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Abstract

The tumor microenvironment contributes significantly to tumor initiation, progression, and resistance to chemotherapy. Much
of our understanding of the tumor and its microenvironment is developed using various methods of cell culture. Throughout
the last two decades, research has increasingly shown that 3D cell culture systems can remarkably recapitulate the complexity
of tumor architecture and physiology compared to traditional 2D models. Unlike the flat culture system, these novel models
enabled more cell-cell and cell-extracellular matrix interactions. By mimicking in vivo microenvironment, 3D culture
systems promise to become accurate tools ready to be used in diagnosis, drug screening, and personalized medicine. In this
review, we discussed the importance of 3D culture in simulating the tumor microenvironment and focused on the effects of
cancer cell-microenvironment interactions on cancer behavior, resistance, proliferation, and metastasis. Finally, we assessed
the role of 3D cell culture systems in the contexts of drug screening.

Graphical abstract

2D culture system is used to study cancer cell growth, progression, behavior, and drug response. It provides contact between
cells and supports paracrine crosstalk between host cells and cancer cells. However, this system fails to simulate the archi-
tecture and the physiological aspects of in vivo tumor microenvironment due to the absence of cell-cell/ cell-ECM interac-
tions as well as unlimited access to O, and nutrients, and the absence of tumor heterogeneity. Recently advanced research
has led researchers to generate 3D culture system that can better recapitulate the in vivo environment by providing hypoxic
medium, facilitating cell-cell and cell-ECM, interactions, and recapitulating heterogeneity of the tumor. Several approaches
are used to maintain and expand cancer cells in 3D culture systems such as tumor spheroids (cell aggregate that mimics the
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in vivo growth of tumor cells), scaffold-based approaches, bioreactors, microfluidic derives, and organoids. 3D systems are
currently used for disease modeling and pre-clinical drug testing.
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Introduction

Throughout decades, 2D culture system has been the core
for cell research and the most common in vitro model used
to study cancer cell proliferation, behavior, hallmarks and
drug response. This 2D culture system helped researchers
to understand the biology of cancer cells, identify various
carcinogenic markers, and discover new therapies. Despite
its contribution to the advancement of knowledge in cancer
research, 2D culture system fails to adequately simulate the
complexity and heterogeneity of in vivo tumors. Therefore,
it is a physiologically insufficient predictive and relevant tool
for valid drug discovery. The unlimited access to O,, nutri-
ents, and metabolites, as well as the need for consecutive
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passaging, can induce an accumulation of genetic mutations
in cells. 2D attachment of cells leads to undesirable changes
in cell morphology [1], including cell flattening, cytoskeletal
alterations, and changes in nuclear morphology, which con-
sequently modify the expression of genes and proteins [2—4].
Additionally, the absence of cell—cell and cell-extracellular
matrix (ECM) interactions affects cell viability, prolifera-
tion, and differentiation. Thus, the in vitro 2D culture system
does not adequately mimic the in vivo microenvironment.
To better understand the in vivo microenvironment,
patient-derived xenografts (PDXs) were introduced as
an alternative to the 2D culture system [5]. Using PDXs
as pre-clinical tumor models, primary cancer cells were
transplanted into an immunodeficient animal to study the
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metastatic capacity and test anti-cancer drugs. Despite the
importance of PDXs in conserving the histological, genetic,
and molecular signature of the original tumor, the use of
immunodeficient animals does not simulate the real scenario
taking place in the human body [5]. Moreover, the PDXs
model is uncontrollable, expensive, and time- and resource-
consuming. Besides, the morphological changes and cell
behavior could not be monitored in this model [5]. There-
fore, it was necessary to have an intermediate system that
can mirror the in vivo tumor environment without altering
cell features. “Goodbye flat biology,” an article published in
2003 by Alison Abbot, announced the beginning of a revolu-
tionary era in cell biology [6]. A proper intermediary ex vivo
system is the 3D culture system in which the cultured cells
can maintain their morphology and polarity and interact
with each other and with or without the ECM [7]. The 3D
culture system can adequately recapitulate the in vivo tumor
architecture, behavior, histopathological features, genetic
signatures, molecular profile, and drug responsiveness [7].
In addition, cancer cells can form spheroids with a hypoxic
core that recapitulates the gradient of O, and nutrients and
the drug penetration [8—11]. Thus, the proliferation rate is
location-dependent and higher in the spheroids’ periphery.
Hence, the 3D culture model can be a valuable tool mimick-
ing the in vivo tumor microenvironment [7].

In this narrative review, we highlighted the 3D culture
system value in mimicking the in vivo microenvironment,
investigating how the interaction between tumor and micro-
environment can affect cancer cell behavior, migration, inva-
sion, and drug responsiveness.

Tumor microenvironment

The tumor microenvironment comprises stromal cells, ECM,
and soluble factors surrounding the tumor cells. This micro-
environment provides biophysical and biochemical support
and affects cancer cell morphology, genes and proteins
expression, migration, invasion, and angiogenesis. The 3D
culture system aims to mimic the in vivo model by permit-
ting cell-ECM and cell—cell interactions [7].

