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Abstract: Bone is one of the most common sites for cancer metastasis. Bone tissue is composed by
different kinds of cells that coexist in a coordinated balance. Due to the complexity of bone, it is
impossible to capture the intricate interactions between cells under either physiological or pathological
conditions. Hence, a variety of in vivo and in vitro approaches have been developed. Various models
of tumor-bone diseases are routinely used to provide valuable information on the relationship between
metastatic cancer cells and the bone tissue. Ideally, when modeling the metastasis of human cancers
to bone, models would replicate the intra-tumor heterogeneity, as well as the genetic and phenotypic
changes that occur with human cancers; such models would be scalable and reproducible to allow
high-throughput investigation. Despite the continuous progress, there is still a lack of solid, amenable,
and affordable models that are able to fully recapitulate the biological processes happening in vivo,
permitting a correct interpretation of results. In the last decades, researchers have demonstrated that
three-dimensional (3D) methods could be an innovative approach that lies between bi-dimensional
(2D) models and animal models. Scientific evidence supports that the tumor microenvironment can
be better reproduced in a 3D system than a 2D cell culture, and the 3D systems can be scaled up for
drug screening in the same way as the 2D systems thanks to the current technologies developed.
However, 3D models cannot completely recapitulate the inter- and intra-tumor heterogeneity found
in patients. In contrast, ex vivo cultures of fragments of bone preserve key cell—cell and cell-matrix
interactions and allow the study of bone cells in their natural 3D environment. Moreover, ex vivo
bone organ cultures could be a better model to resemble the human pathogenic metastasis condition
and useful tools to predict in vivo response to therapies. The aim of our review is to provide an
overview of the current trends in bone metastasis modeling. By showing the existing in vitro and
ex vivo systems, we aspire to contribute to broaden the knowledge on bone metastasis models and
make these tools more appealing for further translational studies.
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1. Introduction

Cancer harbors variable heterogeneity and plasticity, which are both difficult features to reproduce
in experimental models but essential for maintaining intra- and inter-patients’ differences and for
accurately analyzing molecular mechanisms of the neoplastic transformation or for drug screening
purposes. While substantial progress has been made in developing anti-cancer treatment strategies
for primary tumors, such as breast and prostate cancer, the therapeutic interventions for metastatic
cancer still present challenges. These challenges are primarily due to the tumor heterogeneity between
and within individual patients, which results in significant differences in the tumor growth rate,
invasive ability, drug sensitivity, and prognosis among individual patients [1]. For these reasons,
there is a clear necessity to develop accurate cancer models to better investigate molecular mechanisms
that lead to cancer onset/progression and to find more effective treatment strategies.

The growth of metastasis at secondary sites is the major cause of mortality in cancer patients,
and it may be clinically evident even after years from the first diagnosis and therapy. Beyond lung
and liver, bone is the third tissue most frequently affected by metastasis [2,3], thus impacting patients
quality of life. In fact, several human cancers, such as breast cancer (BC), prostate cancer (PC) and
lung cancer (LC), often metastasize to bone in their advanced stages [4]. These unfortunate events are
related to considerable morbidity, such as pathological fracture, spinal cord compression, bone pain,
and hypercalcemia, which, also due to the lack of curative treatment options, contribute to a worse
outcome [4].

Unfortunately, the process by which cancer cells from the primary tumor acquire an osteotropic
phenotype is still not well understood. Recently, Salamanna and colleagues reviewed different
studies that attempted to determine some of the factors that participate in both cellular and molecular
mechanisms of bone metastasis onset [5]. The ability to simplify the complexity and simultaneously
retain the major pathophysiological features of metastasis is necessary to identify the critical factors in
the acquisition of cancer metastatic potential. Recently, three-dimensional (3D) models and cancer
organoids have been increasingly used as a simplified and reliable in vitro model system to study bone
metastasis [5-7]. However, there are several limitations to the application of these models, such as
the lack of a purely native microenvironment and of a well-defined extracellular matrix (ECM) [8].
There is no better model to accurately represent the original tumor than an ex vivo model, consisting of
a specimen directly derived from patients and enriched with their own microenvironment components.

7

The main problem when producing this model, beside the availability of the biopsies, is the difficulty
of maintaining samples alive and proliferating while studying the characteristics of bone metastasis
and its response to therapy.

Our review aims to provide (1) a general background on the bone metastatic process;
(2) a comprehensive summary of the current 3D models and technologies showing their limitations and
advantages; and (3) an insightful overview of the current ex vivo bone metastasis models. Taking into
account the recent methods used in bone metastasis research, we want to underline the need for new
systems that are more innovative, easier to handle, and could better recapitulate the cancer biology
and bone metastasis. The primary goal of these models would be to increase the predictability of
preclinical data by improving the characterization of the models, implementing new methodologies
and integrating complementary models (e.g., ex vivo 2D and 3D assays) in drug development pipelines.

2. Metastasis Process and Bone Metastatic Microenvironment

The ability of cancer cells to leave a primary tumor, to disseminate through the body, and to seed
new secondary tumors is universally recognized to be the basis for metastasis formation. Various and
sometimes conflicting hypotheses have been proposed to explain different aspects of this process,
but no single concept unravels the mechanism of metastasis in its completeness.

A pioneer study conducted by Stephen Paget in 1889 hypothesized that metastasis is based
on the interplay between the so-called ‘seeds’ (namely the cancer cells) and the “soil” (or the host
microenvironment) [9]. Paget’s theory was subsequently challenged by others studies, such as
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Ewing’s and Isaiah Fidler’s research [10,11]. Other important findings revealed that primary tumors
themselves are responsible for the formation of suitable microenvironmental conditions in distant
sites, being determinant for the sustainment of cancer cells survival and proliferation before the
establishment of the new colony [12-14]. Nowadays, this particular microenvironment is usually
referred to as ‘pre-metastatic niche” [13,15]. The metastatic niche theory suggests that a properly
favorable microenvironment (pre-metastatic niche) supports tumor cells to engraft (metastatic niche)
and proliferate at secondary sites (micro- to macrometastatic transition). In particular, the pre-metastatic
niche results from the synergic interaction between the endogenous organ microenvironment and
specific factors secreted by primary tumors [15,16].

The bone niche is populated by different kind of cells including stem cells, progenitor cells,
mature immune cells, and supporting stromal cells [17-19]. To date, two primary niches have been
described, namely the osteoblastic niche and the perivascular one; they are characterized by two
diverse types of adult stem cells and their progeny: hematopoietic stem cells (HSCs) and mesenchymal
stem cells (MSCs) [19-21].

HSCs are multipotent progenitor cells that can be found in adult bone marrow, peripheral blood,
and umbilical cord blood. The hierarchical lineages of HSCs consist of myeloid cells, B lymphocytes,
and osteoclasts [22]. The MSCs are multipotent cells that are able to differentiate into the
mesenchymal lineage cells, which include osteoblasts, adipocytes, chondrocytes, fibroblasts, and other
stromal cells [19,20]. Both cells’ lineages are connected to each other in the bone niche and work
together to maintain bone homeostasis, sustaining in particular the osteogenesis, osteoclastogenesis,
and hematopoiesis processes.

Bone is a hierarchically organized connective tissue; it contains four types of cells—osteogenic cells,
osteoblasts, osteocytes, and osteoclasts—embedded in a matrix of collagen fibers and hydroxyapatite,
as an inorganic component. Osteogenic cells differentiate into osteoblasts [23]. When included into
the calcified matrix, osteoblasts undergo their terminal differentiation into osteocytes, changing their
structure and function. On the other hand, osteoclasts are large multinucleated cells derived from the
hematopoietic lineage (monocytes). Both osteoblasts and osteoclasts participate in the maintenance
of bone physiologic homeostasis; in fact, bone tissue is continuously remodeled in order to maintain
structure and calcium equilibrium, by osteoclast-mediated bone resorption and osteoblast-mediated
bone deposition [24].

In case of cancer progression, this equilibrium is usually altered, leading to osteoblastic, osteolytic,
or mixed metastatic lesions depending on the cancer origin and type [24]. In osteoblastic metastasis,
commonly found in PC patients, the metastatic bone is characterized by the deposition of new
tissue not preceded by bone resorption, resulting in excessive and disorganized bone formation [24].
Instead, osteolytic metastasis is mainly diagnosed in breast, lung, and renal cancers, and it is usually
present uncontrolled osteoclast activity [23]. In most of the cases, the two processes coexist; thus, is not
possible to classify bone metastasis as a single defined process, with the clinical prevalence of one over
the other [25].

The development of malignant bone metastasis is recognized as a dynamic multistep process,
in which a subpopulation of cancer cells from the primary tumor gain the capability to invade
surrounding tissues, intravasate, survive in the bloodstream, and extravasate, giving rise to the
metastatic colonization in a distant bone microenvironment [26]. Considering its complexity, a successful
approach to study the intrinsic biology of bone metastasis is to separate the various steps of the cascade
and to deeply characterize the bone metastatic microenvironment. Quiao and Tang extended the concept
of “fertile soil”, proposed by Paget, to include three distinct microenvironments: the primary tumor
microenvironment (PTM), the circulation microenvironment (CM), and the bone microenvironment
(BM), each one distinguished by several key points that will be further discussed [27].

In the context of the PTM, the formation of metastasis involves a subgroup of osteotropic
cancer cells with increased proliferative and migratory capacities [27]. Angiogenesis and epithelial to
mesenchymal transition (EMT) are critically important in this phase. The first responds to the increased
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metabolic demand of cancer cells supporting local invasion and distant dissemination [28]. In contrast,
the EMT consists of the cellular transformation from an epithelial phenotype with apical-basal
polarization to a mesenchymal one characterized by high motility features [29]. The activity of cancer
cells in the CM begins with intravasation and ends with extravasation. Tumor cells that trespass the
normal vascular endothelium using the newly formed microcapillaries, become circulating tumor
cells (CTCs), and invade the CM. Due to the overexpression of various surface receptors involved in
pro-survival pathways [30], these CTCs are able to evade anoikis and survive in the CM. Once CTCs
enter the BM, they are redefined as disseminated tumor cells (DTCs); here, DTCs can remain in a
dormant state for several years [31]. This condition, also known as “dormancy”, can revert in case
of stress circumstances, compromised immune system, and/or the activation of specific molecular
pathways, leading to the formation of macrometastases. When in the osseous tissue, CTCs influence the
pre-metastatic niche already developed in order to create a compatible niche to support the metastatic
growth (metastatic niche). This process has been largely studied particularly for BC and PC bone
metastasis and reproduced in the up-to-date available 3D model of bone metastasis formation [32]
(Figure 1).
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Figure 1. Tumor progression and bone metastasis process.

2.1. 3D Models

Three-dimensional architecture is fundamental for tissue and organ formation and intracellular
functions [33,34]. This is also true for neoplastic tissues, where cancerous cells spontaneously grow
and proliferate in a 3D structure within the host. Thus, an ideal 3D culture model should not only
resemble oncogenesis and in vivo tumor cell growth, but also imitate the interactions between cells
connected to the ECM. To date, several 3D strategies have been published, aiming to recapitulate as
best as possible the in vivo environment and also to bridge the gap between standard bi-dimensional
(2D) tissue culture and animal models [35-37]. All these studies highlighted the multiple differences
between 2D and 3D systems; thus, the interest in developing always more realistic models is constantly
increasing [33,38,39]. The use of 3D culture to recount the tumor bone microenvironment offers a
deeper understanding of bone metastasis and cancer biology by more faultless modeling of dynamic
cell-cell and cell-ECM interactions. However, there is still a lot of work to be done in 3D models
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research, specifically in finding more adequate biomaterials for models in terms of cellular growth,
reproducibility, scalability, and cost [40].

To date, several approaches have been explored. These methods can be divided into different
categories according to the technology used (Table 1; Figure 2). Generally, methods for 3D cell culture
can be classified as either scaffold-free or scaffold-based, with the scaffold being constituted by organic
or synthetic materials.
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Figure 2. Examples of in vitro, ex vivo, and in vivo models commonly used in research.

The models can also be divided on the basis of whether they are on static or dynamic cultures.
Static 3D cultures include the seeding of cells in a spheroid-like structure without the ECM and the
seeding of cells in matrices or scaffolds. Dynamic 3D cultures include either cell free scaffold or
scaffold-embedded cultured in bioreactors, or perfused in microfluidic devices (Table 1; Figure 2).
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Table 1. 3D Model Technologies Advantages and Limits. BC: breast cancer, BM: bone microenvironment, ECM: extracellular matrix, HA: hydroxyapatite, IL: interleukin,

OT: osteoblastic tissue, PC: prostate cancer, TME: tumor microenvironment.

3D Models Cancer Feature Studied Pros Cons Other References
Cancer .cell invasion into the ECM [41]; o High Reproducibility; No support or porosity;
Formation of tubule-like structure that mimics Not optically transparent;
Scaffold . . . Low cost;
vessel sprouting and angiogenesis [42]; . Poor control over [45-53]
free R . ; . Co-culture; . . .
Collective invasion and intravasation [43]; HTS approach spheroids/organoids size;
Collective invasion [44]. PP ’ No cell/ECM interactions.
Cell adhesion, proliferation, activation, and
differentiation to hold up metastatic cancer cell
growth and to resemble TME complexity [45];
Role of HA and IL8 in switching mammary
tumor cells toward a more invasive phenotype Possible scaffold-to-scaffold
. L Co-cultures; L.
[46]; Cancer cells and BM interplay is influenced . . variation;
. - . Large variety of materials; . .
by spatial organization, osteogenic factors, and Customizable: Not always optically transparent;
stromal cell type [47]; Affordable cos’ t Difficult cells removal;
Scaffold Osteomimicry, the BM [48]; Hich similarit ! to the HTS options limited; [52-62]
based BM model of the BC metastatic niche [49]; & y Gelling mechanisms;

PC cells in contact with osteoblast-like cells
embedded in 3D collagen gel system produced
morphological evidence of blastic reaction and of
local invasion [50];

Evaluation of metastasis development from
endometrial cancer, PC, and BC co-culture and
expression of biomarkers associated with PC
cells BM [51].

in vivo conditions;

Promotion of cellular attachment,
proliferation, and differentiation;
HTS approach sustainable.

Batch to batch variations;
Undefined constituents in
natural gels;

Poor mechanical properties.

Cultivation and
Biofabrication Systems

Cancer Feature Studied

Pros

Cons

Other References

Bioreactors

Reconstruction of a bone surrogate to study the
early stages of BC invasion to bone [63];
Co-culture of OT with metastatic BC cells [64];
Reproduction of the interaction between bone
stroma, PC cells, and human osteosarcoma cell
line [65].

High similarity to the in vivo
conditions;

High volume of cells production;
Customizable and controlled
culture parameters.

Space required for dynamic

cell culture;

High costs for dynamic cultures;
HTS options laborious.

