling of the immune system, allow the
development of integrated high fidelity TME representations and help
to explore fundamental biology, and to tackle key issues of drug testing
with critical impact on clinical management. This ultimately will help
refine, reduce and replace animal studies, while helping human patients.

Author contributions

MM conceived the review. MM, AS and RD wrote the
manuscript with constructive input from all authors. NM and EM
prepared display items under the supervision of MM. All authors
contributed to the article and approved the submitted version.

Funding

MM is supported by the AIRC-FIRC fellowship n. 25558.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1175503
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Manduca et al.

References

1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA: Cancer |
Clin (2022) 72:7-33. doi: 10.3322/caac.21708

2. Aboulkheyr Es H, Montazeri L, Aref AR, Vosough M, Baharvand H. Personalized
cancer medicine: An organoid approach. Trends Biotechnol (2018) 36:358-71. doi:
10.1016/j.tibtech.2017.12.005

3. Dagogo-Jack I, Shaw AT. Tumour heterogeneity and resistance to cancer
therapies. Nat Rev Clin Oncol (2018) 15:81-94. doi: 10.1038/nrclinonc.2017.166

4. Ramon YCS, Sese M, Capdevila C, Aasen T, De Mattos-Arruda L, Diaz-Cano SJ,
et al. Clinical implications of intratumor heterogeneity: Challenges and opportunities. ]
Mol Med (2020) 98:161-77. doi: 10.1007/s00109-020-01874-2

5. Vitale I, Shema E, Loi S, Galluzzi L. Intratumoral heterogeneity in cancer
progression and response to immunotherapy. Nat Med (2021) 27:212-24. doi:
10.1038/s41591-021-01233-9

6. Aldea M, Andre F, Marabelle A, Dogan S, Barlesi F, Soria JC. Overcoming
resistance to tumor-targeted and immune-targeted therapies. Cancer Discovery (2021)
11:874-99. doi: 10.1158/2159-8290.CD-20-1638

7. Gatenby RA, Brown JS. Integrating evolutionary dynamics into cancer therapy.
Nat Rev Clin Oncol (2020) 17:675-86. doi: 10.1038/s41571-020-0411-1

8. Anderson NM, Simon MC. The tumor microenvironment. Curr Biol CB (2020)
30:R921-5. doi: 10.1016/j.cub.2020.06.081

9. Valkenburg KC, de Groot AE, Pienta KJ. Targeting the tumour stroma to improve
cancer therapy. Nat Rev Clin Oncol (2018) 15:366-81. doi: 10.1038/s41571-018-0007-1

10. Roma-Rodrigues C, Mendes R, Baptista PV, Fernandes AR. Targeting tumor
microenvironment for cancer therapy. Int ] Mol Sci 20 (2019) 20(4):840. doi: 10.3390/
ijms20040840

11. LeSavage BL, Suhar RA, Broguiere N, Lutolf MP, Heilshorn SC. Next-generation
cancer organoids. Nat Mater (2022) 21:143-59. doi: 10.1038/s41563-021-01057-5

12. Jensen C, Teng Y. Is it time to start transitioning from 2D to 3D cell culture?
Front Mol Biosci (2020) 7:33. doi: 10.3389/fmolb.2020.00033

13. Wilding JL, Bodmer WF. Cancer cell lines for drug discovery and development.
Cancer Res (2014) 74:2377-84. doi: 10.1158/0008-5472.CAN-13-2971

14. Duval K, Grover H, Han LH, Mou Y, Pegoraro AF, Fredberg J, et al. Modeling
physiological events in 2D vs. 3D cell culture. Physiology (2017) 32:266-77. doi:
10.1152/physiol.00036.2016

15. Gillet JP, Varma S, Gottesman MM. The clinical relevance of cancer cell lines. |
Natl Cancer Inst (2013) 105:452-8. doi: 10.1093/jnci/djt007

16. Katt ME, Placone AL, Wong AD, Xu ZS, Searson PC. In vitro tumor models:
Advantages, disadvantages, variables, and selecting the right platform. Front Bioeng
Biotechnol (2016) 4:12. doi: 10.3389/fbioe.2016.00012

17. McMillin DW, Negri JM, Mitsiades CS. The role of tumour-stromal interactions
in modifying drug response: challenges and opportunities. Nat Rev Drug Discovery
(2013) 12:217-28. doi: 10.1038/nrd3870

18. Melissaridou S, Wiechec E, Magan M, Jain MV, Chung MK, Farnebo L, et al.
The effect of 2D and 3D cell cultures on treatment response, EMT profile and stem cell
features in head and neck cancer. Cancer Cell Int (2019) 19:16. doi: 10.1186/s12935-
019-0733-1

19. Stock K, Estrada MF, Vidic S, Gjerde K, Rudisch A, Santo VE, et al. Capturing
tumor complexity in vitro: Comparative analysis of 2D and 3D tumor models for drug
discovery. Sci Rep (2016) 6:28951. doi: 10.1038/srep28951

20. Yuki K, Cheng N, Nakano M, Kuo CJ. Organoid models of tumor immunology.
Trends Immunol (2020) 41:652-64. doi: 10.1016/j.it.2020.06.010

21. Justus CR, Leftler N, Ruiz-Echevarria M, Yang LV. In vitro cell migration and
invasion assays. ] Visual Experiments JoVE (2014) (88):51046. doi: 10.3791/51046

22. Riedl A, Schlederer M, Pudelko K, Stadler M, Walter S, Unterleuthner D, et al.
Comparison of cancer cells in 2D vs 3D culture reveals differences in AKT-mTOR-S6K
signaling and drug responses. J Cell Sci (2017) 130:203-18. doi: 10.1242/jcs.188102

23. Turetta M, Ben FD, Brisotto G, Biscontin E, Bulfoni M, Cesselli D, et al.
Emerging technologies for cancer research: Towards personalized medicine with
microfluidic platforms and 3D tumor models. Curr Med Chem (2018) 25:4616-37.
doi: 10.2174/0929867325666180605122633

24. Kersten K, de Visser KE, van Miltenburg MH, Jonkers J. Genetically engineered
mouse models in oncology research and cancer medicine. EMBO Mol Med (2017)
9:137-53. doi: 10.15252/emmm.201606857

25. Lai Y, Wei X, Lin S, Qin L, Cheng L, Li P. Current status and perspectives of
patient-derived xenograft models in cancer research. ] Hematol Oncol (2017) 10:106.
doi: 10.1186/s13045-017-0470-7

26. Bhimani J, Ball K, Stebbing J. Patient-derived xenograft models-the future of
personalised cancer treatment. Br J Cancer (2020) 122:601-2. doi: 10.1038/s41416-019-
0678-0

27. Bertotti A, Migliardi G, Galimi F, Sassi F, Torti D, Isella C, et al. A molecularly
annotated platform of patient-derived xenografts ("xenopatients") identifies HER2 as
an effective therapeutic target in cetuximab-resistant colorectal cancer. Cancer
Discovery (2011) 1:508-23. doi: 10.1158/2159-8290.CD-11-0109

Frontiers in Immunology

13

10.3389/fimmu.2023.1175503

28. Cho SY, Kang W, Han JY, Min S, Kang J, Lee A, et al. An integrative approach to
precision cancer medicine using patient-derived xenografts. Mol Cells (2016) 39:77-86.
doi: 10.14348/molcells.2016.2350

29. Hidalgo M, Amant F, Biankin AV, Budinska E, Byrne AT, Caldas C, et al.
Patient-derived xenograft models: An emerging platform for translational cancer
research. Cancer Discovery (2014) 4:998-1013. doi: 10.1158/2159-8290.CD-14-0001

30. Hidalgo M, Bruckheimer E, Rajeshkumar NV, Garrido-Laguna I, De Oliveira E,
Rubio-Viqueira B, et al. A pilot clinical study of treatment guided by personalized
tumorgrafts in patients with advanced cancer. Mol Cancer Ther (2011) 10:1311-6. doi:
10.1158/1535-7163.MCT-11-0233

31. De Angelis ML, Francescangeli F, Nicolazzo C, Xhelili E, La Torre F, Colace L,
et al. An orthotopic patient-derived xenograft (PDX) model allows the analysis of
metastasis-associated features in colorectal cancer. Front Oncol (2022) 12:869485. doi:
10.3389/fonc.2022.869485

32. DeRose YS, Wang G, Lin YC, Bernard PS, Buys SS, Ebbert MT, et al. Tumor grafts
derived from women with breast cancer authentically reflect tumor pathology, growth,
metastasis and disease outcomes. Nat Med (2011) 17:1514-20. doi: 10.1038/nm.2454

33. Gao H, Korn JM, Ferretti S, Monahan JE, Wang Y, Singh M, et al. High-
throughput screening using patient-derived tumor xenografts to predict clinical trial
drug response. Nat Med (2015) 21:1318-25. doi: 10.1038/nm.3954

34. Hoffman RM. Patient-derived orthotopic xenografts: better mimic of metastasis
than subcutaneous xenografts. Nat Rev Cancer (2015) 15:451-2. doi: 10.1038/nrc3972

35. Choi Y, Lee S, Kim K, Kim SH, Chung YJ, Lee C. Studying cancer
immunotherapy using patient-derived xenografts (PDXs) in humanized mice. Exp
Mol Med (2018) 50:1-9. doi: 10.1038/s12276-018-0167-1

36. Yada E, Wada S, Yoshida S, Sasada T. Use of patient-derived xenograft mouse
models in cancer research and treatment. Future Sci OA (2018) 4:FSO271. doi: 10.4155/
fs0a-2017-0136

37. Jespersen H, Lindberg MF, Donia M, Soderberg EMV, Andersen R, Keller U,
et al. Clinical responses to adoptive T-cell transfer can be modeled in an autologous
immune-humanized mouse model. Nat Commun (2017) 8:707. doi: 10.1038/s41467-
017-00786-z

38. Zhao Y, Shuen TWH, Toh TB, Chan XY, Liu M, Tan SY, et al. Development of a
new patient-derived xenograft humanised mouse model to study human-specific
tumour microenvironment and immunotherapy. Gut (2018) 67:1845-54. doi:
10.1136/gutjnl-2017-315201

39. Zhang X, Claerhout S, Prat A, Dobrolecki LE, Petrovic I, Lai Q, et al. A
renewable tissue resource of phenotypically stable, biologically and ethnically diverse,
patient-derived human breast cancer xenograft models. Cancer Res (2013) 73:4885-97.
doi: 10.1158/0008-5472.CAN-12-4081

40. Tetteh PW, Kretzschmar K, Begthel H, Born Mvd, Korving J, Morsink F, et al.
Generation of an inducible colon-specific cre enzyme mouse line for colon cancer
research. Proc Natl Acad Sci United States America (2016) 113:11859-64. doi: 10.1073/
pnas.1614057113

41. Ben-David U, Ha G, Tseng YY, Greenwald NF, Oh C, Shih J, et al. Patient-
derived xenografts undergo mouse-specific tumor evolution. Nat Genet (2017)
49:1567-75. doi: 10.1038/ng.3967

42. Day CP, Merlino G, Van Dyke T. Preclinical mouse cancer models: a maze of
opportunities and challenges. Cell (2015) 163:39-53. doi: 10.1016/j.cell.2015.08.068

43. Olson B, Li Y, Lin Y, Liu ET, Patnaik A. Mouse models for cancer immunotherapy
research. Cancer Discovery (2018) 8:1358-65. doi: 10.1158/2159-8290.CD-18-0044

44. Hill W, Caswell DR, Swanton C. Capturing cancer evolution using genetically
engineered mouse models (GEMMs). Trends Cell Biol (2021) 31:1007-18. doi: 10.1016/
j.tcb.2021.07.003

45. McFadden DG, Politi K, Bhutkar A, Chen FK, Song X, Pirun M, et al. Mutational
landscape of EGFR-, MYC-, and kras-driven genetically engineered mouse models of
lung adenocarcinoma. Proc Natl Acad Sci United States America (2016) 113:E6409-17.
doi: 10.1073/pnas.1613601113

