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Editorial on the Research Topic

Recent 3D Tumor Models for Testing Immune-Mediated Therapies

For a long time, cancer research was based on the culture of cell lines and primary tumor cells grown
in 2 dimensions (2D), as well as on animal models mainly based on the use of rodents such as mice
and rats. However, in vitro 2D conventional cell cultures fail to accurately predict the drug responses
in humans, as they do not properly resemble the spatial complexity of the human tissue
microenvironment; on the other side, research on living animals did not completely meet the
public agreement, pointing out ethical questions which have been addressed and regulated by the
European Community. In addition to the ethical issues, the heterogeneity of housing conditions, of
microbiota and chow compositions and the inability to reproduce the complex interplay between
tumor cells and human microenvironment represent additional weaknesses of the most utilized in
vivo models (1). Therefore, the progressive switch to 3D experimental material is accompanied by
several advantages converging in a better reproducibility of the results among different labs.

Current 3D cultures are based on the establishment of different models including tumor
organoids. These are derived from epithelial cells of many organs and can be ideally established
from each patient, with the possibility to comparatively analyze tumor and normal tissue from the
same individual, in the context of personalized medicine (2). As they originate from stem cells, they
have the capacity to self-organize and self-renew (2). There are also several possibilities to mimic the
tumor microenvironment (TME) in 3D structures. This TME contains various organic and
inorganic molecules belonging to extracellular matrix and several non-cancerous cell types that
nevertheless create a strongly immunosuppressive environment rendering the cancer resistant to
many treatment options (3). The 3D models likewise allow to evaluate treatment efficiency for the
individual patient, for example the response to checkpoint inhibitors, correlated with clinical
responses (4). Experimental treatments and therapeutic combinations can be tested in 3D tumor
spheroid microarrays bringing together NK92-CD16 cells and tumor cell lines with anti-tumor
antibodies triggering antibody-dependent cellular cytotoxicity by the natural killer (NK) cell line
(5). However, the current 3D models still have some unmet challenges, such as the absence of
vascularization in the organoids, or the organ-organ cross-talk, that might be circumvented by the
use of organs-on-chip technologies (6).
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This Research Topic is dedicated to some recent aspects of the
3D “revolution”, describing or reviewing in details the different
models. The articles likewise critically discuss the most relevant
weaknesses of the 3D models, also suggesting possible
methodological approaches to address and resolve them.

Thus, in the first paper, Sargenti et al. report on the relative
heterogeneity of weight and size of spheroids derived from four
different colon cancer cell lines, which might of course influence
the data and the conclusions obtained. With the aim to in vitro
combine 3D cancer models and fluid dynamic conditions (7), the
authors describe a flow-based method focused on a quantitative
analysis of weight, size and mass density of cancer spheroids, as
well as a measurement of cell infiltration. They use their system
to test the cytotoxic effect of NK cells on the tumor spheroids,
appreciated through measurements of weight loss and size
reduction. The latter are cell line-dependent and thus most
likely reflect the patient-specific behavior of primary spheroids
and the suitability of the model for personalized medicine and
testing of immunotherapeutic modalities.

In the second manuscript, Corallo et al. review emerging 3D
technologies to preclinically study neuroblastoma, an aggressive
pediatric neuroectodermal tumor with a current unmet therapeutic
need (8). Due to the high heterogeneity of this cancer, the
development of standardized 3D systems represents a real
challenge. However, some 3D models are in development or
already available, thus allowing preclinical drug and
immunotherapy testing similar to other types of cancer. The paper
also widely discusses various properties of extracellular matrix
(ECM) components (e.g. scaffolds) mostly used in 3D models and
crucial for recapitulating the in vivo tumor microenvironment.

Boucherit et al. contributed with a general but comprehensive
overview of the most utilized 3D tumor models, comparing cell
lines-based structures with patient-derived cultures, 3D
bioprinting and organs-on-chip approaches. In each case,
advantages and potential pitfalls are discussed.

In the next manuscript, Klein et al. from the Niclou group
provide a specialized critical and exhaustive review about
glioblastoma (GBM) organoids. In contrast to most other
tumors that are at least possible to treat, GBM almost always
relapses and the patient survival (median) is less than two years
even after the currently available optimized treatment (surgery,
Frontiers in Immunology | www.frontiersin.org 25
radiotherapy, temozolomide) (9). The authors suggest that most
clinical trials in GBM fail due to the lack of appropriate
preclinical studies mostly neglecting the in vivo TME and its
properties. The article contains a full table indicating advantages
and disadvantages of cell-based models and organoids even
genetically-engineered.

Sbrana et al. focused their contribution on chronic
lymphocytic leukemia (CLL) which represents the most
frequent and still uncurable adult type of leukemia (10). With
a 3D-bioprinting method, they achieve to develop a long-term
CLL culture model able to assess growth characteristics,
functional behavior of the leukemic cells and their sensitivity
to potential innovative treatments.

Finally, Grunewald et al. describe another 3D-bioprinting
system used to investigate chimeric antigen receptor (CAR)-T
cells targeting neuroblastoma via the adhesion molecule L1CAM.
The cell culture system was viable over time and the CAR-T cells
infiltrated the 3D-bioprint, delivering a kind of proof-of-concept
about the appropriateness of this preclinical model, mimicking
the patient’s TME, to test the anti-tumor efficacy of a given
CAR construct.

In conclusion, the Research Topic provides a complete and
critic overview of the most used and reliable 3D tumor models
that represent crucial tools of future cancer research whose
optimization will go hand-in-hand with the increasing
development of anti-tumor immunotherapeutic strategies.
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The potential of tumor three-dimensional (3D) in vitro models for the validation of existing
or novel anti-cancer therapies has been largely recognized. During the last decade,
diverse in vitro 3D cell systems have been proposed as a bridging link between two-
dimensional (2D) cell cultures and in vivo animal models, both considered gold standards
in pre-clinical settings. The latest awareness about the power of tailored therapies and
cell-based therapies in eradicating tumor cells raises the need for versatile 3D cell culture
systems through which we might rapidly understand the specificity of promising anti-
cancer approaches. Yet, a faithful reproduction of the complex tumor microenvironment is
demanding as it implies a suitable organization of several cell types and extracellular matrix
components. The proposed 3D tumor models discussed here are expected to offer the
required structural complexity while also assuring cost-effectiveness during pre-selection
of the most promising therapies. As neuroblastoma is an extremely heterogenous
extracranial solid tumor, translation from 2D cultures into innovative 3D in vitro systems
is particularly challenging. In recent years, the number of 3D in vitro models mimicking
native neuroblastoma tumors has been rapidly increasing. However, in vitro platforms that
efficiently sustain patient-derived tumor cell growth, thus allowing comprehensive drug
discovery studies on tailored therapies, are still lacking. In this review, the latest
neuroblastoma 3D in vitro models are presented and their applicability for a more
accurate prediction of therapy outcomes is discussed.

Keywords: 3D in vitro models, neuroblastoma, pediatric oncology, immunotherapy, drug screening,
extracellular matrix
INTRODUCTION

The turn of the 20th century was crucial for the development of the basic principles for in vitro cell
growth enabled substantial biological discoveries. Over time, the complexity of in vitro systems has
increased according to the needs of various branches of life science. The enhancement of in vitro
techniques applicable in these two-dimensional (2D) systems greatly changed the perception of cell-
related processes and allowed more accurate deciphering of the fundamental biomolecular and
biophysical mechanisms active in both, physiological conditions and disease (1). The 21st Century
brought great progress in the development of the existing in vitro models for the study of more
org November 2020 | Volume 11 | Article 58421417
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complex three-dimensional (3D) multicellular entities, while
approaching as much as possible in vivo situations (2). A major
tendency toward replacing, reducing, and refining (3R) animal use
took place, supporting the application of the 3R principle for in
vivo experimentation and energizing the development of diverse
3D cell culture technologies (3). This development represents the
achievements of a breakthrough in the field of tissue engineering
and regenerative biomedicine. Other disciplines of life science
adopted the advances of available 3D models for addressing
specific challenges and pitfalls encountered in the use of 2D
systems, while also outlining novel considerations of cell and
tissue-related questions.

In oncology, the introduction of 3D models for investigating
tumor biology and cancer cells behavior is rapidly increasing.
However, the standard procedures in this research still mainly
follow a conventional route of initial testing in a Petri dish (2D)
followed by in vivo validations in zebrafish, mice, or other small
laboratory animals (4). The highly standardized protocols, well-
established experimental approaches, and low costs of 2D tumor
models explain the high rate of their application regardless of
limited accuracy in representing native neoplastic tissues and
predicting physiological values. The major obstacle to a
straightforward translation of in vitro biological process
analyzed in 2D conditions into an in vivo response is the lack
of multicellular systems that are in direct contact with the cell-
extracellular matrix (ECM) components (5). The tumor
microenvironment (TME) is formed of several different cell
types and non-cellular components (ECM). TME allows
malignant cells to grow in 3D conditions, making the system
extremely dynamic and complex. Yet, the proper architecture,
tumor stiffness and relaxation behavior are not adequately
considered in 2D in vitro studies, leading to limited
information about the realistic changes in signaling pathways,
metabolic activities, and genetic/epigenetic backgrounds of
tumor and stromal cells (6, 7). The transition from 2D to in
vivo pharmacological testing during the early stages of drug
examination is therefore often critical but without the desired
level of success (8). Many efforts are currently attempting to
bridge the gap between 2D and in vivo systems by proposing
different 3D in vitro models in which cell line and primary cells
can be grown in either static or dynamic conditions.

Even though 3D cell culture techniques can minimize these
limitations, their widespread use is still limited due to the
relatively high costs, complexity of preparation, and lack of
standardized protocols that can guarantee high reproducibility
and unequivocal data interpretation (9). Unsurprisingly, 2D cell
cultures and in vivo animal models are still considered the gold
standards in pre-clinical settings in oncology. However, the
traditional means of drug efficacy evaluation faces serious
limitations, since many compounds that show good anti-
cancer effects in murine models fail to provide meaningful
clinical benefits for humans (10). Therefore, this scenario is
changing in the direction of 3D models more often being built
of primary cells as the protagonist of anti-neoplastic drug
screening. This trend is also supported by important
innovations in live cell in vitro imaging techniques that
Frontiers in Immunology | www.frontiersin.org 28
accelerate drug discovery (11). Still, most of these proposals
come from cancers developing in adults, whereas there is a clear
deficit of a pre-clinical 3D model providing analysis of drug
response in pediatric tumors. This is particularly evident for
neuroblastoma, for which a vast majority of scientific questions
are still answered by using either 2D studies or the transgenic and
xenograft zebrafish and murine models (12–14).

Neuroblastoma is an embryonal malignancy of the
sympathetic nervous system with very heterogeneous biologic,
morphologic, genetic, and clinical characteristics. It is classified
as a neuroblastic tumor but in contrast to ganglioneuroblastoma
and ganglioneuroma, neuroblastoma is more aggressive (15).

Based on several clinical and molecular risk factors each
patient is stratified in one of the following risk groups: very-
low, low, intermediate or high-risk (16). Such a pre-treatment
risk group assignment facilitates treatment modalities as well
(17). In high-risk patients, the aggressive course of the
malignancy manifests as a disseminated disease (stage 4) with
metastatic processes in the liver, bone marrow and bone, skin
and several other organs (18). The treatment of these patients
represents one of the most urgent challenges for oncologists.
Despite intensive multimodal therapy, in more than 50% of high-
risk patients, the disease progresses during the course of therapy
leading to a fatal outcome (19).

Recent studies have shed light on the biology of neuroblastoma
allowing a more accurate stratification of patients into risk groups,
resulting in a reduction of treatment cytotoxicity without affecting
the outcome of low and intermediate-risk patients (20, 21).
However, the mortality rate of children in high-risk group is still
high, and the development of more valuable therapeutic strategies
remains urgent. During the last few years, different approaches
such as transcriptomics analyses and genome-wide association
studies have listed the genes associated with neuroblastoma
susceptibility, aggressiveness, and progression (22, 23). The
identification of such genes has raised the possibility of
developing novel targeted therapies or reconsidering already
existing drugs by the repositioning of FDA-approved drugs.

In this review, the latest in vitro 3D models suitable for
assessing drug-specific responses in neuroblastoma will be
addressed. We will discuss their implications in pre-clinical
testing and applicability for a more accurate prediction of
therapy outcomes. Finally, the possibilities of introducing
already available bioengineered platforms and devices for the
generation of predictive neuroblastoma models will be explored.
We will assess current possibilities for a more accurate in vitro
investigation of the pharmacotherapeutic cues in this tumor to
justify clinical trials.
NEUROBLASTOMA IN VITRO 3D MODELS

The lack of reliable in vitro tumor platforms for rapid and highly
reproducible studies in cancer biology has driven the
development of new tumor models by applying various
bioengineering methodologies. Although these models share a
common 3D conformation, each displays its own intrinsic
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property. In addition, the 3D models indicate unambiguously
that the proliferation of tumor cells is significantly less when
compared with 2D growth conditions (12, 24). In the following
paragraphs, we will address the current applications of 3D in
vitro culture systems in the neuroblastoma research field.

Multicellular Tumor Spheroids (MCTSs)
MCTS is themost well-characterized 3Dmodel for cancer research
obtainedbygrowing cancercell linesunder lowadherent conditions
(25). MCTSs can have different configurations depending on the
specific aim of the study: they can be composed of a single or
multiple cell types, generated either through the aggregation and
compaction of multiple cells in suspension, or by establishing cell
masses from a single cell via consecutive cell doublings. In either of
these cases biomimetic ECM support, playing the role of a scaffold,
may or may not be applied (12, 26).

MCTSs obtained by the aggregation of neuroblastoma cell lines
represent an attractive tool to reproduce in vitro the in vivo
characteristics of tumor cells with respect to the production of
ECM, cell–cell interactions, growth kinetics, cellular heterogeneity,
signal pathway activity, and gene expression (13, 25). Given the
importance of the cell-ECM interaction in a 3D extent, among the
most studied behaviors in the neuroblastoma field are the
migratory and invasive potentials of cancer cells. For example,
the analysis of different neuroblastoma cell lines embedded in 3D
collagen gels revealed the relationship between cellular
morphology (elongated/mesenchymal versus amoeboid/rounded
cells) and their invasive capability through a surrounding
environment (27). The main difference between the cells grown
in 2D and 3D collagen structures is recognized in the Rac signaling
pathway, which is differently expressed in these structures. It is a
crucial regulator of cell invasion from the spheroid body through
the surrounding matrix (27). These results highlight that
biochemical signals in the neuroblastoma cells may change
dramatically in response to changes in their spatio-temporal
distribution. Moreover, they strengthen the case for using 3D
systems to select the compounds able to counteract invasion of
neuroblastoma cells. In addition to single chemical testing,
neuroblastoma spheroids are also suitable for investigating the
role of specific proteins on neuroblastoma outgrowth. For
example, high levels of Stathmin (a Tubulin binding protein) are
associated with tumor aggression and the appearance of metastatic
disease. This protein has been selected by analyzing cell line-
derived MCTSs where it contributes to a higher invasive motility
of the cells (28). Besides Stathmin, SNAI2 is also a crucial
molecular determinant of invasive tumor strands. This protein
defines the border regularity of the MCTSs and promotes local 3D
invasion and dissemination of neuroblastoma cells (29).

However, some critical issues related to cell line-derived
MCTSs need to be considered. The variability in spheroid size
and their inhomogeneous density profoundly affect the response
to drug treatments. As a consequence, this feature negatively
impacts the reproducibility and reliability of the obtained results
(26). In addition, long-term in vitro culture of cell line-derived
MCTSs is very challenging since these structures lack a stem cell
population able to self-renew the spheroid necrotic core.
Moreover, this model is not able to faithfully approximate/
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simulate the complexity of neuroblastoma genetics and the
tumor microenvironment found in humans.

Tissue-Derived Tumor Spheres (TDTSs)
TDTSs are obtained by tumor tissue mechanical dissociation
(26). Due to the origin of primary cells, this in vitromodel system
more closely reflects the genetic and clonal heterogeneity of the
native tumor, thus providing a more accurate pre-clinical
platform (30). Despite the fact that these tailored models can
lead to an improved level of prediction, their development and
application are still a challenge as sample collection and size,
protocol standardization and data reproducibility are critical issues
for neuroblastoma. More easily established are neuroblastoma-
derived spheroids generated from the bone marrow aspirates of
patients diagnosed with stage 4 metastatic disease (30). In some
cases, surgically removed tumor resections also allow in vitro
reproduction of neuroblastoma. However, at the moment it is hard
to predict which clinico-biological criterion is a determining factor
in enabling the successful in vitro growth of a single specimen (31).
In fact, a success rate of 55% has been reported for neurosphere
maintenance in vitro. Also, the expansion of neurospheres cannot
be linearly predicted from patient clinic data such as age, stage,
MYCN amplification and the presence of segmental chromosomal
aberrations (31). While the characterization of the resulting
neurospheres is currently limited to the expression of CD56 and
GD2 neuroblastoma markers, their importance relies on the
presentation of reproducible protocols for the in vitro expansion
of often limited amounts of tumor tissue specimens. Screening for
additional antigens specific for neuroblastoma is, however,
necessary for more accurate selection of tumor cells with stem
features that are often responsible for drug resistance development
and disease recurrence. Another TDTS model resembling
neuroblastoma intratumoral heterogeneity has been reported by
Thole and colleagues (30). The primary neuroblastoma TDTSs
culture derived from a bone marrow aspirate with 80% tumor cell
infiltration can be cultured in Matrigel. Neuroblastoma cells
grown as 3D spheroids maintain the tumorigenic capability in a
xenotransplantation mouse model through five passages.
Importantly, these TDTSs model systems partly reflect the
genetic and clonal heterogeneity of the initial biopsy (30).
Altogether, the reported neuroblastoma TDTSs represent
essential initial steps toward more sophisticated 3D
neuroblastoma modeling suitable for pre-clinical testing.

Patient-Derived Tumor Organoids (PDTOs)
Organoids are in vitro derived 3D cell aggregates that are capable
of self-renewal and self-organization, while exhibiting expected
organ functionality. Organoids are usually generated from either
embryonic stem cells (ECS) or induced pluripotent stem cells
(iPSC) (32). To date, several organoids have been established for
many cancer types (reviewed in ref. (33)).

PDTOs cultures show strong phenotypical and genetic
similarities to the original tumor, enabling their use across a
wide spectrum of applications. PDTOs allow long-term culture
and cryopreservation for the generation of patient-derived tumor
organoid biobanks (34). However, most of the patient-derived
cancer organoids have an epithelial origin. The generation of
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organoid cultures from primary neuroblastoma samples, as well
from other non-epithelial cancers, remains today a major
challenge in organoid technology.
MOVING FROM 2D TOWARD 3D
PRE-CLINICAL SETTINGS

In general, we are currently faced with an extremely low efficacy of
pre-clinical studies. In oncology, less than 10%of drugs successfully
conclude clinical trials (35), resulting in significant time and
economic loss. The introduction of high-throughput drug
screening (HTS) speeds up target identification and lead
compound selection, increasing the number of anti-neoplastic
compounds that potentially reach clinical trial (36). As stated
above, the majority of HTS studies are based on the use of tumor
cell lines grown in 2D conditions. This approach is slowly being
reconsidered and comprises the introduction of different 3D
cultures in order to increase the likelihood of pre-clinical success
(Figure 1). In neuroblastoma, the number of studies that have
examined 3D spheroids for HTS is relatively low and their
introduction is a challenge. This is particularly true for 3D
structures containing patient-derived primary cells due to a lack
of study material and difficulties to culture and maintain them
in vitro.

Each tumor can be considered as a heterogeneous structure
deriving from the interaction between cancer cells and the
surrounding microenvironment, which provides important
physical and biochemical signals for its growth. The information
coming from the native 3D human cancer structure can affect, for
example, the expression of specific genes as well as the diffusion of
nutrients and oxygen within the tumor mass. Moreover, this
Frontiers in Immunology | www.frontiersin.org 410
complex network of interactions determines the ability of tumor
cells to resist and escape from pharmacological treatments. This
diversity could be at the root of treatment failures, which remain a
peril in the neuroblastoma field today.

Pioneering 3D Neuroblastoma Models for
Drug Screening Studies
In order to address these needs, 3D culture technology has been
applied in the testing of the sensitivity of several MCTSs to
doxorubicin exposure, confirming the modification in tolerance
to this drug when moving from 2D to 3D culture systems (37).
Moreover, MCTSs obtained with the SH-SY5Y neuroblastoma cell
line shows higher sensitivity to rapamycin and triciribine when
compared to the correspondent 2D culture, emphasizing the
importance of in vitro 3D models as a valid system for initial
testing of new anti-cancer agents (38). In a recent work aimed at
identifying candidate drugs for repositioning in high-risk patients,
HTS of a library of anticancer compounds was tested in
neuroblastoma MCTSs (39). This study proposes MCTSs
viability validation using a high-content imaging approach as a
powerful and reliable 3D platform to predict pre-clinical efficacies
and to reproduce drug responses of neuroblastoma tumors.
BIOMIMETIC EXTRACELLULAR
MATRIX (ECM) SUPPORTS FOR
NEUROBLASTOMA TUMOR MODEL
FABRICATION

The ECM represents a dynamic and versatile network of secreted
proteins and polysaccharides assembled together in an organized
FIGURE 1 | Scheme of the HTS (high throughput drug screening) method. HTS is used to evaluate multiple morphological and cellular parameters in a high number
of MCTSs (multicellular tumor spheroids) grown and treated inside microplates. The drug treatment is combined with an optical (upper image) and fluorescence
(lower image) microscopy systems for automated image acquisition and coupled analyses through specific software pipelines. These platforms make suitable
automatic quantitative analyses of the 3D culture systems in response to drug administration.
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network and having distinct roles in cell biology and tissue
homeostasis (40). The ECM provides structural support to all
organs and provides a substrate upon which cells can migrate.
Moreover, the interaction between cells and the ECM
macromolecules plays an essential role in tuning the behavior
of many cell types in a physiological context. Indeed, during
embryonic development the ECM provides essential extrinsic
signals for the correct migration of neural crest cells, the
pluripotent stem cell population from which neuroblastoma
may arise (41).

Role of ECM in Neuroblastoma
The ECM has a complex and tissue-specific molecular
composition. The dynamic remodeling of the ECM is of
outmost importance in order to determine the specificity of its
biological functions during organogenesis and to guarantee a
proper tissue homeostasis. As a consequence, the disruption of
such mechanisms disorganizes the extracellular niche, leading to
abnormal behaviors of resident cells and the failure of tissue
homeostasis. Indeed, dysregulation of ECM composition,
architecture and stiffness leads toward development or
worsening of several diseases, including fibrosis and cancer
(42). A large body of experimental evidence emphasizes how
ECM proteins promote tumor metastasis and modulate the
maintenance and expansion of several cancer cell types and
metastatic niches (reviewed in ref. (43–45)).

In neuroblastoma, the presence of a stromal component
positively correlates with tumor maturation and favorable
prognosis (46). In addition, the deposition of specific ECM
components defines an ultra-high risk group of patients affected
by neuroblastoma, suggesting that the quantification of tumor
stroma components by morphometric techniques could be a
valuable tool in improving patients’ risk stratification (47). From
the molecular perspective, several studies have demonstrated how
the cross-talk between neuroblastoma cells and the ECM
influences cancer cell differentiation (48). More recently, besides
the molecular signaling activated through the cell-ECM
interaction, the biomechanical properties of the ECM, such as
stiffness and deformability, have also been recognized as
mechanical modulators of cancer cell behavior (49). Indeed,
dissecting the role of the ECM within the neuroblastoma niche
may provide insight into new mechanobiological cues influencing
tumor growth and differentiation. This knowledge would provide
the basis for future work aimed at the design and exploitation of
novel therapeutic strategies against neuroblastoma.

Cast In Vitro 3D Models for Studying
Neuroblastoma
As mentioned, after important tumor-related knowledge was
obtained from 2D cell systems, the importance of introducing
ECM component as important determinant of tumor cells
behavior pushed the boundaries beyond the second dimension
(50). This led to the incorporation of the achievements obtained
in the bioengineering field, where different biomimetic matrices
have been developed. The full range of available materials,
natural, synthetic and semisynthetic (hybrid), have been
Frontiers in Immunology | www.frontiersin.org 511
exploited in the form of hydrogels for their characteristics as a
suitable ECM support for tumor cell growth and their
autonomous self-assembly in tissue-like structures (Figure 2).

The detailed classification of the hydrogels, their applicability
and suitable processing approaches have been summarized by
Ullah and colleagues (51, 52). The main demands these materials
must satisfy are: i) provide proper cell alignment and attachment,
ii) sustain cellular metabolic activities, and iii) mimic cell
response to mechanical and chemical stimuli as in tissue (53).
The cells can be either seeded on the porous scaffold that
provides them with 3D support or encapsulated directly within
the biomaterials (cell-laden hydrogels) with well-defined stiffness
and viscosity. The most commonly used biomaterials for the
production of the scaffolds or cell-laden constructs are: collagen,
hyaluronic acid (HA), alginate, agarose, gelatin, fibrinogen
(natural); poly(lactic-co-glycolide) (PLGA), polyethylene glycol
(PEG), poloxamer 407 (Pluronic F127), and polycaprolactone
(PCL) (synthetic); and methacrylated gelatin (GelMA)
(semisynthetic) (54, 55). The choice is determined by the
tumor type and also by specific physical parameters such as
elasticity and stiffness (56). In this context, the ways in which
biomimetic matrices with different mechanical and biochemical
cues can determine the neuroblastoma cell phenotype have been
investigated, along with their contribution to the spatio-temporal
tumor cell organization or response to drugs. The excellent
reproducibility of the in vivo data has been demonstrated for
the neuroblastoma cell lines Kelly and their cisplatin resilient
counterpart (Cis83) when grown on different chemical
modifications of collagen, one with glycosaminoglycan
(Collagen-GAG) and the other with nanohydroxyapatite
(Collagen-nHA) (57). When treated with cisplatin, the cells
grown in 3D conditions show similarities with the PDX
(patient derived xenograft) treatment, while differing
substantially from their 2D control. This finding strengthens
the use of 3D models for initial drug evaluations since they more
closely approximate the expected response in vivo. Bacterial
nanocellulose scaffolds coated with collagen is another
approach that potentiates SH-SY5Y adhesion in 3D geometric
conditions (58). Physical support for neuroblastoma cell growth
is also provided by electrospun fibers used as 3D matrices (59).
Micro- and nano-fibers created by electrospinning guarantee
high porosity of the structures and favor neuroblastoma cell
proliferation and adhesion, while promoting neurite out-growth
(60). The usefulness of the highly aligned graphene-augmented
inorganic nanofiber (GAIN) scaffolds for biomedical cancer
research has also been proven for several tumor cell types
including neuroblastoma (61). Although they do not allow
tumor-like 3D cell organization entirely, these scaffolds open
an opportunity for a fast and highly reproducible validation of
anti-cancer drugs oriented toward the modulation of cell
migration. Another application of graphene is in the
fabrication of nanocomposite hydrogel scaffolds in which the
magnetic nanoparticle-decorated reduced-graphene oxide (m-
rGO) nanosheets lead to a unidirectional orientation of the cells
(62). This approach is particularly interesting in the models
where both cell orientation and the conductivity of the
November 2020 | Volume 11 | Article 584214

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Corallo et al. 3D In Vitro Neuroblastoma Models
biomaterials are required (63). On the other hand, the possibility
of growing neuroblastoma cells in collagen-based hydrogels
opens another prospect for achieving the 3D structures of
neuroblastoma for pre-clinical examinations. Collagen-based
structures also allow the reproduction of a 3D microenvironment
suitable for better comprehension of pro-migratory pathways
activated in neuroblastoma cells (27). Moreover, collagen-based
scaffolds offer possibilities for examination of the efficacy of a new
class of drugs known as migrastatics (64).

Neuroblastoma cells with different molecular backgrounds show
distinct patterns of growth inside biomimetic 3D structures.
Moreover, neuroblastoma cells can also be cultured in a mixture of
collagen and agarose that is often proposed in order to modify the
mechanical properties of pure collagen (65). The encapsulation of
neuroblastoma cells is as well supported by alginate and gelatin (66).
Either of the cast 3D platforms mentioned can be downscaled thus
opening the possibility of HTS applications. In fact, collagen
microencapsulation is a highly controllable approach for obtaining
miniaturized neuroblastoma tumors (67). In this nanofibrous
collagen meshwork, a reconstruction of the neuroblastoma
microenvironment is achieved thanks to the stromal cells’ support.
This study opens the possibility for using neuroblastoma cell-laden
bioinks for the reproduction of miniaturized tumors applying
different printing methodologies.
Frontiers in Immunology | www.frontiersin.org 612
(Bio)Printing Neuroblastoma 3D Models
Various 3D printing techniques have been employed to develop
more accurate constructs for cell-growth supports (68). Printing
technology is challenging the faithful reproduction of the tissue
compartments at the microscale while maintaining their unique
spatio-temporal organization (69). A parallel expansion of the
array of printable biomaterials compatible for research activities
or medical requirements has broadened the possibilities for 3D
printing (70). The inclusion of (bio)printing methodologies in
the neuroblastoma field has been considered in a few studies thus
far (Figure 3).

A mix of GelMA and methacrylated alginate (AlgMA) have
allowed the optimal mechanical properties and porosity for the
growth of neuroblastoma cells (71). Similar to the collagen-based
hydrogels, this printable bioink also permits tumor cells to organize
and create 3D architectures that very closely mimic human
neuroblastoma. An optimal level of stability upon printing is also
possible with chitosan-gelatin ink, which shows good
biocompatibility and allows the proper adhesion of
neuroblastoma cells. It is also easily manageable without the need
for additional processing post-printing, which makes it a good
candidate for high rate production of cell-laden hydrogels (72).

Different neuroblastoma cell lines have been explored using the
freeform reversible embedding of suspended hydrogel (FRESH)
FIGURE 2 | Overview of different types of scaffolds explored for neuroblastoma studies. Left panel: Thermal sintering-based approach used for the fabrication of
cell-free (rigid) scaffolds with defined geometry. These scaffolds provide mechanical support for cell growth. Cell morphology and cell distribution inside the
interconnecting microchannels is directly influenced by the structure of the scaffold. Middle panel: Cast cell-laden hydrogels are used as the biomimetic ECM support
for the embedded cells. As an option, cells can be seeded on top of the pre-made hydrogel structure. Right panel: Printing (e.g. microextrusion, drop-on-demand,
laser-based printing) of various bioinks can be adopted for the scaffolding process. Both cellular and acellular approaches can be adopted for the generation of
porous scaffolds with defined spatial distribution of the bioink.
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bioprinting method for conductive scaffolds (73). Although the
study was designed for neurodegenerative diseases, the approach
and experimental design are incredibly attractive for analyzing
tumor cells within 3D conductive bioinks. The FRESH method
proves that high resolution of neuroblastoma 3D structures can be
obtained using low-viscosity liquids in a supporting bath of gelatin.
Neuroblastoma cells can be successfully grown in cellulose and
alginate-based hydrogels, demonstrating the applicability of FRESH
bioprinting for the generation of microsized 3D neuroblastoma
tumors (74). The same type of hydrogel has been explored in the
immunology field as well showing the changes in
immunophenotype profiles in neuroblastoma cells surrounded by
biomimetic ECM (75). Beta tricalcium phosphate (b-TCP) scaffolds
used as bone mimetic, have been obtained by combining high
resolution 3D printing with manually cast slurry (76). They have
been proposed as a suitable approach for sustaining neuroblastoma
cell growth inside the metastatic niche (24). In this manner, a local
microenvironment is guaranteed allowing the quiescence of tumor
stem cells. In this model, the stromal support has been confirmed as
a substantial factor in tumor cell organization along with the
geometry of the scaffolds. Although the model has not yet been
Frontiers in Immunology | www.frontiersin.org 713
exploited for pre-clinical studies, it can be easily adapted for low/
medium scale of drug screening. The metabolic activities and cell
death ratio can be easily measured, while microscopy would require
special adaptation in the case of live-imaging acquisition.
ENGINEERED PLATFORMS FOR
STUDYING TUMOR BIOLOGY,
IMMUNOLOGY AND DRUG EFFICACY

The aim of engineered disease models is to reproduce in vitro the
complexity of the pathological environment in order to gain a
better understanding of disease etiology and progression (77).
The model composition depends on the research objectives: the
more complex the phenomenon under investigation, the more
elaborate the model must be (78). In vitro cell modeling using
miniaturized bioreactors shows great advantages since they allow
the use of small volumes of reagents and low cell number, the
portability, design versatility and integration with existing
devices or platforms for HTS (79). To study the effects of a
FIGURE 3 | Bioprinting process during in vitro 3D model generation. The steps include bioink preparation (cells embedded in biocompatible inks), 3D bioprinting
(three most commonly used printing techniques are presented), and drug screening. All the steps can be performed in automated manner.
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static magnetic field on SH-SY5Y neuroblastoma cells, a
miniaturized optically accessible bioreactor (MOAB) has been
developed based on a prototype of Raimondi et al. (80). This
bioreactor is composed of three independent and magnetically
lockable culture chambers, each containing a polystyrene scaffold
assembled on the top surface of a main body structure. The
MOAB is provided with two magnets, located in the chambers
and in the main body, whose magnetic coupling ensures a
hydraulic seal during the perfusion of 3D constructs. This
magnetic seal generates a static magnetic field, which
influences cell functions including viability, metabolic activity
and gene expression. The MOAB device, specifically conceived to
study the influence of a static magnetic field on neuroblastoma
cell lines, might potentially be used as an in vitro model of
neurodegeneration to test perfused 3D cell constructs in terms of
response to different stimuli.

To reproduce neuroblastoma vasculogenic mimicry, a complex
in vitro model has been fabricated by culturing pre-vascularized
neuroblastoma cell sheets separated by fibrin layers in a perfusion
bioreactor. The cell sheets are prepared by co-culturing the
neuroblastoma cell line SK-N-BE(2) with human umbilical vein
endothelial cells (HUVEC) on temperature-responsive poly(N-
isopropylacrylamide) (PIPAAm)-grafted culture plates. A
collagen-gel base with microchannels is used as a support for the
vascular bed (81). This platform may represent an interesting
option for drug testing, especially for drugs exhibiting
antiangiogenic features. The fabrication of an intrinsic system of
vasculature allows a better mimicking of the native tumor while
augmenting predictive power for translation into pre-clinical
applications. However, the difficulty of cell-sheet fabrication and
stacking, together with the assembly of the collagen-gel base with
microchannels for the perfusion, represent a critical obstacle to a
large-scale application of this model.

Another step toward a model resembling native neuroblastomas
is represented by the 3D tetra-culture brain microphysiological
system (BMPS) used to test neurotoxic chemical agents. This system
is developed starting from the OrganoPlate (MIMETAS,
Netherlands) in which neuroblastoma cells (N2a), astrocytes (C8-
D1A) andmicroglia (BV-2) are cultured in a collagen type I solution
to recreate the brain parenchyma. The neurovascular environment
is assured by also including endothelial cells (bEnd.3). The entire
system requires culturing in perfusion conditions to permit
appropriate 3D cell organization. This plate-based microfluidic
platform may be applied for automated, high-throughput and
high-content imaging with relatively fast readouts (82).
Nevertheless, more consistent validations of their use for a routine
drug screening are mandatory.

Clinical Needs and Future Perspectives for
In Vitro Immunotherapy Evaluations
Immunotherapies have recently attracted great interest as a novel
approach for cancer treatment, but the lack of adequate in vitro
models for testing the efficacy of these therapies at a personalized
level is still an issue (75, 83). Immunotherapy strategies rely both, on
the ability of the immune system to kill malignant cells by
recognizing specific tumor antigens and the ability of tumor cells
Frontiers in Immunology | www.frontiersin.org 814
to evade this physiological defense system.Twomajor strategies can
be identified: re-activation of the tumor infiltrating lymphocytes
(TILs) through the immune checkpoint inhibitors and chimeric
antigen receptor-T (CAR-T) or T cell receptor (TCR) cell therapy.

Checkpoint inhibitors work by blocking the inhibitory binding
between T cells’ checkpoint proteins (e.g. PD1) and their ligand on
tumor cells (e.g. PDL1), allowing the immune system to become
able once again to kill cancer (84). The CAR-T/TCR consists of the
patient’s T-cells genetically modified to express unique tumor
antigens that give them the ability to specifically target cancer
cells, such as GD2 for neuroblastoma (84, 85).

