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Basic in vitro systems can be used to model and assess complex
diseases, such as cancer. Recent advances in this field include
the incorporation of multiple cell types and extracellular matrix
proteins into three-dimensional (3D) models to recapitulate the
structure, organization and functionality of live tissue in situ.
Cells within such a 3D environment behave very differently from
cells on two-dimensional (2D) substrates, as cell-matrix interac-
tions trigger signalling pathways and cellular responses in 3D,
which may not be observed in 2D. Thus, the use of 3D systems can
be advantageous for the assessment of disease progression over
2D set-ups alone. Here, we highlight the current advantages and
challenges of employing 3D systems in the study of cancer and
provide an overview to guide the appropriate use of distinct mod-
els in cancer research.

Introduction

Three-dimensional (3D) systems stimulate a spectrum of autocrine,
paracrine and cell type-specific behaviours recapitulating vital aspects
of cancer progression in vivo, which cannot always be simulated in
two-dimensional (2D) systems. Here, we outline the benefits and
potential caveats of both 2D and 3D in vitro systems in faithfully
modelling cancer progression and therapeutic intervention. A brief
overview of the 3D systems discussed is given in Table I and Figure 1.

3D in vitro systems can mimic aspects of in vivo cell biology

Cancer cell migration and invasion is a 3D process involving cell—cell
and cell-matrix interactions, which can be difficult to approximate in
conventional 2D cell culture. Indeed, several protrusions and cellular
structures found in vitro within a 3D environment are also emerging
in an in vivo context. For example, RhoA-dependent protrusions at
the leading edge of pancreatic cancer cells were initially detected in
vitro within cells invading into an organotypic matrix at depth, but
not in 2D cultures (1). These have now been found to exist in vivo,
and, moreover, can be specifically targeted by anti-metastatic therapy
(1,2). Furthermore, the formation of actin-rich podosomes and inv-
adopodia on migrating and invading cells has been observed in 3D
environments and in in vivo systems (3-9). Additionally, debate has
emerged surrounding the presence and composition of focal adhe-
sions within 3D in vitro models (10-12). Classical focal adhesion

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; CDM, cell-
derived matrix; ECM, extracellular matrix; TDM, tissue-derived matrix.

components, such as paxillin and vinculin, are required for efficient
cell migration within 2D and 3D in vitro systems (10); however, their
distribution and dynamics can differ significantly across both systems
(13,14). Interestingly, a recent description of paxillin and vinculin-
containing aggregates as potential components of focal adhesions in
vivo was comparable with similar aggregates in cells within 3D matri-
ces, based on their localization at the cell-matrix interface (15), thus
highlighting the utility of 3D systems in modelling cancer behaviour
in live tissue.

Although 3D in vitro models are becoming increasingly more faith-
ful to the in vivo situation, it is important to note that 3D systems
may not provide an accurate representation of all cell behaviours
in vivo. Indeed, recent work has highlighted that cells interact in a
range of dimensions in vivo (i.e. 1D/3D and 2D/3D) (16). 1D migra-
tion describes cell movement within a fibrillar network, in which cells
attach to a single fibre, whereas in 1D/3D migration the cells are in
contact with several fibres (16,17). 2D migration involves the move-
ment of cells across planar structures, such as basement membranes,
which in vivo are typically surrounded by additional substrates, engag-
ing cells in 2D/3D migration (16,18). Thus, it is important to consider
that the diverse aspects of cancer behaviour in vivo can best be mim-
icked by selecting a range of 2D and 3D in vitro systems (described
in more detail below).

3D in vitro systems can simulate relevant aspects of cancer and
drug response

The accumulating similarities between 3D in vitro systems and in vivo
allow us to model relevant aspects of physiological as well as pathologi-
cal conditions in vitro. One such example is the formation of spheroids
when mammary epithelial cells of the MCF10A cell line are embedded
in a 3D matrix. MCF10A spheroids are useful for assessing distinct
3D architectural properties, which cannot be accurately replicated in
their functional setting by 2D MCF10A cell culture. Such 3D-specific
properties include loss of tissue restraint and gain of an invasive pheno-
type due to changes in cell-cell adhesions and disruption of apicobasal
polarity, luminal survival due to anti-apoptotic and pro-proliferative
signals, or the capacity to overcome growth arrest due to pro-prolif-
erative signals and alterations in growth factor dependence (19-28).
MCF10A spheroids have revealed a spectrum of spatially and tempo-
rally regulated oncogenic drivers that are involved in processes only
detectable in a 3D context and that can be stratified according to their
biological function, e.g. pro-proliferative E6/7 (22) and Gab2 (23,24),
anti-apoptotic Bcl-2 family members (20,25,26) and polarity and epi-
thelial disruptors, such as Scribble (27) or mutant p53 (28). Malfunction
in these fundamental processes has also been found in human breast
cancers and thus 3D models, like spheroids, can be used as a surrogate
guide to the molecular basis of defined aspects of malignant disease.

