S International Journal of

7
Molecular Sciences m\D\Py

Review

Halfway between 2D and Animal Models:
Are 3D Cultures the Ideal Tool to Study
Cancer-Microenvironment Interactions?

Jessica Hoarau-Véchot !, Arash Rafii 12, Cyril Touboul 34 © and Jennifer Pasquier 1>5*

1 Stem Cell and Microenvironment Laboratory, Weill Cornell Medical College in Qatar, Qatar Foundation,

Education City, Doha 24144, Qatar; jeh2036@qatar-med.cornell.edu (J.H.-V.);
jat2021@qatar-med.cornell.edu (A.R.)
2 Department of Genetic Medicine, Weill Cornell Medical College, New York, NY 10065, USA
3 UMR INSERM U965, Angiogenese et Recherche Translationnelle, Hopital Lariboisiére, 49 bd de la Chapelle,
75010 Paris, France; cyril.touboul@gmail.com
Service de Gynécologie-Obstétrique et Médecine de la Reproduction, Centre Hospitalier Intercommunal de Créteil,
Faculté de Médecine de Créteil UPEC, Paris XII, 40 Avenue de Verdun, 94000 Créteil, France
5 INSERM U955, Equipe 7, 94000 Créteil, France
*  Correspondence: jep2026@qatar-med.cornell.edu

Received: 27 November 2017; Accepted: 4 January 2018; Published: 18 January 2018

Abstract: An area that has come to be of tremendous interest in tumor research in the last decade is
the role of the microenvironment in the biology of neoplastic diseases. The tumor microenvironment
(TME) comprises various cells that are collectively important for normal tissue homeostasis as well as
tumor progression or regression. Seminal studies have demonstrated the role of the dialogue between
cancer cells (at many sites) and the cellular component of the microenvironment in tumor progression,
metastasis, and resistance to treatment. Using an appropriate system of microenvironment and tumor
culture is the first step towards a better understanding of the complex interaction between cancer
cells and their surroundings. Three-dimensional (3D) models have been widely described recently.
However, while it is claimed that they can bridge the gap between in vitro and in vivo, it is sometimes
hard to decipher their advantage or limitation compared to classical two-dimensional (2D) cultures,
especially given the broad number of techniques used. We present here a comprehensive review
of the different 3D methods developed recently, and, secondly, we discuss the pros and cons of 3D
culture compared to 2D when studying interactions between cancer cells and their microenvironment.

Keywords: tumor microenvironment; 3D culture; 3D anchorage independent culture; 2D culture;
tumor proliferation; tumor migration; chemoresistance

1. Introduction

Despite the advances in treatment over the last decades, cancer remains a leading cause of
death worldwide. Treating cancer has been challenging due to the complexity and heterogeneity
of tumors, leading to resistance to chemotherapy. This complexity is partly due to the interaction
between the tumor and its microenvironment [1,2]. The tumor microenvironment (TME) consists
of different non-cancer cell types and their stroma, such as fibroblasts, immune cells (lymphocytes
and macrophages), mesenchymal cells, and endothelial cells (EC), which all have a specific role
in the physiology, structure, and function of the tumor [3]. The tumor and its microenvironment
induce reciprocal changes in their phenotypes and functions that sustain the ongoing process of
tumor development and spreading [4-7]. Studying interactions between cancer and the TME involves
developing optimal surrogate platforms where the complex features of cancer cells, such as migration,
proliferation, and chemoresistance, can be investigated. This has been proved to be quite challenging
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both in vitro and in vivo due to the difficult task to reproduce all the complex tumoral and non-tumoral
cell interactions.

Most of the published data regarding known cell-based processes is derived from experiments
performed in two-dimensional (2D) conditions where cells are grown on rigid materials such as
polystyrene and glass. These conventional cell monolayer cultures, grown under simplified and
unrealistic conditions, do not fully reflect the essential physiology of real tissues. They modify the
tissue-specific architecture (forced polarity, flattened cell shape), mechanical /biochemical signals,
and subsequent cell-to-cell communication [8]. Despite these drawbacks, 2D cultures remain very
attractive for laboratory purposes because of their simplicity and low cost.

When one wants to confirm a phenomenon or mechanism observed in vitro, the usual and
common approach is to use standard animal testing, usually referred to as animal models. However,
there are many concerns regarding the discomfort or the pain of animals under certain experimental
conditions. Many experimental animals have compromised immune systems and do not offer the
same stroma-tumor interaction as humans, which prevents the efficient translation of novel research to
clinical settings [9]. Obtaining concordance between animal models and clinical trials still remains
challenging, with an average rate of concordant results that barely reaches 8% [10,11]. Therefore,
switching from 2D cultures to three-dimensional (3D) cultures is motivated by the need to create
cellular models that better captures the complexities of tumor biology.

The ideal 3D model would eliminate the differences related to species that are usually encountered,
allowing drug testing directly on human models. Defining optimal 3D models that best mimic the
specificity of the tumor microenvironment seems to be of growing interest for the scientific community.
When the number of publications on 3D models in the 90s barely reached 10 per year, during the
last ten years, the increase has been exponential, reaching almost 1000 publications in 2016 alone.
This is due to the emergence of many different new techniques that are potentially of great value in the
context of tumor-TME interaction studies.

Here, we provide an overview of different culture methods in 3D, and discuss their use,
challenges, and differences compared to 2D cell cultures. The topics covered in this review include
cancer proliferation and migration, as well as resistance to chemotherapy. Our goal is to provide
a comprehensive review of the benefits and drawbacks of both 2D and 3D cultures in the expanding
field of tumor-TME interactions.

2. Different Models of 3D Culture

Working in 3D involves formation of spheroids. Spheroids are aggregates that can either be grown
in suspension, encapsulated, or grown on the top of a 3D matrix using different 3D methods; each one
has its specific advantages and disadvantages [12]. 3D methods can be divided into the following
categories: (i) hanging drop methods; (ii) non-adherent surface methods; (iii) suspension culture;
(iv) scaffolds-based: hydrogel; (v) magnetic levitation and bio-printing; (vi) microfluidic methods.

2.1. Hanging Drop Methods

The hanging drop method was originally a microbiology method used to study bacteria in
a confined and controlled environment. In this technique, drops of cell suspensions are placed onto the
underside of a petri dish lid (Figure 1A). The lid, where the cells hang due to surface tension, is then
placed onto a petri dish, which contains PBS (phosphate buffer saline) to prevent dehydration of the
droplets. The cells accumulate at the tip of the drop at the air-liquid interface, spontaneously aggregate,
and finally form spheroids [13,14].

The hanging drop method does not require the use of any substance that can negatively affect
the spheroids, as cells naturally adhere to each other and do not have to rely on matrices or scaffolds.
However, drops with liquid volumes of more than 50 uL do not adhere to the petri dish (since the
liquid surface tension is overcome by gravity) [15]. It can also be a challenge to change the medium
without disturbing the spheroid.
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Figure 1. Common 3D techniques used for the creation of spheroids. (A) Hanging drop methods.
Cells are deposited on a petri dish lid, which is flipped over a petri dish containing PBS; (B) ultra
low attachment plates. Cells are seeded in an ultra-low attachment plate which prevents them from
adhering; (C) suspension cultures. Cells are placed in spinner flasks (left) or bioreactors (right) and put
under gravitational forces; (D) scaffold based-models. Cells are either seeded on the top of a hydrogel
(left) or embedded in it (right); (E) magnetic levitation. Cells are magnetized in culture and attracted to
a magnet located on the top.
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Recently, hanging drop plates (HDP) have been used instead of petri dish plates, allowing the
production of larger numbers of 3D spheroids per plate [16-18]. HDP have a bottom tray filled with
a liquid that will keep a humid atmosphere inside the plate to prevent any evaporation/drying out.
On the top of the tray sits a hanging drop plate with access holes where cell suspension samples can
be placed to form hanging drops.

Overall, the hanging drop method is quite simple and consistent. It can produce one spheroid
per drop for different cell lines [19]. Using HDPs is simpler compared to the original hanging drop
method, as it can be manipulated by liquid handling robots nevertheless it remains quite expensive.
HDP is compatible with high throughput screening and offers a new approach to testing a greater
number of drugs on different cell lines while replicating a 3D in vivo biological context [16]. Indeed,
the natural direct cell-cell and cell-ECM (Extra Cellular Matrix) interaction that takes place in-vivo is
preserved. The main interest of this technique relies on the fact that it allows the creation of uniformly
sized spheroids (in mono and co-culture). This was shown to be achievable from a small number of
cells, which is a real advantage when working with rare patient-derived cells [20]. Spheroids can be
maintained in culture for several weeks within the droplet array, allowing the development of complex
experiments [17,18].

2.2. Spontaneous Spheroid Formation: Non-Adherent Surface Methods/Ultra Low Attachment Plates

Sutherland et al. pioneered techniques of spheroid production in 1970 [21,22]. They used a 3D
in vitro system model to recreate the complexities of the multi-cellular tumor in order to study the
response of human tumor cells to the effect of radiotherapy. In this method, ultra-low attachment
plates are used by coating them with an inert substrate (agar or poly-2-hydroxyethyl methacrylate
(poly-HEMA)), which prevents cells from attaching to the surface of the wells, forcing the cells
to aggregate and form spheroids (Figure 1B) [19,23]. The method was improved by Ivasku and
collaborators in 2006, using round and conical bottomed 96-well plates to efficiently produce 3D
spheroids from cancerous and non-cancerous cells [24]. The plates used were coated with 0.5%
poly-HEMA and dried for three days before adding the cells to them. Different cell lines were studied
and when specific cell lines were not able to form spheroids, 2.5% of liquid reconstituted basement
membrane was added to the suspensions. This led to the generation of compact 3D spheroids within
24 h after centrifugation.

It is also possible to use commercially pre-coated plates where the bottom surface is hydrophilic.
The bottom surface is neutrally charged and covalently bound to a polystyrene vessel surface.
This coating prevents adherence of the cells to the surface, instead forcing them to be in suspension
and consequently form 3D spheroids. The coating is stable, non-cytotoxic, and non-degradable.

Spontaneous spheroid formation techniques are easy to use and allow a high throughput of
spheroids (96 or 384 well plates). The method is relatively cheap when plates are coated in-house,
but commercially pre-coated plates can be more expensive. Spheroids can be cultured for a long period
of time and can be retrieved after culture.

However, there are some challenges such as the size and composition of the resulting spheroids
(spheroid sizes can be too heterogeneous), the formation of spheroids from a small number of cells,
and the setting-up of the right ratio of two different cell types in spheroids when performing co-cultures.

2.3. Suspension Culture

The principle of this method is to put a cell suspension inside a container and keep the cells in
suspension either by agitation or by increasing the media viscosity (adding carboxymethyl cellulose) [8,25].
In the agitation-based approach, the container can either be gently stirred or rotated (Figure 1C).
Agitating the cells continuously will prevent them from adhering to the container walls and will promote
cell-cell interactions. There are two main apparatuses that are used in the suspension culture method:
spinner flasks and bioreactors.
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2.3.1. Spinner Flasks

Spinner flasks consist of a container into which the cell suspension is placed and a stirring
element that keeps the suspension in continuous motion. This simple method produces large yields
of spheroids [25]. Changing the culture medium from the spinner flasks is relatively easy. Since the
culture fluid is in constant motion, nutrients and O; are transported to spheroids and their wastes can
be removed [26].

However, the shear force applied to the cells in spinner flasks, resulting from the motion of the
stirring bar through the cell suspension, can modify their cellular physiology [25]. Another drawback
of the method is the production of a broad range of spheroid sizes, which can be an issue when they
are used for drug screening assays. To tackle this, spheroids can be formed in a first step using ultra
low attachment plates and can then be transferred to spinner flasks after selecting the right size of
spheroids [27]. This is necessary when measuring the spheroid sizes continuously to determine the
effects of the treatment on their growth.

2.3.2. Bioreactors

Bioreactors are similar to spinner flasks, but instead of mixing the cell suspension with a stirring
bar or a rod, the culture container is rotated. It was originally designed by NASA (National Aeronautics
and Space Administration) in 1992 to culture cells and tissues during spaceflight [28]. Bioreactors are
available in different sizes so that production of large amounts of spheroids is enabled. Similarly to
spinner flasks, bioreactors do not allow the control of the size of spheroids, so a prior step can be
included to select spheroids of the same size. Shear forces applied to cells are not as significant in
bioreactors as they are in spinner flasks.

2.4. Scaffold-Based Models: Hydrogels

Cell-ECM interactions can modify cellular organization and cell function and response to therapy.
Therefore, a 3D culture model that could recapitulate the role of the ECM in vivo would be ideal.
In this context, either natural or synthetic hydrogels have been used [29]. Among the most common
are naturally derived hydrogels (e.g., matrigel, collagen, alginate, and fibrin), synthetic (e.g., PEG
(polyethylene glycol)) and some semi-synthetic hydrogels presenting a combination of synthetic and
natural polymers (ex: hyaluronan, polypeptides) [30].

Cells can either be plated on the top of the matrix after solidification or mixed with liquid hydrogel
(matrix) and then plated so that the cells get embedded within the matrix during gelation (Figure 1D).
In both methods, cell culture plates are pre-coated with hydrogel. In the first method, cells are simply
added on top of the hydrogel after solidification and cultured at 37 °C under agitation to allow cells
to adhere to each other and form spheroids attached to the hydrogel. In the second method, cells are
mixed with hydrogel and then plated on top of the pre-coated plates. Cells are incubated at 37 °C and
embedded within the hydrogel when it jellifies.

Matrigel and collagen are good examples of natural scaffolds that can offer a correct cell
attachment and good reorganization into 3D structures. Matrigel is a commercial ECM, which possesses
Engelbreth-Holm-Swarm (EHS) mouse tumor cell-derived basement membrane proteins such
as collagen IV, entactin, laminin perlecan, matrix metalloproteinase-2, and growth factors [31].
These basement membrane proteins are essential for important cellular functions like polarization,
growth regulation, chemotherapeutic resistance, and adhesion [32,33]. In the ECM, collagen represents
the most abundant fibrous protein. It gives tensile strength, regulates cell adhesion, and is involved in
cell migration and chemotaxis [34]. Therefore, it is a good choice for studying cell behavior in vitro
in a tissue-like environment. Collagen type I is mostly used in 3D cultures, but type II and III can
be used as well [35-38]. Collagen offers the advantages of cell compatibility, amenability to cell
adhesion without modification, and a native viscoelastic environment for cells. However, like matrigel,
collagen varies from batch to batch and has a low stiffness.
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Although biologically-derived scaffolds are of great interest, as mentioned above, it is difficult to
have the same composition from one batch to another. Natural hydrogels also have weak mechanical
properties, can degrade rapidly, and can cause immunogenic reactions [39]. The need to characterize
various properties (such as mechanics, swelling, mesh size, and degradation) for each experiment can
also be a drawback [30]. The variability in properties can affect the reproducibility of results and limits
the use of such scaffolds for drug screening purposes.