Stromal cells

The tumor microenvironment contains different types of
stromal cells known as non-cancer cells, such as fibro-
blasts, stellate cells, endothelial cells (ECs), and immune
cells. Fibroblasts are the predominant cell population in the
stroma, secreting ECM and basement membrane (BM) pro-
teins. Various mechanisms lead to the activation of these
cells in the presence of cancer cells [12, 13]. These cancer
activated fibroblasts (CAF) are characterized by their spin-
dle-like morphology, contractile phenotype, and expression

of vimentin, a-smooth muscle actin (a-SMA), and fibro-
blast activating protein (FAP) [12]. Activation of fibroblasts
can be triggered by different factors such as inflammation,
physiological stress, and ECM stiffness [12, 13]. ECs are
another form of cell found in the tumor microenviron-
ment. During tumorigenesis, the angiogenic process starts
when ECs branch from pre-existing small vessels and form
sprouts of capillaries. These new capillaries supply cancer
cells with O, and nutrients, making them more aggressive
and resistant. They also facilitate their metastasis, rendering
the tumor increasingly malignant [14, 15]. Tumor cells and
CAFs secrete a wide range of chemokines and cytokines
that recruit immune cells to the tumor microenvironment.
The immune cell populations include tumor-associated
macrophages (TAMs), T cells, B cells, natural killer (NK)
cells, dendritic cells (DCs), tumor-associated neutrophils
(TANSs), and myeloid-derived suppressor cells (MDSCs).
Among immune cells, TAM and regulatory T (Treg) cells
are the major cell types that contribute to the formation of an
immunosuppressive microenvironment. These cells enhance
the growth and progression of cancer cells and attenuate or
suppress the anti-tumor immunity. Treg and TAM release
anti-inflammatory cytokines such as IL-10 and TGF-beta,
that reduce the activity of DC [16], T cell and NK cells
[17, 18].In addition, the direct interaction between TAM,
Tregs, DCs and cytotoxic T cells via CTLA-4 /CD80/
CD86 pathway, LAG-3/MHCII, and PDL1/2 /PD-pathway
prevents the maturation of DC, and reduces the activation
and proliferation of T cells [19-23]. Nowadays, researchers
aim to reactivate the immune system by triggering the pro
inflammatory and phagocytosis properties of macrophages,
and targeting immune checkpoint using checkpoint inhibi-
tor such as CTLA-4, LAG-3 and PDL1/2, to rebut T cell
response against cancer cells and depleting Treg cells.

Extracellular matrix

The ECM is defined as an interconnected network of macro-
molecules distributed into interstitial and pericellular matri-
ces. The pericellular matrix is in close contact with tumoral
cells and is surrounded by the interstitial matrix [24, 25].
The BM forms a sheet layer between the epithelial cells and
underlying connective tissue, consisting of laminin, collagen
IV, nidogen type 1 and 2, and proteoglycan (PG) family [24,
25]. The ECM is a highly specialized framework that its
characteristics depends on each tissue or organ's physical,
physiological, metabolic, and other functions. For instance,
while hyaluronic acid (HA) is a significant component of the
brain ECM, other elements such as collagen and laminin are
absent in the brain parenchyma [26]. On the other hand, the
ECM of the breast cancer tissue is mainly formed of fibrous
collagen [27].
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Moreover, the ECM biomechanical signals might be mod-
ulated by variations in the composition and structure of the
ECM along with the binding of soluble factors secreted by
the tumor cells. The cell-ECM interaction interprets internal
and external mechanical forces and translates them into bio-
chemical signals regulating cell migration, proliferation, and
differentiation [28-31]. ‘Internal forces’ refer to contractile
forces that are generated internally by the cell cytoskeleton,
whereas ‘external forces’ refer to forces that are generated
from outside of the cell.

3D culture modeling in tumor
microenvironment

To reproduce the tumor—ECM interaction in vitro, cancer
cells are encapsulated or embedded in a natural or synthetic
biocompatible and biodegradable material that recapitulates
the biomechanical and biophysical properties of the in vivo
microenvironment. This approach is mainly used to study the
cancer cells’ migration and invasion behaviors [9].

Biomaterials are extensively used to establish a 3D cul-
ture model that reliably mimics the native ECM. Natural
biomaterials can be derived from mammalian ECM such
as Matrigel or proteins and polysaccharides such as colla-
gen, alginate, chitosan, hyaluronic acid, and gelatin [32].
The majority of these materials are biocompatible, have tun-
able mechanical properties as well as cell adhesive features.
However, these properties may vary from batch- to- batch
and are challenging to control [33]. Polymers are used to
make synthetic biomaterials including polyethylene glycol
(PEG), polylactic acid (PLA), polyglycolic acid (PGA), poly
(lactic-co-glycolic acid) (PLGA), and poly-e-caprolactone
(PCL) [32]. The structure and chemical composition of these
materials are well defined but they still require further modi-
fication to increase their biocompatibility and bio-adhesion
properties [33]. Researchers developed these biomaterials to
recapitulate the complex biochemical and biophysical struc-
ture of the native ECM using biodegradable material [34],
adding protease-sensitive sequences such as MMP sensi-
tive sequence [35], and incorporating bioactive molecules
such as adhesive ligands integrin-binding domains (Arginine
-Glycine- Aspartic Acid (RGD) [36, 37] and peptides that
facilitate the interaction between cancer cells and the syn-
thetic ECM. To obtain a matrix that resembles the natural
ECM, researchers constructed “hybrid biomaterials” that
combine the features of both natural and synthetic biomate-
rials [33]. It is important to note that the physical properties
of these biomaterials, such as stiffness, porosity, elasticity,
and adhesivity, can all be rigorously controlled. Compared
to the natural or fully synthetic matrices, the hybrid matrix
represents a potential tool for assessing the role of the ECM
in tumor progression, metastasis and invasion.
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Decellularized matrices are obtained from the decellulari-
zation and handling of living malignant or healthy tissues,
or through in vitro ECM production by 2D-cultured cells
[38, 39]. It's a promising tissue engineering tool because
it conserves molecular composition, complex 3D structure,
and biochemical and biophysical properties of the native
ECM. Decellularized matrices still have a long way to go
to be part of the go-to repertoire of scaffolds for 3D in vitro
tumor model assembly, due to challenges in their production
in high throughput compatible platforms, as well as limited
control over structure and architecture [39].