46. Singh M, Murriel CL, Johnson L. Genetically engineered mouse models: closing
the gap between preclinical data and trial outcomes. Cancer Res (2012) 72:2695-700.
doi: 10.1158/0008-5472.CAN-11-2786

47. Byrne AT, Alferez DG, Amant F, Annibali D, Arribas J, Biankin AV, et al.
Interrogating open issues in cancer precision medicine with patient-derived xenografts.
Nat Rev Cancer (2017) 17:254-68. doi: 10.1038/nrc.2016.140

48. Wong CH, Siah KW, Lo AW. Estimation of clinical trial success rates and
related parameters. Biostatistics (2019) 20:273-86. doi: 10.1093/biostatistics/kxx069

49. Bissell MJ. Goodbye flat biology - time for the 3rd and the 4th dimensions. J Cell
Sci (2017) 130:3-5. doi: 10.1242/jcs.200550

50. Rodrigues J, Heinrich MA, Teixeira LM, Prakash J. 3D In vitro model (R)
evolution: Unveiling tumor-stroma interactions. Trends Cancer (2021) 7:249-64. doi:
10.1016/j.trecan.2020.10.009

51. Hirschhaeuser F, Menne H, Dittfeld C, West ], Mueller-Klieser W, Kunz-
Schughart LA. Multicellular tumor spheroids: An underestimated tool is catching up
again. ] Biotechnol (2010) 148:3-15. doi: 10.1016/j.jbiotec.2010.01.012

frontiersin.org


https://doi.org/10.3322/caac.21708
https://doi.org/10.1016/j.tibtech.2017.12.005
https://doi.org/10.1038/nrclinonc.2017.166
https://doi.org/10.1007/s00109-020-01874-2
https://doi.org/10.1038/s41591-021-01233-9
https://doi.org/10.1158/2159-8290.CD-20-1638
https://doi.org/10.1038/s41571-020-0411-1
https://doi.org/10.1016/j.cub.2020.06.081
https://doi.org/10.1038/s41571-018-0007-1
https://doi.org/10.3390/ijms20040840
https://doi.org/10.3390/ijms20040840
https://doi.org/10.1038/s41563-021-01057-5
https://doi.org/10.3389/fmolb.2020.00033
https://doi.org/10.1158/0008-5472.CAN-13-2971
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1093/jnci/djt007
https://doi.org/10.3389/fbioe.2016.00012
https://doi.org/10.1038/nrd3870
https://doi.org/10.1186/s12935-019-0733-1
https://doi.org/10.1186/s12935-019-0733-1
https://doi.org/10.1038/srep28951
https://doi.org/10.1016/j.it.2020.06.010
https://doi.org/10.3791/51046
https://doi.org/10.1242/jcs.188102
https://doi.org/10.2174/0929867325666180605122633
https://doi.org/10.15252/emmm.201606857
https://doi.org/10.1186/s13045-017-0470-7
https://doi.org/10.1038/s41416-019-0678-0
https://doi.org/10.1038/s41416-019-0678-0
https://doi.org/10.1158/2159-8290.CD-11-0109
https://doi.org/10.14348/molcells.2016.2350
https://doi.org/10.1158/2159-8290.CD-14-0001
https://doi.org/10.1158/1535-7163.MCT-11-0233
https://doi.org/10.3389/fonc.2022.869485
https://doi.org/10.1038/nm.2454
https://doi.org/10.1038/nm.3954
https://doi.org/10.1038/nrc3972
https://doi.org/10.1038/s12276-018-0167-1
https://doi.org/10.4155/fsoa-2017-0136
https://doi.org/10.4155/fsoa-2017-0136
https://doi.org/10.1038/s41467-017-00786-z
https://doi.org/10.1038/s41467-017-00786-z
https://doi.org/10.1136/gutjnl-2017-315201
https://doi.org/10.1158/0008-5472.CAN-12-4081
https://doi.org/10.1073/pnas.1614057113
https://doi.org/10.1073/pnas.1614057113
https://doi.org/10.1038/ng.3967
https://doi.org/10.1016/j.cell.2015.08.068
https://doi.org/10.1158/2159-8290.CD-18-0044
https://doi.org/10.1016/j.tcb.2021.07.003
https://doi.org/10.1016/j.tcb.2021.07.003
https://doi.org/10.1073/pnas.1613601113
https://doi.org/10.1158/0008-5472.CAN-11-2786
https://doi.org/10.1038/nrc.2016.140
https://doi.org/10.1093/biostatistics/kxx069
https://doi.org/10.1242/jcs.200550
https://doi.org/10.1016/j.trecan.2020.10.009
https://doi.org/10.1016/j.jbiotec.2010.01.012
https://doi.org/10.3389/fimmu.2023.1175503
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Manduca et al.

52. Sant S, Johnston PA. The production of 3D tumor spheroids for cancer drug
discovery. Drug Discovery Today Technol (2017) 23:27-36. doi: 10.1016/j.ddtec.2017.03.002

53. Costa EC, Moreira AF, de Melo-Diogo D, Gaspar VM, Carvalho MP, Correia IJ.
3D tumor spheroids: An overview on the tools and techniques used for their analysis.
Biotechnol Adv (2016) 34:1427-41. doi: 10.1016/j.biotechadv.2016.11.002

54. LaBarbera DV, Reid BG, Yoo BH. The multicellular tumor spheroid model for
high-throughput cancer drug discovery. Expert Opin Drug Discovery (2012) 7:819-30.
doi: 10.1517/17460441.2012.708334

55. Mehta G, Hsiao AY, Ingram M, Luker GD, Takayama S. Opportunities and
challenges for use of tumor spheroids as models to test drug delivery and efficacy. J
Controlled Release (2012) 164:192-204. doi: 10.1016/j.jconrel.2012.04.045

56. Zanoni M, Piccinini F, Arienti C, Zamagni A, Santi S, Polico R, et al. 3D tumor
spheroid models for in vitro therapeutic screening: A systematic approach to enhance
the biological relevance of data obtained. Sci Rep (2016) 6:19103. doi: 10.1038/
srepl19103

57. Weiswald LB, Bellet D, Dangles-Marie V. Spherical cancer models in tumor
biology. Neoplasia (2015) 17:1-15. doi: 10.1016/j.ne0.2014.12.004

58. Costa EC, Gaspar VM, Coutinho P, Correia IJ. Optimization of liquid overlay
technique to formulate heterogenic 3D co-cultures models. Biotechnol Bioeng (2014)
111:1672-85. doi: 10.1002/bit.25210

59. Daum AK, Dittmann J, Jansen L, Peters S, Dahmen U, Heger ]I, et al. ITIH5
shows tumor suppressive properties in cervical cancer cells grown as multicellular
tumor spheroids. Am ] Trans Res (2021) 13:10298-314.

60. Ludwig K, Tse ES, Wang JY. Colon cancer cells adopt an invasive phenotype
without mesenchymal transition in 3-d but not 2-d culture upon combined stimulation
with EGF and crypt growth factors. BMC Cancer (2013) 13:221. doi: 10.1186/1471-
2407-13-221

61. Amann A, Zwierzina M, Gamerith G, Bitsche M, Huber JM, Vogel GF, et al.
Development of an innovative 3D cell culture system to study tumour-stroma
interactions in non-small cell lung cancer cells. PloS One (2014) 9:¢92511. doi:
10.1371/journal.pone.0092511

62. Dufau [, Frongia C, Sicard F, Dedieu L, Cordelier P, Ausseil F, et al. Multicellular
tumor spheroid model to evaluate spatio-temporal dynamics effect of
chemotherapeutics: Application to the gemcitabine/CHKI1 inhibitor combination in
pancreatic cancer. BMC Cancer (2012) 12:15. doi: 10.1186/1471-2407-12-15

63. Takagi A, Watanabe M, Ishii Y, Morita ], Hirokawa Y, Matsuzaki T, et al. Three-
dimensional cellular spheroid formation provides human prostate tumor cells with
tissue-like features. Anticancer Res (2007) 27:45-53.

64. Han SJ, Kwon S, Kim KS. Challenges of applying multicellular tumor spheroids
in preclinical phase. Cancer Cell Int (2021) 21:152. doi: 10.1186/s12935-021-01853-8

65. Breslin S, O'Driscoll L. Three-dimensional cell culture: The missing link in drug
discovery. Drug Discovery Today (2013) 18:240-9. doi: 10.1016/j.drudis.2012.10.003

66. 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: 10.1016/j.tibtech.2012.12.003

67. Nath S, Devi GR. Three-dimensional culture systems in cancer research: Focus
on tumor spheroid model. Pharmacol Ther (2016) 163:94-108. doi: 10.1016/
j.pharmthera.2016.03.013

68. Andersen T, Auk-Emblem P, Dornish M. 3D cell culture in alginate hydrogels.
Microarrays (2015) 4:133-61. doi: 10.3390/microarrays4020133

69. Ferreira LP, Gaspar VM, Mano JF. Design of spherically structured 3D in vitro
tumor models -advances and prospects. Acta Biomater (2018) 75:11-34. doi: 10.1016/
j.actbio.2018.05.034

70. Lee JM, Park DY, Yang L, Kim EJ, Ahrberg CD, Lee KB, et al. Generation of
uniform-sized multicellular tumor spheroids using hydrogel microwells for advanced
drug screening. Sci Rep (2018) 8:17145. doi: 10.1038/s41598-018-35216-7

71. Heinrich MA, Liu W, Jimenez A, Yang J, Akpek A, Liu X, et al. 3D bioprinting:
From benches to translational applications. Small (2019) 15:e1805510. doi: 10.1002/
smll.201805510

72. Kingsley DM, Roberge CL, Rudkouskaya A, Faulkner DE, Barroso M, Intes X,
et al. Laser-based 3D bioprinting for spatial and size control of tumor spheroids and
embryoid bodies. Acta Biomater (2019) 95:357-70. doi: 10.1016/j.actbio.2019.02.014

73. Ko J, Ahn J, Kim S, Lee Y, Lee J, Park D, et al. Tumor spheroid-on-a-chip: A
standardized microfluidic culture platform for investigating tumor angiogenesis. Lab
Chip (2019) 19:2822-33. doi: 10.1039/C9LC00140A

74. Lee SW, Hong S, Jung B, Jeong SY, Byeon JH, Jeong GS, et al. In vitro lung
cancer multicellular tumor spheroid formation using a microfluidic device. Biotechnol
Bioeng (2019) 116:3041-52. doi: 10.1002/bit.27114

75. Collins T, Pyne E, Christensen M, Iles A, Pamme N, Pires IM. Spheroid-on-chip
microfluidic technology for the evaluation of the impact of continuous flow on
metastatic potential in cancer models in vitro. Biomicrofluidics (2021) 15:044103.
doi: 10.1063/5.0061373

76. Dadgar N, Gonzalez-Suarez AM, Fattahi P, Hou X, Weroha JS, Gaspar-Maia A, et al.
A microfluidic platform for cultivating ovarian cancer spheroids and testing their responses to
chemotherapies. Microsyst Nanoeng (2020) 6:93. doi: 10.1038/s41378-020-00201-6

77. Daster S, Amatruda N, Calabrese D, Ivanek R, Turrini E, Droeser RA, et al.
Induction of hypoxia and necrosis in multicellular tumor spheroids is associated with

Frontiers in Immunology

14

10.3389/fimmu.2023.1175503

resistance to chemotherapy treatment. Oncotarget (2017) 8:1725-36. doi: 10.18632/
oncotarget.13857

78. Huang BW, Gao JQ. Application of 3D cultured multicellular spheroid tumor
models in tumor-targeted drug delivery system research. J Controlled Release (2018)
270:246-59. doi: 10.1016/j.jconrel.2017.12.005

79. Rodrigues T, Kundu B, Silva-Correia J, Kundu SC, Oliveira JM, Reis RL, et al.
Emerging tumor spheroids technologies for 3D in vitro cancer modeling. Pharmacol
Ther (2018) 184:201-11. doi: 10.1016/j.pharmthera.2017.10.018

80. Rolver MG, Elingaard-Larsen LO, Pedersen SF. Assessing cell viability and death
in 3D spheroid cultures of cancer cells. J Visual Experiments JoVE (2019) 148. doi:
10.3791/59714-v