To overcome the drawbacks of natural hydrogels, synthetic hydrogels can offer alternate
options depending on the type of experiment. Using a synthetic hydrogel allows for the control
of biochemical and mechanical properties, therefore improving tumor ECM mimicry. Due to their
inert properties, PEG-based hydrogels need to be customized with cellular active sites in order to
enable cell growth within the 3D matrices. Cell adhesion molecules, peptides, or bioactive natural
polymers (collagen, fibrin) can be added to PEG-based hydrogels to enhance cellular activities [39,40].
Used in defined sizes (150 and 600 um microwells), PEG is able to control the size of breast
micro-tumors [41], reproducing size-induced micro-environmental changes such as hypoxic gradients,
cellular heterogeneity, and spatial distribution of necrotic/proliferating cells, and could be useful in
the study of tumor progression and antitumor drug effects.

Natural and synthetic hydrogels have their limitations to recapitulate tumor ECM, hence semi-
synthetic hydrogels can be used as an alternative and do present many advantages. By providing
the bioactive features of natural materials and permitting the control of chemical parameters,
the semi-synthetic hydrogels can provide a controlled and defined environment. Hyaluronan, which is
a major component of natural ECM, has been used in this context because it is a biocompatible,
non-inflammatory, and biodegradable polymer [42]. It has a binding affinity to cell surface receptors
involved in proliferation, adhesion, migration, and differentiation [43,44]. The crosslinking chemistry
of hyaluronan leads to the fabrication of various hydrogels with different characteristics that are
suitable for cell culture [45].

Using hydrogels is of great interest because they can have similar mechanics, composition,
and structural cues as native tissues. On the other hand, when using natural hydrogels, there can
be endogenous growth factors and signals that do not represent the human tumor environment,
and post-culture recovery can turn out to be difficult.

2.5. Magnetic Levitation

Magnetic levitation was developed for the first time by Souza et al. in 2010 [46]. They used
hydrogels containing gold and magnetic iron oxide (MIO) nanoparticles plus filamentous
bacteriophage. In this method, cells are grown up to 80% confluence and treated with MIO-containing
hydrogels and incubated overnight to allow the uptake process [47]. Treated cells are trypsinised and
placed into an ultra-low attachment plate. A lid with a neodymium magnet is immediately placed on
the top of the plate (Figure 1E). Spheroids start forming within a few hours at the air-liquid interface
due to levitation towards the magnet. When cells aggregate to each other, they start synthesizing ECM
proteins like collagen, fibronectin, and laminin [48]. Spheroids can be incubated for a few days until
they reach the ideal size for study.

There are many benefits to this method: the speed of spheroid growth is high compared to
the more commonly used methods; spheroids form intrinsic ECM (no need for artificial scaffold),
spheroids are in the size range of mm? (this size better reproduces necrotic and hypoxic area found in
tumors) and, finally, they do not require any specific medium. Nonetheless, this technique presents
a few drawbacks: beads are expensive and can be toxic to cells at a high concentration, and a limited
number of cells can be produced.

2.6. Bioprinting

3D printing emerged thirty years ago raising promise for mass production in many different
fields [49]. While current 3D models allow us to obtain different features in terms of spheroid structures,
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they usually have limited vascularization potential, which is critical when studying the later stage of
tumor development, for example [50]. Bioprinting technology has brought technical solutions in order
to increase vascularization, design a scaffold that better captures the TME heterogeneity, and, finally,
provide better 3D in vitro cancer models. Specific structures are recreated by positioning precisely
biological and biochemical materials and living cells layer by layer (Figure 2A). The use of medical
imaging technology (MRI, CT scan, and X-ray) is therefore essential to obtain relevant information on
the structure of tissues and organs [51].
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Figure 2. Bioprinting and Microfluidic platforms. (A) Biopaper gel is loaded with bioink spheroids
that each contain an aggregate of a few thousand cells. More layers are subsequently added and as
the biopaper gel dissolves, and the bioink spheroids slowly fuse together, leaving a final bioprinted
structure. (B) An example of simple microfluidics system in which cancer spheroids were embedded in
micro-patterned three-dimensional matrices immediately contiguous to a microchannel. (C) Schematic
represents a two-chamber chip for the culture of two different cell types as monolayers in separate
chambers that are linked through a porous membrane.

Researchers use different approaches to build 3D constructs in this context: (i) biomimicry,
which involves a good understanding of the microenvironment and the composition of the ECM,
for example; (ii) autonomous self-assembly, which relies on the use of embryonic organ development
as a guide; and (iii) mini-tissue building blocks, which are the smallest parts of tissues; they can be
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fabricated and later assembled to create larger constructs [52]. There are different ways to deposit and
pattern biological materials: inkjet, extrusion, and laser-assisted printing [53]:

i Inkjet printing uses the assistance of a digital computer to control a narrow nozzle to generate
droplets that are deposited on a scaffold in a precise and controlled manner [54]. There are
four main current techniques used to create these droplets: thermal, piezoelectric, acoustic,
and electrostatic.

ii ~ Extrusion printing is another version of inkjet printing. It differs from inkjet printing by the fact
that it can print on viscous materials. This is achieved through the use of an air-force pump or
a mechanical screw plunger to dispense bioinks. A continuous force is applied, allowing the
constant printing of cylindrical lines instead of a single bioink droplet [55].

iii ~ Laser-assisted printing system uses a donor layer composed of a metal type energy-absorbing
layer (e.g., titatium or gold) on the top and a layer of bioink solution at the bottom [56].
During the printing, a small part of the energy-absorbing layer is exposed to a focused laser beam,
which generates a bubble in the bioink solution that is pushed onto a receiving substrate (where
printing is achieved) [51].

Overall, by enabling the reproduction of complex in-vivo structures, bio-printing gives
an opportunity to cancer biologists to replicate the TME using different bioinks (composed of
ECM-like biomaterials, cytokines, and cells) [50,57]. However, when we compare the three bio-printing
techniques described above, each one of them has their drawbacks, in terms of cost, resolution,
cell density capacity, and cell viability. The development of new bioinks, which will be biocompatible,
immunocompatible, and give the best support to the cells in their appropriate function, should be the
key to improvements in this field [51].

2.7. Microfluidic Platforms

Microfluidics is the science that handles very small (10~ to 108 L) volumes of fluids [58].
Devices contain micro-channels with dimensions of tens to hundreds of micrometers (Figure 2B,C).
Microfluidics originated from four disciplines: molecular analysis, biodefense, molecular biology,
and microelectronics. It finds its roots in micro-analytical methods—gas-phase chromatography (GPC),
high-pressure liquid chromatography (HPLC), and capillary electrophoresis (CE)—which, in capillary
format, revolutionized chemical analysis [58].

Microfluidic platforms are devices where living cells can be cultured and continuously infused
in micrometer-sized chambers [59,60]. This method enables the accurate control of the cellular
microenvironment, allowing a continuous release of growth factors or nutrients [58]. In the simplest
system, a single microfluidic chamber contains one type of cultured cells, which possess particular
characteristics of a tissue type (Figure 2B). It is also possible to study the interaction between different
cell types in order to recreate interfaces between different tissues; in this aspect, micro-channels
can connect to each other through porous membranes lined on opposite sides by different cell
types—also known as tumor/organs-on-chip (Figure 2C) [61]. The aim is to create an environment
where different cell types can interact with each other [62]. The organs-on-chip allowed us to recreate
the complete complex structure and environment as skin and hair [63], lung [64], liver [65], or gut [66].

This method is convenient for high-throughput drug testing but requires specialized equipment,
and post-culture recovery can be difficult. If further analysis (Elisa, western blot) is required, the low
cell number can also present a drawback [67]. However, new microfluidic platforms developed recently
offer solutions to this weakness. In fact, a recent two-layered microfluidic device was developed that
allowed the formation, culture, and drug testing of 5000 uniform-sized tumor spheroids with different
culture chamber geometries (200 x 200 um? and 300 x 300 pm?) [68]. In addition, cutting-edge western
blot tools (“Single-cell western blotting”) or single-cell transcriptomic can counterbalance the low cell
number problem.
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3. Tumor-Microenvironment Interactions: 2D vs. 3D

For a long time, tumor initiation, progression, and metastasis were seen to be merely due
to changes in the neoplastic cell population and the fact that the adjacent non-neoplastic tissues
were regarded as bystanders. The importance of the TME emerged from the observation that
histopathological sequence changes were found at the interface between putative tumor cells and
the surrounding non-neoplastic tissues during carcinogenesis. It is now known that the TME is
a specialized entity: dynamic, interactive, and constantly changing [69]. The TME comprises different
cells that are collectively important for normal tissue homeostasis as well as tumor progression,
migration, and resistance to chemotherapy. In order to better understand such mechanisms and
develop the appropriate blocking strategies, one needs to use appropriate complex models of tumor
and microenvironment culture.

Although 2D cultures are well accepted and have pointedly helped our understanding of cell
behavior, it is now proven that 2D systems result in cell bioactivities that are different from the
in vivo response. For instance, some important cancer cell features (such as morphology genetic
profile or tumoral heterogeneity) are not correctly modeled in 2D cultures (Table 1). 3D cell culture
platforms help to circumvent these limitations by preserving the original shape, polarization, genetic
profile, and heterogeneity of cancer and stromal cells. Although these might suggest that 3D culture
should always be used, the lack of a universal 3D model and the simplicity of 2D culture are the
main reasons why the platform of choice is not often dictated by the specific process of interest.
Moreover, the assessment of drug efficacy or growth required the precise measurement of cell viability
or metabolism. Depending on different 3D culture conditions/setups, it may not be easy to perform
regular MTT or live/dead staining. In addition, in co-culture situation, how to distinguish the
growth/death of two cell types can be trickier. Therefore, complex quantification methods as flow
cytometry or single cell western blot have to be used.

Table 1. Main differences between 2D and 3D when studying tumor microenvironment interactions.

2D 3D
Shape changed Real shape
Morphology Polarization lost Polarization conserved
. . Cellular adhesion, proliferation and survival Better representation of growth factors,
Genetic profile i L ] . .
genes are modified compared to in vivo pro-angiogenic and adhesion molecule genes
Cell differentiation Could be spontaneous via cellular contact or
. Non spontaneous
Morphogenesis soluble factors
Angiogenesis Only observational Can be functional
Better approximation via the proliferation
Tumoral heterogeneity Basic gradient, drug penetration and difference in
mobility
Mathematical model Possible Better geometry, better lml.< between structure
and function
Reproducibility Short term only Controversial
Cost Affordable More expensive espeaally with some
techniques
Multicellular study Better when studying the immune response Good in co-culture, but complicated with

more than two cell types

Here, we provide an overview of the different 3D culture methods chosen in the literature while
studying tumor-microenvironment interactions in the context of cancer cell proliferation, migration,
and resistance to treatment, and discuss the differences between 2D and 3D.

3.1. Proliferation

One of the main characteristics of cancer cells is their high speed of growth and their loss of contact
inhibition [70]. Contact inhibition is a regulatory mechanism that allows mammalian cells to grow only
into a monolayer [71]. If the available space is large, cells will divide rapidly until they occupy the full
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surface. At this point, normal cells will initiate cell cycle arrest to stop proliferation [72]. By contrast,
cancer cells proliferate indefinitely and display no contact inhibition. Consequently, in a classical
2D culture system, once the whole culture dish is occupied, the cells keep dividing, piling up into
mounds [73]. This is a significant problem during co-culture between cancer and TME cells (Figure 3).
In fact, TME cells are normal cells subject to contact inhibition while cancer cells are not. Therefore,
the seeding density as well as ratio between two cell types will have to be considered during the design
of the experiment. During co-culture, TME cells slow down their proliferation when confluence is
imminent but cancer cells do not.

@
8 @ ¢
) o
@
@
@ &
Seeding stage Proliferative stage Confluence stage

@ cancerCells
@ stromalCells

Figure 3. Cancer and stromal cells co-culture in 2D. Schematic illustrates cell behavior at different stages
(seeding, proliferative phase, and confluence) of a 2D culture model. Stromal cells (in red) and cancer
cells (in blue) have the same access to the media growth factors. Cells with contact inhibition (stromal
cells) slow down their division while the space availability decreases until complete stop. Cells with no
contact inhibition (cancer cells) keep proliferating and start to grow on the top of other cells.

For instance, MCF-7 (Michigan Cancer Foundation-7), a breast cancer cell line, cultured either in 2D
or 3D on a collagen scaffold, displayed differences regarding their morphology and proliferation [74].
When seeded in 2D, they demonstrated sheet-like, trigonal, or polygonal morphologies, whereas
when in 3D collagen scaffolds, they showed round, shuttle shape-like and spread-out appearances.
While MCF-7 grew at the same speed in 2D and 3D during the first five days, MCF-7 cells cultured in
2D stopped growing at day 7, while those in 3D continued expanding even after 13 days. This can be
explained by the fact that the cells growing on the top of each other start to die. With another set-up,
Cavo et al. studied the effect of substrate elasticity on MCF-7 [75]. In 3D conditions within mechanically
tuned alginate hydrogel-coated dishes, cells formed round and nicely organized spheroids, similar to
what could be found in vivo, whereas in the 2D condition, they showed a flat shape. The authors
demonstrated a direct link between cell viability and substrate elasticity. When the substrate elasticity
went up, the number of MCF7 would decrease. This study highlighted how 2D cultures are not
representative of a real in vivo set-up.