Currently, several types of immunotherapy are being studied for
use against neuroblastoma (86, 87) and complex in vitro 3D models
that will allow a close relationship between target and effectors as
occurs in vivo are needed for pre-clinical efficacy evaluation of
immunotherapeutics. As shown in Figure 4, immunotherapy
strategies can be developed and tested directly using patient
derived cells as part of a personalized medicine approach.

To test the migratory and lethality of TCR engineered patient-
derived T cells toward hepatic tumors, an interesting 3D in vitro
model has been developed by Pavesi and colleagues (83). This
model consists of a 3D microdevice made of a poly
(dimethylsiloxane) structure comprising a gel region with media
channels separated from the gel channel by trapezoidal posts.
Tumor cells are cultured embedded in a type I collagen gel
solution that is injected into the predefined gel region of the
device. The culture medium channels allow the cell culture
perfusion and the free movement of TCR-T cells from the
medium channel into the 3D solid collagen region containing
target cells. This 3D assay could lead to a better understanding of
what is encountered physiologically during adoptive T cell therapy
of solid tumors, where the chemotactic characteristics and intrinsic
killing of the engineered T cells are key factors in the successful
outcome of the therapy. Although this 3D microdevice has been
tested with human liver carcinoma cell line as its target, it could be
useful to study other solid tumors including neuroblastoma.

For functional in vitro prediction of the efficacy of checkpoint
inhibitors, a rapid functional test based on the use of the VITVO
device (Rigenerand srl, Italy) has been recently proposed. VITVO is
a small, portable bioreactor integrating a synthetic and
biocompatible fiber-based matrix, and can host several types of
cells, also in combination. Using this platform, primary cells
harvested from human lung cancer specimens have been
evaluated to predict the patient specific anti-tumor immunity of
TILs triggered by checkpoint inhibitor Nivolumab (88). The same
approach could also be considered to evaluate neuroblastoma
responsiveness to immunomodulatory agents. Although these in
vitro 3D platforms potentially offer innovative tools for the
development of fast and reliable personalized assays, further
studies are needed to confirm their relevance for clinical use.
CONCLUSIONS

The more effective targeting of malignant cells remains a highly
challenging task since the existing therapeutics approaches do not
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adequately achieve the same efficacy of in vitro determined efficacy
when translated to clinical trial. The purpose of including 3D
tumor models is therefore to establish a new approach that
overcomes the limitations of currently used in vitro protocols
(Figure 5). The 3D in vitro models provide a closer reflection of
the complexity of malignant tissues by nurturing complex cell-cell
Frontiers in Immunology | www.frontiersin.org 915
and cell-ECM organization. Under these growth modalities, tumor
cells more closely approach their native interactions, generating
tumor-like structures that strongly define the types of response to
toxic drug insults. The number of possibilities for using
neuroblastoma 3D models in HTS is increasing thanks to
advances in bioengineering field. However, the automation of
FIGURE 4 | In vitro 3D models to test the efficacy of immunotherapeutics in a personalized approach strategy. On the left, the functional assay for cancer
responsiveness to checkpoint inhibitors using VITVO bioreactor described by Candini et al. (88); on the right, TCR T-cell activity against tumor using 3D microfluidic
device described by Pavesi and colleagues (83).
FIGURE 5 | Current in vitro models. Advantages and limitations overview of current 3D in vitro models versus 2D systems are summarized.
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multiparametric data extrapolation in terms of volumetric
parameters and cell viability within analyzed 3D structures
remains a challenge. The introduction of bioprinting processes in
pre-clinical studies is expected to bring to a greater reproducibility
of the cell models, as well as higher predictability and controllability
of the structures in comparison with the cast approach. The
precision and resolution of the cell-laden structure bioprinting
are determined by the characteristics of the nozzles, which do not
allow the printability of all currently available bioinks. Although
very useful, a limitation of using preformed porous scaffolds for
sequential cell plating and culturing is the poor reproducibility of
the spatio-temporally location of more than one cell type. The
combination of (bio)printing and fabrication of microfluidic
platforms in the field of neuroblastoma can therefore amplify the
possibilities for HTS in 3D conditions. It is particularly intriguing if
the described, versatile 3D cell culture systems could advance the
pre-clinical evaluation of newly proposed tailored therapies and
cell-based therapies that are currently under investigation for
defeating neuroblastoma tumor cells.
Frontiers in Immunology | www.frontiersin.org 1016
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Malignant brain tumors remain uniformly fatal, even with the best-to-date treatment. For
Glioblastoma (GBM), the most severe form of brain cancer in adults, the median overall
survival is roughly over a year. New therapeutic options are urgently needed, yet recent
clinical trials in the field have been largely disappointing. This is partially due to
inappropriate preclinical model systems, which do not reflect the complexity of patient
tumors. Furthermore, clinically relevant patient-derived models recapitulating the immune
compartment are lacking, which represents a bottleneck for adequate immunotherapy
testing. Emerging 3D organoid cultures offer innovative possibilities for cancer modeling.
Here, we review available GBM organoid models amenable to a large variety of pre-clinical
applications including functional bioassays such as proliferation and invasion, drug
screening, and the generation of patient-derived orthotopic xenografts (PDOX) for
validation of biological responses in vivo. We emphasize advantages and technical
challenges in establishing immunocompetent ex vivo models based on co-cultures of
GBM organoids and human immune cells. The latter can be isolated either from the tumor
or from patient or donor blood as peripheral blood mononuclear cells (PBMCs). We also
discuss the challenges to generate GBM PDOXs based on humanized mouse models to
validate efficacy of immunotherapies in vivo. A detailed characterization of such models at
the cellular and molecular level is needed to understand the potential and limitations for
various immune activating strategies. Increasing the availability of immunocompetent
GBM models will improve research on emerging immune therapeutic approaches against
aggressive brain cancer.

Keywords: brain tumors, glioblastoma, glioma, immunotherapy, preclinical models, organoids, patient-derived
xenografts, tumor microenvironment
INTRODUCTION

Among primary malignant tumors of the central nervous system (CNS) the most common and
aggressive form is glioblastoma (GBM) with a median survival of 12–15 months (1). Standard
treatment of care remained unchanged since 2005, consisting of maximal surgical resection followed
by concomitant radiotherapy and chemotherapy with the alkylating agent temozolomide (TMZ) (2).
December 2020 | Volume 10 | Article 604121119

https://www.frontiersin.org/articles/10.3389/fonc.2020.604121/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.604121/full
https://www.frontiersin.org/articles/10.3389/fonc.2020.604121/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:anna.golebiewska@lih.lu
mailto:simone.niclou@lih.lu
https://doi.org/10.3389/fonc.2020.604121
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2020.604121
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2020.604121&domain=pdf&date_stamp=2020-12-08


Klein et al. GBM Organoids
In the last 15 years, novel experimental approaches have shown
limited success to improve patient survival and the development of
more efficacious therapies remains challenging (3). Several
underlying factors, such as aggressive and highly infiltrative
growth, inter-patient and intra-tumoral heterogeneity and
multiple resistance mechanisms, contribute to the poor outcome
(4). More recently, high phenotypic plasticity of GBM has been
recognized as an additional hurdle, in particular for precision
medicine strategies (5, 6). Improved therapies are desperately
needed and novel approaches need to be investigated in
adequate preclinical models followed by innovative clinical trials.

Immunotherapy has emerged in recent years as an important
success story in oncology,withunprecedented results in various tumor
types, e.g., melanoma and breast cancer (7). Rather than targeting
tumorcellsdirectly, immunotherapyaims toactivate andmodulate the
immunesystem inorder to stimulate anti-tumor immunity.Currently,
numerous clinical trials assess various immunotherapeutic approaches
in GBM patients (8). Unfortunately, phase III clinical trials testing
immune-checkpoint inhibitors and vaccines have shown so far
discouraging results (9, 10). Importantly, GBM is classified as an
immunologically ‘cold’ tumor, with limited lymphocyte infiltration,
sequestration within the bone marrow and exhaustion of T
lymphocytes (11–13). In parallel, GBM induces a highly
immunosuppressive microenvironment and features
multidimensional immune escape mechanisms. These include the
downregulation of MHC Class I molecules, overexpression of
immunosuppressive cytokines, activation and recruitment of
immunosuppressive cell types, such as myeloid-derived suppressor
cells and regulatory T cells (14–16). Although the exact role of resident
microglia and blood-derived monocytes remains elusive, tumor
associated microglia/macrophages (TAMs) derived thereof largely
present a tumor supportive phenotype, which promotes tumor
growth, proliferation, and migration (17). This unique GBM tumor
microenvironment (TME) will therefore require tailored
immunotherapies targeting the immunosuppressive crosstalk
within the brain ecosystem, while at the same time stimulating
active immunity (18). Currently, a major limitation for the
successful development of immunotherapies in GBM is the lack of
appropriate pre-clinical models, which recapitulate an adequate
immunocompetent environment, along with the accurate molecular
and cellular heterogeneity at the tumor and TME level.

For many years, GBM research relied on conventional in vitro
cell culture systems based on long-term 2D monolayer cell lines
grown in serum-containing medium. However, such cell lines do
not reflect the heterogeneity of patient tumors, undergo massive
clonal selection and genetic drift, resulting in cells that bear little
resemblance with clinical tumors (19–21). Hence, translation of in
vitro studies into the clinic has been challenging, contributing to the
failure of clinical trials (22).The adaptationofpatient-derivedGBM
cultures to 3D spheres grown under serum-free conditions,
originally developed for neural stem cells, represented a major
step forward. In the literature these cultures are also referred to as
GBM neurospheres, brain tumor-initiating cells (BTICs) or glioma
stem-like cells (GSCs) (term applied in this review). GSCs were
shown to better preserve the genetic background of tumors, to
maintain a certain degree of phenotypic heterogeneity and
Frontiers in Oncology | www.frontiersin.org 220
molecular gradients (22–24). When implanted intracranially into
immunodeficient rodents, they retain invasive growth patterns in
vivo (25), a feature lost in conventional cell lines. GSCs do not,
however, preserve a complex structural tissue architecture
including extracellular matrix (ECM) and TME and can be highly
proliferative. Since GSCs are generally maintained as long-term
cultures, they also suffer to some extent from clonal selection and
genetic drift.

Remodeling of GBM tissue architecture and interactions with
TME is possible in vivo thanks to patient-derived orthotopic
xenografts (PDOXs), where patient tumor cells can grow in the
rodent brain (26, 27). These are, however, laborious, time
consuming and require the use of immunodeficient strains. Since
theTME is of rodent origin,molecular andanatomical inter-species
differences need to be taken into account. The recent development
of 3Dorganoid cultures has thus emerged as a promising preclinical
tool allowing tomodel complex tumor architecture ex vivowhilst at
the same time decreasing the use of animals (28). However
preclinical drug testing remains challenging for agents aiming at
modulating GBM TME, such as anti-angiogenic compounds or
immunotherapeutics. Currently,most immunotherapy approaches
against GBM are tested in vivo using a single syngeneic
immunocompetent mouse model (GL261). This murine model
displays a hypermutated genome, develops a ‘hot tumor’-like TME
and responses to immunotherapies which are of limited clinical
value (29–31). In this context tumor organoids integrating immune
components along with PDOXs developed in humanized mice
emerge as powerful tools for new preclinical studies (32, 33).

In this review we will discuss different protocols for GBM
organoid derivation and maintenance, as well as a wide range of
organoid-based applications for GBM research and precision
oncology. We further review recent attempts in the development
of immunocompetent organoids for evaluating immunotherapies
and discuss emerging limitations. Finally, we present opportunities
and challenges of immunocompetent xenograft models based on
orthotopic implantation of GBM organoids in mice with a
functional human immune system for studying immunotherapies
in vivo.
ORGANOID TECHNOLOGY FOR CANCER
MODELING

Healthy Tissue Organoids
During the past decade, growing tissue as organoids in vitro has been
spearheaded in developmental biology and the technology has been
further developed to encompassmature organ tissue (34). Organoids
are defined as self-organized, three dimensional (3D) organotypic
structures, recapitulating the original organ-like composition in vitro.
Pioneering work by the Clevers lab successfully established intestinal
organoids derived from murine Lgr5+ stem cells, which formed 3D
crypt villus structures similar to the in vivo organ (35). Nowadays, by
applying defined developmental signaling programs, organoids of
different organs can be developed. Organoids can be initiated from
singleormultipleorgan-restrictedadult stemcells butalso embryonic
stem cells (ESC) and induced pluripotent stem cells (iPSCs). The
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denomination of healthy tissue organoids implies several basic
features, including the presence of multiple cell types and a
morphological organization similar to the parental tissue. They are
widely used tomodel in vitronormal organ anddisease development,
such as infectious, immunological or hereditary disorders (for
detailed reviews see (32, 34). Healthy tissue organoids exposed to
potential carcinogenic agents, including viral andbacterial infections,
are also an excellentmodel to study early stages of tumorigenesis (36,
37). On the other hand, CRISPR-Cas9 based genetic engineering
opened possibilities to assess precise mutational processes at early
stages of tumor development (38).

Human cerebral organoids, also called ‘mini-brains’, were
established by Lancaster and Knoblich from pluripotent stem
cell-derived embryonic bodies (39). Mini-brains developed in
ECM (e.g., matrigel) showed characteristics of human cerebral
cortex and recapitulated features of different brain regions.
Currently, numerous methods are available for the generation of
mini-brains, e.g., from pluripotent stem cells (40), from lineage-
restricted neural progenitors (41, 42) or from fetal brain tissue (42).
Such organoids can also be established to recapitulate region-
specific brain structures such as the midbrain (41, 43). Although
the presence of different cell subtypes and the maturation stage of
brain organoids are limited, they proved to be instrumental in
studies of human development and disease (44). They can also be
applied forGBMmodeling andGBMco-cultures (reviewed below).

Tumor Organoids
In analogy to healthy tissue organoids, organoid cultures canmimic
tumor tissue structure. Several strategies exist to develop tumor
organoids: they are generally established directly from resected
patient tumors, or can be generated by genetic engineering of stem
cells and/or healthy tissue organoids (28). Noteworthy, organoids
derived frompatient tumor tissue have been used formany years in
cancer research and were initially referred to as ‘organotypic tumor
spheroids’ (45). At present, the terminology has been updated and
terms such as ‘tumor organoids’ or ‘tumoroids’ are in wide use, in
analogy to healthy tissue organoids. Instead the term spheroids is
now sometimes applied to 3D serum-free sphere cultures, such as
GSCs. Protocols and culture conditions for generating patient-
derived tumor organoids vary depending on the tumor type. The
initial organotypic cultures were derived in serum-containing
medium, while more recent protocols apply defined serum-free
media similar to healthy organoids. E.g., colon cancer organoids
develop in similar conditions as healthy intestinal organoids;
however, depletion of Wnt and R-spondins is needed to select for
tumor cells (46).Although certain organoids can bedeveloped from
single tumor cells after tissue dissociation, the application of intact
tumor fragments ormultiple cells is recommended to retain genetic
and phenotypic heterogeneity. Tumor organoids have been
successfully established for many tumor types, including brain
(26), breast (47), kidney (48), and liver (49). Interestingly, the
success rate of tumor organoid derivation is generally higher than
for cell lines and allows to propagate tumors such as prostate cancer
(50), less aggressive pancreatic cancer (51) and lower grade gliomas
(27), of which cell lines cannot be easily established. This is likely
due tominimal clonal selection and a better recapitulation of niche-
dependent signals. Compared to previous more simplified in vitro
Frontiers in Oncology | www.frontiersin.org 321
models, tumor organoids display a better resemblance with the
original patient tumor and retain to a certain extent an in vivo-like
structural organization (52, 53). If sufficiently proliferative ex vivo,
organoids can also be successfully expanded into organoid lines
with limited clonal evolution, and cryopreserved allowing for
efficient and high throughput biobanking (28, 47, 48, 54, 55). This
is particularly valuable if combined with corresponding healthy
tissue organoids.
GLIOBLASTOMA ORGANOIDS

Generation ofGBMorganoids can be traced back to the pioneering
work of Rolf Bjerkvig and colleagues in the 1980ties, who
demonstrated the use of patient-derived GBM tissue obtained
from needle biopsies or tumor resections to generate multicellular
organoids that could be maintained under specific non-adherent
culture conditions (45, 56). Although initially termed ‘organotypic
tumor spheroids’, these cultures fulfill the criteria of self-organizing
organoids. In contrast to 2D or 3D cell lines, these organoids have
been shown to closely maintain the genomic profile of the parental
tumor, conserve the cellular and molecular phenotype of the
original tumor and recapitulate inter- and intra-tumoral
heterogeneity (19, 45, 56). In recent years, several research groups
have directed their efforts in generating GBM organoids and
progress has been made in developing different technical
approaches. Here we provide an overview of different available
methods and discuss relevant advantages and limitations (Table 1).
Patient-Based Glioblastoma Organoids
The Bjerkvigmethod has been optimized and is still used bymultiple
labs including ours (25, 27, 63–67) (Figure 1). Fresh tumor tissue
resected during surgery is mechanically cut in small pieces using
scalpels to avoid enzymatic digestion. Tumor fragments are cultured
in non-adherent conditions in medium supplemented with serum
andnon-essential aminoacids, butwithout additional growth factors.
During thefirst daysof culture, tissue fragments self-organize into3D
organoids while damaged/necrotic cells are dying. This ensures the
preservation of healthy tumor cells within a heterogeneous 3D
structure including intact cell-cell interactions and ECM
components. GBM organoids generally reach a diameter of 300–
1000 µm, thereby recapitulating hypoxic gradients and phenotypic
heterogeneity. To a certain extent blood vessels and other TME cells
are also retained (25, 66). The success rate of GBM organoid
derivation is high (approximately 80%), failure is typically due to
excessive necrosis or tissue damage during the surgical procedure
(27). To avoid selection processes and genetic drift, we avoid long-
termexpansionandpassaging invitro. Insteadweusepatient-derived
organoids for downstream applications within 1–2 weeks of
establishment. The same protocol also allows the derivation of
organoids from lower grade gliomas (success rate approximately
70%), recurrent gliomas (27),meningiomas (unpublished) and other
brain tumors including metastases (68), but not normal adult brain.
Over the last decade we have established a living biobank of over 500
successfully generated patient organoids with an effective
cryopreservation protocol.
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Our protocol is limited by the availability and the quality of the
original patient material, i.e., the resected tumor tissue from surgery
orbiopsy.Resectionof viable tumor tissue followedby fastprocessing
of the sample is essential to maximize viability and to ensure a good
organoid quality. GBM organoid growth is limited and variable
across patients, where most organoids do not expand beyond the 2-
week-culture.Theydoremainviable for longer timeperiodsandhave
a tendency to fuse with each other into bigger structures. While for
Frontiers in Oncology | www.frontiersin.org 422
certain patient tumors further expansion and in vitro passagingmay
be possible, we generally do not attempt it in order to limit in vitro
selection processes. Instead, we apply expansion in vivo by
implantation of organoids into the brain of immunodeficient
rodents. These so called patient-derived orthotopic xenografts
(PDOXs, Figure 1) enable the propagation of human tumor tissue
in a brain microenvironment without relying on in vitro expansion.
Generally, high quality GBM organoids will efficiently generate
tumors in the brain of mice. Serial transplantation, which implies
cycles of in vivo growth and derivation of organoids from
xenotransplanted tumors, allows for extended expansion of patient
tumors for large studies, where higher amounts of biologicalmaterial
and/or of xenografted mice are required (27). Similar to patient-
derived organoids, organoids derived from PDOXs retain well GBM
tissue architecture, ECMand to a certain extentmouse-derivedTME
(25). We have shown that this procedure preserves genetic and
epigenetic profiles of parental tumors, includingmutational profiles,
copy number aberrations, gene amplifications and DNA ploidy,
which are regularly altered in long-term cultures (69). The main
challenges to this approach are the costs, the time that is necessary to
grow the tumors in the rodent brain and the logistics in planning
experiments based on PDOX material. Our model can also be
adapted towards growth in serum-free conditions (27, 66) and
allows for further derivation of GSC lines. In contrast however to
our organoids, we have detected marked changes at different
molecular levels during first GSC passages (27).

In recent years, alternative approaches to establish GBM
organoids have been published based on serum-free conditions.
By combining the protocol of GSC cultures with that used for
cerebral organoids, the Jeremy Rich lab successfully established
GBM organoids by embedding either dissociated GSCs or intact
GSC spheres in ECM (Matrigel) (59). The media composition
corresponds to GSC lines and is based on Neurobasal medium
supplemented with B27 and the growth factors bFGF and EGF. In
contrast toGSC spheres that reach amaximum size of 300 µm after
FIGURE 1 | Preclinical applications of GBM organoids. GBM organoids
derived from patient tumors or from genetically engineered cerebral organoids
can be applied for numerous functional assays such as: tumor cell survival,
proliferation and self-renewal, drug screening, ex vivo invasion assays, and
derivation of orthotopic xenografts. All experimental images were acquired by
the authors. Illustration created with Biorender.com.
TABLE 1 | Overview and comparison of GBM culture models.

Culture
model

Description Advantages Disadvantages References

Cell lines 2D Long-term adherent GBM
cells cultivated in serum-
containing medium

Rapid expansion, low cost, easy maintenance,
available for genetic manipulations

Loss of intratumoral heterogeneity, no
TME components, clonal selection,
genetic drift, in vivo phenotype does not
reflect human GBM, Low derivation
success rate

(20, 21, 24,
57)

3D GSC cultures (also termed
BTICs), grown as
neuropheres in serum-free,
growth factor –
supplemented conditions

3D growth, moderate expansion, moderate cost, easy
maintenance, invasive phenotype in vivo, limited
recapitulation of molecular gradients, enhanced stem-
like features

Clonal selection, some genetic drift,
limited intra-tumoral heterogeneity, no
TME components, tedious genetic
manipulations

(22–24, 58)

Organoids Patient-
derived
GBM
organoids

Organoids established as
primary cultures from
resected tumor tissue

High derivation success rate, retention of genetic
features and inter- and intra-tumoral heterogeneity,
contain some TME components, feasibility of co-
culture with autologous immune cells, clinically-
relevant drug responses

Costly and labor intensive, lack of
vascularization and limited immune
component, requires access to fresh
patient material and limited by availability
of biological material

(25, 27, 59,
60)

Genetically
modified
GBM
organoids

Gene-edited hESC-derived
cerebral organoids initiating
tumorigenesis

Recapitulation of early stages of tumorigenesis,
defined genetic background, natural development in
human brain-like structures, largely recapitulating TME

Time consuming, costly and laborious
protocol to generate cerebral organoids,
lack of vascularization and immune
components

(61, 62)
December 2020 | Volume 10 | A
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2 weeks, these organoids can grow up to 3–4 mm in 2 months.
Although beyond this point proliferation is limited, organoids
remained intact and viable for over one year without passaging.
These GBM organoids recapitulated hypoxic gradients,
proliferation rates and phenotypic heterogeneity, but do not
contain TME components. The organoids give rise to tumors
after xenotransplantation, with a longer latency compared to
GSCs (59). The protocol can also be applied for fresh
mechanically minced tumor tissue or tumors developed in
engineered mouse models. No information is available regarding
success rate, recapitulationof genetic/epigenetic features of parental
tumors and retention of TME when fresh patient material is used.

Another protocol for GBM organoid derivation based on
mechanically dissociated GBM tissue was recently reported (60).
Small GBM fragments of 0.5–1 mm were cultured in serum-free
medium containing mixed Neurobasal/DMEM:F12 supplemented
with B27 and N2 and human insulin. Here, growth factors (EGF,
bFGF) were not added to the medium. GBM tissue fragments were
grown in non-adherent conditions on an orbital shaker without
ECM. Under these conditions organoids self-organize within 1–2
weeks and continuously proliferate for over 1 month. To avoid
necrosis in the core and to propagate organoids in vitro, larger
organoids can be regularly cut into small pieces of approximately
0.2–0.5 mm. This allows to preserve cell-cell interactions and
natural ECM. These organoids were shown to recapitulate well
genetic and molecular traits of original tumors, including inter-
patient and intra-tumoral heterogeneity. Phenotypic heterogeneity
and a hypoxic gradientwere regularly present. Interestingly, despite
culture conditions selecting for neural cell lineages, TME
components, such as vasculature, TAMs and T cells, were
partially preserved within these organoids, at least at early stages.
The authors report high success rates of organoid generation from
primary GBM (>90%). Recurrent tumors and IDH-mutated
astrocytomas also gave rise to organoids, albeit at a slightly lower
success rate (75 and 67%, respectively). To create a biobank,
primary organoids of approximately 1 month were cut into 100
µm and cryopreserved. Recovered organoids display good viability
and continuous growth. These organoids also give rise to tumors
upon xenotransplantation with high success rate.

Glioblastoma Organoid Derivation via
Genetic Engineering of Cerebral Organoids
GBM organoids can also be generated through genetic engineering
of healthy tissue stem cells or cerebral organoids to induce tumor
formation. Bian et al. developed an efficient system to introduce
simultaneously gain and/or loss of function of tumorigenic genes via
Sleeping Beauty transposon-mediated gene insertion and CRISPR-
Cas9–based mutagenesis of tumor suppressor genes respectively
(61). The authors modified the protocol of human ESC-based
cerebral organoids (39), where a combination of plasmids is
introduced via electroporation at the neural stem/progenitor cell
stage, before full organoid maturation is accomplished in an ECM.
By applying combinations of clinically relevant genetic aberrations
they identified sets of genetic cooperations leading to the
development of tumor organoids, termed neoplastic cerebral
organoids or neoCORs, resembling GBMs and pediatric CNS-
PNET. CNS-PNET-like tumors were linked to the overexpression
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of the oncogene MYC, whereas GBM-like cells developed from 3
different sets of genotypes: CDKN2A–/–/CDKN2B–/–/EGFROE/
EGFRvIIIOE, NF1–/–/PTEN–/–/TP53–/–, and EGFRvIIIOE/
CDKN2A–/–/PTEN–/–. Emerging GBM-like cells, traced by GFP
expression, are proliferative and display classical astrocytic
markers. Tumor regions within organoids are visible within one
month and show a disorganized structure with marked invasion of
GBM-like cells into adjacent normal organoid structures. On the
other hand, perivascular palisading necrosis is not present, probably
due to the small size and/or the overall lack of vasculature in
brain organoids.

Human ESC-derived cerebral organoids were also applied by
Ogawa et al. to induce GBM tumors by CRISPR-Cas9–based
expression of oncogenic HRAS (HRASG12V) with simultaneous
disruption of the tumor suppressor TP53 (62). The authors used
mature 4-months-old brain organoids and introduced plasmids via
electroporation to the cortical structures, close to the surface. At 2
weeks after electroporation, first tdTomato-positive transformed
cells were visible. At 8 weeks, GBM-like cells encompassed <5% of
the organoid; however, onset of fast proliferation leads to complete
take over by GBM-like cells by 16 weeks, with the tumor mass
growing beyond the boundaries of the organoids. The developed
GBM-like cells can be further cultured as adherent GBM cell lines,
GSCs, and also form tumors upon xenotransplantation.

Challenges and Opportunities
Although organoids have gained significant attention in recent
years, the technology is still immature. The term ‘organoid’ is broad
and encompasses different biological entities based on different
underlying procedures. While patient-derived GBM organoid
protocols largely converge, they exhibit significant differences,
which carry their own advantages and pitfalls. Organoids derived
from mechanically minced tissues preserve best cell-to-cell
interactions and TME components, whereas organoids derived
from dissociated GBM cells may give higher flexibility and
reproducibility. Although serum-containing medium is often
criticized for inducing differentiation processes, we have not
observed this in our short term organoid cultures. Moreover,
while serum is known to cause differentiation in normal stem
cells, this differentiation process is incomplete and fully reversible
in cancer stem cells (5). GBM organoids exposed to serum retain in
vivo tumorigenicity and heterogeneous expression of stem cell
markers similar to patient tumors (5, 27, 66). Moreover limited in
vitro expansion reduces clonal selection processes and maintains
increased tumor heterogeneity. Serum-containing medium
however limits proliferation in vitro and requires amplification of
the tumor material in vivo. On the other hand serum-free
conditions supplemented with growth factors allow for faster in
vitro growth, enabling biobanking without the use of animal
components, but risk increased tumor cell selection and
adaptation of cultures. In general, serum-containing medium
better maintains TME components, including glial and immune
cells. However such cells were also detected in organoids grown in
serum-free medium adjusted for neural cell cultures. More data is
needed to fully comprehend the influence of medium components
and passaging on the maintenance of tumor and TME populations
in organoid cultures. Importantly, both serum-grown and serum-
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free patient-derived GBM organoids were reported to recapitulate
well molecular gradients and phenotypic heterogeneity, which
represents a major drawback of GBM cell lines (Table 1). In
addition, patient-derived GBM organoids largely maintain
genetic signatures of their parental tumors, including gene
amplifications often lost in GBM cell lines. Still, it remains to be
seen to what extent long-term culture of organoid lines may lead to
adaptation of tumor cells including clonal selection and further
genetic drift, as well as loss of patient-specific genetic and
phenotypic heterogeneity. To ensure the accuracy and genetic
stability of organoids, the genetic status of organoid lines should
be regularly verified after a defined number of passages.

Genetically engineered organoids provide excellent and flexible
in vitromodels for the study of early stages of GBM: they allow for
the identification of driver mutations and downstream pathways
during the onset ofGBM.At present however, it remains unclear to
what extent the introduced driver mutations recapitulate the
complex genetic heterogeneity of human GBM within the
organoid. This has limitations in particular for personalized
treatment approaches. Cerebral organoids, particularly those
derived from pluripotent stem cells, do not reach complete post-
mitotic maturity, and thus represent rather a developing fetal
structure than an adult brain. Therefore, they may be more
valuable to interrogate tumorigenic potential of pediatric tumors,
rather than GBM in adults. Another drawback of this approach is
the long process for the establishment of cerebral organoids, which
takes months and needs a certain expertise along with a high costs.
APPLICATIONS OF GBM ORGANOIDS

Themajor asset of organoids is the close recapitulation of genetic and
phenotypic heterogeneity of the parental tumor. Hence they hold a
great potential for a wide range of pre-clinical applications. In
comparison to GBM cell lines, the common drawback of organoids
is the increased technical effort needed to perform functional assays
and drug testing, particularly in a high-throughput manner. In this
chapter, we describe fundamental applications established in the field
(Figure 1) and review the technical requirements that need
adaptation for successful applicationoforganoids topreclinical assays.

GBM Survival, Proliferation,
and Self-Renewal
Assessing GBM proliferation and survival in organoids is more
challenging thanwith conventionalGBMcell lines andGSCsdue to
a compact growth of GBM cells within complex 3D structures.
Direct counting of single GBM cells present within patient-derived
GBM organoids or after enzymatic dissociation is usually not
precise, thus measurement of growth is more often followed by
changes in the diameter of the organoids themselves over time
(Figure 1). To obtain reproducible results, this growth
(proliferation) assay should ideally be performed on smaller
organoids of similar size at the early development stage to avoid
halted proliferation in organoids at later stages. Two options are
possible (i): mechanical cutting followed by manual collection of
smaller organoids of similar size (60), or (ii) reformation of
organoids from dissociated single cells (59). Although our
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organoid protocol relies on mechanical dissociation of tumor
tissue, we showed that the organoid preparation can be adapted
for one-off experiments if size standardization is required (25, 27):
Organoids can be recreated from enzymatically dissociated patient
or PDOX-derived tumor tissue, where single cells self-assemble
back into organoid structures. This protocol allows for purification
of subpopulations and/or standardization of organoid size and
shape for specific functional studies (25, 27, 69–72). This
dissociation step should be avoided for serial transplantations and
long-term maintenance and propagation of the patient derived
tumor material. Self-renewal can be followed by growth of
organoids from single cells or via serial dilution assay, but these
protocols are applicablemostly to the proliferative organoidmodels
based on GSCs (59). Organoid formation and growth can be
monitored during a limited period of time in a live cell analysis
system or simply by microscopy. Immunohistochemistry-based
antibody stainings, classically applied to tumor tissue sections, are a
valuable source of information with regard to organoid structure
and phenotypic organization. E.g., Ki67 staining can be used to
identify proliferating tumor cells. EdU (5-ethynyl-2-deoxyuridine)
or BrdU (bromo-deoxyuridine) based DNA labeling assays can be
used for the qualitative and quantitative evaluation of proliferation
inside organoids (73, 74). Additionally, the estimation of cell death
within the organoid can be performed by fluorescent labeling of the
cells with viability and cytotoxicitymarkers allowing for calculation
of the ratio between viable and dead cells (70, 72). Proliferation of
tumor cells within genetically engineered organoids is possible by
detection and quantification of the fluorescence/bioluminescence
signal of the genetically modified GBM-like cells (61, 62). Viral
barcoding labeling can further enable tracing of clonal lineages and
proliferation capacities (75).

Drug Screening
2Dmonolayer cell cultures have beenwidely used for drug screening
purposes, mostly because of easy availability and low maintenance
costs (76), but unfortunately at the expense of minimal success rates
in clinical trials due to lack of efficacy or toxicity. They have been
reported to show a disproportionate cellular response to anticancer
drugs, partially due to very high proliferation rates and profound
phenotypical changes. GSC cultures in combination with novel
biological and synthetic scaffolding techniques have shown a better
reflection of the patient tumors along with improved drug response
when compared to 2D models (22, 77). As these cultures select for
proliferative stem-like GBM cells, the drug responses may still be
restricted towards these specific phenotypic states. Thus drug
responses in heterogeneous organoids may better reflect clinical
reality. As all patient-derived GBM organoid models better
recapitulate oxygen and nutrient-based heterogeneity, the response
toheterogeneous statesmaybemeasured simultaneously (27, 59, 60).

Drug responses in GBM organoids can be followed by applying
similar technical adaptations as described for proliferation assays,
where organoid size and phenotypic/histological changes are
measured to determine drug responses. Accurate drug testing
requires standardization in terms of size and shape as well as
proliferation status. In theory, varying expansion capacities during
different stages of organoid development could be exploited to probe
drug responses at different proliferation stages of the tumor.
December 2020 | Volume 10 | Article 604121

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Klein et al. GBM Organoids
Additional challenges need to be taken into account, while adapting
drug testing towards high-throughput screens. Classicalmicroscopy-
based evaluation is laborious and time-consuming andmeasurement
of organoid size can be limited due to cellular debris surrounding the
organoid. Immunohistochemistry for viability, proliferation (Ki67)
and apoptotic markers can give a detailed readout on heterogeneous
responses to chemo- and radiotherapy within organoid structures
(59, 60), but again is low-throughput. The old-fashioned cell viability
tests, such as MTT or WST, are not adapted towards non-adherent
organoidsbecauseof lowcell number.Developmentofmore sensitive
assays, such as CellTiter-Glo, combined with growth or organoids in
384-well plate format allows to scale up organoid-based drug screen
protocols (78) (Figure 1). Using GBM PDOX-derived organoids of
standardized size derived from 1000 tumor cells, we have applied a
similar medium-throughput protocol and showed patient-specific
and clinically relevant responses to TMZ and EGFR inhibitors (27).
In accordance with clinical outcome,MGMT promoter-methylated
GBM organoids showed higher sensitivity to TMZ in comparison to
MGMT promoter-unmethylated organoids, an effect that is not
always recapitulated in GBM cell lines (79). Similarly to short term
GBM cultures (80), patient-derived GBM organoids’ responses to
EGFR inhibitors were linked to EGFR expression and mutations
present in individual tumors. These associations cannot be easily
assessed in long-term adherent cell lines andGSCs due to the general
loss of EGFR amplification in these cultures (81). Clinically-relevant
heterogeneous responses were also observed in patient-derived
organoids cultured in serum-free medium (60), although more
models in (epi)genetically-defined groups will be needed for a
comprehensive evaluation. We were also able to reconstruct GBM
organoids in alginate using cell printing technology. Cell printing
combinedwith automatedhigh content imaging of viable cells allows
for a higher throughput automated drug library screening (77, 82).
Other detection techniques, such as optical metabolic imaging, not
requiring specific dyes for detection also arise as an interesting
option (83).