81. Al-Ramadan A, Mortensen AC, Carlsson J, Nestor MV. Analysis of radiation
effects in two irradiated tumor spheroid models. Oncol Lett (2018) 15:3008-16. doi:
10.3892/01.2017.7716

82. Boucherit N, Gorvel L, Olive D. 3D tumor models and their use for the testing of
immunotherapies. Front Immunol (2020) 11:603640. doi: 10.3389/fimmu.2020.603640

83. Lovitt CJ, Shelper TB, Avery VM. Evaluation of chemotherapeutics in a three-
dimensional breast cancer model. ] Cancer Res Clin Oncol (2015) 141:951-9. doi:
10.1007/s00432-015-1950-1

84. Nunes AS, Barros AS, Costa EC, Moreira AF, Correia IJ. 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: 10.1002/bit.26845

85. Al-Akra L, Bae DH, Leck LYW, Richardson DR, Jansson PJ. The biochemical
and molecular mechanisms involved in the role of tumor micro-environment stress in
development of drug resistance. Biochim Biophys Acta Gen Subj (2019) 1863:1390-7.
doi: 10.1016/j.bbagen.2019.06.007

86. Liang J, Liu B. ROS-responsive drug delivery systems. Bioeng Trans Med (2016)
1:239-51. doi: 10.1002/btm2.10014

87. Doublier S, Belisario DC, Polimeni M, Annaratone L, Riganti C, Allia E, et al. HIF-1
activation induces doxorubicin resistance in MCF7 3-d spheroids via p-glycoprotein
expression: a potential model of the chemo-resistance of invasive micropapillary
carcinoma of the breast. BMC Cancer (2012) 12:4. doi: 10.1186/1471-2407-12-4

88. Kim JW, Ho WJ, Wu BM. The role of the 3D environment in hypoxia-induced
drug and apoptosis resistance. Anticancer Res (2011) 31:3237-45.

89. Imamura Y, Mukohara T, Shimono Y, Funakoshi Y, Chayahara N, Toyoda M,
et al. Comparison of 2D- and 3D-culture models as drug-testing platforms in breast
cancer. Oncol Rep (2015) 33:1837-43. doi: 10.3892/0r.2015.3767

90. Reynolds DS, Tevis KM, Blessing WA, Colson YL, Zaman MH, Grinstaff MW. Breast
cancer spheroids reveal a differential cancer stem cell response to chemotherapeutic
treatment. Sci Rep (2017) 7:10382. doi: 10.1038/541598-017-10863-4

91. Cowan DS, Tannock IF. Factors that influence the penetration of methotrexate
through solid tissue. Int ] Cancer (2001) 91:120-5. doi: 10.1002/1097-0215(20010101)
91:1<120::AID-1JC1021>3.0.CO;2-Y

92. Raghunand N, Mahoney B, van Sluis R, Baggett B, Gillies R]. Acute metabolic
alkalosis enhances response of C3H mouse mammary tumors to the weak base
mitoxantrone. Neoplasia (2001) 3:227-35. doi: 10.1038/sj.ne0.7900151

93. Wojtkowiak JW, Verduzco D, Schramm KJ, Gillies RJ. Drug resistance and
cellular adaptation to tumor acidic pH microenvironment. Mol Pharmaceutics (2011)
8:2032-8. doi: 10.1021/mp200292¢

94. Heldin CH, Rubin K, Pietras K, Ostman A. High interstitial fluid pressure - an
obstacle in cancer therapy. Nat Rev Cancer (2004) 4:806-13. doi: 10.1038/nrc1456

95. Minchinton Al Tannock IF. Drug penetration in solid tumours. Nat Rev Cancer
(2006) 6:583-92. doi: 10.1038/nrc1893

96. Buffa FM, West C, Byrne K, Moore JV, Nahum AE. Radiation response and cure
rate of human colon adenocarcinoma spheroids of different size: The significance of
hypoxia on tumor control modelling. Int J Radiat Oncol Biol Phys (2001) 49:1109-18.
doi: 10.1016/S0360-3016(00)01533-9

97. Thakuri PS, Gupta M, Plaster M, Tavana H. Quantitative size-based analysis of
tumor spheroids and responses to therapeutics. Assay Drug Dev Technol (2019) 17:140—
9. doi: 10.1089/adt.2018.895

98. Millard M, Yakavets I, Zorin V, Kulmukhamedova A, Marchal S, Bezdetnaya L.
Drug delivery to solid tumors: The predictive value of the multicellular tumor spheroid
model for nanomedicine screening. Int ] Nanomed (2017) 12:7993-8007. doi: 10.2147/
IJN.S146927

99. Mo I, Sabino IJ, Melo-Diogo D, Lima-Sousa R, Alves CG, Correia IJ. The
importance of spheroids in analyzing nanomedicine efficacy. Nanomedicine (2020)
15:1513-25. doi: 10.2217/nnm-2020-0054

100. Courau T, Bonnereau J, Chicoteau J, Bottois H, Remark R, Assante Miranda L,
et al. Cocultures of human colorectal tumor spheroids with immune cells reveal the
therapeutic potential of MICA/B and NKG2A targeting for cancer treatment. J
Immunother Cancer (2019) 7:74. doi: 10.1186/s40425-019-0553-9

101. Varesano S, Zocchi MR, Poggi A. Zoledronate triggers Vdelta2 T cells to
destroy and kill spheroids of colon carcinoma: Quantitative image analysis of three-
dimensional cultures. Front Immunol (2018) 9:998. doi: 10.3389/fimmu.2018.00998

102. Zhang Z, Jiang D, Yang H, He Z, Liu X, Qin W, et al. Modified CAR T cells targeting
membrane-proximal epitope of mesothelin enhances the antitumor function against large
solid tumor. Cell Death Dis (2019) 10:476. doi: 10.1038/s41419-019-1711-1

frontiersin.org


https://doi.org/10.1016/j.ddtec.2017.03.002
https://doi.org/10.1016/j.biotechadv.2016.11.002
https://doi.org/10.1517/17460441.2012.708334
https://doi.org/10.1016/j.jconrel.2012.04.045
https://doi.org/10.1038/srep19103
https://doi.org/10.1038/srep19103
https://doi.org/10.1016/j.neo.2014.12.004
https://doi.org/10.1002/bit.25210
https://doi.org/10.1186/1471-2407-13-221
https://doi.org/10.1186/1471-2407-13-221
https://doi.org/10.1371/journal.pone.0092511
https://doi.org/10.1186/1471-2407-12-15
https://doi.org/10.1186/s12935-021-01853-8
https://doi.org/10.1016/j.drudis.2012.10.003
https://doi.org/10.1016/j.tibtech.2012.12.003
https://doi.org/10.1016/j.pharmthera.2016.03.013
https://doi.org/10.1016/j.pharmthera.2016.03.013
https://doi.org/10.3390/microarrays4020133
https://doi.org/10.1016/j.actbio.2018.05.034
https://doi.org/10.1016/j.actbio.2018.05.034
https://doi.org/10.1038/s41598-018-35216-7
https://doi.org/10.1002/smll.201805510
https://doi.org/10.1002/smll.201805510
https://doi.org/10.1016/j.actbio.2019.02.014
https://doi.org/10.1039/C9LC00140A
https://doi.org/10.1002/bit.27114
https://doi.org/10.1063/5.0061373
https://doi.org/10.1038/s41378-020-00201-6
https://doi.org/10.18632/oncotarget.13857
https://doi.org/10.18632/oncotarget.13857
https://doi.org/10.1016/j.jconrel.2017.12.005
https://doi.org/10.1016/j.pharmthera.2017.10.018
https://doi.org/10.3791/59714-v
https://doi.org/10.3892/ol.2017.7716
https://doi.org/10.3389/fimmu.2020.603640
https://doi.org/10.1007/s00432-015-1950-1
https://doi.org/10.1002/bit.26845
https://doi.org/10.1016/j.bbagen.2019.06.007
https://doi.org/10.1002/btm2.10014
https://doi.org/10.1186/1471-2407-12-4
https://doi.org/10.3892/or.2015.3767
https://doi.org/10.1038/s41598-017-10863-4
https://doi.org/10.1002/1097-0215(20010101)91:1%3C120::AID-IJC1021%3E3.0.CO;2-Y
https://doi.org/10.1002/1097-0215(20010101)91:1%3C120::AID-IJC1021%3E3.0.CO;2-Y
https://doi.org/10.1038/sj.neo.7900151
https://doi.org/10.1021/mp200292c
https://doi.org/10.1038/nrc1456
https://doi.org/10.1038/nrc1893
https://doi.org/10.1016/S0360-3016(00)01533-9
https://doi.org/10.1089/adt.2018.895
https://doi.org/10.2147/IJN.S146927
https://doi.org/10.2147/IJN.S146927
https://doi.org/10.2217/nnm-2020-0054
https://doi.org/10.1186/s40425-019-0553-9
https://doi.org/10.3389/fimmu.2018.00998
https://doi.org/10.1038/s41419-019-1711-1
https://doi.org/10.3389/fimmu.2023.1175503
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Manduca et al.

103. Adusumilli PS, Zauderer MG, Riviere I, Solomon SB, Rusch VW, O'Cearbhaill RE,
et al. A phase I trial of regional mesothelin-targeted CAR T-cell therapy in patients with
malignant pleural disease, in combination with the anti-PD-1 agent pembrolizumab. Cancer
Discovery (2021) 11:2748-63. doi: 10.1158/2159-8290.CD-21-0407

104. Cherkassky L, Morello A, Villena-Vargas ], Feng Y, Dimitrov DS, Jones DR,
et al. Human CAR T cells with cell-intrinsic PD-1 checkpoint blockade resist tumor-
mediated inhibition. J Clin Invest (2016) 126:3130-44. doi: 10.1172/JCI83092

105. Grosser R, Cherkassky L, Chintala N, Adusumilli PS. Combination
immunotherapy with CAR T cells and checkpoint blockade for the treatment of
solid tumors. Cancer Cell (2019) 36:471-82. doi: 10.1016/j.ccell.2019.09.006

106. Gopal S, Kwon SJ, Ku B, Lee DW, Kim J, Dordick JS. 3D tumor spheroid
microarray for high-throughput, high-content natural killer cell-mediated cytotoxicity.
Commun Biol (2021) 4:893. doi: 10.1038/s42003-021-02417-2

107. Jin MZ, Jin WL. The updated landscape of tumor microenvironment and drug
repurposing. Signal Transduct Targeted Ther (2020) 5:166. doi: 10.1038/s41392-020-00280-x

108. Jeong SY, Lee JH, Shin Y, Chung S, Kuh HJ. Co-Culture of tumor spheroids
and fibroblasts in a collagen matrix-incorporated microfluidic chip mimics reciprocal
activation in solid tumor microenvironment. PloS One (2016) 11:¢0159013. doi:
10.1371/journal.pone.0159013

109. Lazzari G, Nicolas V, Matsusaki M, Akashi M, Couvreur P, Mura S.
Multicellular spheroid based on a triple co-culture: A novel 3D model to mimic
pancreatic tumor complexity. Acta Biomater (2018) 78:296-307. doi: 10.1016/
j.actbio.2018.08.008

110. Herter S, Morra L, Schlenker R, Sulcova J, Fahrni L, Waldhauer 1, et al. A novel
three-dimensional heterotypic spheroid model for the assessment of the activity of
cancer immunotherapy agents. Cancer Immunol Immunother CII (2017) 66:129-40.
doi: 10.1007/s00262-016-1927-1

111. Rebelo SP, Pinto C, Martins TR, Harrer N, Estrada MF, Loza-Alvarez P, et al.
3D-3-culture: A tool to unveil macrophage plasticity in the tumour microenvironment.
Biomaterials (2018) 163:185-97. doi: 10.1016/j.biomaterials.2018.02.030

112. Kuen J, Darowski D, Kluge T, Majety M. Pancreatic cancer cell/fibroblast co-
culture induces M2 like macrophages that influence therapeutic response in a 3D
model. PloS One (2017) 12:¢0182039. doi: 10.1371/journal.pone.0182039