While simple cultures are already biased by a 2D culture system, co-cultures with TME cells
increase the challenge. In our laboratory, we co-cultured breast cancer cells (BCC) with EC in 2D and
3D models of organized angiospheres on ultra-low attachment plates [76]. The EC were able to enhance
the proliferation of the BCC in both settings. However, BCC proliferation was more pronounced in 3D
models, and the experiments could be performed over a longer period. In another study, Majeti et al.
developed a 3D co-culture model, using 96 well plates coated with poly-2-hydroxyethyl methacrylate,
where pancreatic, breast, and lung tumor cells were grown in co-culture with human fibroblasts [77].
They revealed that 3D co-culture had a different impact on cell survival compared to 2D co-culture.
Additionally, when co-cultured in a 3D condition in presence of fibroblasts, cancer cells had a higher
proliferation rate.
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One of the co-culture challenges is to keep a ratio between the two cell types that reflects in vivo
setting, considering the proliferation rate of each cell type and their properties when cultured in vitro.
In their study, Eder et al. used the hanging drop method on prostate cancer cells co-cultured with
cancer-associated fibroblasts [78]. They showed an increased number of cancer cells compared to
fibroblasts within the spheroids, which reflects what is observed in vivo. Using this method, the authors
were able to avoid the artefact of a non-representative ratio between different cell types usually
observed in 2D models.

3D culture methods recreate a more complex environment than simple 2D co-cultures,
allowing a better reproduction of the in vivo environment. For instance, Jaganathan et al. used the
magnetic levitation method, allowing the formation of spheroids without the use of a scaffold [79].
Unlike 3D methods using a scaffold, cells here could form heterogeneous aggregates with each other
and produce a tumor-like hypoxia and necrotic regions similar to in vivo tissues. They compared
the phenotype of their model to the in vivo tumor and demonstrated the presence of similar ECM
proteins. Their method was advantageous due to the ability to form large-sized spheroids within 24 h,
control the tumor cell composition and density, and mimic the TME. Recently, Brancato et al. confirmed
the 3D model consistency with an in vivo setting, using biodegradable microcarriers (made of gelatin)
in a spinner flask bioreactor [80]. In their system, pancreatic cancer cells were co-cultured with
cancer-associated fibroblast, resulting in the formation of human pancreatic ductal adenocarcinoma
microtissues. Cancer cells were shown to be the predominant proportion of proliferating cells, which is
consistent with other 3D co-cultured systems. The expression modulation analysis of ECM genes and
proteins showed that when fibroblasts were cultured with pancreatic cancer cells, they converted
into myofibroblasts and expressed desmosplastic markers. This new platform demonstrated how
important the stroma-cancer cross talk is for both cell types. Santo et al. demonstrated the robustness
and reliability of stirred-tank cultures for the generation of 3D cancer models [81]. They used a panel
of tumor cells to obtain a large number of spheroids by tuning hydrodynamic parameters. They were
able to produce spheroids that present features of native tumors such as morphology, proliferation,
and hypoxia gradients in a cell-line dependent mode. They successfully produced heterotypic 3D
cancer models by co-culturing tumor cells and fibroblasts in absence or presence of an additional
alginate matrix that was preserving high cell viability. More recently, Chung et al. used a new
model that recapitulates the interactions that exist between the different constituents of the TME
during tumorigenesis [82]. In this model, they mimic the interactions between tumor and stromal
cells. By using a microfluidic platform, they were able to induce simultaneous angiogenesis and
lymphangiogenesis, thus demonstrating how they affected cancer cell proliferation. Such a platform
is a good tool to study the complex physiopathology of the TME, as illustrated by a study using
a two-layer microfluidic system to culture metastatic prostate cancer cells, osteoblasts, and endothelial
cells [83]. This culture system allowed the metastatic prostate cancer cells to reduce their growth
without losing viability, leading to a proliferation rate closer to the in vivo behavior of malignant
cancer cells within the bone metastatic prostate cancer microenvironment.

3.2. Migration and Invasion

Cell migration is a normal process in all multicellular organisms; it is essential for normal
development and has a crucial role in different processes such as wound healing and immune responses.
Abercrombie and Heaysman, who studied how a cell behavior could be influenced by other cells,
were the first ones to observe that when a cell was in proximity to other cells, not only would it reduce its
motility, but it would also change its direction [84]. They stated that a cell would always preferentially
adhere to a substrate rather than to its neighboring cells. They named this restriction phenomenon:
CIL (contact inhibition of locomotion) [73,85,86]. The loss of a normal CIL in many cancer cells is the
reason behind contacts with non-cancer cells [87]. This new migratory behavior could promote cancer
cell invasion that could be enhanced through interactions with stromal cells. Interestingly, cancer cells
still possess CIL when they encounter other cancer cells, which means that their failure in displaying
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normal CIL when contacting non-malignant cells could come from defective signaling rather than
a general lack of contact inhibition mechanisms [88,89]. This phenomenon plays a major role during
the metastasis process. In fact, during malignant progression, tumor cells earn the ability to invade
neighboring tissues and propagate in distant organs through a phenomenon called EMT (epithelial to
mesenchymal transition) [90]. During EMT, cancer cells gain a mesenchymal phenotype that allow
them to go beyond the basement membrane and degrade the ECM with metalloproteinases, to finally
reach the bloodstream. Cell migration, in this context, is the result of critical events: polarity changes,
loss of cell-cell or cell-ECM contacts, and the formation of actin rich protrusions (ex: filopodia and
lamellipodia) due to a chemoattractant gradient and migratory stimuli [91,92].

Most of the studies and discoveries on cell migration were made using 2D models [93]. 2D models
induce a flatness of the cell-motile appendages. Migration in 2D is governed by classic polarized
signaling and mechanical patterns that are often not crucial for effective migration in 3D [94]. Moreover,
there are more modes of motility in 3D that are very complex and take into consideration not only
stiffness but also the rheology and geometry of the ECM. For instance, our team worked on SDF-1x
and CXCR4 roles in the metastasis process of BCC in monoculture and co-culture with stromal
cells [95]. We concluded that SDF-1oc concentration gradient modulates migration and adhesion
of BCC, by controlling the expression and activation of Rho GTPases (guanosine triphosphatases)
in 2D culture. The principal drawback of our study is that we limited our work to a 2D model.
Different concentrations of SDF-1« might not have the same effect in a 3D model.

Besides, cells cultured in 2D or 3D often do not express the same cell surface proteins.
Loessner et al. showed that the mRNA expression of the cell surface receptors o3/ a5/ 1 integrins
and the protease MMP9 were increased in ovarian cancer cells in 3D culture compared to cells in 2D
culture [96]. In 3D culture (made on Matrigel), CXCR4 expression was altered in prostate cancer cell
lines, which regulate the metastatic process of prostate cancer cells [97].

The complexity increases when one wants to add another cell type to the culture. As stated
earlier, the TME is very important to the migration process of cancer cells. Therefore, it is critical
to have proper 3D models of co-culture that allow the study of the effect of stromal cells in cancer
cell migration. As early as 2005, Winters and collaborators were already proposing the use of 3D
multicellular spheres to study tumor biology to better estimate the interactions encountered by cells
in vivo [98]. They showed that intercellular cohesion within spheroids was predictive of the invasion
potential in vivo. In our laboratory, we showed that BCC co-cultured in spheroids with activated EC,
increased BCC tumorigenicity, stemness, and invasiveness [76]. Simultaneously, we demonstrated that
EC also benefit from this cross-talk by gaining mesenchymal markers [99]. Both phenotypic changes
in endothelial and BCC in the spheroid model lead to an increase of the BCC invasion potential
in vitro and in vivo. More recently, Chen et al. used a single cell-based microfluidic approach to
co-culture single breast cancer cells and primary cancer associated fibroblasts on-chip for 14 days to
monitor sphere formation and growth and perform single cell transcriptome analysis [100]. The authors
demonstrated that tumor-stromal interactions induced expression changes in genes associated with
proliferation, apoptotic suppression, tumorigenicity, and EMT in BCC co-cultures with the primary
cancer associated fibroblasts.

The multicellular spheroid model is of great interest as it has been shown that spheroid structures
could be isolated from ascites fluids. Burleson et al. showed that spheroids recovered from the
ascites fluid of patients with stage III or stage IV ovarian carcinoma could adhere directly to ECM
through integrins, and then degrade type I collagen to invade the peritoneum [101]. More recently,
TGFpf signaling has been shown to regulate EMT in spheroids derived from ovarian cancer ascites
leading to the promotion of malignant properties of these structures [102]. Many studies state that
spheroids found in ovarian cancer patient ascites could be responsible for peritoneal metastasis
highlighting once more the importance of 3D spheroid model in migration/invasion studies [103-105].

3D culture systems have also enabled the study of more complicated phenomena. For instance,
in order to study breast cancer metastasis following extravasation to bone, Bersini et al. developed
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a tri-culture system using a microfluidic 3D model [106]. Using human osteo-differentiated bone
marrow-derived mesenchymal cells and EC, they were able to build an osteo-cell conditioned
microenvironment. In this model, highly metastatic human BCC (MDA-MB-231) crossed the
endothelial monolayer and reached the collagen-embedded osteo-differentiated human bone marrow
mesenchymal stem cells. Extravasation was observed 24 h after cancer cells were introduced to the
endothelial channel and was significantly higher in the osteo-cell conditioned microenvironment
compared to collagen gel-only matrices. They also measured a higher migration distance of the cancer
cells when they were in the osteo-cell conditioned microenvironment compared to collagen gel-only
matrices. CXCR2 (breast cancer cell receptor) and CXCL5 (bone-secreted chemokine) were shown to
play a major role in the extravasation process as well. Wang et al. tri-cultured MCF10A cells with
fibroblasts and human adipose-derived stem cells in 3D and demonstrated that MCF10A expressed
higher levels of a-casein mRNA, an indicator for functional differentiation of mammary epithelial
cells, compared to MCF10A in monoculture or co-culture with either cell type [107].

3.3. Resistance to Treatment

Despite tremendous improvement in diagnosis and therapy, cancer mortality remains high [108].
While prognosis of early stage cancers is quite good after treatment, advanced stage cancers are often
not curable and patients usually die from metastatic burden despite several lines of chemotherapy:.
Treating cancer metastasis has been challenging due to the complexity and heterogeneity of tumors,
as well as chemotherapy resistance. To overcome chemotherapy resistance, hundreds of drugs have
been developed and tested in clinical trials for cancer treatment over the past sixty years [109]. The most
common and oldest type of drug used in cancer treatments is cytotoxic agents. They are non-specific
intracellular poisons that usually target highly dividing cells, a classical feature of cancer cells. Recently,
with the emergence of high-throughput sequencing, targeted therapies against specific molecular or
genetic targets have been developed.

3.3.1. Cytotoxic Agents

Despite the development of potent cytotoxic drugs against many cancer types at different sites, cancer
cells will develop drug resistance driven by tumor heterogeneity, drug inactivation, apoptosis evasion,
enhanced DNA repair, increased drug efflux, and EMT [110]. For a long time, the relative failure
of anti-tumoral treatment was attributed merely to the genetic of cancer cells and cellular processes
occurring within cancer cells. However, over the last decade attention has shifted toward the TME role
in development of chemoresistance [111]. In a solid tumor, drugs need to access every cancer cell to
be effective; thus, the diversity within the TME in terms of stromal cells, ECM, oxygen availability,
and environment acidity have become important players in cancer cell response to drugs.

The communication between cancer cells and their TME is bi-directional and much more complex
than first supposed. Both tumor and stromal cells are exposed to different concentrations of drugs
over the course of treatment and they develop a cooperative relationship that seems to benefit cancer
cells. Therefore, it is now primordial to develop cell-based assays that take into account the component
of the TME to evaluate the possible efficiency of a new compound in cancer drug discovery. In 2D,
stromal and cancer cells are exposed to the same drug concentration, oxygen amount, or environment
acidity. Moreover, the cross talk between adjacent cells are limited to spatial and physical aspects
of 2D cultures. In 3D model, the architecture is more complex; spheroids are commonly organized
in 3 layers: (i) an outer layer with a high proliferation rate, (ii) a middle layer with senescent cells,
and (iii) a hypoxic core with necrotic cells (Figure 4) [112]. The level of oxygen and nutrients is lower
in the core due to cell density and ECM increase, which reflects the conditions that are observed
in vivo in solid tumors, which can have up to 60% of their volume in a chronic hypoxia state [113].
The constant hypoxia in the core leads to glycolysis and synthesis of CO,, pyruvate, and lactate
resulting in an acidification of the medium. Cells have to adapt to this hostile environment to grow.
Therefore, some cytotoxic agents such as doxorubicin, 5-FU or cisplatin, which work with oxygen,
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are less effective in 3D models [114,115], while other drugs like tirapazamin, which are more effective
on hypoxic cells, have a greater effect on spheroids and their hypoxic core [116,117]. A good illustration
would be the study of Tung et al. [16]. They used a 384 well format hanging drop culture plate to
test two different drugs: 5-fluorouracil (5-FU, a cell proliferation inhibitor) and tirapazamine (TPZ,
a hypoxia-activated cytotoxin) on three different cell types: African green monkey kidney fibroblast
cell (COS7), murine embryonic stem (mES) cell (ES-D3), and human epithelial carcinoma cell that
stably express mesothelin (A431.H9). In their study, the authors showed that H9 cells were more
resistant to 5-FU when they were treated in 3D cultures compared to 2D cultures. On the other hand,
the hypoxia-activated drug TPZ was more effective against 3D cultures. They also showed that taxanes
have a loss of efficiency on spheroids, which is interesting because this family of chemotherapy is
offered in the first-line treatment (either as neo-adjuvant or adjuvant) in ovarian cancer (5% viability in
2D and 75% in 3D with the same treatment, suggesting a chemoresistance of the spheroids). Oxygen is
also an essential element for photodynamic therapy (PDT), which is an alternative to traditional
cancer chemotherapy generating local oxidative stress to kill cancer cells using photosensitizer, oxygen,
and light [118]. Chen et al. used a microfluidic sphere formation platform to study tumor associated
fibroblasts in resistance to traditional chemotherapy agents and PDT in breast cancer cells [119].
They concluded that tumor associated fibroblasts were not able to induce resistance while using PDT,
suggesting that PTD could be less affected by resistance induced by cancer associated cells.

CO, Lactacte
Y- Debris Waste

\ < Quter layer
4—\—-— Middle layer

Hypoxic Core

7 Organization of different cell types
7/

- 0, Growth factor
Drug Cytokines

Figure 4. Spheroid organization Tumor spheroids are organized in three different layers with a dying
core, a quiescent intermediate layer and a proliferating rim. Stromal cells (in red) are organized in
a different way inside the spheroid depending of the context.