[62,66-70]
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3D Models Cancer Feature Studied Pros Cons Other References
Angiogenesis, intravasation [71];
Study of molecular pathways implicated in BC
cells extravasation, mediated by cell surface
receptor CXCR2 and bone-secreted chemokine Co-cultures (cell—cell, cell-tissue); Required expertise;
CXCL5 [72]; Control of cell shape and function; High cost of microfabrication;
Microvascularized bone-mimicking Tune dynamic; HTS options limited;
Microfluidic microenvironment, defined by active Fluid flow and Microenvironment parameters [75-78]
differentiated bone cells, which generated spatiotemporal gradient; not measurable;
spontaneously molecular gradients affecting Customizable; Cell growing media for co-culture
both microvasculature and cancer cells [73]; Commercial availability. not well established.
3D multicellular spheroid composed by PC-3
metastatic PC cells, osteoblasts, and endothelial
cells [74].
Tumor multiorgan metastasis and cancer In vitro organ specific systems; Reaui .
. i i i ion [73]; High gas permeability; (?qulred expertise; -
Organ-on-a-chip microenvironment interaction [ §18asp Y High cost for the microfabrication; [80,81]

Development of a four organ-on-a-chip

Optically transparent;

3D bioprinting

system [79]. Commercial availability. HTS options limited
3D bioprinting fibers embedded in hydrogels to ~ Automated robotic processes;

recreate microvessels and study cancer-related Spatially assembling multiple

angiogenesis [82]; types of cells;

Proliferation and invasion ability [83]; Large variety of biomaterials and High cost;

Modeling tumor microenvironment [84];
Migration of osteotropic cells during bone
metastasis [85];

In vitro bone matrices to mimic the native BM
for the investigation of BC bone metastasis [86].

printing technologies;
Bimolecular gradient production;
Printable, crosslinkable,
biocompatible and

bioactive bioinks.

Required expertise.

[56,75,87-89]
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2.2. 3D Models and Applications to Bone Cancer Metastasis Studies

2.2.1. 3D Scaffold-Free Systems-Cells Spheroids

The multicellular tumor spheroid (MCTS), developed by Sutherland and collaborators in the
1970s [90], has become a classic model system for cancer research and is the representative of the
scaffold-free systems subgroup. Spheroids are aggregates of cells that grow in suspension and resemble
a physiological neoplastic tissue organization with the outer zone containing proliferating cells,
the inner parts populated by few dividing cells with lack of nutrients and oxygen, and a central necrotic
area [91].

Different methods can be used to obtain spheroids from a vast range of cell lines [92,93].
Such spheroids are suitable for basic studies of physiology and metabolism, tumor biology, toxicology,
cellular organization, and the development of bio-artificial tissues. They represent a valuable tool
to mimic the tumor microenvironment while incorporating different types of cells, having a high
reproducibly rate and low related costs. However, not all cell lines form spheroids; some arrange in
irregular cell aggregates. Moreover, spheroids can be considered too simplistic and not appropriate
to simulate all the cell-cell and cell-ECM interactions that can affect the efficacy of anti-cancer
drugs [94]. Moving the model to a fully embedded system offers further opportunities to mimic a
tumor environment facilitating physiological cellular interactions, metabolism, growth, and metastatic
invasion. There are multiple approaches to embedding spheroids, the most common based on the use
of agarose, Matrigel, fibrin, synthetic polymers, and collagen [95]. The embedded spheroid model can
be used to investigate the mechanisms of cancer cell invasion into the ECM. For example, they were
used to monitor the invasion of glioma cells into collagen type I via imaging techniques [41]. There have
been some studies showing 3D spheroids in combination with 2D endothelial cells that are able to
form tubule-like structures that mimic vessel sprouting and angiogenesis [42]; however, there are no
particular examples of this with bone metastasis models.

2.2.2. Organoids

An organoid can be defined as a 3D-structured group of cells derived from primary tissue,
embryonic stem cells (ESCs), or pluripotent stem cells (PSCs), with self-renewal and self-organization
abilities, which are provided with similar functionality of the organ of origin. Organoids are
innovative 3D in vitro culture platform and can be important tools for modeling disease such as
cancer. They can recapitulate tumor heterogeneity and microenvironment, overcoming established
cell lines, and do not require the excessive time and costs of in vivo patient-derived tumor xenografts
(PDTXs). Furthermore, they can be stocked as “living biobanks”.

Since the discovery of colorectal cancer (CRC) organoids [96], 56 tumor-derived organoids have
been established (including prostate, bladder, ureter, kidney, colon/rectum, brain, pancreas, breast,
stomach, esophagus, soft tissue) [97,98]. Nevertheless, the majority of published structures referred as
organoids do not comprehend all cell types present in vivo, such as mesenchymal, stromal, immune,
and neural cells.

Organoids mimic some, but not all, of the structures and functions of real organs and cannot
recapitulate all the stages of cancer [99]. Firstly, they lack vasculature, which is essential to nutrient and
waste transport. Secondly, not all cell types found in vivo can generate organoids. Thirdly, some of them
replicate only the early stages of organ development. Taking into account all these limits underlines
that organoids are not completely suitable for modeling bone cancer metastasis or cancer metastasis in
general. However, patient-derived organoids (PDOs) may be a valuable tool to develop personalized
treatments. In fact, cultured PDOs deriving both from disease-site biopsies or healthy tissue provide
sufficient material for HTS application, or for in-depth phenotypic profiling allowing the identification
of crucial mutations, therefore guiding therapeutic choices. Furthermore, the possibility of growing
matched normal and diseased organoids from patients permit the screening also of combinations of
different drugs that specifically target the diseased tissue, thus reducing side effects.
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2.2.3. 3D Scaffold or Hydrogels Based Tumor Models

Scaffolds are 3D structures that can be made of diverse kind of materials with tunable
porosities, permeability, surface chemistry, and mechanical properties that are designed to mimic the
microenvironment of specific tissues. They can be composed of both biological or synthetic materials.
Biological scaffolds generally use naturally derived ECM (e.g., Matrigel and collagen) to help cell
adhesion and 3D structures formation. In respect of synthetic devices, natural ones offer a more similar
microenvironment to physiologic conditions in terms of growth factors, cytokines, hormones, and other
molecules [98]. Meanwhile, synthetic scaffolds have several clear advantages over other natural gels
for 3D cultures. Firstly, they generally provide higher reproducibility compared to biological ones.
Secondly, synthetic materials allow superior control over the scaffolds’ biochemical and mechanical
properties in 3D cell cultures. Thirdly, they possess high water content, permitting the transport
of oxygen, nutrients, waste, and soluble factors, all of which are important to cell functions [98].
Scaffolds can be made through a variety of techniques (e.g., 3D printing, particulate leaching,
electrospinning, casting), and by way of their tunable characteristics and material properties, they can
influence cell adhesion, proliferation, activation, and differentiation.

Recently, several 3D matrix-assisted assembly models of bone metastasis have been developed
on both naturally and synthetically derived matrices, particularly for prostate and breast cancer cell
metastasis studies. These models utilize scaffolds to support metastatic cancer cell growth and to
recapitulate tumor microenvironment complexity [45].

An example, performed on a fibroin-like scaffold, has been done by Talukdar and colleagues;
they demonstrated that the interaction of breast cancer cells (MDA-MB-231) with the BM
[human osteoblasts-like cells (MG63) and mesenchymal stem cells (MSCs)] varies with spatial
organization, the presence of osteogenic factors, and stromal cell type [47]. Another study by Cox et al.
showed that 3D collagen glycosaminoglycan scaffolds support the growth and mineralization of
4T1 breast triple negative carcinoma cells and that mammary cells are capable of osteomimicry.
These interactions contribute to the ability of cancer cells to preferentially colonize the BM [48].

Several studies have focused on creating a system modeling the BM of the BC metastatic niche.
For example, Marlow’s group developed a 3D-collagen matrix seeded either with human primary MSCs
or immortalized cell lines representing cell types found in human bone marrow [49]. Other authors
used a similar method with alternative biomaterials (e.g., silk-based biomaterials) [100].

One of the main problem to solve while designing a scaffold is the adequate supply of nutrients
in order to cultivate a viable tissue and maintain an appropriate level of oxygen. As a consequence
of the insufficient oxygenation, a typical condition of the inside of the tissue-engineered construct is
hypoxia. Moreover, this is also a common feature in solid tumors, including BC [101]. Low oxygen
tension drives the dissemination of metastasis, and it is associated to worse prognosis [102—-104].
In particular, BC mainly metastasizes to bone, which is characterized by a hypoxic microenvironment,
despite the presence of a high vasculated system. Indeed, oxygen tension in the bone is lower than
the values reported for other tissues [from <1-6% (approximately 7-43 mm Hg) [105] versus 2% and
9% (14-65 mm Hg)] [106]. However, it is still difficult to monitor the regional oxygen gradients in the
bone, and more accurate models are needed to unravel this topic [104].

Liverani and colleagues presented a biomimetic 3D tumor model based on macroporous scaffolds,
which resembles the hierarchically organized structure of extracellular collagen [107,108]. There are
two different types of BC cell lines examined here by the authors: MCF-7 (estrogen-positive BC
cells, linked to good prognosis), and MDA-MB-231 (triple negative and aggressive BC cells) [109].
Their discovery shows in this experimental scenario that cells are able to build a hypoxic core niche,
with modified growth dynamics, and that more aggressive cancer cells are selected, similarly to what
happens during the in vivo disease progression [108].

To evaluate the metastatic development of endometrial, prostate, and breast cancer, Sourla and
colleagues [110] inoculated the KLE human endometrial cancer, MCF-7 and ZR-75 human breast cancer,
and PC-3 human prostate cancer cells into a 3D type I collagen gel system, which was previously
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loaded with MG-63 osteoblast-like cells. Their work demonstrated that in contact with a 3D collagen
gel system loaded with osteoblast-like cells, PC cells produce morphological evidence of blastic reaction
and of local invasion. Another remarkable example is the study performed by Thakuri et al. on a 3D
hybrid hydrogel system composed of collagen and alginate to examine the invasive capability of BC.
The authors demonstrated that human mammary fibroblast cells facilitated the migration of BC cells
out of spheroids and into the surrounding matrix [50].

To recreate microenviromental condition in vitro and increase understandings of PC metastasis,
Sieh et al. developed a co-culture system with PC3 and LNCaP prostate cancer cells on a medical-grade
polycaprolactone-tricalcium phosphate (mPCL-TCP) scaffold, finding increased expression levels of
several known biomarkers associated with PC cells” bone metastasis [51]. Furthermore, the same
co-culture system can be an indirect 3D in vitro model to analyze paracrine interactions between PC
cells LNCaP and human osteoblasts (hOBs). In fact, including LNCaP cells into polyethylene glycol
(PEG) hydrogel with hOBs is possible to examine PC cells forming a multicellular mass similar to a
vascular tumor. Furthermore, the 3D structure allowed the diffusion of factors secreted by hOBs and
LNCaP cells that influenced each other (paracrine interplay) [51].

Focusing on bone mineral hydroxyapatite (HA), one of the main components of human bone ECM,
through a 3D composite scaffold made by polylactide-co-glycolide (PLG) and HA particles, it was
demonstrated that HA can directly regulate key steps of BC bone metastases [5,46]. Moreover, in the
same study authors showed that interleukin-8 (IL-8) is pivotal in this phase, providing mammary
epithelium cells with a more aggressive behavior [5,46]. Another 3D bone-mimicking system was set up
by Jin et al. using three human BC cell lines with different metastatic potential, namely MDA-MB-231,
MCEF-7, and transfected MDA-MB-231. In this case, authors showed that decreasing HA particles’
size and concentration positively influenced BC cells adhesion and proliferation [111]. In parallel,
the co-culture of MSCs and MDA-MB-231 in the same 3D system showed that the presence of MSCs
cause an upregulation of metadherin expression, which is a recognized metastasis-associated gene in
BC [46].

Polymeric scaffolds use synthetic hydrogels or other biocompatible polymers to generate the
physical supports for 3D cultures. The most common hydrogels used for 3D culture include PEG,
poly (vinyl alcohol) (PVA), and poly (2-hydroxyethyl methacrylate) (PHEMA) [98,112]. Hydrogels are
employed for different purposes in the fields of 3D tumor models; for instance, they are widely
used for modeling angiogenesis and recreating metastatic BM due to the relative ease of supplying
and handling [112]. Synthetic hyaluronic acid hydrogels have been found to support the metastatic
potential of PC cells [113]. PLGA and poly(e-caprolactone) (PCL) scaffolds are also used to study
microenvironment stimuli acting on tumor cells, which is similar to the inhibition of proliferation
and invasion with cytotoxic drugs [114]. Additionally, these materials can be used to examine
stem-like features and EMT process in comparison to a 2D system. For example, PC cells cultured
in a chitosan—hyaluronic acid matrix changed their features, developing invasion-like attributes,
proving that hyaluronic acid likely promotes the metastasis, EMT, and drug resistance of PC cells,
which is followed by the activation of downstream signaling involved in cancer malignancy [27,115].
Therefore, both natural and synthetic scaffolds are useful tools for bone metastasis studies; however, it is
important to evaluate the most suitable material, probably by combining the two together [27].

2.3. Cultivation and Biofabrication Systems

2.3.1. Bioreactors

The cultivation of cells in a bioreactor has two main objectives: cell expansion and improved
cells functionality. Bioreactors’ technology allows effective cell expansion by monitoring important
parameters: substrate consumption/metabolite production, cell growth, pH, temperature, and gas
supply. In dynamic bioreactor systems, the application of a fluid dynamics to the cellular
microenvironment prevents the accumulation of secreted biomolecules and shear stress that can
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induce different forms of differentiation. Spinner-flasks and stirred-tank bioreactors are dynamic
culture vessels employed to grow co-cultures of tumor cells [116], tumor cells in 3D as spheroids [117],
or scaffold-based cultures [118].

To date, there are several studies performed in bioreactors investigating the relationship between
bone and cancer cells. A bioreactor-based co-culture system has beneficial characteristics for the study
of the first stages of metastatic dissemination. For example, it can be used to study BC cells’ spread to
bone tissue, namely adhesion on endothelial cells and intravasation, the exit from the bloodstream,
and distant metastasis establishment.

In this scenario, Dhuriati et al. generated a bioengineered murine derived osteoblastic tissue (OT)
model with comparable features to physiologic bone tissue, emphasizing the ability of MDA-MB-231
BC cells to infiltrate and form colonies into the OT when co-cultured in a bioreactor [64]. Further studies
by Krishnan et al. were interested in making an estimation of the ability of a 3D bone surrogate made
of osteoblasts and osteoclasts co-cultured in a bioreactor, which was to be used as a predictive tool
of the early stages of BC metastasis to bone. With this purpose, they implemented the previously
mentioned system set up by Dhurjati et al. comparing different co-culture systems, using murine
osteoblasts MC3T3-E1 and human metastatic BC cells MDA-MB-231, or the metastasis-suppressed line
MDA-MB-231BRMS], observing the degradation of OT by BC cells [63].