113. Abbott RD, Kaplan DL. Strategies for improving the physiological relevance of
human engineered tissues. Trends Biotechnol (2015) 33:401-7. doi: 10.1016/
j.tibtech.2015.04.003

114. Sontheimer-Phelps A, Hassell BA, Ingber DE. Modelling cancer in microfluidic
human organs-on-chips. Nat Rev Cancer (2019) 19:65-81. doi: 10.1038/s41568-018-0104-6

115. Friedrich J, Eder W, Castaneda J, Doss M, Huber E, Ebner R, et al. A reliable
tool to determine cell viability in complex 3-d culture: the acid phosphatase assay. |
Biomol Screening (2007) 12:925-37. doi: 10.1177/1087057107306839

116. Ho WY, Yeap SK, Ho CL, Rahim RA, Alitheen NB. Development of
multicellular tumor spheroid (MCTS) culture from breast cancer cell and a high
throughput screening method using the MTT assay. PloS One (2012) 7:¢44640. doi:
10.1371/journal.pone.0044640

117. Mittler F, Obeid P, Rulina AV, Haguet V, Gidrol X, Balakirev MY. High-
content monitoring of drug effects in a 3D spheroid model. Front Oncol (2017) 7:293.
doi: 10.3389/fonc.2017.00293

118. Sirenko O, Mitlo T, Hesley J, Luke S, Owens W, Cromwell EF. High-content
assays for characterizing the viability and morphology of 3D cancer spheroid cultures.
Assay Drug Dev Technol (2015) 13:402-14. doi: 10.1089/adt.2015.655

119. Gomez-Cortes JC, Diaz-Carmona JJ, Padilla-Medina JA, Calderon AE,
Gutierrez AIB, Gutierrez-Lopez M, et al. Electrical impedance tomography technical
contributions for detection and 3D geometric localization of breast tumors: A
systematic review. Micromachines (2022) 13:496. doi: 10.3390/mi13040496

120. Ma HL, Jiang Q, Han S, Wu Y, Cui Tomshine J, Wang D, et al. Multicellular
tumor spheroids as an in vivo-like tumor model for three-dimensional imaging of
chemotherapeutic and nano material cellular penetration. Mol Imaging (2012) 11:487-
98. doi: 10.2310/7290.2012.00012

121. Murali VS, Chang BJ, Fiolka R, Danuser G, Cobanoglu MC, Welf ES. An
image-based assay to quantify changes in proliferation and viability upon drug
treatment in 3D microenvironments. BMC Cancer (2019) 19:502. doi: 10.1186/
512885-019-5694-1

122. Robertson FM, Ogasawara MA, Ye Z, Chu K, Pickei R, Debeb BG, et al.
Imaging and analysis of 3D tumor spheroids enriched for a cancer stem cell phenotype.
] Biomol Screening (2010) 15:820-9. doi: 10.1177/1087057110376541

123. Beaumont KA, Anfosso A, Ahmed F, Weninger W, Haass NK. Imaging- and
flow cytometry-based analysis of cell position and the cell cycle in 3D melanoma
spheroids. J Visual Experiments JoVE (2015) 106:¢53486. doi: 10.3791/53486

124. Mischiati C, Ura B, Roncoroni L, Elli L, Cervellati C, Squerzanti M, et al.
Changes in protein expression in two cholangiocarcinoma cell lines undergoing
formation of multicellular tumor spheroids in vitro. PloS One (2015) 10:e0118906.
doi: 10.1371/journal.pone.0118906

125. Donnenberg VS, Zhang JJ, Moravcikova E, Meyer EM, Lu H, Carson CT, et al.
Antibody-based cell-surface proteome profiling of metastatic breast cancer primary
explants and cell lines. Cytomet Part A ] Int Soc Anal Cytol (2018) 93:448-57. doi:
10.1002/cyto0.a.23300

Frontiers in Immunology

15

10.3389/fimmu.2023.1175503

126. Clevers H. Modeling development and disease with organoids. Cell (2016)
165:1586-97. doi: 10.1016/j.cell.2016.05.082

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

128. Lancaster MA, Knoblich JA. Organogenesis in a dish: modeling development
and disease using organoid technologies. Science (2014) 345:1247125. doi: 10.1126/
science.1247125

129. Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles ME, et al.
Cerebral organoids model human brain development and microcephaly. Nature (2013)
501:373-9. doi: 10.1038/nature12517

130. Dang]J, Tiwari SK, Lichinchi G, Qin Y, Patil VS, Eroshkin AM, et al. Zika virus
depletes neural progenitors in human cerebral organoids through activation of the
innate immune receptor TLR3. Cell Stem Cell (2016) 19:258-65. doi: 10.1016/
j.stem.2016.04.014

131. Eiraku M, Watanabe K, Matsuo-Takasaki M, Kawada M, Yonemura S,
Matsumura M, et al. Self-organized formation of polarized cortical tissues from ESCs
and its active manipulation by extrinsic signals. Cell Stem Cell (2008) 3:519-32. doi:
10.1016/j.stem.2008.09.002

132. Sato T, Vries RG, Snippert HJ, de Wetering Mv, Barker N, Stange DE, et al.
Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal
niche. Nature (2009) 459:262-5. doi: 10.1038/nature07935

133. Sato T, Stange DE, Ferrante M, Vries RG, Van Es JH, Van den Brink §, et al.
Long-term expansion of epithelial organoids from human colon, adenoma,
adenocarcinoma, and barrett's epithelium. Gastroenterology (2011) 141:1762-72. doi:
10.1053/j.gastro.2011.07.050

134. Boj SF, Hwang CI, Baker LA, Chio II, D.D. Engle V, Jager M, et al. Organoid
models of human and mouse ductal pancreatic cancer. Cell (2015) 160:324-38. doi:
10.1016/j.cell.2014.12.021

135. Huch M, Gehart H, van Boxtel R, Hamer K, Blokzijl F, Verstegen MM, et al.
Long-term culture of genome-stable bipotent stem cells from adult human liver. Cell
(2015) 160:299-312. doi: 10.1016/j.cell.2014.11.050

136. Chua CW, Shibata M, Lei M, Toivanen R, Barlow L], Bergren SK, et al. Single
luminal epithelial progenitors can generate prostate organoids in culture. Nat Cell Biol
(2014) 16:951-61, 1-4. doi: 10.1038/ncb3047

137. Drost J, Karthaus WR, Gao D, Drichuis E, Sawyers CL, Chen Y, et al. Organoid
culture systems for prostate epithelial and cancer tissue. Nat Protoc (2016) 11:347-58.
doi: 10.1038/nprot.2016.006

138. Karthaus WR, Taquinta PJ, Drost ], Gracanin A, van Boxtel R, Wongyvipat J,
et al. Identification of multipotent luminal progenitor cells in human prostate organoid
cultures. Cell (2014) 159:163-75. doi: 10.1016/j.cell.2014.08.017

139. Bartfeld S, Bayram T, van de Wetering M, Huch M, Begthel H, Kujala P, et al.
In vitro expansion of human gastric epithelial stem cells and their responses to
bacterial infection. Gastroenterology (2015) 148:126-136 e6. doi: 10.1053/
j.gastro.2014.09.042

140. Rock JR, Onaitis MW, Rawlins EL, Lu Y, Clark CP, Xue Y, et al. Basal cells as
stem cells of the mouse trachea and human airway epithelium. Proc Natl Acad Sci
United States America (2009) 106:12771-5. doi: 10.1073/pnas.0906850106

141. Turco MY, Gardner L, Hughes J, Cindrova-Davies T, Gomez M]J, Farrell L,
et al. Long-term, hormone-responsive organoid cultures of human endometrium in a
chemically defined medium. Nat Cell Biol (2017) 19:568-77. doi: 10.1038/ncb3516

142. Kessler M, Hoffmann K, Brinkmann V, Thieck O, Jackisch S, Toelle B, et al.
The notch and wnt pathways regulate stemness and differentiation in human fallopian
tube organoids. Nat Commun (2015) 6:8989. doi: 10.1038/ncomms9989

143. Ren W, Lewandowski BC, Watson ], Aihara E, Iwatsuki K, Bachmanov AA,
et al. Single Lgr5- or Lgr6-expressing taste stem/progenitor cells generate taste bud cells
ex vivo. Proc Natl Acad Sci United States America (2014) 111:16401-6. doi: 10.1073/
pnas.1409064111

144. Maimets M, Rocchi C, Bron R, Pringle S, Kuipers J, Giepmans BN, et al. Long-
term In vitro expansion of salivary gland stem cells driven by wnt signals. Stem Cell Rep
(2016) 6:150-62. doi: 10.1016/j.stemcr.2015.11.009

145. Sachs N, de Ligt J, Kopper O, Gogola E, Bounova G, Weeber F, et al. A living
biobank of breast cancer organoids captures disease heterogeneity. Cell (2018) 172:373—
386 €10. doi: 10.1016/j.cell.2017.11.010

146. Mariani J, Simonini MV, Palejev D, Tomasini L, Coppola G, Szekely AM, et al.
Modeling human cortical development in vitro using induced pluripotent stem cells. Proc
Natl Acad Sci United States America (2012) 109:12770-5. doi: 10.1073/pnas.1202944109

147. Sachs N, Clevers H. Organoid cultures for the analysis of cancer phenotypes.
Curr Opin Genet Dev (2014) 24:68-73. doi: 10.1016/j.gde.2013.11.012

148. Veninga V, Voest EE. Tumor organoids: Opportunities and challenges to guide
precision medicine. Cancer Cell (2021) 39:1190-201. doi: 10.1016/j.ccell.2021.07.020

149. Crespo M, Vilar E, Tsai SY, Chang K, Amin S, Srinivasan T, et al. Colonic
organoids derived from human induced pluripotent stem cells for modeling colorectal
cancer and drug testing. Nat Med (2017) 23:878-84. doi: 10.1038/nm.4355

150. Drost J, van Boxtel R, Blokzijl F, Mizutani T, Sasaki N, Sasselli V, et al. Use of
CRISPR-modified human stem cell organoids to study the origin of mutational
signatures in cancer. Science (2017) 358:234-8. doi: 10.1126/science.aa03130

frontiersin.org


https://doi.org/10.1158/2159-8290.CD-21-0407
https://doi.org/10.1172/JCI83092
https://doi.org/10.1016/j.ccell.2019.09.006
https://doi.org/10.1038/s42003-021-02417-2
https://doi.org/10.1038/s41392-020-00280-x
https://doi.org/10.1371/journal.pone.0159013
https://doi.org/10.1016/j.actbio.2018.08.008
https://doi.org/10.1016/j.actbio.2018.08.008
https://doi.org/10.1007/s00262-016-1927-1
https://doi.org/10.1016/j.biomaterials.2018.02.030
https://doi.org/10.1371/journal.pone.0182039
https://doi.org/10.1016/j.tibtech.2015.04.003
https://doi.org/10.1016/j.tibtech.2015.04.003
https://doi.org/10.1038/s41568-018-0104-6
https://doi.org/10.1177/1087057107306839
https://doi.org/10.1371/journal.pone.0044640
https://doi.org/10.3389/fonc.2017.00293
https://doi.org/10.1089/adt.2015.655
https://doi.org/10.3390/mi13040496
https://doi.org/10.2310/7290.2012.00012
https://doi.org/10.1186/s12885-019-5694-1
https://doi.org/10.1186/s12885-019-5694-1
https://doi.org/10.1177/1087057110376541
https://doi.org/10.3791/53486
https://doi.org/10.1371/journal.pone.0118906
https://doi.org/10.1002/cyto.a.23300
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1038/s41568-018-0007-6
https://doi.org/10.1126/science.1247125
https://doi.org/10.1126/science.1247125
https://doi.org/10.1038/nature12517
https://doi.org/10.1016/j.stem.2016.04.014
https://doi.org/10.1016/j.stem.2016.04.014
https://doi.org/10.1016/j.stem.2008.09.002
https://doi.org/10.1038/nature07935
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1016/j.cell.2014.12.021
https://doi.org/10.1016/j.cell.2014.11.050
https://doi.org/10.1038/ncb3047
https://doi.org/10.1038/nprot.2016.006
https://doi.org/10.1016/j.cell.2014.08.017
https://doi.org/10.1053/j.gastro.2014.09.042
https://doi.org/10.1053/j.gastro.2014.09.042
https://doi.org/10.1073/pnas.0906850106
https://doi.org/10.1038/ncb3516
https://doi.org/10.1038/ncomms9989
https://doi.org/10.1073/pnas.1409064111
https://doi.org/10.1073/pnas.1409064111
https://doi.org/10.1016/j.stemcr.2015.11.009
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1073/pnas.1202944109
https://doi.org/10.1016/j.gde.2013.11.012
https://doi.org/10.1016/j.ccell.2021.07.020
https://doi.org/10.1038/nm.4355
https://doi.org/10.1126/science.aao3130
https://doi.org/10.3389/fimmu.2023.1175503
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Manduca et al.