Many authors have compared drug efficacy of cytotoxic agents between 2D and 3D [120-122].
For instance, Huber et al. cultivated the non-small lung cancer cell line Colo699 in monolayer
(2D) on plastic plates for 5 days and as micro-tissues (3D) using HDP for 5 and 10 days [123].
Cells and micro-tissues were treated with different drugs: afatinib (10-80 uM), cisplatin (100-800 uM),
or vinorelbine (25-200 uM) for 24 or 48 h. The authors showed significant differences in drug efficacy
between the 3D and 2D cultures. 3D cultures displayed resistance to cisplatin and vinorelbine but
were sensitive to afatinib, demonstrating that the 3D model was a relevant in vitro system closer to the
in vivo system. Differences between 2D and 3D also exist in presence of stromal cells. Houshmand et al.
recreated a leukemic bone marrow niche in order to study chemoresistance [124]. They co-cultured
TF-1 cells and bone marrow mesenchymal stem cells in 2D and 3D, and treated them with azacitidine
and cytarabine. Cytoxicity assays showed a higher resistance in spheroids compared to cells cultured in
2D due to Bcl-2 overexpression. In a more complex model of microfluidic 3D hepatocyte chip, Toh et al.
engineered a 3D microenvironment to predict in vivo drug hepatotoxicity [125]. They evaluated
the IC5¢ values of 5 model drugs and demonstrated that they were consistent with their in vivo
LDs5g values.
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Nevertheless, the major drawback of the 3D model while studying chemoresistance toward
cytotoxic agents is the selection of cancer stem cells (CSC) population. In fact, culturing cancer cells in
3D leads to the acquirement of a stem-cell like phenotype with increased expression of nestin, CD44,
RHAMM, and CD133 [126,127]. CSC are more prompt to grow in a 3D anchorage-independent culture
setup [128]. Primary or secondary sphere formation is commonly used to enrich and quantify the stem
cell population [129]. The prominent characteristic of CSC is their chemoresistance [130-132]. Indeed,
CSC population is known to overexpress ATP-binding cassettes (ABC) transporters and therefore
displays a resistance to drugs and toxins [133,134]. ABC transporters are one of the main actors of
the multidrug resistance in cancer cells. They are small efflux pumps that can expulse most of the
cytotoxic agents used in chemotherapy. Thus, it is more likely that cancer cells will be more resistant
to chemotherapy in a 3D setting than in 2D due to the increase of the CSC population. In ovarian
cancer, CD44*CD117" spheroids displayed a higher chemoresistance and were able to initiate and
propagate tumors in mice model [130]. Similarly, Luo et al. described that CD117* cells isolated
from xenografts were resistant to chemotherapy and exhibited phenotypic features of CSC such as
asymmetric division and serial transplantation [135]. Gao et al. described that CD24" population
expressed increased levels of stem cells genes such as Nestin, 3-catenin, Bmi-1, Oct4, Oct3/4, Notchl,
and Notch4 compared to CD24~ and were able to initiate tumor formation and resist to cytotoxic
treatment [136]. Recently, Wang et al. synthesized a 3D porous scaffold composed of chitosan and
hyaluronic acid, and showed that when glioblastoma cells GBM6 were cultured in such condition,
they formed spheroids, which displayed a closer cellular morphology to CSC [137]. These cells
were more resistant to alkylating agent-based chemotherapies (used in postoperative treatment of
glioblastoma). For example, estimated lethal dose, 50% (LDsp) for the methylating agent TMZ of cells
cultured in 3D, was three times higher than cells cultured in 2D condition.

Another limitation of the 3D model is the ability of cells to form tight spheres. In fact, depending
on the cell type or line, the sphere can be more or less compact. For instance, for some cell types, such as
MDA-MB-231 breast cancer cells, it is difficult to aggregate tight spheres as compared to MCF7 [138].
The compactness of a sphere may affect the estimation of cell number and interfere with drug efficacy.

3.3.2. Targeted Therapy

To overcome resistance to cytotoxic agents, targeted therapies have been developed [139].
Targeted therapies are usually small-molecules, monoclonal antibodies, and immunotoxins, which aim
to prevent the action of certain genes or proteins specifically expressed on cancer cells [140-142].
The advantage of such treatment, in theory, relies on the fact that, unlike cytotoxic drugs, which give
rise to many off-target side effects to normal tissues, the release of drug to cancer cells acts directly on
specific molecular targets (overexpressed protein such as her2neu or EGFR and ALK) that are associated
with cancer. Therefore, targeted therapies should be less harmful to normal tissues [143,144]. Since the
end of the 90’s, more than forty targeted therapies have been approved in cancer treatment [139].
Unfortunately, the response rate is often deceptive, with only a slight effect on prognosis and no
major increase in the overall outcome [145]. This is mainly due to an intrinsic resistance to targeted
therapies by the tumor cells (also known as primary or de novo resistance) or acquired resistance
over the time of treatment (known as acquired resistance) [146]. There are three main reasons why
resistance to targeted therapies happens: (i) alteration of a driver oncogene: the oncogene is mutated so
it displays a different form and is not recognized by the inhibitor, which results in proliferation and cell
survival; (ii) activation of a critical signaling pathway in a parallel or downstream way: the inhibitor
can block the action of the oncogene but the upregulation of a distinct receptor continues the signaling
or the mutation of a protein down the signaling pathway (below the targeted protein) reactivates
the pathway; and (iii) activation of pro-survival signaling through an alternative signaling pathway,
which can block the action of inhibitor-mediated apoptosis [147]. Interactions with stromal cells of the
TME play a major role in the development of these mechanisms of resistance [148]. Apparition of 3D
models led to a better representation of a tumor, giving a more realistic drug response equivalent to
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clinical observations compared to 2D models. For instance, 3D cultures better reflect HER?2 intracellular
signaling pathway compared to 2D cultures [149]. Injection of trastuzumab (a monoclonal antibody
used on HER2-positive breast cancer patients) into 3D spheroids was more effective compared to 2D
conditions (proliferation reduction of 48% for 3D and 16% in 2D), in concordance with clinical data.
Yang et al. showed that lung cancer cells are more resistant to Bortezomib (proteasome inhibitor) in
association with TRAIL when they are cultured in 3D [150]. Interestingly, they observed a modification
of Bcl-2 family ratio that is responsible for the acquired multicellular resistance.

Among monoclonal antibodies used in targeted therapy, the anti-angiogenic drugs play an important
part. They aim to inhibit cancer angiogenesis (formation of new blood vessels from preexisting vessels),
a major event in cancer progression allowing oxygen and nutrients delivery to cancer cells in order to
promote tumor proliferation and metastatic spread [151]. Bevacizumab, a humanized monoclonal antibody
blocking the binding of vascular endothelial growth factor (VEGF) ligands to their receptors, was the
first anti-VEGF agent approved by the U.S. Food and Drug Administration for cancer patients [152].
Targeting its pathway has been very promising, but at certain cancer sites, studies demonstrated its lack of
effectiveness due to intrinsic resistance mechanisms that take place and lead to drug insensitivity [153,154].
For instance, our team demonstrated that cancer cells were able to protect EC from bevacizumab in 2D
and 3D models [153]. We demonstrated that in 3D, spheres with ovarian cancer cells and EC resisted to
bevacizumab treatment and were even able to proliferate.

VEGEF is not the only proangiogenic factors playing a role in angiogenesis; other factors such as
FGF (fibroblast growth factor) and PDGF (platelet-derived growth factor) are in the top list of these
factors with distinct roles [155]. Most of the proangiogenic factors are part of the Tyrosine Kinase
family; therefore, many tyrosine kinase inhibitors emerged such as sorafenib, sunitinib, or axitinib.
In their study, Chiew et al. used a 3D platform (non-adhesive round bottom 96-well plates pre-coated
with 1% Pluronic-F127) to study the interaction between EC and HepG2 hepatocellular carcinoma
cells [156]. In their model, tumor cells were able to interact with EC creating spheroids with a hypoxic
core that is physically closer to real tumors. EC were able to form tubule networks inside the 3D
structure. They evaluated the effect of sorafenib, sunitinib, and axitinib by detecting apoptosis in EC
and demonstrated that their tumor spheroid model had a hypoxic core leading to a more realistic
penetration gradient of drugs compared to 2D models. Additionally, McIntyre et al. demonstrated that
CAIX, a key hypoxia regulated gene, was upregulated in 3D culture and in vivo, but not in 2D [157].
Moreover, CAIX expression was associated with a diminished response to bevacizumab in colon
cancer and glioblastoma. They demonstrated that combining inhibition of CAIX and anti-angiogenic
treatment reduced the tumor growth. This study highlighted that, as with cytotoxic drugs, hypoxia is
also an important factor to take into account when assessing antiangiogenic efficiency.

4. Conclusions

2D cell culture has been an essential tool for over a century to help researchers understand the
mechanisms that underlie cell behavior in vivo. In cancer research, well-established and characterized
2D cancer cell culture has massively contributed to the understanding of carcinogenesis from cell
proliferation and migration to drug discovery. Yet, cancer remains a complex disease that is still
not fully understood, especially due to its close interactions with its surrounding cells. While the
tumor-TME interactions have become the focus of many laboratories, the way to study them is not
always clear.

2D cultures generally fail to translate accurately the natural in vivo setting. When cells are cultured
in 2D, they grow as monolayers, which lead to polarized cell adhesion and two-dimensional contact
with neighboring cells. This physical characteristic allows them to receive a homogeneous amount
of nutrients and growth factors from the media, resulting in abnormal cell spreading, an unrealistic
distribution of cell surface receptors, and selection for specific cell sub-populations best adapted
to 2D in vitro growth. These limitations have encouraged the emergence of many 3D methods to
better translate the complex pathophysiological features of the TME in vitro. 3D models can mimic
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a tumor process through its heterogeneity, giving a better reflection of the real tumor setting and
a more natural response to different soluble factors present in the TME. The important diversity of
existing 3D methods urges scientists to find the most appropriate one to study particular cellular and
physico-chemical aspects of the TME.

An issue that is often faced when using standard 3D models is that they either create false
interactions between the cells and their matrix or they have an over-simplistic model of tumor.
For instance, it is possible to design an experiment using a hydrogel where cells can be in
an environment that will closely mimic in vivo interactions; however, a false background can also
be created. To circumvent this issue, one can use a technique where spheroids are created without
any interaction with an external scaffold, but it would again give a limited view of the full picture.
Moreover, as mentioned previously, culturing cells in spheroids can also induce a selection of certain
populations like the CSC. This unrealistic selection will lead to an increase of chemoresistance toward
many cytotoxic compounds. This demonstrates that like 2D methods, 3D methods are also able to
create their own culture artefact or population selection, which is inherent to in vitro culture.

Among 3D techniques, the microfluidic platform is one of the most promising methods, because it
exceeds the standard 3D models in the re-transcription of a tissue-like structure. The system reproduces
cell-cell interfaces, growth factor gradients, and mechanical properties of the TME with a high level
of accuracy compared to other methods. However, this technique can be expensive, and requires
specialized equipment.

Cell culture is an indispensable tool to help uncover fundamental cancer processes and new
therapeutics. Although flat, 2D cell culture has dominated in vitro study for a long time, it is now
clear that research has shifted into the direction of culture using 3D structures, with more realistic
biochemical and biomechanical microenvironments. 2D cell culture methods can still be accurate for
numerous bioactivities, and new developments in substrate design will bring new capabilities for this
platform. Overall, 3D systems are likely to offer an increasingly attractive substitute for 2D cell culture
as advances in the field produce a wider variety of methods. A sensible approach for now would be
to combine the best-adapted 3D method with a classical 2D culture to improve the selection of new
therapeutic targets before pre-clinical assessment of chemotherapies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  McMillin, D.W.; Negri, ].M.; Mitsiades, C.S. The role of tumour-stromal interactions in modifying drug
response: Challenges and opportunities. Nat. Rev. Drug Discov. 2013, 12, 217-228. [CrossRef] [PubMed]

2. Pietras, K.; Ostman, A. Hallmarks of cancer: Interactions with the tumor stroma. Exp. Cell Res. 2010, 316,
1324-1331. [CrossRef] [PubMed]

3. Tlsty, T.D.; Coussens, L.M. Tumor stroma and regulation of cancer development. Annu. Rev. Pathol. 2006, 1,
119-150. [CrossRef] [PubMed]

4. Bissell, M.].; Hall, H.G.; Parry, G. How does the extracellular matrix direct gene expression? J. Theor. Biol.
1982, 99, 31-68. [CrossRef]

5. Friedl, P.; Alexander, S. Cancer invasion and the microenvironment: Plasticity and reciprocity. Cell 2011, 147,
992-1009. [CrossRef] [PubMed]

6. Nelson, C.M.; Khauv, D.; Bissell, M.J.; Radisky, D.C. Change in cell shape is required for matrix
metalloproteinase-induced epithelial-mesenchymal transition of mammary epithelial cells. J. Cell. Biochem.
2008, 105, 25-33. [CrossRef] [PubMed]

7. Xu, R; Boudreau, A.; Bissell, M.]. Tissue architecture and function: Dynamic reciprocity via extra- and
intra-cellular matrices. Cancer Metastasis Rev. 2009, 28, 167-176. [CrossRef] [PubMed]

8. Yamada, K.M.; Cukierman, E. Modeling tissue morphogenesis and cancer in 3D. Cell 2007, 130, 601-610.
[CrossRef] [PubMed]

9.  Cekanova, M.; Rathore, K. Animal models and therapeutic molecular targets of cancer: Utility and limitations.
Drug Des. Dev. Ther. 2014, 8, 1911-1921. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nrd3870
http://www.ncbi.nlm.nih.gov/pubmed/23449307
http://dx.doi.org/10.1016/j.yexcr.2010.02.045
http://www.ncbi.nlm.nih.gov/pubmed/20211171
http://dx.doi.org/10.1146/annurev.pathol.1.110304.100224
http://www.ncbi.nlm.nih.gov/pubmed/18039110
http://dx.doi.org/10.1016/0022-5193(82)90388-5
http://dx.doi.org/10.1016/j.cell.2011.11.016
http://www.ncbi.nlm.nih.gov/pubmed/22118458
http://dx.doi.org/10.1002/jcb.21821
http://www.ncbi.nlm.nih.gov/pubmed/18506791
http://dx.doi.org/10.1007/s10555-008-9178-z
http://www.ncbi.nlm.nih.gov/pubmed/19160017
http://dx.doi.org/10.1016/j.cell.2007.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17719539
http://dx.doi.org/10.2147/DDDT.S49584
http://www.ncbi.nlm.nih.gov/pubmed/25342884