Although the organoid technology is very promising and
enables relatively fast drug testing in clinically relevant timing,
several challenges should be considered. Similarly to nutrients
and growth factors, drugs may not be able to fully penetrate
bigger 3D structures, thus organoids of smaller sizes should be
applied for drug testing. Both patient-derived organoids and
genetically-engineered organoids contain also normal non-
malignant cells to various degrees, thus more adequate read-
out techniques may be needed to distinguish effects on different
cell types. E.g., Brian et al. quantified the ratio between tumor
and normal cells via flow cytometry (61). Although fluorescence/
bioluminescence allows to distinguish GBM-like cells within
genetically-modified organoids, high throughput application
may require faster detection and precise calculation algorithms.
An additional drawback in GBM is the lack of equivalent patient-
derived normal brain organoids. This would allow to screen for
drugs that selectively kill tumor cells while leaving healthy cells
untouched. Although iPSCs could be derived from each GBM
patient and used for cerebral organoid development, the
technology is still immature and inefficient to be applied for
routine testing. This could be partially resolved by applying GBM
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organoids in co-cultures with cerebral organoids or organotypic
brain slices, as described for the invasion assays below (74).

GBM Invasion
Tumor cell invasion is a hallmark of GBM strongly contributing to
inevitable regrowthof tumors after surgery (84). Invasion capacities
of tumor cells are classically tested in vitro with Boyden chambers,
where single cells can invade membrane pores covered with
different combinations of ECM. Subjecting intact organoids to
Boyden chamber assays is not optimal as invasion from a 3D
structure through amembrane is irregular and difficult tomeasure.
Although single cells obtained from enzymatically dissociated
organoids can be applied (25), this may lead to an additional
stress of GBM cells not adjusted to survive as single cells. The
sprouting assay represents a more adapted approach as it simply
involves embedding organoids directly in the ECMand quantifying
cells invading out of the organoid into the matrix (65, 67). A more
advanced technique formeasuring invasion could take advantageof
adult organotypic brain slice cultures of rodent or human origin
(Figure 1), where organoids encounter the natural brain
microenvironment (85, 86). So far this technique was applied to
GBM cell lines andGSCs, injection of organoids into the brain slice
may be more challenging. Organoids may remain non-attached or
only adhere to the surface of the brain slice. Importantly,
this technique requires fluorescent labelling of tumor cells for
detection and quantification of invasion and single cell velocity
by microscopy.

Organotypic brain slice cultures can also be replaced by healthy
cerebral organoids. In this case, direct co-culture is possible, where
GBM cells can spontaneously fuse with brain organoids to form
hybrid organoids. Linkous et al. showed successful interactions
betweenGSCswith humanESC and iPSC-derived brain organoids,
creating a so called GLICO (cerebral organoid glioma) model (74).
The authors showed that GSCs were able to invade and proliferate
within the healthy brain organoid and to form interconnecting
microtubes. Another study confirmed that GSCs transcriptionally
adapted to mini-brain microenvironment in line with their in vivo
behavior (87). Although Linkous et al. showed similar invasion of
GSCs in cerebral organoids of different age, others reported GBM
cell invasion only in early stage cerebral organoids, whereas
invasion into fully mature organoids was halted (88). Similar co-
cultures of human cerebral organoids could be applied to patient-
derived GBM organoids in the future. Of note, the protocol is
tedious, as efficientGBMinvasion inside the cerebralorganoidoften
requires removal of the ECM embedding (87, 88). If ECM is
preserved, GBM cells primarily adhere to the matrix and grow on
top of the surface. Injection of GBM organoids inside the cerebral
organoids could also be envisaged, although this may destroy the
fragile mini-brain structure, particularly if still embedded in the
ECM. A similar co-culture approach is also feasible with mini-
brains derived from neural progenitors isolated from rat fetal brain
(42, 65). Patient-derived GBM organoids and GSCs spontaneously
fuse with rat brain organoids and progressively invade the healthy
brain tissue. The process is faster and more efficient in comparison
to human cerebral organoids, as rat brain organoids are not
embedded in ECM. Also other brain tumors were shown to
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interact with healthy rat brain organoids, but GBM cells showed
most prominent invasion, up to complete destructionof the healthy
tissue (89). Although species differences should be considered, rat
brainorganoids derived fromfetal tissue are faster togenerate,more
reproducible and appear to reach better maturation status
compared to human cerebral organoids derived from iPSCs or
ESCs. Again, fluorescent or bioluminescent labelling is needed to
efficiently measure GBM invasion into brain organoid structures.
Similarly, invasion can also be followed directly in genetically-
engineered organoids as GBM-like cells develop naturally within
the intact cerebral organoids (61, 62). Although cerebral organoids
allow for easier access to human brain structures, they miss critical
structures required for invasion. In particular, it is well known that
GBM cells preferentially infiltrate along vascular structures (90),
which are not present in cerebral organoids. The inclusion of
vascular elements into cerebral organoids (91, 92) in co-cultures
with GBM organoids, as well as directly into genetically engineered
GBMorganoids, could therefore be a valuable tool for future studies
on the dynamics of GBM invasion along blood vessels and
developing invasion inhibiting treatment strategies.

Patient-Derived Orthotropic Xenografts
Patient-derived xenografts (PDXs) represent a well-established
preclinical cancer model allowing for propagation and
investigation of human tumors in immunodeficient rodents.
Classically PDXs are derived by subcutaneous implantation of
patient tumor tissue fragments, with a take rate of around 50%
for GBM tumors (93). In case of specific organs, such as brain,
patient-derived orthotopic xenografts (PDOXs) better recapitulate
tumor histopathological features and TME. Implantation of tissue
fragments directly into the brain is technically challenging and
may lead to unreproducible tumor growth. Thus application of
patient-derivedGBMorganoids for implantation ensures technical
feasibility and standardization, while avoiding GBM selection and
adaptation. In general, the majority of GBM organoids of different
culture models give rise to tumors upon xenotransplantation in the
brain and recapitulate well histopathological features of patient
GBMs such as invasion and angiogenesis. To obtain consistent
tumor take and growth rates, we implant six to ten intact GBM
patient-derived organoids into the brain of immunodeficient mice
or rats respectively (25, 27, 94, 95). We have shown that organoids
derived from high grade gliomas, including IDH mutant
astrocytomas and GBM, are able to grow in the brain with very
high rate of tumor take (27).. Successful engraftment and PDOX
propagation for > 3 in vivo passages was obtained for 86% ofGBMs
(35/41) and 25% grade III gliomas (2/8). Failure of GBM organoid
engraftmentwas attributed to initial poororganoidquality,whereas
no association between organoid quality and tumor take was seen
for grade III gliomas.The in vivo tumor latency strongly dependson
the parental tumor and can vary from several weeks to several
months. Organoids from treatment naïve and treated GBMs can
develop and give rise to tumors in vivo. We have been also able to
generate paired longitudinal models from tumor samples collected
at different timepoints from the same patient, thus recapitulating
disease progression over time (27). Suchmodels are invaluable tools
to study tumor evolution and treatment resistance in a personalized
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in vivo setting. In case of more proliferative GBM organoids
cultured in serum-free conditions, implantation of a lower
number of intact organoids (down to 1 organoid/implantation)
was sufficient to develop tumors in vivo (60). The authors reported
successful engraftment of 8 organoid cultures derived from 7
patients and tumors were visible 1–3 months after implantation.
Hubert et al., applied enzymatic dissociation of organoids prior to
implantation (59). Although no exact tumor take rates were
reported, implantation of GSC-derived organoids should be
highly efficient. Interestingly, despite containing a similar number
of self-renewing cells GBM organoids showed longer latency than
implanted GSCs of the same patient (59). Genetically-engineered
GBMorganoidswere also shown to give rise to intra-cranial tumors
in vivo (no tumor take reported, mean survival 90–100 days after
implantation of 3*105 cells) (62) or expand in renal capsules (17/20
neoCORs, 85%) (61).

PDOXs allow for the propagation of tumormaterial in vivo (live
biobanking)within anadequatebrainmicroenvironment including
structural (vasculature, blood brain barrier), cellular (neurons, glia,
microglia/macrophages) andmetabolic components (cerebrospinal
fluid, brain interstitial fluid). This procedure allows also to avoid
long-term culture and expansion of organoids in vitro. GBM
organoids can be further obtained from established PDOXs and
serially transplanted to maintain the patient tumors over multiple
generations (27).We showed thatorganoid-derivedPDOXs remain
stable across generations in mice, recapitulate histopathological
features ofhumanGBM,withvarious level of angiogenesis, necrosis
and invasiveness (25). Such PDOXs represent invaluable patient
‘avatars’ for downstream experimental needs and applications
(Figure 1). Applications range from in vivo drug validation
studies, protocol optimization for magnetic resonance imaging
(MRI), the use of isotopic tracers for dynamic profiling of tumor
metabolism in vivo, genetic and phenotypic analysis, to
identification of novel biomarkers and therapeutic targets (5, 95–
100). We showed that anti-angiogenic treatment in organoid-
derived GBM PDOXs leads to clinically relevant responses with
no survival benefit (70, 95). This is in contrast to observedGBMcell
line-derived xenografts, which show strong dependence on
angiogenesis to survive in vivo (101). Monitoring of PDOX by
MRI allows to follow ‘patient avatars’ in a similar fashion as in the
clinical setting and to complement drug testing on organoids (27,
70). This includes the visualization of an intact or disrupted blood
brain barrier (BBB) in the various tumor compartments, an
essential component of the GBM TME. Because of the selective
permeability of the BBB regarding blood derived molecules (102),
PDOXs are essential to validate the therapeutic effect of novel
treatment strategies in a meaningful preclinical in vivo setting to
avoid failure in the clinical phases.

Because human tumors need to be engrafted in immunodeficient
rodents, limitationsofPDOXs include the lackof a complete immune
system and potential interspecies incompatibilities at the molecular
level. Importantly, our previous studies showed that human tumor
cells can functionally interact with cells from the TME in PDOX
despite interspecies differences, e.g., rodent endothelial cells form
aberrant blood vessels (25) and are affected by anti-human VEGF
treatment (70, 95). Similarly,myeloid cells are present in PDOXs and
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are modulated by the tumor graft (27). Since they represent the
major immune cell type of the brain TME, targeting the
immunosuppressive nature of myeloid cells can be tested in PDOX
(17, 103). Nevertheless, while the innate immune system is largely
intact in nude mice, the lack of lymphocytes prevents certain
applications for modern immunotherapy. This can be overcome on
the one hand by the generation of immunocompetent GBM
organoids for ex vivo studies and on the other hand, by the
establishment of PDOX models in humanized mice for in
vivo studies.
IMMUNOCOMPETENT ORGANOID
CULTURE—WHICH IMMUNE CELLS
TO USE?

The interactionsbetween immuneand tumorcells critically influence
the onset, progression and treatment of human malignancies.
Although the brain has been for long considered as an immune
privileged organ, it is clear that the immune systemplays a key role in
development and surveillance of brain homeostasis (104).
Nevertheless, the brain remains an immunologically distinct site,
which is also reflected in the TME of brain tumors (105). TME
includes brain resident and infiltrating myeloid cells, natural killer
cells, dendritic cells and regulatory T cells, classifying GBM as
strongly lymphocyte depleted tumors (13). A major challenge of all
currentGBMorganoidmodels remains theestablishmentof an intact
TME including the immune cell compartment.

The establishment of immunocompetent cancer organoids is an
active field of research and an urgent need. Such novel models fill a
gap in pre-clinical research, allowing for functional and translational
studies for immunotherapies and promoting the investigation of
tumor-immune cell interactions (106).Considering thehighdemand
forpersonalized immunotherapy, immunocompetent ex vivomodels
present a promising platform for individual patients, by advancing
the development of new immunotherapeutic strategies. Here we
provide an overview of protocols employing various immune cell
populations for the setup of immunocompetent tumor organoids
that couldbeapplied toGBMmodelling.Tumororganoids canbeco-
cultured with different immune cell populations depending on the
origin of the immune compartment. Immune cells can be isolated
from the periphery or directly from the tumor site (Figure 2).
Opportunities and limitations of both are discussed below.

Peripheral Mononuclear Cells
To mimic the immune microenvironment, immunocompetent
organoids can incorporate autologous or allogeneic immune
components in the culture. In the case of autologous immune
components, cells are isolated from the same patient who provided
the tumor tissue to generate tumor organoids. Allogeneic immune
cells imply a non-self-source, such as healthy blood donors. The
main source of relevant immune cells are peripheral mononuclear
cells (PBMCs), which comprise lymphocytes (T cells, B cells, and
NK cells) and monocytes. Isolated PBMCs should not contain
neither granulocytes (neutrophils, basophils, and eosinophils) with
multi-lobulated nuclei, nor nuclei-free erythrocytes and platelets.
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PBMCs can be cultured as a bulk population or individual immune
cell populations can be further isolated through magnetic
separation or FACS, cultivated and expanded as monocultures.

Autologous Peripheral Mononuclear Cells
Patient blood presents a valuable source to obtain patient’s own
immune cells in the form of autologous PBMCs. PBMCs are easily
accessible and can be obtained through a simple blood withdrawal
prior to surgery when the tumor tissue is removed. This allows to
establish matched immunocompetent organoids for individual
patients. Promising results with ex vivo co-cultures of organoids
with autologous PBMCshave been reported for non-small cell lung
cancer and colorectal cancer (107, 108).Aproportionof co-cultures
with organoids positive for MHC class I led to the activation of T
cells, which were able to eliminate tumor organoids, but left non-
neoplastic organoids from the same patient unaffected. No
responses were observed for MHC class I deficient tumors. In this
protocol organoids were dissociated into single cells and adapted to
lymphocyte medium prior to the co-culture (107, 108). This proof
of concept study suggests that tumor reactive T cells can be
expanded from peripheral blood and activated by matched tumor
organoids. Activated T cell populations can thus be used
subsequently to test cytotoxic properties ex vivo and/or to analyze
the T cell receptor repertoire. Ultimately, effector T cells displaying
immune reactivity after co-culture with tumor organoids could also
be applied for adoptive cell transfer, if a sufficient number of T cells
is generated.

Such systems have not yet been reported for GBM and it remains
to be seen whether GBM cells will trigger an immune response and
immunogenic properties in autologous PBMC-based organoids,
particularly in case of MHC I deficiency. Multiple studies have
shown that GBM patients’ blood presents peripheral T cell
lymphopenia (low T cell counts) and a high number of myeloid-
derived suppressor cells (12, 15, 109). This is further exacerbated by
corticosteroids (dexamethasone), a treatment often providedupfront
to reduce tumor-associated edema and improve clinical symptoms.
Therefore the timingofbloodwithdrawal is crucial and should ideally
be conducted before surgery and before any other treatment is given.
Additional technical issues need to be taken into account (i): pre-
stimulation of tumor organoids with interferon g (IFNg) may be
needed toenhanceantigenpresentation (ii), pre-stimulationofTcells
with anti-CD28 and interleukin-2 (IL-2) may be required to support
proliferation and expression of anti-Programmed cell death 1 (anti-
PD1) thereby counteracting Programmed cell death ligand 1 (PDL1)
inhibitory effects on tumor cells (107).

Allogeneic Peripheral Mononuclear Cells
Allogeneic PBMCs are isolated from the blood of healthy donors. In
contrast to autologous PBMCs, they represent normal blood with
appropriate cell counts andwerenever exposed to tumor-associated
stimuli released into the peripheral system. Allogenic PBMCs have
beenextensively used toobtainpurified immunecell populations (T
cells, NK cells, monocytes), which were applied to co-cultures with
conventional tumor cell lines. Although activation of immune cells
in 2D cultures appears rather straightforward, patient-derived 3D
systems add additional challenges linked to immunosuppressive
factors such as hypoxia and high lactate levels (110) as well as
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potential HLA incompatibilities. Co-cultures of allogenic blood
components have not yet been reported for GBM organoids. Tang
et al., developed sophisticated co-cultures of macrophages with
GSCs using a bioprintingmethod (111).Macrophage cultures were
obtained from a monocytic cell line (THP-1), human iPSCs or
PBMCs from healthy donors. Co-cultures were embedded in
hyaluronic acid rich hydrogels, representing a main component
of GBM ECM. Additional cellular components such as astrocytes
and neural stem cells, could be incorporated to the embedded co-
cultures. Of note, unpolarized M0 macrophages successfully
interacted with GSCs and polarized towards a protumoral M2-
like macrophage phenotype.

Tumor Derived Immune Cell Populations
Tumor Infiltrating Lymphocytes
Tumor infiltrating lymphocytes (TILs) present within resected
tumor fragments represent another source of lymphocytes.
Isolation of TILs can be performed simultaneously during tumor
tissue processing, which facilitates biobanking regulations and
protocols, e.g., no additional blood withdrawal from the patient is
necessary. In contrast to systems using peripheral immune cells,
TILs allow for the ex vivomodeling of the TME-intrinsic immune
responses. Cells present within the TME are enriched for
populations already instructed by the tumor, hence they may not
need further activation to produce the desired tumor-intrinsic
phenotype. Co-cultures with TILs are particularly important for
interrogating immune checkpoint expression on tumor cells and
TILs and determining tumor-specific efficacy of checkpoint
inhibitors. The main disadvantage lies in low number of TILs
obtained from most tumors. Compared to metastatic melanoma
where TILs are frequently isolated in high numbers and applied in
adoptive T cell transfer, enrichment of tumor-reactive T cells in
gastrointestinal cancers was more challenging (112). These
Frontiers in Oncology | www.frontiersin.org 1028
limitations can be partially overcome by using organoids derived
frommechanically processed tumor tissue,whereTILs arenaturally
preserved. E.g., Neal et al. showed that patient-derived tumor
organoids from different type of cancers, including melanoma,
renal and non-small cell lung cancer preserve endogenous TILs
and other TME components (113). Here tumor organoids were
embedded in a collagen matrix and subjected to an air-liquid
interface set-up. TILs and other TME components were present
for up to 2 months within tumor organoids. TILs remained
functional and triggered a cytotoxic response upon PD1/PDL1
checkpointblockades.AlthoughTIL survivalwasprolongedby IL-2
or anti-CD3/anti-CD28, further optimization will be needed for
long-termpreservation.Another study reported themaintenanceof
CD45+ immune cells for up to 8 days within epithelial tumor
organoids (114). A protocol applying co-cultures of tumor
organoids and separately isolated TILs was reported for rectal
cancer, where TILs were able to interact with tumor organoids
embedded in the ECM and to partially restore cytotoxic activity
upon (anti-PD1) treatment (115).

Establishing a co-culture system for GBM organoids and TILs will
be technically challenging due to the low number of infiltrating
lymphocytes in GBM. TME components were reported to be present
within patient-derived GBM organoids derived from tissue fragments
including a small fraction of T cells and TAMs (60, 66). However,
similar to epithelial cancer organoids, the TME compartment is
progressively lost over time and separate TILs may be needed for
long-term experiments. The situation in GBM is further complicated
by the fact that a large fraction of infiltrative T lymphocytes represent
regulatoryT cells rather than tumor-directed cytotoxicT lymphocytes,
promoting an immunosuppressive TME (116). Thus co-cultures and
manipulation of TILs towards a different phenotype will be of
particular importance for GBM-specific immunotherapies. Finally,
since isolation of TILs from tumor tissue requires enzymatic
FIGURE 2 | Strategies for immunocompetent GBM organoid development. Immunocompetent organoids can be set up as co-cultures of tumor organoids with
immune cells derived either from the tumor itself or from peripheral blood of patients or healthy donors. Immunocompetent organoids are applicable to functional
assays and therapeutic intervention studies, which implicate assessment of tumor-immune cell interactions. Illustration created with Biorender.com.
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dissociation, it interferes with the derivation of GBM organoids from
mechanically cut tissue fragments. In this caseGBM tissue will have to
be sub-divided for TIL isolation and GMB organoid derivation,
compromising the number of T cells and organoids obtained
per patient.

Tumor-Associated Microglia/Macrophages
TAMs play an important role in GBM biology and are known to
facilitate tumor growth and invasion. TAMs originate from both
microglia and blood-derived monocytes, and acquire a strong
immunosuppressive phenotype in GBM (17, 117). GBM display a
prominent infiltration of TAMs which represent the majority
population of non-neoplastic cells (40–50% of the non-tumor cell
mass), thus they can be isolated from tumor tissue resected during
surgery. This is generally based on selection of CD11b positive cells
with FACS or MACS followed by subsequent cultivation. This is a
laborious method which generally results in low yields, which is
complicated by the fact that TAMs do not generally proliferate in
culture. Culture and freezing conditions should be optimized in
order to keep the viability at a high level. Similar to TILs, TAMs are
also partially preserved in GBM organoids, allowing for direct
investigation of tumor-TME crosstalk during early stages of
organoid culture.

Modified Immune Cells (CAR-T Cells,
CAR-NK Cells)
CAR-T cells are genetically modified T cells expressing a
chimeric antigen receptor (CAR) on their surface, which
results in the binding to specific antigens on tumor cells
leading to tumor cell killing. As patient-derived tumor
organoids retain well specific antigens and heterogeneity, they
appear as an advantageous model for ex vivo testing of CAR-T
cell therapies. Jacob et al. demonstrated the utility of patient-
derived GBM organoids to test adoptive T cell therapy ex vivo
(60). EGFRvIII is a constitutively activated EGF receptor mutant
that is overexpressed in a large number of GBM. CAR-T cells
engineered to react with EGFRvIII expressing cells were co-
cultured with GBM organoids with differential EGFRvIII
expression levels. CAR-T cells were able to invade GBM
organoids and expansion of EGFRvIII-specific T cells was
observed within organoids with high EGFRvIII levels. Specific
CAR-T cell mediated toxicity was further observed towards
EGFRvIII positive cells, as evidenced by an increased cleaved-
caspase 3 signal and increased presence of granulated T cells in
close proximity of EGFRvIII positive apoptotic cells. This proof-
of-concept study demonstrated the capacity of patient-derived
organoids as an ex vivo test bed for immunotherapy.
Unfortunately the clinical situation remains more complex and
a recent pilot trial with EGFR-targeting CAR-T cells did not
achieve a meaningful clinical effect (118).

In addition to T cells, NK cells can also be engineered to
express CARs. In a study with patient-derived colorectal cancer
organoids, CAR-mediated cytotoxicity was investigated using a
CAR-NK cell line (CAR-NK-92 cells), which represents a less
laborious source for CAR-engineered immune cells. CAR-NK-92
mediated cytotoxicity against tumor organoids was observed at
Frontiers in Oncology | www.frontiersin.org 1129
low levels of tumor associated antigen expression, whereas it was
absent against healthy colon organoids (119).

Important Considerations
and Optimization Steps
An increasing number of reports present protocols for derivation
and maintenance of immunocompetent tumor organoids,
demonstra t ing the ir u t i l i ty to model the immune
microenvironment and study the effects of immunotherapies
(32). Although initial promising studies of immunocompetent
GBM organoids were reported, further development and
optimization of protocols is needed. The experimental settings for
the establishment of immunocompetent GBM organoids may
depend on several factors, including the research question at
hand, the availability of autologous blood and the amount of
available tumor tissue. Limited or unviable tumor tissue obtained
from surgery is a common problem, which limits the amount of
tumor organoids and TME cells that can be isolated. This is
particularly challenging if tumor organoid and TIL isolation
requires dedicated tissue pieces and preparation protocols.
Another challenge is the timing of the co-culture set up with cells
fromthe samepatient.While establishingGBMorganoids takes1–2
weeks, blood or tumor derived immune cells are ready on the day of
collection. Since the expansion of these cells is either limited
(TAMs) or should be avoided (lymphocytes) and/or the cells
cannot be easily maintained in culture, a proper cryopreservation
and thawing process is critical for the use of viable immune cells at
later timepoints. Furthermore, as indicated above, the recovery ofT
cells from GBM patients either from the tumor tissue or from
PBMCs is expected to be low because of limited T cell infiltration
and peripheral T cell lymphopenia, respectively, characteristic of
GBM patients (12, 109).

Another challenge is to establish optimal culture conditions for
all co-cultured cell types. This includes medium composition,
duration of the co-culture, the immune-tumor cell ratio, and the
read-out for cytotoxic responses. Co-cultures are generally
performed in the immune cell-specific medium which may
compromise GBM organoid viability and may not reflect brain
physiology. Culture conditions need to be adapted to different
GBM organoids and immune cells under investigation. The ratio
between tumor and immune cells depends on the effector cells
applied in the study. Generally, a target to effector ratio of 1:10 to
1:20 is reported for PBMCs (108). With specific subset of immune
cells, such as CAR cells, less effector cells are required (60, 119).
Whether or not the organoid is dissociated prior to co-culture also
impacts tumor-immune cell interactions. Spontaneous infiltration
of immune cells into intact tumor organoids may be particularly
challenging if ECM is applied for organoid derivation (107). In
addition, the use of a rodent-derived matrix may lead to unspecific
activation of immune cells against foreign antigens. Finally, it
remains to be seen whether GBM cells display sufficient
immunogenicity, which requires large numbers of neo-antigens
and appropriate antigen presentation capacity to induce an active
immune responses. Antigen presenting cells, such as dendritic
cells or TAMs are potentially needed to enhance the tumor-T cell
interactions in the culture.
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IMMUNOCOMPETENT IN VIVO TUMOR
MODELS IN HUMANIZED MICE

PDOXs derived in immunodeficient rodents are gold standard
preclinical models for drug efficacy in vivo studies in oncology
(120). Yet, the lack of a fully functional immune system limits their
use for testing immunotherapies.Hence, the generation of PDOXs in
humanized mice appears as a promising immunocompetent in vivo
system recapitulating patient-derived tumors and immune
compartment (33). Since the first description of humanized mice in
1988, a plethora of protocols has been developed (121, 122).
Generation of humanized mice requires a highly immunodeficient
mousebackground toobtain efficient engraftmentof ahematopoietic
human system. Thus, the NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)
strain is frequently applied. NSG mice lack mature T, B cells and
hemolytic complement, the Il2rgtm1Wjl mutation prevents cell
signaling through multiple cytokines leading to a lack of NK cell
activity.Moreover, the polymorphismof the signal regulatory protein
a (sirpa) allele in the NOD background allows a functional ‘do-not-
eat-me-signal’betweenmousemyeloid cells andhumanCD47,while
the deficiency in Prkdcscid confers sensitivity to radiation (123, 124).
Currently twomain approaches are in use to reconstitute the human
immune system (i): HU-PBMC model applying PBMCs isolated
from human adult blood or (ii) HU-CD34 model based on human
CD34+ hematopoietic stem cells (HSCs).

HU-PBMC Model
The HU-PBMC model can be derived by intravenous,
intraperitoneal or intrasplenic injection of human PBMCs from
adult donors into adultNSGmice (>8weeks old).Thismodel allows
a fast and efficient engraftment rate with approximately 15% of
human CD45+ cells constituting blood in mice after one week and
up to 50% of human CD45+ cells 4 weeks after inoculation. The
human CD45+ fraction is mainly composed of mature human T
cellswith ahigher level ofCD4+rather thanCD8+cells (125).Thus,
this model is specific to T lymphocytes and is not suited for
investigating monocytes, which remain mostly mouse-derived.
The main advantages are the fast engraftment of human cells and
the possibility to implant PBMCs and tumor cells from the same
patient, avoiding HLA mismatch. Unfortunately, the model can
only be applied short-term, as PBMCs undergo human thymic
education andpresent humanMHC leading to an immune reaction
against mouseMHC, known as Graft versusHost Disease (GvHD),
and death of themice after approximately 4weeks (125). Because of
the short experimental window (3 weeks) the HU-PBMCmodel is
generally difficult to adapt to in vivo tumor development protocols.
NSG mice with a double knock out for MHC Class I and II
(NOD.Cg-Prkdcscid H2-Ab1em1Mvw H2-K1tm1Bpe H2-D1tm1Bpe

Il2rgtm1Wjl/SzJ) can be applied to extend the experimental
window. In the absence of mouse MHC, this transgenic strain
allows up to 100 days for tumor development monitoring (126,
127). Ashizawa et al., took advantage of NSGMHC I/II KOmice to
develop subcutaneousGBMxenografts in aHU-PBMCmodelwith
PBMCs obtained from the HLA-partially matched donor (126).
One day after X-ray irradiation of mice and PBMC injection, the
U87 GBM cell line was implanted subcutaneously, which allowed
tumor development in the experimental time frame of the
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humanized model. The authors report a successful response to
anti-PD1 treatment. It should be noted that MHC knock out may
impact mouse microglia functionality, which was not investigated
in this study. As described in this study, preconditioning irradiation
can be applied in these mice to increase the percentage of human
cell engraftment. This is not recommended in the NSG strain,
where it will lead to a faster development of GvHD.

So far no GBM PDOXmodel was reported in HU-PBMCmice
and it is currently not clear to what extent HU-PBMCs will
translocate to the mouse brain. PDOX development in the mouse
brain can take from several weeks to severalmonths, often going far
beyond the 4–10 weeks before the GvHD. To overcome this issue,
PBMCs could be injected after the tumor is well established which
would also avoid potential tumor cell rejection due to the brain
surgery-induced inflammation (Figure 3). In this case, X-ray
irradiation should be avoided not only because of increased
GvHD, but also because of its impact on tumor growth. The
implantation protocol requires 10x106 human PBMCs per mouse,
which may be challenging to obtain from GBM patients, which
display severe lymphopenia. Ex vivo expansion of T cells/PBMCs
from patients or healthy donors with partial HLA match could
overcome the T cell limitation. The application of HLA-partially
matched PBMCs from healthy donors would also allow to expand
humanized studies to previously established GBM PDOXs, for
which patient blood is not available.

HU-CD34 Model
HU-CD34 mice are created from human CD34+ hematopoietic
stem cells (HSC) isolated from umbilical cord blood, bonemarrow,
fetal liver or mobilized PBMCs. HSCs are injected intravenously,
intrafemoraly, or intrahepatically into freshly irradiated new born
oryoungNSGmice (<3–4weeks old).After 12–16weeks, up to25%
of CD45+ cells inmouse blood represent human cells andmice can
be used for experiments (Figure 3). This provides a much wider
experimental window for implantation of tumor cells. The
reconstitution of the human hematopoietic system (human/
mouse ratio and maturation level) differs depending on the
mouse strain and the organ (128–130). HU-CD34 NSG mice
reconstitute well B and T cells but a low level of myeloid lineage
cells is seen in the blood. These mice are able to survive for more
thana year,with a relatively stable ratio ofhuman/mouse cells in the
blood. The partial incompatibility of growth factor signaling
required for hematopoiesis explains some developmental or
functional defects observed in myeloid cell differentiation or
maturation of T cells (128, 131, 132). Additional injection of
human growth factors (133) or application of transgenic strains
expressing several human growth factors can improve maturation
of human immune cells (125). For example, the NSG-SGM3
(NOD.Cg-PrkdcscidIl2rgtm1WjlTg(CMV-IL3,CSF2,KITLG)
1Eav/MloySzJ) triple transgenic mice expressing human Stem cell
factor (SCF), Interleukin-3 (IL-3) and Granulocyte/macrophage
stimulating factor (GM-CSF), enhance the number of T cells and
myeloid cells (134). It is currently unclear if sublethal irradiation,
necessary prior to CD34+ HSC implantation, can affect microglia
functionality in the mouse brain. Interestingly, it has been reported
that HU-CD34 NSG mice can present human HSC-derived
microglia/macrophage-like cells integrated with mouse microglia
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in the brain (135). A specific transgenic strain producing human
IL-34 (NOG-hIL34mice) further improveddevelopmentof human
microglia/macrophage-like cells in the brain (136).

The HU-CD34 model has been successfully combined
with several cell line-derived xenografts and PDXs of different
cancer types (137–139). Although a perfect HLA match between
CD34+ HSC donor and tumor patient is impossible, a partial
HLA match did not negatively affect tumor growth in recent
reports on PDXs (139, 140). HLA loss is a well described escape
mechanism in many tumors, including GBM, which may
compensate the possible HLA mismatch (141, 142). Moreover,
as human immune cells mature through the mouse thymus
according to the mouse MHC I and II, human T cells are not
fully functional and do not reject human tumor cells with
different HLA (143). An alternative BLT (Bone marrow, Liver,
Thymus) model, which applies the co-transplantation of fetal
liver and thymus from autologous CD34+ HSCs donors, allows
for improved development of HSCs and their positive selection
through human MHC. The functionality of T cells is improved,
yet in this situation the partial HLA match leads to higher
incidence of GvHD (144, 145).

For GBM PDOXs the HU-CD34 model appears as a preferred
model than HU-PBMC, because of the improved reconstitution of
human immune cells and the longer experimental window. GBM
PDOX developed in HU-CD34 mice would recreate most
comprehensively a functional human immune system, allowing
for in vivo therapeutic interventions targeting tumor-immune cell
Frontiers in Oncology | www.frontiersin.org 1331
crosstalk. So far only one study described GBM orthotopic
xenografts developed in HU-CD34 model. Zhai et al., have
successfully implanted U87 cells and GBM cells derived from two
subcutaneous PDXmodels into the brain of HU-CD34 BTL (146).
The presence of human T and myeloid cells was confirmed in the
blood, lymph nodes, spleen, as well as within the tumors developed
in thebrain, butnot innormal adjacentbrain. It remains tobe seen if
a similar reconstitution of the human hematopoietic system is
present in GBM PDOXs that develop over longer time periods
and if these humanized PDOXs recapitulate clinical features of
GBM patients, such as lymphopenia, leading to decreased amount
of human T cells in the blood.
CONCLUSION AND PERSPECTIVES

In recent years notmuchprogress has beenmade to improve survival
of GBM patients and treatment options are still very limited. The
technology of tumor-treating fields is the only recent treatment
modality, which provided a positive outcome in a phase III clinical
trial, but has its own inherent drawbacks that are debated in the
community (147). SinceTMZ,nonovel drughasbeendeveloped that
led to prolonged patient survival (148). This failure can at least be
partiallyattributed to inappropriatepre-clinicalmodels,whichdonot
fully recapitulate GBM, hence novel physiologically relevant models
are urgently needed. Organoid culture models have emerged to
complete the scientific toolbox. Patient-derived GBM organoids
A

B

FIGURE 3 | Strategies for immunocompetent GBM PDOXs development in humanized mice. Immunocompetent GBM PDOXs can be generated in HU-PBMC or
HU-CD34 mice. The experimental schedule and therapeutic window depends on the humanized model applied and tumor development time (A). Due to the short
survival of HU-PBMC mice, tumor implantation should precede the PBMC injection. The best time point will depend on tumor latency. The experimental window is
limited due to development of Graft versus Host Disease (GvHD) within 4 weeks, depending on the genetic background of the NSG mice (B). HU-CD34 model
requires more time for the generation of humanized blood which is counterbalanced by the longer survival of the mice (>1 year). The tumor implantation timepoint
and experimental window depend on the tumor latency and need to be synchronized according to the required readout. Illustration created with Biorender.com.
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and GBM organoids derived from genetically engineered human
brain organoids have been successfully established and have been
shown to better recapitulate GBM genetic and phenotypic
characteristics in comparison to 2D GBM cell lines and 3D GSCs.
Although technologically more challenging, GBM organoids
represent a promising and exciting pre-clinical model and are a
powerful tool to foster our understanding of GBM biology and an
emerging platform for drug screening. If established from a patient-
derived system, these organoids offer an approach for personalized
medicine, prompting to better predict treatment responses for
patients. Due to the relatively quick generation time of patient-
derived organoids, ex vivo studies are being conducted in a
reasonable and clinically relevant time frame and could ultimately
guide clinical decisions. Technical challenges need to be addressed in
future studies and further improvements to incorporate an adequate
TME are warranted. Immunocompetent GBM organoids, based on
co-culture with either tumor or blood-derived immune cells, will be
crucial to bring forward novel immunotherapeutic approaches. We
anticipate that future studies will incorporate immunocompetent
organoid cultures in their experimental design to investigate not only
immune-tumor interactions, but also to investigate current andnovel
immunotherapies, such as adoptive T cell transfer, immune
Frontiers in Oncology | www.frontiersin.org 1432
checkpoint inhibitors or oncolytic viruses. Moreover, PDOX
generated in humanized mice will provide another important tool
essential to improve drugdevelopment andpreclinical testing in vivo.
Such developments and improvements of pre-clinicalmodels should
have a major impact on preclinical research and clinical studies and
eventually on patient care.
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Over the past decade, immunotherapy has become a powerful and evident tool in the fight
against cancers. Notably, the rise of checkpoint blockade using monoclonal antibodies
(anti-CTLA4, anti-PD1) to avoid interaction between inhibitory molecules allowed the
betterment of patient care. Indeed, immunotherapies led to increased overall survival in
forms of cutaneous melanoma or lung cancer. However, the percentage of patients
responding varies from 20 to 40% depending on the type of cancer and on the expression
of the target molecules by the tumor. This is due to the tumor microenvironment which
allows the acquisition of resistance mechanisms to immunotherapies by tumor cells.
These are closely linked to the architecture and cellular composition of the tumor
microenvironment. This one acts on different parameters such as the immune cells
infiltrate its composition and therefore, favors the recruitment of immunosuppressive
cells as well as the tumor expression of checkpoint inhibitors such as Programmed Death
Ligand-1 (PD-L1). Therefore, the analysis and modeling of the complexity of the
microenvironment is an important parameter to consider, not only in the search for new
therapies but also for the identification and stratification of patients likely to respond to
immunotherapy. This is why the use of 3D culture models, reflecting the architecture and
cellular composition of a tumor, is essential in immuno-oncology studies. Nowadays, there
are several 3-D culture methods such as spheroids and organoids, which are applicable
to immuno-oncology. In this review we evaluate 3D culture models as tools for the
development of treatments in the field of immuno-oncology.