Tumor Cells-ECM interactions and the effect of ECM
composition and physical properties on cancer cell
migration and invasion in 3D culture models

The exact composition of the ECM surrounding the primary
tumor site can vary according to the tissue type. Hence, the
in vitro 3D culture model offers a wide range of custom-
ized biomaterials that bio-mimic the dynamic and recipro-
cal interaction between cancer cells and ECM allowing the
researchers to explore cancer cells’ behavior.

Composition of ECM in 3D culture models

Nguyen-Ngoc et al. used a 3D ex vivo system to mimic the
tumor microenvironment and compared cancer cells’ behav-
ior in Matrigel and collagen I ECM. Fragments from the
same primary human mammary carcinoma were embedded
in the Matrigel and collagen I ECM. In Matrigel, a solubi-
lized BM was extracted from the Engelbreth-Holm-Swarm
(EHS) mouse sarcoma and was rich in ECM proteins such as
laminin (a major component), collagen IV, heparan sulfate
proteoglycans, and entactin/nidogen [40]. Cells embedded in
Matrigel preserved their epithelial-like appearance without
protrusions and demonstrated a collective migration behav-
ior. However, cells embedded in collagen I ECM showed
protrusion migration and local dissemination. To investigate
the effect of the ECM microenvironment, researchers tested
various combinations of Matrigel and collagen I ECM.
Accordingly, the tumor fragments, which were primarily
cultured in Matrigel, were transferred to collagen I ECM
and vice versa. The results revealed that cells with collec-
tive migration in Matrigel started to form protrusions once
transferred to collagen I ECM. In compliance with these
findings, retraction of protrusions and reversal of collec-
tive migration were detected when collagen I embedded
cells were transferred to Matrigel [41]. In consistency with
these results, glioblastoma cell lines grown as spheroids on
HA-RGD hydrogel under 3D conditions display a migra-
tion and invasion pattern close to that seen in human brain
slices which is completely distinct from 2D culture and a
3D collagen I-based scaffold [26]. To better appreciate the
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behavior of cancer cells, Guzman et al. tried to replicate the
in vivo environment by creating “shelled” spheroids, which
were surrounded by a BM layer and assembled into a scaf-
fold. The analysis of these shelled spheroids embedded in
the collagen I matrix revealed laminin and collagen IV in
the BM layer [42]. Therefore, the heterogeneous ECM can
imitate the in vivo microenvironment and permit the evalu-
ation of cancer cell migration and invasion more efficiently
than a homogenous ECM (including collagen I, fibronectin,
laminin). The researchers investigated two distinct breast
cancer cell lines; MCF 10 H Ras, characterized by a mes-
enchymal-like morphology, and MD-MB468, described
by a grape-like appearance. They reported that the shelled
spheroids embedded within the collagen I matrix displayed
a combined invasion phenotype. Inside the BM layer, the
cells exhibited a multicellular invasion phenotype with a
stream of densely packed cells moving through the BM
towards the collagen I matrix. When these cells reached the
collagen I matrix, the invasion pattern of an individual cell
was detected. However, the BM layer-free spheroids showed
an individual invasion phenotype in the collagen I matrix.
Moreover, the presence of MMP inhibitors in the collagen
I matrix decreased invasion frequency and the mean num-
ber of the individual invasive cells. Despite the presence of
the MMPs, researchers noted the formation of multicellular
streams and a successful invasion [42]. Because the behavior
of cancer cells in vitro is greatly affected by the composi-
tion of the biomaterial, Koh et al. developed a decellular-
ized patient-derived ECM to study the behavior of primary
glioblastoma cells in vitro. They noticed that patient-derived
glioblastoma cells exhibit a heterogeneous shape; cells with
elongated shapes developed elongated protrusions and
displayed a directionally movement, however, round cells
showed poorly defined protrusions, and random movement.
Moreover, they demonstrated that patient-derived glioblas-
toma cells alter their invasion pattern to achieve aggressive
motility in a 3D microenvironment [43]. In conclusion, the
wide range of customized biomaterials allows researchers
to thoroughly study the metastatic and invasion potential of
cancer cells in their original ECM and their behaviors in the
invaded matrix.

Physical properties of the ECM in 3D culture models

Noticeable alterations in ECM have been detected during
tumorigenesis [26, 44—48], including increased deposition,
cross-linking, orientation, and organization of the ECM.
The high deposition and cross-linking of the ECM lead to
increased ECM stiffness (rigidity). ECM stiffness is found
to be higher in malignant tissue than in normal tissue, and
it has been linked to cancer cell migration and invasion fea-
tures [49-51]. Hence, using 3D culture systems, research-
ers will be able to control the biophysical properties of the

ECM, and therefore interrogate their effect on cancer cell
migration and invasion.