Int. ]. Mol. Sci. 2018, 19, 181 18 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Voskoglou-Nomikos, T.; Pater, J.L.; Seymour, L. Clinical predictive value of the in vitro cell line, human xenograft,
and mouse allograft preclinical cancer models. Clin. Cancer Res. 2003, 9, 4227-4239. [PubMed]

Mak, I.W.; Evaniew, N.; Ghert, M. Lost in translation: Animal models and clinical trials in cancer treatment.
Am. ]. Transl. Res. 2014, 6, 114-118. [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] [PubMed]

Kelm, J.M.; Ehler, E.; Nielsen, L.K.; Schlatter, S.; Perriard, ].C.; Fussenegger, M. Design of artificial myocardial
microtissues. Tissue Eng. 2004, 10, 201-214. [CrossRef] [PubMed]

Jorgensen, A.; Young, J.; Nielsen, J.E.; Joensen, U.N.; Toft, B.G.; Rajpert-De Meyts, E.; Loveland, K.L.
Hanging drop cultures of human testis and testis cancer samples: A model used to investigate activin
treatment effects in a preserved niche. Br. ]. Cancer 2014, 110, 2604-2614. [CrossRef] [PubMed]

Kurosawa, H. Methods for inducing embryoid body formation: In vitro differentiation system of embryonic
stem cells. J. Biosci. Bioeng. 2007, 103, 389-398. [CrossRef] [PubMed]

Tung, Y.C.; Hsiao, A.Y.; Allen, S.G.; Torisawa, Y.S.; Ho, M.; Takayama, S. High-throughput 3D spheroid
culture and drug testing using a 384 hanging drop array. Analyst 2011, 136, 473-478. [CrossRef] [PubMed]
Hsiao, A.Y,; Tung, Y.C.; Kuo, C.H.; Mosadegh, B.; Bedenis, R.; Pienta, K.J.; Takayama, S. Micro-ring
structures stabilize microdroplets to enable long term spheroid culture in 384 hanging drop array plates.
Biomed. Microdevices 2012, 14, 313-323. [CrossRef] [PubMed]

Hsiao, A.Y,; Tung, Y.C.; Qu, X,; Patel, L.R,; Pienta, K.J.; Takayama, S. 384 hanging drop arrays give excellent
Z-factors and allow versatile formation of co-culture spheroids. Biotechnol. Bioeng. 2012, 109, 1293-1304.
[CrossRef] [PubMed]

Kelm, J.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] [PubMed]

Raghavan, S.; Ward, M.R.; Rowley, K.R.; Wold, R M.; Takayama, S.; Buckanovich, R.J.; Mehta, G. Formation of
stable small cell number three-dimensional ovarian cancer spheroids using hanging drop arrays for preclinical
drug sensitivity assays. Gynecol. Oncol. 2015, 138, 181-189. [CrossRef] [PubMed]

Sutherland, R.M.; McCredie, J.A.; Inch, W.R. Growth of multicell spheroids in tissue culture as a model of
nodular carcinomas. . Natl. Cancer Inst. 1971, 46, 113-120. [PubMed]

Sutherland, R.M.; Inch, W.R.; McCredie, ].A.; Kruuy, ]. A multi-component radiation survival curve using
an in vitro tumour model. Int. J. Radiat. Biol. Relat. Stud. Phys. Chem. Med. 1970, 18, 491-495. [CrossRef]
[PubMed]

Yuhas, ].M.; Li, A.P; Martinez, A.O.; Ladman, A.J. A simplified method for production and growth of
multicellular tumor spheroids. Cancer Res. 1977, 37, 3639-3643. [PubMed]

Ivascu, A.; Kubbies, M. Rapid generation of single-tumor spheroids for high-throughput cell function and
toxicity analysis. J. Biomol. Screen. 2006, 11, 922-932. [CrossRef] [PubMed]

Lin, R.Z.; Chang, H.Y. Recent advances in three-dimensional multicellular spheroid culture for biomedical
research. Biotechnol. J. 2008, 3, 1172-1184. [CrossRef] [PubMed]

Kim, J.B. Three-dimensional tissue culture models in cancer biology. Semin. Cancer Biol. 2005, 15, 365-377.
[CrossRef] [PubMed]

Hirschhaeuser, F; Leidig, T.; Rodday, B.; Lindemann, C.; Mueller-Klieser, W. Test system for trifunctional
antibodies in 3D MCTS culture. J. Biomol. Screen. 2009, 14, 980-990. [CrossRef] [PubMed]

Schwarz, R.P.; Goodwin, T.].; Wolf, D.A. Cell culture for three-dimensional modeling in rotating-wall vessels:
An application of simulated microgravity. J. Tissue Cult. Methods 1992, 14, 51-57. [CrossRef] [PubMed]
Fang, Y.; Eglen, R M. Three-dimensional cell cultures in drug discovery and development. SLAS Discov.
2017, 22, 456-472. [CrossRef] [PubMed]

Caliari, S.R.; Burdick, J.A. A practical guide to hydrogels for cell culture. Nat. Methods 2016, 13, 405-414.
[CrossRef] [PubMed]

Kleinman, H.K.; Martin, G.R. Matrigel: Basement membrane matrix with biological activity. Semin. Cancer Biol.
2005, 15, 378-386. [CrossRef] [PubMed]

Barcellos-Hoff, M.H.; Aggeler, J.; Ram, T.G.; Bissell, M.]. Functional differentiation and alveolar
morphogenesis of primary mammary cultures on reconstituted basement membrane. Development 1989, 105,
223-235. [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/14519650
http://www.ncbi.nlm.nih.gov/pubmed/24489990
http://dx.doi.org/10.3389/fbioe.2016.00012
http://www.ncbi.nlm.nih.gov/pubmed/26904541
http://dx.doi.org/10.1089/107632704322791853
http://www.ncbi.nlm.nih.gov/pubmed/15009946
http://dx.doi.org/10.1038/bjc.2014.160
http://www.ncbi.nlm.nih.gov/pubmed/24781282
http://dx.doi.org/10.1263/jbb.103.389
http://www.ncbi.nlm.nih.gov/pubmed/17609152
http://dx.doi.org/10.1039/C0AN00609B
http://www.ncbi.nlm.nih.gov/pubmed/20967331
http://dx.doi.org/10.1007/s10544-011-9608-5
http://www.ncbi.nlm.nih.gov/pubmed/22057945
http://dx.doi.org/10.1002/bit.24399
http://www.ncbi.nlm.nih.gov/pubmed/22161651
http://dx.doi.org/10.1002/bit.10655
http://www.ncbi.nlm.nih.gov/pubmed/12768623
http://dx.doi.org/10.1016/j.ygyno.2015.04.014
http://www.ncbi.nlm.nih.gov/pubmed/25913133
http://www.ncbi.nlm.nih.gov/pubmed/5101993
http://dx.doi.org/10.1080/09553007014551401
http://www.ncbi.nlm.nih.gov/pubmed/5316564
http://www.ncbi.nlm.nih.gov/pubmed/908012
http://dx.doi.org/10.1177/1087057106292763
http://www.ncbi.nlm.nih.gov/pubmed/16973921
http://dx.doi.org/10.1002/biot.200700228
http://www.ncbi.nlm.nih.gov/pubmed/18566957
http://dx.doi.org/10.1016/j.semcancer.2005.05.002
http://www.ncbi.nlm.nih.gov/pubmed/15975824
http://dx.doi.org/10.1177/1087057109341766
http://www.ncbi.nlm.nih.gov/pubmed/19675312
http://dx.doi.org/10.1007/BF01404744
http://www.ncbi.nlm.nih.gov/pubmed/11541102
http://dx.doi.org/10.1177/2472555217696795
http://www.ncbi.nlm.nih.gov/pubmed/28520521
http://dx.doi.org/10.1038/nmeth.3839
http://www.ncbi.nlm.nih.gov/pubmed/27123816
http://dx.doi.org/10.1016/j.semcancer.2005.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15975825
http://www.ncbi.nlm.nih.gov/pubmed/2806122

Int. ]. Mol. Sci. 2018, 19, 181 19 of 24

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Aggeler, J.; Ward, J.; Blackie, L.M.; Barcellos-Hoff, M.H.; Streuli, C.H.; Bissell, M.J. Cytodifferentiation of
mouse mammary epithelial cells cultured on a reconstituted basement membrane reveals striking similarities
to development in vivo. J. Cell Sci. 1991, 99, 407-417. [PubMed]

Rozario, T.; DeSimone, D.W. The extracellular matrix in development and morphogenesis: A dynamic view.
Dev. Biol. 2010, 341, 126-140. [CrossRef] [PubMed]

Kim, H.D.; Guo, TW.; Wu, A.P; Wells, A.; Gertler, EB.; Lauffenburger, D.A. Epidermal growth factor-induced
enhancement of glioblastoma cell migration in 3D arises from an intrinsic increase in speed but an extrinsic
matrix- and proteolysis-dependent increase in persistence. Mol. Biol. Cell 2008, 19, 4249—-4259. [CrossRef]
[PubMed]

Walters, B.D.; Stegemann, ].P. Strategies for directing the structure and function of three-dimensional collagen
biomaterials across length scales. Acta Biomater. 2014, 10, 1488-1501. [CrossRef] [PubMed]

Shoulders, M.D.; Raines, R.T. Collagen structure and stability. Annu. Rev. Biochem. 2009, 78, 929-958. [CrossRef]
[PubMed]

Doyle, A.D.; Carvajal, N.; Jin, A.; Matsumoto, K.; Yamada, K.M. Local 3D matrix microenvironment regulates
cell migration through spatiotemporal dynamics of contractility-dependent adhesions. Nat. Commun. 2015,
6, 8720. [CrossRef] [PubMed]

Tibbitt, M.W.; Anseth, K.S. Hydrogels as extracellular matrix mimics for 3D cell culture. Biotechnol. Bioeng.
2009, 103, 655-663. [CrossRef] [PubMed]

Tokuda, E.Y,; Jones, C.E.; Anseth, K.S. PEG-peptide hydrogels reveal differential effects of matrix
microenvironmental cues on melanoma drug sensitivity. Integr. Biol. 2017, 9, 76-87. [CrossRef] [PubMed]
Singh, M.; Mukundan, S.; Jaramillo, M.; Oesterreich, S.; Sant, S. Three-Dimensional Breast Cancer Models
Mimic Hallmarks of Size-Induced Tumor Progression. Cancer Res. 2016, 76, 3732-3743. [CrossRef] [PubMed]
Rice, ].J.; Martino, M.M.; de Laporte, L.; Tortelli, F,; Briquez, P.S.; Hubbell, ].A. Engineering the regenerative
microenvironment with biomaterials. Adv. Healthc. Mater. 2013, 2, 57-71. [CrossRef] [PubMed]

Cho, H.J.; Yoon, H.Y.; Koo, H.; Ko, S.H.; Shim, ].S.; Lee, ].H.; Kim, K.; Kwon, I.C.; Kim, D.D. Self-assembled
nanoparticles based on hyaluronic acid-ceramide (HA-CE) and Pluronic® for tumor-targeted delivery of
docetaxel. Biomaterials 2011, 32, 7181-7190. [CrossRef] [PubMed]

Yu, M.; Jambhrunkar, S.; Thorn, P; Chen, J.; Gu, W.; Yu, C. Hyaluronic acid modified mesoporous silica
nanoparticles for targeted drug delivery to CD44-overexpressing cancer cells. Nanoscale 2013, 5, 178-183.
[CrossRef] [PubMed]

Highley, C.B.; Prestwich, G.D.; Burdick, ]J.A. Recent advances in hyaluronic acid hydrogels for biomedical
applications. Curr. Opin. Biotechnol. 2016, 40, 35—40. [CrossRef] [PubMed]

Souza, G.R.; Molina, J.R.; Raphael, RM.; Ozawa, M.G,; Stark, D.J.; Levin, C.S.; Bronk, L.E; Ananta, J.S.;
Mandelin, J.; Georgescu, M.M.; et al. Three-dimensional tissue culture based on magnetic cell levitation.
Nat. Nanotechnol. 2010, 5, 291-296. [CrossRef] [PubMed]

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

Tseng, H.; Gage, ].A.; Raphael, RM.; Moore, R.H.; Killian, T.C.; Grande-Allen, K.J.; Souza, G.R. Assembly of
a three-dimensional multitype bronchiole coculture model using magnetic levitation. Tissue Eng. Part C Methods
2013, 19, 665-675. [CrossRef] [PubMed]

Shafiee, A.; Atala, A. Printing Technologies for Medical Applications. Trends Mol. Med. 2016, 22, 254-265.
[CrossRef] [PubMed]

Zhang, Y.S.; Duchamp, M.; Oklu, R.; Ellisen, L.W.; Langer, R.; Khademhosseini, A. Bioprinting the Cancer
Microenvironment. ACS Biomater. Sci. Eng. 2016, 2, 1710-1721. [CrossRef] [PubMed]

Gao, G.; Huang, Y,; Schilling, A.F; Hubbell, K.; Cui, X. Organ Bioprinting: Are We There Yet? Adv. Healthc. Mater.
2017. [CrossRef] [PubMed]

Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773-785. [CrossRef]
[PubMed]

Huang, Y.; Zhang, X.F,; Gao, G.; Yonezawa, T.; Cui, X. 3D bioprinting and the current applications in tissue
engineering. Biotechnol. ]. 2017, 12. [CrossRef] [PubMed]