Keywords: spheroid, organoid, immunotherapy, tumor on a chip, tumor microenvironment, immune infiltrate,
patient derived organoids, 3D culture
INTRODUCTION: TUMOR MICROENVIRONMENT AND
IMMUNOTHERAPIES

The tumor microenvironment (TME) represents tissue, cellular, and soluble factors which are being
affected by the development or the evolution of a tumor. The TME affects the main function of the tissue
such as its metabolism and vascularization as well as the immune system (1). The immune system in the
TME proved to be a keystone of the tumor development. Indeed, the immune system is affected by the
tumor at two levels. First, tissue resident immune cells are affected and see their phenotype and function
modified toward tumor promoting profile. Second, recruited immune cells are either affected by the
TME when they reach the tumor invaded tissue or at a distant site such as tumor-cell invaded draining
lymph nodes. This will profoundly influence the becoming of the tumor, as it might be eradicated or
org December 2020 | Volume 11 | Article 603640137
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might progress and metastasize (2). In the TME, immune cells are
polarized to promote tumor growth according diverse mechanisms.
TME metabolic constraints are known to increase myeloid-derived
suppressive cells (3) (MDSCs) and regulatory T cells (Tregs)
recruitment (4), as well as increasing inhibitory checkpoint
molecule expression on immune cells such as PD-1, Programmed
Death ligand-1 (PD-L1) (5) and CD47 a receptor part of the “don’t
eat me signal” which avoids phagocytosis of tumor cells (6). Tumor
cells such as CAFs (cancer associated fibroblasts) are known to limit
the entry of anti-tumoral T cells (7) and to promote Tumor
associated M2 Macrophages (M2) (8). Therefore, the TME affects
every aspects of tissue homeostasis which explains why
conventional treatments such as chemotherapy, radiotherapy or
surgical resection (when possible) often leads to relapse in most
aggressive forms of cancer (9). Recently the study of the immune
systemwithin the TME allowed to develop new treatments based on
the targeting of inhibitory receptors present on tumor infiltrating
leukocytes (CTLA-4, PD-1), and later on their ligands which are
expressed by other immune cells as well as tumor cells (PD-L1) (10).
Nowadays, more and more targets are being tested using mAbs,
such as ICOS and TIGIT (11, 12). Also, asides of immune
checkpoint receptors, soluble molecules are being targeted by
mAbs. Indeed, cytokines such as TNF-a, IL-17, or IL-6 (13–15)
or chemokines such as CCR5 and CXCR2 (16, 17) are being tested
using several approaches andoften in combinationwith checkpoint
inhibitors or conventional treatments. Another approach of
immunotherapies is to stimulate immune cells with tumor
antigens, or carcinogenic antigens to induce a repertoire of
immune cells which will only target the tumor. Indeed, the cancer
vaccination approach uses peptide-based approaches and select
synthetic longpeptides, neoantigens, and tumor lysates to stimulate
antigen presentation and therefore expend tumor reactive clones of
T cells. In viro-induced cancer (hepatocellular carcinomas, cervical
cancer) viral peptides can be used to prime the immune system to
avoid infection and therefore the development of tumors (Gardasil,
Cervarix). Cell based immunotherapy relies on the selection,
activation, and/or genetic modification of immune cell types to
direct them against the tumor cells. Indeed, dendritic cells can be
activated in vitro or pulsed with tumor antigens to be activated and
specifically present the antigen to cytotoxic T cells and polarize
them to kill tumor cells (18, 19). More recently, Chimeric-Antigen-
Receptor T cells have been designed by genetic editing of T cell
receptor and co-receptors to be aggressive against the tumor (20).
The migration and survival of CAR T-cells can be improved by the
addition of cytokines and chemokines such as IL-7 and CCL19
(21, 22). However, as efficient as some of these treatments might
be, the resistance of patients to immunotherapy remains an
issue. Therefore, the prediction of a situation where the patient
will not respond to the treatment is a keystone to improve
Immunotherapies. On one hand, predictive murine models often
intertwine human tumors and a mix of human transferred
immunity and murine innate immunity. this occurs in patient
derived xenografts (PDX) where a patient tumor or tumor cells are
transferred to anNGSmousemodelwhich still possess components
of the innate immune system of the host (mainly tissue resident
myeloid cells). On the other hand, the testing on human tumors
Frontiers in Immunology | www.frontiersin.org 238
remain difficult because 2D cell culture/co-culture do not represent
the whole TME. This is why the emerging use of 3D cell culture
models for the testing of immunotherapies represent an
elegant alternative.
3D MODELS

Two-dimensional culture models, which are based on the growth
and proliferation of a monolayer of cells, do not allow to fully
understand cell-cell and cell-extracellular matrix interactions. 3D
culture models generate a polarization of cells with a basal and an
apical pole, which induces genomic and protein alterations (23–
27). The tissue microenvironment and the extracellular matrix
are altered in the presence of a tumor. This translates by an
alteration of oxygen, nutrients, metabolites distribution as well as
cell proliferation and interactions. However, none of the 2D
models are able to assess all these important parameters at once,
and therefore fail to fully represent in vivo interactions. 3D
models, such as melanoma-derived spheroids exhibit better
immuno-modulatory, proliferation, and activation abilities
than 2D cultures (28).

The expression of immune checkpoint molecules in vivo
differs from their expression in 2D culture models. This why it
becomes critical to use 3D cell culture models that reproduce the
TME in a more accurate way. Among 3D cell culture models, two
terminologies are used, spheroids and organoids. In both of these
models, technical advances allowed to complexify cocultures to
better the TME representation. Indeed, Tumors-on-ship and
bioprinting associate technology and 3D culture, to mime
fluidics or tumor cell architecture. However, the difference
between spheroid and organoids is blurry in terms of
semantics and seem to be based on the author preference. The
organoid term is often applied to healthy primary cells and tissue
biopsy cultures, when tumor-organoid or spheroid are applied to
cancer studies. Spheroid is used for simple 3D structures when
tumor organoids is used for complex structures involving
multiple cell types and miming tissue architecture. The border
between the two terms still remains ambiguous especially when
biopsies are used without any digestion step. Here, the term
tumor-spheroid can be used when cell lines, digested biopsies,
and non-digested biopsies cultured in non-adherent condition to
generate 3D models. Tumor organoids should be used when
tissue lysates or undigested tissue are cultured in an extracellular
matrix to conserve the tissue architecture as well as the tissue
diversity. According to this, we classified 3D models as a
complexity gradient where cellular composition is at the center
as shown in Figure 1.

Cell-Lines Spheroids
The spherical model or spheroid model has been considered as
the gold standard among the 3D in vitro models for the past 40–
50 years. Spheroids are cells aggregates growing in suspension in
three dimensions with or without an extracellular matrix. They
have the ability to reproduce the architecture and metabolism of
their tissue of origin to a certain extent. Indeed, they reproduce
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hypoxia (oxygen accumulation), nutrient gradient (glucose
distribution), a necrotic/apoptotic core, lactate accumulation,
and ATP distribution which the classical 2D culture failed to
do (29). Several spheroids can be distinguished, based on cell
origin and the culture methods: the multicellular tumor spheroid
model (MTCS) using cells line and non-adherent support,
tumorosphere using cells obtained from solid tumor
dissociation, tissue-derived tumor spheres (TDTS) which
comes from cells obtained by a partial dissociation of the solid
tumor, and finally, organotypic multicellular spheroids (OMS),
which differ of TDTS by the absence of tissue dissociation.
Therefore, the methods to generate different type of spheroid
vary (30). However, this classification remains blurry between
the terms “spheroid” and “organoid,” especially when it comes to
TDTS and OMS. Nevertheless, the term “spheroid” is commonly
used to refer to cell line derived 3D cell cultures. The MTCS
model, often derived from primary cell or cell line suspension is
the most used and well characterized. Indeed, the MTCS model
allows a good representation of oxygen, nutrient, and other
soluble factor diffusion and exchange (31). However, to depict
these parameters properly, the size of the spheroid needs to be
comprised between 0.5 mm3 and 1 mm3 (29). A spheroid
(>500um) is divided according to three areas from its core to
its periphery. First, there is the necrotic/apoptotic core, then a
quiescent cell layer, and, at the periphery, proliferative cells (32,
33) which mime tumor growth (30). It is nowadays the most
used model for the assessment of immunotherapeutic strategies,
thanks to its relatively low cost and high reproducibility (31).
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Spheroid models may be used for the testing of
immunotherapies, especially to assess the efficiency of therapeutic
antibodies and drug screening for the enhancement of immune cell
infiltration and anti-tumoral effects against the spheroid targets.
Indeed, Courau et al. showed an NKG2D T cell and NK cell
infiltrate with a colorectal cancer model of MTCS (HT29 cell line).
The targeting of the NKG2D axis, and more precisely MICA/B
molecules, highlighted an increase in NK cell infiltrate as well as a
greater cytotoxicity. They also demonstrated that a combination of
anti-MICA/B and anti NKG2A resulted in a synergistic effect
against primary colorectal cancer-derived spheroids (34).
Varesano et al. measured the anti-tumoral effect of Vd2 gd-Tcells
against colorectal carcinoma spheroids. Indeed, the authors showed
the susceptibility to lysis of colorectal carcinoma spheroid subtypes
by Vd2 gd-Tcells, stimulated with zoledronate or cetuximab, by
measuring physical characteristics of spheroids such as volume and
area as well as their viability (35). MTCS models can be used to test
the efficiency of CAR Tcells. Zhang et al. tested their mesothelin-
targeting CAR T cells and found this treatment enhanced the anti-
tumoral response in gastric and ovarian MTCS models (36).

Besides the generation of tumor-derived spheroids, another
approach consists in the development of immune cell-derived
spheroids. In an article where they generate J774.1 macrophage-
derived spheroids in polydimethyl soloxane (PDMS) wells, Tanaka
et al. could demonstrate that macrophage tend to polarize toward a
tumoricidal M1 phenotype, by opposition to M2 pro-tumoral
phenotype, in the spheroid condition (37). This seemed to be due
to the hypoxia and the increasing production of reactive oxygen
FIGURE 1 | Representation of 3D culture models according to their complexity. 3D culture models are depicted as a range from spheroids derived from a single cell
line to a very complex model derived from patient tissue or tumor upgraded with a microfluidic chip. 2D culture and tumor biopsy are used as complexity references.
3D cultures can be separated between cell line derived and patient derived models. Patient derived 3D models require either tissue mincing or both tissue mincing
and enzymatic digestion prior to the culture. Noteworthy, Bioprinting can be used to generate most models that require multiple cell type-dependent structures, and
can be applied directly on microfluidic chips.
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species, parameterswhich are generatedby the structural properties
of the macrophage spheroid. The authors proceeded to inject these
M1 macrophage spheroids in insulinoma NIT-1 models, or colon
adenocarcinoma, and they could demonstrate that spheroid
injection led to greater biological activities compared to cell
suspension spheroids (37). These models can also be improved
and complexified by the technology and the systems being used.
Indeed, in the MTCS scaffold-free monocellular model, Sherman
et al. added a permeable layer on 96-well plates and could develop a
3Dcell culturemodelwhichallows the screeningof cellmigration in
a A549 lung carcinoma spheroidmodel (38). The authors highlight
the fact that thesemodels are limited by the absence of stromal cells,
which are usually present in the tumor and are critical in the biology
of the tumor as well as therapeutic resistance (38). Therefore, the
possibility of increasing the diversity of cell types inMTCS cultures
is enticing. Jeong et al. improved their colorectal carcinoma
spheroid model by adding Cancer Associated Fibroblasts (CAFs).
By doing so, they demonstrated that their spheroids became
resistant to paclitaxel and modified protein expression, such as
CD26 involved in the control of signal transduction for apoptosis
and immune regulation (39). Hence, incrementing a monocellular
model with another cell type seems necessary to strengthen the
representation of the tumor microenvironment. However, to be
accurate and mime the tumor composition, the new cell-type(s)
should be introduced in the spheroid in a quantitatively accurate
manner,meaning that cell ratios in themodel should respectwhat is
displayed by the tumor. This, requires an extensive study of tumor
cellular composition before the creation of the model. In their
scaffold-free MTCS model of pancreatic cancer, Lazzari et al. used
the PANC-1 tumor cell line, along with MRC5 fibroblasts and the
endothelial HUVEC cell line (40). In another example, Herter et al.
demonstrated that the use of IgG-IL2v (an Immunocytokine)
combined with the use of a tumor fibroblast-targeted T cell
bispecific antibody (TCB) increased the immune infiltrate as well
as their cytolytic function in their spheroid model (41). The
presence of fibroblasts in the tumor cell culture allows and can
evenbenecessary to allow the formation of spheroids. In our hands,
it was the case for MIAPACA and LNCaP pancreatic cancer cell
line. The coculture of MIAPACA-derived spheroids with
monocytes led to an increase in immunosuppressive cytokines
and the polarization of monocytes into monocyte-derived
suppressor cells (MDSCs) or M2 polarized macrophages (42).

Patient Derived 3D Models
Organoids are mini-organs reconstituted and embedded in an
extracellular matrix. They are obtained from mechanically
dissociated or enzymatically digested primary tissue, and arise
from stem or slightly differentiated cells. Organoids reproduce
the architecture as well as the cellular compartment diversity and
organization of the parent tissue, which allows a better modeling
of the tissue functions (43). Organoid culture appeared recently
in the field of cancer research as the culture of tumor-organoids/
Patient-derived organoids (PDOs) only started a decade ago.
PDOs allow the 3D culture of cancerous cells isolated from
primary tissue digestion, which leads to the loss of stromal and
immune compartments. After growing the PDO, which is time
Frontiers in Immunology | www.frontiersin.org 440
consuming (2 to 3 weeks) (43), peripheral blood mononuclear
cells (PBMCs) or other immune cell subsets can be added as a
coculture. Among patient-derived 3D models can be found
multiple models such as, but not limited to:

Tumorospheres: They are spheroid/organoid models, which
are generated from cell suspensions after digestion of the original
tissue of the tumor. These tumorospheres usually arise from
cancer stem cells (CSC), where one isolated CSC should create a
spheroid simply by proliferating. Therefore, tumorospheres are
clonal models of spheroids/organoids. However, this spheroid
model is limited to CSC study as it fails to reproduce the
multiplicity of cell types in the TME, and is poorly
reproducible as some CSC remain undifferentiated (44).

Tissue derived tumor spheres (TDTSs): They are obtained
from enzymatic digestion of the original tumor tissue. This
model is therefore composed of tumor cells only and allows
to preserve tumoral cell interactions. Indeed, tumor cell
interaction are rather strong and resist to enzymatic
dissociation while stromal-to-tumor cell interaction are
cleaved. TDTSs reproduce small versions of unvascularized
tumor areas (30). Among TDTSs, there are spheroids and
organoids models. Unfortunately, these denominations also
vary with authors and therefore makes it harder to stratify the
different models. TDTSs are often use in the study of colorectal
tumors, and gave birth to different models such as colospheres.
Colospheres are derived from colorectal cancer tumors, which
were implanted as PDX in nude female mice and expanded.
Tumors were then extracted from mice and cultured to form
spheroids (45, 46). Other TDTS models are derived from breast
tumors such as MARY-X. MARY-X is a model of TDTS, which
was derived from a single breast tumor minced and engrafted as
a PDX (patient-derived xenograft) on nude mice. These PDXs
were dissociated and mice components removed (99% human
cells, “MARY-X shake”). These cells spontaneously form
spheroids which are used for experiments (47). Di Liello et al.
could demonstrate a reproduction of patient tumor response
to chemotherapy by using a spheroid model derived from a non-
small cell lung cancer biopsy. This model of spheroid
was generated from the cell suspension from the tumor
digestion culture on an extracellular matrix (Matrigel) (48).
Although tissue digestion preserves tumor cell interaction, the
architecture of the tissue is lost and the loss of stromal cells. To
palliate to this effect, James et al. developed an organoid model
where tumor tissues are digested and cultured in a dome of
Matrigel, in a growth factor-enriched media. Simultaneously,
CAFs are cultured to generate fibroblasts. These fibroblasts were
phenotyped for the expression of Vimentin and were devoided of
KRAS mutations (carried by tumor cells). The coculture between
the organoids and the fibroblast led to an increased resistance to
gemcitabine, therefore showing the importance of the association
of stromal and tumor compartments. Furthermore, the authors
showed that the addition of lymphocytes in the coculture led
them to migrate towards organoids through the Matrigel (49).

Organotypic multicellular spheroid/organoid (OMS): They
are simply derived from minced tumor explants cultured media
without enzymatic or mechanical digestion, the latter being
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required only for longer cultures and passages. OMS are often
referred to as tumor explants, tumor slices, PDE (patient derived
explant) or organotypic tumor slice culture (TSC). OMS
certainly represent the closest models to the parental tumor as
they conserve the origin tissue architecture as well as its cellular
heterogeneity (30, 50). OMS can usually be cultured for a week
according to different methods. Indeed, they can be submerged
in culture medium, or with an Air-Liquid Interface. Air-liquid
interfaces can be created by putting the OMS in contact with the
culture media through a matrix (Geltrex, Matrigel, collagen) or
membrane, by entrapping the OMS within gelatin or collagen,
which is then put in the culture medium (“sponge method”).
OMS can be used for drug testing (51) and biomarker discovery
(52) as they represent valid patient pre-clinical models (53, 54).
Interestingly, PDEs can be implemented within a microfluidic
platform (55) (please see the Organ-on-Chip section). Breast
cancer tumor explants have been maintained during 7 days in
standard culture conditions, and could be used to determine
resistance or susceptibility to FAC treatment, which consists in
a combination of 5-FU, Adriamicyn, and Cyclophosphamide.
However the authors did not describe the immune compartment
in their study (51). The immune system component of OMS was
investigated in a pancreatic ductal adenocarcinoma culture slice
model were the authors observed the presence of CD8+ T cells
(CD3+ CD8+), Tregs (CD3+, FoxP3+), and macrophages (CD68+,
CD163+, HLA-DR+) (56). Noteworthy, the pancreatic tumor
slice model could be kept in culture for 6 days (56). Powley et al.
showed encouraging results for the testing of Immunotherapies
using OMS (called PDE). Indeed, they showed that the treatment
of melanoma PDE with Nivolumab increased the distance
between CD8+ effector T cells and Tregs, avoiding Treg
mediated suppression of CD8+ T cells (52). This study is not
the sole example of the use of OMS for Immunotherapy testing.
OMS derived from pancreatic ductal carcinomas, endometrial
cancer, and prostate cancer were used to study new approaches
for checkpoint inhibitors and cytotoxic cell recruitment (54, 57,
58). Using models of colospheres generated from the HT29 and
DLD-1 cell lines as well as a patient-derived CTO (colorectal
tumor organoids) model, Liu et al. evaluated the diffusion and
distribution of Cetuximab, a monoclonal antibody targeting the
extracellular model of the epidermal growth factor (EGFR) by
MALDI-MSI. CTOs are organoids derived from colorectal
tumors. Briefly, tumor fragments are embedded in gelatin to
keep tissue integrity and cultured in stem cell media. CTOs
poorly retain immune cells usually and often require cocultures
with immune cells (59). They could show that the diffusion and
distribution of Cetuximab in 3D tumor models was similar to
those occurring in vivo in previous studies (60). Organoids can
be cultured in the presence of immune cells to assess their anti-
tumoral activity as well as to test methods to stimulate them.
Therefore, the adoptive transfer of autologous lymphocytes
becomes an attractive strategy (61). Colorectal cancer (CRC)-
derived and Non-small cell lung carcinoma (NSCLC)-derived
organoids can be cultured in the presence of autologous
circulating lymphocytes and IFN-g to increase antigen
presentation. They combined this approach with the use of an
Frontiers in Immunology | www.frontiersin.org 541
anti-PD-L1 mAb to avoid any suppressive effect of IFN-g derived
PD-L1 expression. Among class I MHC expressing CRC-derived
organoids, half exhibited an increase of IFN-g secretion along
with an increase in CD107a expression (a surrogate marker for
degranulation) in CD8+ T cells. Interestingly, among the
responders, 50% did not show tumor specific CD8+ T cells in
the blood. In four over five cases, CD8+ T cells activity against
organoids was specific, as illustrated by the expression of CD137.
Indeed, CD137 was expressed by T cells cultured with organoids
in the presence or absence of IFN-g, and was not expressed when
cultured with healthy tissue organoids or in resting conditions.
The cell product (CD137+ or expended) showed cytotoxicity
against tumor organoids compared to healthy tissue organoids.
This effect could be reversed, by adding an anti-MHC class I
mAb in the co-culture (62–64).

Patient-derived organoids (PDOs): PDOs and OMS are
both tumor or tissue fragments which are cultured in a dish.
The difference between OMS and PDOs mainly relies the fact
that OMS are a one-step enzyme-free culture while PDO culture
requires two steps. Indeed, the first step is similar to OMS culture
and preserves tissue integrity. The second step is the organoid
expansion, which requires enzymatic dissociation and
allows long-term culture but affects tissue integrity. PDOs
reflect protein and gene expression from the biopsies they
originated from. Multiple models can be found such as non-
small cell lung cancer (NSCLC)-derived organoids, CCRC-
derived organoids and melanoma-derived organoids,
glioblastoma organoids (GBOs). NSCLC-derived organoids,
CCRC-derived organoids, and melanoma-derived organoids
are minced human tumors, which were cultured on an Air-
Liquid Interface cell culture dish, fed with media routinely, and
passaged every 2–4 weeks by dissociating PDOs with collagenase
IV (65). GBOs are generated by simply culturing tumor slices
without enzymatic nor mechanical digestion on an orbital
shaker. They can be kept for 2 weeks in these conditions. For
extended culture times (>1 month) GBOs are cut to smaller
pieces and divided in different subcultures (66). Neal et al.
demonstrated that the PD-1/PD-L1 axis was conserved in
NSCLC-derived organoids. Noteworthily, their PDO was
generated without enzymatic digestion at the first step, whereas
different passages to allow longer culture times required
enzymatic digestion (65). This protocol allowed the culture of
14 different types of tissue and mimed 28 diseases, with a high
culture success rate (73% after a month). The conservation of
architectural and cellular features was assessed by microscopy
and the presence of the stroma was done by Vimentin and SMA
expression. The immune compartment was also observed in
these PDOmodels as CD3+CD8+ and CD3+CD4+ T lymphocytes
as well as B cells, Natural killer cells and macrophages could be
observed (65). More precisely, some of the organoid infiltrating T
cells harbored an exhausted phenotype (LAG3+TIGIT+PD-
1+TIM3+) which also could be observed in tumor biopsies.
Furthermore, the lymphocyte infiltrate in PDOs conserves its
diversity as the TCR clonal diversity was assessed in a
comparison between seven different organoid cultures and a
biopsy of human clear cell renal carcinoma. The most expanded
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clones in tumors were the same in the organoid cultures.
However, the immune compartment tends to decrease
overtime, and seems to disappear after a month of culture.
This effect can be slowed by the addition of cytokines such as
IL-2 in the culture media. Therefore, the resemblance of PDOs
with their tumor of origin is critical as organoids can therefore be
used as tools for the study of response to immunotherapies.
Targeting the PD-1/PD-L1 axis in immune-oncology was already
proven to be efficient. However, the prediction of the patient
response to its treatment is a keystone in the process of
improving immunotherapies and PDO cultures might be of help.
Neal et al. also tested the response to nivolumab in nine NSCLC,
eight CCRC, and threemelanomas PDOs. They found that six over
20 PDOs responded to the treatment as T cells expressed higher
levels of IFNG, PRF1, and/or GZMB transcripts, and CD8+ T cells
proliferated. Among the six organoids that responded to
nivolumab, three were from NSCLC, two were from ccRC, and
one melanoma. Ten PDO were tested with nivolumab, anti-CD3,
and anti-CD28 to allow T cell proliferation and activation. Two
PDOs cultured responded to these conditions as tumor infiltrating
lymphocytes increased their cytolytic function against tumor cells
(65). In another study, Scognamiglio et al. used chordoma-derived
organoids to assess the response to nivolumab (anti-PD-1 mAb).
Chordoma tissue fromeachpatientwere digested and cultured on a
Matrigel matrix to form the organoid, then anti-PD-1 or anti-PD-
L1 mAbs were added for 24 h. They could observe that PD-L1
expressing PDOs were disrupted and lysed after treatment with
Nivolumab, which allows to theoretically predict the response to
this immunotherapy in patients (67). Immunotherapies are not
limited to antagonistic or agonistic mAbs directed against
checkpoint markers such as CTLA-4, PD-1, or PD-L1. Indeed,
CAR-T cells are being developed for hematological malignancies
and start to be tested against solid tumors. Therefore, Jacob et al.
created amodel of glioblastoma organoid against which they tested
CAR-T cell function. These organoids (GBOs) have the same
histological and transcriptomic properties as the tissue the
originated from. Also, the cell heterogeneity in GBOs is similar to
thatofparental tissues andallow tomaintain themicroenvironment
up to 2 weeks after the beginning of the culture. However, the main
differences between parental tissue and GBOs are the transcripts
related tobloodandvasculature functions aswell as immune related
genes. Among the aspects that are conserved in GBOs, EGFRvIII
(epidermal growth factor receptor vIII) is an important marker for
glioblastoma progression. Thus, the authors designed EGFRvIII-
specific CAR-T cells and performed a co-culture with GBOs. They
observed thatCAR-Tcellswere infiltratingandexpending inGBOs.
This was happening concomitantly to a reduction of EGFRvIII/
EGFR ratio intensity and an increase of cleaved-Caspase 3 levels,
showing the killing of EGFRvIII+ cells. However, EGFR+EGFRvIII−

cells remained in the culture after 3 days of co-culture with CAR-T
cells, showing the specificity of the CAR-T cells, but also that they
may not be sufficient to eradicate the tumor (66). Considering the
complexity of the immune-evasion mechanisms by tumors, the
prediction of patient response to a specific immunotherapy is key.
Noteworthily, there are two registered clinical trials involving
cancer organoids for immunotherapy (NCT03778814,
Frontiers in Immunology | www.frontiersin.org 642
NCT02718235). Overall, these results indicate that cancer
organoid culture is a promising system to generate tumor-reactive
T cells, to predict immunotherapy sensitivity, and to examine
combination. Taken together, PDOs represent valid preclinical
models in the era of personalized medicine (68).

As complex as these models are, they still lack one or multiple
compartments to allow the best representation of the in vivo
system. Indeed, the vascular system, and therefore the diffusion
of drugs, cellular products, and their penetration inside the
tumor, is missing in these models. This is being studied and
the use of microfluidic systems and/or microchips for the
improvement of organoid models is being assessed.

Organ-on-Chip
The three-dimensional spheroid/organoid culture models offer
the possibility of approaching the architecture and functionalities
of the tissue from which they originate, and despite the advances
which make it possible to consider part of the micro-
environment such as stroma cells and the TILs (Tumor
Infiltrating Leukocytes), it still lacks the dynamics of the
environment found in-vivo. The strength of the recently
applied microfluidic technology in the field of oncology is to
combine the advantages of 3D culture in a controllable and
dynamic environment. Microfluidics add to the production of
spheroids/organoids makes it possible to overcome this default
and to position 3D models in a physiologically dynamic
environment, making it possible to investigate several
parameters of carcinogenesis and to carry out drug screening
and predict the response therapies. In a simple manner, the
spheroid/organoid formed is placed in a microfluidic chip, the
medium being perfused with the addition or not of therapeutic
agents (69, 70). This technology can be used for classical cell line-
derived spheroids, but also PDOs. Nguyen et al. reconstituted a
HER2+ breast tumor from four cell lines, along with its
microenvironment. They combined breast cancer, CAF,
endothelial cell, and fibroblastic cell lines and cultured them
on a micro-fluidic chip. Indeed, they cultured breast tumor cell
line and PBMCs in both lateral chambers of the chip, when CAFs
where only present in one of the chambers endothelial cells were
cultured as a monolayer in the central chamber. Although this
model does not use a reperfusion system, this created a flow of
media from the lateral chambers through the central one, and
mimed a circulation in the tissue. They used their model to
evaluate the effect of Trastuzumab, an anti-HER2 mAb and
could show that the ADCC effect of trastuzumab was highly
reduced in the chamber containing the CAF. The authors
concluded that CAFs were modulating the immune cell
functions by reducing their contact time with tumor cell lines.
This model allowed the testing of a therapeutic agent in a
complex 3D system, which allows perfusion of soluble
molecules (71).

PDOs can also be placed on fluidic microchips. In a study
using the 40 to 100 µm fractions of the digested tissue, the
authors could generate organoids which contained the TME as
well as the immune cell populations (B cells, CD4+ and CD8+ T
cells, myeloid cell subsets). They could also demonstrate that
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some T cells expressed immune checkpoint markers such as PD-1,
CTLA-4, and TIM3. These organoids were place on a microfluidic
chip to test an anti-PD-1 treatment and the eventuality of a
resistance to this treatment. The authors could show that CCL19
and CXCL13, two chemokines involved in the recruitment of
immune cells, were produced in the anti-PD-1 treated organoids.
The cytokine secretion profile was assessed and revealed that the
organoids which were treated by anti-PD-1 expressed the IPRES
(innate PD-1 resistance) signature. This signature is a cocktail of
cytokineswhich are expressed by patient with a shorter progression
free survival. Therefore, this microchip organoid model allows to
assess the resistance to checkpoint blockade resistance, and maybe
allow a better distribution of these treatments to patients (72–74).
Differentmodels ofmicrochip exist and all are adaptable to the need
of studies. Initially, these chips were used to study tumor cells
migration as well as macrophages (75), dendritic cells (76), PBMCs
in general (77), and TILs (78). Indeed, Moore et al. used a model of
multiplexed microfluidic perfusion named EVIDENT (Ex-Vivo
Immuno-oncology Dynamic Environment for tumor biopsies).
This model can hold up to 12 tumor tissue samples which can
interact with their autologous perfused TILs. They could test
multiple immune checkpoint inhibitors simultaneously and
observe immune cell infiltration and cytotoxicity. In these
conditions the organoids can be cultured for 5 days. To test the
effect of anti-PD-1 blockade, the authors used murine tumors
generated by subcutaneous injection of MC38 cell line. TILs were
isolated and expended, and incubated with an anti-PD-1 overnight
before the experiment in the microfluidic system. Here, they could
demonstrate thatTIL infiltrationof organoids aswell as cytotoxicity
was increased in anti-PD-1 treatment conditions. They could
replicate this result by using a human biopsy of NSCLC after
treatment of the TILs with anti-PD-1 (78). The microfluidic
technology is therefore a tool in the study of 3D culture models
and immunotherapies. Indeed, as we discussed above, Immune
checkpoint blockade and CAR-T cells can be investigated at the
level of infiltration, immune checkpoint expression and cytotoxicity
(72).Although thismodel is not standardized, and that the design is
dependent on each team, microfluidic are promising and allow to
make another step towards in vitro-preclinical models (39, 68).

3D Bioprinting
Bio-printing allows the reconstruction of 3D tissue by organizing
drops on a cell culture treated surface. These drops contain both
extracellular matrix as well as tumor cells. The advantage of this
model is that the organization of the tissue can be fully designed,
and drops can be hardened chemically or mechanically to obtain
the desired tissue resistance. Bio-printing therefore allows a very
precise in terms of tissue architecture and cellular placements.
There are three types of bio-printers, droplet bio-printing,
extrusion bio-printing, and laser bio-printing. Droplet bio-
printing, is the most used technique in the pharmaceutical
industry thanks to its high throughput yield (79–81). As an
example, bioprinting was used to generate a breast cancer model
using MDAMB-231 cells and RAW264.7 macrophages. Here, the
aim was to study the two cell type interactions in an accurate
representation of the TME (82). Although bioprinting is a very
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recent and still little used technology in the field of tumor
immunology, it remains a promising candidate in the testing of
immunotherapy strategies (83).
DISCUSSION

As we described, 3D cell culture is constantly evolving and offers
more and more opportunities to use these models as pre-clinical
tests for the screening of therapies, as well as personalized
medicine with PDOs. It is important to keep in mind that the
evolution of 3D culture models evolves toward a better
representation of human or murine tissues and tumors in
vitro. The TME, CAFs, and TILs play a critical role in the
evolution of a tumor and its resistance to diverse treatments
(38, 84, 85), such as CAFs which reduce the ADCC effect of
Trastuzumab (70). Therefore, 3D models provide a mean to
study the TME by incorporating it in spheroids and organoids.

Cell line-derived spheroids coculture with fibroblasts and
immune cells is relatively cheap, reproducible, and might be used
as a high throughput technology to test therapeutic mAbs or drugs
and even cell therapies such as CAR-T cells (86). The effect of
therapies on spheroids is measured by microscopy, mainly by
assessing sphere volume, circularity, and cell viability. However,
not all cell lines spontaneously form spheroids. Indeed, to be a valid
model, spheroids should reach a sufficient size to form a central
apoptotic or necrotic core and therefore a gradient of oxygen,
nutrient and lactate accumulation (29, 32, 33). Another limitation
of the extracellularmatrix embedded-MCTS is the effect ofMatrigel
or Geltrex on immune cells. Both matrixes are generated from
murine sarcoma and therefore are compose of greatmurine antigen
amounts, which can activate immune cell subtypes such as CD4+ T
cells (87). These limitations can be avoided by using synthetic or
collagen extracellular matrix (88). Recently, the culture of tumoral
tissue digestion products in an extracellular matrix and a growth
factor enriched culture media allowed the creation of patient
derived spheroids or organoids. This model gets more and more
attention and is extensively being studied because they accurately
represent the origin tissue properties, even at the genetic level where
mutations are conserved (64, 67). Immunecell coculturewithPDOs
represent a validmodel to evaluate the effect of immune checkpoint
blockade,CAR-Tcell infusion, to educateTcells to recognize tumor
antigens and to predict patient response to these therapies.
Although PDO represent another step toward a complete
imitation of in vivo tissues, these models also have inconvenient.
Indeed, their culture requires the bio banking of samples, which can
be expensive, and the time of these cultures can be long, up to 2
months to obtain a stable culture. Furthermore, the culture of PDO
also requires a non-synthetic or collagen extracellular matrix (89).

Noteworthy, the possibility to transfer 3D culture back to 2D
culture exists. This was performed on canine bladder cancer
organoids. The culture medium was modified so that cell from
the organoid would migrate to the bottom of the flask and create
what the authors called a 2.5 organoid. This culture method is
less restrictive and expensive than that of the 3D models, and still
shares the major compartments of the original tumor tissue (90).
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However, this model does not seem suitable to study
immunology or immunotherapy as the immune compartment
is lost. This highlight the fact that the conservation or
incorporation of the immune system remains challenging (90).
In the organoid or spheroid models that require tissue digestion,
the incorporation of PBMCs at the time of the culture is possible
but do not represent the profile of the TILs. On the contrary,
PDOs, which are not or only partially digested, conserve the
original TILs but do not represent the part of immune cell which
are recruited from the blood. Another issue in the PDOs is the
survival of immune cell which can be boosted (up to a month) by
adding IL-2 in the culture media. This ALI model allows the
testing of Immune checkpoint blockade mAbs since the PD-1/
PD-L1 axis is conserved. Furthermore, these PDOs can be bio-
banked to allow further testing patient per patient. The major
drawback of this model is that the first organoid culture has to be
performed on a high-quality fresh tissue sample, which means
that the time between surgery and the beginning of the culture as
to be as short as possible. This impacts the reproducibility as the
quality of the sample decreases quickly over time in terms of
architecture and cell population viability.