Likewise, cell-derived matrices (CDMs) provide a reciprocal
extracellular matrix (ECM)-based feedback to tumour cell signalling
and in many cases can surpass cell culture on 2D substrates in that
cell-matrix adhesion, motility and proliferation are enhanced in this
setting. These observed differences between CDMs and cells grown
in 2D may be due to an increase in dimension or the presence of
cytokines and growth factors deposited into CDMs, which are lack-
ing in simpler, non-decorated 2D environments. Furthermore, cells
cultured on CDMs are morphologically similar to cells in vivo, as
they form specialized 3D matrix adhesions that are also detected in
vivo (13,15,29-32). It is therefore not surprising that signalling and
target inhibition can differ significantly between 2D and 3D settings.
This has been demonstrated in SKBR-3 breast cancer cells, in which
the tyrosine kinase receptors HER2 and HER3 heterodimerize in 2D
cultures, whereas in 3D SKBR-3 spheroids, HER2 forms homodimers
triggering intracellular signalling pathways and responses distinct
from those seen in 2D culture (33).

Similarly, increases in drug resistance have been described in
CDMs compared with 2D cultures (34). The breast cancer cell line
MDA-MB-231 requires a much higher drug dosage to inhibit survival
and invasion when cultured in 3D silk fibroin scaffolds compared with
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Table I. In vitro systems for cell migration and invasion studies

Spheroids
(Figure 1A)

Spheroids are 3D multicellular structures that form in the absence of cell substrate adhesion. They are commonly generated in rotating devices
(e.g. spinner flask or rotating wall vessel) (155), through cell injection into 3D ECM (e.g. collagen gels) (156), or on substrates, such as agarose

(157), collagen (158) or Matrigel (19). Cells within a spheroid adhere closely to each other and secrete ECM to constitute a more complex
structure reminiscent of in vivo tissue organization (155). Cell spheroids can also be obtained within a small volume of cell suspension that is
placed on an inverted lid. The droplet sticks to the lid due to surface tension and cells form a spheroid within, as they are not able to adhere
to the lid surface above (159). After formation, spheroids can be embedded into hydrogels or other 3D scaffolds to further simulate a 3D

environment (133,134,160).

CDMs CDMs were first described in 1989 whereby hyper-confluent fibroblasts produced a mix of ECM components including collagen, proteoglycans,

(Figure 1B)

hyaluronic acid and other proteins over a long-term culture. Composition and strength of this matrix can be altered, e.g. through addition of

ascorbic acid or growth factors. Cells of interest are then seeded on top of the CDM to observe migration (115,161).

Hydrogels
(Figure 1C)

Hydrogels are 3D matrices consisting of hydrophilic polymers, which can be cross-linked physically by cell-driven contraction or chemically
by fixation. The properties of the hydrogel can be modified by alterations to pH and temperature during the polymerization process. Selected

examples include Matrigel, myogel and collagen I matrices. Matrigel is a mix of ECM proteins derived from secretions of Engelbreth-Holm-
Swarm mouse sarcoma cells into which cells of interest are embedded. Major components are laminin, entactin, perlecan and collagen IV
(162—-164). Furthermore, new matrix extracts are appearing, such as Myogel, which are capable of guiding adipocytic cell differentiation in vitro
(165,166). After gelling, cells are embedded into or seeded on top of the matrix and cell migration can be observed in 3D, similar to migration
in CDMs. Collagen I is usually isolated from rat tails or calf skin and polymerized to a gel under alkaline conditions. Fibroblasts can be
embedded into the collagen gel to contract and cross-link the matrix. After cell seeding, the matrix is transferred onto a metal grid and exposed
to an air—liquid interface, which generates a gradient towards which the cells can migrate if they are able to penetrate and invade into the
collagen matrix (as shown in Figure 1C) (124,167). Alternatively cells or spheroids can be embedded into the matrix before it has polymerized.