Researchers have to use ECM of different stiffnesses to
recapitulate the different stages of in vivo breast cancer cells
[52, 53]. Using a 3D culture system of various stiffnesses,
breast cancer cell lines cultured on a stiff substrate showed a
well spread and elongated shape with mature focal adhesion
and broad lamellipodia at the leading edges [54, 55]. These
morphological changes enhance cell migration and invasion
processes. During migration, cells on a stiff substrate exhibit
a more directional movement and a faster persistent migra-
tion than cells on a soft substrate. Thus, the migration and
invasion potential of cancer cells correlates positively with
the stiffness of the ECM [54, 55]. Riching et al. reported that
the collagen fibers alignment increases the ECM stiffness
and promotes cell migration by increasing directional move-
ment and restricting protrusions along aligned fibers [56].
The pore size of the ECM is another factor that participates
in cancer cell migration and invasion regulation. Accord-
ing to Lang, N, It is difficult to separate the study of the
impact of matrix stiffness on cell migration from its impact
on matrix pore size and adhesive ligand density [57]. Stiff
matrices with large pores enhance the invasion of cancer
cells cultured on a porous 3D gel; however, it impairs their
invasion when the pore sizes decrease [57]. Collectively,
to mimic the in vivo tumor microenvironment, researchers
can tune the physical properties of the in vivo ECM to reca-
pitulate the complex architecture and structure of the native
ECM, and therefore examine their impact on cancer cell dis-
semination and invasion.

Aggressiveness of tumor cells in 3D culture models

The 3D culture system reveals cancer cells’ potential to
remodel the ECM in vitro, dictating the migration and inva-
sion patterns of cancer cells and regulating switches among
invasion modes, such as EMT, amoeboid, and collective
migration. Kwon et al. cultured multiple ovarian cell lines
on a fibroblast-derived 3D matrix. They proved that cancer
cells with high E-cadherin expression collectively migrate
and secrete ECM-degrading enzymes. Lack of E-cadherin
expression in cancer cells leads to looser agglomeration, and
allowing them to invade the stroma through ROCK-depend-
ent ECM modification. Besides, it has been shown that some
ovarian cancer cells, such as SKOV3 and UPN 251, can
migrate in a single direction without affecting or remod-
eling the ECM structure [58]. The use of 3D collagen type
I hydrogels confirmed these findings by demonstrating the
heterogenicity of primary breast cancer cells. In consistence
with these results, primary breast tumors grown on collagen
type 1 hydrogels, revealed the detection of a specific subset
of cancer cells with a basal epithelial phenotype to lead the
collective invasion [59]. Furthermore, the invasion pattern
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can be protease-dependent, in which cells facilitate inva-
sion by synthesizing specific enzymes such as MMPs that
degrade the ECM. When the ECM pore size is smaller than
3 pm, cells develop proteases secreting protrusions invading
the ECM (invadopodia). On the other hand, cells can invade
the ECM without using proteases, thanks to the ROCK or
Rho signaling pathways. Recently, Wisdom et al. suggested
that even when the pore size is smaller than the cell size
(<3 pm), cells can form invadopodia structures (protease-
independent manner) and squeeze between ECM pores to
widen the pores. These actions are ensured by applying
protrusive and contractile forces [48]. In conclusion, both
the physical properties of the ECM and the interactions of
cancer cells with ECM components play a crucial role in the
migration and invasion pattern.

3D multicellular models

To recapitulate the complexity and heterogeneity of the
in vivo tumor microenvironment, researchers developed
“double and triple co-culture systems” that consists of tumor
cells, with one or two other types of cells present in the
stroma such as fibroblasts, immune cells, endothelial and
epithelial cells. This innovative system was used to evaluate
the effect of stroma on cancer cells behavior and invasive-
ness, and to develop new therapies.