To complete these already complex models, technologies such as
microfluidics or microchips allow to culture organoids or spheroids
into dynamic models. Indeed, they mime vascularization, cell and
soluble molecules such as antibodies diffusion (49). The EVIDENT
technology from Bornstein et al. pushed the use of microfluidics
forward as it allows the testing of multiple conditions at the same
time on a single chip. Although this method requires the freezing of
both TILs and tissues, it open the way to pre-clinical models of
organoids where the testing of multiple conditions or drugs are
required at the same time. Furthermore, the fact that the experiment
is performed on the same microchip avoid batch effects between
conditions (78). The EVIDENT approach is rather fast (2 weeks
compared to 1–2 months) and is still able to mime the
vascularization that to the microfluidics. The notions of time and
speed are critical here, especially when this model might be used for
the testing of therapies and/or the assessment of patient response to
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the treatments. They also provide a time advantage against patient
derived xenografts (PDX, patient tumor engrafted on NGS mice),
which take 3 to 5 months to be used.

PDX, on their side, possess the advantages of in vivo models
with vascularization and allow the testing of virtually any drugs
or treatment. However, these models are transient as the
engrafted tumor and its TME are slowly being replaced by that
of the murine (91). Also, the patient immune system is not
engrafted on the host and therefore would require the use of
humanized hosts. PDX remain long and requires constant care
and an animal facility. However, it remains possible to engraft
organoids to mice, resect them the organoids to put them back in
culture. Interestingly, PDX can also be resected from mice to be
used as basis for organoids or spheroids.

Overall, 3D models are a crucial tool in the development of
new immunotherapy strategies (92). Indeed, evolved models
such as PDOs, coupled with microfluidics or not, represent
promising pre-clinical models to test patient response
to therapies.
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To improve pathogenetic studies in cancer development and reliable preclinical testing of
anti-cancer treatments, three-dimensional (3D) cultures, including spheroids, have been
widely recognized as more physiologically relevant in vitro models of in vivo tumor
behavior. Currently, the generation of uniformly sized spheroids is still challenging:
different 3D cell culture methods produce heterogeneous populations in dimensions
and morphology, that may strongly influence readouts reliability correlated to tumor
growth rate or antitumor natural killer (NK) cell-mediated cytotoxicity. In this context, an
increasing consensus claims the integration of microfluidic technologies within 3D cell
culture, as the physical characterization of tumor spheroids is unavoidably demanded to
standardize protocols and assays for in vitro testing. In this paper, we employed a flow-
based method specifically conceived to measure weight, size and focused onto mass
density values of tumor spheroids. These measurements are combined with confocal and
digital imaging of such samples. We tested the spheroids of four colorectal cancer (CRC)
cell lines that exhibit statistically relevant differences in their physical characteristics, even
though starting from the same cell seeding density. These variations are seemingly cell
line-dependent and associated with the number of growing cells and the degree of
spheroid compaction as well, supported by different adenosine-triphosphate contents.
We also showed that this technology can estimate the NK cell killing efficacy by measuring
the weight loss and diameter shrinkage of tumor spheroids, alongside with the commonly
used cell viability in vitro test. As the activity of NK cells relies on their infiltration rate, the in
vitro sensitivity of CRC spheroids proved to be exposure time- and cell line-dependent
with direct correlation to the cell viability reduction. All these functional aspects can be
measured by the system and are documented by digital image analysis. In conclusion, this
flow-based method potentially paves the way towards standardization of 3D cell cultures
org December 2020 | Volume 11 | Article 564887147
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and its early adoption in cancer research to test antitumor immune response and set up
new immunotherapy strategies.
Keywords: colorectal cancer, spheroid, natural killer cells, mass density, microfluidics, weight, 3D cell culture
INTRODUCTION

In the last years, growing interest has developed in creating and
evolving three-dimensional (3D) culture systems to allow more
detailed studies of cancer biology and response to therapy (1–4).
Indeed, 2D cultures cannot reproduce all the complex features
and cell-to-cell interactions occurring at the site of lesion. On the
other hand, animal models do not always reproduce the
pathophysiology of human cancers, besides being very
expensive and showing a negative environmental impact (5–8).
Several 3D culture systems, including spheroids, have been
validated by the European Union Reference Laboratories for
Alternatives to Animal Testing (EURL ECVAM) as preclinical
models (9–11). These systems possess many advantages over
2D cultures or animal models, such as reproducibility, the
high number of replicates, systematic evaluation of multiple
parameters and the possibility to set up standardized co-
cultures with different cell types (12–14). In this context, we
used the spheroid culture system to evaluate some aspects of
the antitumor immune response exerted by a subset of
T lymphocytes against colorectal cancer (CRC) cells (15).
Thus, spheroids can be a reliable 3D culture system that allows
the co-culture of cancer cells and effector immunocompetent
cells. However, static culture conditions do not allow the
evaluation of all the dynamic events occurring during tumor
growth, moreover, such systems cannot fully overcome the
limited distribution of oxygen or nutrients and waste removal
operating in vivo. As a consequence, there is a growing interest
for the combination of microfluidic technologies within 3D
cultures, including tumor spheroids, to reproduce more
faithfully the real tissue microenvironment that undergoes
multiple chemical and mechanical challenges, eventually
leading to changes in physical parameters (16–19).

Physical features of a tumor include spatial cell organization,
external mechanical stimuli, extracellular matrix architecture
and stiffness. Mechanobiological modifications, such as active
stretch and tension, are other important functional aspects that
may condition tumor cell growth and drug response (18, 19).
Such microenvironmental aspects should be considered when
using 3D culture methods, including multicellular spheroids that
take advantage of the natural disposition of several epithelial
tumor cells to aggregate (16, 19). Thus, the measurement of
physical variations of growing tumors in vitro represents a useful
tool in cancer biology, both for elucidation of the mechanisms
underlying tumor development and spreading and for testing
anti-cancer drugs.

In a recent paper, a linear relationship between impedance
and cell number was found for some tumor cell lines and referred
to proliferation rates (17). Also, cell size can be measured as
volume or mass, as an indicator of cell integrity and state; more
org 248
precisely, the ratio between mass and volume (i.e. mass density)
can be used to distinguish between cell populations even when
volume and mass do not vary (20). From this viewpoint, mass
density may evidence early modifications in cellular composition
that precede size and weight changes, such as organelle
enlargement underlying the high metabolic rate of neoplastic
cells or nuclear segmentation that occurs at the beginning of
apoptotic process due, for example, to anti-cancer drugs (21). In
more advanced phases of cell proliferation, mass density might
also be influenced by cell number, especially during the first
cellular duplications that conceivably do not alter weight and
volume yet. In principle, since variations in mass density and
volume occur during cell growth and are connected to changes in
the cell cycle, the measurement of cell weight and mass density
can provide a direct evaluation of the biological processes,
underlying tumor progression and environmental changes
(20, 21).

Mass density is usually indirectly monitored by software
elaboration (22) of bi-dimensional images to assess the
compaction degree of cells inside the spheroids, even if 2D
projection might alter the real 3D structure. Some papers
report mass density as “tightness” (23) “solidity” (24), “optical
density” (25) and “compactness index” (26), each one presenting
some measurement variations due to different chosen parameters
or image quantification software. Therefore, these parameters are
used to assess the effects of a specific treatment in the spheroids,
such as a toxicity test, efficacy study, tumor cell resistance, and
others (24).

Several methods for determining weight and mass density of
cells were established with the development of nanomechanical
resonator or electrokinetic microfluidic chip (20, 27–30).
However, these techniques are not intended, nor proven, for
reaching the average size of spheroids and organoids. Indeed, the
above-mentioned systems are suitable for corpuscles ranging
between nanometers to a few micrometers scale, as single cells or
small samples. Moreover, data are often collected in one step,
limiting sample replication and analysis repetition essential for
accurate biometric studies. We have recently developed a
precise and rapid technique, that enables the simultaneous
determination of weight, size and mass density of sphere-like
samples (31).

In the present paper, we adopted this method to further
describe the physical intrinsic differences of spheroids generated
from four human CRC cell lines. Furthermore, by this system, we
analyzed possible variations induced by spheroid interaction
with anti-cancer effector lymphocytes: natural killer (NK) cells
were chosen due to their reported role in anti-tumor immunity
against CRC. As effectors of natural immunity, they work
without the need of recognizing tumor associated antigen by
specific receptors, such as the T cell receptor, in the HLA-class I
December 2020 | Volume 11 | Article 564887
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context. Thus, their action is efficient, although broadly directed
towards a large panel of cancers (32–34). In this experimental
setting, we recorded variations of these parameters depending on
interactions between CRC spheroids and antitumor natural killer
(NK) cells during the killing process. These changes are
dependent on CRC infiltration by NK cells, followed by the
elimination of tumor targets.
MATERIALS AND EQUIPMENT
AND METHODS

Cell Cultures and Tumor Spheroid
Generation
The human certified CRC cell lines HT-29 (Duke’s type B stage),
HCT-15, SW620 and DLD-1, all Duke’s type C stage, were
obtained from the cell bank of the Policlinico San Martino (kind
gift of BloodTransfusionCentre, Dr Barbara Parodi). HCT-15 and
DLD1 were derived from the same patient but present a different
karyotype (35). In particular HCT-15 is quasidiploid and DLD-1
pseudiploid; SW620 derives from ametastatic site in a lymph node
and is hyperdiploid, while HT-29 is hypertriploid. A detailed
description of karyotype and marker designations for each cell
line is available on the American Type Culture Collection website.
CRCcell lines in adherent culturesweremaintained inRPMI-1640
(Gibco, Life Technologies Italy, Monza) medium supplemented
with 10% fetal serum (FBS, Gibco™ One Shot™ Fetal Bovine
Serum, ThermoFisher Scientific Italy, Monza, Italy), penicillin/
streptomycin and L-Glutamine (BioWhittaker® Reagents, Lonza,
Basel, Switzerland) inahumidified incubator at 37 °Cwith5%CO2.
HT-29, HCT-15, SW620, and DLD-1 were analyzed by indirect
immunofluorescence and flow cytometry for the expression of the
epithelial-specific antigen (ESA) and HLA-I with the specific
monoclonal antibodies (mAbs) TROP1 (R&D System,
Minneapolis, MN, USA) and W6/32 (American Type Culture
Collection, Manassas, WA, USA) respectively, followed by
Alexafluor647-goat anti-mouse anti-isotype antibody (GAM,
ThermoFisher Scientific,) and cytofluorimetric analysis as
reported (15). As shown in Supplementary Figure S1, all the cell
lines were ESA positive, but only HT-29 and SW620 expressed
HLA-I. CRC spheroids were generated as described (15) in flat-
bottom 96-well plates (Ultra-Low attachment multiwell
plates, Corning®Costar® , NY, USA) with DMEM-F12
(BioWhittaker®Reagents, Lonza) in serum-free medium (SFM),
supplementedwith EGF (Peprotech Europe, LondonUK) at 10ng/
ml final concentration(≥1*106 units/mg). Spheroids were
monitored along time and dimension (perimeter, area and
volume) measured on images taken with the Olympus IX70
bright field inverted microscope equipped with a CCD camera
(ORCA-ER, C4742-80-12AG, Hamamatsu, Japan) by the analysis
of regions of interest, defining each spheroid, with the CellSens
software (version 1.12, Olympus, Tokyo, Japan) (15). Experiments
were performed on day 6 of spheroids formation as at this time
point all cells in culturewere alive, as assessedby culturing a sample
under adherent conventional conditions for 12h and subsequent
identification of living cells with propidium iodide (PI, Sigma)
Frontiers in Immunology | www.frontiersin.org 349
staining (15), and the diameter of spheroids was about 100 to 200
mm. Some spheroid samples were disrupted in Ca2+Mg2+ free PBS
and cells stained with the anti-ICAM1 14D12D2 (15) or the anti-
PVR (DNAM1 ligand mAb MA5-13490, Invitrogen Thermo
Fisher), the anti-MIC-A mAb M2032B5 (clone 12, Sino
Biologicals Inc., Beijing, China) and the anti-ULPBs mAbs (anti-
huULBP1M295, anti-huULBP2M311 and anti-huULBP3M551)
kindly provided by Amgen (Seattle, WA, M.T.A. n.200309766-
001). The expression of these molecules on the CRC cell lines is
shown in Supplementary Figure S2A. The Fc chimeras (soluble
receptors fused with the Fc of human immunoglobulins): Fc-
NKG2D and Fc-DNAM1 were purchased from R&D System
(Minneapolis, MN, USA) and used on CRC cell lines in
immunofluorescence assay followed by Alexafluor647 goat anti-
human antiserum (Life Technologies). At least 5,000 cells/sample
were run on a CyAn ADP cytofluorimeter (Beckman-Coulter
Italia, Milan, Italy) and results analyzed with the Summit 4.3
software. The reactivity of Fc-NKG2D and Fc-DNAM1chimeras
is depicted in Supplementary Figure S2B.

Measurement of Weight, Diameter,
and Mass Density of Spheroids
The adopted method is based on tracking the sample’s motion,
when free-falling into a vertical flow-channel while the flow is at
rest, to calculate its terminal velocity. This is achieved by using
customized software that relies on a specific physical method,
combined with detailed statistical analyses (31). Briefly, as shown
in Supplementary Figure S3, the device is composed of a fluidic-
core chip, equipped with a bright-field imaging setup, a
peristaltic pump, a temperature sensor and a flow-circuit for
the introduction and elimination of samples. Furthermore, the
software assigns a circular reference to each image of the falling
sample, allowing the extrapolation of the final radius from the
physical calculation, as the average of the maximum radii
obtained from each repetition. The terminal velocity is whereas
calculated from the vertical position of the falling sample, and for
each repetition a linear regression plot is derived. During the
entire analysis different internal data control are performed: (i)
initial visual screening of the operator; (ii) circular reference
assignment; (iii) measurements repetition; (iv) calculation of the
average radius; (v) linear regression plot analysis; and (vi)
statistical validation with outliers elimination. All these check
points insure the conformity of the analyzed samples in term of
shape and size. CRC spheroids were fixed with PFA 4% overnight
at 4°C, resuspended in 3.5mL of Dulbecco’s phosphate-buffered
saline (DPBS), 1X w/o Ca2+& Mg2+(Corning® Life Sciences) at
low concentration (<200 spheroids/mL), transferred in a
centrifuge conical tube and then analyzed according to the
previous protocol performed by Cristaldi et al. for biological
samples (31). A minimum of 10 single spheroids was analyzed
for every test condition and values were extrapolated from at
least 10 repetitions. The same procedure was applied to CRC
spheroids exposed to NK cells.The fixation protocol had no effect
on mass density, as no statistical difference was observed in live
and fixed spheroids of the 4 CRC cell lines (not shown). In
particular, no statistical differences were found in weight and
December 2020 | Volume 11 | Article 564887
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diameter variations in fixed or unfixed HT-29 and HCT-15
spheroids, while weight changes in SW620 (+53%) and DLD-1
(−49%), as well as diameter (+21% in SW620 and −14% in DLD-
1). Since variations are concordant (a spheroid with a big
diameter, also has a big weight, while a small spheroid in size
also presents a little weight), mass density is not influenced: in
fact, these spheroids show the same mass density values, as mass
density normalizes the values of diameter and weight.

Cell Viability and Cytolytic Assay
by Crystal Violet Staining
NK cells were obtained from peripheral blood mononuclear cells
by negative depletion using RosetteSep NK negative selection kit
(StemCell Biotechnology, Vancouver, Canada) as described and
cultured for 15 days with interleukin-2 (IL-2, 30IU/ml, Miltenyi
Biotech, Milan, Italy) (34). NK cell population used in functional
assays was >97% CD3 negative CD56 positive (34) (not shown in
this paper). The number of CRC cells in a culture well was
determined measuring the ATP spheroid content in that well,
referred to the ATP content of the same cell line at a known cell
concentration in suspension. The optimal amount of NK cells to
detect the cytotoxic effect, determined by crystal violet assay or by
image analysis, was 0.75x105 cells/well and it corresponded
approximately to a 1:1 effector to target (E:T) ratio (15).
Spheroids were incubated at 37°C with NK cells, for 6h or 24h;
then cytolytic activity was evaluated with the Crystal Violet Cell
Cytotoxicity Assay Kit (Biovision, Milpitas, CA 95035 USA). CRC
spheroids, alone or co-culturedwithNK cells, at the indicated time
points (6h or 24h), were transferred in conventional adherent
plates and after further 24h were washed to remove NK cells.,The
presence of residual NK cells was verified by bright field
microscopy, based on dimension and morphology, before
staining adherent CRC cells with crystal violet following
manufacturer’s instructions. In further experiments, suspensions
or adherent or CRC cell lines were challenged with NK cells at 1:1,
3:1 or 10:1 E:T ratios for 24h; under these conditions only living
CRC cells remain adherent. Then, non-adherent cells were washed
out, crystal violet staining was performed according to the
manufacturer’s instructions and adherent cells were solubilized.
The amount of crystal violet proportional to the number of living
cells was measured with the VICTORX5 multilabel plate reader
(Perkin Elmer,Milan, Italy) at the optical density (O.D.) of 595nm
and referred to O.D.595 of CRC cell samples without NK cells (15).
Results are expressed as the percentage of living cells compared to
CRC spheroids without NK cells.

Measurement of Adenosine-Triphosphate
(ATP)
Intracellular ATP was determined using the CellTiter-Glo®

Luminescent Cell Viability Kit (Promega Italia Srl, Milan,
Italy), following manufacturer’s instruction, using the luciferase
reaction consisting in mono-oxygenation of luciferin catalyzed
by luciferase in the presence of Mg2+, ATP and molecular
oxygen. Luminescence was detected with the VICTORX5
multilabel plate reader (Perkin Elmer) expressed as relative
light units (RLU) (15). Results are the mean±SD of 16 wells/
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spheroid cell line or samples of 20x103 CRC cells in suspension
for each cell line.

Confocal Microscopy and Imaging
of Spheroid Composition and Invasion
CRCspheroidswerefixedwith4%PFA5minat 4°C, permeabilized
with 1% NP40, washed with PBS and stained with 1µM Syto16
Green Fluorescent Nucleic Acid Stain (ThermoFisher). After
washing, samples were seeded into a 96w Cell Imaging plate
(Eppendorf AG, Hamburg, Germany) and run under the FV500
laser scanning confocal microscope. Images were taken with a 20x
objective 0.40 NA, at Z points set every 8 to 10 mm, with FluoView
4.3b software (Olympus GmbH, Hamburg, Germany). In a first
set of experiments, a z-stack analysis (12 sections of 8 µm for 80 to
96 µm total thickness) was performed for spheroids of each cell
line in order to check their shape. Orthogonal cross-section of x-y
focal planes were reconstructed and shown as x-z or y-z planes. In
other experiments, spheroids were identified with the Threshold
tool of the Image J software and nuclei were counted with the
Multipoint Analyze Particle tool; at least 30 spheroids/cell line
were analyzed on 6 Z points/spheroid; results are expressed as cell
number/area. In other experiments, NK cells were stained with
CFSE (1µg/ml/106 cells) for 1h at 37°C; then they were washed,
added to CRC spheroids at the E:T ratio of 1:1 and incubated at
37°C with NK cells for 24h. Samples were included in a Matrigel
dome, seeded into a 96w Cell Imaging plate (Eppendorf AG) and
run under the FV500 laser scanning confocal microscope. Other
samples were fixed with 4%PFA, washed to remove NK cells
adherent to the external spheroid layer and counterstained with
the anti-ESA mAb TROP-1, followed by Alexafluor647-GAM
(ThermoFisher Scientific). Images were taken at different Z
points, set every 10mm, with a 20x objective 0.40 NA, analyzed
with FluoView 4.3b software (Olympus GmbH) and shown in
pseudocolor. Region of interest (ROI) designed on the inner
perimeter of spheroids, were selected for cell count calculated
with the Multipoint Analyze Particle tool of the Image J software
on the ROI of 6 to 20 spheroids evaluated at 10 different
Z positions.

Cytofluorimetric Analysis of Spheroid
Invasion
Spheroids incubated with NK cells as described in paragraph 1.5,
were washed to remove free-floating NK cells. Staining with the
anti-CD56 mAb C218, followed by Alexafluor488 anti-isotype-
specific GAM (34) was then performed to label external NK cells,
taking into consideration that mAbs can penetrate some
peripheral layers of the spheroid (not shown), thus labeling
also NK cells infiltrating spheroid periphery. The spheroids
were then dissociated in phosphate buffer without Ca++/Mg++

and the resulting cell suspension was labeled with the anti-CD45
mAb 9.4, followed by Alexafluor647 anti-isotype-specific GAM
(34) to identify all NK cells. Samples were run on a MACSQuant
cytofluorimeter (Miltenyi Biotech, Gladbach, Germany) and
results analyzed with the FlowJo software (Ashland, Oregon,
USA), are expressed as Log green fluorescence intensity (a.u.) vs
Log far-red fluorescence intensity (a.u.).
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Immunohistochemistry (IHC) and Digital
Imaging
Samples of spheroids incubated with NK cells were centrifuged
in 1.5ml tubes at 1000 rpm 1 min at RT, fixed with 4% PFA 1h at
RT, washed with PBS and suspended in 50µl of melted agarose
(2% in distilled water). After agarose polymerization, samples
were dehydrated in a progressive series of ethanol, clarified in
xylene and paraffin embedded. Then, 4µm thick serial sections
were cut (3 sections every 15µm) and dried o.n. at 37°C. Using
the Leica Bond Rx Automated Stainer (Leica Biosystems), the
slides were dewaxed with Leica Bond Dewax solution. After
treatment with Bond Epitope Retrieval, sections were stained
with the anti-CD45 LCAmAb (2mg/mL, Ventana), or an isotypic
unrelated antibody as negative control (Dako Cytomation) and
reactions visualized using Leica Bond Refine Detection kit
(DS9800) with diaminobenzidine (DAB) chromogen and a
hematoxylin counterstain. Digital images were acquired using
the Aperio ScanScope Slide program of the Aperio AT2 Scanner
(Leica Biosystem, Aperio Technologies) at 20 to 40×. The
number of infiltrating cells was calculated with the Image J
Multipoint Analyze Particle tool on the ROI designed on the
spheroid perimeter. Six spheroids/cell line were analyzed on 10
serial sections.

Statistical Analysis
The Shapiro–Wilk test was performed on the measured outputs
obtained from the biological experiments to analyze the
distribution of the dataset based on skewness and/or kurtosis
(36). For all the cases that resulted in a non-normal distribution,
descriptive statistics box plots (Tukey method plots) were carried
out for determining outliers’ values. Outliers were identified as
individual points for the terminal velocity, mass density, diameter,
and weight box plots. The presence of at least one outlier in one of
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the categories was considered sufficient to remove the related
sample from the dataset. For these cases, the Shapiro–Wilk
approach was reused to confirm the normal distribution. Data
are presented as mean ± SEM or ±SD. Statistical analysis was
performed using two-tailed unpaired Student's t-test. The cutoff
value of significance is indicated in each figure legend.
RESULTS

Characterization of the Physical
Properties of CRC Spheroids
We analyzed tumor spheroids obtained culturing the
representative CRC cells lines HT-29, SW620, HCT-15, and
DLD-1 in ultra-low attachment plates, as reported (15). Ten
single spheroids for each cell line were analyzed, and each
spheroid values of mass density, diameter and weight, and the
related standard deviation, are extrapolated from 10 repetitions.
Experiments were performed on a heterogeneous population of
spheroids in terms of dimension, to test the feasibility of our
methods in cell aggregates having the different size ranging from
100 to 200µm diameter, as shown in Figure 1A. HCT-15, DLD-
1, and SW620 spheroids displayed round shape with a smooth
surface, while HT-29 spheroids showed irregular shape with a
rough surface (Figure 1A). CRC spheroid samples were fixed
with 4% PFA and analyzed with the flow-based system: as shown
in Figure 1B, SW620 and DLD-1 spheroids’ weights (ng, left
graph) were higher than that of HT-29. Also, their diameter (mm,
central graph), calculated automatically from the images
acquired during the free-fall motion, were larger than those of
HT-29 spheroids. Noteworthy, the measured mass density of the
sample was consistently higher in SW620 and DLD-1 than HT-
29 spheroids (fg/mm3, right graph). As mass density represents a
A

B

FIGURE 1 | Measurement of mass density, weight and diameter of CRC spheroids. (A) CRC spheroids were generated with HT-29, SW620, DLD-1, and HCT-15
CRC cell lines cultured in ultra-low adherent flat-bottomed microplates and analyzed on day 6 by inverted IX70 microscope (Olympus); images were taken with 20x
objective NA 0.40 (200x magnification). Bar in each panel: 100mm. (B) CRC spheroid samples were fixed with 4% PFA and analyzed with the flow-based system.
Data are graphically depicted in box-and-whisker plots and the lines, extending from the boxes, indicate variability outside the upper and lower quartiles. Results are
expressed as the weight (ng, left graph), diameter (mm, central graph) and mass density (fg/mm3, right graph). *p< 0.05 and **p< 0.001 vs HT-29. #p<0.05 vs DLD-1.
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direct parameter to evaluate the degree of aggregate compaction,
data agreed with the preliminary microscopic investigation,
where HT-29 cells formed loose aggregates, instead of compact
3D tumor spheres. Weight and diameter of HCT-15 spheroids
were comparable to that of SW620 and DLD-1 ones, although
much more dispersed due to sample intrinsic heterogeneity
(Figure 1B, left and central graphs); however, their mass
density was similar to that of HT-29 and significantly different
from that of DLD-1 (Figure 1B, right graph).

Quantification of Cell Number and ATP
Content Within the CRC Spheroids
To better clarify the biophysics of mass density heterogeneity,
spheroids of HT-29, SW620, DLD-1, or HCT-15 cell lines
underwent nuclear staining with the green Syto16 probe
followed by laser scanning confocal microscope analysis. Images
were taken at different Z points set every 10mm (Figure 2A),
spheroids were identified with the threshold tool of the Image J
software in red pseudocolor, while nuclei were evidenced in blue
pseudocolor (Figure 2B) and counted with themultipoint analyze
particle tool (30 spheroid/cell line countedon6Zpoints/spheroid).
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Figure 2C shows in SW620 spheroids a striking higher cell
number/mm2 than in HT-29, DLD-1, and HCT-15 spheroids:
the latter two, in turn, contain many more cells than HT-29.
Intracellular ATP content was detectable in all spheroids,
documenting cell viability (Figure 2D). The higher ATP content
in SW620, and to a lesser extent inDLD-1, than inHT-29 orHCT-
15 spheroids, can be referred to the higher cell number, mainly
evident in SW620 spheroids (Figure2DvsFigure2C). SinceDLD-
1 and HCT-15 spheroids contained approximately the same
number of cells, differences in ATP content may depend on a
different metabolic state. This is also suggested by the finding that
ATP values measured in cell suspensions of each cell line display
differences among the four cell lines, as shown in Figure 2E.

Cytotoxic Activity of NK Cells on CRC
Spheroids Evaluated by Weight, Diameter,
and Mass Density Measurement
We further planned to test the variations of physical parameters
caused by the antitumor effect of NK cells and occurring during
the killing process. Then, SW620, HCT-15, and DLD-1
spheroids were chosen due to their comparable weights,
A

B

D E
C

FIGURE 2 | CRC spheroids cell composition and viability. (A) CRC spheroids of HT-29, SW620, DLD-1, or HCT-15 were stained with 1µM Syto16 Green, seeded
into a 96w Cell Imaging plate (Eppendorf) and run under the FV500 laser scanning confocal microscope (200x). Images were taken at different Z points set every
10mm (one representative is shown), with FluoView 4.3b software (Olympus GmbH). (B) Image analysis (Image J software) of a spheroid of HT-29 (left) or SW620
(right); enlargement of the white squares in A. Spheroids identified in red pseudocolor, nuclei evidenced in blue pseudocolor. (C) Nuclei were counted with the
multipoint and analyze particle tool; results are expressed as cell number/area (mm2) and are the mean±SD of 30 spheroid/cell line counted on 6 Z points/spheroid.
ANOVA was performed to evaluate the differences between groups, followed by the Tukey-HSD posthoc test. *p<0.0001 vs HT-29, #p<0.0001 vs DLD-1 and HCT-
15. (D) Intracellular ATP content measured using the CellTiter-Glo® Luminescent Cell Viability Kit (Promega). Results are expressed as relative light units (RLU) and
are the mean±SD of 16 wells/spheroid cell line. Two-tailed unpaired Student’s t-test was performed to calculate statistical significance. *p<0.0001 vs HT-29,
**p<0.001 vs HT-29, #p<0.0001 vs HCT-15. (E) Intracellular ATP content in 20x103 cells for each cell line, rescued from subconfluent (70%) cultures and kept in
suspension. Results are expressed as in (D) and are the mean±SD of 4 wells/cell line. Two-tailed unpaired Student’s t-test was performed to calculate statistical
significance. *p<0.0001 vs HT-29, **p<0.0001 vs SW620, #p<0.0001 vs HCT-15.
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diameters and shape, although with different mass density. On
the contrary, HT29 aggregates exhibited significantly less weight
and lower, dispersed values of mass density. Confocal analysis,
followed by orthogonal cross-section reconstruction from a set of
a z-stack scans, showed that HT-29 spheroids were far from
being spherical (example shown in Figure 3A) so that the flow-
based system struggled to properly assign them a circular
reference and, as a consequence, also the final calculated radius
was affected by the samples’ irregularity. Conversely, SW620,
HCT-15, and DLD-1 3D structures predominantly displayed a
round shape in the orthogonal views of the z planes analyzed (z3,
z6, and z9 shown in Figures 3B–D), indicating that they can be
considered spheroids. HT29 were thereby considered less
suitable models for the reliable testing of infiltrating NK cells.

CRC tumor spheroids were co-incubated with NK cells at E:T
ratio of 1:1 and parallel samples were analyzed for weight,
diameter and mass density at 6h and 24h, while cell viability
was measured with crystal violet assay. In SW620 and DLD-1
CRC spheroids, co-culture with NK cells led to a statistically
significant decrease in weight (Figures 4Aa, Ba) and diameter
(Figures 4Ab, Bb). In particular, SW620 weight loss was about
47% at 6h and 23% at 24h, with a decrease in the diameter of 18%
and 13% respectively (Figures 4Aa, Ab), while DLD-1 and HCT-
15 weight and diameter decreased at 24h by 34% and 13% for
DLD-1 (Figures 4Ba, Bb) versus 23% and 7% for HCT-15
(Figures 4Ca, Cb). Notably, these changes were already
evident at 6h, when cytotoxicity with the crystal violet assay,
that is determined after 6h or 24h followed by further 24h of cell
adhesion, was still undetectable or negligible (Figures 4Ad, Bd).
Furthermore, a tendency for an increase in the mass density of
Frontiers in Immunology | www.frontiersin.org 753
SW620 and DLD-1 spheroids was observed upon co-incubation
with NK cells, with different kinetics, as depicted in Figure 4. The
tendency for an increase in SW620 mass density was already
evident at 6h (Figure 4Ac, brown boxes and whiskers);
conversely, in DLD-1 (Figure 4Bc, light blue boxes and
whiskers) spheroids mass density significantly raised at 24h,
immediately before the detection of cytotoxicity by crystal
violet assay (Figure 4Bd). Weight and diameter of HCT-15
showed a tendency for a decrease only after 24h of co-
incubation with NK cells (Figures 4Ca and Cb), although
cytotoxicity was already evident at 6h (Figure 4Cd); mass
density did not vary significantly, conceivably due to the small
decrease in weight and diameter (Figure 4Cc vs Figures 4Ca and
Cb). Thus, weight measurement can precisely reveal spheroid
variations, due to NK cell cytotoxic activity, even earlier than
crystal violet assay and in addition to other information such as
diameter modifications and mass density changes.

When the cytolytic assay was performed with CRC cells in
suspension, we observed that DLD-1 was less susceptible than
SW620 and HCT-15 cell lines to NK cell-mediated lysis
(Supplementary Figure S4A); however, this difference was not
evident using the three cell lines as adherent targets
(Supplementary Figure S4B), suggesting that cancer cell shape
might influence the outcome of NK cell anti-tumor activity.

NK Cell Infiltration of CRC Spheroids
We further investigated whether mass density variations in
SW620 and DLD-1 spheroids were associated with NK cell
infiltration. To this aim, NK cells were labeled with CFSE
probe (green) and NK cell entry into the spheroids was
A

B

D

C

FIGURE 3 | Confocal microscopy and imaging of CRC spheroid shape. Spheroids of HT-29 (A), SW620 (B), DLD-1 (C), or HCT-15 (D) cell lines were stained with
1µM Syto16 Green Fluorescent Nucleic Acid Stain and run under the FV500 laser scanning confocal microscope. Images were taken with a 20x objective 0.40 NA,
at Z points set every 8mm, with FluoView 4.3b software (Olympus). Orthogonal cross-section (indicated as follows: yellow for x axis, purple for y axis and green for z
axis) were reconstructed from a set of a z-stack scans (12 sections for 80–96 µm total thickness: z3, z6, z9 are shown for each cell line). For each panel (A–C): a) an
example of x-y focal plane of the z reported in the subpanel a; b) side view of the z-stack (orthogonal x-z plane) for subpanel a); c) view in the orthogonal y-z plane
for subpanel a. Bar: 100µm are indicated in panels (A–D) of z3.
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FIGURE 5 | Infiltration of CRC spheroids by NK cells.I. (A, B): SW620 (A) or DLD-1 (B) spheroids were seeded into a Matrigel dome in Cell Imaging plates
(Eppendorf) and incubated with CFSE-labeled NK cells (E:T ratio of 1:1) for 24h. Samples were run under the FV500 confocal microscope and analyzed with
FluoView 4.3b software (Olympus). Images were taken at different Z planes (Z1-Z10) every 10mm with a 20x objective NA 0.40 and shown as green CFSE+ NK cells
merged with bright field spheroids. (C, D): NK cells present in each Z plane were counted with the Multipoint Analyze Particle tool of the Image J software and
plotted as the number of NK cells/mm2 infiltrating SW620 (red boxes and whiskers) or DLD-1 (blue boxes and whiskers) and the mean±SD of 10 Z plans of a single
spheroid (C) or mean±SD of NK cells/mm2 infiltrating 20 spheroids evaluated each at 10 different Z positions (D).
A

B

C

FIGURE 4 | Evaluation of NK cell killing of CRC spheroids. CRC spheroids generated with SW620 (A), DLD-1 (B) and HCT-15 (C) cell lines were incubated at 37°C
with NK cells at the effector:target (E:T) ratio of 1:1 for 6h or 24h. Then, samples were fixed with 4% PFA and analyzed with the flow-based system. Data are
graphically depicted in boxes-and-whisker plots and the lines extending from the boxes indicate variability outside the upper and lower quartiles. Results are
expressed as weight (ng, a), diameter (mm, b) and mass density (fg/mm3, c). (graph d of A, B, C) Cytolytic activity evaluated in parallel samples at 6h or 24h
(+additional 24h to allow living cell attachment) with the Crystal Violet Cell Cytotoxicity Assay Kit (Biovision). The amount of crystal violet proportional to the amount of
living cells was measured with the VICTORX5 multilabel plate reader (Perkin Elmer) at the optical density (O.D.) of 595nm. Results are expressed as the percentage
of living cells compared to CRC spheroids without NK cells. A-C: *p<0.05; **p<0.001, #p<0.0005.
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evaluated after 24h of co-culture. These two CRC spheroids were
chosen since they underwent significant variations in their mass
density upon 24h of interaction with NK cells. The method used
for cell count applied the Multipoint and Analyze Particle tool of
the Image J software to the ROI defined as single spheroids, as
described in Supplementary Figure S2. Data were plotted as the
number of infiltrating NK cells/mm2. Figure 5A shows SW620
spheroids, surrounded and progressively infiltrated by NK cells
(green CFSE+), documented by the representative images taken
at 10 different Z planes. In Figure 5B, NK cells invading DLD-1
spheroids are depicted, displaying an elongated shape that
indicates their position inside the spheroid. A significantly
higher number of NK cells could infiltrate DLD-1 (Figures 5C,
D, blue boxes and whiskers) compared to SW620 (Figures 5C,
D, red boxes and whiskers) spheroids, where NK cells
accumulated at the periphery (Figure 5C: mean±SD of NK
cells/mm2 in a single spheroid evaluated at 10 different Z
positions; Figure 5D: mean±SD of NK cells/mm2 infiltrating
20 spheroids evaluated each at 10 different Z positions). These
data might explain the differences in mass density detected with
Frontiers in Immunology | www.frontiersin.org 955
the flow-based system and reveal a different mode of action of
NK cells to attack tumors, depending on the biological features of
tumor spheroids associated with their physical properties.