Microfluidic ~ Cells are embedded into a network of channels and subjected to continuous flow. This flow provides fresh medium and allows diffusion of
devices nutrients, drugs or chemokines thus generating a constant and directional flow. Furthermore, the flow provides shear stress, which can be

(Figure 1D)

combined with variations in channel materials, mechanical properties and matrix abundance to precisely modify the microenvironment in

which the cells grow. Microfluidic devices are especially useful for high-throughput analysis or in the form of chemotaxis chambers for the
identification of chemokines or genes and mechanisms regulating chemotaxis (104). Cell migration can be readily imaged live (168,169) or cell

proliferation and survival assessed by immunofluorescence (170).

2D cultures (35). In addition, 3D spheroids derived from human and
mouse pancreatic ductal adenocarcinoma cells show an increase in drug
resistance compared with 2D cell cultures, reflecting pancreatic ductal
adenocarcinoma chemoresistance in vivo (36). Ovarian cancer cells also
display an increase in chemoresistance when grown as 3D spheroids,
compared with 2D culture (37). The majority of these phenomena can
be attributed to differences in cell-matrix pro-survival interactions in
3D systems compared with 2D culture, which are mediated by changes
in integrin receptor localization and activation, and intracellular signal
transduction (13,38). Indeed, integrin signalling driven by cell-matrix
adhesion confers resistance against chemotherapy-induced apopto-
sis (39), whereas inhibition of integrin signalling in combination with
chemotherapy can lead to an improvement in cytotoxic response (40,41).

Although initially simple and thus ideally suited to high-through-
put drug-screening approaches, 2D cultures may lack the fidelity to
mimic the complexity of a 3D tumour burden. 3D microenvironments
confer a multitude of possibilities to avoid or allay drug function to
tumour cells. Thus, 3D modelling of cancer can help to unmask such
weaknesses and potential resistance mechanisms, which otherwise
would only be detected in late drug discovery stages in vivo.

ECM as a key component of 3D in vitro systems

Tumours are heterogeneous tissues, which in addition to tumour cells
contain tumour-associated cell types, such as fibroblasts, endothe-
lial cells, pericytes or immune cells, as well as a wide variety of
ECM components, such as collagen, hyaluronic acid or elastins, and
sequestered growth factors and cytokines (42—47). The dual role of
this contextual stroma has recently been highlighted, not only for
impairing, but also promoting, malignant progression (48-50). The
tumour microenvironment can be permissive, supplying cancer cells
with important cues during growth and migration, but can also impair
growth and metastasis by suppressing cancer cell proliferation or
restricting cell motility. In a recent study, the treatment of 45 cancer
cell lines grown alone, or in co-culture with stromal cell lines, with
35 anti-cancer drugs, showed that the stroma conferred significant
chemoresistance to cancer cells (51). Thus, the stroma presents a
drug target as important as the cancer cells themselves. Furthermore,
tissue malperfusion and diffusion barriers, such as dense or complex
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ECM, can counteract drug delivery into deeper tissues, acting as a
barrier, or sink in vivo, ultimately decreasing drug efficacy within
the target tissue (52-56). Although malperfusion in vivo remains a
challenging aspect to recapitulate in vitro, 3D hydrogels, such as col-
lagen matrices, offer a possibility to mimic and study dense matrix
as a potential diffusion barrier (57,58). Despite their lack of complex
ECM composition, drug diffusion is demonstrably reduced in these
matrices compared with liquid media (58). This has been correlated
with an increase in collagen concentration or cross-linking in vitro and
in vivo (57,59,60), while disruption of the collagen network report-
edly increases macromolecular diffusion (52). Similarly, the level of
desmoplasia and tumour fibrosis in pancreatic cancer has been shown
to impair perfusion and drug delivery to tumours (61). Furthermore,
3D matrices were recently used to optimize ECM-targeted therapy
for improved anti-metastatic drug delivery in vivo (54). Finally, des-
moplastic stroma, including ECM components, such as collagen and
hyaluronan, not only serves as a diffusion barrier, but also indirectly
inhibits drug delivery by compressing blood vessels and thereby
enhancing malperfusion (55,56,62). Understanding the complex
interactions between cancer cells and their environment is therefore
key to successful therapeutic approaches. This is especially true for
designing drugs to inhibit invasion and metastasis, from which the
majority of cancer mortalities arise. Hence, in the context of a tumour
microenvironment, it becomes crucial to investigate other avenues to
explore drug delivery, efficiency and clearance, before proceeding
to pre-clinical trials in costly and time-consuming in vivo systems.
It has been shown that many tumours, such as mammary, pancreatic
and squamous cell carcinoma, express a high amount of collagen I in
the ECM in vivo (46,63-67) and that a progression in collagen density
positively correlates with mammary tumour growth and metastasis
(68,69). Furthermore, collagen remodelling and cross-linking facili-
tates invasion (70,71), making collagen an important component in
3D models of cancer cell invasion and metastasis. Invasion into colla-
gen matrices can be enhanced by increasing the number of fibroblasts
or adding Matrigel to the collagen, thus generating a more diverse
microenvironment and stimulating additional sets of surface receptors
and signalling pathways (72,73). For example, exciting results have
been obtained by embedding Schwann cells in 3D matrix hydrogels,
consisting of collagen, laminin and hyaluronic acid, all of which are
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Fig. 1. Schematic overview of several 3D in vitro systems described in Table
1. (A) Spheroids: cells cultured in the absence of adhesion to a substrate, such
as in hanging drops attached to an inverted plate, form spheroids characterized
by tight cell—cell adhesions and secretion of ECM. (B) CDMs: Hyper-confluent
fibroblasts cultured on a coverslip secrete ECM. After de-cellularization of
the fibroblasts, cancer cells are seeded on top of the CDM. (C) Hydrogels:
fibroblasts embedded into a hydrogel contract the matrix. Cancer cells are
seeded on top of the hydrogel and invade into it upon lifting the matrix to an
air-liquid interface. (D) Microfluidics: basic principle of a microfluidic device
to generate a gradient of two substances (e.g. 1 = medium without chemokine,
2 = medium with chemokine). Single cells are seeded via the cell inlet and
subjected to this gradient to study cellular responses (e.g. cell migration
monitored by live imaging or cell proliferation by immunofluorescence) in
correlation to different chemokine or drug concentrations.

