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Abstract 

Cancer remains a serious burden in society and while the pace in the development of novel and more effective thera-
peutics is increasing, testing platforms that faithfully mimic the tumor microenvironment are lacking. With a clear shift 
from animal models to more complex in vitro 3D systems, spheroids emerge as strong options in this regard. Years 
of development have allowed spheroid-based models to better reproduce the biomechanical cues that are observed 
in the tumor-associated extracellular matrix (ECM) and cellular interactions that occur in both a cell–cell and cell-
ECM manner. Here, we summarize some of the key cellular interactions that drive tumor development, progres-
sion and invasion, and how successfully are these interactions recapitulated in 3D spheroid models currently in use 
in the field. We finish by speculating on future advancements in the field and on how these can shape the relevance 
of spherical 3D models for tumor modelling.
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Background
Over the past decade, increasing energy has been placed 
in the implementation of the 3 R’s principle in animal 
experimentation, especially regarding animal replace-
ment. Several different efforts have pushed this move-
ment forwards including motions from the European 
parliament 2021/2784 (RSP) which urge the accelera-
tion of the transition to a world without the use of ani-
mals in research, regulatory testing and education. 
Additionally, several studies have reported that mouse 

models of human cancers present species-specific differ-
ences [1] such as size, life span, and organ morphology 
and physiology which ultimately may lead to erroneous 
interpretations of the efficacy of novels therapeutics dur-
ing translation to human clinical application. In parallel, 
the growing knowledge on the role of the ECM on both 
physiological and pathological conditions like cancer, 
namely through the regulation of cell proliferation, differ-
entiation, migration, survival and adhesion, has created 
the urge to adopt 3D culture platforms in detriment of 
non-biomimetic 2D tissue-culture plastics [2]. The effects 
of these 3D culture systems have shown to impact cell 
behavior at various levels ultimately affecting drug sensi-
tivity through changes observed in cell morphology, cell 
viability and cell survival pathways among others [3].

All of this has contributed to the growing investment of 
the research community in building faithful cancer mod-
els that preserve the 3D architecture and the multicellu-
lar complexity of cancer tissue. Among those models are 
organotypic models (based on substrates like  Matrigel® 
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or Collagen I), tumoroids, organ-on-a chip and 3D scaf-
fold-based systems [4–7].

While many of these systems have been proven advan-
tageous for different applications such as high-through-
put screening of anti-tumor drugs or to study specific 
cell–cell/cell-ECM interactions in detail, increasing both 
their fidelity and biomimetic complexity is still a major 
need. Additionally, key features such as ECM biome-
chanical properties play a crucial role in these models as 
not only is ECM stiffness influencing cellular attachment 
[8] but also tumor progression [9] and therefore requires 
careful tuning. In order to add to the complexity of these 
disease models, the cell heterogeneity observed within 
the tumor microenvironment [10, 11] must be consid-
ered. Tumor heterogeneity has been a topic of interest in 
cancer research, with the first evidence of a heterotypic 
tumor model going back several decades [12]. The efforts 
to create highly complex tumor spheroid models which 
recreate the cellular interactions observed in the tumor 
microenvironment have been significant over the past 
years, with the use of non- cancerous cells (e.g. fibro-
blasts, endothelial cells, adipocytes, and immune cells) 
native to the tumor microenvironment key to this effort.

Spheroids emerged as 3D aggregates of cells that 
arrange themselves into sphere-like formations when in 
low-adhesion culture surfaces. These can be used to reca-
pitulate tumor architecture when compared to conven-
tional 2D cultures. Throughout this review, we will focus 
on how spheroid-based models have evolved, allowing 
for the development of tumor models with greater bio-
similarity, how cellular interactions and heterogeneity 
have played a part in these advances and what can be 
expected for the future of these systems.

The tumor microenvironment
In vitro tumor models have been contributing to the 
overall reduction of animal experimentation in the can-
cer field and to a more standardized use of models of 
higher complexity and biological relevance due to their 
high degree of reproducibility, high translational value 
and even commercial availability. However, several issues 
remain unresolved with a window of opportunity for new 
developments and advances. One of the main issues is 
the uniformity and reproducibility over a large number of 
samples, in which a uniform shape and size are difficult 
to attain. A second concern is defining a series of prereq-
uisites that would qualify these systems as valid for drug 
screening. Ultimately, to take full advantage of these sys-
tems, high-throughput is a requirement, especially in the 
case of drug screening for pharmaceutical use.

To overcome these issues, a clearer understanding of 
the tumor microenvironment is required. Here, we will 
focus mainly on 2 areas of cellular processes critical in 
tumor biology: (1) cell–cell interactions and (2) cell-ECM 
interactions within the tumor microenvironment (Fig. 1). 
Attention will be given to key aspects driving tumor for-
mation and progression, and how they may be applied 
during the development of novel 3D tumor models.