Parallel specimens of spheroids incubated with NK cells
were extensively washed, to remove unbound NK cells,
and counterstained with the anti-ESA mAb, followed by
Alexafluor647-GAM. Samples were analyzed by confocal
microscopy with the FluoView 4.3b software. Figure 6 shows
three representative z-stack images, out of 10 set every 10mm, of
SW620 (A) vs DLD-1 (B) spheroid (CRC cells identified in red as
ESA-positive) infiltrated by NK cells (green CFSE+). DLD-1 or
SW620 incubated with NK cells were also included in melted
agarose and paraffin embedded for IHC; serial sections were cut
and stained with the anti-CD45mAb to detect NK cells (C andD).
Immunofluorescencewas analyzed by Image J software on theROI
designed on the inner spheroid perimeter, to exclude NK cells
confined in the external spheroid layer, defined on the basis of ESA
staining; 6 spheroids/cell line were analyzed at 10 different Z
positions and the number of NK cells calculated with the Image J
MultipointAnalyze Particle tool.Figure 6E shows that the number
A
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C

FIGURE 6 | Infiltration of CRC spheroids by NK cells II. (A-B): SW620 (A) or DLD-1 (B) spheroids were seeded as in Figure 5, incubated with CFSE-labeled NK
cells (green, E:T ratio of 1:1) for 24h, washed and counterstained with the anti-ESA mAb TROP-1, followed by Alexafluor647-GAM (red). Samples were run under the
FV500 confocal microscope and analyzed with FluoView 4.3b software (Olympus). Images were taken at different Z planes (Z1-Z10) with a 20x objective NA 0.40:
three representative z stack sections are shown. Orthogonal cross-section (indicated as yellow line for x axis, purple for y axis and green for z axis) were
reconstructed from z-stack scans (80 µm total thickness). For each panel: a) an example of x-y focal plane of the z reported in the subpanel a; b) side view of the z-
stack (orthogonal x-z plane) for subpanel a); c) view in the orthogonal y-z plane for subpanel a. Bar in subpanels a: 100µm. (C, D): Other samples of SW620 (C) or
DLD-1 (D) spheroids incubated with NK cells were fixed, suspended in melted agarose and paraffin embedded. Four µm thick serial sections were cut (3 sections
every 15 µm) and stained with the anti-CD45 LCA mAb, visualized with DAB chromogen (brown) and a hematoxylin counterstain. Digital images were acquired using
the Aperio ScanScope Slide program of the Aperio AT2 Scanner with a 40X objective. (E, F): The number of infiltrating cells was calculated with the Image J
Multipoint Analyze Particle tool on the ROI designed on the inner spheroid perimeter (graph E), defined on the basis of ESA staining showed in A and B, or on the
visible spheroid perimeter (graph F) in the IHC stained specimens depicted in C and D. This is the main reason for the different NK cell number counted in E vs F. Six
spheroids/cell line were analyzed at 10 different Z positions in (E) or on 10 serial sections in (F) Results are expressed as cell number/mm2. p<0.0001 (E) or
p<0.0002 (F) vs SW620.
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of NK cells inside DLD-1 spheroids was significantly higher than
that of NK cells infiltrating SW620 spheroids (p<0.0001). ThatNK
cell infiltration of DLD-1 was more efficient than that of SW620
spheroids was also documented by IHC and digital imaging
(Figure 6C vs Figure 6D). Image J Multipoint Analyse Particle
tool was applied on the ROI defined on the visible spheroid
perimeter on 10 serial sections. Also in this case, the number of
infiltrating NK cells was significantly greater in DLD-1 than in
SW620 spheroids (Figure 6F, p<0.0002).

To further verify the degree of NK cell infiltration of DLD-1
vs SW620 spheroids, staining with the anti-CD56 mAb, followed
by Alexafluor488 anti-isotype-specific GAM was performed to
label external NK cells. The spheroids were then dissociated and
the resulting cell suspension was labeled with the anti-CD45
mAb, followed by Alexafluor647 anti-isotype-specific GAM to
identify all NK cells, including those derived from the inner part
of tumor spheroids. Thus, CD45 single-positive cells should
identify bona fide deeply infiltrating NK cells. Samples were
then analyzed by flow cytometry, gating on lymphocytes based
on FSC/SSC physical parameters (Figure 7A, left plots). Of note,
the percentage of CD45+CD56-NK cells was much higher in cell
suspensions derived from DLD-1 than from SW620 spheroids
(39.1% vs 12.2% NK1, Figure 7A right plots; 26.6% vs 16% NK2,
Figure 7B). These findings are in line with those obtained by
confocal microscopy and digital imaging analysis.
DISCUSSION

Alongside with the optimization of 3D cell culture methods,
many efforts have been made to develop new technologies for the
full characterization of these complex spherical aggregates (3, 37,
38). As regards the biophysical characterization of size and mass
density, although few technical solutions have been presented for
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single-cell analysis, literature does not cover this aspect for 3D
models of hundreds of micrometers in diameter, such as
spheroids (30).

To overcome this shortage, microfluidics provides a
promising technique due to its peculiar properties, including
liquid handling automation, small volumes of reagents/sample
required, and cost-effective fabrication. In this work, we have
described a flow-based technology and the associated method for
the non-invasive and accurate measure of size, weight and mass
density. Although both mass and volume are important
parameters for a comprehensive physical overview of the
samples, mass (i.e. weight) is more fundamentally related to
cell growth than is volume, thereby altering the density (39).
Volume can change disproportionately to mass, thereby altering
a cell’s density (39). As previously shown, this system relies on
software-driven process automation that remarkably increases
the ease of use of the device (30).

Tumor spheroids composed of four different CRC cell lines
(HT-29, SW620, DLD-1, and HCT-15) were analyzed with this
flow-based method. Interestingly, not all the CRC cell lines tested
give rise to spheroids of the same shape and size, under the same
experimental conditions, starting from the same number of cells
seeded. Indeed, HT-29 cell spheroids appeared like loose cell
aggregates where single cells can be still distinguishable. In turn,
SW620 and DLD-1 spheroids displayed a smooth surface and
oval (SW620) or round (DLD-1 and HCT-15) shape. This might
represent a limitation, since physical measures and functional
assays were performed on heterogeneous spheroids populations;
nevertheless, the standardized culture conditions used allow the
formation of spheroids mostly included in the range of 60 to 140
µm for all the CRC cell lines. Of note, these different
characteristics can be captured, measured and evaluated by the
flow-based system that can evidence distinct weight, diameter
and mass density, according to the cell composition of the
A B

FIGURE 7 | Infiltration of CRC spheroids by NK cells evaluated by cytofluorimetry. SW620 (upper panels) or DLD-1 (lower panels) spheroids were incubated with NK
cells from two donors (NK1, panel A and NK2, panel B), as in Figure 4, washed and stained with the anti-CD56 mAb C218, followed by Alexafluor488 anti-isotype-
specific GAM. After dissociation in phosphate buffer without Ca++/Mg++, the resulting cell suspension was labeled with the anti-CD45 mAb 9.4, followed by Alexafluor647
anti-isotype-specific GAM. Samples were run on a MACS Quant cytofluorimeter, 10,000 events were recorded and gating was performed on lymphocytes (panel A, left
plots) Results, analyzed with the Flow Jo software, are expressed as Log green fluorescence intensity (a.u.) vs Log far-red fluorescence intensity (a.u.).In each quadrant
are reported the percentage of single-positive (upper left and lower right) double-negative (lower left) or double-positive (upper right) cells.
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tumor-spheres. Although fixation, that allows sample
recruitment in multicenter studies, may modify weight and
diameter of spheroids in some instances, both parameters vary
in the same direction so that mass density is not influenced.
These findings disclose that mass density is a more reliable
parameter than diameter and weight. Of note, the higher mass
density detected in DLD-1 compared with HCT-15, both derived
from the same patient but displaying a different karyotype (35),
might indicate that the heterogeneity of clones inside the same
tumor can be distinguished also on the basis of mass density
measurement. In addition, the differences in spheroid mass
density can be referred to the spheroid cell number. Indeed,
computerized imaging, showed in SW620 spheroids a
significantly higher cell number/mm2 than in HT-29, DLD-1,
and HCT-15 spheroid: the latter two, in turn, contain a higher
cell number compared to HT-29. Likewise, intracellular ATP
content was not only detectable in all spheroids, as a parameter
of cell viability and metabolism, but also related to cell number
and mass density, determined with the flow-based system.

We could also measure the results of effector lymphocyte
activity on CRC spheroids. Although controversial for many
years, the role of NK cells in anti-tumor immune response is
documented (31, 32, 40, 41). In CRC, the contemporary
infiltration of T and NK cells is apparently linked to a better
prognosis and an anti-cancer response mediated by NK cell
activation has been reported in a metastatic CRC patient (42, 43).
In the present flow-based system, co-culture with NK cells led to
a decrease in weight and diameter of CRC spheroids, with
different kinetics depending on the cell line. Indeed, SW620
and DLD-1 changes were already evident at 6 h, much earlier
than cytotoxicity detection with the crystal violet assay, whereas
changes in HCT-15 spheroids were evident only after 24h of co-
incubation of NK cells. This might depend, at least in part, on the
size, being small spheroids more susceptible to NK cell
infiltration than large ones. However, the CRC spheroid
populations exposed to NK cells displayed similar size
variations (diameter of 80–130 µm for SW620, 90–130 µm for
DLD-1 and 70–140 µm for HCT-15). Furthermore, the tendency
for an increase in mass density observed at first in SW620 and
later in DLD-1 spheroids, upon co-incubation with NK cells,
conceivably reflects the different kinetics and degree of spheroid
infiltration by NK cells. As demonstrated by confocal analysis
and computerized imaging, DLD-1 spheroids are invaded by NK
cells that reach in great number the inner layers and the center of
the tumor by 24 h; conversely, NK lymphocytes remain in the
periphery of SW620 spheroids and a few cells reach the center of
the tumor mass. This behavior in invasion might explain the
differences in mass density detected with the flow-based system
in DLD-1 and SW620 spheroids during interaction with NK cells
and evidences a different mode of action of NK cells, depending,
at least in part, on the physical properties of the tumor. Also in
the case of SW620 spheroids, however, the antitumor cytotoxic
activity is operating, as revealed by the reduction in weight and
diameter. In addition, differences in the expression of molecules
involved in tumor cell killing could contribute to cancer cell
sensitivity. We reported that all these CRC cell lines expressed
Frontiers in Immunology | www.frontiersin.org 1157
adhesion molecules, such as ICAM1, and the ligands of NKG2D
andDNAM-1NK cell-activating receptors (35). The expression of
these ligands, and the consequent reactivity of the Fc-NKG2D and
Fc-DNAM1 chimeras, is maintained in CRC cell lines involved in
tumor spheroid formation; this would indicate that NK cells can
use most of their classic receptor-ligand systems to invade CRC
spheroids and exert their anti-tumor function. On the other hand,
the expressionofHLA-Imaybe relevant to favourNKcell spheroid
invasion and killing: indeed at variance with SW620, DLD-1 does
not express HLA-I, that can deliver inhibitory signals to NK cells
[reviewed in (33)], thus reducing their infiltrating and killing
potential. Nevertheless, cancer cell shape and tumor architectural
organization seem to be crucial for the outcome of NK cell anti-
tumor activity; indeed the degree of cytolytic activity exertedbyNK
cells varies using the same tumor targets as single-cell suspensions,
as adherent cells or as spheroids.

Since the3Dspheroid system is evocative of the small tumor cell
clusters that may occur in the first cancer stages, a precise
measurement of weight, size and density variations provide
substantial information on disease progression. This is
particularly relevant in CRC, where a reliable animal model is
still to be defined. Moreover, with this innovative flow-based
system we can measure the size and physical properties of a large
number of spheroids in several replicates and different
experimental conditions; this experimental setting can be useful
to test new drugs or therapeutic schemes for their antitumor
efficiency. Not only CRC cell lines but also primary tumor cells
obtained from bioptic specimens can be used in this system,
allowing the assembling of personalized precision medicine.

In conclusion, 3D spheroid models represent a reliable,
reproducible and cost-effective solution that allows the
evaluation and measurement of the first steps of cancer
growth, taking into account the heterogeneity of tumor cells.
This experimental setting also allows the evaluation of the degree
and kinetics of antitumor effects exerted by immunocompetent
cells; also, the system reveals any difference in the sensitivity of
CRC cell types to lymphocyte effects. Potentially, the fine-tuning
of the physical parameter recording could be useful in the
evaluation of anti-cancer drug efficacy, including that of
therapeutic antibodies and immunotherapy.
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SUPPLEMENTARY FIGURE 1 | ESA and HLA-I expression on CRC cell lines.
HT-29, HCT-15, SW620, and DLD-1 cell lines were analyzed by indirect
immunofluorescence and flow cytometry for the expression of the epithelial-specific
antigen (ESA) with the specific monoclonal antibody (mAb) TROP-1 and for and
HLA-I, with the W632 mAb followed by Alexafluor647-goat anti-mouse anti-isotype
antibody (GAM) (light grey histograms) (15). Samples were run on a CyAN ADP
cytofluorimeter. At least ten thousand events were run and results are expressed as
Log far-red fluorescence intensity (arbitrary units, a.u.) vs cell number. Dark grey
histograms: negative control with Alexafluor647-GAM alone.

SUPPLEMENTARY FIGURE 2 | ICAM1, NKG2DL, DNAM1L expression on
CRC cell lines. (A) spheroid samples of the indicated CRC cell lines were disrupted
in Ca2+Mg2+ free PBS and cells stained with the anti-ICAM1 14D12D2 or the anti-
PVR (DNAM1 ligand, MA5-13490), the anti-MIC-A mAb M2032B5 or the anti-
ULPBs mAbs (anti-huULBP1 M295, anti-huULBP2 M311 and anti-huULBP3
M551), followed by Alexafluor647 GAM. Samples were run on a CyAn ADP
cytofluorimeter, results analyzed with the Summit 4.3 software and expressed as
Log far red fluorescence intensity (arbitrary units, a.u.) vs number of cells. (B)
spheroid-derived CRC cells were incubated with Fc-DNAM1 or Fc-NKG2D
chimeras followed by Alexafluor647 goat anti-hu antiserum and run on the CyAn
ADP cytofluorimeter. Results were analyzed and expressed as in panel (A).

SUPPLEMENTARY FIGURE 3 | Flow-based technology for the multiparametric
physical analysis of three-dimensional biological samples. (A) Schematic
representation of the technology system. (B) Front view of the field of view within the
analysis channel containing the analysis medium and the 3D spheroid.
Representation of the forces involved and the terminal velocity.

SUPPLEMENTARY FIGURE 4 | Evaluation of NK cell killing of CRC cell lines.
The SW620, DLD-1, andHCT-15 cell lineswere incubated, either in suspension (A) or as
adherent cells (B), at 37°Cwith NK cells at the effector:target (E:T) ratio of 1:1, 3:1 or 10:1
as indicated. Cytolytic activity was evaluated at 24h with the Crystal Violet Cell
Cytotoxicity Assay Kit (Biovision). The amount of crystal violet proportional to the amount
of living cells was measured with the VICTORX5 multilabel plate reader (Perkin Elmer) at
O.D.595. Results are expressed as the percentage of living cells compared to CRC cells
without NK cells and are the mean±SD from 8 wells with NK cells of two donors (4 wells

counted for each donor). A-C: *p<0.001 vs E:T 1:1;**p<0.0001 vs E:T 1:1; #p<0.0001
vs SW620 and HCT-15.

SUPPLEMENTARY FIGURE 5 | Measurement of the infiltration of CRC
spheroids by NK cells. (A) DLD-1 spheroids were seeded into a Matrigel dome in
Cell Imaging plates (Eppendorf) and incubated with CFSE-labeled NK cells (E:T ratio
of 1:1) for 24h. Samples were run under the FV500 confocal microscope and
analyzed with FluoView 4.3b software (Olympus). Left picture: green CFSE+ NK
cells, with an elongated shape, indicating spheroid infiltration, merged with the
bright field. White lane: ROI definition for cell count as indicated in the enlarged
images of the white square (central and right). Blue points indicate infiltrating
lymphocytes inside the ROI. (B) Images taken at different Z planes (Z1-Z10) taken
every 10mmwith a 20x objective. Blue points: infiltrating lymphocytes inside the ROI.
The number of NK cells present in each Z plane were counted with the Multipoint
Analyze Particle tool of the Image J software and plotted in the right graph as cell
number/mm2 for each section.
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Chronic Lymphocytic Leukemia (CLL) represents the most common leukemia in the
western world and remains incurable. Leukemic cells organize and interact in the lymphoid
tissues, however what actually occurs in these sites has not been fully elucidated yet.
Studying primary CLL cells in vitro is very challenging due to their short survival in culture
and also to the fact that traditional two-dimensional in vitromodels lack cellular and spatial
complexity present in vivo. Based on these considerations, we exploited for the first time
three-dimensional (3D) bioprinting to advance in vitro models for CLL. This technology
allowed us to print CLL cells (both primary cells and cell lines) mixed with the appropriate,
deeply characterized, hydrogel to generate a scaffold containing the cells, thus avoiding
the direct cell seeding onto a precast 3D scaffold and paving the way to more complex
models. Using this system, we were able to efficiently 3D bioprint leukemic cells and
improve their viability in vitro that could be maintained up to 28 days. We monitored over
time CLL cells viability, phenotype and gene expression, thus establishing a reproducible
long-term 3D culture model for leukemia. Through RNA sequencing (RNAseq) analysis,
we observed a consistent difference in gene expression profile between 2D and 3D
samples, indicating a different behavior of the cells in the two different culture settings. In
particular, we identified pathways upregulated in 3D, at both day 7 and 14, associated
with immunoglobulins production, pro-inflammatory molecules expression, activation of
cytokines/chemokines and cell-cell adhesion pathways, paralleled by a decreased
production of proteins involved in DNA replication and cell division, suggesting a strong
adaptation of the cells in the 3D culture. Thanks to this innovative approach, we developed
org May 2021 | Volume 12 | Article 639572160
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a new tool that may help to better mimic the physiological 3D in vivo settings of leukemic
cells as well as of immune cells in broader terms. This will allow for a more reliable study of
the molecular and cellular interactions occurring in normal and neoplastic conditions in
vivo, and could also be exploited for clinical purposes to test individual responses to
different drugs.
Keywords: chronic lymphocytic leukemia, 3D culture, bioprinting, B cell, leukemia
INTRODUCTION

Chronic Lymphocytic Leukemia (CLL) is the most common
leukemia among adults in the Western World and it is
characterized by the relentless accumulation of mature
monoclonal B lymphocytes with a specific immunophenotype,
positive for CD19 and CD5, along with CD23 (1). CLL is
considered a dynamic and heterogeneous disease, where
leukemic cells traffic and home in the peripheral blood (PB),
bone marrow (BM) and secondary lymphoid tissues, such as
lymph nodes (LNs) and spleen (SP) (2–5). Despite the
contribution of an increasing number of studies, not only CLL
is still incurable but also the underlying pathogenic mechanisms
still need to be fully elucidated. In particular, mechanisms
orchestrating the trafficking of the leukemic cells between the
PB and the lymphoid tissues, where they organize and interact
with a supportive microenvironment, have not been fully
explained yet (6). Leukemic cells in the tissues establish a
crosstalk with the cells from the microenvironment, which
strongly support their survival and proliferation through direct
contact and the secretion of specific stimuli (7, 8). Recently,
Primo et al. (9) demonstrated that primary CLL B cells increase
their survival and proliferation rate in vitro when co-cultured
with stromal cells and in the presence of specific factors, such as
CpG and IL2, thereby resembling the extracellular tissue
microenvironment. Indeed, one of the biggest challenges in
studying primary CLL cells alone in vitro originates from the
inability to maintain their viability for a long time without the
addition of exogenous stimuli that inevitably affect the function
and behavior of the cells (10). A reason could be that traditional
two-dimensional (2D) cultures, commonly utilized for in vitro
studies, lack the complexity of the spatial cellular organization
taking place in the tissues, providing a simplified overview of
tumor biology. In addition, animal models showmany limitations
in particular being expensive, time consuming and not adequately
reproducing all features of human tumors (11). As a consequence,
it has become evident that innovative approaches are necessary to
potentially overcome 2D culture-systems limitations, thus
providing a better way to mimic in vitro what actually occurs in
vivo (12, 13). Interestingly, over the last few years, three-
dimensional (3D) culture systems have been largely
implemented. The term “3D culture” refers to a 3D system in
which cells can survive, proliferate, migrate, communicate and
behave in a more realistic environment from a spatial point of
view, and are no longer cultured on a 2D plastic or glass surface
(14). In the most recent years, in vitro 3D models have been
developed to recapitulate specialized microenvironments, such as
org 261
lymphoid tissues, by integrating advanced biomaterials and
microfluidics. This allowed elucidating new regulatory
mechanisms and potential therapeutic targets that could have
not otherwise been studied in conventional 2D cultures (15).
Several 3D systems have also been applied to the study of different
B cell malignancies; however, this has only recently been used for
CLL and with rather limited attempts (13). In particular, we
recently demonstrated the advantages of co-culturing CLL cells
with bone-marrow stromal cells seeded on a 3D scaffold to study
their response to targeted therapy in vitro (16) and, in parallel, we
realized the need for exploring additional 3D culture systems to
allow the growth of primary CLL cells alone as well as to improve
the reproducibility of the cell seeding. Lately, relevant
technological advancements have been achieved and have
started being applied in biomedicine. One of the most striking
is the implementation of 3D bioprinting in biomedical research,
which, to date, is considered a very promising approach to
generate complex and advanced 3D in vitro models (17, 18).
Specifically, 3D bioprinting is an additive manufacturing
technique in which cells are encapsulated (avoiding cell seeding
limitations) within a “bioink” that ideally mimics the native
extracellular matrix (ECM), and are subsequently deposited in a
layer-by-layer process to a previously defined geometry (19).

In the present work, we tested for the first time whether 3D
bioprinting could be applied in our system and could therefore
advance in vitro models for CLL. We successfully evaluated CLL
cells for printability, optimized the printing strategy and set-up the
protocols to perform the analysis. Our results demonstrate that we
can efficiently 3D bioprint primary CLL cells and improve their
viability without the addition of exogenous stimuli and/or stromal
cells. We can maintain and study in-culture 3D bioprinted CLL
cells for up to 28 days, thus establishing an innovative and
reproducible long-term 3D culture model for leukemia cells.
MATERIALS AND METHODS

Human Ethics Statement
Patients with CLL were diagnosed according to the updated
National Cancer Institute Working Group (NCIWG) guidelines
(20). Peripheral blood (PB) samples were obtained after informed
consent from patients who were untreated or off treatment for at
least 6 months. The study was approved by the Ospedale San
Raffaele (OSR) ethics committee under the protocol VIVI-CLL
entitled: “In vivo and in vitro characterization onCLL”. Clinical and
biological characteristics of patientswithCLLwhoprovided samples
for the experiments are reported in Supplementary Table 1.
May 2021 | Volume 12 | Article 639572
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Cell Culture and Human Primary
Samples Purification
MEC1 cell line (21) was obtained from Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ, Braunschweig,
Germany) and was recently genotyped as following: 10 ng of DNA
fromMEC1 cells was purified with QiAmp DNAMini Kit (Qiagen,
Düsseldorf, Germany) and amplified throughPCRwithGenePrint®

10 System (Qiagen, Düsseldorf, Germany) and sold Eurofins
Genomics Standard FLA Service to perform genotyping. Data was
analyzed with DSMZ Online STR Analysis. We confirmed the
identity of the cell line analyzed. MEC1 cells were cultured in
RPMI 1640 medium (EuroClone, Pero, Italy) supplemented with
10% (v/v) Fetal Bovine Serum (FBS) and 15 mg/ml Gentamicin
(complete RPMI) at 37°C and 5% CO2. Leukemic CD19 cells
were negatively selected from fresh peripheral blood using
the RosetteSep B-lymphocyte enrichment kit according
to the manufacturer protocol (StemCellTechnologies,
Vancouver, Canada). Then, the Lymphoprep™ reagent
(StemCellTechnologies, Vancouver, Canada) is added to the
sample and centrifuged at 2000RPM, 20 minutes. After washing
twice with PBS 1500RPM, 5 minutes, the cells are ready to use.

The purity of all preparations was always higher than 99%,
and the cells co-expressed CD19 and CD5 on their surfaces as
assayed by flow cytometry (Navios Flow Cytometer; Beckman
Coulter); preparations were virtually devoid of natural killer
(NK) cells, T lymphocytes, and monocytes.
Bioink Preparation and 3D Hydrogel
Scaffold Fabrication
MEC1 (21), MEC-GFP (22) or leukemic primary cells were
counted, centrifuged at 1500RPM for 5 minutes, resuspended
in 1:10 medium:hydrogel rat io, then gently mixed
with CELLINK Bioink, CELLINK RGD10, CELLINK
Laminink111, CELLINK Laminink411 or CELLINK
Laminink521 hydrogels (CELLINK AB, Gothenburg, Sweden)
using two luer lock syringes. We virtually calculated the number
of cells potentially present in a tissue with the dimension of the
printed scaffold (5x5x1mm3). We calculated the theoretical
volume of a lymphoid cell, considering it as a sphere ( 43 p  r

3,
median cell radius ≃ 5mm) and the volume of the scaffold,
considering it as a rectangular parallelepiped (LxLxH). We
approximately estimated that to entirely fill the scaffold we
should need about ≃50x106 cells for scaffold, alias ≃50μl
hydrogel, (n°cells=scaffold volume/cell volume). Following an
experiment in which we used decreasing concentration of cells,
we established a final optimal concentration ranging from 5 to
10x106cells/100μl for the cell lines, and from 15 to 20x106 cells/
100μl for primary cells (data not shown).

The bioink mixed with the cells was then loaded in a cartridge
and placed in the Bio X 3D bioprinter (CELLINK AB,
Gothenburg, Sweden). The 3D scaffolds (5x5x1mm3) were
designed with Fusion360 (Autodesk). The slicing process was
directly made exploiting the Bio X slicer software, using a
rectilinear pattern with 30% infill density. The Bio X was
equipped with a 25G (250μm) nozzle and the layer height was
set at 0.25mm. The pressure applied to the 3D bioprinting
Frontiers in Immunology | www.frontiersin.org 362
process is hydrogel/cells-dependent, a range of values around
11-14 kPa was used. All the settings of the printing process were
uploaded on Bioverse (https://bioverse.com/). Printing of 3D
scaffolds was directly performed in 12-well plates at 7mm/s
deposition speed. The constructs were crosslinked with 50mM
CaCl2 (CELLINK AB, Gothenburg, Sweden) for 4 minutes at
room temperature and washed once with Hank’s Balanced Salt
Solution (HBSS, EuroClone, Pero, Italy), according to the
manufacturer protocol (CELLINK AB, Gothenburg, Sweden).
RPMI complete medium (EuroClone, Pero, Italy) was added to
MEC1 and MEC-GFP-laden scaffolds while CLL primary cells-
laden scaffolds were added with DMEM high glucose
(EuroClone, Pero, Italy) supplemented with 10% Human
Serum (EuroClone, Pero, Italy) and 1% Penicillin/Streptomycin
(Lonza, Basel, Switzerland), since CLL primary cells viability was
found to be improved in the just-mentioned conditions from
previous in vitro tests (data not shown). The medium was
changed within 30 minutes after the printing, before the
culture was placed in an incubator at 37°C, 5% CO2.

Compressive Mechanical Properties
The compressive mechanical properties of 3D printed hydrogels
under investigation was tested by Dynamic Mechanical Analyzer
(DMA Q800, TA Instruments) with or without loaded cells.
Scaffold hydrogels (n = 5) were prepared by printing of Cellink
Bioink and Cellink Laminink 411 with an air pressure ranging
from 11 to 14 kPa, with a deposition speed of 7 mm/s. All
scaffolds were plotted with cylindrical geometry (2:3 height:
diameter ratio) and crosslinked in 50mM CaCl2 (CELLINK
AB, Gothenburg, Sweden) for 4 minutes. Tests were performed
at room temperature, applying a 0,001 N preload. Each test
consisted of a loading run (strain ramp = - 2,5% min-1 down to -
30%) followed by the unloading run (strain ramp = + 5% min-1

up to + 1%). The stress-strain curves were elaborated and the
following mechanical parameters were considered: elastic
modulus (E, considered as the slope of the regression curve in
the 0-5% strain range), stiffness (K, as the slope of the regression
curve in the 25-30% strain range), the maximum stress smax

(corresponding to the maximum strain, i.e. ϵ = 30%), and the
residual strain ϵres (corresponding to the unrecovered strain at
the end of the unloading run). Rheology data of the hydrogels
used (CELLINK AB, Gothenburg, Sweden) are shown in
Supplementary Figure 1.

Live/Dead Assay
3D bioprinted cells viability was assessed overtime by using the
LIVE/DEAD® Cell Imaging Kit (Thermo Fisher Scientific,
Massachusetts, USA), which allows for the visualization of live
(green) and dead (red) cells. The scaffolds were washed one time
(30 min) with DMEM without serum (Thermo Fisher Scientific,
Massachusetts, USA) and Live/Dead reagent was added in a 1:3
ratio. After 1 hour of incubation at 37°C, 5% CO2 the constructs
were washed one time with DMEM without serum and observed
with the AXIO Observer Z1 fluorescent microscope using FITC
and TRITC filters, through Volocity Acquisition software, and
then processed using FIJI (ImageJ) software. A grid was drawn
on both the fitc-live and tritc-dead images, and live and dead
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cells, respectively, lying in the same fields were manually
counted. Then, the percentage of live and dead cells on the
total count was performed as follows: living and dead cells,
respectively, were divided by the total number (live + dead) of
counted cells and multiplied by 100.

Alamar Blue Assay
The Alamar blue® assay (Thermo Fisher Scientific,
Massachusetts, USA) was performed on the same 3D scaffolds
over time (up to 28 days of culture), in order to minimize intra-
experiment replicate variability. The reagent was mixed with the
appropriate medium (RPMI 1640 or DMEM complete medium)
in a 1:10 ratio, respectively; then 1mL of the mix was added to
each well. As assay blank, RPMI or DMEM complete medium
with a 3D bioprinted scaffold without cells was used. After 4h 30’
of incubation at 37°C, 5% CO2, 100μl of the mix were collected
and transferred to a 96-well white plate and the fluorescence
values were read using the Victor spectrophotometer. The
scaffolds were then washed once and placed in the proper
medium for subsequent analyses.

For 2D cultures, the manufacturer’s instructions were
followed. Briefly, the amount of medium per well was measured
and mixed in a 1:10 ratio with the Alamar blue® reagent. After 4h
30’ of incubation at 37°C, 5% CO2, the cells were centrifuged at
2000RPM, 5 minutes and then 100μl of the supernatant were
collected and transferred to a 96-well white plate to measure
fluorescence values using the Victor spectrophotometer.

RNA Extraction and Real-Time PCR
RNA extraction was performed overtime (day 0-7-14-21-28 for
3D samples, n=16; day 0-3-7-10-14 for 2D samples, n = 16),
according to the manufacturer’s instructions, using TRIzol
reagent (Ambion) for 3D bioprinted scaffolds and ReliaPrep
RNA Cell Miniprep System® (Promega, Madison, USA) for 2D
cell lines and primary samples. In general, 3D bioprinted
constructs were smashed and chloroform added. The RNA is
then collected after consecutive centrifugation steps and
isopropanol/ethanol washes and resuspended in a variable
amount of nuclease-free water. RNA from 2D cell lines and
primary samples is obtained by isopropanol/DNAse solution
washes and centrifugation steps. Lastly, the RNA is resuspended
in nuclease-free water. cDNA was synthesized according to the
manufacturer’s protocol using the RevertAid® H Minus First
Strand DNA Synthesis kit (Thermo Fisher Scientific,
Massachusetts, USA). RT-qPCR analysis was performed using
Titan HotTaq Probe qPCR mix (BioAtlas) in an ABI7900
Thermal Cycler instrument (Applied Biosystem, Foster City,
USA). The analysis was performed in triplicate. Quantification
of BAX, BCL2, AICDA, SELL, CXCR3, CCL22, HCLS1, PIM3,
MYC transcripts (Applied Biosystem probes) was performed
according to the Ct method (23), using GAPDH/YWHAZ as
the housekeeping gene.

RNAseq Analysis
After performing RNA extraction as described above, 3D
bioprinted cells were further treated with DNase I (Thermo
Fisher Scientific, Massachusetts, USA) and Ambion™ RNase
Frontiers in Immunology | www.frontiersin.org 463
Inhibitor (Thermo Fisher Scientific, Massachusetts, USA) for 15
minutes at 37°C, and eventually a second RNA extraction was
performed by using ReliaPrep RNA Cell Miniprep System®

(Promega, Madison, USA). RNA quality was confirmed with a
2100 Bioanalyzer (Agilent), and all samples had RIN (RNA
Integrity Number) greater than 7. We exploited the SMQRT-
Seq® v4 Ultra® Low Input RNA (TaKaRa) protocol, to generate
the next-generation sequencing (NGS) libraries starting from
2ng of RNA. Libraries were barcoded, pooled and sequenced on
an Illumina Nova-Seq 6000 sequencing system (Illumina, San
Diego, USA), in SR (single read) mode, with reads 100nt long.
We estimated to obtain 80 million single-end reads per sample
on average.

Reads were trimmed using Trimmomatic, version 0.39, in
order to remove adapters and to exclude low-quality reads from
the analysis. The remaining reads were then aligned to the
reference genome GRCh38, GENCODE release 31, using STAR
aligner, version 2.5.3a. FeatureCounts (v 1.6.4) was used to assign
reads to the corresponding genes. Only genes with a CPM
(Counts per million) value higher than 1 in at least three
samples were retained. Gene expression read counts were
exported and analyzed in R environment (v. 3.6.2) to identify
differentially expressed genes (DEGs), using the DESeq
Bioconductor library (24). p-values were adjusted using a
threshold for false discovery rate (FDR) ≤ 0.05 (25). Using the
500 most variable genes in terms of RPKM (counts per million
reads normalized on library sizes and gene lengths), we
performed Principal Component Analysis (prcomp function in
R) and clustering analysis via heatmap (pheatmap R library). The
RNAseq data, including raw sequence files, have been submitted
to NCBI’s Gene Expression Omnibus and are accessible through
the GEO series accession number GSE163977.

Go to: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE163977.

Flow Cytometry
3D bioprinted scaffolds were smashed with 500μl of dissolution
buffer (26), passed through a 30μm CellTrics filter (Sysmex,
Kobe, Japan) to flow cytometer tubes, and eventually stained for
25 minutes RT for the following antibodies: CD5 PC5 (Beckman
Coulter, Brea, USA), CD19 PC7 (Beckman Coulter, Brea, USA),
and IgM PE (Miltenyi, Bergisch Gladbach, Germany). After
washing with PBS 1500RPM, 5 minutes, cells were analyzed on
Navios Flow Cytometer (Beckman Coulter, Brea, USA). Analyses
were performed with the FCS Express software (DeNovo
Software). Representative density plots were normalized on
equal numbers of events occurring in the gates of interest. 3D
bioprinted scaffold without cells was stained with the antibodies
we used, in order to exclude nonspecific binding.