151. DrostJ, van Jaarsveld RH, Ponsioen B, Zimberlin C, van Boxtel R, Buijs A, et al.
Sequential cancer mutations in cultured human intestinal stem cells. Nature (2015)
521:43-7. doi: 10.1038/naturel14415

152. Matano M, Date S, Shimokawa M, Takano A, Fujii M, Ohta Y, et al. Modeling
colorectal cancer using CRISPR-Cas9-mediated engineering of human intestinal
organoids. Nat Med (2015) 21:256-62. doi: 10.1038/nm.3802

153. Takeda H, Kataoka S, Nakayama M, Ali MAE, Oshima H, Yamamoto D, et al.
CRISPR-Cas9-mediated gene knockout in intestinal tumor organoids provides
functional validation for colorectal cancer driver genes. Proc Natl Acad Sci United
States America (2019) 116:15635-44. doi: 10.1073/pnas.1904714116

154. Bian S, Repic M, Guo Z, Kavirayani A, Burkard T, Bagley JA, et al. Genetically
engineered cerebral organoids model brain tumor formation. Nat Methods (2018)
15:631-9. doi: 10.1038/s41592-018-0070-7

155. Nanki K, Toshimitsu K, Takano A, Fujii M, Shimokawa M, Ohta Y, et al.
Divergent routes toward wnt and r-spondin niche independency during human gastric
carcinogenesis. Cell (2018) 174:856-869 el17. doi: 10.1016/j.cell.2018.07.027

156. Seino T, Kawasaki S, Shimokawa M, Tamagawa H, Toshimitsu K, Fujii M, et al.
Human pancreatic tumor organoids reveal loss of stem cell niche factor dependence
during disease progression. Cell Stem Cell (2018) 22:454-467 e6. doi: 10.1016/
j.stem.2017.12.009

157. Dekkers JF, Whittle JR, Vaillant F, Chen HR, Dawson C, Liu K, et al. Modeling
breast cancer using CRISPR-Cas9-Mediated engineering of human breast organoids. J
Natl Cancer Inst (2020) 112:540-4. doi: 10.1093/jnci/djz196

158. Fumagalli A, Drost J, Suijkerbuijk SJ, van Boxtel R, de Ligt J, Offerhaus GJ, et al.
Genetic dissection of colorectal cancer progression by orthotopic transplantation of
engineered cancer organoids. Proc Natl Acad Sci United States America (2017) 114:
E2357-64. doi: 10.1073/pnas.1701219114

159. Fumagalli A, Suijkerbuijk SJE, Begthel H, Beerling E, Oost KC, Snippert HJ,
et al. A surgical orthotopic organoid transplantation approach in mice to visualize and
study colorectal cancer progression. Nat Protoc (2018) 13:235-47. doi: 10.1038/
nprot.2017.137

160. de Sousa e Melo F, Kurtova AV, Harnoss JM, Kljavin N, Hoeck JD, Hung J,
et al. A distinct role for Lgr5(+) stem cells in primary and metastatic colon cancer.
Nature (2017) 543:676-80. doi: 10.1038/nature21713

161. Shimokawa M, Ohta Y, Nishikori S, Matano M, Takano A, Fujii M, et al.
Visualization and targeting of LGR5(+) human colon cancer stem cells. Nature (2017)
545:187-92. doi: 10.1038/nature22081

162. Nadauld LD, Garcia S, Natsoulis G, Bell J]M, Miotke L, Hopmans ES, et al. Metastatic
tumor evolution and organoid modeling implicate TGFBR2 as a cancer driver in diffuse
gastric cancer. Genome Biol (2014) 15:428. doi: 10.1186/s13059-014-0428-9

163. Sakamoto N, Feng Y, Stolfi C, Kurosu Y, Green M, Lin J, et al. BRAF(V600E)
cooperates with CDX2 inactivation to promote serrated colorectal tumorigenesis. eLife
(2017) 6:¢20331. doi: 10.7554/eLife.20331

164. Schwank G, Koo BK, Sasselli V, Dekkers JF, Heo I, Demircan T, et al.
Functional repair of CFTR by CRISPR/Cas9 in intestinal stem cell organoids of
cystic fibrosis patients. Cell Stem Cell (2013) 13:653-8. doi: 10.1016/j.stem.2013.11.002

165. Dow LE, O'Rourke KP, Simon J, Tschaharganeh DF, van Es JH, Clevers H, et al.
Apc restoration promotes cellular differentiation and reestablishes crypt homeostasis in
colorectal cancer. Cell (2015) 161:1539-52. doi: 10.1016/j.cell.2015.05.033

166. Gao D, Chen Y. Organoid development in cancer genome discovery. Curr Opin
Genet Dev (2015) 30:42-8. doi: 10.1016/j.gde.2015.02.007

167. van de Wetering M, Francies HE, Francis JM, Bounova G, Iorio F, Pronk A,
et al. Prospective derivation of a living organoid biobank of colorectal cancer patients.
Cell (2015) 161:933-45. doi: 10.1016/j.cell.2015.03.053

168. Weeber F, van de Wetering M, Hoogstraat M, Dijkstra KK, Krijgsman O,
Kuilman T, et al. Preserved genetic diversity in organoids cultured from biopsies of
human colorectal cancer metastases. Proc Natl Acad Sci United States America (2015)
112:13308-11. doi: 10.1073/pnas.1516689112

169. Pauli C, Hopkins BD, Prandi D, Shaw R, Fedrizzi T, Sboner A, et al.
Personalized In vitro and In vivo cancer models to guide precision medicine. Cancer
Discovery (2017) 7:462-77. doi: 10.1158/2159-8290.CD-16-1154

170. Gao D, Vela I, Sboner A, Iaquinta PJ, Karthaus WR, Gopalan A, et al. Organoid
cultures derived from patients with advanced prostate cancer. Cell (2014) 159:176-87.
doi: 10.1016/j.cell.2014.08.016

171. Vlachogiannis G, Hedayat S, Vatsiou A, Jamin Y, Fernandez-Mateos J, Khan K,
et al. Patient-derived organoids model treatment response of metastatic gastrointestinal
cancers. Science (2018) 359:920-6. doi: 10.1126/science.aa02774

172. Fujii M, Shimokawa M, Date S, Takano A, Matano M, Nanki K, et al. A
colorectal tumor organoid library demonstrates progressive loss of niche factor
requirements during tumorigenesis. Cell Stem Cell (2016) 18:827-38. doi: 10.1016/
j.stem.2016.04.003

173. Li X, Francies HE, Secrier M, Perner J, Miremadi A, Galeano-Dalmau N, et al.
Organoid cultures recapitulate esophageal adenocarcinoma heterogeneity providing a
model for clonality studies and precision therapeutics. Nat Commun (2018) 9:2983. doi:
10.1038/s41467-018-05190-9

174. Huang L, Holtzinger A, Jagan I, BeGora M, Lohse I, Ngai N, et al. Ductal
pancreatic cancer modeling and drug screening using human pluripotent stem cell- and
patient-derived tumor organoids. Nat Med (2015) 21:1364-71. doi: 10.1038/nm.3973

Frontiers in Immunology

16

10.3389/fimmu.2023.1175503

175. Kim M, Mun H, Sung CO, Cho EJ, Jeon HJ, Chun SM, et al. Patient-derived
lung cancer organoids as in vitro cancer models for therapeutic screening. Nat
Commun (2019) 10:3991. doi: 10.1038/s41467-019-11867-6

176. Seidlitz T, Merker SR, Rothe A, Zakrzewski F, von Neubeck C, Grutzmann K,
et al. Human gastric cancer modelling using organoids. Gut (2019) 68:207-17. doi:
10.1136/gutjnl-2017-314549

177. Broutier L, Mastrogiovanni G, Verstegen MM, Francies HE, Gavarro LM,
Bradshaw CR, et al. Human primary liver cancer-derived organoid cultures for disease
modeling and drug screening. Nat Med (2017) 23:1424-35. doi: 10.1038/nm.4438

178. Hill §J, Decker B, Roberts EA, Horowitz NS, Muto MG, Worley MJJr., et al.
Prediction of DNA repair inhibitor response in short-term patient-derived ovarian cancer
organoids. Cancer Discovery (2018) 8:1404-21. doi: 10.1158/2159-8290.CD-18-0474

179. Jacob F, Salinas RD, Zhang DY, Nguyen PTT, Schnoll JG, Wong SZH, et al.
And biobank recapitulates inter- and intra-tumoral heterogeneity. Cell (2020) 180:188-
204 e22. doi: 10.1016/j.cell.2019.11.036

180. Beshiri ML, Tice CM, Tran C, Nguyen HM, Sowalsky AG, Agarwal S, et al. A
PDX/Organoid biobank of advanced prostate cancers captures genomic and
phenotypic heterogeneity for disease modeling and therapeutic screening. Clin
Cancer Res (2018) 24:4332-45. doi: 10.1158/1078-0432.CCR-18-0409

181. Mullenders J, de Jongh E, Brousali A, Roosen M, Blom JPA, Begthel H, et al. Mouse
and human urothelial cancer organoids: A tool for bladder cancer research. Proc Natl Acad
Sci United States America (2019) 116:4567-74. doi: 10.1073/pnas.1803595116

182. Batchelder CA, Martinez ML, Duru N, Meyers FJ, Tarantal AF. Three
dimensional culture of human renal cell carcinoma organoids. PloS One (2015) 10:
€0136758. doi: 10.1371/journal.pone.0136758

183. Kodack DP, Farago AF, Dastur A, Held MA, Dardaei L, Friboulet L, et al.
Primary patient-derived cancer cells and their potential for personalized cancer patient
care. Cell Rep (2017) 21:3298-309. doi: 10.1016/j.celrep.2017.11.051

184. Kretzschmar K. Cancer research using organoid technology. ] Mol Med (2021)
99:501-15. doi: 10.1007/s00109-020-01990-z

185. Ooft SN, Weeber F, Dijkstra KK, McLean CM, Kaing S, van Werkhoven E, et al.
Patient-derived organoids can predict response to chemotherapy in metastatic colorectal
cancer patients. Sci Trans Med (2019) 11:eaay2574. doi: 10.1126/scitranslmed.aay2574

186. Verissimo CS, Overmeer RM, Ponsioen B, Drost ], Mertens S, Verlaan-Klink I,
et al. Targeting mutant RAS in patient-derived colorectal cancer organoids by
combinatorial drug screening. eLife 5 (2016) 5:¢18489. doi: 10.7554/eLife.18489

187. Ganesh K, Wu C, O'Rourke KP, Szeglin BC, Zheng Y, Sauve CG, et al. A rectal
cancer organoid platform to study individual responses to chemoradiation. Nat Med
(2019) 25:1607-14. doi: 10.1038/s41591-019-0584-2

188. de Witte CJ, Espejo Valle-Inclan ], Hami N, Lohmussaar K, Kopper O, Vreuls
CPH, et al. Patient-derived ovarian cancer organoids mimic clinical response and
exhibit heterogeneous inter- and intrapatient drug responses. Cell Rep (2020)
31:107762. doi: 10.1016/j.celrep.2020.107762