expressed in the ECM around Schwann cells in vivo. Schwann cells
showed an increase in metabolic activity, cell spreading and secretion
of neurotrophins in rich 3D matrices consisting of all three compo-
nents, compared with matrices solely consisting of collagen (74).

In order to further increase microenvironment diversity, a new
approach involves the collection of uterine leiomyoma tissue, on which
squamous cell carcinoma and breast cancer cells have been seeded, to
investigate invasion into a primary tissue environment (75,76). This tis-
sue is much more complex than standard hydrogels, harbouring vari-
ous cell types, such as endothelial and inflammatory cells, and ECM
proteins, such as collagens and laminins. It permits increased invasion
depth, affects the mode of invasion and enhances cellular expression
of ECM proteins, in contrast to cells seeded onto collagen gels (75).
Although the availability and abundance of patient-derived tissue sec-
tions may limit large-scale studies, the tissue sections can be stored for
long periods between harvesting and cell seeding. The preserved myoma
tissue structure may also work as a barrier against drug diffusion, as
found in live tissue, making this an attractive system in which to study
drug delivery. However, increased tissue fidelity presents two potential
caveats in that a given cancer cell type should ideally be matched with
respective stromal tissue, e.g. lung cancer cells should be seeded on lung
stroma (77). This match may cause distinct cellular and drug responses
that do not allow generalized conclusions for other cancer cell types.

Assays addressing the efficiency of a drug to influence cell behav-
iour in vivo may be more meaningful and translational, if they are
based on such forms of 3D assessment prior to in vivo testing. 3D

investigations with patient-derived primary samples may be suitable
as an initial platform for patient stratification studies in personal-
ized therapy to assess potential drug combinations for diverse patient
cohorts (78,79).