Double co-culture model

The in vitro 2D co-culture systems allows partial contact
between cells and supports paracrine crosstalk between host
cells and cancer cells. On the other hand, mutual cell—cell
interactions and the secretion of soluble factors found in
the 3D culture system enhance tumor growth and progres-
sion, remodel the protein composition of the ECM, induce
cancer cells migration and promote cancer invasion [60].
The secretome of cancer and stromal cells generates a
microenvironment that promotes tumor cell invasion and
angiogenesis. In a 3D culture system, CAFs regulate cancer
cells via secretion of soluble factors that enhance migra-
tion (active TGF B and leptin), invasion (IL-8, IL-6, MMP2,
MMP3, and MMP9), and angiogenesis (VEGF, FGF, and
PDGF) [61-66]. Hernandez-Fernaud et al. introduced a
novel mechanism underlying cell migration and invasion by
showing how angiogenesis and cancer progression can be
driven by secreted glutathione-dependent oxido-reductases
via a transglutaminase 2 (TGM?2)-dependent invasion. It
has been described that CLCI3 secreted by CAFs promotes
angiogenesis of ECs and invasion of cancer cells in a 3D
culture system by activating TGM?2. Activated TGM2 leads
to an increase in ECM stiffness which contributes to a561
integrin-dependent invasion [67].
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In a 3D co-culture system, the direct contact between can-
cer cells and fibroblasts enhances cancer cell proliferation
and survival. Moreover, the addition of fibroblasts results
in the generation of uniform, compact spheroids [64] and
preferentially promotes the metabolic activity of cancer
cells [68]. The migration and invasion potential of cancer
cells in co-culture with fibroblasts has been studied using
various methods. For instance, Estrad et al. developed a co-
culture model in which aggregates of MCF7 breast cancer
were encapsulated in alginate either alone or with fibroblast
[69]. In co-culture, polarized cancer cells were arranged
around small lumina and were surrounded by fibroblasts.
After 15 days, analysis of aggregate morphology showed
that 40% of aggregates of the co-culture microcapsule lost
its circularity and presented an altered phenotype compared
to aggregates in the monoculture that maintained their mor-
phology. In addition, a collective and unidirectional migra-
tion out of the co-culture microcapsule was detected. These
changes are accompanied by a decrease in the expression
of estrogen receptor and E cadherin. Importantly, the secre-
tion of pro inflammatory, pro-invasive cytokines (IL-6,
IL-8, and CXCL1), and sSICAM (associated with tumor cell
growth and angiogenesis) increased significantly in the co-
culture microcapsules [69]. In consistency with these results,
Knuchel et al. generated a 3D co-culture model in which
SW620 spheroids and fibroblast were embedded in Matrigel
and the fibroblasts surrounded the spheroids, establishing
cell—cell contacts and stimulating cancer cell invasion. This
process is mediated by fibroblast surface associated-FGF2,
which activates FGFR on cancer cells. Once FGFR is trig-
gered, it induces the phosphorylation of Src, which in turn
stimulates integrin a,Bs-dependent tumor cell adhesion and
motility [70]. To better understand the effect of fibroblast on
cancer cell migration and invasion, A431 vulvar squamous
cell carcinoma and fibroblast were embedded in a 3D matrix
formed by collagen and recombinant basement membrane.
The results showed that fibroblast migrated toward cancer
cells and established cell—cell contact with A431 via a het-
erophilic E cadherin/N cadherin junction that induces col-
lective cancer cell migration [71]. Recently, a new invasion
assay based on chimeric solid spheroid formed by cancer
cells and fibroblast was developed. The chimeric spheroids
were embedded in a 3D matrix that facilitates cancer cell
invasion analysis. Using this assay, Miyazaki et al. demon-
strated that the fibroblasts invade the collagen matrix, the
cancer cells attached to fibroblasts via integrin a8, and
migrate using the fibroblast protrusions as a track. Integrin
asB, adhere to fibronectin on the surface of fibroblasts and
facilitate migration and invasion of cancer cells. According
to Miyazaki, heterophilic E cadherin/N cadherin junction
is not essential for cancer cell migration, because cancer
cells lacking the expression of E cadherin were still able
to adhere to fibroblast. It is important to note that although
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integrin asB, is the major receptor that binds fibronectin,
fibronectin receptors may vary depending on the type of
cancer cells [72]. Stellate cells are quiescent fibroblasts
that reside in the pancreas and liver [73]. Under 3D condi-
tions, the crosstalk between pancreatic stellate cells (PSCs)
and pancreatic ductal adenocarcinoma (PDACs) stimulates
the arrangement of collagen fibers and directs cell migra-
tion through ROCK-mediated contractility [74]. In a recent
study, Hwang et al. showed that the co-culture of PSCs and
PANCI1 human pancreatic cancer cell line remodels the
ECM and enhances cell migration and invasion as well as
increases the secretion, deposition and thickness of the col-
lagen 1 and fibronectin fibers. Interestingly, collagen fibers
and the protrusion of the cell membrane were growing in a
same direction, suggesting that the remodeling of the ECM
matrix enhances cell migration. The interaction between the
PANCI and PSCs increased the expression level of Ki67 and
several factors detected in the conditioned medium, includ-
ing IL-6, IL-8, CXCL1, VEGF, TIMP 1 and 2, MCSF, and
GMCSF. Moreover, an EMT-like phenotype was observed in
the co-culture tumor spheroids [75]. SEM and TEM analy-
sis of the 3D structure of mixed cell spheroids formed by
hepatocellular carcinoma (HCC) cell line Huh7 and stellate
cells LX-2 showed extensive cell protrusion at the periphery
of the spheroids. An elevated expression level of a SMA,
Collagen I, and TGFB1 was also detected in the mixed sphe-
roids tumor obtained from human HCC patients as well as
human xenografts. After embedding the mixed spheroids in
matrix (Matrigel and collagen), both Huh 7 and LX-2 cells
showed an invasive phenotype and migrated out of sphe-
roids [76]. In summary, active interaction between cancer
cells and fibroblasts is required for cancer cell migration and
invasion. Thus, inclusion of fibroblasts in a 3D culture sys-
tem helps to model the physiological features of the tumor
microenvironment.

Triple co-culture

Cancer cells, fibroblasts, and “Macrophages” The 3D tri-
ple culture system simulates the complexity and heteroge-
neity of the in vivo tumor microenvironment that consists
of tumor cells, stroma, and ECM. In two inventive studies,
Kuen et al. and Rebelo et al. developed a novel triple cul-
ture system to study the interaction between cancer cells,
CAF, and monocytes [64, 77]. In the first study, monocytes
were incubated with mixed spheroids formed by fibroblasts
and PDACs [64]. In the second investigation, tumor sphe-
roids containing non-small cell lung carcinoma (NSCLC)
were primarily grown in a stirred culture, and then an algi-
nate microcapsule was created containing tumor spheroids,
fibroblasts, and macrophages [77]. In both studies, CD163/
CD68 macrophages were detected within the tumor spheroid
which proved the migration capacity of these macrophages.

Moreover, they found that tumor spheroids secret IL-4,
IL-13, and CXCL1 molecules which attract macrophages to
the tumor site and activate their M2-like phenotype [77]. A
high levels of cytokine and growth factors such as GM-SCF
and M-SCF, known to recruit monocytes, were detected in
the supernatant of the mixed spheroids [64]. Additionally, a
3D co-culture system demonstrated that CXCL1 is neces-
sary in cell-cell adhesion, and in proliferation, aggressive-
ness and angiogenesis of cancer cells. In the 3D triple cul-
ture system, macrophage migration, ECM protein (Collagen
I, IV and FN) deposition, and increased level of pro-invasive
factors (MMP1-MMP9) were detected [78]. Collectively,
these findings verified that circulatory monocytes recruited
to the tumor area acquire an invasive and M2-like pheno-
type, inhibit T lymphocytes proliferation and suppress their
activity, in addition to secreting CCL22 and CCL 24, which
mediate the recruitment and differentiation of regulatory T
lymphocytes [78].