Boland, T.; Xu, T.; Damon, B.; Cui, X. Application of inkjet printing to tissue engineering. Biotechnol. ]. 2006,
1,910-917. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/1885677
http://dx.doi.org/10.1016/j.ydbio.2009.10.026
http://www.ncbi.nlm.nih.gov/pubmed/19854168
http://dx.doi.org/10.1091/mbc.E08-05-0501
http://www.ncbi.nlm.nih.gov/pubmed/18632979
http://dx.doi.org/10.1016/j.actbio.2013.08.038
http://www.ncbi.nlm.nih.gov/pubmed/24012608
http://dx.doi.org/10.1146/annurev.biochem.77.032207.120833
http://www.ncbi.nlm.nih.gov/pubmed/19344236
http://dx.doi.org/10.1038/ncomms9720
http://www.ncbi.nlm.nih.gov/pubmed/26548801
http://dx.doi.org/10.1002/bit.22361
http://www.ncbi.nlm.nih.gov/pubmed/19472329
http://dx.doi.org/10.1039/C6IB00229C
http://www.ncbi.nlm.nih.gov/pubmed/28001152
http://dx.doi.org/10.1158/0008-5472.CAN-15-2304
http://www.ncbi.nlm.nih.gov/pubmed/27216179
http://dx.doi.org/10.1002/adhm.201200197
http://www.ncbi.nlm.nih.gov/pubmed/23184739
http://dx.doi.org/10.1016/j.biomaterials.2011.06.028
http://www.ncbi.nlm.nih.gov/pubmed/21733572
http://dx.doi.org/10.1039/C2NR32145A
http://www.ncbi.nlm.nih.gov/pubmed/23076766
http://dx.doi.org/10.1016/j.copbio.2016.02.008
http://www.ncbi.nlm.nih.gov/pubmed/26930175
http://dx.doi.org/10.1038/nnano.2010.23
http://www.ncbi.nlm.nih.gov/pubmed/20228788
http://dx.doi.org/10.1016/j.pharmthera.2016.03.013
http://www.ncbi.nlm.nih.gov/pubmed/27063403
http://dx.doi.org/10.1089/ten.tec.2012.0157
http://www.ncbi.nlm.nih.gov/pubmed/23301612
http://dx.doi.org/10.1016/j.molmed.2016.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26856235
http://dx.doi.org/10.1021/acsbiomaterials.6b00246
http://www.ncbi.nlm.nih.gov/pubmed/28251176
http://dx.doi.org/10.1002/adhm.201701018
http://www.ncbi.nlm.nih.gov/pubmed/29193879
http://dx.doi.org/10.1038/nbt.2958
http://www.ncbi.nlm.nih.gov/pubmed/25093879
http://dx.doi.org/10.1002/biot.201600734
http://www.ncbi.nlm.nih.gov/pubmed/28675678
http://dx.doi.org/10.1002/biot.200600081
http://www.ncbi.nlm.nih.gov/pubmed/16941443

Int. ]. Mol. Sci. 2018, 19, 181 20 of 24

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

Mandrycky, C.; Wang, Z.; Kim, K.; Kim, D.H. 3D bioprinting for engineering complex tissues. Biotechnol. Adv.
2016, 34, 422-434. [CrossRef] [PubMed]

Guillemot, F; Souquet, A.; Catros, S.; Guillotin, B.; Lopez, J.; Faucon, M.; Pippenger, B.; Bareille, R.;
Remy, M.; Bellance, S.; et al. High-throughput laser printing of cells and biomaterials for tissue engineering.
Acta Biomater. 2010, 6, 2494-2500. [CrossRef] [PubMed]

Knowlton, S.; Onal, S.; Yu, C.H.; Zhao, J.J.; Tasoglu, S. Bioprinting for cancer research. Trends Biotechnol. 2015,
33, 504-513. [CrossRef] [PubMed]

Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368-373. [CrossRef] [PubMed]
Bhatia, S.N.; Ingber, D.E. Microfluidic organs-on-chips. Nat. Biotechnol. 2014, 32, 760-772. [CrossRef]
[PubMed]

Hubh, D.; Torisawa, Y.S.; Hamilton, G.A.; Kim, H.J.; Ingber, D.E. Microengineered physiological biomimicry:
Organs-on-chips. Lab Chip 2012, 12, 2156-2164. [CrossRef] [PubMed]

Hattersley, S.M.; Sylvester, D.C.; Dyer, C.E.; Stafford, N.D.; Haswell, S.J.; Greenman, J. A microfluidic system
for testing the responses of head and neck squamous cell carcinoma tissue biopsies to treatment with
chemotherapy drugs. Ann. Biomed. Eng. 2012, 40, 1277-1288. [CrossRef] [PubMed]

Holton, A.B,; Sinatra, EL.; Kreahling, J.; Conway, A.J.; Landis, D.A.; Altiok, S. Microfluidic biopsy trapping
device for the real-time monitoring of tumor microenvironment. PLoS ONE 2017, 12, e0169797. [CrossRef]
[PubMed]

Atac, B.; Wagner, I.; Horland, R.; Lauster, R.; Marx, U.; Tonevitsky, A.G.; Azar, R.P; Lindner, G. Skin and hair
on-a-chip: In vitro skin models versus ex vivo tissue maintenance with dynamic perfusion. Lab Chip 2013,
13, 3555-3561. [CrossRef] [PubMed]

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

Powers, M.].; Domansky, K.; Kaazempur-Mofrad, M.R.; Kalezi, A.; Capitano, A.; Upadhyaya, A.;
Kurzawski, P.; Wack, K.E.; Stolz, D.B.; Kamm, R.; et al. A microfabricated array bioreactor for perfused 3D
liver culture. Biotechnol. Bioeng. 2002, 78, 257-269. [CrossRef] [PubMed]

Kimura, H.; Yamamoto, T.; Sakai, H.; Sakai, Y.; Fujii, T. An integrated microfluidic system for long-term
perfusion culture and on-line monitoring of intestinal tissue models. Lab Chip 2008, 8, 741-746. [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]

Patra, B.; Peng, C.C.; Liao, WH.; Lee, C.H.; Tung, Y.C. Drug testing and flow cytometry analysis on a large
number of uniform sized tumor spheroids using a microfluidic device. Sci. Rep. 2016, 6, 21061. [CrossRef]
[PubMed]

Tarin, D. Clinical and biological implications of the tumor microenvironment. Cancer Microenviron. 2012, 5,
95-112. [CrossRef] [PubMed]

Abercrombie, M. Contact inhibition in tissue culture. In Vitro 1970, 6, 128-142. [CrossRef] [PubMed]
Levine, E.IM,; Jeng, D.Y.; Chang, Y. Contact inhibition, polyribosomes, and cell surface membranes in cultured
mammalian cells. J. Cell. Physiol. 1974, 84, 349-364. [CrossRef] [PubMed]

Schmialek, P.; Geyer, A.; Miosga, V.; Nundel, M.; Zapf, B. The kinetics of contact inhibition in mammalian
cells. Cell Tissue Kinet. 1977, 10, 195-202. [CrossRef] [PubMed]

Abercrombie, M. Contact inhibition and malignancy. Nature 1979, 281, 259-262. [CrossRef] [PubMed]
Chen, L.; Xiao, Z.; Meng, Y.; Zhao, Y,; Han, ].; Su, G.; Chen, B.; Dai, ]. The enhancement of cancer stem cell
properties of MCF-7 cells in 3D collagen scaffolds for modeling of cancer and anti-cancer drugs. Biomaterials
2012, 33, 1437-1444. [CrossRef] [PubMed]

Cavo, M.; Fato, M,; Penuela, L.; Beltrame, E; Raiteri, R.; Scaglione, S. Microenvironment complexity and
matrix stiffness regulate breast cancer cell activity in a 3D in vitro model. Sci. Rep. 2016, 6, 35367. [CrossRef]
[PubMed]

Ghiabi, P; Jiang, J.; Pasquier, J.; Maleki, M.; Abu-Kaoud, N.; Rafii, S.; Rafii, A. Endothelial cells provide
a notch-dependent pro-tumoral niche for enhancing breast cancer survival, stemness and pro-metastatic
properties. PLoS ONE 2014, 9, e112424. [CrossRef] [PubMed]

Majety, M.; Pradel, L.P; Gies, M.; Ries, C.H. Fibroblasts influence survival and therapeutic response in a 3D
co-culture model. PLoS ONE 2015, 10, e0127948. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.biotechadv.2015.12.011
http://www.ncbi.nlm.nih.gov/pubmed/26724184
http://dx.doi.org/10.1016/j.actbio.2009.09.029
http://www.ncbi.nlm.nih.gov/pubmed/19819356
http://dx.doi.org/10.1016/j.tibtech.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26216543
http://dx.doi.org/10.1038/nature05058
http://www.ncbi.nlm.nih.gov/pubmed/16871203
http://dx.doi.org/10.1038/nbt.2989
http://www.ncbi.nlm.nih.gov/pubmed/25093883
http://dx.doi.org/10.1039/c2lc40089h
http://www.ncbi.nlm.nih.gov/pubmed/22555377
http://dx.doi.org/10.1007/s10439-011-0428-9
http://www.ncbi.nlm.nih.gov/pubmed/21997391
http://dx.doi.org/10.1371/journal.pone.0169797
http://www.ncbi.nlm.nih.gov/pubmed/28085924
http://dx.doi.org/10.1039/c3lc50227a
http://www.ncbi.nlm.nih.gov/pubmed/23674126
http://dx.doi.org/10.1126/science.1188302
http://www.ncbi.nlm.nih.gov/pubmed/20576885
http://dx.doi.org/10.1002/bit.10143
http://www.ncbi.nlm.nih.gov/pubmed/11920442
http://dx.doi.org/10.1039/b717091b
http://www.ncbi.nlm.nih.gov/pubmed/18432344
http://dx.doi.org/10.1016/j.trecan.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26858990
http://dx.doi.org/10.1038/srep21061
http://www.ncbi.nlm.nih.gov/pubmed/26877244
http://dx.doi.org/10.1007/s12307-012-0099-6
http://www.ncbi.nlm.nih.gov/pubmed/22782446
http://dx.doi.org/10.1007/BF02616114
http://www.ncbi.nlm.nih.gov/pubmed/4943054
http://dx.doi.org/10.1002/jcp.1040840304
http://www.ncbi.nlm.nih.gov/pubmed/4474184
http://dx.doi.org/10.1111/j.1365-2184.1977.tb00144.x
http://www.ncbi.nlm.nih.gov/pubmed/558054
http://dx.doi.org/10.1038/281259a0
http://www.ncbi.nlm.nih.gov/pubmed/551275
http://dx.doi.org/10.1016/j.biomaterials.2011.10.056
http://www.ncbi.nlm.nih.gov/pubmed/22078807
http://dx.doi.org/10.1038/srep35367
http://www.ncbi.nlm.nih.gov/pubmed/27734939
http://dx.doi.org/10.1371/journal.pone.0112424
http://www.ncbi.nlm.nih.gov/pubmed/25380486
http://dx.doi.org/10.1371/journal.pone.0127948
http://www.ncbi.nlm.nih.gov/pubmed/26053043

Int. ]. Mol. Sci. 2018, 19, 181 21 of 24

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Eder, T.; Weber, A.; Neuwirt, H.; Grunbacher, G.; Ploner, C.; Klocker, H.; Sampson, N.; Eder, LE.
Cancer-associated fibroblasts modify the response of prostate cancer cells to androgen and anti-androgens in
three-dimensional spheroid culture. Int. J. Mol. Sci. 2016, 17, 1458. [CrossRef] [PubMed]

Jaganathan, H.; Gage, J.; Leonard, F; Srinivasan, S.; Souza, G.R.; Dave, B.; Godin, B. Three-dimensional
in vitro co-culture model of breast tumor using magnetic levitation. Sci. Rep. 2014, 4, 6468. [CrossRef]
[PubMed]

Brancato, V.; Comunanza, V.; Imparato, G.; Cora, D.; Urciuolo, F; Noghero, A.; Bussolino, F.; Netti, P.A.
Bioengineered tumoral microtissues recapitulate desmoplastic reaction of pancreatic cancer. Acta Biomater.
2017, 49, 152-166. [CrossRef] [PubMed]

Santo, V.E.; Estrada, M.E; Rebelo, S.P,; Abreu, S.; Silva, L; Pinto, C.; Veloso, S.C.; Serra, A.T.; Boghaert, E.;
Alves, PM.; et al. Adaptable stirred-tank culture strategies for large scale production of multicellular
spheroid-based tumor cell models. . Biotechnol. 2016, 221, 118-129. [CrossRef] [PubMed]

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] [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]

Abercrombie, M.; Heaysman, J.E. Observations on the social behaviour of cells in tissue culture. I. Speed
of movement of chick heart fibroblasts in relation to their mutual contacts. Exp. Cell Res. 1953, 5, 111-131.
[CrossRef]

Abercrombie, M.; Heaysman, J.E.; Karthauser, H.M. Social behaviour of cells in tissue culture. III. Mutual
influence of sarcoma cells and fibroblasts. Exp. Cell Res. 1957, 13, 276-291. [CrossRef]

Parish, R.W.; Schmidhauser, C.; Schmidt, T.; Dudler, R.K. Mechanisms of tumour cell metastasis. J. Cell Sci. Suppl.
1987, 8, 181-197. [CrossRef] [PubMed]

Batson, J.; Astin, ].W.; Nobes, C.D. Regulation of contact inhibition of locomotion by Eph-ephrin signalling.
J. Microsc. 2013, 251, 232-241. [CrossRef] [PubMed]

Paddock, S.W.; Dunn, G.A. Analysing collisions between fibroblasts and fibrosarcoma cells: Fibrosarcoma
cells show an active invasionary response. . Cell Sci. 1986, 81, 163-187. [PubMed]

Astin, ].W,; Batson, ].; Kadir, S.; Charlet, J.; Persad, R.A.; Gillatt, D.; Oxley, J.D.; Nobes, C.D. Competition
amongst Eph receptors regulates contact inhibition of locomotion and invasiveness in prostate cancer cells.
Nat. Cell Biol. 2010, 12, 1194-1204. [CrossRef] [PubMed]

Pasquier, J.; Abu-Kaoud, N.; Al Thani, H.; Rafii, A. Epithelial to mesenchymal transition in a clinical
perspective. J. Oncol. 2015, 2015, 792182. [CrossRef] [PubMed]

Dreymueller, D.; Theodorou, K.; Donners, M.; Ludwig, A. Fine tuning cell migration by a disintegrin and
metalloproteinases. Mediat. Inflamm. 2017, 2017, 9621724. [CrossRef] [PubMed]

Lauffenburger, D.A.; Horwitz, A.F. Cell migration: A physically integrated molecular process. Cell 1996, 84,
359-369. [CrossRef]

Danuser, G.; Allard, J.; Mogilner, A. Mathematical modeling of eukaryotic cell migration: Insights beyond
experiments. Annu. Rev. Cell Dev. Biol. 2013, 29, 501-528. [CrossRef] [PubMed]

Friedl, P; Sahai, E.; Weiss, S.; Yamada, K.M. New dimensions in cell migration. Nat. Rev. Mol. Cell Biol. 2012,
13,743-747. [CrossRef] [PubMed]