Biomechanical properties of the environment influence cell
behaviour

Since cells in an in vivo scenario are not exposed to a static environ-
ment, cell migration and invasion models should include a simulation
of mechanical forces that impact on cell behaviour. Extracellular and
intracellular mechanical forces (e.g. through matrix stiffness, fluid
shear forces or pressure) control in vivo cell shape, fate, differentia-
tion and behaviour (80,81). Biomechanical properties of the environ-
ment affect cellular processes such as proliferation, apoptosis and
migration and also influence malignant progression (55,56,82-84).
For example, mammary tumour cells show an increased invasive abil-
ity in areas governed by high, compared with low, mechanical stress
(85,86), while mechanical deformations and signals from other cell
types can stimulate cancer cell invasion (84,87). It is thus crucial to
test cells in an environment that simulates in vivo mechanical proper-
ties. Due to the correlation between tumour progression and increased
collagen abundance, stiffness and cross-linking (63,64,68,69), sev-
eral groups have focussed on analysing cell motility within collagen
matrices. It has been demonstrated that fibroblasts overexpressing
lysyl oxidase in vivo stimulate collagen cross-linking and matrix stiff-
ness (71,88,89). Such stiffened matrices promote cancer cell inva-
sion, whereas inhibition of collagen cross-linking and matrix stiffness
reduces tumour progression (69). Stiff matrices enhance cell prolif-
eration and elicit chemoresistance in hepatocellular carcinoma cells
(90). Hence, the cytotoxic effects of paclitaxel have been analysed
in several cancer cell lines within collagen-coated polyacrylamide
wells of varying stiffness (91). It was shown that substrate pliability
can influence cytotoxic response and drug resistance, underscoring
the necessity to use defined matrix characteristics in screening assays
(91). Matrigel, a basement membrane extract which has been used
extensively to study invasion, was shown to be significantly less stiff
than basement membrane structures in vivo (92). Similarly, the elas-
tic modulus of lung CDM is below physiological values, but can be
increased by fixation with glutaraldehyde prior to cell seeding (93).
Thus, when investigating cancer cell behaviour, it is necessary to
know the biomechanical properties of the substrates used, otherwise
conclusions cannot accurately be extrapolated to an in vivo scenario.

Modulation of biomechanical ECM properties in vitro

Slight alterations in the density of the collagen matrix can result in
exquisitely modulated responses of embedded cells (94). For instance,
in low-density collagen, breast cancer cells can form polarized struc-
tures, whereas in higher density collagen they can proliferate and
invade (80). These differences may be due to changes in matrix stiff-
ness or porosity that are transduced into the cells via integrin and focal
adhesion signalling, consequently affecting processes, such as signal-
ling responses and gene expression (80,95). This is underpinned by
the effect of matrix pore size on cell migration. For example, small
pores that permit migration can promote short-term cell invasion due
to immediate cell surface contact and attachment (96-98). However,
migration through small pores can depend upon the proteolytic capac-
ity of the cells to remodel ECM (99). On the other hand, larger pores
enhance long-term invasion due to their increased penetrability (97).
It is challenging to modulate one specific ECM feature, without
affecting other characteristics. Stiffness, pliability and porosity within
3D hydrogels often cannot be regulated independently (e.g. by mod-
ulating protein concentration, pH or polymerization temperature).
The distinct roles of stiffness and porosity have been emphasized by
embedding human glioma cells into polyacrylamide channels of vary-
ing stiffness and distinct widths allowing independent modulation of
stiffness and porosity. In this study, the authors showed that small
pore sizes of stiff material enhance invasion (96). Stiffened matrices
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increased the contraction of the actomyosin cytoskeleton, while nar-
row channels physically constrained migrating cells, which in com-
bination focussed directional cell movement (96). These experiments
underline the role of distinct biomechanical stimuli in cell prolifera-
tion, survival and motility. Synthetic materials are easier to remodel
and manipulate; however, their in vivo fidelity is limited. Hence, it is
necessary to design experimental systems containing ECM proteins
amenable to specific manipulation of single matrix features at the
ultrastructural level.

As such, in the following section, we provide a basic guide on how
to best choose a model, governed by the cancer aspect in question. It is
important to note that results obtained from complex in vitro, but also
in vivo models, may be difficult to interpret, and be prone to strong
variation across samples or produce artefacts. Moreover, we must
consider that 2D, 3D and in vivo models of disease only recapitulate
distinct aspects of the disease in question, and that a combination of
assays may be necessary to provide the overarching assessment of the
biology under investigation.