189. Kopper O, de Witte CJ, Lohmussaar K, Valle-Inclan JE, Hami N, Kester L, et al.
An organoid platform for ovarian cancer captures intra- and interpatient heterogeneity.
Nat Med (2019) 25:838-49. doi: 10.1038/s41591-019-0422-6

190. Calandrini C, Schutgens F, Oka R, Margaritis T, Candelli T, Mathijsen L, et al.
An organoid biobank for childhood kidney cancers that captures disease and tissue
heterogeneity. Nat Commun (2020) 11:1310. doi: 10.1038/s41467-020-15155-6

191. Yao Y, Xu X, Yang L, Zhu J, Wan J, Shen L, et al. Patient-derived organoids
predict chemoradiation responses of locally advanced rectal cancer. Cell Stem Cell
(2020) 26:17-26 e6. doi: 10.1016/j.stem.2019.10.010

192. Lee SH, Hu W, Matulay JT, Silva MV, Owczarek TB, Kim K, et al. Tumor
evolution and drug response in patient-derived organoid models of bladder cancer. Cell
(2018) 173:515-528 e17. doi: 10.1016/j.cell.2018.03.017

193. Meng Q. Three-dimensional culture of hepatocytes for prediction of drug-
induced hepatotoxicity. Expert Opin Drug Metab Toxicol (2010) 6:733-46. doi: 10.1517/
17425251003674356

194. Bar-Ephraim YE, Kretzschmar K, Clevers H. Organoids in immunological
research. Nat Rev Immunol (2020) 20:279-93. doi: 10.1038/s41577-019-0248-y

195. Dijkstra KK, Cattaneo CM, Weeber F, Chalabi M, de Haar Jv, Fanchi LF, et al.
Generation of tumor-reactive T cells by Co-culture of peripheral blood lymphocytes
and tumor organoids. Cell (2018) 174:1586-1598 el2. doi: 10.1016/j.cell.2018.07.009

196. Aref AR, Campisi M, Ivanova E, Portell A, Larios D, Piel BP, et al. 3D
microfluidic ex vivo culture of organotypic tumor spheroids to model immune
checkpoint blockade. Lab Chip (2018) 18:3129-43. doi: 10.1039/C8LC00322]

197. Li X, Ootani A, Kuo C. An air-liquid interface culture system for 3D organoid
culture of diverse primary gastrointestinal tissues. Methods Mol Biol (2016) 1422:33-40.
doi: 10.1007/978-1-4939-3603-8_4

198. Pasch CA, Favreau PF, Yueh AE, Babiarz CP, Gillette AA, Sharick JT, et al.
Patient-derived cancer organoid cultures to predict sensitivity to chemotherapy and
radiation. Clin Cancer Res (2019) 25:5376-87. doi: 10.1158/1078-0432.CCR-18-3590

199. Ohlund D, Handly-Santana A, Biffi G, Elyada E, Almeida AS, Ponz-Sarvise M,
et al. Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic
cancer. ] Exp Med (2017) 214:579-96. doi: 10.1084/jem.20162024

200. Biffi G, Oni TE, Spielman B, Hao Y, Elyada E, Park Y, et al. IL1-induced JAK/
STAT signaling is antagonized by TGFbeta to shape CAF heterogeneity in pancreatic

frontiersin.org


https://doi.org/10.1038/nature14415
https://doi.org/10.1038/nm.3802
https://doi.org/10.1073/pnas.1904714116
https://doi.org/10.1038/s41592-018-0070-7
https://doi.org/10.1016/j.cell.2018.07.027
https://doi.org/10.1016/j.stem.2017.12.009
https://doi.org/10.1016/j.stem.2017.12.009
https://doi.org/10.1093/jnci/djz196
https://doi.org/10.1073/pnas.1701219114
https://doi.org/10.1038/nprot.2017.137
https://doi.org/10.1038/nprot.2017.137
https://doi.org/10.1038/nature21713
https://doi.org/10.1038/nature22081
https://doi.org/10.1186/s13059-014-0428-9
https://doi.org/10.7554/eLife.20331
https://doi.org/10.1016/j.stem.2013.11.002
https://doi.org/10.1016/j.cell.2015.05.033
https://doi.org/10.1016/j.gde.2015.02.007
https://doi.org/10.1016/j.cell.2015.03.053
https://doi.org/10.1073/pnas.1516689112
https://doi.org/10.1158/2159-8290.CD-16-1154
https://doi.org/10.1016/j.cell.2014.08.016
https://doi.org/10.1126/science.aao2774
https://doi.org/10.1016/j.stem.2016.04.003
https://doi.org/10.1016/j.stem.2016.04.003
https://doi.org/10.1038/s41467-018-05190-9
https://doi.org/10.1038/nm.3973
https://doi.org/10.1038/s41467-019-11867-6
https://doi.org/10.1136/gutjnl-2017-314549
https://doi.org/10.1038/nm.4438
https://doi.org/10.1158/2159-8290.CD-18-0474
https://doi.org/10.1016/j.cell.2019.11.036
https://doi.org/10.1158/1078-0432.CCR-18-0409
https://doi.org/10.1073/pnas.1803595116
https://doi.org/10.1371/journal.pone.0136758
https://doi.org/10.1016/j.celrep.2017.11.051
https://doi.org/10.1007/s00109-020-01990-z
https://doi.org/10.1126/scitranslmed.aay2574
https://doi.org/10.7554/eLife.18489
https://doi.org/10.1038/s41591-019-0584-2
https://doi.org/10.1016/j.celrep.2020.107762
https://doi.org/10.1038/s41591-019-0422-6
https://doi.org/10.1038/s41467-020-15155-6
https://doi.org/10.1016/j.stem.2019.10.010
https://doi.org/10.1016/j.cell.2018.03.017
https://doi.org/10.1517/17425251003674356
https://doi.org/10.1517/17425251003674356
https://doi.org/10.1038/s41577-019-0248-y
https://doi.org/10.1016/j.cell.2018.07.009
https://doi.org/10.1039/C8LC00322J
https://doi.org/10.1007/978-1-4939-3603-8_4
https://doi.org/10.1158/1078-0432.CCR-18-3590
https://doi.org/10.1084/jem.20162024
https://doi.org/10.3389/fimmu.2023.1175503
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Manduca et al.

ductal adenocarcinoma. Cancer Discovery (2019) 9:282-301. doi: 10.1158/2159-
8290.CD-18-0710

201. Ebbing EA, van der Zalm AP, Steins A, Creemers A, Hermsen S, Rentenaar R,
et al. Stromal-derived interleukin 6 drives epithelial-to-mesenchymal transition and
therapy resistance in esophageal adenocarcinoma. Proc Natl Acad Sci United States
America (2019) 116:2237-42. doi: 10.1073/pnas.1820459116

202. Tsai HF, Trubelja A, Shen AQ, Bao G. Tumour-on-a-chip: Microfluidic models
of tumour morphology, growth and microenvironment. J R Soc Interface (2017)
14:20170137. doi: 10.1098/rsif.2017.0137

203. Chakrabarti J, Holokai L, Syu L, Steele NG, Chang J, Wang J, et al. Hedgehog
signaling induces PD-L1 expression and tumor cell proliferation in gastric cancer.
Oncotarget (2018) 9:37439-57. doi: 10.18632/oncotarget.26473

204. Kong JCH, Guerra GR, Millen RM, Roth S, Xu H, Neeson PJ, et al. Tumor-
infiltrating lymphocyte function predicts response to neoadjuvant chemoradiotherapy in
locally advanced rectal cancer. JCO Precis Oncol (2018) 2:1-15. doi: 10.1200/PO.18.00075

205. Cattaneo CM, Dijkstra KK, Fanchi LF, Kelderman S, Kaing S, van Rooij N, et al.
Tumor organoid-t-cell coculture systems. Nat Protoc (2020) 15:15-39. doi: 10.1038/
s41596-019-0232-9

206. Chalabi M, Fanchi LF, Dijkstra KK, Van den Berg JG, Aalbers AG, Sikorska K,
et al. Neoadjuvant immunotherapy leads to pathological responses in MMR-proficient
and MMR-deficient early-stage colon cancers. Nat Med (2020) 26:566-76. doi: 10.1038/
541591-020-0805-8

207. Ribas A, Lawrence D, Atkinson V, Agarwal S, Miller WH]Jr., Carlino MS, et al.
And MEK inhibition with PD-1 blockade immunotherapy in BRAF-mutant melanoma.
Nat Med (2019) 25:936-40. doi: 10.1038/s41591-019-0476-5

208. Gonzalez-Exposito R, Semiannikova M, Griffiths B, Khan K, Barber LJ,
Woolston A, et al. CEA expression heterogeneity and plasticity confer resistance to
the CEA-targeting bispecific immunotherapy antibody cibisatamab (CEA-TCB) in
patient-derived colorectal cancer organoids. J Immunother Cancer (2019) 7:101. doi:
10.1186/s40425-019-0575-3

209. Schnalzger TE, de Groot MH, Zhang C, Mosa MH, Michels BE, Roder J, et al.
3D model for CAR-mediated cytotoxicity using patient-derived colorectal cancer
organoids. EMBO ] (2019) 38:e100928. doi: 10.15252/embj.2018100928

210. Deng J, Wang ES, Jenkins RW, Li S, Dries R, Yates K, et al. CDK4/6 inhibition
augments antitumor immunity by enhancing T-cell activation. Cancer Discovery (2018)
8:216-33. doi: 10.1158/2159-8290.CD-17-0915

211. Jenkins RW, Aref AR, Lizotte PH, Ivanova E, Stinson S, Zhou CW, et al. Ex
vivo profiling of PD-1 blockade using organotypic tumor spheroids. Cancer Discovery
(2018) 8:196-215. doi: 10.1158/2159-8290.CD-17-0833

212. Neal JT, Li X, Zhu ], Giangarra V, Grzeskowiak CL, Ju J, et al. Organoid
modeling of the tumor immune microenvironment. Cell (2018) 175:1972-1988 el6.
doi: 10.1016/j.cell.2018.11.021

213. Neal JT, Kuo CJ. Organoids as models for neoplastic transformation. Annu Rev
Pathol (2016) 11:199-220. doi: 10.1146/annurev-pathol-012615-044249

214. Bock C, Boutros M, Camp JG, Clarke L, Clevers H, Knoblich JA, et al. The
organoid cell atlas. Nat Biotechnol (2021) 39:13-7. doi: 10.1038/s41587-020-00762-x

215. Wu Q, Liu J, Wang X, Feng L, Wu J, Zhu X, et al. Organ-on-a-chip: recent
breakthroughs and future prospects. Biomed Eng Online (2020) 19:9. doi: 10.1186/
512938-020-0752-0

216. Ahadian S, Civitarese R, Bannerman D, Mohammadi MH, Lu R, Wang E, et al.
Organ-On-A-Chip platforms: A convergence of advanced materials, cells, and microscale
technologies. Adv Healthcare Mater (2018) 7. doi: 10.1002/adhm.2018007347

217. Bhatia SN, Ingber DE. Microfluidic organs-on-chips. Nat Biotechnol (2014)
32:760-72. doi: 10.1038/nbt.2989

218. Ma C, Peng Y, Li H, Chen W. Organ-on-a-Chip: A new paradigm for drug
development. Trends Pharmacol Sci (2021) 42:119-33. doi: 10.1016/j.tips.2020.11.009

219. Park SE, Georgescu A, Huh D. Organoids-on-a-chip. Science (2019) 364:960-5.
doi: 10.1126/science.aaw7894

220. Ingber DE. Reverse engineering human pathophysiology with organs-on-
Chips. Cell (2016) 164:1105-9. doi: 10.1016/j.cell.2016.02.049

221. Peck RW, Hinojosa CD, Hamilton GA. Organs-on-Chips in clinical
pharmacology: Putting the patient into the center of treatment selection and drug
development. Clin Pharmacol Ther (2020) 107:181-5. doi: 10.1002/cpt.1688

222. Sin A, Chin KC, Jamil MF, Kostov Y, Rao G, Shuler ML. The design and
fabrication of three-chamber microscale cell culture analog devices with integrated
dissolved oxygen sensors. Biotechnol Prog (2004) 20:338-45. doi: 10.1021/bp034077d