Pasquier, J.; Abu-Kaoud, N.; Abdesselem, H.; Madani, A.; Hoarau-Vechot, J.; Thawadi, H.A.; Vidal, F;
Couderc, B.; Favre, G.; Rafii, A. SDF-1a concentration dependent modulation of RhoA and Racl modifies
breast cancer and stromal cells interaction. BMC Cancer 2015, 15, 569. [CrossRef] [PubMed]

Loessner, D.; Stok, K.S.; Lutolf, M.P,; Hutmacher, D.W.; Clements, J.A.; Rizzi, S.C. Bioengineered 3D platform
to explore cell-ECM interactions and drug resistance of epithelial ovarian cancer cells. Biomaterials 2010, 31,
8494-8506. [CrossRef] [PubMed]

Kiss, D.L.; Windus, L.C.; Avery, V.M. Chemokine receptor expression on integrin-mediated stellate projections
of prostate cancer cells in 3D culture. Cytokine 2013, 64, 122-130. [CrossRef] [PubMed]

Winters, B.S.; Shepard, S.R.; Foty, R.A. Biophysical measurement of brain tumor cohesion. Int. |. Cancer 2005,
114, 371-379. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/ijms17091458
http://www.ncbi.nlm.nih.gov/pubmed/27598125
http://dx.doi.org/10.1038/srep06468
http://www.ncbi.nlm.nih.gov/pubmed/25270048
http://dx.doi.org/10.1016/j.actbio.2016.11.072
http://www.ncbi.nlm.nih.gov/pubmed/27916739
http://dx.doi.org/10.1016/j.jbiotec.2016.01.031
http://www.ncbi.nlm.nih.gov/pubmed/26815388
http://dx.doi.org/10.1002/adhm.201700196
http://www.ncbi.nlm.nih.gov/pubmed/28544639
http://dx.doi.org/10.1016/j.biomaterials.2009.02.047
http://www.ncbi.nlm.nih.gov/pubmed/19304321
http://dx.doi.org/10.1016/0014-4827(53)90098-6
http://dx.doi.org/10.1016/0014-4827(57)90007-1
http://dx.doi.org/10.1242/jcs.1987.Supplement_8.10
http://www.ncbi.nlm.nih.gov/pubmed/3332660
http://dx.doi.org/10.1111/jmi.12024
http://www.ncbi.nlm.nih.gov/pubmed/23495724
http://www.ncbi.nlm.nih.gov/pubmed/3733895
http://dx.doi.org/10.1038/ncb2122
http://www.ncbi.nlm.nih.gov/pubmed/21076414
http://dx.doi.org/10.1155/2015/792182
http://www.ncbi.nlm.nih.gov/pubmed/26425122
http://dx.doi.org/10.1155/2017/9621724
http://www.ncbi.nlm.nih.gov/pubmed/28260841
http://dx.doi.org/10.1016/S0092-8674(00)81280-5
http://dx.doi.org/10.1146/annurev-cellbio-101512-122308
http://www.ncbi.nlm.nih.gov/pubmed/23909278
http://dx.doi.org/10.1038/nrm3459
http://www.ncbi.nlm.nih.gov/pubmed/23072889
http://dx.doi.org/10.1186/s12885-015-1556-7
http://www.ncbi.nlm.nih.gov/pubmed/26231656
http://dx.doi.org/10.1016/j.biomaterials.2010.07.064
http://www.ncbi.nlm.nih.gov/pubmed/20709389
http://dx.doi.org/10.1016/j.cyto.2013.07.012
http://www.ncbi.nlm.nih.gov/pubmed/23921147
http://dx.doi.org/10.1002/ijc.20722
http://www.ncbi.nlm.nih.gov/pubmed/15551307

Int. ]. Mol. Sci. 2018, 19, 181 22 of 24

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Ghiabi, P; Jiang, J.; Pasquier, J.; Maleki, M.; Abu-Kaoud, N.; Halabi, N.; Guerrouahen, B.S.; Rafii, S.; Rafii, A.
Breast cancer cells promote a notch-dependent mesenchymal phenotype in endothelial cells participating to
a pro-tumoral niche. . Transl. Med. 2015, 13, 27. [CrossRef] [PubMed]

Chen, Y.C,; Zhang, Z.; Fouladdel, S.; Deol, Y.; Ingram, PN.; McDermott, S.P.; Azizi, E.; Wicha, M.S.; Yoon, E.
Single cell dual adherent-suspension co-culture micro-environment for studying tumor-stromal interactions
with functionally selected cancer stem-like cells. Lab Chip 2016, 16, 2935-2945. [CrossRef] [PubMed]
Burleson, K.M.; Casey, R.C.; Skubitz, K.M.; Pambuccian, S.E.; Oegema, T.R., Jr.; Skubitz, A.P. Ovarian carcinoma
ascites spheroids adhere to extracellular matrix components and mesothelial cell monolayers. Gynecol. Oncol.
2004, 93, 170-181. [CrossRef] [PubMed]

Rafehi, S.; Ramos Valdes, Y.; Bertrand, M.; McGee, J.; Prefontaine, M.; Sugimoto, A.; DiMattia, G.E.;
Shepherd, T.G. TGF} signaling regulates epithelial-mesenchymal plasticity in ovarian cancer ascites-derived
spheroids. Endocr. Relat. Cancer 2016, 23, 147-159. [CrossRef] [PubMed]

Desjardins, M.; Xie, J.; Gurler, H.; Muralidhar, G.G.; Sacks, ]J.D.; Burdette, J.E.; Barbolina, M.V. Versican
regulates metastasis of epithelial ovarian carcinoma cells and spheroids. J. Ovarian Res. 2014, 7,70. [CrossRef]
[PubMed]

Yang, Z.; Liu, Y.; Wei, X.; Zhou, X.; Gong, C.; Zhang, T; Jin, P; Xu, S.; Ma, D.; Gao, Q. Co-targeting EGFR and
autophagy impairs ovarian cancer cell survival during detachment from the ECM. Curr. Cancer Drug. Targets
2015, 15, 215-226. [CrossRef] [PubMed]

Peart, T.; Ramos Valdes, Y.; Correa, R.]J.; Fazio, E.; Bertrand, M.; McGee, ].; Prefontaine, M.; Sugimoto, A.;
DiMattia, G.E.; Shepherd, T.G. Intact LKB1 activity is required for survival of dormant ovarian cancer
spheroids. Oncotarget 2015, 6, 22424-22438. [CrossRef] [PubMed]

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

Wang, X.; Sun, L.; Maffini, M.V.; Soto, A.; Sonnenschein, C.; Kaplan, D.L. A complex 3D human tissue culture
system based on mammary stromal cells and silk scaffolds for modeling breast morphogenesis and function.
Biomaterials 2010, 31, 3920-3929. [CrossRef] [PubMed]

Jemal, A ; Siegel, R.; Ward, E.; Hao, Y.; Xu, J.; Thun, M.]. Cancer statistics, 2009. CA Cancer ]. Clin. 2009, 59,
225-249. [CrossRef] [PubMed]

El-Gewely, M.R. Biotechnology Annual Review; Elsevier: Amsterdam, The Netherlands, 2008; Volume 14,
pp- 1-475.

Lugmani, Y.A. Mechanisms of drug resistance in cancer chemotherapy. Med. Princ. Pract. 2005, 14, 35-48.
[CrossRef] [PubMed]

Senthebane, D.A.; Rowe, A.; Thomford, N.E.; Shipanga, H.; Munro, D.; Mazeedi, M.; Almazyadi, H.A.M.;
Kallmeyer, K.; Dandara, C.; Pepper, M.S,; et al. The role of tumor microenvironment in chemoresistance:
To survive, keep your enemies closer. Int. J. Mol. Sci. 2017, 18, 1586. [CrossRef] [PubMed]

Tan, D.S.; Agarwal, R.; Kaye, S.B. Mechanisms of transcoelomic metastasis in ovarian cancer. Lancet Oncol.
2006, 7, 925-934. [CrossRef]

Pouyssegur, J.; Dayan, F.; Mazure, N.M. Hypoxia signalling in cancer and approaches to enforce tumour
regression. Nature 2006, 441, 437-443. [CrossRef] [PubMed]

Kovacic, P; Osuna, J.A., Jr. Mechanisms of anti-cancer agents: Emphasis on oxidative stress and electron
transfer. Curr. Pharm. Des. 2000, 6, 277-309. [CrossRef] [PubMed]

Li, Q.; Chow, A.B.; Mattingly, R.R. Three-dimensional overlay culture models of human breast cancer reveal
a critical sensitivity to mitogen-activated protein kinase kinase inhibitors. J. Pharmacol. Exp. Ther. 2010, 332,
821-828. [CrossRef] [PubMed]

Deavall, D.G.; Martin, E.A.; Horner, ] M.; Roberts, R. Drug-induced oxidative stress and toxicity. J. Toxicol.
2012, 2012, 645460. [CrossRef] [PubMed]

Pereira, C.V.; Nadanaciva, S.; Oliveira, P.J.; Will, Y. The contribution of oxidative stress to drug-induced
organ toxicity and its detection in vitro and in vivo. Expert Opin. Drug Metab. Toxicol. 2012, 8, 219-237.
[CrossRef] [PubMed]

Moan, J.; Peng, Q. An outline of the hundred-year history of PDT. Anticancer Res. 2003, 23, 3591-3600.
[PubMed]


http://dx.doi.org/10.1186/s12967-015-0386-3
http://www.ncbi.nlm.nih.gov/pubmed/25623554
http://dx.doi.org/10.1039/C6LC00062B
http://www.ncbi.nlm.nih.gov/pubmed/27381658
http://dx.doi.org/10.1016/j.ygyno.2003.12.034
http://www.ncbi.nlm.nih.gov/pubmed/15047232
http://dx.doi.org/10.1530/ERC-15-0383
http://www.ncbi.nlm.nih.gov/pubmed/26647384
http://dx.doi.org/10.1186/1757-2215-7-70
http://www.ncbi.nlm.nih.gov/pubmed/24999371
http://dx.doi.org/10.2174/1568009615666150126161939
http://www.ncbi.nlm.nih.gov/pubmed/25619386
http://dx.doi.org/10.18632/oncotarget.4211
http://www.ncbi.nlm.nih.gov/pubmed/26068970
http://dx.doi.org/10.1016/j.biomaterials.2013.11.050
http://www.ncbi.nlm.nih.gov/pubmed/24388382
http://dx.doi.org/10.1016/j.biomaterials.2010.01.118
http://www.ncbi.nlm.nih.gov/pubmed/20185172
http://dx.doi.org/10.3322/caac.20006
http://www.ncbi.nlm.nih.gov/pubmed/19474385
http://dx.doi.org/10.1159/000086183
http://www.ncbi.nlm.nih.gov/pubmed/16103712
http://dx.doi.org/10.3390/ijms18071586
http://www.ncbi.nlm.nih.gov/pubmed/28754000
http://dx.doi.org/10.1016/S1470-2045(06)70939-1
http://dx.doi.org/10.1038/nature04871
http://www.ncbi.nlm.nih.gov/pubmed/16724055
http://dx.doi.org/10.2174/1381612003401046
http://www.ncbi.nlm.nih.gov/pubmed/10637380
http://dx.doi.org/10.1124/jpet.109.160390
http://www.ncbi.nlm.nih.gov/pubmed/19952304
http://dx.doi.org/10.1155/2012/645460
http://www.ncbi.nlm.nih.gov/pubmed/22919381
http://dx.doi.org/10.1517/17425255.2012.645536
http://www.ncbi.nlm.nih.gov/pubmed/22248238
http://www.ncbi.nlm.nih.gov/pubmed/14666654

Int. ]. Mol. Sci. 2018, 19, 181 23 of 24

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Chen, Y.C.; Lou, X.; Zhang, Z.; Ingram, P.; Yoon, E. High-throughput cancer cell sphere formation for
characterizing the efficacy of photo dynamic therapy in 3D cell cultures. Sci. Rep. 2015, 5, 12175. [CrossRef]
[PubMed]

Shield, K.; Ackland, M.L.; Ahmed, N.; Rice, G.E. Multicellular spheroids in ovarian cancer metastases:
Biology and pathology. Gynecol. Oncol. 2009, 113, 143-148. [CrossRef] [PubMed]

Zietarska, M.; Maugard, C.M.; Filali-Mouhim, A.; Alam-Fahmy, M.; Tonin, PN.; Provencher, D.M.;
Mes-Masson, A.M. Molecular description of a 3D in vitro model for the study of epithelial ovarian cancer
(EOC). Mol. Carcinog. 2007, 46, 872—-885. [CrossRef] [PubMed]

Lee, J.; Cuddihy, M.].; Kotov, N.A. Three-dimensional cell culture matrices: State of the art. Tissue Eng. Part B Rev.
2008, 14, 61-86. [CrossRef] [PubMed]

Huber, ].M.; Amann, A.; Koeck, S.; Lorenz, E.; Kelm, ].M.; Obexer, P.; Zwierzina, H.; Gamerith, G. Evaluation
of assays for drug efficacy in a three-dimensional model of the lung. J. Cancer Res. Clin. Oncol. 2016, 142,
1955-1966. [CrossRef] [PubMed]

Houshmand, M.; Soleimani, M.; Atashi, A.; Saglio, G.; Abdollahi, M.; Nikougoftar Zarif, M. Mimicking the
acute myeloid leukemia niche for molecular study and drug screening. Tissue Eng. Part C Methods 2017, 23,
72-85. [CrossRef] [PubMed]

Toh, Y.C; Lim, T.C,; Tai, D.; Xiao, G.; van Noort, D.; Yu, H. A microfluidic 3D hepatocyte chip for drug
toxicity testing. Lab Chip 2009, 9, 2026-2035. [CrossRef] [PubMed]

Martinez-Ramos, C.; Lebourg, M. Three-dimensional constructs using hyaluronan cell carrier as a tool for the
study of cancer stem cells. |. Biomed. Mater. Res. B Appl. Biomater. 2015, 103, 1249-1257. [CrossRef] [PubMed]
Ponti, D.; Costa, A.; Zaffaroni, N.; Pratesi, G.; Petrangolini, G.; Coradini, D.; Pilotti, S.; Pierotti, M.A ;
Daidone, M.G. Isolation and in vitro propagation of tumorigenic breast cancer cells with stem/progenitor
cell properties. Cancer Res. 2005, 65, 5506-5511. [CrossRef] [PubMed]