Selecting the appropriate system

In order to analyse commonly addressed mechanistic questions, such
as those assessing changes in cell proliferation, survival or migra-
tion, 2D assessments provide early advantages, in which accessibility,
facilitated molecular manipulation, such as transfections and clonal
selection, and simplified imaging set-ups can be utilized (Figure 2A).
It is important to note, however, that while 2D examinations can sup-
port robust and high-throughput readouts, some cancer behaviours
may only be revealed when assessed in a 3D context. Therefore, the
choice to move to 3D systems is one in which an increase in hetero-
geneity, complexity or dimension is required to permit the analysis of
phenomena, such as cell polarity or tissue-like architecture. In order
to maximize the output from 3D in vitro models of cancer biology,
we provide a simplified decision tree (Figure 2A). To this end, we
have split the 3D selection criteria into four basic themes, namely
spheroids in ECM-free cultures, CDMs, hydrogels and microfluid-
ics (Figures 1, Figure 2A and Table I). Thus, we assist in choosing
the most appropriate system, depending on the biological question
of interest, where in vitro assessment can be used to achieve rapid
readouts that may guide the in vivo arm of research with reduced time
or cost, but also accepting an incomplete approximation of the in vivo
situation as current in vitro set-ups are not always able to simulate the
high tissue complexity and cell-ECM spacing found in vivo.

Spheroid model systems offer the potential for relatively easy
molecular or genetic intervention and provide readouts for basic
tumour growth and survival data, as well as specific architectures
within a 3D in vitro setting (Figure 2A, ECM-free spheroid cul-
ture). For example, primary mouse mammary spheroids or MCF10A
spheroids replicate the epithelial architecture of breast morphogen-
esis (26,100), while duodenal crypt cultures allow assessment of
homeostasis or genetic control of intestinal regeneration (101-104).
Multicellular tumour spheroids simulate features of tumour nodule
formation in vivo, such as hypoxic and acidic gradients towards the
spheroid centre (105,106), thereby establishing several cell popula-
tions within the spheroid, analogous to tumour formation in vivo,
i.e. outer proliferating cells and inner dormant cells that in vivo
show resistance to conventional cytostatic therapy (107,108). Thus,
multicellular tumour spheroids can be used to develop therapeutic
approaches against both proliferating cells and dormant tumour cells
(109). Furthermore, spheroids consisting of several cell types can pro-
vide readouts for cell-stroma interactions within tumours (110-113).
For example, the co-culture of prostate cancer cells with osteoblasts
and endothelial cells has been used to mimic the bone metastatic
niche of prostate cancer (110).

CDMs provide an ideal, rapid and highly informative platform
to examine reciprocal feedback between cells and stromal ECM
(114). They are not only a de-cellularized matrix scaffold for cell-
ECM adhesion, but also incorporate various signalling cues, such
as growth factors and cytokines. Their composition can also be
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manipulated through modification of the culture medium during for-
mation (Figure 2A, CDMs). For example, ascorbic acid can be used
to enhance the collagen content (115), while fibrillar fibronectin pro-
duced by fibroblasts can also be increased in this context (116). In this
way, the role and regulation of a5p1 integrin, which functions as a
key fibronectin receptor, has been investigated in the context of breast
(30,117), ovarian (31,32,117,118) and fibrosarcoma (30) cell motility.

Although models of thinner ECM, such as those provided by
CDMs, offer many advantages, including ease of imaging (93), they
do not allow cell integration into the scaffold or assessment of deep
cell invasion, which requires a thicker matrix (Figure 2A, hydrogels).
Hydrogels, such as Matrigel or collagen I matrices, can be used to
examine invasion dynamics in a 3D environment and provide read-
outs on cancer cell type-specific behaviour, such as migration, inva-
sion and cell-ECM interactions (119,120). 3D matrix embedding of
cancer cells within or on top of matrices can be used to monitor inva-
sion depth and modes of invasion, such as single or collective invasion
(73,121,122). More complex hydrogels involving matrix spiked with
further components, such as fibronectin, can be used to create a more
diverse microenvironment (118,123), while co-cultural cross-talk of
different cell types within hydrogels, such as fibroblasts (124-126),
macrophages (127) or stellate cells (128,129), can be used to examine
interdependent aspects of tumour behaviour in 3D.

Lastly, cellular behaviour in response to shear stress and liquid
flow resistance can best be studied in microfluidic devices, which,
due to their dynamic perfusion, are able to simulate forces generated
by blood flow (Figure 2A, microfluidics). For example, cancer cell
motility and chemotaxis can be quantified by seeding cells into cham-
bers that are exposed to chemotactic gradients, which can be coupled
to live imaging of cell migration through the microchannels (130).
Furthermore, precise control over the perfusion dynamics in micro-
fluidics permits the recapitulation of clinically relevant drug dosages
to determine parameters for optimal dosage concentrations, combina-
tions and sequences (131,132).

It is important to note that no one system outlined in this brief, non-
exhaustive decision tree can provide all the required insights needed
to understand complex biological questions. Therefore, combination
of multiple in vitro and in vivo systems, which inform each other
(Figure 2A, grey-dashed arrows), may be necessary to provide a com-
prehensive perspective in any given scenario.