Cell–cell interactions in the tumor microenvironment 
The cellular composition of a tumor makes for a hetero-
geneous architecture given its distinct cell types. Com-
munication between these different cell types allows for 
the regulation of the microenvironment and therefore 
acts as one of the driving forces promoting tumor pro-
gression [13, 14]. However, to bridge the gap between 
native tissues and novel tumor models, it is necessary 

Fig. 1 Cell interactions in the tumor microenvironment shape disease progression. The tumor microenvironment is a highly complex system 
that is tightly regulated by several different mechanisms. Most of these regulatory mechanisms occur in between cells, however interactions 
with the surrounding ECM are known to drive tumor cell migration and metastasization. A plethora of distinct biomolecules are behind these 
interactions which drive cell recruitment and chemotaxis, EMT, cell extravasation and cell invasion
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to first understand the interactions within the structural 
organization of current spheroid models. Variables such 
as time of culture and spheroid compactness contribute 
to how cell–cell interactions occur within these models, 
which in turn influences cancer cell behavior regarding 
proliferation, survival, and response to cancer therapeu-
tics [15]. Within these systems, cell–cell cohesiveness is 
determined by key players such as cadherins or integ-
rins [16–18] or intracellular components such as actin or 
microtubules [19, 20].

Thus, going forward, we will split cell–cell dynam-
ics into two distinct approaches, cell–cell interactions 
through cell adhesion molecules (CAMs) and secondly 
cell–cell signaling mediated via biomolecules such as 
cytokines, chemokines, growth factors and exosomes.

CAMs are a multivalent family of cell surface proteins 
that are involved in several roles, such as intercellular, 
intracellular, and cell-extracellular matrix interactions, as 
well as cell growth and motility regulation, signal trans-
duction pathways, and inflammation. These proteins are 
further subdivided into four distinct subfamilies: immu-
noglobulin-like adhesion molecules, integrins, cadherins, 
and selectins. Several of these molecules have been impli-
cated in cancer formation and progression.

Selectins are cell surface lectins that mediate the adhe-
sion of circulating cells to the endothelium. This class 
of adhesion molecules consists of three proteins: E 
(endothelial), L (leukocytes), and P (platelet)-selectin. 
The recruitment of leukocytes through the expression of 
these molecules within the tumor microenvironment has 
aided in immune invasion, dissemination, extravasation, 
and the formation of a metastatic niche [21–25]. Overex-
pression of selectin ligands by cancer cells has also con-
tributed to poor patient prognosis [26, 27].

Similar to selectins, cadherins are responsible for cell–
cell adhesion and are the most explored CAMs in the 
field of cancer. They are transmembrane glycoproteins 
involved in the maintenance of normal tissue architecture 
and have a particular role in organism growth. Cadherins 
can be further classified into several subtypes; however, 
E-cadherin and N-cadherin have been the most studied 
in the field of cancer. The expression of these classical 
cadherins has been associated with the epithelial-to-mes-
enchymal transition, a biological process in which polar-
ized epithelial cells undergo a phenotypic switch into a 
mesenchymal cell phenotype [28]. Upon this switch, cells 
are prone to enhanced migratory capacity, invasiveness, 
greater resistance to apoptosis, and increased production 
of ECM components [28]. This is triggered by a decrease 
in the expression of the endothelial marker E-cadherin 
[29–31] followed by an increase in the expression of 
N-cadherin [32–34]. It is also important to highlight that 
this shift in phenotype may not be so black and white 

in which carcinoma cells may exhibit several epithelial-
mesenchymal characteristics [35–37]. This mechanism 
is tightly regulated by a series of biomolecules, such as 
transforming growth factor-β (TGF-β), the fibroblast 
growth factor (FGF) family and epidermal growth factor 
(EGF) [38–45]. These soluble factors belong to a group of 
proteins known as growth factors which have been impli-
cated in the constitutive activation of growth-promoting 
pathways, modulation of cell phenotype and promot-
ing tumor neovascularization. Possibly one of the most 
studied is vascular endothelial growth factor (VEGF), a 
glycoprotein with an important role in endothelial cell 
proliferation and vascularization [46]. Within the tumor 
microenvironment, this molecule is produced by tumor 
associated macrophages as well as by cancer cells, con-
tributing to the production of damaged, permeable and 
leaky neo-vessels [47, 48] that nevertheless support 
tumor survival [49]. Other growth factors such as Epi-
dermal growth factor (EGF) and fibroblast growth factor 
(FGF) have been tied to cancer cell proliferation, differ-
entiation and survival in the case of EGF [50–53], while 
FGF additionally acts as a pro-angiogenic factor by syner-
gistically acting with VEGF [54, 55]. In a similar fashion, 
PDGF is a factor impacting cancer cell proliferation capa-
bilities [56] that can also trigger the production of ECM 
proteins and support tumor angiogenesis [56, 57], a pro-
cess in which the tumor microenvironment supports the 
formation of new blood vessels crucial for tumor cell can 
growth, invasion and metastasization. Another growth 
factor that has become a biomarker for tumor cell activity 
is insulin-like growth factor (IGF) [58, 59] which was also 
implicated in inhibiting tumor cell apoptosis while stimu-
lating their proliferation [60, 61].