Pasquier, J.; Rafii, A. Role of the microenvironment in ovarian cancer stem cell maintenance. Biomed. Res. Int.
2013, 2013, 630782. [CrossRef] [PubMed]

Zhang, S.; Balch, C.; Chan, M.W.; Lai, H.C.; Matei, D.; Schilder, ].M.; Yan, P.S.; Huang, T.H.; Nephew, K.P.
Identification and characterization of ovarian cancer-initiating cells from primary human tumors. Cancer Res.
2008, 68, 4311-4320. [CrossRef] [PubMed]

Baba, T.; Convery, P.A.; Matsumura, N.; Whitaker, R.S.; Kondoh, E.; Perry, T.; Huang, Z.; Bentley, R.C.;
Mori, S.; Fujii, S.; et al. Epigenetic regulation of CD133 and tumorigenicity of CD133* ovarian cancer cells.
Oncogene 2009, 28, 209-218. [CrossRef] [PubMed]

Kurrey, N.K,; Jalgaonkar, S.P.; Joglekar, A.V.,; Ghanate, A.D.; Chaskar, P.D.; Doiphode, R.Y.; Bapat, S.A.
Snail and slug mediate radioresistance and chemoresistance by antagonizing p53-mediated apoptosis and
acquiring a stem-like phenotype in ovarian cancer cells. Stem Cells 2009, 27, 2059-2068. [CrossRef] [PubMed]
Landen, C.N,, Jr.; Goodman, B.; Katre, A.A.; Steg, A.D.; Nick, A.M.; Stone, R.L.; Miller, L.D.; Mejia, P.V.;
Jennings, N.B.; Gershenson, D.M.; et al. Targeting aldehyde dehydrogenase cancer stem cells in ovarian
cancer. Mol. Cancer Ther. 2010, 9, 3186-3199. [CrossRef] [PubMed]

Reya, T.; Morrison, S.J.; Clarke, M.F.; Weissman, I.L. Stem cells, cancer, and cancer stem cells. Nature 2001,
414,105-111. [CrossRef] [PubMed]

Ginestier, C.; Hur, M.H.; Charafe-Jauffret, E.; Monville, F,; Dutcher, J.; Brown, M.; Jacquemier, J.; Viens, P.;
Kleer, C.G,; Liu, S; et al. ALDHI1 is a marker of normal and malignant human mammary stem cells and
a predictor of poor clinical outcome. Cell Stem Cell 2007, 1, 555-567. [CrossRef] [PubMed]

Luo, L.; Zeng, J.; Liang, B.; Zhao, Z.; Sun, L.; Cao, D.; Yang, J.; Shen, K. Ovarian cancer cells with the CD117
phenotype are highly tumorigenic and are related to chemotherapy outcome. Exp. Mol. Pathol. 2011, 91,
596-602. [CrossRef] [PubMed]

Gao, M.Q.; Choi, Y.P; Kang, S.; Youn, J.H.; Cho, N.H. CD24" cells from hierarchically organized ovarian
cancer are enriched in cancer stem cells. Oncogene 2010, 29, 2672-2680. [CrossRef] [PubMed]

Wang, K.; Kievit, EM.; Erickson, A.E.; Silber, ].R.; Ellenbogen, R.G.; Zhang, M. Culture on 3D chitosan-
hyaluronic acid scaffolds enhances stem cell marker expression and drug resistance in human glioblastoma
cancer stem cells. Adv. Healthc. Mater. 2016, 5, 3173-3181. [CrossRef] [PubMed]

Han, C.; Takayama, S.; Park, J. Formation and manipulation of cell spheroids using a density adjusted
PEG/DEX aqueous two phase system. Sci. Rep. 2015, 5, 11891. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/srep12175
http://www.ncbi.nlm.nih.gov/pubmed/26153550
http://dx.doi.org/10.1016/j.ygyno.2008.11.032
http://www.ncbi.nlm.nih.gov/pubmed/19135710
http://dx.doi.org/10.1002/mc.20315
http://www.ncbi.nlm.nih.gov/pubmed/17455221
http://dx.doi.org/10.1089/teb.2007.0150
http://www.ncbi.nlm.nih.gov/pubmed/18454635
http://dx.doi.org/10.1007/s00432-016-2198-0
http://www.ncbi.nlm.nih.gov/pubmed/27424189
http://dx.doi.org/10.1089/ten.tec.2016.0404
http://www.ncbi.nlm.nih.gov/pubmed/28007011
http://dx.doi.org/10.1039/b900912d
http://www.ncbi.nlm.nih.gov/pubmed/19568671
http://dx.doi.org/10.1002/jbm.b.33304
http://www.ncbi.nlm.nih.gov/pubmed/25350680
http://dx.doi.org/10.1158/0008-5472.CAN-05-0626
http://www.ncbi.nlm.nih.gov/pubmed/15994920
http://dx.doi.org/10.1155/2013/630782
http://www.ncbi.nlm.nih.gov/pubmed/23484135
http://dx.doi.org/10.1158/0008-5472.CAN-08-0364
http://www.ncbi.nlm.nih.gov/pubmed/18519691
http://dx.doi.org/10.1038/onc.2008.374
http://www.ncbi.nlm.nih.gov/pubmed/18836486
http://dx.doi.org/10.1002/stem.154
http://www.ncbi.nlm.nih.gov/pubmed/19544473
http://dx.doi.org/10.1158/1535-7163.MCT-10-0563
http://www.ncbi.nlm.nih.gov/pubmed/20889728
http://dx.doi.org/10.1038/35102167
http://www.ncbi.nlm.nih.gov/pubmed/11689955
http://dx.doi.org/10.1016/j.stem.2007.08.014
http://www.ncbi.nlm.nih.gov/pubmed/18371393
http://dx.doi.org/10.1016/j.yexmp.2011.06.005
http://www.ncbi.nlm.nih.gov/pubmed/21787767
http://dx.doi.org/10.1038/onc.2010.35
http://www.ncbi.nlm.nih.gov/pubmed/20190812
http://dx.doi.org/10.1002/adhm.201600684
http://www.ncbi.nlm.nih.gov/pubmed/27805789
http://dx.doi.org/10.1038/srep11891
http://www.ncbi.nlm.nih.gov/pubmed/26144552

Int. ]. Mol. Sci. 2018, 19, 181 24 of 24

139.

140.
141.
142.

143.
144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Saadatpour, Z.; Bjorklund, G.; Chirumbolo, S.; Alimohammadi, M.; Ehsani, H.; Ebrahiminejad, H.;
Pourghadamyari, H.; Baghaei, B.; Mirzaei, H.R.; Sahebkar, A.; et al. Molecular imaging and cancer gene
therapy. Cancer Gene Ther. 2016. [CrossRef] [PubMed]

Padma, V.V. An overview of targeted cancer therapy. Biomedicine 2015, 5, 19. [CrossRef] [PubMed]
Kreitman, R.J. Immunotoxins for targeted cancer therapy. AAPS J. 2006, 8, E532-E551. [CrossRef] [PubMed]
Alewine, C.; Hassan, R.; Pastan, I. Advances in anticancer immunotoxin therapy. Oncologist 2015, 20, 176-185.
[CrossRef] [PubMed]

Reed, J.C. Apoptosis-targeted therapies for cancer. Cancer Cell 2003, 3, 17-22. [CrossRef]

Hassan, M.; Watari, H.; AbuAlmaaty, A.; Ohba, Y.; Sakuragi, N. Apoptosis and molecular targeting therapy
in cancer. Biomed. Res. Int. 2014, 2014, 150845. [CrossRef] [PubMed]

Le Tourneau, C.; Belin, L.; Paoletti, X.; Bieche, I.; Kamal, M. Precision medicine: Lessons learned from the
SHIVA trial—Authors’ reply. Lancet Oncol. 2015, 16, e581-e582. [CrossRef]

Garraway, L.A.; Janne, P.A. Circumventing cancer drug resistance in the era of personalized medicine.
Cancer Discov. 2012, 2, 214-226. [CrossRef] [PubMed]

Bivona, T.G.; Doebele, R.C. A framework for understanding and targeting residual disease in oncogene-
driven solid cancers. Nat. Med. 2016, 22, 472-478. [CrossRef] [PubMed]

Griffin, M.; Scotto, D.; Josephs, D.H.; Mele, S.; Crescioli, S.; Bax, H.J.; Pellizzari, G.; Wynne, M.D.;
Nakamura, M.; Hoffmann, RM.; et al. BRAF inhibitors: Resistance and the promise of combination
treatments for melanoma. Oncotarget 2017, 8, 78174-78192. [CrossRef] [PubMed]

Pickl, M.; Ries, C.H. Comparison of 3D and 2D tumor models reveals enhanced HER2 activation in 3D
associated with an increased response to trastuzumab. Oncogene 2009, 28, 461-468. [CrossRef] [PubMed]
Yang, T.M.; Barbone, D.; Fennell, D.A.; Broaddus, V.C. Bcl-2 family proteins contribute to apoptotic resistance
in lung cancer multicellular spheroids. Am. J. Respir. Cell Mol. Biol. 2009, 41, 14-23. [CrossRef] [PubMed]
Hillen, E; Griffioen, A.W. Tumour vascularization: Sprouting angiogenesis and beyond. Cancer Metastasis Rev.
2007, 26, 489-502. [CrossRef] [PubMed]

Los, M.; Roodhart, ].M.; Voest, E.E. Target practice: Lessons from phase III trials with bevacizumab and
vatalanib in the treatment of advanced colorectal cancer. Oncologist 2007, 12, 443-450. [CrossRef] [PubMed]
Guerrouahen, B.S.; Pasquier, J.; Kaoud, N.A.; Maleki, M.; Beauchamp, M.C.; Yasmeen, A.; Ghiabi, P; Lis, R.;
Vidal, E; Saleh, A.; et al. Akt-activated endothelium constitutes the niche for residual disease and resistance
to bevacizumab in ovarian cancer. Mol. Cancer Ther. 2014, 13, 3123-3136. [CrossRef] [PubMed]

Mitamura, T.; Pradeep, S.; McGuire, M.; Wu, S.Y.; Ma, S.; Hatakeyama, H.; Lyons, Y.A.; Hisamatsu, T.;
Noh, K,; Villar-Prados, A.; et al. Induction of anti-VEGF therapy resistance by upregulated expression of
microseminoprotein (MSMP). Oncogene 2017. [CrossRef] [PubMed]

Martino, M.M.; Brkic, S.; Bovo, E.; Burger, M.; Schaefer, D.J.; Wolff, T.; Gurke, L.; Briquez, P.S.; Larsson, H.M.;
Gianni-Barrera, R.; et al. Extracellular matrix and growth factor engineering for controlled angiogenesis in
regenerative medicine. Front. Bioeng. Biotechnol. 2015, 3, 45. [CrossRef] [PubMed]

Chiew, G.G.Y.,; Wei, N.; Sultania, S.; Lim, S.; Luo, K.Q. Bioengineered three-dimensional co-culture of
cancer cells and endothelial cells: A model system for dual analysis of tumor growth and angiogenesis.
Biotechnol. Bioeng. 2017, 114, 1865-1877. [CrossRef] [PubMed]

McIntyre, A,; Patiar, S.; Wigfield, S.; Li, ].L.; Ledaki, L; Turley, H.; Leek, R.; Snell, C.; Gatter, K; Sly, W.S,; et al.
Carbonic anhydrase IX promotes tumor growth and necrosis in vivo and inhibition enhances anti-VEGF
therapy. Clin. Cancer Res. 2012, 18, 3100-3111. [CrossRef] [PubMed]

@ © 2018 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/cgt.2016.62
http://www.ncbi.nlm.nih.gov/pubmed/27857058
http://dx.doi.org/10.7603/s40681-015-0019-4
http://www.ncbi.nlm.nih.gov/pubmed/26613930
http://dx.doi.org/10.1208/aapsj080363
http://www.ncbi.nlm.nih.gov/pubmed/17025272
http://dx.doi.org/10.1634/theoncologist.2014-0358
http://www.ncbi.nlm.nih.gov/pubmed/25561510
http://dx.doi.org/10.1016/S1535-6108(02)00241-6
http://dx.doi.org/10.1155/2014/150845
http://www.ncbi.nlm.nih.gov/pubmed/25013758
http://dx.doi.org/10.1016/S1470-2045(15)00455-6
http://dx.doi.org/10.1158/2159-8290.CD-12-0012
http://www.ncbi.nlm.nih.gov/pubmed/22585993
http://dx.doi.org/10.1038/nm.4091
http://www.ncbi.nlm.nih.gov/pubmed/27149220
http://dx.doi.org/10.18632/oncotarget.19836
http://www.ncbi.nlm.nih.gov/pubmed/29100459
http://dx.doi.org/10.1038/onc.2008.394
http://www.ncbi.nlm.nih.gov/pubmed/18978815
http://dx.doi.org/10.1165/rcmb.2008-0320OC
http://www.ncbi.nlm.nih.gov/pubmed/19097992
http://dx.doi.org/10.1007/s10555-007-9094-7
http://www.ncbi.nlm.nih.gov/pubmed/17717633
http://dx.doi.org/10.1634/theoncologist.12-4-443
http://www.ncbi.nlm.nih.gov/pubmed/17470687
http://dx.doi.org/10.1158/1535-7163.MCT-13-1053
http://www.ncbi.nlm.nih.gov/pubmed/25319392
http://dx.doi.org/10.1038/onc.2017.348
http://www.ncbi.nlm.nih.gov/pubmed/29059175
http://dx.doi.org/10.3389/fbioe.2015.00045
http://www.ncbi.nlm.nih.gov/pubmed/25883933
http://dx.doi.org/10.1002/bit.26297
http://www.ncbi.nlm.nih.gov/pubmed/28369747
http://dx.doi.org/10.1158/1078-0432.CCR-11-1877
http://www.ncbi.nlm.nih.gov/pubmed/22498007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Different Models of 3D Culture 
	Hanging Drop Methods 
	Spontaneous Spheroid Formation: Non-Adherent Surface Methods/Ultra Low Attachment Plates 
	Suspension Culture 
	Spinner Flasks 
	Bioreactors 

	Scaffold-Based Models: Hydrogels 
	Magnetic Levitation 
	Bioprinting 
	Microfluidic Platforms 

	Tumor-Microenvironment Interactions: 2D vs. 3D 
	Proliferation 
	Migration and Invasion 
	Resistance to Treatment 
	Cytotoxic Agents 
	Targeted Therapy 


	Conclusions 
	References