Cancer cells, fibroblasts, and “Endothelial cells” Amann
A et al. generated multicellular spheroids “microtissues”
using the non-small cell lung cell line A549, fibroblast, and
endothelial cell lines. After few days, the ECs were detected
in the core of the spheroids near the fibroblast and a tubule-
like structure was observed within the spheroids. Moreover,
an altered morphology of A549 and an overexpression of
a-SMA were detected on the surface of both cancer and
fibroblast cells reflecting the acquired aggressive phenotype
of cancer cells under these conditions [79]. Recently, Paek
et al. developed a new micro-physiological model that com-
bined perusable microvasculature with 3D spheroids. This
model was used to model human lung vascularized adeno-
carcinoma. Tumor spheroids formed by A549 and HUVEC
were embedded in an ECM hydrogel scaffold containing
ECs and lung fibroblast. After seven days, a tubule-like net-
work was detected enwrapping the spheroids. This vascular-
ized solid tumor model can be used to screen the efficiency
and toxicity of chemotherapeutic agents [80]. Additionally,
Wang et al. showed that the presence of stromal cells is
required for the formation and maintenance of multicellu-
lar spheroids resembling organoids. They demonstrated that
the multicellular tumor spheroid containing HCC culture
with fibroblast and endothelial cell line produced a higher
level of various proangiogenic (VEGFR2, VEGF, HIF-a),
proinflammatory (CXCR4, CXCL12, TNF-a), and EMT
(TGFb, vimentin, MMP9) factors compared to monocul-
tured HCC spheroids [63]. The invasive capacity of cancer
cells and the potential of triple co-culture to develop tubule-
like structures was confirmed using layer by layer (LbL)
nanofilm fibronectin-gelatin technique. Oral squamous cell
carcinoma (OSCC) was able to invade a 3D culture system
formed by 10 layers of normal human dermal fibroblasts
(MRC-5) separated by one layer of human dermal lymph
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ECs (HDLECsS), which built a lymphatic capillary structure
within the 3D culture system [81]. In another study, Laz-
zaari et al. created a stable multiculture spheroid using the
same technique. Their co-culture using three types of cells,
adding VEGF in the medium, with the Layer-by-Layer nano-
film technology clearly revealed the presence of tubule-like
web of CD31 +ECs [68]. Collectively, the triple co-culture
model can recapitulate the complexity of the TME, allow
interaction between cancer cells, stromal cells and the ECM,
reveal their role in tumor progression and drugs screening.

3D multicellular cancer model for drug development

3D cancer models are useful tools for diagnosis, drug screen-
ing, genome editing, biobanking, and personalized medicine
[7, 82]. In this section, we focus on the use of 3D systems as
a cancer model for drug development.

Increased resistance to cytotoxic drugs in 3D culture
models could be because of several reasons, including higher
expression of cancer stem cells (CSC)-associated proteins
[83—85], upregulation of several drug resistance genes and
microRNAs [84], overexpression of multi-drug resistance
(MDR) proteins in cultured cells, decreased drug penetra-
tion in the multicellular 3D models, and ECM remodeling
[84, 86]. In addition, the fact that cells in 3D culture are
exposed to gradient levels of the necessary compounds can
also explain why cells in different models have different
responses [86]. Cell-cell and cell-ECM interactions also
contribute to the cellular response to drugs. For instance,
Fong et al. found a negative correlation between cell—cell
contact and sensitivity of Ewing sarcoma to doxorubicin
using a polycaprolactone (PCL)-scaffold-based 3D model
[87]. In addition to the abovementioned reasons, different
cancer cells can develop dense or loose 3D spheroids thus
affecting response to the drug. Cells forming dense sphe-
roids had increased resistance to paclitaxel and doxorubicin
compared to cells in 2D culture. In contrast, cells forming
loose 3D spheroids displayed the same response to drugs
compared to 2D-cultured cells [88]. Drug resistance in 3D
culture models is also affected by matrix stiffness that is
a determining factor influencing the cell response to anti-
cancer agents. A study done by Ki et al. showed that immo-
bilization of EGFR inhibitor (NYQQNC) on PANC-1 cells
resulted in decreased cell viability in stiff hydrogels, but not
in hydrogels with low stiffness [89]. However, MDA-MB231
breast cancer grown in spheres with stiffer matrixes were
more resistant to paclitaxel compared to those grown in soft
hydrogels [90].