Immunohistochemistry and
Fluorescent Images
3D bioprinted scaffolds containingCLL primary cells after 7 days of
culture were washed twice with HBSS with 50mM of CaCl2 for 8
minutes at 37°C, and then fixed with 4% PFA containing 50mM of
CaCl2 o/n at 4C. After fixation, scaffolds were washed twice with
HBSS with 50mM of CaCl2 for 10 minutes RT and eventually
May 2021 | Volume 12 | Article 639572
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incubated, first, for 45minutes at 4°C inHBSSwith 50mM, then for
another 45 minutes RT in sucrose 30% in PBS. The scaffolds were
then embedded in OCT matrix and placed at -80°C until
cryosectioning. Frozen samples were sectioned (5-7μm) on
Superfrost-plus microscope slides (Thermo Fisher Scientific,
Massachusetts, USA), washed one time with PBS, and then
stained with Mayer’s Hematoxylin (Bio-Optica, Milan, Italy) for 1
minute, washed with tap water and stained with Eosin G (Bio-
Optica, Milan, Italy) for 2 minutes. Images were taken with Zeiss
Axio Imager M2m microscope with AxioVision (Rel. 4.9.1)
software, and then processed using FIJI (ImageJ) software. Images
of MEC-GFP cells inside and outside the 3D bioprinted scaffolds
were obtained by using JuLI™ Stage fluorescent microscope.

Statistical Analysis
Student’s t-test was performed for statistical analysis (GraphPad
Prism v.8.0a). Mann-Whitney unpaired t test was used for non-
parametric comparisons of data sets (*p < 0.05; **p < 0.01; *** p <
0.001; ****p < 0.0001).
RESULTS

3D Bioprinting Supports CLL Cells Viability
We initially used the CLL cell line MEC1 (21) to set up the
3D bioprinting strategy and the analytic protocols,
considering that there were no previous studies showing the
printability of lymphocytes and their behavior in these
settings of 3D culture.

First of all, we had to define the optimal number of lymphoid
cells to be 3D bioprinted proportionally to the hydrogel quantity.
Following a theoretical calculation (see Materials and Methods
section for details) and based on cells dilution experiments (data
not shown), we defined that the ratio of 10 x 106 MEC1 cells per
100μl of hydrogel was the optimal cell density, to adequately fill
the scaffold but also to leave enough space for subsequent cell
proliferation and eventually for the deposition of the
extracellular matrix. To print MEC1 cells, we used CELLINK
Bioink hydrogel, which is specifically designed to support cellular
adhesion and functions, as it has high printability and
biocompatibility (Supplementary Table 2). The cells were
premixed with the hydrogel; we designed the geometry of the
3D bioprinted scaffold with Fusion 360 software and, eventually,
we bioprinted the cells encapsulated in the hydrogel matrix. The
pressure applied to the 3D bioprinting process is hydrogel/cells-
dependent and a range of values around 11-14 kPa was used for
our setting (see Materials and Methods section). The resulting
scaffold was then cross-linked with CaCl2 in order to give the
needed stiffness and it was placed in a traditional culture plate
(Figure 1). We measured the stiffness of the CELLINK Bioink
hydrogel with and without cells (n = 4); stiffness values were
found ranging around 16 and 7 kPa for cell-free and cellularized
scaffolds, respectively, and lower maximum stress at 30% strain
(Figure 2), showing a significant difference comparing 3D
printed scaffold without cells and after 7 days of culture. In
particular, the stiffness values matched the expected ones for the
lymphoid tissues of our interests (26).
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Soon after printing (after 7 days), we performed a Live/Dead
assay that allowed us to discriminate viable and dead MEC1 cells
quantified by drawing a grid on the images acquired by
fluorescent microscope, and counting the cells manually
(Figure 3A). About 75% of the cells in the printed scaffolds
were alive (Figure 3B), thus demonstrating that CLL cells can be
efficiently 3D bioprinted and that the printing process has only
limited effects on their viability.

In order to visualize the spatial organization of the cells inside the
3Dbioprinted hydrogelmatrix, we usedGFP-labelledMEC1 cell line
(MEC-GFP) (22): we detected MEC-GFP cells homogeneously
distributed throughout the 3D structure (Figure 3C).

Furthermore, we tested the ability of 3D bioprinted cells (MEC-
GFP cells) (n=5) to move throughout the hydrogel scaffold after the
print, up to 3 weeks of culture. Specifically, starting from day 0 to
day 21 after printing, MEC-GFP were still found inside the scaffold
(Figure 3C) but also outside, floating in the medium (0; 1,5x105;
7x105; 14,8x105 cells at day 0, 7, 14, 21, respectively) (Figure 3D).
MEC-GFP cells might be found outside the scaffold, by actively
moving throughout the hydrogel as a consequence of the expansion
due to their proliferation or by passively diffusing outside the
hydrogel matrices because of its spontaneous degradation after a
few days in culture (27–30).

Moreover, once MEC-GFP cells leave the scaffold, they
maintain the characteristic phenotype of the cell line as
demonstrated by their typical growth in clusters when cultured
in suspension (Supplementary Figure 2A).

3D Bioprinted and 2D Cultured MEC1 Cells
Show Differences in Gene Expression
We performed RNAseq analysis to compare 3D bioprinted to 2D
cultured MEC1 cells, in order to evaluate genes and pathways
affected by the 3D printing strategy. The Principal Component
Analysis (PCA) was performed, and the two principal
components were identified (PC1 and PC2) by using the 500
most variable genes in terms of RPKM (reads per kilobase of
transcript per million reads mapped) (31). Specifically, we
observed a clear segregation of the samples according to the
different conditions: 2D and 3D samples substantially separated
along PC1, expressing 54,4% of the total variance, while the effect
of the considered 3D time points (day 7 vs day 14) is evident
along PC2, representing 22,1% of the total variance (Figure 4A).
Similarly, we observed a visible different effect of the analyzed
conditions in the heatmap (Figure 4B), showing a strong
separation between 2D and 3D bioprinted samples in terms of
gene expression.

By performing the differential expression analysis with the
package DESeq2 (24) using FDR (False Discovery Rate) as the
cut-off todetermine the significanceof thedifferential genes (32),we
detected a high number of modulated genes in the 2D vs 3D
conditions, some up-regulated and some down-regulated (Figure
4C).Among thefirst 100mostmodulatedgenes,we identifiedgenes
with particular interest for CLL pathophysiology (Figures 4D, E),
which we successfully validated by RT-qPCR (Figure 4F). In detail,
we observed upregulation in 3D culture of the following genes:
CXCR3, chemokine receptor that is involved in cellular responses,
leukocyte trafficking, integrin activation, cytoskeletal remodeling
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FIGURE 1 | 3D bioprinting strategy. Schematic representation of our 3D bioprinting strategy: CLL cell line MEC1 or CLL primary B cells were used. The cells are
pre-mixed with hydrogels specifically designed to support cellular adhesion and functions, as well as high printability and biocompatibility. Once the geometry of the
3D bioprinted scaffolds is defined, the cells are printed, encapsulated in the hydrogel matrix, crosslinked with CaCl2 and placed in a culture plate. The constructs are
then processed to extract the RNA, perform histological analyses, assess cell surface markers and cell viability.
A

D

B C

FIGURE 2 | Compressive mechanical properties of hydrogel scaffolds with and without embedded cells. (A) Hydrogel scaffold specimen in the compression mode
clamps. (B) Average and standard deviation values of stiffness, K, for the scaffolds (n=4). (C) Average and standard deviation values of maximum stress, smax (n=4).
(D) Representative picture of a 5x5x1mm3 3D-bioprinted scaffold in a well of a 24-well plate. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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(33), and its expression has been demonstrated to play a prognostic
role inCLL (34);CCL22, cytokine that has been demonstrated to be
produced by CLL cells to chemo attract T lymphocytes (35, 36);
SELL, gene that encodes for a Calcium-dependent lectin that
mediates the adherence of lymphocytes to endothelial cells in
peripheral lymph nodes and promotes the initial tethering and
the rolling of leukocytes in endothelium and has been recently
demonstrated to be involved in CLL transformation to high-grade
B-cell lymphoma (37, 38);HCLS1, gene thatwedemonstrated in the
past being involved in cytoskeletal remodeling, migration,
trafficking and homing of CLL cells (16, 22); AICDA, gene that is
Frontiers in Immunology | www.frontiersin.org 766
involved in somatic hypermutation, gene conversion, and class-
switch recombination in B-lymphocytes, and it is required for
several crucial steps of B-cell terminal differentiation necessary for
efficient antibody responses (39, 40). Interestingly,we also observed
downregulation of:MYC, proto-oncogene that plays a central role
in cell cycle progression, apoptosis and cellular transformation and
promotes VEGFA production and subsequent sprouting
angiogenesis, its role has been recognized in the transformation in
aggressiveness of indolentBcellmalignancies (41, 42);PIM3, proto-
oncogeneoverexpressed inhematological andepithelial tumors and
associatedwithMYC, their coexpression has a role in the regulation
A

B

D

C

FIGURE 3 | CLL cells are viable and homogeneously distributed in the hydrogel matrix. MEC1 and/or MEC-GFP cell lines were used to define the optimal number of
cells and hydrogel quantity to be printed. (A) Representative images of Live/Dead assay of 3D bioprinted MEC1 cell line acquired with Axio Observer Zeiss
fluorescent microscope. Green cells are alive cells; red cells are dead cells. An example of a grid scheme used to quantify alive and dead cells is shown on the top
right of each image. (B) The graph shows quantification of alive (green column portion) and dead (red column portion) 3D bioprinted MEC1 cells. (C) Representative
z-stack images of 3D bioprinted MEC-GFP cells in the scaffold overtime showing their distribution. Images were obtained with Axio Observer Zeiss fluorescent
microscope. (D) The graph shows quantification by cell count, at different time points (day 0-7-14-21), of viable MEC-GFP cells found outside the 3D bioprinted
scaffold. Data are represented as mean ± SEM, n=3 (B) and n=5 (D).
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FIGURE 4 | Differences in gene expression between 3D bioprinted and 2D cultured MEC1 cells: clustering analysis and top genes validation. (A) PCA plot built
using the 500 most variable genes (in RPKM). (B) Heatmap of the 500 most variable genes (in RPKM), clustering row (genes) and columns (samples).
Expression is scaled. (C) Intersection between up-regulated (left) and down-regulated (right) genes between the comparisons 3D_7d_vs_2D and
3D_14d_vs_2D. (D) Vulcano plot for the comparison 3D_7d_vs_2D highlighting the 20 most significantly up-regulated (red) and down-regulated (blue) features
for the FDR filter. (E) Heatmap summarizing genes among the first 100 most modulated in the comparison 3D_7d_vs_2D. (F) The graphs show mRNA levels of
n=8 genes selected among the first 100 most modulated in the comparison 3D_7d_vs_2D which have been validated by RT-qPCR (AICDA, SELL, CXCR3,
CCL22, HCLS1, PIM3, MYC, BCL2). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data are represented as mean ± SEM, n=3 MEC1 cell line samples.
Student’s t-test was performed for statistical analysis.
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of signal transduction cascades, contributing to both cell
proliferation and survival, and provides a selective advantage in
tumorigenesis (43). The last gene that we validated for its
importance in CLL is BCL2 gene that is downregulated in 3D
cultured MEC1 cells and encodes for a protein that suppresses
apoptosis in a varietyof cellular systems including factor-dependent
lymphohematopoietic and neural cells, thus it is used as a
therapeutic target for B-cellsmalignancies inparticular inCLL (44).

By Gene Ontology analysis, we further investigated pathways
potentially affected by the different culture conditions. We
observed that 3D cultured cells at both day 7 and 14 show
increased production of immunoglobulins, a key feature for CLL
pathobiology and current therapeutic target (45–47) (Figure 5A
and Supplementary Figure 3A) pro-inflammatory molecules (e.g.
IFNalpha andbeta), immune response activationand cellular stress
markers with respect to 2D ones (Figure 5B and Supplementary
Figure 3B), paralleled by a decreased production of proteins
involved in protein targeting the Endoplasmic Reticulum (ER)
and cell membrane, DNA replication, organelle fission, protein
translation and cell division respect to 2D ones (Figure 5C and
Supplementary Figure 3C). Interestingly, we found upregulated
genes enriching for pathways involved in the formation of focal
adhesion, as well as in the production and activation of cytokines/
chemokines, and cell-cell adhesion at both day 7 (Figure 5D and
Supplementary Figure 3D) and day 14 in 3D compared to 2D
(Figure 5D and Supplementary Figure 4), suggesting a strong
adaptation of the cell line MEC1 in the 3D culture.

3D Bioprinted Primary CLL Cells Show a
Long-Term Viability
Once we set up the 3D bioprinting strategy for the MEC1 cell
line, we transitioned to primary B lymphocytes isolated from the
peripheral blood (PB) of patients affected by CLL and
healthy donors.

First, we evaluated primary CLL cells printability by testing
different hydrogels (CELLINK AB) that could favor CLL cells
survival, namely: RGD10, Lam111, Lam411 and Lam521; we
embedded 20x106 primary CLL cells in 100μl of hydrogel. The
Alamar blue viability assay showed that leukemic cellsmay survive
for up to 7 days in all considered matrices (Supplementary
Figures 5A–D), showing higher and thus more promising
viability values [expressed in Fluorescence mean value (FM)]
in the hydrogel matrix containing laminin 411, after 7 days
of culture (FM Lam411 = 876103 vs FMs RGD10 = 388774,
Lam111 = 492252, Lam521 = 394100) (Supplementary Figure
5E). Taken together, these results ledus to conclude thatCELLINK
Laminink411 hydrogel was the most suitable for our study on
primaryCLLcells. Indeed,we also testedMEC1cells printability in
the laminin hydrogel series but we didn’t observe an improvement
in cell survival in comparison with CELLINK Bioink (data
not shown).

Stiffness of CELLINK Laminink411 hydrogel was found in the
range of 7 and 17 kPa for scaffolds printed with and without cells,
respectively (Figure 2). Values measured on cellularized scaffolds
were similar to what expected in the lymphoid tissues of our
interests (19).
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To study a larger cohort of patients (n = 26), we selected
them based on the mutational status of the IGHV gene
(IGHV<98%=mutated=good prognosis (mCLL) n = 16;
IGHV≥98%=unmutated=bad prognosis (uCLL) n = 9) (48), in
order to evaluate possible differences in the outcomes of their
PB-derived cells behavior in vitro (Supplementary Table 1).

Primary CLL cells were 3D bioprinted in the CELLINK
Laminink411 hydrogel, placed in standard culture conditions
without the addition of any stimuli, and their viability was
evaluated over time (up to 28 days). First, we confirmed a
homogeneous distribution of 3D bioprinted primary CLL
cells by performing H&E staining on a 5μm frozen section
(Figure 6A). Then, by performing Live/Dead assay, we
observed viability up to 28 days for 3D bioprinted primary
CLL cells (n = 8), independently of their clinical/biological
features (Figure 6B). In detail, using the Live/Dead assay,
we observed 93%, 66%, 69%, 47% of viable cells at 7, 14, 21,
28 days after the print, respectively (Figure 6C). This data
was confirmed by Alamar blue viability assay (n = 11) that
showed 90%, 63%, 62%, 58% of live cells at the same Live/Dead
assay time points (Figure 6E).

Notably, we also performed a Live/Dead assay on the scaffolds
(n = 3 patients) that we cut in half and then images were acquired
at all the time points (0-7-14-21-28 days), and we observed that
cells are viable in the entire scaffold (Supplementary Figure 6).

In contrast, when we evaluated the viability over time (up to
14 days) of traditionally 2D cultured primary CLL cells (n = 16),
grown on Laminin411 coated tissue culture plates without the
addition of exogenous factors, we observed a dramatic decrease
in cells viability after a few days in culture: 68%, 37%, 14%, 4% of
viable cells by Alamar blue assay at 3, 7, 10, 14 days after the
print, respectively (Figure 6D).

When we compared 2D cultured with 3D bioprinted primary
CLL cells viability after 7 days of culture (n = 16), a time point
when a proportion of 2D cultured cells is still viable, 3D
bioprinted primary CLL cells showed a significantly higher
viability by Alamar blue assay compared to 2D cultured ones
(p < 0.0001) (Figure 6F). Interestingly, primary CLL cells derived
frommCLL were found to be significantly more viable (p = 0.0006)
than those obtained from uCLL (p = 0.0115) (Supplementary
Figures 7A, B).

In parallel, we tested the ability of 3D bioprinted CLL cells
(n = 3) to move throughout the hydrogel scaffold after the print,
up to 4 weeks of culture. We noted that CLL cells were virtually
absent outside the scaffold, thus supporting the hypothesis that
matrix degradation is not the main cause for the presence of cells
in the supernatant, which can be explained by active movement
through the matrix in response to the increased number of
proliferating cells that is not taking place in the case of
primary resting CLL cells.

Notably, we tested the possibility of 3D bioprint Peripheral
Blood Mononuclear Cells (PBMCs) from healthy donors in the
Cellink Laminink411 hydrogel, and we observed also in this case
a sustained viability over time (up to 28 days) (Supplementary
Figure 8), thus paving the way to the use of this approach in the
study of both healthy and malignant lymphocytes.
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The CLL Cells Phenotype Is Preserved
Throughout the 3D Culture
To further validate our 3Dmodel of leukemic B cells, we evaluated,
byflow cytometry, the ability of 3Dbioprinted primary CLL cells to
maintain the characteristic surface phenotype throughout the
whole culture period. We observed that the CLL clone
Frontiers in Immunology | www.frontiersin.org 1069
maintained CD19 and CD5 expression during the whole culture
period, withmean values of 93%, 89%, 89%, 87%, 95% for day 0-7-
14-21-28, respectively (Figures 7A, B and Supplementary Figures
9A, B) (n = 15). The same observation can be done for surface IgM
expression (Figures 7A,C and SupplementaryFigures 9A,C) (n =
18),whose levels showeda trend towardan increase in15patients (7
A B

C

D

FIGURE 5 | Enrichment analysis of significantly modulated genes enriching different pathways. (A) GSEA curves for the first most significantly up-regulated
pathways for Gene Ontology database in the comparison 3D_7d_vs_2D. (B, C) Cnetplots highlighting up-regulated (B) and down-regulated (C) pathways between
the comparisons 3D_7d_vs_2D. (D) Bar plot showing most modulated pathways in both comparisons 3D_7d_vs_2D and 3D_14d_vs_2D.
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uCLLand8mCLL)out of 18 cases analyzed (10uCLLand8mCLL).
The increment observed on the percentage of IgM+ cells was about
10-20% fromday 0 to the following time points visualized inFigure
7C (mean % of IgM+ cells weekly increase from day 0 to day 28,
respectively: 34%, 16%, 5%, 4%). We didn’t observe any statistical
differences between mutated and unmutated cases.
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3D Bioprinted Primary CLL Cells Show
BAX and BCL2 Regulation in Culture
To further elucidate the biological mechanisms at the basis of the
improved viability shown in the 3D system, we decided to evaluate
possible changes in the levels of expression of genes known to be
involved in the apoptotic process, such as BAX and BCL2 (49)
A

C

D E F

B

FIGURE 6 | 3D bioprinted CLL primary cells show a long-term viability in the scaffolds. (A) Representative H&E staining on 5 µm frozen sections of 3D
bioprinted CLL primary cells showing their distribution in the scaffold. Images were obtained with Zeiss Axio Imager M2m microscope. A magnification of the
image is shown. (B) Representative images of Live/Dead assay of 3D bioprinted CLL primary cells at different time points (day 0-7-14-21-28) acquired with Axio
Observer Zeiss fluorescent microscope. Green cells are live cells; red cells are dead cells. A magnification for each image is shown. (C) The graph shows
quantification, at different time points (day 0-7-14-21-28), of alive (green column portion) and dead (red column portion) 3D bioprinted CLL primary cells. (D) The
graph shows Alamar blue assay fluorescence values of 2D cultured CLL primary cells at different time points (day 0-3-7-10-14). (E) The graph shows Alamar
blue assay fluorescence values of 3D bioprinted CLL primary cells at different time points (day 0-7-14-21-28). (F) The graph shows the percentages of viable 3D
bioprinted CLL primary cells compared to CLL primary cells cultured in the traditional 2D system. Cell viability was measured by Alamar blue assay after 7 days
of culture and normalized to day 0. ****p < 0.0001. Data are represented as mean ± SEM, n=16 (D, F) and n = 11 (E) patient samples. Paired t-test was
performed for statistical analysis.
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(Supplementary Figures 10A, B) (n = 10). Interestingly, we
observed significantly lower values of the pro-apoptotic gene
BAX and significantly higher values of the anti-apoptotic gene
BCL2 in 3D bioprinted CLL primary cells as compared to 2D
cultured ones, analyzed after 7 days, independently of their
clinical/biological features (Figures 8A, B) (n = 16).
DISCUSSION
In the present work, we tested for the first time whether 3D
bioprinting strategy could be applied to immune cells and in
particular to leukemic B cells.

This strategy is currently successfully explored for other cancers
such as breast, brain, skin and pancreatic (18). In solid tumors,
researching the need to develop in vitromodels with a 3D structure
recapitulating in vivo tumor growth was more obvious, while this
needwas appreciatedmuch later inhematological cancer, due to the
circulating nature of most diseases (2, 3). It is now evident that
leukemia cells in the peripheral blood do not represent entirely the
disease, that is composedby the cells accumulatingandproliferating
in lymphoid tissues (4).

Several 3D systems have been recently applied to the study of
different B cell malignancies in order to recapitulate the tissue
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environment, including spheroids (50), organoids andmicrofluidic
devices (51). In particular, the BM microenvironment niche has
been more frequently investigated as in the case of acute myeloid
leukemia and multiple myeloma in order to study the resistance to
chemotherapeutics. For CLL rather limited attempts have been
made by using co-culture with stromal cells in both spheroids (52)
or gelatin scaffolds, the latter kept in dynamic growth in
bioreactor (16).

However, all these systems have their intrinsic limitations
such as the need of cell seeding. Indeed, the main difference
between 3D printing and other 3D culture systems is that
multiple cell types can be deposited with a microscale precision
(53). We believe that before exploring the possibility to print
different cell types in the hydrogel to generate complex 3D
scaffolds to study CLL, we need to understand how CLL cells
behave in this context.

To this aim we directly printed CLL cells embedded in
hydrogels specifically designed to support cellular adhesion
and functions, as well as high printability and biocompatibility.
We successfully tested CLL cells for printability, optimized
the printing strategy and set-up the protocols to perform the
analysis (cell viability assays, protein/gene expression, imaging
among others). The CLL cell line MEC1 was used to define the
optimal number of cells and cell/hydrogel ratio to be printed,
A

B C

FIGURE 7 | The original CLL clone phenotype CD19/CD5 is maintained throughout the 3D culture, including the levels of IgM. (A) Representative flow cytometry
plots of 3D-bioprinted CLL primary cells (day 0) showing the presence of the leukemic clone and the surface marker IgM, based on the expression of CD19/CD5 and
IgM surface markers. Physical parameters of 3D bioprinted hydrogel alone are shown as well. (B) The graph shows the leukemic clone percentage of all samples
analyzed overtime (n = 15). (C) The graph shows IgM surface marker percentage of all samples analyzed overtime (n = 18).
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followed by validation of the derived settings using primary cells
obtained from the PB of patients affected by CLL, which we
selected based on the mutational status of the IGHV gene
(IGHV<98%=mutated=good prognosis (mCLL); IGHV≥98%=
unmutated=bad prognosis (uCLL); Supplementary Table 2).

We observed a different printability of the cell line with
respect to primary cells: in particular, MEC1 cells showed
better behavior in the hydrogel without the addition of
external factors (Laminins), while CLL cells prefer hydrogels
with the addition of laminins. This result suggests and confirms
that primary cells are still highly dependent on the
microenvironment, including extracellular matrix (7).

In general, CLL cells, both cell line and primary cells, were
found to be homogeneously distributed in the hydrogel scaffolds
and, specifically, we observed a long-term viability (up to 28
days) for primary CLL cells cultured in the 3D bioprinted
hydrogel, independently on their clinical/biological features,
result that is not achievable when CLL cells are cultured in
2D alone.

Of note, CLL cells appear to be indeed affected by the 3D
culture in the presence of a sort of extracellular matrix, as
indicated by the strikingly different expression profile shown by
RNAseq analysis when we compared cells cultured in 2D and 3D
cultures. In particular, the upregulation of Immunoglobulin
complexes (45–47), the activation of integrins (54),
inflammation and cytoskeletal (55) related pathways suggest
that the cells possibly lay in a more physiological environment.
It is clear that the traditional 2D culture system does not represent
the proper control for our 3D model, and it will be interesting to
see how leukemic cells mirror e.g. cells obtained ex vivo from BM
or LN from patients in terms of expression profile and functional
behavior, and to understand which pathways might be more
affected than others in the presence of extracellular matrix alone.

To this aim, we measured the stiffness of the hydrogel used in
our experiments as we believe that this will be a fundamental
Frontiers in Immunology | www.frontiersin.org 1372
parameter to be studied in the tissues of origin, since it could
influence the maintenance/promotion of CLL cells viability.
In the future, this could lead to the development of smart
materials with tuned stiffness to be used for 3D bioprinting
cells of different origin(s).

Focusing on primary CLL cells, we observed that the
well-being of the 3D bioprinted cells is also suggested by their
phenotype (expression of surface CD19 and CD5) that remains
unaffected through the culture period. Inspired by the RNAseq
results, we measured the levels of the B cell receptor IgM
that increases in 15/18 patients analyzed. This is intriguing
considering that Coulter et al. (56) recently reported that the
B cell receptors of LN and PB derived CLL cells might be
functionally distinct, in particular LN-CLL cells express
higher levels of surface IgM thus suggesting that the 3D
environment may more reliably reproduce this particular in
vivo environment. Similarly, cells showed higher levels of BCL2
expression in 3D vs 2D after 7 days of culture, with lower
levels of BAX indicating a higher viability and less priming
toward apoptosis. The overall higher fitness of the cells is
crucial, especially when considering the potential application
of this technique to study the response of CLL cells ex vivo to
different drugs and immunotherapeutic approaches. Keeping in
mind that BCL2 is a therapeutic target in CLL (57), this system
might potentially be more reliable in predicting responses in
patients and also to understand how cells may adapt to the
presence of the drug with time, when cultured in a more
protective microenvironment.

In summary, our results demonstrate that we can efficiently 3D
bioprint primaryCLL cells and healthy lymphocytes, and improve
their viability, which can be maintained for up to 28 days, thus
establishing the first long-term 3D culture model for leukemia
cells. Considering that no similar approach has been so far
established also for normal B lymphocytes, this is an innovative
tool that may help better mimic the physiological in vivo settings
A B

FIGURE 8 | The evaluation of apoptotic genes shows better survival of 3D bioprinted primary cells compared to 2D cultured ones at the same time of culture.
(A, B) The graphs show mRNA levels of pro-apoptotic gene BAX and anti-apoptotic gene BCL2, after 7 days of culture, of 3D bioprinted CLL primary cells
compared to CLL primary cells cultured in the traditional 2D system. **p < 0.01, ****p < 0.0001. Data are represented as mean ± SEM, n = 16 patient samples.
Mann-Whitney t-test was used for statistical analysis.
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not only of leukemic lymphocytes but also of immune cells in
general. In the future, the system can be further improved by
increasing the complexity of the cellular and molecular
components to be included in the 3D bioprinted models in
order to even better recapitulate a tumor microenvironment.
This could allow to recreate the molecular and cellular
interactions that occur in normal and neoplastic conditions in
vivo, and most importantly could be exploited to test individual
response(s) to different drugs such as target therapies
or immunotherapy.
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Chimeric antigen receptor (CAR) T cell performance against solid tumors in mouse models
and clinical trials is often less effective than predicted by CAR construct selection in two-
dimensional (2D) cocultures. Three-dimensional (3D) solid tumor architecture is likely to be
crucial for CAR T cell efficacy. We used a three-dimensional (3D) bioprinting approach for
large-scale generation of highly reproducible 3D human tumor models for the test case,
neuroblastoma, and compared these to 2D cocultures for evaluation of CAR T cells
targeting the L1 cell adhesion molecule, L1CAM. CAR T cells infiltrated the model, and
both CAR T and tumor cells were viable for long-term experiments and could be isolated
as single-cell suspensions for whole-cell assays quantifying CAR T cell activation, effector
function and tumor cell cytotoxicity. L1CAM-specific CAR T cell activation by
neuroblastoma cells was stronger in the 3D model than in 2D cocultures, but
neuroblastoma cell lysis was lower. The bioprinted 3D neuroblastoma model is highly
reproducible and allows detection and quantification of CAR T cell tumor infiltration,
representing a superior in vitro analysis tool for preclinical CAR T cell characterization likely
to better select CAR T cells for in vivo performance than 2D cocultures.
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HIGHLIGHTS

We present a highly reproducible bioprinted three-dimensional
tumor model for preclinical in vitro CAR T cell evaluation
allowing tumor and T cell characterization following experiments.
INTRODUCTION

Genetically engineering a patient’s own primary T cells holds
great immunotherapeutic promise. Chimeric antigen receptor
(CAR) T cell therapy is currently receiving attention since
treatments for various hematological malignancies in children
and adults are showing remarkable clinical success (1, 2). Success
has been limited for treating solid tumors with CAR T cell
approaches, since CAR T cells need to find, enter and survive in a
hostile tumor microenvironment (3), which require further
improvement and preclinical testing. Here, we use CAR T cells
targeting the glycosylated CE7 epitope of the L1 cell adhesion
molecule, L1CAM (formerly CD171), which is specifically
expressed on tumor cells and a promising target for
neuroblastoma and ovarian carcinoma (4–6). Neuroblastoma is
the most common extracranial solid tumor in childhood, and
remains the third leading cause of pediatric cancer death despite
multimodal therapies (7). Recently, children suffering from
refractory neuroblastoma were treated with L1CAM-targeting
CAR T cells in a clinical phase I trial (NCT02311621, https:
clinicaltrials.gov) (4, 6).

The CAR construct expressed in T cells provides an
extracellular single-chain variable fragment (scFv) derived from
an antibody for specific antigen recognition, fused to a variably
long spacer domain and transmembrane domain. The
transmembrane domain connects to the CD3 zeta (z) signaling
domain of the T cell receptor (1st generation) and is embellished
with one (2nd generation) or two (3rd generation) intracellular
costimulatory domains. The most commonly used costimulatory
domains are 4-1BB and CD28. Costimulus with 4-1BB is
associated with a slower, more continuous anti-tumor response
comparable to a memory T cell response, whereas a strong fast,
effector-like T cell response is induced by CD28 costimulation
(8). Minor differences in CAR design, such as spacer length, can
significantly impact CAR T cell functionality (9, 10). Excessive in
vitro testing followed by labor-intensive and time-consuming
preclinical evaluation in mouse models are currently necessary to
select the most suitable CAR construct for a given antigen.

CAR T cell effector functions are currently most often
evaluated in two-dimensional (2D) cocultures where T cells
encounter a tumor cell monolayer growing adherently on
culture plastic. Three-dimensional (3D) connections to cells
and matrix components in the tumor environment can
influence cancer cell phenotype, including gene expression, cell
signaling and nutrient supply (11). These influences are lacking
in a cancer cell monolayer, in which tumor cells are also easily
accessible to T cells, poorly reflecting cellular and matrix
obstructions that T cells face in the in vivo tumor
environment. CAR T cell efficacy achieved in cocultures often
Frontiers in Immunology | www.frontiersin.org 276
cannot be achieved in preclinical mouse models, extending the
animal testing necessary to select CAR T cell candidates. The
dramatic evolution of 3D printing technology over the past
decades [reviewed in (12) and (13)] enables an innovative
approach to in vitro testing, surpassing the environment
created in 2D cocultures. Stereolithography combines high
resolution and speed with the ability to simultaneously print
large numbers of objects with high reproducibility (14). This
technology uses photopolymerization to sequentially solidify
layers of bio-ink printed on top of each other to build a 3D
structure mimicking native tissues and demonstrating significant
improvements to 2D cocultures (15).

Our aim was to build on data from our previous comparisons
of a L1CAM-specific CAR T cell constructs harboring either long
or short spacers and the 4-1BB costimulatory domain, which
showed functional discrepancies between preclinical evaluations
in vitro and in mouse models, and are used in the ongoing
clinical phase I trial for children with neuroblastoma
(ClinicalTrials.gov Identifier: NCT02311621) (6). Here we
repeated the functional evaluation of L1CAM-specific CAR
T cells with different spacer lengths in 2D cocultures and
directly compared functionality with that in bioprinted 3D
neuroblastoma models.
MATERIALS AND METHODS

Neuroblastoma Cell Culture
SK-N-BE(2) neuroblastoma cells (passaged ≤20 times from stock
cultures expanded in <10 passages from the source culture
obtained from ATCC) were propagated in Dulbecco´s
Modified Eagle Medium (Life Technologies, Karlsbad, CA,
USA) supplemented with 10% heat-inactivated fetal calf serum
(Sigma-Aldrich, St. Louis, MO, USA) to 80% density in 2D
culture before 3D bioprinting or seeding for functional assays.
The identity of the SK-N-BE(2) neuroblastoma cell line was
confirmed by Eurofins (Luxemburg) and Mycoplasma-negative
by a c e l l - b a s ed co lome t r i c HEK-B lue De t e c t i on
assay (Invivogen).

Bioprinting 3D Tumor Models
Stereolithographic bioprinting using a previously described
process (16) was selected to produce the 3D models.
Methacrylated gelatin (GelMA) was synthesized for use in the
bio-ink as previously described (17, 18) with slight changes. In
short, 10 weight percent (wt%) type A gelatin from porcine skin
(300 bloom, Sigma-Aldrich) was dissolved in phosphate buffered
saline (PBS) at 50°C before adding methacrylic anhydride
(Sigma-Aldrich) in molar excess, and allowed the reaction to
proceed 2h. Resulting GelMA was dialyzed against distilled water
for 4 days with frequent water changes, then sterile filtered and
lyophilized several days until dry. NMR spectroscopy
determined 60% methacrylation in the lyophilized product.
Bio-ink was prepared using 7wt% GelMA in cell culture
medium supplemented with 10% fetal calf serum and 1%
penicillin/streptomycin, with 0.1wt% lithium phenyl-2,4,6-
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trimethylbenzoy phosphinate as photoinitiator. SK-N-BE(2) cells
were harvested, counted and viability was controlled, before
resuspending in the GelMA mixture at 108 cells/mL to create
the bio-ink. A computer-assisted design model (CAD) was
created using Rhinoceros 5 software (McNeel Europe,
Barcelona, Spain) for the final 3D model architecture with a
diameter of 4 mm and a height of 500 µm, then computationally
sliced for processing by the bioprinter. Each layer of bio-ink was
printed onto the print head then photopolymerized (cured)
using blue light in the wavelength range of 385 – 405nm as
previously described (16). The individual 3D tumor models were
printed in a layer-by-layer fashion therefore achieving a
homogeneous distribution of cells throughout the 3D tumor
model. After printing, the models were washed in PBS to remove
excess liquid bio-ink and cultivated in cell culture medium in a
multi-well plate at 37°C and 5% CO2 atmosphere.

Assaying Viability in Bioprinted 3D
Tumor Models
Cel l v iabi l i ty was determined using an NC-200™

NucleoCounter® (Chemometec). Prior to their suspension in
the bio-ink for printing, neuroblastoma cells were stained with
CellTracker™ Red CMTPX dye (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s protocol
with prolonged incubation times, then washed in PBS and
counter-stained with CellTox™ Green dye (Promega, Madison,
WI, USA) according to the manufacturer’s protocol. The stained
3D tumor models were analyzed using a 2-photon microscope
(LaVision Biotec GmbH, Bielefeld, Germany). A region of
interest comprising 2.5 x 2.5 x 0.3mm from 5 models was
imaged two and eleven days after printing. Imaris Software
7.6.5 (Oxford Instruments, Oxford, UK) was used to count red
cells (total cell number) and green cell cores (dead cells) were
counted. Live/dead cell ratios in percent were calculated using
the simple formula:

Cell viability ½%�

=
total cell count − green cell count

total cell count
∗ 100

CAR Construct and CAR T Cell Generation
The previously described L1CAM-specific CE7-CAR (19) was
cloned into the SIN epHIV7 lentiviral vector then propagated in
293T cells and isolated as previously described (20). The single-
chain variable Fragment (scFv) in the CAR construct was codon
optimized and subsequently linked to a 12 (short) or 229 (long)
amino acid spacer domain from the human IgG4-Fc hinge. The
long spacer domain was modified by substituting L235D and
N297Q to reduce binding to the IgG Fc gamma receptor (on
natural killer cells and monocytes), which causes unintended
CAR T cell activation via innate immune cell activation (21). The
spacer domain connects the antigen-binding domain to CD28
transmembrane domain followed by the signaling module
containing the CD3zeta (z) cytoplasmic domain and the 4-1BB
(second generation CAR) costimulatory domain. CAR constructs
were linked downstream to a T2A self-cleaving peptide and a
Frontiers in Immunology | www.frontiersin.org 377
truncated epidermal growth factor receptor (EGFRt) allowing
CAR T cell detection and enrichment (22). CAR T cells were
generated from healthy donors (Charité ethics committee
approval EA2/216/18) as previously described (19). T cells used
as controls alongside CAR T cells in experiments were not
lentivirally transduced. CAR and control T cells were
cryopreserved until further use. Cryopreserved cells were thawed
and stimulated with irradiated peripheral bloodmononuclear cells,
irradiated CD19+ EBV-transformed lymphoblastoid cell line (TM-
LCL), and 30ng/mL antibody activating the CD3 complex (OKT3
clone, Miltenyi Biotec, Bergisch Gladbach, Germany). For rapid
expansion, T cells were maintained in RPMI 1640 media
supplemented with 10% fetal calf serum, 0.5ng/mL IL15 (Miltenyi
Biotec) and 50U/mLIL2 (Novartis, Basel, Switzerland) according to
a rapid expansion protocol (23). Functional in vitro assays were
conducted between days 11 and 16 of culture adding fresh IL2 and
IL15 to the coculture experiments.