Another interesting application of a dynamic bioreactor has been set up by Paolillo and
colleagues [119], who used a multi-compartmental modular bioreactor in order to follow the adhesion
process that naturally occurs during metastasis when circulating cancer cells adhere and colonize
target tissues.

The authors proceeded by combining a millifluidic technique with a scaffold-based system:
a milli-scaled chamber (LiveFlow® system) for the fluidic culture of scaffolds and membranes under
low shear stress. In particular, human fibroblasts were grown on a 3D polystyrene scaffold, which was
placed at the bottom of the chamber and maintained in a dynamic culture condition. Then, stem-like
cancer cells derived from dissociated breast (MCF-7) or lung (A549) spheroids were added to the
system, and the inhibitory effect of integrin antagonists on cell adhesion was tested. Through this
system, the authors were able to set up a useful model to explore the initial steps of the metastasis
process that is also potentially useful for further drug screening research [119].

With the aim of reproducing the interaction between bone stroma, PC cells C4-2,
human osteosarcoma cell line MG63, and a wild-type immortalized human osteoblastic cell line
HS27A, Sung et al. co-cultured the different cell populations in a rotating wall vessel (RWN) bioreactor
system. The presence of C4-2 cells induced notable changes in both normal and osteosarcoma bone
stromal fibroblasts, both in terms of phenotypic and molecular features. These results highlight how in
3D conditions, it is possible to reproduce the interplay between the different population of cells that
modulate neoplastic growth and metastasis [65].

Typically, RWYV bioreactors are employed to minimize physical forces; instead, another kind of
bioreactors is able to recreate the intrinsic forces present in a tumor microenvironment. The importance
of these interactions is underlined in direct co-culture studies where cancer cells and osteoblasts
are in contact. Instead, several authors chose to divide the bioreactor in separate compartments
through a cellulose membrane to observe the growth of OT alone or in co-culture with metastatic BC
cells [90,113,120]. Therefore, bioreactors are confirmed as a useful method for studying the interaction
between bone and metastatic cells.

2.3.2. Microfluidic

Microfabrication techniques and microfluidic technologies have been combined to create
microstructures that are able to manipulate small amounts (1072 to 10718 L) of fluids [78].
The microfabricated hollow channels can host different kind of cells and tissues, and they can
be manufactured to control cell shape and function. Moreover, these platforms allow controlling
dynamic fluid flows and spatiotemporal gradients in a 3D culture microenvironment [77].
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There are several applications for cancer studies [121]; in particular, some of the most important
steps of cancer metastasis can be simulated through these innovative systems. The continuous
perfusion of media by the microfluidic network [122] can mimic blood flow, resulting in a higher
ability of cells to extravasate [123,124]. Moreover, these devices can support 3D aggregates growth
and the co-culture of multiple cell lines in the same chip [94]. An indicative example of microfluidic
application is the possibility to recreate tumor—endothelial cells interaction, which is fundamental for
understanding the process of metastasis formation, including angiogenesis, intravasation, and cancer
cell colonization [71]. Furthermore, microfluidic systems have also been studied in detail to better
recapitulate the cancer cell-immune cell interactions, with the ultimate aim of increasing knowledge
on cancer immunotherapies [125]. In general, these kinds of systems are usually modeled to contain
a microvascular network used for organ-specific extravasation experiments and the co-culture of
multiple cell lines in the same chip.

A remarkable example of their application is the co-culture of tumor cells with endothelial cells
human umbilical vein endothelial cells (HUVEC) to study the intravasation process. Specifically, it has
been shown that the endothelial cells are able to form a lumen-like structure, and the tumor cells in
contact, under low fluidic conditions, can migrate toward the lumen [126].

Furthermore, microfluidic platforms can be modified in order to generate more complex and
dynamic models. For example, Bersini et al. implemented a microfluidic system with three media
channels and four gels to co-cultivate different types of cells. For this study, in particular, MSCs and
human umbilical vein endothelial cells (HUVECs) were used [72]. As a validation of their system,
the authors reported that molecular pathways critical for the extravasation of BC cells, mediated by
cell surface receptor CXCR2 and bone-secreted chemokine CXCL5, were activated [72].

Subsequently, Jeon et al. improved the previously described system by adding a third cell line,
namely the osteodifferentiated primary MSCs, and embedding the HUVECs in a fibrin gel in order
to resemble a BM matrix [73]. In this way, the authors were able to recreate a human bone-like
microenvironment in vitro. Additionally, the perfusion flow that was generated and maintained into
the microfluidic circuit allowed the recreation of a molecular gradient, influencing both cancer
and endothelial cells. Finally, the introduction of MDA-MB-231 BC cells allows observing the
extravasation process.

2.3.3. Organ-on-a Chip

The in vitro cultures combining organoids and microfluidics, broadly known as organ-on-a-chip
(OOC) models, have been extensively used to study various characteristics associated with tumor
progression such as growth, angiogenesis, migration, metastasis, and drug response. An OOC can be
defined as a device containing both cells and ECM, recapitulating tissues and organs in their original
structure [6,127]. This model has many advantages: more specifically, it allows a precise control
of the microenvironment, continuous flow perfusion culture, and it is suitable for high-throughput
applications. Additionally, it allows maintaining some of the main tumor microenvironment (TME)
features present in vivo such as multicellular interactions, ECM-based biochemical properties (by using
biomaterials to encapsulate the cells), biophysical signals and their gradients [128], hypoxia [129],
and others [76].

Notably, OOCs can be fabricated as platforms made of different mini-organs in the multiple micro
chambers linked via microfluidic channels to form a human microphysiological system. This provides
an extraordinary platform to study cancer multiorgan metastasis. Nevertheless, at present, most of
these systems are not set up for ex vivo specimens but still utilize primary cell lines or stem cell-derived
cells; therefore, they cannot totally mimic the histological and cellular features of native organs and
tumors [130].

Below, we report several examples of OOCs to study tumor multiorgan metastasis and
cancer-microenvironment interactions. To determine the mechanism of multiorgan metastasis from BC,
Jeon et al. presented a model where endothelial cells, MSCs, and osteoblast-differentiated cells (OBs)
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were cultured in 3D ECM to mimic bone marrow and muscle microenvironments with the microvascular
networks. Extravasation rates of metastatic BC cells were investigated on these microenvironments
with or without adenosine treatment. The authors reported that metastatic BC cells exhibited
distinct extravasation rates in relation to different microenvironments. Moreover, the inhibition
of the A3 adenosine receptor in BC cells resulted in an increased extravasation rate in the muscle
microenvironment [73].

In another study, a four OOC system was developed to model the metastasis of primary LC to
the downstream organs, including the brain, liver, and bone [79]. The results showed that metastasis
occurred in all four organs and displayed spatiotemporal heterogeneity over the different locations.
Nevertheless, all these examples are still made of cancer cell lines and could not represent the critical
features of the native tumor. In turn, the incorporation of metastatic tumor organoids with other OOCs
presents a better way for studying cancer multiorgan metastasis [131].

2.3.4. Bioprinting

3D bioprinting has arisen as an innovative method to develop functionalized living tissues and
organs. Recent works highlighted the potential of this platform to study bone disease, although a lack
of reports on cancer bone metastasis is still present [132].

Different approaches can be followed using an alternative combination of bio-inks, consisting of
cells and gel-like materials [89]. Bioprinting technology can be used to study angiogenesis and invasion
mechanisms, as demonstrated by Zhang et al. [133] and Mou et al. [83] for MCTSs and LC cells,
respectively. In addition, it has been shown that 3D bioprinting fibers embedded in hydrogels are
suitable to generate microvessels, which is useful to study cancer angiogenesis [82]. Another study,
utilizing BC cells cultured on a hydrogel substrate using a pre-custom bioprinting platform, proved the
feasibility of obtaining uniform spheroids, representing a controllable and high-throughput approach
for modeling the TME [84].

Another remarkable application of this technique is in the study of osteotropic cell migration
during bone metastasis. Through the use of 3D bioprinting, Huang et al. created a matrix with similar
features to the CM that was able to simulate the vascular pattern demonstrated in vitro [85]. The authors
showed that the caliper of the bioprinted microvessel was determinant in regulating the speed of cancer
cells. Another study, conducted on a bioprinted PEG scaffold, showed how invasion is also modulated
by the composition of the scaffold (in particular, its stiffness) and the morphology of the cells [134].

Combining 3D bioprinting and biomaterials, Zhu et al. fabricated a series of in vitro bone matrices
composed of PEG hydrogel and different concentration of nanocrystalline hydroxyapatite (nHA).
These scaffolds were designed to best recapitulate the native BM for the investigation of BC bone
metastasis. The researchers used a stereolithography-based 3D printer to fabricate a bone matrix with
finely tuned architecture; this optimized matrix was used to analyze the interaction between BC cells
MDA-MB-231 and human fetal osteoblasts (hFOB). BC cells co-cultured with hFOB cells on the matrix
directly affected the morphology, proliferation rate, and cytokine secretion of osteoblasts. IL-8 secretion
by osteoblasts was enhanced in the presence of MDA-MB-231 cells. Moreover, the authors reported
that the cellular organization in a 3D matrix was different compared to the monolayer culture; in fact,
BC cells co-cultured with osteoblasts within the 3D bone matrix formed multicellular spheroids [135].
These results demonstrated the reliability of this kind of 3D printed bone matrices to study bone
metastasis evolution.

2.4. Ex Vivo Models

Ex vivo models consist of freshly isolated biopsies both from healthy and/or diseased tissues
derived from patients. In these tumor sections, the heterogeneity of the original tissue and the
components of the surrounding microenvironment are preserved. These features make the ex vivo
cultures a potent tool for personalized therapies [136].
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To date, several approaches to culture ex vivo models have been proposed, including tissue slices
and explant cultures. Although these methods have been applied to different fields of research [137,138],
there are still technical problems and limitations to take into account (Figure 3) [139].

EX VIVO BONE METASTASIS CULTURES

Preserve the heterogeneity Material difficult to obtain
of the original specimens

. v

Reproduce the cellular diversity Isolation and culture methods
and the complexity of interactions need to be optimized
in the tumor niche for each tissue type
Retain the in vivo Do not allow
3D distribution and the innate long-term monitoring
proportion of cells of disease progressian
Recapitulate human bone Do not allow interrogation
conditions of the long term effects

of drug treatments

h Vv

Faithfully reproduce results seen Complex result interpretation
in vivo and represent much less due to the inter- and intra-patient
costly screening models tumor heterogeneity

A v

Figure 3. Ex vivo bone metastasis cultures, advantages, and limitations.

In general, the ex vivo culture setting allows maintaining the interactions within tumor cells and
the microenvironment. Unfortunately, the cells survive only for a few days [140]. In particular, it is
known that maintaining biopsies in culture preserving their viability and integrity is very complex.
One of the main challenges is to maintain an adequate level of oxygen within the tissue explant.
Fluctuations in its concentration result in modified cell features; on the other hand, oxygen variations
are typical of each tissue. In particular, oxygen levels are very low in bone tissue in comparison to other
sites. Moreover, commonly, in vitro culture conditions are maintained under a determinate amount of
oxygen (usually around 21%) [141], which is not representative of most tissues and especially not for
bone. Indeed, this is a limit in a long-term monitoring of disease progression and in drug treatments.
Furthermore, patient-derived biopsies are often difficult to achieve, and the isolation and culture
methods need to be optimized for each tissue type [110]. Complex methods can lead to difficult
interpretation of the results, mainly due to the intrinsic heterogeneity of the samples. [142]. The main
advantages and limitations of the ex vivo models are reported in Figure 3.

2.4.1. Main Application of Ex Vivo Explants: Viability for Long Term Culture, Analysis of Tissue
Architecture, and Response to Therapies

To date, few examples of primary tumor ex vivo models are reported in the literature. These models
are mainly used to investigate tissue architecture, viability for long-term culture, and response
to therapies.
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Usually, tissues are cultured in the form of 200 pum thick slices both patient- or patient-derived
xenograft (PDX)-derived and can be cultivated directly in culture medium or maintained in an
air-liquid interface [140,143]. In order to improve cell viability and tissue organization, tissue biopsies
can be cultured in a stirred system (approximately 150 rpm), which prevents oxygen zonation [144].
Moreover, tissue slices can be maintained on an air-liquid interface, nesting on top of a filter [144],
which acts as a physical support, reducing cell death and vacuolation [144,145].

To better study tumor tissue architecture, Tanos et al. skillfully demonstrated the ability to maintain
BC explants in culture up to 7 days in low-adhesion plates [146]. In this study, the authors managed to
keep apico-basal polarity and a microlayer of myoepithelial cells, which is typical of luminal epithelial
cells architecture. Moreover, thanks to the presence of a breast-like tissue organization, it has been
possible to preserve cell-cell communication and hormone responsiveness, which are mechanisms
that were not observed for BC cell lines nor for dissociated breast tissue. In conclusion, this work
reinforces the need to keep the original tissue architecture to address hormone action in the breast
and to preserve the original features of the tissue [146]. In order to further improve these kinds of
systems, perfusion-based bioreactors can be employed to extend the culture time of BC specimens up
to 15 days [147]. In this system, tissue integrity and cell viability were preserved, although cellularity
was decreased alongside time. In another study, colorectal and head and neck cancer explant cultures
were proposed as a co-clinical tool for the prediction of patient-specific drug response [148]. In this
model, explants were cultured for 72 h, conserving the original phenotype in a matrix-specific scaffold,
which was adapted for each tumor type. As a means to satisfy the needs of cytokines and growth
factors, tumor explants were cultured with the patient autologous serum. By combining the results
obtained with a machine learning algorithm, the authors obtained a prediction tool to evaluate tumor
response to a specific drug treatment.

2.4.2. Ex vivo Bone Metastasis Models and Applications

Ex vivo bone organ cultures were firstly developed in the 1990s with the purpose of modeling
the interactions between cancer cells and the bone niche [101,149]. These first models were used to
study bone growth, bone and cartilage matrix turnover, and the effects of cancer in bone [150-152].
More recently, this system has been employed to study mechanical loading, interactions between
different bone cell types, the molecular steps involved in bone resorption/formation, and cancer
progression [137]. In the past decades, a variety of creative assays have been developed to efficaciously
model an in situ bone environment. The use of primary bone tissue in such experiments offers a direct
way of sampling the skeletal milieu and where the process of metastasis can be studied [153]. Ex vivo
assays using fresh bone such as fetal rat long bones [154], mouse calvariae [149,155], or embryonic
metatarsals [156], have been used successfully to investigate cell-specific and heterogeneous populations,
to test potential bone anabolic agents, or to study vascular differentiation and growth [153].