Physical combination of 3D in vitro systems can improve
assay fidelity

In line with this concept, we have created a network map (see
Figure 2B), in which we propose, apart from using two 3D in vitro
systems in parallel, the physical combination of the strengths of dis-
tinct 3D systems to overcome their respective weaknesses. Here, we
highlight the potential advantages of each system with associated
examples of their disadvantages. Where we envisage a limitation, we
suggest the system we believe is best suited to allay this caveat, if used
in combination, providing examples where this has been successfully
applied.

To address the reduced scaffolding, ECM diversity and biomechani-
cal stimulation of spheroids for instance, physical combination of
spheroids with CDMs or hydrogels (Figure 2B, orange and blue arrows
from ECM-free spheroid culture to CDMs and hydrogels, respectively)
can mimic 3D architecture of primary tumouroids within an ECM net-
work (133,134). Similarly, spheroids have been embedded into 3D
organotypic matrices (Figure 2B, blue arrow from ECM-free spheroid
culture to hydrogels) to confer co-cultural cross-talk with other cell
types in a 3D environment (128,135-137). An artificial skin model has
been developed in which keratinocytes seeded on top of a collagen-
fibroblast matrix form epidermal layers above a dermal-like compart-
ment of collagen and fibroblasts ultimately mimicking the human
skin, to demonstrate niche-specific success rates of drug combination
therapy (138). Moreover, direct spheroid formation from single cells
has been accomplished within microfluidic devices under dynamic
perfusion and shear stress (Figure 2B, green arrows from ECM-free
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Fig. 2. A decision tree (A) and a network map (B) to aid in the choice of appropriate in vitro or in vivo model systems. (A) Based on a given biological question
within the decision tree the first choice between in vitro and in vivo model systems may be influenced by factors, such as costs, duration, the capacity for

manipulation or the required level of fidelity. A second decision is made between 2D and 3D in vitro systems, whereby 2D systems provide several advantages,

including ease of accessibility, uniformity across the sample, simplified imaging set-ups and suitability for high-throughput screening. Lastly, the increased
heterogeneity, depth and complexity of 3D systems present an additional choice from the four themes discussed, depending on the biological question of interest, i.e.
3D epithelial architecture in ECM-free spheroid culture (3D spheroids generated and propagated in the absence of an ECM-derived support matrix), de-cellularized
scaffolds in CDMs, 3D matrix embedding on or within hydrogels or shear stress and dynamic perfusion in microfluidics. Finally, upon analysis the experimental
results feed back to the original biological question of interest. (B) Network map depicting selected advantages (+) and disadvantages (—) of 3D in vitro systems and
suggested combinations, which can compensate the weaknesses of one system by the strengths of another. ECM-free spheroid culture (3D spheroids generated and
propagated in the absence of an ECM-derived support matrix, red), CDMs (orange), hydrogels (blue) and microfluidics (green). Colour-coded arrows pair assays as a
guide for higher fidelity experimental design. The colour coding of the arrows was chosen to support clarity without any additional meaning.
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spheroid culture to microfluidics), by trapping the cells in moulds
attached to the microchannels. This system can then be instantly used
as a drug-screening platform with dynamic perfusion (110,139).

In order to remove artificial surfaces within microfluidics, the chan-
nels can be coated with protein substrates, such as ECM components
to facilitate cell attachment and migration (140,141) (Figure 2B, blue
arrows from microfluidics to hydrogels). These matrix substrates can
also be used for endothelial cell adhesion and it has been shown that
macrophages stimulate cancer cell migration through the matrix sub-
strate and the endothelial layer simulating tumour cell intravasation
into blood vessels in vivo (142).

The combination of spheroids embedded into a hydrogel within a
microfluidic device shows great potential for 3D high-throughput
screens. Microfluidics can simulate vascular properties, such as dynamic
perfusion, shear stress and exchange of nutrients and waste products,
whereas spheroids recapitulate 3D cellular architecture and hydrogels
mediate 3D scaffolding (143). Within this system, breast cancer cells
were grown in Matrigel to form multicellular tumour spheroids, then
transferred to a microfluidic system to simulate mechanical stress and
constant exchange of nutrients, cell-secreted substances and drugs. As
imaging is possible over the whole course of the experiment, such sys-
tems can be used in a high-throughput manner to recapitulate tumour
progression or its inhibition within a dynamic environment (143).