As mentioned earlier, various 3D monoculture and dou-
ble/triple co-culture systems differ in cancer cell response
to the anti-cancer drugs according to the composition of
ECM, the cellular interactions, and the soluble factors
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secreted by the cells [91, 92]. In a study done by Hwang
et al. pancreatic ductal adenocarcinoma PANC-1 tumor
spheroids were grown in monocultures and PSCs co-
cultures to evaluate response to paclitaxel in terms of IC
50. It was shown that PSCs co-cultures were 100 folds
more resistant to the drug treatment rather than mono-
cultures. In a different study, cultured Huh-7 cells in 2D
model were more sensitive to sorafenib compared to those
in 3D monoculture. Moreover, these cells in 3D culture
showed more sensitivity to sorafenib compared to Huh-7
cells co-culture with hepatic stellate cells (HSCs) [76].
On the other hand, another study suggested that the effect
of co-culturing could be drug-dependent. Co-culturing
increased the sensitivity of Caco-2 spheroids to 5-FU/
irinotecan (FI) but did not affect the response of Caco-2
spheroids to 5-FU/oxaliplatin (FO) [93]. Tumor microen-
vironment is an additional player and contributor to drug
response in triple culture. Non-NSCLC cells (NCI-H157)
showed increased resistance to paclitaxel in triple culture
with CAF and monocytes compared to monocultured cells
[77]. However, the interaction with surrounding cells in
the tumor microenvironment does not always increase
resistance to drug. The response of NCI-H157 to cispl-
atin was not changed in mono and triple culture condition
with CAF and monocytes [77]. Another study considered
the sensitivity to doxorubicin in a triple culture of ECs,
fibroblasts, and breast tumor cells (MCF-7 and MCF-7/
ADR cell lines). Cancer cells in the monoculture system
were more sensitive to doxorubicin than those in triple
culture condition [94]. Similarly, PANC-1 cells that were
cultured with fibroblasts (MRC-5) and HUVEC cells were
more resistant to doxorubicin compared to monocultured
PANC-1 cells [68]. Finally, Song and colleagues estab-
lished a new model using primary tumor derived cells and
stromal cells [95]. They produced a patient multicellular
tumor spheroid (MCTS) using four different cell types:
primary hepatocellular carcinoma cells (HCC), stellate
cells (LX-2), fibroblasts (WI38) and endothelial cells
(HUVEC:S). Response of primary HCC to three chemother-
apeutic drugs (sorafenib, 5-fluouracil, and cisplatin) was
assessed in MCT and compared to the response of HCC in
monolayer cultures and in 3D spheroids. It was shown that
primary HCC cells had different drug sensitivity for the
different culturing methods. For instance, primary HCC
in MCT culture condition were most mimicking platform
for evaluation of responsiveness to sorafenib. It was thus
suggested that drug screening and optimization should
be done in MCT as they better mimic the in vivo tumor
microenvironment in terms of 3D cellular context and cel-
lular heterogeneity [95]. Response of patient-derived cells
cultured in MCT to different drugs are thus expected to be
translated in vivo, and accordingly such a model could be
essential in precision medicine.
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Organoids

In early 1900, Ross Harrison used the hanging drop tech-
nique to culture a fragment of embryo nerve cord on a drop
of lymph on a coverslip [96]. Henry Van Peters Wilson
described in vitro organism regeneration during the same
time by showing the self-organization capacity of dissoci-
ated sponge cells to regenerate a whole organism [97]. These
efforts led to the creation of organoids, in vitro tissue-like
structures that can recapitulate organ physiology. A few dec-
ades later, researchers unveiled the critical role of growth
factors and ECM in regulating tissue function and morpho-
genesis. Thus, the accumulation of knowledge throughout
the years guided researchers to optimize the in vitro condi-
tions to generate organoids.

We believe that Simian M and Bissell M provided one of
the most accurate definitions of the word organoid, “a unit of
function of a given organ that is able to reproduce in culture,
a biological structure similar in architecture and function
to its counterpart in vivo” [98] Organoids can be derived
from normal or malignant human biopsy and obtained by
enzymatical or mechanical digestion [99, 100]. These orga-
noids conserve the in vivo, features of original tissues, and
therefore offer a new model to understand the physiology of
tumor cells; including cancer cell heterogeneity, the compo-
sition of original tumor microenvironment, and the interac-
tion between cancer cells and their microenvironment [7].
Moreover, this model promotes disease modeling, molecu-
lar diagnosis, gene therapy drug screening and personalized
medicine. Organoids have the potential to bridge the gap
between in vitro and in vivo models [7, 99, 101]. In this sec-
tion, we will focus on recent achievements in cancer mod-
eling by organoid technology and discuss the importance of
organoids. Sato et al. generated the tumor organoids, that
is derived from adult cancer stem cells. The embedment of
tumor derived cells in a 3D matrix with specific stem cell
media induces cancer stem cell differentiation and forma-
tion of a mini structure that resembles intestinal villi and
crypts [102]. Using this method, numerous patient-derived
tumor organoid that mimic hepatocellular carcinoma [103],
glioblastoma [104], gastrointestinal [105], pancreatic [106],
colorectal [107], prostate [108], breast [109], bladder [110]
and renal cancer [111] were established. This technology
is being used to establish organoid line libraries and living
biobanks of cancer and normal tissues that preserve het-
erogeneity among colorectal cancer (CRC) patients [107,
112]. Recently and based on this technique, Brandenberg
et al. developed a high throughput automated technique to
generate CRC organoids by culturing stem cells in hydro-
gel based U shape microwell arrays. This method facilitated
and enabled a fast aggregation technique of cancer epithelial
stem cells, increased homogeneity of organoid size, traces
single-organoid from initial cell seeding to downstream

analysis, facilitates drug screening, and identifies pheno-
typic hits [113].

It is noteworthy that patients with the same cancer type
may present different histological, genetic and molecular
profiles, along with various cellular behavior and chemo-
resistance. Vlachogiannis et al. generated patient-derived
organoids from 110 metastatic tumor samples derived from
71 patients with colorectal and gastro-esophageal cancer.
They provide evidence that organoids maintain the same
histological, genetic, and molecular profiles as the original
tumor. Patient-derived organoids (PDOs) from different
patients exhibited different mutational and transcriptional
spectra, which in turn determined the responsiveness of
PDO to different chemotherapeutic drugs, and indicating
that PDO can be used for drug screening [105].