Firstly, murine calvariae specimens dissected from postnatal mice have been employed to model
the tumor-bone niche. A fresh bone tissue was co-cultured in close proximity, but not in contact,
to cancer cells up to 7 days. This created a two-compartment static system that allows for paracrine
signaling between the fresh bone and tumor cells [157]. Bellido and colleagues further developed this
model, switching to a rotating culture system. This allowed a direct contact of freshly bisected postnatal
calvariae and tumor cells, in order to stimulate bone—tumor cell interactions [137]. A recent work
has extended this model to a more accurate system that is focused on the human bone-tumor niche,
by replacing rodents’ samples with human ones [158]. Uniform discs derived from fresh human bone
samples were co-inoculated with human PC cell lines, cultured over 7-14 days, and the distribution
of the different kind of cells was observed under study. This model shows that the adherence of PC
cells occurs both in trabecular bone regions, by forming independent tumor colonies similar to those
observed in human metastatic disease, and through direct interaction with the bone matrix, by invasion
of the cellular microenvironment and trabecular bone structure of the bone core slices [158].
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The incorporation of species-specific microenvironments attracting secondary tumor invasion is
another important step of the metastasis cascade under study. In an interesting work, Tulotta et al.
developed a novel humanized mouse model of ER+ and ER- BC PDX that was able to grow at the
primary site and spontaneously metastasize to a human bone environment [159]. In this model,
the authors mixed different approaches: 3D ex vivo PDX, 2D in vitro BC cells, and ex vivo bone
specimens. In particular, to obtain the human bone environment, bone discs from femoral heads
obtained from patients subjected to hip replacement surgery were implanted subcutaneously into
NOD/SCID mice. To study the metastatic process, 7 PDX tumors and 3 BC cell lines (MDA-MB-231-1uc2,
T47D-luc2, or MCF7-Luc?2 cells) were injected into the fourth mammary duct; the development of
metastases was followed by luciferase imaging and confirmed on histological sections. By analyzing
bone integrity, viability, and vascularization, it was demonstrated that after 4 weeks, bone implants
were alive, re-vascularized, and remodeled (as evidenced by the presence of osteoclasts, osteoblasts,
and calcein uptake). Moreover, by analyzing the expression profile of genes and protein during
different stages of metastasis, it was possible to demonstrate that BC cells underwent a series of
molecular changes through the metastatic process; this finding identifies molecules as useful metastatic
drivers that could be helpful in predicting future relapse in bone in BC patients. This highlights the
potential impact of this humanized model system in delivering translatable data from the laboratory
to the clinic [159]. Thanks to human bone xenotransplantation, the maintenance of an osteotropic
phenotype was demonstrated to be a key strength of this model. Furthermore, Lefley and colleagues
showed that cells not only metastasized to human bone implants but also formed metastases in mouse
bone [160]. In conclusion, the authors demonstrated that the implantation of femoral bone provided a
metabolically active, human-specific site for tumor cells to metastasize. Additionally, they proved that
this novel model could provide significant advancements in the modeling of BC bone metastasis [160].

2.4.3. A Comparison between In Vitro and Ex Vivo Models

As mentioned above, ex vivo bone metastasis cultures are a convenient alternative that bypasses
the limitations of in vitro models, including 2D primary cell culture and 3D culture. In vitro models
do not entirely reproduce the cellular diversity, and the complexity of interactions present in the
tumor niche and tumor heterogeneity is still difficult to be represented ex situ in a 3D model.
Nevertheless, 3D models can add more complexity and scalability when compared to 2D models.
Additionally, compared to 2D, the tumor environment can be better reproduced in a 3D model; this is
because in a 3D model, the tumor cells are isolated to grow heterotopically. Additionally, thanks to the
current technologies developed, 3D models can be scaled up for drug screening as effectively as the
2D systems.

Compared to in vitro models, cultured bone explants could better mimic the original features
observed in patients; in fact, they can maintain the natural position of osteocytes within the
extracellular mineralized matrix, thus retaining the in vivo 3D distribution and the innate proportion of
osteocytes compared with other cells (osteoblasts, osteoclasts, bone marrow cells, and endothelial cells).
Furthermore, organ cultures using human bone reproduce human conditions and are a useful tool to
test patients’ responses to therapeutic agents. Ex vivo bone organ cultures are an effective model to
simultaneously examine the anti-cancer efficacy and bone effects of therapies before moving to in vivo
experimentation. In comparison to animal models, ex vivo organ cultures faithfully reproduce results
seen in vivo and represent much less expensive screening models. On the other hand, as previously
described, working with patient-derived explants is not as easy as working with cell cultures, either in
terms of sample availability or in terms of experimental analysis and result interpretation [142].

It is important to underline the potential of both cell culture settings to be included as preclinical
testing models, alternatives, or adjuvant to animal models, to challenge the inter- and intra-tumor
heterogeneity of biological behavior and treatment response in human cancer. Despite the enormous
contribution of PDXs in improving the knowledge in cancer research, their use on a large scale for
drug screenings is not possible, from an animal welfare point of view as well as for financial reasons.
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3D models and ex vivo cultures derived from patients’ tissue retain genomic features and in vivo drug
response and can systematically and consistently be generated. This animal-free and cost-effective
drug development pipeline for HTS prior to in vivo testing using PDXs models is currently still under
investigation across cancer types and open for improvement.

3. Discussion

In the last decades, the study of cancer biology has progressed from 2D culture on glass plates to
complex 3D models of tissues, organs, and body systems. The numerous 3D models developed have
allowed for a deeper knowledge of cancer biology.

Several inherent obstacles impede the study of cancer metastasis in bone. They include the physical
difficulty of manipulating bone as a tissue, the complexity of obtaining ante-mortem samples of bone
metastases from human patients, the limited number of representative models that effectively mimic
human disease, and the inconvenience of identifying or monitoring cancer cells using in vivo or ex vivo
models. Furthermore, bone metastasis studies are also limited by the amount of time that the model
can be maintained in culture. Molecular oxygen is one of the most important variables to consider.
In fact, oxygen transport is limited in vitro either by culture medium or by tissue thickness, leading to
hypoxic areas, therefore restricting the viability of the explant. Several strategies can be followed to
overcome these problems, such as cultivating the samples into a bioreactor, using specific scaffolds
resembling the microvasculature or oxygen carriers [102]. Thus, it is difficult to achieve real-time
monitoring using in vivo or ex vivo models. In addition to this, a main disadvantage to take into
account is the scalability of the ex vivo models; considering the low availability of tissue samples from
metastatic patients, high-throughput analysis is almost impossible, while the personalized medicine
opportunity is relevant. For instance, with the ex vivo model of bone metastasis, it is possible to study
the specific response of patients using their own avatar of the metastasis in the lab before attempting
drug regimens or novel treatment.

A few in vitro models that can overcome the aforementioned shortcomings have been established
for bone metastasis studies, and the existing in vitro models are unable to fully replicate all the
pathological conditions. Simple 2D monolayer culture models failed to mimic the bone, as it is
a complex elastic tissue where different populations of living cells are embedded in a dynamic
environment. Most of the in vitro models currently used mainly include endothelial cells, not allowing
a complete study of the bone microenvironment. Commonly used in vivo models of PC and BC
metastasis include syngeneic rodent cancers and xenografts of human cancer in immunodeficient
mice. Unfortunately, these models rarely develop bone metastasis, and in the case of xenografts,
differential factors between species may inhibit the capacity of human cells to colonize murine bones.

Currently, the therapeutic approaches used to limit bone metastasis development aim to restore the
balance between osteoblast and osteoclast cells populations, such as bisphosphonates and denosumab
treatments. However, considering the presence of mixed metastatic lesions, the inhibition of the
osteolytic process could not be sufficient [161].

Several models that are able to mimic bone metastasis are under investigation. As demonstrated
by in vivo preclinical bone metastatic models of PC, it is possible to reproduce different aspects of
the disease using a variety of established cell lines. In particular, some are useful to study osteolytic
lesion, while others better resemble osteoblastic ones [162]. However, it is important to consider
that human PC bone metastasis is mainly osteoblastic, so cell lines that induce osteoclastic lesions
(for example, PC3 cells) cannot fully represent what happens in patients [162]. Additionally, cells after
series passages can lose their heterogeneity, and the use of immunodeficient animals is challenging and
cannot recapitulate host immune response. Therefore, 3D in vitro models are interesting alternatives
to replace animals in PC bone metastasis research, as argued previously [110,116]. Regarding BC bone
metastasis models, co-culture of cells in microfluidic platforms seems to be the elective method to
describe osteoblastic lesions [72,73], while none of these models include osteoclastic cell lines [161,163].
A bioreactor-based co-culture system has also beneficial characteristics for the study of the first stages
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of metastatic dissemination [64,164]. Combining different co-culture systems made of osteoblasts and
human metastatic BC cells, it is possible to observe the degradation of bioengineered osteoblastic tissue
by BC cells [63]. In addition to these, an alternative approach may be the co-culture of bone tissue
explants with cancer cells, preserving the natural microenvironment of bone. Furthermore, it is possible
to engineer a two-compartmental model to follow the paracrine signaling between bone and cancer
cells, and their osteolytic or osteoblastic differentiation [157,158,165]. Despite the aforementioned
advantages, this method is not broadly used, probably because of the scarce availability of fresh
bone tissue explants derived from patients, which are necessary either to maintain a bone-specific
microenvironment or species-specific osteotropism [5].

As a consequence, there is not a particular model system that could be more suitable to reproduce
osteoblastic rather than osteolytic lesions. In fact, to date, a modular approach is generally adopted in
order to recapitulate different steps of the metastatic cascade using translational models [162]. For the
reader’s convenience, a detailed description of these models of bone metastasis has been published by
Berish et al. [162]. The ability to make this intricate mechanism easier while at the same time retain
its major pathophysiological features is mandatory to identify the critical factors in the acquisition of
cancer metastatic potential.

In this review, we have discussed the evolution of 3D models, with a specific focus on bone
metastasis. We explored the main 3D models currently in use, going into their efficacy, limits,
and potential. Lastly, we analyzed the ex vivo models of bone metastasis and we focused on the aspects
that must be critically examined and improved, so that they can exert greater clinical impact in the future.
In our opinion, together with emerging 3D in vitro platforms, the use of ex vivo models might help
uncover variables inherent to tumor heterogeneity and metastasis, in order to corroborate hypotheses
formulated from studies employing less complex in vitro models. Especially, ex vivo models could be
used as avatar metastases for the prediction of drug response for personalized medicine.

In fact, the coordinated action of multiple cell types, growth factors, and ECM present in the
native neoplastic BM might influence cancer cells’ behavior differently to what usually happens in
standard in vitro models. In parallel, the analytical tools used for the interpretation of results need to
be improved in order to simplify the analysis process.

4. Conclusions

Metastasis is a common consequence of many types of tumors. A major challenge in the clinical
translation of potential anticancer drugs and treatments is the discrepancy in the in vitro to the
in vivo efficacy of candidates. For this reason, there is an urgent need for stable and precise models
recapitulating cancer onset and metastasis. To this end, 3D preclinical models have emerged as
promising technologies attracting increasing multi-faceted recognition for its utilization in cancer
biology and metastasis studies by allowing for the recapitulation of the in vivo TME at high reliability
outside the human body. However, ex vivo patient-derived models are the only system that is able to
fully resemble inter- and intra-patient heterogeneity. The motivation here is to improve our capacity in
bone metastasis modeling over existing strategies, in attempts to facilitate drug development as well
as personalized therapeutic screening, especially for the latter, where the use of ex vivo models may be
conveniently combined with patient-derived cells, 3D dynamic systems, and materials. Indeed, ex vivo
models are anticipated to bridge the gap between conventional 2D cell cultures and animals, and they
can possibly even replace animal models (e.g., PDXs) in the case of personalized medicine.

Author Contributions: R.L. and E.L. developed the concept and the design, drafted the manuscript and the figure,
S.D., TI, AN.G. and D.M.D. wrote, reviewed, and revised the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: We would like to acknowledge the projects leading to this publication: Dinamica received funding
from POR FERSR 2014 2020 and the project Biobos has received funding from the Ministero della Salute Progetto
Finalizzata GR-2016-02364704. This work was also funded by the Italian Health Ministry 5 x 1000 fund.



Cancers 2020, 12, 2315 19 of 26

Acknowledgments: The authors wish to thank Mariapia Cumani Laboratorio di Disegno Anatomico Dip.
Scienze Biomediche e Neuromotorie, Universita di Bologna c/o Istituto Ortopedico Rizzoli — Bologna, Italy for the
figures, Chiara Bellotti Unit of Orthopaedic Pathology and Osteoarticular Tissue Regeneration, IRCCS Istituto
Ortopedico Rizzoli and Wiktor Zywicki Department of Biomedical Engineering, University of Melbourne, Parkville,
VIC, Australia for manuscript critical revision and editing.

Conflicts of Interest: The authors declare that they have no competing interests.

References

1. McGranahan, N.; Swanton, C. Clonal Heterogeneity and Tumor Evolution: Past, Present, and the Future.
Cell 2017, 168, 613-628. [CrossRef] [PubMed]

2. Davila, D.; Antoniou, A.; Chaudhry, M.A. Evaluation of osseous metastasis in bone scintigraphy.
Semin. Nucl. Med. 2015, 45, 3-15. [CrossRef] [PubMed]

3. Mark, R.; Wick, M.D. Metastases to Bones. Seminars in Diagnostic Pathology. 2014. Available online:
https://acsjournals.onlinelibrary.wiley.com/doi/full/10.1002/cncr.23151 (accessed on 27 November 2007).

4. Yan, W.; Tu, B.; Liu, Y.Y.,; Wang, T.Y.; Qiao, H.; Zhai, Z.J.; Li, HW.,; Tang, T.T. Suppressive Effects of Plumbagin
on Invasion and Migration of Breast Cancer Cells via the Inhibition of STAT3 Signaling and Down-regulation
of Inflammatory Cytokine Expressions. Bone Res. 2013, 1, 362-370. [CrossRef] [PubMed]

5. Salamanna, F,; Contartese, D.; Maglio, M.; Fini, M. A systematic review on in vitro 3d bone metastases models.
A new horizon to recapitulate the native clinical scenario? Oncotarget 2016, 7, 44803—44820. [CrossRef]

6. Fatehullah, A.; Tan, S.H.; Barker, N. Organoids as an in vitro model of human development and disease.
Nat. Cell Biol. 2016, 18, 246-254. [CrossRef]

7. Brancato, V.; Oliveira, ].M.; Correlo, V.M.; Reis, R.L.; Kundu, S.C. Could 3D models of cancer enhance drug
screening? Biomaterials 2020, 232, 119744. [CrossRef]

8.  Van Tienderen, G.S.; Koerkamp, B.G.; ljzermans, ] N.M.; van der Laan, LJ.W.; Verstegen, M.M.A.
Recreating tumour complexity in a dish: Organoid models to study liver cancer cells and their extracellular
environment. Cancers 2019, 11, 1706. [CrossRef]

9.  Paget, S. The distribution of secondary growths in cancer of the breast. Lancet 1889, 133, 571-573. [CrossRef]

10. Ewing, J. Neoplastic Diseases: A Treatise on Tumours. By James Ewing, A.M., M.D., Sc.D., Professor of
Pathology at Cornell University Medical College, N.Y.; Pathologist to the Memorial Hospital. Third edition.
Royal 8vo. Pp. 1127, with 546 illustrations. Phil. Br. ]. Surg. 1928, 16, 174-175. Available online:
https://bjssjournals.onlinelibrary.wiley.com/doi/abs/10.1002/bjs.1800166126 (accessed on 6 December 2005).