223. Sung JH, Kam C, Shuler ML. A microfluidic device for a pharmacokinetic-
pharmacodynamic (PK-PD) model on a chip. Lab Chip (2010) 10:446-55. doi: 10.1039/
b917763a

224. Sung JH, Shuler ML. A micro cell culture analog (microCCA) with 3-d
hydrogel culture of multiple cell lines to assess metabolism-dependent cytotoxicity of
anti-cancer drugs. Lab Chip (2009) 9:1385-94. doi: 10.1039/b901377f

225. Chou DB, Frismantas V, Milton Y, David R, Pop-Damkov P, Ferguson D, et al.
Author correction: On-chip recapitulation of clinical bone marrow toxicities and
patient-specific pathophysiology. Nat Biomed Eng (2020) 4:477. doi: 10.1038/s41551-
020-0529-6

Frontiers in Immunology

17

10.3389/fimmu.2023.1175503

226. 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:
10.1126/science.1188302

227. Jang KJ, Otieno MA, Ronxhi J, Lim HK, Ewart L, Kodella KR, et al.
Reproducing human and cross-species drug toxicities using a liver-chip. Sci Trans
Med (2019) 11:eaax5516. doi: 10.1126/scitranslmed.aax5516

228. Kasendra M, Tovaglieri A, Sontheimer-Phelps A, Jalili-Firoozinezhad S, Bein A,
Chalkiadaki A, et al. Development of a primary human small intestine-on-a-Chip using
biopsy-derived organoids. Sci Rep (2018) 8:2871. doi: 10.1038/s41598-018-21201-7

229. Occhetta P, Mainardi A, Votta E, Vallmajo-Martin Q, Ehrbar M, Martin I, et al.
Hyperphysiological compression of articular cartilage induces an osteoarthritic
phenotype in a cartilage-on-a-chip model. Nat Biomed Eng (2019) 3:545-57. doi:
10.1038/541551-019-0406-3

230. Park TE, Mustafaoglu N, Herland A, Hasselkus R, Mannix R, FitzGerald EA,
et al. Hypoxia-enhanced blood-brain barrier chip recapitulates human barrier function
and shuttling of drugs and antibodies. Nat Commun (2019) 10:2621. doi: 10.1038/
541467-019-10588-0

231. Seo ], Byun WY, Alisafaei F, Georgescu A, Yi YS, Massaro-Giordano M, et al.
Multiscale reverse engineering of the human ocular surface. Nat Med (2019) 25:1310-8.
doi: 10.1038/s41591-019-0531-2

232. Jalili-Firoozinezhad S, Prantil-Baun R, Jiang A, Potla R, Mammoto T, Weaver
JC, et al. Modeling radiation injury-induced cell death and countermeasure drug
responses in a human gut-on-a-Chip. Cell Death Dis (2018) 9:223. doi: 10.1038/s41419-
018-0304-8

233. Osaki T, Uzel SGM, Kamm RD. On-chip 3D neuromuscular model for drug
screening and precision medicine in neuromuscular disease. Nat Protoc (2020) 15:421-
49. doi: 10.1038/541596-019-0248-1

234. Caballero D, Reis RL, Kundu SC. Boosting the clinical translation of organ-on-
a-Chip technology. Bioengineering (2022) 9:549. doi: 10.3390/bioengineering9100549

235. Ingber DE. Human organs-on-chips for disease modelling, drug development
and personalized medicine. Nat Rev Genet (2022) 23:467-91. doi: 10.1038/s41576-022-
00466-9

236. Ko J, Park D, Lee S, Gumuscu B, Jeon NL. Engineering organ-on-a-Chip to
accelerate translational research. Micromachines (2022) 13:1200. doi: 10.3390/
mil3081200

237. Zhao Y, Kankala RK, Wang SB, Chen AZ. Multi-Organs-on-Chips: Towards
long-term biomedical investigations. Molecules (2019) 24:675. doi: 10.3390/
molecules24040675

238. Engineering tissues and organs: The road to the clinic. Cell (2020) 181:22-3.
doi: 10.1016/j.cell.2020.03.026

239. Danku AE, Dulf EH, Braicu C, Jurj A, Berindan-Neagoe I. Organ-On-A-Chip:
A survey of technical results and problems. Front Bioeng Biotechnol (2022) 10:840674.
doi: 10.3389/fbioe.2022.840674

240. Caballero D, Kaushik S, Correlo VM, Oliveira JM, Reis RL, Kundu SC. Organ-
on-chip models of cancer metastasis for future personalized medicine: From chip to the
patient. Biomaterials (2017) 149:98-115. doi: 10.1016/j.biomaterials.2017.10.005

241. Shang M, Soon RH, Lim CT, Khoo BL, Han J. Microfluidic modelling of the
tumor microenvironment for anti-cancer drug development. Lab Chip (2019) 19:369—
86. doi: 10.1039/C8LC00970H

242. Sun W, Luo Z, Lee J, Kim HJ, Lee K, Tebon P, et al. Organ-on-a-Chip for
cancer and immune organs modeling. Adv Healthcare Mater (2019) 8:¢1801363. doi:
10.1002/adhm.201801363

243. Albanese A, Lam AK, Sykes EA, Rocheleau JV, Chan WC. Tumour-on-a-chip
provides an optical window into nanoparticle tissue transport. Nat Commun (2013)
4:2718. doi: 10.1038/ncomms3718

244. Hakanson M, Cukierman E, Charnley M. Miniaturized pre-clinical cancer
models as research and diagnostic tools. Adv Drug Delivery Rev (2014) 69-70:52-66.
doi: 10.1016/j.addr.2013.11.010

245. Maulana TI, Kromidas E, Wallstabe L, Cipriano M, Alb M, Zaupa C, et al.
Immunocompetent cancer-on-chip models to assess immuno-oncology therapy. Adv
Drug Delivery Rev (2021) 173:281-305. doi: 10.1016/j.addr.2021.03.015

246. Musella M, Guarracino A, Manduca N, Galassi C, Ruggiero E, Potenza A, et al.
Type I IFNs promote cancer cell stemness by triggering the epigenetic regulator
KDMIB. Nat Immunol (2022) 23:1379-92. doi: 10.1038/s41590-022-01290-3

247. Bjornson-Hooper ZB, Fragiadakis GK, Spitzer MH, Chen H, Madhireddy D,
Hu K, et al. A comprehensive atlas of immunological differences between humans,
mice, and non-human primates. Front Immunol (2022) 13:867015. doi: 10.3389/
fimmu.2022.867015

248. Mestas ], Hughes CC. Of mice and not men: differences between mouse and
human immunology. ] Immunol (2004) 172:2731-8. doi: 10.4049/jimmunol.172.5.2731

249. Sackmann EK, Fulton AL, Beebe DJ. The present and future role of
microfluidics in biomedical research. Nature (2014) 507:181-9. doi: 10.1038/
naturel3118

250. van der Meer AD, van den Berg A. Organs-on-chips: Breaking the in vitro
impasse. Integr Biol Quantitative Biosci Nano to Macro (2012) 4:461-70. doi: 10.1039/
c2ib00176d

frontiersin.org


https://doi.org/10.1158/2159-8290.CD-18-0710
https://doi.org/10.1158/2159-8290.CD-18-0710
https://doi.org/10.1073/pnas.1820459116
https://doi.org/10.1098/rsif.2017.0137
https://doi.org/10.18632/oncotarget.26473
https://doi.org/10.1200/PO.18.00075
https://doi.org/10.1038/s41596-019-0232-9
https://doi.org/10.1038/s41596-019-0232-9
https://doi.org/10.1038/s41591-020-0805-8
https://doi.org/10.1038/s41591-020-0805-8
https://doi.org/10.1038/s41591-019-0476-5
https://doi.org/10.1186/s40425-019-0575-3
https://doi.org/10.15252/embj.2018100928
https://doi.org/10.1158/2159-8290.CD-17-0915
https://doi.org/10.1158/2159-8290.CD-17-0833
https://doi.org/10.1016/j.cell.2018.11.021
https://doi.org/10.1146/annurev-pathol-012615-044249
https://doi.org/10.1038/s41587-020-00762-x
https://doi.org/10.1186/s12938-020-0752-0
https://doi.org/10.1186/s12938-020-0752-0
https://doi.org/10.1002/adhm.2018007347
https://doi.org/10.1038/nbt.2989
https://doi.org/10.1016/j.tips.2020.11.009
https://doi.org/10.1126/science.aaw7894
https://doi.org/10.1016/j.cell.2016.02.049
https://doi.org/10.1002/cpt.1688
https://doi.org/10.1021/bp034077d
https://doi.org/10.1039/b917763a
https://doi.org/10.1039/b917763a
https://doi.org/10.1039/b901377f
https://doi.org/10.1038/s41551-020-0529-6
https://doi.org/10.1038/s41551-020-0529-6
https://doi.org/10.1126/science.1188302
https://doi.org/10.1126/scitranslmed.aax5516
https://doi.org/10.1038/s41598-018-21201-7
https://doi.org/10.1038/s41551-019-0406-3
https://doi.org/10.1038/s41467-019-10588-0
https://doi.org/10.1038/s41467-019-10588-0
https://doi.org/10.1038/s41591-019-0531-2
https://doi.org/10.1038/s41419-018-0304-8
https://doi.org/10.1038/s41419-018-0304-8
https://doi.org/10.1038/s41596-019-0248-1
https://doi.org/10.3390/bioengineering9100549
https://doi.org/10.1038/s41576-022-00466-9
https://doi.org/10.1038/s41576-022-00466-9
https://doi.org/10.3390/mi13081200
https://doi.org/10.3390/mi13081200
https://doi.org/10.3390/molecules24040675
https://doi.org/10.3390/molecules24040675
https://doi.org/10.1016/j.cell.2020.03.026
https://doi.org/10.3389/fbioe.2022.840674
https://doi.org/10.1016/j.biomaterials.2017.10.005
https://doi.org/10.1039/C8LC00970H
https://doi.org/10.1002/adhm.201801363
https://doi.org/10.1038/ncomms3718
https://doi.org/10.1016/j.addr.2013.11.010
https://doi.org/10.1016/j.addr.2021.03.015
https://doi.org/10.1038/s41590-022-01290-3
https://doi.org/10.3389/fimmu.2022.867015
https://doi.org/10.3389/fimmu.2022.867015
https://doi.org/10.4049/jimmunol.172.5.2731
https://doi.org/10.1038/nature13118
https://doi.org/10.1038/nature13118
https://doi.org/10.1039/c2ib00176d
https://doi.org/10.1039/c2ib00176d
https://doi.org/10.3389/fimmu.2023.1175503
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Manduca et al.