Moreover, drug response in PDOs was shown to reca-
pitulate the clinical responses. This was shown by compar-
ing the anti-cancer drug response of PDOs during in vitro
studies and PDO-based orthotropic xenografts in mice com-
pared to the patient response in clinical trials. Interestingly,
in almost all cases, drugs that couldn’t cause a therapeutic
response in PDOs were unable to initiate clinical response
in the patients. However, drugs that were effective on PDOs
were also effective in 88% to 90% of the patients. This study
proposed that the utility of PDO in pre-clinical studies was
useful for drug screening and for predicting the efficacy of
drugs, and thus, PDO would serve as an important tool in
personalized medicine [105].

Despite its importance, this organoid composed of solely
epithelial cells derived from primary cancer tissues, lacks
the presence of stromal, immune and endothelial cells, and
requires specific growth factors and supplements. To over-
come these problems, Jahnke et al. established a new pro-
tocol based on manually generating tumor micro fragments
using microdissection of tissues. In this method they do
dissecting tumor tissues into 400um fragments to preserve
the contact between cancer cells and their microenviron-
ments [114]. This technique was furthermore developed by
Li et al. who used air liquid interference (ALI) to culture
cancer organoids. They minced fragments derived from
gastrointestinal tissues and maintained them in collagen gel
under air liquid interference. This methodology maintains
the heterogeneous composition of the TME in vitro and
supports primary organoid generation, oncogenic transfor-
mation, and long-term in vitro culture of cancer organoid
derived from murine GI tissue [115]. In an innovative study,
Noel et al. used the same methodology to culture clinical
PDO samples derived from primary and metastatic tumor
cells. Interestingly, PDOs recapitulated the parental tumor
histology and genetic profile, and retain fibroblasts, mac-
rophages, Natural Killer, and different subpopulation of T
cells (CD4*, CD8*, and CD3* expressing immune check
point surface receptor programmed cell death protein-1
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(PD-1). In addition, this model was used to investigate the
efficacy of anti-PD1 (Nivolumab). Results showed that T
cells activation occurred after treatment with nivolumab in
(33%) NSCLC, (25%) RCC, and (33%) melanoma PDOs,
consistent with anti-PD-1/PD-L1 response rates in clinical
NSCLC trials [116]. Thus, the ALI PDO method offered an
advanced model to evaluate individualized patient immune
response.

To facilitate organoid formation, Jacob et al. cultured
glioblastoma tumor pieces in a defined media on an orbital
shaker. This method led to the generation of glioblastoma
organoids that can recapitulate the inter- and intra-tumoral
heterogeneity and partially preserve the microvasculature
and immune cells. Thus, glioblastoma organoids were pro-
posed to be employed to evaluate conventional and new
therapeutic strategies [117]. Recently, Horowitz et al. gen-
erated cuboidal-shaped micro-dissected tissues or “cuboids”
using a standard Mcllwain tissue chopper. In parallel, they
developed a microfluidic device that enabled them to trap
intact cuboids into specific wells for culture and multi-drug
treatments. This new platform enabled them to produce large
numbers of uniformly-sized cuboids, reduced heterogene-
ity between samples, facilitated their physical manipulation,
and enabled drug screening [118]. Thus, organoids show
promising results recapitulating the architecture, physiology
and molecular signature of the original tumor. The group
of Robert M. Hoffman developed 3D Sponge-matrix Gel-
foam to reproduce an in vivo like microenvironment. This
method, described by Joseph Leighton in the early 1950s
and known as “Sponge-matrix histoculture”, conserves the
architecture and physiology of tumor in vitro [119, 120].
Studies revealed that cancer cells grown on sponge matrix
maintain their self-organization, proliferation and invasion
capacities, heterogeneity and cell cycle phases distribution
pattern [121, 122]. This approach was established to evaluate
the toxicity and efficacy of chemotherapeutic drugs in vitro.
Studies showed a high correlation between in vitro chemo-
sensitivity results, the clinical response, and the survival
rate of the cancer patients [123-126]. Hence, this method
can be used to identify new cancer biomarkers, discover new
targetable proteins, and screen chemotherapeutic drugs. In
a recent study, Yamamoto et al. established patient-derived
cancer cell lines using the 3D histoculture method that can
be used to understand the cancer biology and to test drug
sensitivity [127].

Conclusion
A great deal of evidence has been accumulated in the
recent years demonstrating that 3D cell culture systems

could be more promising than the traditional 2D models in
modeling tumor behavior and physiology. The 3D culture
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model should contain specific cellular components such as
fibroblasts, immune cells, and ECs to model the complex
structure of the tumor microenvironment. The interaction
of these components with cancer cells promotes tumor pro-
gression, remodels the ECM composition, guides cancer
cell migration, and enhances cancer invasion by regulating
the switches among invasion modes. Indeed, the wide range
of customized and tunable biomimetic materials in the 3D
models modulates the complex structure, 3D architecture,
as well as biochemical and biomechanical cues of the tumor
microenvironment. Besides, the 3D model can also simulate
the heterogeneity using primary cancer cells instead of a
cell line. Patient-derived primary cancer cells conserve the
original tumor’s histological, genetic, molecular, and cel-
lular phenotype.

In conclusion, the 3D culture system represents a more
precise and comprehensive picture of the tumor microenvi-
ronment, unveils the mechanisms underlying tumor behav-
ior, identifies novel molecular and cellular targets, and could
participates in pre-clinical drug screening assays. Although
these novel technologies can be useful in clinic, they still
have a long way to go.
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