11. Fidler, L].; Poste, G. The biologic diversity of cancer metastases. Hosp. Pract. 1982, 17, 57-64. [CrossRef]

12. Psaila, B.; Lyden, D. The metastatic niche: Adapting the foreign soil. Nat. Rev. Cancer 2009, 9, 285-293.
[CrossRef] [PubMed]

13. Kaplan, R.N,; Riba, R.D.; Zacharoulis, S.; Bramley, A.H.; Vincent, L.; Costa, C.; MacDonald, D.D,; Jin, D.K;
Shido, K.; Kerns, S.A.; et al. VEGFR1-positive haematopoietic bone marrow progenitors initiate the
pre-metastatic niche. Nature 2005, 438, 820-827. [CrossRef] [PubMed]

14. Sleeman, J.P. The lymph node pre-metastatic niche. . Mol. Med. 2015, 93, 1173-1184. [CrossRef] [PubMed]

15.  Peinado, H.; Zhang, H.; Matei, L.R.; Costa-Silva, B.; Hoshino, A.; Rodrigues, G.; Psaila, B.; Kaplan, R.N.;
Bromberg, ].F,; Kang, Y.; et al. Pre-metastatic niches: Organ-specific homes for metastases. Nat. Rev. Cancer
2017, 17, 302-317. [CrossRef]

16. Sleeman, ].P; Christofori, G.; Fodde, R.; Collard, ].G.; Berx, G.; Decraene, C.; Riiegg, C. Concepts of metastasis
in flux: The stromal progression model. Semin. Cancer Biol. 2012, 22, 174-186. [CrossRef]

17.  Ren, G.; Esposito, M.; Kang, Y. Bone metastasis and the metastatic niche. J. Mol. Med. 2015, 93, 1203-1212.
[CrossRef]

18. Shen, Y.; Nilsson, S.K. Bone, microenvironment and hematopoiesis. Curr. Opin. Hematol. 2012, 19, 250-255.
[CrossRef]

19. Frenette, PS.; Pinho, S.; Lucas, D.; Scheiermann, C. Mesenchymal Stem Cell: Keystone of the Hematopoietic
Stem Cell Niche and a Stepping-Stone for Regenerative Medicine. Annu. Rev. Immunol. 2013, 31, 285-316.
[CrossRef]

20. Morrison, S.J.; Scadden, D.T. The bone marrow niche for haematopoietic stem cells. Nature 2014, 505, 327-334.

[CrossRef]


http://dx.doi.org/10.1016/j.cell.2017.01.018
http://www.ncbi.nlm.nih.gov/pubmed/28187284
http://dx.doi.org/10.1053/j.semnuclmed.2014.07.004
http://www.ncbi.nlm.nih.gov/pubmed/25475375
https://acsjournals.onlinelibrary.wiley.com/doi/full/10.1002/cncr.23151
http://dx.doi.org/10.4248/BR201304007
http://www.ncbi.nlm.nih.gov/pubmed/26273514
http://dx.doi.org/10.18632/oncotarget.8394
http://dx.doi.org/10.1038/ncb3312
http://dx.doi.org/10.1016/j.biomaterials.2019.119744
http://dx.doi.org/10.3390/cancers11111706
http://dx.doi.org/10.1016/S0140-6736(00)49915-0
https://bjssjournals.onlinelibrary.wiley.com/doi/abs/10.1002/bjs.1800166126
http://dx.doi.org/10.1080/21548331.1982.11698073
http://dx.doi.org/10.1038/nrc2621
http://www.ncbi.nlm.nih.gov/pubmed/19308068
http://dx.doi.org/10.1038/nature04186
http://www.ncbi.nlm.nih.gov/pubmed/16341007
http://dx.doi.org/10.1007/s00109-015-1351-6
http://www.ncbi.nlm.nih.gov/pubmed/26489604
http://dx.doi.org/10.1038/nrc.2017.6
http://dx.doi.org/10.1016/j.semcancer.2012.02.007
http://dx.doi.org/10.1007/s00109-015-1329-4
http://dx.doi.org/10.1097/MOH.0b013e328353c714
http://dx.doi.org/10.1146/annurev-immunol-032712-095919
http://dx.doi.org/10.1038/nature12984

Cancers 2020, 12, 2315 20 of 26

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Méndez-Ferrer, S.; Michurina, T.V.; Ferraro, E.; Mazloom, A.R.; MacArthur, B.D.; Lira, S.A.; Scadden, D.T.;
Ma’ayan, A.; Enikolopov, G.N.; Frenette, P.S. Mesenchymal and haematopoietic stem cells form a unique
bone marrow niche. Nature 2010, 466, 829-834. [CrossRef]

Ng, A.P,; Alexander, W.S. Haematopoietic stem cells: Past, present and future. Cell Death Discov. 2017, 3, 2-5.
[CrossRef]

Coughlin, T.R.; Romero-Moreno, R.; Mason, D.E.; Nystrom, L.; Boerckel, ].D.; Niebur, G.; Littlepage, L.E.
Bone: A Fertile Soil for Cancer Metastasis. Curr. Drug Targets 2017, 18, 1281-1295. [CrossRef]

Guise, T. Examining the metastatic niche: Targeting the microenvironment. Semin. Oncol. 2010, 37 (Suppl 2),
S52-S14. [CrossRef]

Roodman, G.D. Mechanisms of Bone Metastasis. N. Engl. . Med. 2004, 350, 1655-1664. [CrossRef] [PubMed]
Fazilaty, H.; Mehdipour, P. Genetics of breast cancer bone metastasis: A sequential multistep pattern.
Clin. Exp. Metastasis 2014, 31, 595-612. [CrossRef] [PubMed]

Qiao, H.; Tang, T. Engineering 3D approaches to model the dynamic microenvironments of cancer bone
metastasis. Bone Res. 2018, 6, 1-12. [CrossRef] [PubMed]

Auguste, P; Lemiere, S.; Larrieu-Lahargue, F; Bikfalvi, A. Molecular mechanisms of tumor vascularization.
Crit. Rev. Oncol. Hematol. 2005, 54, 53-61. [CrossRef]

Thiery, J.P.; Sleeman, J.P. Complex networks orchestrate epithelial-mesenchymal transitions. Nat. Rev. Mol.
Cell Biol. 2006, 7, 131-142. [CrossRef]

Douma, S.; Van Laar, T.; Zevenhoven, J.; Meuwissen, R.; Van Garderen, E.; Peeper, D.S. Suppression of anoikis
and induction of metastasis by the neurotrophic receptor TrkB. Nature 2004, 430, 1034-1040. [CrossRef]
Giancotti, EG. HHS Public Access. Cell 2013, 155, 750-764. [CrossRef]

Hensel, J.; Thalmann, G.N. Biology of Bone Metastases in Prostate Cancer. Urology 2016, 92, 6-13. [CrossRef]
[PubMed]

Fitzgerald, K.A.; Malhotra, M.; Curtin, C.M.; O'Brien, E].; O'Driscoll, C.M. Life in 3D is never flat: 3D models
to optimise drug delivery. J. Control. Release 2015, 215, 39-54. [CrossRef] [PubMed]

Kinney, M.A.; Hookway, T.A.; Wang, Y.; McDevitt, T.C. Eingineering three-diemnsional stem cell
morphogenesis for the development of tissue models and scalable regenerative therapeutics. Ann Biomed Eng.
2014, 42, 352-367. [CrossRef] [PubMed]

Grinnell, E. Fibroblast biology in three-dimensional collagen matrices. Trends Cell Biol. 2003, 13, 264-269.
[CrossRef]

Peela, N.; Sam, ES.; Christenson, W.; Truong, D.; Watson, A.W.; Mouneimne, G.; Ros, R.; Nikkhah, M. A three
dimensional micropatterned tumor model for breast cancer cell migration studies. Biomaterials 2016, 81,
72-83. [CrossRef]

Chen, S.H.; Lei, M,; Xie, X.H.; Zheng, L.Z.; Yao, D.; Wang, X.L.; Li, W.; Zhao, Z.; Kong, A.; Xiao, D.M,; et al.
PLGA/TCP composite scaffold incorporating bioactive phytomolecule icaritin for enhancement of bone
defect repair in rabbits. Acta Biomater. 2013, 9, 6711-6722. [CrossRef]

Candini, O.; Grisendi, G.; Foppiani, E.M.; Brogli, M.; Aramini, B.; Masciale, V.; Spano, C.; Petrachi, T,;
Veronesi, E.; Conte, P; et al. A Novel 3D In vitro Platform for Pre-Clinical Investigations in Drug Testing,
Gene Therapy, and Immuno-oncology. Sci. Rep. 2019, 9, 1-12. [CrossRef]

Antoni, D.; Burckel, H.; Josset, E.; Noel, G. Three-dimensional cell culture: A breakthrough in vivo. Int. J.
Mol. Sci. 2015, 16, 5517-5527. [CrossRef]

Fischbach, C.; Chen, R.; Matsumoto, T.; Schmelzle, T.; Brugge, ]J.S.; Polverini, PJ.; Mooney, D.J.
Engineering tumors with 3D scaffolds. Nat. Methods 2007, 4, 855-860. [CrossRef]

Tamaki, M.; McDonald, W.; Amberger, V.R.; Moore, E.; Del Maestro, R.F. Implantation of C6 astrocytoma
spheroid into collagen type I gels: Invasive, proliferative, and enzymatic characterizations. J. Neurosurg.
1997, 87, 602-609. [CrossRef]

Chaddad, H.; Kuchler-Bopp, S.; Fuhrmann, G.; Gegout, H.; Ubeaud-Sequier, G.; Schwinté, P.; Bornert, F.;
Benkirane-Jessel, N.; Idoux-Gillet, Y. Combining 2D angiogenesis and 3D osteosarcoma microtissues to
improve vascularization. Exp. Cell Res. 2017, 360, 138-145. [CrossRef] [PubMed]

Cheung, K.J.; Gabrielson, E.; Werb, Z.; Ewald, A.]J. Collective Invasion in Breast Cancer Requires a Conserved
Basal Epithelial Program. Cell 2013, 155, 1639-1651. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature09262
http://dx.doi.org/10.1038/cddiscovery.2017.2
http://dx.doi.org/10.2174/1389450117666161226121650
http://dx.doi.org/10.1053/j.seminoncol.2010.10.007
http://dx.doi.org/10.1056/NEJMra030831
http://www.ncbi.nlm.nih.gov/pubmed/15084698
http://dx.doi.org/10.1007/s10585-014-9642-9
http://www.ncbi.nlm.nih.gov/pubmed/24493024
http://dx.doi.org/10.1038/s41413-018-0008-9
http://www.ncbi.nlm.nih.gov/pubmed/29507817
http://dx.doi.org/10.1016/j.critrevonc.2004.11.006
http://dx.doi.org/10.1038/nrm1835
http://dx.doi.org/10.1038/nature02765
http://dx.doi.org/10.1016/j.cell.2013.10.029
http://dx.doi.org/10.1016/j.urology.2015.12.039
http://www.ncbi.nlm.nih.gov/pubmed/26768714
http://dx.doi.org/10.1016/j.jconrel.2015.07.020
http://www.ncbi.nlm.nih.gov/pubmed/26220617
http://dx.doi.org/10.1007/s10439-013-0953-9
http://www.ncbi.nlm.nih.gov/pubmed/24297495
http://dx.doi.org/10.1016/S0962-8924(03)00057-6
http://dx.doi.org/10.1016/j.biomaterials.2015.11.039
http://dx.doi.org/10.1016/j.actbio.2013.01.024
http://dx.doi.org/10.1038/s41598-019-43613-9
http://dx.doi.org/10.3390/ijms16035517
http://dx.doi.org/10.1038/nmeth1085
http://dx.doi.org/10.3171/jns.1997.87.4.0602
http://dx.doi.org/10.1016/j.yexcr.2017.08.035
http://www.ncbi.nlm.nih.gov/pubmed/28867479
http://dx.doi.org/10.1016/j.cell.2013.11.029
http://www.ncbi.nlm.nih.gov/pubmed/24332913

Cancers 2020, 12, 2315 21 of 26

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Vellinga, T.T.; Den Uil, S.; Rinkes, I.; Marvin, D.; Ponsioen, B.; Alvarez-Varela, A.; Fatrai, S.; Scheele, C.;
Zwijnenburg, D.A.; Snippert, H.; et al. Collagen-rich stroma in aggressive colon tumors induces mesenchymal
gene expression and tumor cell invasion. Oncogene 2016, 35, 5263-5271. [CrossRef] [PubMed]

O’Rourke, K.P,; Loizou, E.; Livshits, G.; Schatoff, E.M.; Baslan, T.; Manchado, E.; Simon, J.; Romesser, P.;
Leach, B.; Han, T,; et al. Transplantation of engineered organoids enables rapid generation of metastatic
mouse models of colorectal cancer HHS Public Access Author manuscript. Nat Biotechnol 2017, 35, 577-582.
[CrossRef]

Pathi, S.P.; Kowalczewski, C.; Tadipatri, R.; Fischbach, C. A novel 3-D mineralized tumor model to study
breast cancer bone metastasis. PLoS ONE 2010, 5. [CrossRef]

Talukdar, S.; Mandal, M.; Hutmacher, D.W.; Russell, PJ.; Soekmadji, C.; Kundu, S.C. Engineered silk fibroin
protein 3D matrices for in vitro tumor model. Ipswich Rd 2011. [CrossRef]

Cox, R.F,; Hernandez-Santana, A.; Ramdass, S.; McMahon, G.; Harmey, ].H.; Morgan, M.P. Microcalcifications
in breast cancer: Novel insights into the molecular mechanism and functional consequence of mammary
mineralisation. Br. J. Cancer 2012, 106, 525-537. [CrossRef]

Marlow, R.; Honeth, G.; Lombardi, S.; Cariati, M.; Hessey, S.; Pipili, A.; Mariotti, V.; Buchupalli, B.; Foster, K.;
Bonnet, D.; et al. A novel model of dormancy for bone metastatic breast cancer cells. Cancer Res. 2013, 73,
6886—6899. [CrossRef]

Shahi Thakuri, P; Liu, C.; Luker, G.D.; Pitcher Place, Z.; Arbor, A.; Hossein Tavana, U. Biomaterials-Based
Approaches to Tumor Spheroid and Organoid Modeling The table of contents entry HHS Public Access.
Adv. Healthc. Mater. 2018, 7, 1700980. [CrossRef]

Sieh, S.; Lubik, A.A.; Clements, J.A.; Nelson, C.C.; Hutmacher, D.W. Interactions between human osteoblasts
and prostate cancer cells in a novel 3D in vitro model. Organogenesis 2010, 6, 181-188. [CrossRef]

Fong, ELS;; Wan, X;; Yang, ], Morgado, M.; Mikos, A.G.; Harrington, D.A.; Navone, N.M,;
Farach-Carson, M.C. A 3D in vitro model of patient-derived prostate cancer xenograft for controlled
interrogation of in vivo tumor-stromal interactions. Biomaterials 2016, 77, 164-172. [CrossRef] [PubMed]
Godugu, C.; Patel, A.R,; Desai, U.; Andey, T.; Sams, A.; Singh, M. AlgiMatrixTM Based 3D Cell Culture
System as an In-Vitro Tumor Model for Anticancer Studies. PLoS ONE 2013, 8, €53708. [CrossRef] [PubMed]
Dai, X.; Ma, C; Lan, Q.; Xu, T. 3D Bioprinted Glioma Stem Cells for Brain Tumor Model and Applications of
Drug Susceptibility—IOPscience. Available online: https://iopscience.iop.org/article/10.1088/1758-5090/8/4/045005
(accessed on 11 May 2020).