As the complexity of 3D in vitro systems increases, we approach a
situation where fidelity is high, whereas cost and duration can remain
relatively low (Figure 2A). Such systems are ideally suited to test in
3D the effects of new drugs on basic cellular readouts, such as viabil-
ity or migration and invasion, or screen a library of patient-derived
samples for effective drug concentrations and combinations.

Future directions

To our knowledge, a direct and physical combination of the strengths
of CDMs (Figure 2B, CDMs as heterogeneous cell-derived ECM scaf-
fold) and hydrogels (Figure 2B, hydrogels as thick matrix for deep
cell invasion and co-cultural cross-talk) has not yet been performed.
Rather, both systems are used in parallel to address cell-ECM adhe-
sions and 2.5D migration across CDMs, compared with 3D invasion
and co-cultural cross-talk in hydrogels (2,118,125,144). An emerging
topic originating from tissue engineering is the use of de-cellularized
tissue-derived matrices (TDMs) (145). De-cellularization with deter-
gents removes the cells, while leaving an almost native ECM scaf-
fold behind. Recently, lung cells seeded onto a de-cellularized lung
TDM were shown to form perfusable tumour nodules reminiscent
in structure to primary human lung tumours (77). Alternatively, can-
cer cell invasion into whole tissues can be performed without any
de-cellularization, using an intact stroma. In addition to the use of
leiomyoma tissue (75,76), carcinoma cells have been embedded into
Matrigel adjacent to mouse brain slices to image cancer cell invasion
in the brain. In this way, the interactions of cancer cells with host
cells, such as glia, have been described, which, importantly, is difficult
to accomplish in an intravital setting due to limitations caused by the
skull (146).

We envisage that complex substrates such as TDMs or whole tissues
will be used more frequently in the future when addressing cancer cell
behaviour and treatment in vitro. These substrates provide a high fidel-
ity in mimicking native cancer cell-stroma interaction. Furthermore,
cancer cells and TDMs can be combined in clinically relevant ways to
study invasion and colonization at secondary sites, for example, metas-
tasis of breast cancer cells into lung TDM or invasion of pancreatic or
colon cancer cells into liver sections or liver TDM. However, a clear
downside of TDMs and whole tissues is that not all these substrates
can be readily harvested from human patients, and thus require exten-
sive use of animal tissue with a concomitant step backwards in fidel-
ity. In addition, the current lack of standardization in TDM generation
reduces assay reproducibility and thus limits the widespread use of
TDMs in the pharmaceutical industry. Nevertheless, due to their high
level of fidelity, TDMs and whole tissues may be promising tools in
personalized therapeutic approaches (79,147).
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Lastly, while several 2D and 3D in vitro models have been employed to
simulate blood vessel formation or defined vascular properties (148,149),
a clear recapitulation of a complex, perfusable circulatory system, which
would be required to study phenomena such as drug delivery or clear-
ance in vitro, is still lacking. Recent advances in microfluidic systems
include the formation of stable, lumenized structures from endothelial
cells growing into a fibrin- or collagen-filled microfiuidic device (150—
154). These structures have been shown to be perfusable by microfluidic
flow and resistant to shear stress and have been used to recapitulate sev-
eral aspects of perfused blood vessel networks in vivo, such as coverage
by pericytes (154), or leukocyte adhesion to the endothelium (154) and
thrombus formation (150) upon inflammatory stimulation. The embed-
ding of such stable and perfusable vessel systems within a malleable in
vitro tumour microenvironment composed of cancer cells, stromal cells
and ECM should improve our understanding of processes leading to tis-
sue malperfusion to better guide drug delivery in vivo.

Thus, we suggest the following directions into which 3D in vitro
systems may move in the future. On the one hand, physical com-
binations of 3D in vitro systems offer the possibility to test early
phase drugs in a high-throughput setting or screen a large patient
cohort, while on the other hand, highly specific assays, such as use
of TDMs, offer guides within personalized medicine for individ-
ual cases. Furthermore, the development of sophisticated in vitro
tumour microenvironments may help to reveal mechanisms of drug
delivery, and its obstruction in tumours in vivo. In conclusion, it is
important to take into consideration that 2D, 3D and in vivo sys-
tems may only model distinct pathological aspects of the disease in
question, and that a combination of several assays may be neces-
sary to provide the overarching assessment of the biology under
investigation.
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