Immunofluorescent Marker Detection in
Bioprinted 3D Tumor Models
To visualize cells in their orientations in the bioprinted 3D model,
models were fixed in 4% paraformaldehyde, embedded in paraffin
and sectioned into 5µm slices using a microtome (HM 340E,
Thermo Fisher Scientific). Immunofluorescence staining was
performed with fluorochrome-conjugated antibodies diluted in
blocking buffer directed against mouse monoclonal anti-human
L1CAM (clone UJ127.11; Thermo Fisher Scientific) 1:500, rabbit
monoclonal anti-humanCD3 (clone SP7;Abcam, Cambridge,UK)
1:100 on sections overnight at 4°C. Recommended secondary
antibodies were diluted in 1:500 and incubated for 1 hour. Nuclei
were counterstainedwithHoechst (B2261SigmaAldrich)diluted in
1:5,000-1:10,000 stain. Another staining approach for the
bioprinted 3D tumor model was conducted by prestaining tumor
cells with CellTracker™ Red CMTPX dye (Thermo Fisher
Scientific) prior bioprinting. T cells were prestained with
CellTracker™ Green CMFDA dye (Thermo Fisher Scientific)
before coculture and following live-cell imaging. Images were
acquired using a Nikon eclipse Ti-A1 microscope (Nikon, Tokyo,
Japan) or a Leica M165 FC (LAS X software, Leica, Wetzlar,
Germany) microscope. Cross sections of immunofluorescently
stained samples were analyzed using Fiji ImageJ and MorpholibJ
software. T cell infiltration was assessed from vertical scans
conducted at 3 arbitrary locations in each bioprinted 3D model.
Vertical scans were conducted in 1µm partitions in which T cells
were identified by the mean red fluorescence, and mean
fluorescence intensity was normalized to between 0 and 1 for
combination of the vertical partitions and calculation of the depth
of overall T cell infiltration (µm from the model surface).

Enzymatic Digestion of Bioprinted 3D
Tumor Models
Bioprinted 3D tumor models could be processed into a single-cell
suspensionbydigestionofnon-cellularmaterial using an enzymatic
cocktail of 0.1% dispase II, 0.01% DNase I, 0.01% papain and 12.4
mM MgSO4 in Hank´s balanced salt solution as described (24).
Briefly, individual bioprinted 3D tumor models were washed with
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PBS and then each mechanically minced into small pieces using a
scalpel in a culture dish. Minced pieces were digested in the
enzymatic cocktail for 20-30 minutes at room temperature
directly in the culture dish. To assist matrix dissolution and
release of single cells, tumor model pieces were gently triturated
through a 1000 µL pipette tip every 5 minutes. The resulting cell
suspension was centrifuged at 300 x g for 5 minutes, before
discarding supernatant and washing twice in PBS.

Flow Cytometric Marker and
Antigen Detection
Cell surface expressionofL1CAM(cloneREA163,MiltenyiBiotec),
GD2 (clone 14.G2a; BD), CD3 (cloneHit3a, BioLegend, SanDiego,
CA, USA) and CD8 (clone SK1; BioLegend) was detected by
fluorophore-conjugated monoclonal antibodies on a Fortessa X-
20 (BD Biosciences, Franklin Lakes, NJ, USA) 4-laser flow
cytometer. EGFRt expression was detected using biotinylated
cetuximab (Bristol-Myers Squibb, New York, NY, USA) and a
phycoerythrin (PE)-conjugated streptavidin antibody (cat #12-
4317-87, BioLegend). Activation was assessed by fluorophore-
conjugated monoclonal antibodies detecting TNFRSF9 (formerly
CD137, clone 4B4-1; BioLegend) and IL2RA (formerlyCD25, clone
BC96; BioLegend). The Annexin V/7-AAD detection kit
(BioLegend) was used to assess apoptosis. Dead cells were
excluded from analyses using the LIVE/DEAD™ Fixable Green
Dead Cell Stain Kit (cat#L23101, Life Technologies). Precision
count beads (BioLegend) were used to quantify T cell infiltration
according to the manufacturer’s instructions. Flow cytometry data
was processed using FlowJo_V10 Software (Tree Star Inc., Ashland,
OR, USA).

Cytokine Release Assays
For cytokine release assays, 3x106 T cells were seeded into wells
(24-well plates) together with stimulator cells at a 5:1 effector:
target ratio. All data points were performed as technical
triplicates. After 12, 24, 36, 72 and 120 hours, supernatants
were collected and stored at -80°C until analysis of IFNG using
the OptEIA™ Set (BD Biosciences) ELISA kits in accordance
with the manufacturer’s instructions.

Statistical Analysis
Differences in cytotoxic activity, cell surface marker expression
and cytokine release between treatment groups and controls
were analyzed using the paired or unpaired Student’s T test in
GraphPad prism 8 software (GraphPad Software, La Jolla, CA,
USA). All experiments were independently repeated (n = 3 or 4).
P values <0.05 were considered statistically significant.
RESULTS

Neuroblastoma Cells Can Be
Stereolithographically Bioprinted
Into a 3D Tumor Model
Two major challenges for CAR T cell therapies used against solid
tumors, are tumor infiltration and preservation of functionality
Frontiers in Immunology | www.frontiersin.org 478
upon massive antigen encounter (25, 26). Currently used 2D in
vitromodels cannot address these challenges. We developed a 3D
tumor model that allows analysis of CAR T cell infiltration and
phenotype. A digital, computer-assisted design (CAD) file was
generated for the desired design. The 3D tumor model design
used a disk with channel-like features that increased the surface
area for CAR T cell interaction with tumor components
(Figure 1A). Since channel-like features were located along the
top surface (open to culture medium) of the bioprinted 3D
tumor model, this structured surface also preserved orientation
of the 3D model during cultivation, manipulation and post-
experiment analyses including the preparation of slices for
microscopic visualization. The physical 3D tumor model
was then created by stereolithographically bioprinting a bio-ink
composed of the established human SK-N-BE(2) neuroblastoma
cell line suspended in 7% methacrylated gelatin with a
photoinitiator (Figure 1B). Methacrylated gelatin forms an
extracellular matrix allowing the cell migration necessary to
study CAR T cell invasion in the models. As our technology is
not dependent on extruders, but only on the size of the build
space, 3D models can be produced in parallel in one production
step. Our light projection-based bioprinting technology enabled
the simultaneous printing of 16 neuroblastoma tumor models in
parallel in this study, creating a high degree of comparability
within each experiment (Figure 1C). These data demonstrate
that stereolithographic bioprinting can be used to produce
multiple bioprinted 3D neuroblastoma models at a time.

Bioprinted 3D Neuroblastoma Models
Remain Viable Over Time
Model usefulness for preclinical testing requires that tumor cells
living in the 3D models retain their viability for several days.
Most experiments to test CAR T cell efficacy and activity require
3-5 days, but we purposely chose to assess an extreme
experimental window to explore maximal experimental
support with this novel 3D tumor model. We assessed the
viability of neuroblastoma cells in the bio-ink before printing
and the bioprinted 3D models after 2 and 11 days of cultivation
using 2-photon image analysis. SK-N-BE(2) cells were labeled
with CellTracker™ and CellTox™ before printing, to distinguish
viable (red) from dead (green) cells in the 2-photon image
analysis (Figures 2A–C). Cell viability in the bio-ink
suspension was 94.8%. Viability in cell suspensions isolated
from 5 bioprinted 3D models averaged 93.0% (range 88.2-
97.2%) two days after printing and 76.0% (range 68.2-87.8%)
eleven days after printing (Figures 2D, E). These data
demonstrate that on average 76.0% of neuroblastoma cells in
the model remain viable even after 11 days of cultivation in the
bioprinted 3D model, supporting preclinical analyses of CAR T
cell infiltration and T cell status even in extended experimental
designs testing multiple antigen encounters.

CAR T Cells Can Infiltrate the Bioprinted
3D Tumor Model
Conventional coculture of CAR T cells with an adherent tumor
cell monolayer has been extensively used to preclinically evaluate
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CAR T cell efficacy, mainly utilizing cytokine production, tumor
cell lysis and T cell exhaustion as endpoints in short-time
experiments (27, 28). These models, however, do not support
assessment of the ability of CAR T cells to infiltrate the solid
tumor structure, an ability necessary for tumor eradication. Here,
we test whether CD8+ L1CAM-specific CAR T cell infiltration
can be assessed using a bioprinted 3D neuroblastoma model, in
which the embedded neuroblastoma cells express the target
antigen, L1CAM. We engineered T cells to express a second-
generation L1CAM-specific CAR with 4-1BB as costimulatory
domain harboring either a short (SS-BB/z) or a long (LS-BB/z)
spacer (Figure 3A). Following immunomagnetic selection for
EGFRt, >90% of T cells expressed either CAR construct used
(Figure 3B). Untransduced T cells served as a negative control.
We microscopically investigated whether we see L1CAM-CAR T
cells within the bioprinted 3D tumor models. For detailed
analysis, live-cell confocal microscopy was used to analyze
prestained CAR T cells (green) in coculture with prestained
neuroblastoma cells (red) in the bioprinted 3D tumor model.
Live-cell imaging revealed T cell proximity to tumor cells and
infiltration of untransduced and L1CAM-CAR T cells into
the bioprinted 3D models (Figure 3C). We also applied
Frontiers in Immunology | www.frontiersin.org 579
immunofluorescence staining to determine whether CAR T
cells infiltrated the bioprinted 3D tumor model. Samples were
formalin-fixed and paraffin-embedded (FFPE) 24 hours after
introducing CAR T cells to the bioprinted 3D model, then
sectioned before detecting L1CAM and CD3 with Hoechst
counterstaining to detect nuclei (Figure 3D). T cell infiltration
into the bioprinted 3D tumor model was determined by
analyzing three distinct areas of three individually stained T
cell-treated 3D tumor models (Supplementary Figure 1A). CAR
T cell infiltration depth was investigated by normalizing CD3+

(red) immunofluorescence (Figure 3E). Interestingly, both
L1CAM-specific CAR T cell subsets infiltrated into the top
(indicated by the peaks between channels) and bottom of the
bioprinted 3D tumor models. A region within the sections from
the bioprinted 3D tumor model was viewed under higher
magnification to observe T cell proximity to tumor cells
(Supplementary Figure 1B). These results demonstrate that
our bioprinted 3D neuroblastoma model is suitable for
visualizing and quantifying target-specific CAR T cell
infiltration either by live-cell imaging using prelabeled
(Celltracker™) cell populations or using immunofluorescence
staining of cryopreserved or FFPE specimens.
FIGURE 1 | The bioprinted 3D neuroblastoma tumor model. (A) Computer-assisted design file (CAD) used for printing the 4 mm diameter and 500 μm depth model.
(B) Macroscopic photograph of bioprinted 3D tumor model. Scale bar = 1 mm. (C) An array of 16 multiple tumor models directly after printing. Scale bar = 5 mm.
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Single-Cell Suspensions Can Be
Harvested From Bioprinted 3D Models for
Functional Assays
We have shown that infiltrated L1CAM-CAR T cells can be
visualized with different microscopic approaches. Next, we tested
whether CAR T cell-treated bioprinted 3D tumor models could be
processed into a single-cell suspension allowing flow cytometric
analysis of both tumor and CAR T cells from treatment groups.
This would present a highly useful protocol for experimental
analyses or endpoint measurements requiring single cells or
multiple cells freed from their interacting components and
enhance bioprinted 3D tumor model experimental applications.
Different mechanical (not shown) and enzymatic treatment
Frontiers in Immunology | www.frontiersin.org 680
methods for dissociation were tested. The method of choice was
to digest non-cellular material in the bioprinted 3D models using
an enzymatic cocktail (see Materials and Methods section;
Figure 4A). To check if enzymatic digestion reduced cell
viability, 2D tumor and T cell monocultures were digested
with the same enzymatic cocktail alongside the bioprinted 3D
models, then cell viability was flow cytometrically determined
using a fluorescent dye labeling dead cells. The digested 3D
neuroblastoma models, as well as SK-N-BE(2) and L1CAM-
CAR T cells enzymatically digested from 2D monocultures were
as viable as their undigested controls (Figure 4B). Maintenance of
protein expression during sample preparation is highly relevant
for immunological research. We flow cytometrically analyzed
FIGURE 2 | Neuroblastoma cells remain viable over 11 days in bioprinted 3D tumor model. (A) Image shows 0.75mm³ cut-out of bioprinted 3D tumor model, which
was visualized by 2-photon image analysis. Viable cells are stained by CellTrackerTM red and dead cells by CellToxTM green. A region of interest is enlarged without
marking cells (upper triangle and B) and by computationally counting cells visualized by white dots (lower triangle and C) Scale bar = 100 μm. Neuroblastoma cell
viability both before and after printing is presented in the table (D) and graph (E). Viability of printed cells after 2 days and 11 days in culture was determined by 2-
photon image analysis.
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expression of the L1CAM and GD2 surface antigens on
neuroblastoma cells as well as CD3+ and CD8+ surface
molecules on L1CAM-specific CAR T cells and untransduced T
cells after enzymatic digestion. L1CAM expression on SK-N-BE(2)
cells digested from 2D or bioprinted 3Dmodels did not differ from
undigested SK-N-BE(2) cells (digested 2D: 79.0 ± 1.1%, digested
3D: 88.3 ± 1.7%, undigested 2D: 83.2 ± 1.5%; Figure 4C). Similar
results were obtained for GD2 expression (digested 2D: 95.4 ±
2.8%, digested 3D: 96.1 ± 0.5%, undigested 2D: 95.7 ± 3.3%;
Frontiers in Immunology | www.frontiersin.org 781
Figure 4C). Enzymatic digestion also did not remove CD3+ and
CD8+ surface molecules from L1CAM-specific CAR T cells
(Supplementary Figure 2A) or untransduced T cells (CD3+:
digested: 98.8 ± 0.4%, undigested: 97.9 ± 1.6%; CD8+: digested:
96.2 ± 0.1%, undigested: 96.0 ± 1.7%; Figure 4D). These data
demonstrate that bioprinted 3D tumor models and target-specific
CAR T cells maintain their cell viability and, importantly, their
surface molecule expression during sample preparation for single-
cell suspensions following experiments conducted in the
A

C

B

D E

FIGURE 3 | L1CAM-specific CAR T cells in coculture with bioprinted 3D neuroblastoma tumor model. (A) Schematic representation of lentiviral constructs used to
generate L1CAM-specific second-generation CAR T cells. L, long-terminal repeat; VH, variable region of the heavy chain; VL, variable region of the light chain; H,
hinge region with either short (IgG4) or long (CH2**-CH3) spacer; CH2**, CH2 harboring both L235D and N297Q point mutations; TM, transmembrane domain; T2A,
virus 2A self-cleaving sequence. (B) Representative flow cytometry plots showing EGFRt transduction marker expression on CD8+ T cells transduced with L1CAM-
specific short spacer 4-1BB zeta (SS-BB/z) and long spacer 4-1BB zeta (LS-BB/z) constructs after enrichment. Untransduced T cells served as negative control. (C)
Live-cell imaging of prestained bioprinted 3D tumor models (lower panel) alone (prestained with CellTracker™ Red CMTPX, red and Hoechst, blue) or in coculture

with untransduced or LS-BB/z T cells (prestained with CellTracker™ Green CMFDA, green, and Hoechst, blue) using confocal microscopy (E:T = 5:1) Scale bar = 5
μm. (D) Schematic depiction of 3D print and FFPE sample processing and orientation. Immunofluorescence staining of formalin-fixed paraffin-embedded (FFPE) 3D
tumor models treated with L1CAM-CAR T cells for CD3 (red), L1CAM (green) and Hoechst (blue). Schematic 3D print serves for orientation; Scale bar = 250 μm. (E)
T cell infiltration depth quantified by red fluorescence channel profiling. Staining intensity is depicted as normalization of CD3+ T cells fluorescence intensity on the y-
axis, and T cell infiltration depth into the bioprinted 3D tumor is represented on the x-axis. Top indicates the upper model surface containing the channels. Bottom
indicates the flat lower model surface. Depicted is the mean of three distinct areas from biological triplicates.
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bioprinted 3D models, enhancing bioprinted 3D tumor model
usefulness for CAR T testing and experimentation.

CAR T Cell Activation Is Superior in the
Bioprinted 3D Neuroblastoma Model
An important prerequisite for effective therapy is CAR T cell
infiltration into tumor tissue. After confirming that T cell-treated
bioprinted 3D tumor models can be enzymatically dissociated into
single-cell suspensions without reducing expression of key T cell
surface markers, we used CD3+ cell surface staining and counting
Frontiers in Immunology | www.frontiersin.org 882
beads to flow cytometrically quantify CAR T cell infiltration. A
kinetic profile of L1CAM-specific CAR T cell infiltration into the
bioprinted 3D tumormodelwas constructed bydetectingCD3+ cell
populations in 3D models at 12, 24, 36 and 120 hours using a flow
cytometry gating strategy (Figure 5A) on the dissociated single-cell
suspensions to quantify CD3+ populations in the 3D model over
time inzebraplots (Figure5B).Afteronly12hours, 63,604LS-BB/z
L1CAM-CAR T cells, 40,658 SS-BB/z L1CAM-CAR T cells and
33,523 untransduced T cells had infiltrated the 3D tumor model.
Highest CAR T cell infiltration was detected after 24 hours,
A

C

D

B

FIGURE 4 | Cell viability and cell surface molecule expression is maintained after enzymatic digestion. (A) Schematic depiction of enzymatic digestion protocol to
produce single-cell suspensions after 3D model experiments. (B) Representative flow cytometry plots (left) showing live (framed in red) and dead cells that either
underwent the enzymatic digestion protocol or not (from either 2D or suspension cultures) and the single-cell suspension from the 3D models. Numbers at the top of
each plot indicate percent of the total cell population. SK-N-BE (2) neuroblastoma and untransduced T cells are shown in separate panels of the representative flow
cytometry plots. Scatter plots on the right summarize results from 3 or 4 individual experiments. (C) L1CAM and GD2 antigen expression analyzed by flow cytometry
(representative plots shown, left), and is summarized from 3 experiments in the scatter plot (right). (D) Representative CD3+ and CD8+ surface molecule expression
on untransduced T cells without and with enzymatic digestion are shown (left) and summarized in the scatter plot (n = 3, right). All experiments were conducted after
24h of coculture.
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when 198,433 SS-BB/z L1CAM-CAR T cells and 49,823 LS-BB/z
L1CAM-CAR T cells had infiltrated the tumor model (Figure 5B).
Antigen-independent infiltration of untransducedT cells remained
relatively stable over the testing period (Figure 5B). We assessed T
cell activation markers at the time of peak infiltration (24h). The
proportion of T cells expressing both CD25 and CD137 activation
markerswashigher inbioprinted3Dtumormodels,wherewesolely
measured activation of total infiltrated T cells, compared with 2D
monolayer cocultures, where all T cells were included (Figure 5C).
CD137 and CD25 expression was higher on L1CAM-CAR T cells
with the long spacer compared to their counterparts using the short
spacer inassaysusing either 2Dor3Dmodels.UntransducedTcells
expressedminimalCD25andnoCD137, excludingunspecificTcell
activation. CAR T cell activation in 2D or 3D cocultured cells was
significantly higher compared to paired untransduced T cells.
Tumor cell encounter in the bioprinted 3D tumor model induced
release of lower levels of the cytokine, interferon gamma (IFNG),
fromL1CAM-CARTcells than encounter in2Dcocultures (SS-BB/
z: p=0.07; LS-BB/z: p=0.06; Figure 5D). CAR T cell-mediated
tumor cell cytotoxicitywas analyzedusing afluorescentdye labeling
dead cells and a gating strategy identifying the CD3- tumor cells at
the 24-hour time point (Supplementary Figure 2B). L1CAM-
specific CAR T cells more easily killed tumor cells in 2D
cocultures (SS-BB/z L1CAM-CAR T cells lysed: 95.9 ± 0.8% in
2D, 39.9 ± 27.1% in 3D; LS-BB/z L1CAM-CART cells lysed: 92.1 ±
3.6% in 2D and 42.4 ± 22.0% in 3D; Figure 5E). Control
experiments induced only low-level tumor cell lysis in both 2D
(no T cells: 24.6 ± 1.0%, untransduced T cells: 24.7 ± 3.0%) and 3D
(no T cells: 18.0 ± 5.8%, untransduced T cells: 14.8 ± 3.6%) models
(Figure 5E). The kinetics of neuroblastoma cytotoxicity in the
bioprinted 3D tumor model was analyzed at 12, 24, 36, 72 and 120
hours,withmaximal cytotoxicity being reachedonlyafter120hours
of CAR T cell treatment and lysing 72.0 ± 23.6% (SS-BB/z) and
67.9 ± 18.1% (LS-BB/z) of neuroblastoma cells, which is
significantly higher compared to untransduced T cells
(Figure 5F). L1CAM-specific CAR T cells were more strongly
activated in the bioprinted 3D tumormodel, but induced less IFNG
release than in 2D cocultures. The bioprinted 3D tumor model
supported the detection and quantification of T cell infiltration
into the tumor model, expanding in vitro testing possibilities.
DISCUSSION

Current strategies to analyze CAR T cell effector function heavily
rely on in vitro analyses in 2D culture models, which only
limitedly represent solid tumor physiology. CAR T cells must
home to the tumor site, circumvent inhibitory effects of the
tumor microenvironment and persist during multiple rounds of
antigen encounter to eradicate solid tumors (25, 26). Widely used
2D coculture systems cannot investigate these hurdles. We
developed a novel method to analyze CAR T cell effector
function in a stereolithographically bioprinted 3D tumor
model, and present proof-of-concept here using CAR T cells
targeting one neuroblastoma target protein, L1CAM, and a
neuroblastoma cell line. Our model is easily extensible to other
Frontiers in Immunology | www.frontiersin.org 983
tumor types and CAR T cell targets. We present live-cell and
fluorescence microscopy methods to visualize interactions
between second-generation L1CAM-specific CAR T cells with
the 4-1BB costimulatory domain harboring the short or long
spacer and tumor cells in these bioprinted 3D neuroblastoma
models. We also present an optimized protocol to convert a
bioprinted 3D tumor model experiment into a single-cell
suspension, maintaining cell viability and surface protein
markers descriptive of the cell phenotypes. This method
supports analysis not only of T cell infiltration but CAR T cell
activation and effector function for advanced quantitative
endpoint analysis in 3D tumor model experiments.

Tumor cells clustered into spheroids from a single cell line or
heterogeneous tumor cell types have been used to assess antibody
(29), natural killer cell (29–31), cytotoxic T cell (32) and CAR T cell
(33–35) immunotherapy in vitro. Highly variable spheroid size
increases experimental variability if endpoints are quantified, and
endpoint analysis often requires sophisticated visual monitoring
(33) for quantification. The stereolithographic bioprinting of
human SK-N-BE(2) neuroblastoma cells within a photoactivatable
methacrylated gelatin matrix that we use here creates a group of
identically viable copies with which to conduct sophisticated CAR T
cell testing in vitro. In this way, high precision and robustness are
achieved, which is essential for the comparability of the results within
both small and large experimental designs and across experiments.
Effector to target ratios also becomemoredifficult to define asmodels
become more complex. The defined structure in our bioprinted 3D
model allowsprecise calculation,while estimation ismoredifficult for
spheroids and almost impossible for ex vivo tissue slices and
organoids. A closer approximation of physiological organ structure
can be achieved in organoids, which can be both organ-specific and
patient-specific, and ex vivo tissue slices [reviewed in (36)]. Jacobet al.
recently described a patient-derived glioblastoma organoid model
biobank used to test response to two CAR T cell therapies (37),
however, results could only be immunohistochemically examined,
increasing evaluation time and complexity. Wallstabe et al. recently
present a microphysiological 3D lung and breast cancer model for
preclinical CAR T cell evaluation that uses the porcine jejunum as a
scaffold (38). An advantage of this model was that fibroblasts
and other stromal cells could be included to simulate the
immunosuppressive tumor environment, but it is laborious to
establish and subject to donor-dependent variance. Higher model
complexity reduces comparability among individual experiments, in
contrast to our bioprinted 3D tumormodels, and reduces accurately
quantifiable endpoints that can be used to assess CAR T cell action.

We demonstrated high viability of the bioprinted 3D tumor
models shortly after printing and during culture for up to 11 days, in
line with results from other groups showing cell viability is
preserved in bioprinted 3D tumor models for several weeks (39–
44). In addition to maintaining high viability over time,
incorporation of other cellular components within the bioprinted
3D tumor model will contribute to recapitulate characteristics of an
in vivo tumor microenvironment. Langer et al. published a
bioprinted 3D tumor model similar to ours, but supplemented
with fibroblasts and endothelial cells (45) demonstrating that 3D
bioprinting can be used to create complex and heterotypic tumor
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FIGURE 5 | L1CAM-CAR T cells infiltrate and are highly activated in bioprinted 3D neuroblastoma tumor models. (A) Gating strategy for flow cytometry (applied with
FlowJo_V10) is shown. Gates are applied to distinguish single viable T (CD3+) and tumor cells (CD3-) within the total cells. (B) Representative zebra plots showing
numbers of CD3+ viable cells that infiltrated the 3D tumor model after the indicated time measured by flow cytometry with precision counting beads including
summary of 3 biological replicates. (C) Surface activation markers were flow cytometrically analyzed on untransduced T cells and L1CAM-specific CAR T cells after
24h of tumor cell interaction (effector:target ratio of 5:1) in either 2D coculture or the bioprinted 3D model. Depicted are double-positive cells for CD8+ and CD25 or
CD137. Cells were gated from living single cells. Bars depict the mean of 3 (2D) or 4 (3D) experiments with error bars representing SD. (D) Interferon gamma (IFNG)
released into the culture media was detected by ELISA after 24h of tumor cell interaction (effector:target ratio of 5:1) in either 2D coculture or the bioprinted 3D
model. Bars depict the mean of 3 (2D) or 4 (3D) experiments with error bars representing SD. (E) Tumor cell cytotoxicity was analyzed (FACS) after 24h of tumor cell
interaction (effector:target ratio of 5:1) in either 2D coculture or the bioprinted 3D model. Bars depict the mean of 3 (2D) or 4 (3D) experiments with error bars
representing SD. (F) FACS-based tumor cell cytotoxicity is shown for the 5-day time course in the bioprinted 3D model after addition of untransduced T cell controls
or L1CAM-specific CAR T cells, as indicated. Experiments tested L1CAM-specific CAR T cells with either the short (green) or long (blue) spacer. Bars depict the
mean of 4 experiments with error bars representing SD. ns, not significant, *p ≤ 0.5, **p ≤ 0.01, ***p ≤ 0.001.
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tissue that incorporate both cancer and stromal cell types. Heinrich
et al. and Meng et al. have also used methacrylated gelatin for a
glioblastoma cell line model containingmacrophages or ametastatic
lung cancer cell line model, respectively, albeit using different
bioprinting techniques (40, 43). The scientific field developing 3D
bioprinting possibilities is expanding with an emphasis to more
closely recapitulate certain tumor microenvironment characteristics
important to the scientific questions being asked and all exceeding
the tumor-nearness of monolayer cultures, but 3D models for
preclinical CAR T cell evaluation are still rare. We are currently
developing protocols allowing inclusion of endothelial and myeloid-
derived suppressor cells to create a more representative
microenvironment of human tumors in the bioprinted 3D tumor
models to answer questions requiring these tumor components.

L1CAM-specific CAR T cells were able to recognize and
infiltrate our bioprinted 3D neuroblastoma models, with
microscopic assessment verifying deep L1CAM-specific CAR T
cell infiltration. Bead-based quantification of T cell infiltration
demonstrated antigen-dependent T cell infiltration, since more
CAR T cells, regardless of spacer length, infiltrated the bioprinted
3D neuroblastoma models than untransduced T cells. High
numbers of CAR T cells had infiltrated our bioprinted 3D models
after only 12 hours, peaking at 24 hours thennot further increasing.
This observed plateau corresponds with the time window when
antigen-dependent proliferation begins and might indicate that T
cell proliferation and death balanced the cell numbers, creating the
observed plateau. Microscopic assessment predicts a higher
infiltration of SS-BB/z L1CAM-specific CAR T cells compared to
LS-BB/zCARTcells. Tumor suppressivemechanisms that couldbe
preventing CAR T cell proliferation can also not be ruled out.
Elucidating possible mechanisms would be feasible using our
bioprinted 3D models and would be of special interest to
understanding the limits of CAR T cell infiltration and expansion
in the solid tumor microenvironment. Ando et al. used a similar
tumor cell model, where tumor cells were also embedded in
methacrylated gelatin, which showed a modest infiltration of
HER2-specific CAR T cells (46). In contrast to our model, where
CAR T cell infiltration was already detected after 12 hours, they
detected lowCART cell infiltration after 72 hours. The shape of the
bioprinted 3D tumormodels, tumor entity used and/or CAR T cell
architecture may contribute to differences in T cell infiltration
achieved in the different models. The possibility to study CAR T
cell infiltration into our bioprinted 3D model allows early and late
time point comparisons among selected T cell subtypes in vitro.

Assessing antigen expression on tumor cells or activation
marker expression on T cells is essential to evaluate novel CAR T
cells. We developed a method to preserve protein expression on
both tumor and T cells, after obtaining a single-cell suspension.
Activationmarker expressiononL1CAM-CARTcellswith the long
spacer was higher than on their counterparts with the short spacer
after experiments in either the 2D or 3D models, while both cell
types demonstrated comparable cytotoxicity in vitro. We have
previously shown that in vivo function of L1CAM-CAR T cells
with a long spacer element was inferior compared to L1CAM-CAR
T cells harboring a short spacer in mouse models (19). The more
highly activated phenotype of long-spacer L1CAM-CAR T cells
Frontiers in Immunology | www.frontiersin.org 1185
observed here in vitro might be detrimental in vivo where CAR T
cells are subjected to repeated antigen encounter leading to
activation-induced cell death. So far, we could not predict this
phenomenon with our 3D tumor model. This could be due to the
relatively low E:T ratio achieved in the 3D coculture system, as only
a fraction of T cells introduced to the 3Dmodel actually entered it,
resulting in delayed and reduced killing compared to the 2D
coculture system. Titrating the number of CAR T cells added to
the 3D tumor model to achieve comparable E:T ratios as in 2D
coculture experiments are future refinements planned to improve
3D model predictability.

CAR T cells can mediate tumor-specific cytotoxicity, for
example by releasing IFNG, which is necessary for complete
tumor eradication (47), or by inducing the Fas/FasL axis (48).
Unexpectedly, even when CAR T cells were highly activated after
coculture with bioprinted 3D tumors, extremely low IFNG release
wasmeasured in comparison to 2D cultures. The lower IFNG levels
in culture medium from CAR T cell-treated 3D tumors may have
beencausedby IFNGsequestration in the extracellularmatrixof the
bioprinted 3D tumors (49). However, themore likely reason for the
lower levels is that only a fraction (approximately 10%)of the added
CARTcells infiltrated the 3D tumormodel, reducing the amountof
T cells able to produce IFNG after encountering the tumor cells,
compared to the situation inmonolayer co-culture. In linewith this
finding, L1CAM-specific CAR-mediated cytotoxicity in bioprinted
3D tumors was detected with delayed onset of 5 days andwas lower
than in 2D cocultures. Calculation of T cell infiltration with
quantification beads shifted the effector to target ratio from, the
initially added, 5:1 to 1:10 that were actually present within the 3D
bioprinted model. This adjusted ratio resolves the lower tumor cell
lysis and IFNG release by CAR T cells in the bioprinted 3D tumor
model compared to 2D cocultures. Our initially selected 5:1 ratio
was chosen only as the initial quantity of T cells to add to cocultures
to initiate comparisons between the 2D and 3D models.
Corroborating our results, Schnalzger et al. showed that CAR-
NK92 cells induced significantly lower tumor cell lysis in 3D
compared to 2D models (50). These results in our and other
bioprinted 3D models indicate that cytokine release and tumor
cell cytotoxicity may be overestimated by 2D coculture testing, and
demonstrate that analyses in 3Dmodels are amore effectivemirror
of real-life obstacles CAR T cells need to bypass in tumors.

We present a 3D tumor model produced in parallelized batch
bioprinting production for use in preclinical investigations of CAR
T cell effector function and as a potential preselection tool for CAR
T cell constructs. CAR T cell infiltration into the bioprinted 3D
tumor model proved quantifiable using two different methods,
supporting comparisons of the impact of different CAR
constructs on T cell infiltration. Single-cell suspensions released
from completed experiments retain cell surface proteins and viable
cells for quantitative and qualitative functional assessment. This
highly reproducible bioprinted 3Dhuman tumormodel is a tumor-
near in vitro environment for CAR T cell preselection based on
effector functions prior to in vivo studies. Knowing that evaluating
tumor infiltration and functionality in vivo is essential for CAR T
cells developed to treat solid tumors, we do notmean to suggest that
our 3D neuroblastoma model can replace CAR T cell evaluation in
June 2021 | Volume 12 | Article 689697
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mouse models, but make in vitro testing more stringent so that
fewer candidates better adapted to enter solid tumors proceed to in
vivo testing, thus increasing the speed and reducing the cost (and
animal use) of thorough preclinical testing. To best illuminate the
particular usefulness of the bioprinted 3D model, we selected a
pair of thoroughly preclinically tested CAR constructs and
repeated in vitro evaluation in direct comparison to the
bioprinted 3D model in the experiments presented here. Human
neuroblastomas contain a richer tumor tissue environment than
our bioprinted 3D model, which while providing the 3D
environment lacks specific matrix molecules and cellular
components in human tumors. Modeling the human extracellular
matrix is, however, a difficult problem also faced in mouse models.
Current preclinical NSG mouse models bearing xenografts cannot
completely reflect the tissue environment in human tumors due to
species-specific discrepancies of chemokine and adhesion
molecules resulting in limited trafficking and extravasation of
CAR T cells (51, 52). Even patient-derived xenograft mouse
models have shown that the tissue environment of the original
tumor is rapidly replaced by a murine stroma after a few passages
(53). To approach testing of individual extracellular and cellular
tumor matrix components (including different patient-derived
tumor cell backgrounds, target antigens and tumor entities) in
vitro, we plan to further adapt this bioprinted 3D tumormodel as a
part of a future pipeline planned for standard preclinical in vitro
evaluation of CAR constructs. A gelatin-based ECM in the
bioprinted 3D model could present a more tumor-near
microenvironment. Following Langer et al., the addition of
fibroblasts and endothelial cell layers would benefit this model,
especially to investigate the infiltration capacity of CAR T cells into
the immune-suppressive environment using human-derived
stroma cells (45). These potential adaptations, once standardized,
could be applied to evaluate the impact of distinct parameters from
tumor matrix components in experimental series. The
implementation of additional cell types representing important
tumor componentswith T cell efficacy-influencing properties, such
as an immunosuppressive tumor stroma or tumor blood
vasculature, will further refine our model to create an in vitro tool
potentially capable of reducing both the time and animals necessary
for preclinical testing in CAR T cell research.
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