Phan, N.; Hong, J.J.; Tofig, B.; Mapua, M.; Elashoff, D.; Moatamed, N.A.; Huang, J.; Memarzadeh, S.;
Damoiseaux, R.; Soragni, A. A simple high-throughput approach identifies actionable drug sensitivities in
patient-derived tumor organoids. Commun. Biol. 2019, 2, 1-11. [CrossRef] [PubMed]

Mollica, P.A.; Booth-Creech, E.N.; Reid, J.A.; Zamponi, M.; Sullivan, S.M.; Palmer, X.L.; Sachs, P.C,;
Bruno, R.D. 3D bioprinted mammary organoids and tumoroids in human mammary derived ECM hydrogels.
Acta Biomater. 2019, 95, 201-213. [CrossRef] [PubMed]

Sardi, M.; Lubitz, A.; Giese, C. Modeling Human Immunity In vitro: Improving Artificial Lymph Node
Physiology by Stromal Cells. Appl. Vitr. Toxicol. 2016, 2, 143-150. [CrossRef]

Sood, D.; Tang-Schomer, M.; Pouli, D.; Mizzoni, C.; Raia, N.; Tai, A.; Arkun, K,; Wu, J.; Black, L.D;
Scheffler, B.; et al. 3D extracellular matrix microenvironment in bioengineered tissue models of primary
pediatric and adult brain tumors. Nat. Commun. 2019, 10, 1-14. [CrossRef]

Grikscheit, K.; Frank, T.; Wang, Y.; Grosse, R. Junctional actin assembly is mediated by Formin-like 2
downstream of Racl. J. Cell Biol. 2015, 209, 367-376. [CrossRef]

Lal-Nag, M.; McGee, L.; Guha, R.; Lengyel, E.; Kenny, H.A.; Ferrer, M. A High-Throughput Screening Model
of the Tumor Microenvironment for Ovarian Cancer Cell Growth. SLAS Discov. Adv. Sci. Drug Discov. 2017,
22,494-506. [CrossRef]

Yeung, P; Sin, H.S.; Chan, S.; Chan, G.C.E; Chan, B.P. Microencapsulation of Neuroblastoma Cells and
Mesenchymal Stromal Cells in Collagen Microspheres: A 3D Model for Cancer Cell Niche Study. PLoS ONE
2015, 10, e0144139. [CrossRef]

Li, C,; Zhao, S.; Zhao, Y,; Qian, Y,; Li, J.; Yin, Y. Chemically crosslinked alginate porous microcarriers modified
with bioactive molecule for expansion of human hepatocellular carcinoma cells. . Biomed. Mater. Res. Part B
Appl. Biomater. 2014, 102, 1648-1658. [CrossRef]


http://dx.doi.org/10.1038/onc.2016.60
http://www.ncbi.nlm.nih.gov/pubmed/26996663
http://dx.doi.org/10.1038/nbt.3837
http://dx.doi.org/10.1371/journal.pone.0008849
http://dx.doi.org/10.1016/j.biomaterials.2010.11.052
http://dx.doi.org/10.1038/bjc.2011.583
http://dx.doi.org/10.1158/0008-5472.CAN-13-0991
http://dx.doi.org/10.1002/adhm.201700980
http://dx.doi.org/10.4161/org.6.3.12041
http://dx.doi.org/10.1016/j.biomaterials.2015.10.059
http://www.ncbi.nlm.nih.gov/pubmed/26599623
http://dx.doi.org/10.1371/journal.pone.0053708
http://www.ncbi.nlm.nih.gov/pubmed/23349734
https://iopscience.iop.org/article/10.1088/1758-5090/8/4/045005
http://dx.doi.org/10.1038/s42003-019-0305-x
http://www.ncbi.nlm.nih.gov/pubmed/30820473
http://dx.doi.org/10.1016/j.actbio.2019.06.017
http://www.ncbi.nlm.nih.gov/pubmed/31233891
http://dx.doi.org/10.1089/aivt.2016.0004
http://dx.doi.org/10.1038/s41467-019-12420-1
http://dx.doi.org/10.1083/jcb.201412015
http://dx.doi.org/10.1177/2472555216687082
http://dx.doi.org/10.1371/journal.pone.0144139
http://dx.doi.org/10.1002/jbm.b.33150

Cancers 2020, 12, 2315 22 of 26

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Krishnan, V.; Shuman, L.A.; Sosnoski, D.M.; Dhurjati, R.; Vogler, E.A.; Mastro, A.M. Dynamic interaction
between breast cancer cells and osteoblastic tissue: Comparison of Two- and Three-dimensional cultures.
J. Cell. Physiol. 2011, 226, 2150-2158. [CrossRef] [PubMed]

Dhurjati, R.; Krishnan, V.; Shuman, L.A.; Mastro, A.M.; Vogler, E.A. Metastatic breast cancer cells colonize
and degrade three-dimensional osteoblastic tissue in vitro. Clin. Exp. Metastasis 2008, 25, 741-752. [CrossRef]
[PubMed]

Sung, S.Y.; Hsieh, C.L.; Law, A.; Zhau, H.E; Pathak, S.; Multani, A.S.; Lim, S.; Coleman, LM.; Wu, L.C,;
Figg, W.D.; et al. Coevolution of prostate cancer and bone stroma in three-dimensional coculture:
Implications for cancer growth and metastasis. Cancer Res. 2008, 68, 9996-10003. [CrossRef] [PubMed]
Brancato, V,; Garziano, A.; Gioiella, E; Urciuolo, F; Imparato, G.; Panzetta, V.; Fusco, S.; Netti, P.A. 3D is not
enough: Building up a cell instructive microenvironment for tumoral stroma microtissues. Acta Biomater.
2017, 47, 1-13. [CrossRef] [PubMed]

Brancato, V.; Gioiella, F,; Profeta, M.; Imparato, G.; Guarnieri, D.; Urciuolo, F; Melone, P.; Netti, P.A. 3D tumor
microtissues as an in vitro testing platform for microenvironmentally-triggered drug delivery systems.
Acta Biomater. 2017, 57, 47-58. [CrossRef] [PubMed]

Gioiella, E; Urciuolo, F.; Imparato, G.; Brancato, V.; Netti, PA. An Engineered Breast Cancer Model on a Chip
to Replicate ECM-Activation In vitro during Tumor Progression. Adv. Healthc. Mater. 2016, 5, 3074-3084.
[CrossRef] [PubMed]

Pradhan, S.; Clary, ].M.; Seliktar, D.; Lipke, E.A. A three-dimensional spheroidal cancer model based on
PEG-fibrinogen hydrogel microspheres. Biomaterials 2017, 115, 141-154. [CrossRef]

Zhuo, S.; Chen, ].; Xie, S.; Hong, Z.; Jiang, X. Extracting diagnostic stromal organization features based on
intrinsic two-photon excited fluorescence and second-harmonic generation signals. J. Biomed. Opt. 2009,
14, 020503. [CrossRef] [PubMed]

Zervantonakis, 1.K.; Hughes-Alford, SK.; Charest, J.L.; Condeelis, ].S.; Gertler, EB.; Kamm, R.D.
Three-dimensional microfluidic model for tumor cell intravasation and endothelial barrier function. Proc. Natl.
Acad. Sci. USA 2012, 109, 13515-13520. [CrossRef] [PubMed]

Bersini, S.; Jeon, J.S.; Dubini, G.; Arrigoni, C.; Chung, S.; Charest, J.L.; Moretti, M.; Kamm, R.D. A microfluidic
3D invitro model for specificity of breast cancer metastasis to bone. Biomaterials 2014, 35, 2454-2461.
[CrossRef] [PubMed]

Jeon, ].S.; Bersini, S.; Gilardi, M.; Dubini, G.; Charest, J.L.; Moretti, M.; Kamm, R.D. Human 3D vascularized
organotypic microfluidic assays to study breast cancer cell extravasation. Proc. Natl. Acad. Sci. USA 2015,
112,214-219. [CrossRef] [PubMed]

Hsiao, A.Y.; Torisawa, Y.S.; Tung, Y.C.; Sud, S.; Taichman, R.S.; Pienta, K.J.; Takayama, S. Microfluidic system
for formation of PC-3 prostate cancer co-culture spheroids. Biomaterials 2009, 30, 3020-3027. [CrossRef]
[PubMed]

Sitarski, A.M.; Fairfield, H.; Falank, C.; Reagan, M.R. 3D Tissue Engineered in vitro Models of Cancer in
Bone. ACS Biomater. Sci. Eng. 2018, 4, 324-336. [CrossRef] [PubMed]

Kumar, V.; Varghese, S. Ex vivo Tumor-on-a-Chip Platforms to Study Intercellular Interactions within the
Tumor Microenvironment. Adv. Healthc. Mater. 2019, 8, 1-12. [CrossRef]

Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368-373. [CrossRef]

Huh, D.; Matthews, B.D.,; Mammoto, A.; Montoya-Zavala, M.; Yuan Hsin, H.; Ingber, D.E.
Reconstituting organ-level lung functions on a chip. Science 2010, 328, 1662-1668. [CrossRef]

Xu, Z.; Li, E,; Guo, Z,; Yu, R.;; Hao, H.; Xu, Y,; Sun, Z; Li, X;; Lyu, J.; Wang, Q. Design and Construction
of a Multi-Organ Microfluidic Chip Mimicking the in vivo Microenvironment of Lung Cancer Metastasis.
ACS Appl. Mater. Interfaces 2016, 8, 25840-25847. [CrossRef]

Lanz, HL.; Saleh, A.; Kramer, B.; Cairns, J.; Ng, C.P; Yu, J.; Trietsch, S.J.; Hankemeier, T.; Joore, J.;
Vulto, P; et al. Therapy response testing of breast cancer in a 3D high-throughput perfused microfluidic
platform. BMC Cancer 2017, 17, 709. [CrossRef]

Edington, C.D.; Chen, WL.K,; Geishecker, E.; Kassis, T.; Soenksen, L.R.; Bhushan, BM.; Freake, D.;
Kirschner, J.; Maass, C.; Tsamandouras, N.; et al. Interconnected Microphysiological Systems for Quantitative
Biology and Pharmacology Studies. Sci. Rep. 2018, 8, 1-18. [CrossRef]

Vanderburgh, J.; Sterling, J.A.; Guelcher, S.A. 3D Printing of Tissue Engineered Constructs for In vitro
Modeling of Disease Progression and Drug Screening. Ann. Biomed. Eng. 2017, 45, 164-179. [CrossRef]


http://dx.doi.org/10.1002/jcp.22550
http://www.ncbi.nlm.nih.gov/pubmed/21520067
http://dx.doi.org/10.1007/s10585-008-9185-z
http://www.ncbi.nlm.nih.gov/pubmed/18543066
http://dx.doi.org/10.1158/0008-5472.CAN-08-2492
http://www.ncbi.nlm.nih.gov/pubmed/19047182
http://dx.doi.org/10.1016/j.actbio.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27721010
http://dx.doi.org/10.1016/j.actbio.2017.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28483691
http://dx.doi.org/10.1002/adhm.201600772
http://www.ncbi.nlm.nih.gov/pubmed/27925458
http://dx.doi.org/10.1016/j.biomaterials.2016.10.052
http://dx.doi.org/10.1117/1.3088029
http://www.ncbi.nlm.nih.gov/pubmed/19405709
http://dx.doi.org/10.1073/pnas.1210182109
http://www.ncbi.nlm.nih.gov/pubmed/22869695
http://dx.doi.org/10.1016/j.biomaterials.2013.11.050
http://www.ncbi.nlm.nih.gov/pubmed/24388382
http://dx.doi.org/10.1073/pnas.1417115112
http://www.ncbi.nlm.nih.gov/pubmed/25524628
http://dx.doi.org/10.1016/j.biomaterials.2009.02.047
http://www.ncbi.nlm.nih.gov/pubmed/19304321
http://dx.doi.org/10.1021/acsbiomaterials.7b00097
http://www.ncbi.nlm.nih.gov/pubmed/29756030
http://dx.doi.org/10.1002/adhm.201801198
http://dx.doi.org/10.1038/nature05058
http://dx.doi.org/10.1126/science.1188302
http://dx.doi.org/10.1021/acsami.6b08746
http://dx.doi.org/10.1186/s12885-017-3709-3
http://dx.doi.org/10.1038/s41598-018-22749-0
http://dx.doi.org/10.1007/s10439-016-1640-4

Cancers 2020, 12, 2315 23 of 26

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Mou, H.; Wang, J.; Hu, H.; Xu, W.; Chen, Q. Non-small cell lung cancer 95D cells co-cultured with
3D-bioprinted scaffold to construct a lung cancer model in vitro. Zhonghua Zhong Liu Za Zhi 2015, 37, 736-740.
[PubMed]

Ling, K.; Huang, G.; Liu, ].; Zhang, X.; Ma, Y.; Lu, T.; Xu, E. Bioprinting-Based High-Throughput Fabrication of
Three-Dimensional MCF-7 Human Breast Cancer Cellular Spheroids. Engineering 2015, 1, 269-274. [CrossRef]
Huang, T.Q.; Qu, X;; Liu, J.; Chen, S. 3D printing of biomimetic microstructures for cancer cell migration.
Biomed. Microdevices 2014, 16, 127-132. [CrossRef]

Zhu, C.; He, L.; Zhou, X.; Nie, X.; Gu, Y. Sulfatase 2 promotes breast cancer progression through regulating
some tumor-related factors. Oncol. Rep. 2016, 35, 1318-1328. [CrossRef]

Liu, T,; Delavaux, C.; Zhang, Y.S. 3D bioprinting for oncology applications. J. 3D Print. Med. 2019, 3, 55-58.
[CrossRef] [PubMed]

Meng, E; Meyer, C.M.; Joung, D.; Vallera, D.A.; McAlpine, M.C.; Panoskaltsis-Mortari, A. 3D Bioprinted
In vitro Metastatic Models via Reconstruction of Tumor Microenvironments. Adv. Mater. 2019, 31, 1-10.
[CrossRef]

Stanton, M.M.; Samitier, ].; Sanchez, S. Bioprinting of 3D hydrogels. Lab Chip 2015, 15, 3111-3115. [CrossRef]
Sutherland, R.M.; Inch, W.R.; McCredie, J.A.; Kruuv, J. A multi-component radiation survival curve using an
in vitro tumour model. Int. ]. Radiat. Biol. 1970, 18, 491-495.