251. Imparato G, Urciuolo F, Netti PA. Organ on chip technology to model cancer
growth and metastasis. Bioengineering (2022) 9:28. doi: 10.3390/bioengineering9010028

252. Zhang X, Karim M, Hasan MM, Hooper J, Wahab R, Roy S, et al. Cancer-on-a-
Chip: Models for studying metastasis. Cancers (2022) 14:648. doi: 10.3390/
cancers14030648

253. Aung A, Kumar V, Theprungsirikul ], Davey SK, Varghese S. An engineered
tumor-on-a-Chip device with breast cancer-immune cell interactions for assessing T-
cell recruitment. Cancer Res (2020) 80:263-75. doi: 10.1158/0008-5472.CAN-19-0342

254. De Ninno A, Bertani FR, Gerardino A, Schiavoni G, Musella M, Galassi C, et al.
Microfluidic Co-culture models for dissecting the immune response in in vitro tumor
microenvironments. ] Visual Experiments JoVE (2021) 170. doi: 10.3791/61895

255. Ren X, Alamri A, Hipolito J, Lin F, Kung SKP. Applications of microfluidic
devices in advancing NK-cell migration studies. Methods Enzymol (2020) 631:357-70.
doi: 10.1016/bs.mie.2019.05.052

256. Um E, Oh JM, Park J, Song T, Kim TE, Choi Y, et al. Correction: Immature
dendritic cells navigate microscopic mazes to find tumor cells. Lab Chip (2019) 19:3140.
doi: 10.1039/CILCI0097G

257. Vacchelli E, Ma Y, Baracco EE, Sistigu A, Enot DP, Pietrocola F, et al.
Chemotherapy-induced antitumor immunity requires formyl peptide receptor 1.
Science (2015) 350:972-8. doi: 10.1126/science.aad0779

258. Businaro L, De Ninno A, Schiavoni G, Lucarini V, Ciasca G, Gerardino A, et al.
Cross talk between cancer and immune cells: exploring complex dynamics in a
microfluidic environment. Lab Chip (2013) 13:229-39. doi: 10.1039/C2LC40887B

259. Hsu TH, Kao YL, Lin WL, Xiao JL, Kuo PL, Wu CW, et al. The migration speed
of cancer cells influenced by macrophages and myofibroblasts co-cultured in a
microfluidic chip. Integr Biol Quantitative Biosci Nano to Macro (2012) 4:177-82.
doi: 10.1039/C2IB00112H

260. Yu J, Berthier E, Craig A, de Groot TE, Sparks S, Ingram PN, et al.
Reconfigurable open microfluidics for studying the spatiotemporal dynamics of
paracrine signalling. Nat Biomed Eng (2019) 3:830-41. doi: 10.1038/s41551-019-
0421-4

261. Guo Z, Song J, Hao J, Zhao H, Du X, Li E, et al. M2 macrophages promote
NSCLC metastasis by upregulating CRYAB. Cell Death Dis (2019) 10:377. doi: 10.1038/
541419-019-1618-x

262. Kim H, Chung H, Kim J, Choi DH, Shin Y, Kang YG, et al. Macrophages-
triggered sequential remodeling of endothelium-interstitial matrix to form pre-
metastatic niche in microfluidic tumor microenvironment. Adv Sci (2019) 6:1900195.
doi: 10.1002/advs.201900195

263. Junttila MR, de Sauvage FJ. Influence of tumour micro-environment
heterogeneity on therapeutic response. Nature (2013) 501:346-54. doi: 10.1038/
naturel2626

264. Klemm F, Joyce JA. Microenvironmental regulation of therapeutic response in
cancer. Trends Cell Biol (2015) 25:198-213. doi: 10.1016/j.tcb.2014.11.006

265. Trono P, Tocci A, Musella M, Sistigu A, Nistico P. Actin cytoskeleton dynamics
and type I IFN-mediated immune response: A dangerous liaison in cancer? Biology
(2021) 10:913. doi: 10.3390/biology10090913

266. Ando Y, Siegler EL, Ta HP, Cinay GE, Zhou H, Gorrell KA, et al. Evaluating
CAR-T cell therapy in a hypoxic 3D tumor model. Adv Healthcare Mater (2019) 8:
€1900001. doi: 10.1002/adhm.201900001

267. Aref AR, Huang RY, Yu W, Chua KN, Sun W, Tu TY, et al. Screening
therapeutic EMT blocking agents in a three-dimensional microenvironment. Integr
Biol Quantitative Biosci Nano to Macro (2013) 5:381-9. doi: 10.1039/C21B20209C

268. Fischbach C, Chen R, Matsumoto T, Schmelzle T, Brugge JS, Polverini PJ, et al.
Engineering tumors with 3D scaffolds. Nat Methods (2007) 4:855-60. doi: 10.1038/
nmeth1085

269. Pavesi A, Tan AT, Koh S, Chia A, Colombo M, Antonecchia E, et al. A 3D
microfluidic model for preclinical evaluation of TCR-engineered T cells against solid
tumors. JCI Insight (2017) 2:¢89762. doi: 10.1172/jci.insight.89762

270. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective therapy.
Nat Med (2018) 24:541-50. doi: 10.1038/s41591-018-0014-x

Frontiers in Immunology

18

10.3389/fimmu.2023.1175503

271. Chen DS, Mellman I. Oncology meets immunology: The cancer-immunity
cycle. Immunity (2013) 39:1-10. doi: 10.1016/j.immuni.2013.07.012

272. Shim S, Belanger MC, Harris AR, Munson JM, Pompano RR. Two-way
communication between ex vivo tissues on a microfluidic chip: Application to tumor-
lymph node interaction. Lab Chip (2019) 19:1013-26. doi: 10.1039/C8LC00957K

273. Kam Y, Rejniak KA, Anderson AR. Cellular modeling of cancer invasion:
integration of in silico and in vitro approaches. J Cell Physiol (2012) 227:431-8. doi:
10.1002/jcp.22766

274. Lee SWL, Seager R], Litvak F, Spill F, Sieow JL, Leong PH, et al. Integrated in
silico and 3D in vitro model of macrophage migration in response to physical and
chemical factors in the tumor microenvironment. Integr Biol Quantitative Biosci Nano
to Macro (2020) 12:90-108. doi: 10.1093/intbio/zyaa007

275. Refet-Mollof E, Najyb O, Chermat R, Glory A, Lafontaine J, Wong P, et al.
Hypoxic jumbo spheroids on-A-Chip (HOnAChip): Insights into treatment efficacy.
Cancers (2021) 13:4046. doi: 10.3390/cancers13164046

276. Haessler U, Kalinin Y, Swartz MA, Wu M. An agarose-based microfluidic
platform with a gradient buffer for 3D chemotaxis studies. Biomed Microdevices (2009)
11:827-35. doi: 10.1007/s10544-009-9299-3

277. SaiJ, Rogers M, Hockemeyer K, Wikswo JP, Richmond A. Study of chemotaxis
and cell-cell interactions in cancer with microfluidic devices. Methods Enzymol (2016)
570:19-45. doi: 10.1016/bs.mie.2015.09.023

278. Bonnans C, Chou J, Werb Z. Remodelling the extracellular matrix in development
and disease. Nat Rev Mol Cell Biol (2014) 15:786-801. doi: 10.1038/nrm3904

279. Park D, Son K, Hwang Y, Ko J, Lee Y, Doh J, et al. High-throughput
microfluidic 3D cytotoxicity assay for cancer immunotherapy (CACI-IMPACT
platform). Front Immunol (2019) 10:1133. doi: 10.3389/fimmu.2019.01133

280. Boussommier-Calleja A, Li R, Chen MB, Wong SC, Kamm RD. Microfluidics:
A new tool for modeling cancer-immune interactions. Trends Cancer (2016) 2:6-19.
doi: 10.1016/j.trecan.2015.12.003

281. Moore N, Doty D, Zielstorff M, Kariv I, Moy LY, Gimbel A, et al. A multiplexed
microfluidic system for evaluation of dynamics of immune-tumor interactions. Lab
Chip (2018) 18:1844-58. doi: 10.1039/C8LC00256H

282. Schaaf MB, Garg AD, Agostinis P. Defining the role of the tumor vasculature in
antitumor immunity and immunotherapy. Cell Death Dis (2018) 9:115. doi: 10.1038/
541419-017-0061-0

283. Cui X, Morales RT, Qian W, Wang H, Gagner JP, Dolgalev I, et al. Hacking
macrophage-associated immunosuppression for regulating glioblastoma angiogenesis.
Biomaterials (2018) 161:164-78. doi: 10.1016/j.biomaterials.2018.01.053

284. Zervantonakis IK, Hughes-Alford SK, Charest JL, Condeelis JS, Gertler FB,
Kamm RD. Three-dimensional microfluidic model for tumor cell intravasation and
endothelial barrier function. Proc Natl Acad Sci United States America (2012)
109:13515-20. doi: 10.1073/pnas.1210182109

285. Boussommier-Calleja A, Atiyas Y, Haase K, Headley M, Lewis C, Kamm RD.
The effects of monocytes on tumor cell extravasation in a 3D vascularized microfluidic
model. Biomaterials (2019) 198:180-93. doi: 10.1016/j.biomaterials.2018.03.005

286. Luque-Gonzalez MA, Reis RL, Kundu SC, Caballero D. Human
microcirculation-on-Chip models in cancer research: Key integration of lymphatic
and blood vasculatures. Adv Biosyst (2020) 4:e2000045. doi: 10.1002/adbi.202000045

287. Takebe T, Zhang B, Radisic M. Synergistic engineering: Organoids meet
organs-on-a-Chip. Cell Stem Cell (2017) 21:297-300. doi: 10.1016/j.stem.2017.08.016

288. Tuveson D, Clevers H. Cancer modeling meets human organoid technology.
Science (2019) 364:952-5. doi: 10.1126/science.aaw6985

289. Low LA, Mummery C, Berridge BR, Austin CP, Tagle DA. Organs-on-chips:
Into the next decade. Nat Rev Drug Discovery (2021) 20:345-61. doi: 10.1038/s41573-
020-0079-3

290. Cox MC, Reese LM, Bickford LR, Verbridge SS. Toward the broad adoption of
3D tumor models in the cancer drug pipeline. ACS Biomater Sci Eng (2015) 1:877-94.
doi: 10.1021/acsbiomaterials.5b00172

291. Jalili-Firoozinezhad S, Miranda CC, Cabral JMS. Modeling the human body on
microfluidic chips. Trends Biotechnol (2021) 39:838-52. doi: 10.1016/j.tibtech.2021.01.004

frontiersin.org


https://doi.org/10.3390/bioengineering9010028
https://doi.org/10.3390/cancers14030648
https://doi.org/10.3390/cancers14030648
https://doi.org/10.1158/0008-5472.CAN-19-0342
https://doi.org/10.3791/61895
https://doi.org/10.1016/bs.mie.2019.05.052
https://doi.org/10.1039/C9LC90097G
https://doi.org/10.1126/science.aad0779
https://doi.org/10.1039/C2LC40887B
https://doi.org/10.1039/C2IB00112H
https://doi.org/10.1038/s41551-019-0421-4
https://doi.org/10.1038/s41551-019-0421-4
https://doi.org/10.1038/s41419-019-1618-x
https://doi.org/10.1038/s41419-019-1618-x
https://doi.org/10.1002/advs.201900195
https://doi.org/10.1038/nature12626
https://doi.org/10.1038/nature12626
https://doi.org/10.1016/j.tcb.2014.11.006
https://doi.org/10.3390/biology10090913
https://doi.org/10.1002/adhm.201900001
https://doi.org/10.1039/C2IB20209C
https://doi.org/10.1038/nmeth1085
https://doi.org/10.1038/nmeth1085
https://doi.org/10.1172/jci.insight.89762
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1039/C8LC00957K
https://doi.org/10.1002/jcp.22766
https://doi.org/10.1093/intbio/zyaa007
https://doi.org/10.3390/cancers13164046
https://doi.org/10.1007/s10544-009-9299-3
https://doi.org/10.1016/bs.mie.2015.09.023
https://doi.org/10.1038/nrm3904
https://doi.org/10.3389/fimmu.2019.01133
https://doi.org/10.1016/j.trecan.2015.12.003
https://doi.org/10.1039/C8LC00256H
https://doi.org/10.1038/s41419-017-0061-0
https://doi.org/10.1038/s41419-017-0061-0
https://doi.org/10.1016/j.biomaterials.2018.01.053
https://doi.org/10.1073/pnas.1210182109
https://doi.org/10.1016/j.biomaterials.2018.03.005
https://doi.org/10.1002/adbi.202000045
https://doi.org/10.1016/j.stem.2017.08.016
https://doi.org/10.1126/science.aaw6985
https://doi.org/10.1038/s41573-020-0079-3
https://doi.org/10.1038/s41573-020-0079-3
https://doi.org/10.1021/acsbiomaterials.5b00172
https://doi.org/10.1016/j.tibtech.2021.01.004
https://doi.org/10.3389/fimmu.2023.1175503
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	3D cancer models: One step closer to in vitro human studies
	1 Introduction
	2 Chronicles of conventional cancer models in preclinical research
	3 3D models: Bridging the gap between cell cultures and live tissues
	3.1 Tumor spheroids
	3.2 Tumor organoids
	3.3 Tumor-on-a-Chip models

	Concluding remarks
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