Grimes, D.R; Fletcher, A.G.; Partridge, M. Oxygen consumption dynamics in steady-state tumour models
Author for correspondence. J. R. Soc. Interface 2014, 1. [CrossRef]

Kelm, ] M.; Timmins, N.E.; Brown, C.J.; Fussenegger, M.; Nielsen, L.K. Method for generation of homogeneous
multicellular tumor spheroids applicable to a wide variety of cell types. Biotechnol. Bioeng. 2003, 83, 173-180.
[CrossRef]

Page, H.; Flood, P; Reynaud, E.G. Three-dimensional tissue cultures: Current trends and beyond.
Cell Tissue Res. 2013, 352, 123-131. [CrossRef] [PubMed]

Cortini, M.; Baldini, N.; Avnet, S. New advances in the study of bone tumors: A lesson from the 3D
environment. Front. Physiol. 2019, 10, 814. [CrossRef] [PubMed]

Tevis, K.M.; Colson, Y.L.; Grinstaff, M.W.; Colson, Y.; Author, A.B. Embedded Spheroids as Models of the
Cancer Microenvironment Corresponding Authors HHS Public Access Author manuscript. Adv Biosyst
2017, 1. [CrossRef] [PubMed]

Van De Wetering, M.; Francies, H.E.; Francis, ].M.; Bounova, G.; Iorio, E; Pronk, A.; Van Houdt, W.;
Van Gorp, J.; Taylor-Weiner, A.; Kester, L.; et al. The Netherlands 3 Wellcome Trust Sanger Institute,
Wellcome Trust Genome Campus. Cell 2015, 161, 933-945. [CrossRef]

Pauli, C.; Hopkins, B.D.; Prandi, D.; Shaw, R.; Fedrizzi, T.; Sboner, A.; Sailer, V.; Augello, M.; Puca, L.;
Rosati, R.; et al. Personalized in vitro and in vivo cancer models to guide precision medicine. Cancer Discov.
2017, 7, 462-477. [CrossRef]

Fang, Y.; Eglen, R.M. Three-Dimensional Cell Cultures in Drug Discovery and Development. SLAS Discov.
Adv. Life Sci. R&D 2017, 247255521769679. [CrossRef]

Lancaster, M.A.; Knoblich, J.A. Organogenesis in a dish: Modeling development and disease using organoid
technologies. Science 2014, 345, 1247125. [CrossRef]

Kwon, H.; Sun, L.; Cairns, D.M.; Rainbow, R.S.; Preda, R.C.; Kaplan, D.L.; Zeng, L. The influence of scaffold
material on chondrocytes under inflammatory conditions. Acta Biomater. 2013, 9, 6563-6575. [CrossRef]
Hiraga, T.; Myoui, A.; Hashimoto, N.; Sasaki, A.; Hata, K.; Morita, Y.; Yoshikawa, H.; Rosen, C.J.; Mundy, G.R,;
Yoneda, T. Bone-Derived IGF Mediates Crosstalk between Bone and Breast Cancer Cells in Bony Metastases.
Cancer Res. 2012, 72, 4238-4249. [CrossRef]

Malda, J.; Klein, T.].; Upton, Z. The roles of hypoxia in the in vitro engineering of tissues. Tissue Eng. 2007,
13,2153-2162. [CrossRef]

Keith, B.; Johnson, R.S.; Simon, M.C. HIF1 « and HIF2 «: Sibling rivalry in hypoxic tumour growth and
progression. Nat. Rev. Cancer 2012, 12, 9-22. [CrossRef]

Johnson, R.W.; Sowder, M.E.; Giaccia, A.J. Hypoxia and Bone Metastatic Disease. Curr. Osteoporos. Rep. 2017,
15,231-238. [CrossRef] [PubMed]

Spencer, J.A.; Ferraro, F.; Roussakis, E.; Klein, A.; Wu, J.; Runnels, ] M.; Zaher, W.; Mortensen, L.J.; Alt, C.;
Turcotte, R.; et al. Direct measurement of local oxygen concentration in the bone marrow of live animals.
Nature 2014, 508, 269-273. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/26813591
http://dx.doi.org/10.15302/J-ENG-2015062
http://dx.doi.org/10.1007/s10544-013-9812-6
http://dx.doi.org/10.3892/or.2015.4525
http://dx.doi.org/10.2217/3dp-2019-0004
http://www.ncbi.nlm.nih.gov/pubmed/31258934
http://dx.doi.org/10.1002/adma.201806899
http://dx.doi.org/10.1039/C5LC90069G
http://dx.doi.org/10.1098/rsos.140080
http://dx.doi.org/10.1002/bit.10655
http://dx.doi.org/10.1007/s00441-012-1441-5
http://www.ncbi.nlm.nih.gov/pubmed/22729488
http://dx.doi.org/10.3389/fphys.2019.00814
http://www.ncbi.nlm.nih.gov/pubmed/31316395
http://dx.doi.org/10.1002/adbi.201700083
http://www.ncbi.nlm.nih.gov/pubmed/30221187
http://dx.doi.org/10.1016/j.cell.2015.03.053
http://dx.doi.org/10.1158/2159-8290.CD-16-1154
http://dx.doi.org/10.1177/2472555217696795
http://dx.doi.org/10.1126/science.1247125
http://dx.doi.org/10.1016/j.actbio.2013.01.004
http://dx.doi.org/10.1158/0008-5472.CAN-11-3061
http://dx.doi.org/10.1089/ten.2006.0417
http://dx.doi.org/10.1038/nrc3183
http://dx.doi.org/10.1007/s11914-017-0378-8
http://www.ncbi.nlm.nih.gov/pubmed/28597139
http://dx.doi.org/10.1038/nature13034
http://www.ncbi.nlm.nih.gov/pubmed/24590072

Cancers 2020, 12, 2315 24 of 26

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Mohyeldin, A.; Garzén-Muvdi, T.; Quifiones-Hinojosa, A. Oxygen in stem cell biology: A critical component
of the stem cell niche. Cell Stem Cell 2010, 7, 150-161. [CrossRef] [PubMed]

Minardi, S.; Sandri, M.; Martinez, J.O.; Yazdi, I.K,; Liu, X.; Ferrari, M.; Weiner, B.K.; Tampieri, A.; Tasciotti, E.
Multiscale Patterning of a Biomimetic Scaffold Integrated with Composite Microspheres. Small 2014, 10,
3943-3953. [CrossRef]

Liverani, C.; De Vita, A.; Minardi, S.; Kang, Y.; Mercatali, L.; Amadori, D.; Bongiovanni, A.; La Manna, F,;
Ibrahim, T.; Tasciotti, E. A biomimetic 3D model of hypoxia-driven cancer progression. Sci. Rep. 2019, 9,
1-13. [CrossRef]

Prat, A.; Perou, C.M. Deconstructing the molecular portraits of breast cancer. Mol. Oncol. 2011, 5, 5-23.
[CrossRef]

Sourla, A.; Doillon, C.; Koutsilieris, M. Three-dimensional type I collagen gel system containing MG-63
osteoblasts-like cells as a model for studying local bone reaction caused by metastatic cancer cells.
Anticancer Res. 1996, 16, 2773-2780.

Jin, M.Z; Han, R.R;; Qiu, G.Z.; Ju, X.C,; Lou, G.; Jin, W.L. Organoids: An intermediate modeling platform in
precision oncology. Cancer Lett. 2018, 414, 174-180. [CrossRef]

Liu, M,; Zeng, X.; Ma, C.; Yi, H,; Ali, Z.; Mou, X,; Li, S.; Deng, Y.; He, N. Injectable hydrogels for cartilage and
bone tissue engineering. Bone Res. 2017, 5. [CrossRef]

Xu, X.; Farach-Carson, M.C.; Jia, X. Three-dimensional in vitro tumor models for cancer research and drug
evaluation. Biotechnol. Adv. 2014, 32, 1256-1268. [CrossRef] [PubMed]

Fong, E.L.S.; Martinez, M.; Yang, J.; Mikos, A.G.; Navone, N.M.; Harrington, D.A.; Farach-Carson, M.C.
Hydrogel-based 3D model of patient-derived prostate xenograft tumors suitable for drug screening.
Mol. Pharm. 2014, 11, 2040-2050. [CrossRef] [PubMed]

Huang, Y.J.; Hsu, S. hui Acquisition of epithelial-mesenchymal transition and cancer stem-like phenotypes
within chitosan-hyaluronan membrane-derived 3D tumor spheroids. Biomaterials 2014, 35, 10070-10079.
[CrossRef] [PubMed]

Sung, K.E.; Beebe, D.J. Microfluidic 3D models of cancer. Adv. Drug Deliv. Rev. 2014, 79, 68-78. [CrossRef]
[PubMed]

Guller, A.E.; Grebenyuk, P.N.; Shekhter, A.B.; Zvyagin, A.V.; Deyev, S.M. Bioreactor-Based Tumor Tissue
Engineering. Acta Naturae 2016, 8, 44. [CrossRef] [PubMed]

Hickman, J.A.; Graeser, R.; de Hoogt, R.; Vidic, S.; Brito, C.; Gutekunst, M.; van der Kuip, H. Imi Predect
consortium Three-dimensional models of cancer for pharmacology and cancer cell biology: Capturing tumor
complexity in vitro/ex vivo. Biotechnol. ]. 2014, 9, 1115-1128. [CrossRef]

Paolillo, M.; Colombo, R.; Serra, M.; Belvisi, L.; Papetti, A.; Ciusani, E.; Comincini, S.; Schinelli, S.
Stem-like Cancer Cells in a Dynamic 3D Culture System: A Model to Study Metastatic Cell Adhesion and
Anti-cancer Drugs. Cells 2019, 8, 1434. [CrossRef]

Becker, ].L.; Souza, G.R. Using space-based investigations to inform cancer research on Earth. Nat. Rev. Cancer
2013, 13, 315-327. [CrossRef]

Sontheimer-Phelps, A.; Hassell, B.A.; Ingber, D.E. Modelling cancer in microfluidic human organs-on-chips.
Nat. Rev. Cancer 2019, 19, 65-81. [CrossRef]

Chung, M.; Ahn, J.; Son, K,; Kim, S.; Jeon, N.L. Biomimetic Model of Tumor Microenvironment on Microfluidic
Platform. Adv. Healthc. Mater. 2017, 6. [CrossRef]

Mitchell, M.].; King, M.R. Computational and experimental models of cancer cell response to fluid shear
stress. Front. Oncol. 2013, 3, 44. [CrossRef] [PubMed]

Phillips, K.G.; Kuhn, P.; McCarty, O.J.T. Physical biology in cancer. 2. The physical biology of circulating
tumor cells. Am. J. Physiol. Cell Physiol. 2014, 306. [CrossRef] [PubMed]

Boussommier-Calleja, A.; Li, R.; Chen, M.B.; Wong, S.C.; Kamm, R.D. Microfluidics: A New Tool for Modeling
Cancer-Immune Interactions. Trends Cancer 2016, 2, 6-19. [CrossRef] [PubMed]

Buchanan, C.F; Voigt, E.E.; Szot, C.S.; Freeman, ].W.; Vlachos, P.P; Rylander, M.N. Three-dimensional
microfluidic collagen hydrogels for investigating flow-mediated tumor-endothelial signaling and vascular
organization. Tissue Eng. Part C Methods 2014, 20, 64-75. [CrossRef]

Park, S.E.; Georgescu, A.; Huh, D. Organoids on a chip. Science 2019, 965, 837-842. [CrossRef]


http://dx.doi.org/10.1016/j.stem.2010.07.007
http://www.ncbi.nlm.nih.gov/pubmed/20682444
http://dx.doi.org/10.1002/smll.201401211
http://dx.doi.org/10.1038/s41598-019-48701-4
http://dx.doi.org/10.1016/j.molonc.2010.11.003
http://dx.doi.org/10.1016/j.canlet.2017.11.021
http://dx.doi.org/10.1038/boneres.2017.14
http://dx.doi.org/10.1016/j.biotechadv.2014.07.009
http://www.ncbi.nlm.nih.gov/pubmed/25116894
http://dx.doi.org/10.1021/mp500085p
http://www.ncbi.nlm.nih.gov/pubmed/24779589
http://dx.doi.org/10.1016/j.biomaterials.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25282622
http://dx.doi.org/10.1016/j.addr.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25017040
http://dx.doi.org/10.32607/20758251-2016-8-3-44-58
http://www.ncbi.nlm.nih.gov/pubmed/27795843
http://dx.doi.org/10.1002/biot.201300492
http://dx.doi.org/10.3390/cells8111434
http://dx.doi.org/10.1038/nrc3507
http://dx.doi.org/10.1038/s41568-018-0104-6
http://dx.doi.org/10.1002/adhm.201700196
http://dx.doi.org/10.3389/fonc.2013.00044
http://www.ncbi.nlm.nih.gov/pubmed/23467856
http://dx.doi.org/10.1152/ajpcell.00294.2013
http://www.ncbi.nlm.nih.gov/pubmed/24133063
http://dx.doi.org/10.1016/j.trecan.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26858990
http://dx.doi.org/10.1089/ten.tec.2012.0731
http://dx.doi.org/10.1126/science.aaw7894

Cancers 2020, 12, 2315 25 of 26

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Apoorva, F; Loiben, A.M.; Shah, S.B.; Purwada, A.; Fontan, L.; Goldstein, R.; Kirby, B.].; Melnick, A.M.;
Cosgrove, B.D.; Singh, A. How Biophysical Forces Regulate Human B Cell Lymphomas. Cell Rep. 2018, 23,
499-511. [CrossRef]

Ando, Y.; Ta, H.P; Yen, D.P; Lee, S.S.; Raola, S.; Shen, K. A microdevice platform recapitulating hypoxic
tumor microenvironments. Sci. Rep. 2017, 7. [CrossRef]

Takebe, T.; Zhang, B.; Radisic, M. Synergistic Engineering: Organoids Meet Organs-on-a-Chip. Cell Stem Cell
2017, 21, 297-300. [CrossRef]

Fan, H.; Demirci, U.; Chen, P. Emerging organoid models: Leaping forward in cancer research.
J. Hematol. Oncol. 2019, 12, 1-10. [CrossRef]

Charbe, N.; Mccarron, P.A.; Tambuwala, M.M. Three-dimensional bio-printing: A new frontier in oncology
research. World J. Clin. Oncol. 2017, 8, 21-36. [CrossRef]

Zhang, Y.S.; Arneri, A.; Bersini, S.; Shin, S.-R.; Zhu, K.; Goli-Malekabadi, Z.; Aleman, J.; Colosi, C.;
Busignani, F,; Dell’Erba, V.; et al. Bioprinting 3D microfibrous scaffolds for engineering endothelialized
myocardium and heart-on-a-chip. Biomaterials 2016, 110, 45-59. [CrossRef] [PubMed]

Soman, P; Kelber, J.A.; Lee, ]JW.; Wright, T.N.; Vecchio, K.S.; Klemke, R.L.; Chen, S. Cancer cell migration
within 3D layer-by-layer microfabricated photocrosslinked PEG scaffolds with tunable stiffness. Biomaterials
2012, 33, 7064-7070. [CrossRef] [PubMed]

Zhu, W.; Castro, N.J.; Cui, H.; Zhou, X.; Boualam, B.; McGrane, R.; Glazer, R.I,; Zhang, L.G. A 3D Printed
Nano Bone Matrix for Characterization of Breast Cancer Cell and Osteoblast Interactions. Nanotechnology
2016, 27, 315103. [CrossRef] [PubMed]

Katt, M.E.; Placone, A.L.; Wong, A.D.; Xu, Z.S.; Searson, P.C. In vitro tumor models: Advantages,
disadvantages, variables, and selecting the right platform. Front. Bioeng. Biotechnol. 2016, 4, 12. [CrossRef]
Bellido, T.; Delgado-Calle, J. Ex vivo Organ Cultures as Models to Study Bone Biology. JBMR Plus 2020, 4,
1-10. [CrossRef]

Staines, K.A.; Brown, G.; Farquharson, C. The Ex Vivo Organ Culture of Bone. In Methods in Molecular Biology;
Humana Press Inc.: Totowa, NJ, USA, 2019; Volume 1914, pp. 199-215.

Lovitt, C.J.; Shelper, T.B.; Avery, V.M. Cancer drug discovery: Recent innovative approaches to tumor
modeling. Expert Opin. Drug Discov. 2016, 11, 885-894. [CrossRef]

van der Kuip, H.; Miirdter, T.E.; Sonnenberg, M.; McClellan, M.; Gutzeit, S.; Gerteis, A.; Simon, W,; Fritz, P,;
Aulitzky, W.E. Short term culture of breast cancer tissues to study the activity of the anticancer drug taxol in
an intact tumor environment. BMC Cancer 2006, 6, 86. [CrossRef]

Place, T.L.; Domann, FE.; Case, A.J. Limitations of oxygen delivery to cells in culture: An underappreciated
problem in basic and translational research. Free Radic. Biol. Med. 2017, 113, 311-322. [CrossRef]

Nath, S.; Devi, G.R. Three-dimensional culture systems in cancer research: Focus on tumor spheroid model.
Pharmacol. Ther. 2016, 163, 94-108. [CrossRef]

Davies, E.J.; Dong, M.; Gutekunst, M.; Narhi, K.; Wedge, S.R.; Hillstrom, T.M.; Schueler, J.; Weerden, W.M.
Van Capturing complex tumour biology in vitro: Histological and molecular characterisation of precision
cut slices. Nat. Publ. Gr. 2015, 1-17. [CrossRef]

Davies, E.; Jones, A.; Cumberbatch, M.; Eberlein, C.; Pritchard, A.; Gray, N.; Wedge, S.; Smalley, M.; Barry, S.;
Park, A. Tissue Slice Culture: An ex-vivo tumour culture platform for pharmacodynamic analysis and dose
response readouts. 2013, p. 115188. Available online: http://www.predect.eu/midcom-serveattachmentguid-
1e2e57d7518d94ce57d11e285b7859e50d023802380/201211_bacr-davies.pdf (accessed on 10 May 2020).
Pinto, C.; Estrada, M.E,; Brito, C. In Vitro and Ex Vivo Models—The Tumor Microenvironment in a Flask.
In Advances in Experimental Medicine and Biology; Springer: Berlin/Heidelberg, Germany, 2020; Volume 1219,
pp- 431-443.

Tanos, T.; Sflomos, G.; Echeverria, P.C.; Ayyanan, A.; Gutierrez, M.; Delaloye, J.F,; Raffoul, W.; Fiche, M.;
Dougall, W.; Schneider, P; et al. Progesterone/RANKL is a major regulatory axis in the human breast.
Sci. Transl. Med. 2013, 5, 182ra55. [CrossRef] [PubMed]

Muraro, M.G.; Muenst, S.; Mele, V.; Quagliata, L.; Iezzi, G.; Tzankov, A.; Weber, W.P.; Spagnoli, G.C.;
Soysal, S.D. Ex-vivo assessment of drug response on breast cancer primary tissue with preserved
microenvironments. Oncoimmunology 2017, e1331798. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.celrep.2018.03.069
http://dx.doi.org/10.1038/s41598-017-15583-3
http://dx.doi.org/10.1016/j.stem.2017.08.016
http://dx.doi.org/10.1186/s13045-019-0832-4
http://dx.doi.org/10.5306/wjco.v8.i1.21
http://dx.doi.org/10.1016/j.biomaterials.2016.09.003
http://www.ncbi.nlm.nih.gov/pubmed/27710832
http://dx.doi.org/10.1016/j.biomaterials.2012.06.012
http://www.ncbi.nlm.nih.gov/pubmed/22809641
http://dx.doi.org/10.1088/0957-4484/27/31/315103
http://www.ncbi.nlm.nih.gov/pubmed/27346678
http://dx.doi.org/10.3389/fbioe.2016.00012
http://dx.doi.org/10.1002/jbm4.10345
http://dx.doi.org/10.1080/17460441.2016.1214562
http://dx.doi.org/10.1186/1471-2407-6-86
http://dx.doi.org/10.1016/j.freeradbiomed.2017.10.003
http://dx.doi.org/10.1016/j.pharmthera.2016.03.013
http://dx.doi.org/10.1038/srep17187
http://www.predect.eu/midcom-serveattachmentguid-1e2e57d7518d94ce57d11e285b7859e50d023802380/201211_bacr-davies.pdf
http://www.predect.eu/midcom-serveattachmentguid-1e2e57d7518d94ce57d11e285b7859e50d023802380/201211_bacr-davies.pdf
http://dx.doi.org/10.1126/scitranslmed.3005654
http://www.ncbi.nlm.nih.gov/pubmed/23616122
http://dx.doi.org/10.1080/2162402X.2017.1331798
http://www.ncbi.nlm.nih.gov/pubmed/28811974

Cancers 2020, 12, 2315 26 of 26

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Majumder, B.; Baraneedharan, U.; Thiyagarajan, S.; Radhakrishnan, P.; Narasimhan, H.; Dhandapani, M.;
Brijwani, N.; Pinto, D.D.; Prasath, A.; Shanthappa, B.U.; et al. Predicting clinical response to anticancer
drugs using an ex vivo platform that captures tumour heterogeneity. Nat. Commun. 2015, 6, 1-14. [CrossRef]
[PubMed]

Garrett, L.R.; Mundy, G.R. Relationship between interleukin-1 and prostaglandins in resorbing neonatal
calvaria. J. Bone Miner. Res. 1989, 4, 789-794. [CrossRef]

Abubakar, A.A.; Noordin, M.M.; Azmi, T.I; Kaka, U.; Logman, M.Y. The use of rats and mice as animal
models in ex vivo bone growth and development studies. Bone Joint Res. 2016, 5, 610-618. [CrossRef]

Fell, H.B.; Robison, R. The growth, development and phosphatase activity of embryonic avian femora and
limb-buds cultivated in vitro. Biochem. |. 1929, 23, 767-784.5. [CrossRef]

Pfeilschifter, J.; Mundy, G.R. Modulation of type beta transforming growth factor activity in bone cultures by
osteotropic hormones. Proc. Natl. Acad. Sci. USA 1987, 84, 2024-2028. [CrossRef]

Rao, S.R.; Edwards, C.M.; Edwards, ].R. Modeling the Human Bone-Tumor Niche: Reducing and Replacing
the Need for Animal Data. JBMR Plus 2020, 4. [CrossRef]

Weir, E.C.; Lowik, CW.G.M,; Paliwal, I; Insogna, K.L. Colony stimulating factor-1 plays a role in osteoclast
formation and function in bone resorption induced by parathyroid hormone and parathyroid hormone-related
protein. J. Bone Miner. Res. 2009, 11, 1474-1481. [CrossRef]

Mundy, G.; Garrett, R.; Harris, S.; Chan, J.; Chen, D.; Rossini, G.; Boyce, B.; Zhao, M.; Gutierrez, G. Stimulation
of bone formation in vitro and in rodents by statins. Science 1999, 286, 1946-1949. [CrossRef] [PubMed]
Song, W.; Fhu, C.W.; Ang, K.H.; Liu, C.H.; Johari, N.A.B.; Lio, D.; Abraham, S.; Hong, W.; Moss, S.E.;
Greenwood, J.; et al. The fetal mouse metatarsal bone explant as a model of angiogenesis. Nat. Protoc. 2015,
10, 1459-1473. [CrossRef] [PubMed]

Nordstrand, A.; Nilsson, J.; Tieva, A.; Wikstrom, P; Lerner, U.H.; Widmark, A. Establishment and
validation of an in vitro co-culture model to study the interactions between bone and prostate cancer
cells. Clin. Exp. Metastasis 2009, 26, 945-953. [CrossRef] [PubMed]

Curtin, P,; Youm, H.; Salih, E. Three-dimensional cancer-bone metastasis model using ex-vivo co-cultures of
live calvarial bones and cancer cells. Biomaterials 2012, 33, 1065-1078. [CrossRef] [PubMed]

Tulotta, C.; Lefley, D.V.; Freeman, K.; Gregory, W.M.; Hanby, A.M.; Heath, P.R.; Nutter, E; Mark Wilkinson, J.;
Spicer-Hadlington, A.R.; Liu, X; et al. Endogenous production of IL1B by breast cancer cells drives metastasis
and colonization of the bone microenvironment. Clin. Cancer Res. 2019, 25, 2769-2782. [CrossRef]

Lefley, D.; Howard, F; Arshad, F; Bradbury, S.; Brown, H.; Tulotta, C.; Eyre, R.; Alférez, D.; Wilkinson, ].M.;
Holen, L; et al. Development of clinically relevant in vivo metastasis models using human bone discs and
breast cancer patient-derived xenografts. Breast Cancer Res. 2019, 21, 1-21. [CrossRef]

Suva, L.J.; Washam, C.; Nicholas, RW.,; Griffin, R.J. Bone metastasis: Mechanisms and therapeutic
opportunities. Nat. Rev. Endocrinol. 2011, 7, 208-218. [CrossRef]

Berish, R.B.; Ali, AN.; Telmer, P.G.; Ronald, J.A.; Leong, H.S. Translational models of prostate cancer bone
metastasis. Nat. Rev. Urol. 2018, 15, 403-421. [CrossRef]

Jinnah, A.H.; Zacks, B.C.; Gwam, C.U.; Kerr, B.A. Emerging and established models of bone metastasis.
Cancers 2018, 10, 176. [CrossRef]

Krishnan, V.; Vogler, E.A.; Mastro, A.M. Three-Dimensional in vitro Model to Study Osteobiology and
Osteopathology. J. Cell. Biochem. 2015, 116, 2715-2723. [CrossRef]

Holen, L; Nutter, F; Wilkinson, ].M.; Evans, C.A.; Avgoustou, P.; Ottewell, P.D. Human breast cancer bone
metastasis in vitro and in vivo: A novel 3D model system for studies of tumour cell-bone cell interactions.
Clin. Exp. Metastasis 2015, 32, 689-702. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/ncomms7169
http://www.ncbi.nlm.nih.gov/pubmed/25721094
http://dx.doi.org/10.1002/jbmr.5650040520
http://dx.doi.org/10.1302/2046-3758.512.BJR-2016-0102.R2
http://dx.doi.org/10.1042/bj0230767
http://dx.doi.org/10.1073/pnas.84.7.2024
http://dx.doi.org/10.1002/jbm4.10356
http://dx.doi.org/10.1002/jbmr.5650111014
http://dx.doi.org/10.1126/science.286.5446.1946
http://www.ncbi.nlm.nih.gov/pubmed/10583956
http://dx.doi.org/10.1038/nprot.2015.097
http://www.ncbi.nlm.nih.gov/pubmed/26334866
http://dx.doi.org/10.1007/s10585-009-9285-4
http://www.ncbi.nlm.nih.gov/pubmed/19728119
http://dx.doi.org/10.1016/j.biomaterials.2011.10.046
http://www.ncbi.nlm.nih.gov/pubmed/22071100
http://dx.doi.org/10.1158/1078-0432.CCR-18-2202
http://dx.doi.org/10.1186/s13058-019-1220-2
http://dx.doi.org/10.1038/nrendo.2010.227
http://dx.doi.org/10.1038/s41585-018-0020-2
http://dx.doi.org/10.3390/cancers10060176
http://dx.doi.org/10.1002/jcb.25250
http://dx.doi.org/10.1007/s10585-015-9737-y
http://www.ncbi.nlm.nih.gov/pubmed/26231669
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Metastasis Process and Bone Metastatic Microenvironment 
	3D Models 
	3D Models and Applications to Bone Cancer Metastasis Studies 
	3D Scaffold-Free Systems-Cells Spheroids 
	Organoids 
	3D Scaffold or Hydrogels Based Tumor Models 

	Cultivation and Biofabrication Systems 
	Bioreactors 
	Microfluidic 
	Organ-on-a Chip 
	Bioprinting 

	Ex Vivo Models 
	Main Application of Ex Vivo Explants: Viability for Long Term Culture, Analysis of Tissue Architecture, and Response to Therapies 
	Ex vivo Bone Metastasis Models and Applications 
	A Comparison between In Vitro and Ex Vivo Models 


	Discussion 
	Conclusions 
	References