Several other soluble proteins have been associated 
with the direct regulation of the tumor microenviron-
ment, including cytokines and chemokines. These are 
linked to regulating the nature of immune responses and 
controlling immune cell trafficking. Cytokines like tumor 
necrosis factor alpha (TNF-α), TGF-β, IL-6, IL-10 and 
IL-17 secreted in either an autocrine, endocrine or par-
acrine manner have assumed a pivotal role in promoting 
tumor survival and metastasis. This is achieved by several 
different pathways, may it be immune-suppression, inhi-
bition of angiogenesis, vasculogenic mimicry and cancer 
cell proliferation, migration and invasion, or aggravat-
ing the inflammatory process [62–69]. Also crucial to 
the regulation of these cancer-related processes are 
chemokines. These are chemotactic cytokines that regu-
late the migration of immune cells and these have also 
been implicated in cancer processes [70]. Another form 
of soluble factor that has been tightly implicated in can-
cer are extracellular vesicles (EVs). EVs have gained quite 
some interest from the field due to their ability to transfer 
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bioactive cargoes that have several effector functions. 
Linked to the transport of lipids, proteins, and nucleic 
acids, Evs have been implicated in the development and 
maintenance of tumor growth, metastasis and immune 
escape [71, 72].

Cell‑ECM interactions in the tumor microenvironment 
While cell–cell interactions are crucial in driving cancer 
processes, the role of ECM is also important. This non-
cellular component found within all tissues and organs is 
not only responsible for the structural support of cellu-
lar constituents but also has a well-known role in estab-
lishing biochemical and biomechanical cues that are 
required for tissue morphogenesis, differentiation and 
homeostasis and that additionally have been involved in 
driving tumor progression as previously overviewed [73, 
74]. Different key components contribute to the role of 
the ECM as a determinant factor for poor prognosis in 
several different cancers [73, 75]. Some of the most influ-
ential are metalloproteinases (MMPs) and integrins. 
MMPs are a family of zinc-containing endopeptidases, 
which are similar among themselves both structurally 
and functionally. These enzymes are known for their role 
tissue repair and remodeling, cellular differentiation, 
cell mobility and wound healing [76], achieved through 
the cleavage of ECM components [77]. Moreover, two 
gelatinases (MMP-2 and MMP-9) have caught the spot-
light due to their implication in several mechanisms such 
as angiogenesis and infiltration of cancer cells as well as 
metastasization [78–80]. The production of these mol-
ecules has been associated to different non-malignant 
stromal cells such as fibroblasts immediately surrounding 
clusters of cancer cells [81, 82]. An imbalance in the pro-
duction of MMP and its inhibitor TIMP has been identi-
fied as a key factor in driving poor prognosis [83, 84].

Changes in the structural nature of the ECM can, in 
turn, alter the mechanical properties of this non-cellu-
lar component and consequently lead to events such as 
durotaxis, in which cell migration occurs in response to 
gradients of extracellular stiffness [85, 86]. Similarly to 
durotaxis, cells have been reported to undergo directed 
migration along aligned ECM fibers defined as aligno-
taxis [87]. CAFs have been implicated in this process by 
promoting directional cancer cell migration through the 
alignment of fibronectin fibers within the tumor ECM 
[88].

Cells interact with ECM through a series of integrins 
which are a class of transmembrane αβ heterodimers that 
are responsible for the binding of extracellular matrix 
ligands, cell-surface ligands, and soluble factors [89]. 
Several domains have been identified, and at least 18 α 
and eight β subunits are known in humans [90, 91]. Dif-
ferent ligands such as the collagen, laminin, fibronectin 

or leukocyte-specific receptors, interact with these het-
erodimers in a distinct fashion. In this manner, integ-
rin function embraces several cancer processes such 
as guiding tumor cell migration and invasion, cancer 
cell survival and anoikis suppression, extravasation and 
enhancement of tumor stemness. For instance, α3β1 is 
associated to the differentiation and maintenance of the 
CAF phenotype, while also supporting the invasion of 
pancreatic duct adenocarcinoma heterospheroids [92]. 
Other effects of integrins on fibroblasts have also been 
observed, with αbβ6 and α9β1 being implicated in CAF 
recruitment and in sustaining their survival [93, 94]. Inte-
grin α9β1 has additionally been linked to promoting the 
migration of glioblastoma and osteosarcoma cells as well 
as metastatic progression [95]. In addition to cell surface 
expression of integrins, these have also been found in 
extracellular vesicles [96]. In a model of colorectal can-
cer, β1 integrin-rich EVs are secreted into circulation 
by tumor cells to activate resident fibroblasts in remote 
organs, which in turn induces a pre-metastatic niche and 
promotes metastatic cancer growth through the secre-
tion of pro-inflammatory cytokines IL-6 and IL-8 [97]. 
Similarly, α2β1 aided in CAF EV uptake by lung fibro-
blasts and consequently the activation of the TGF-β sign-
aling pathway in these cells [98].

Modeling the tumor microenvironment in vitro
In order to develop 3D tumor models that are able to 
mimic interactions that take place within the tumor 
microenvironment, two key aspects come into play. The 
first is cell source and heterogeneity, which is an impor-
tant differentiator for the different known spheroid 
tumor models, and the second is the level of recapitula-
tion of key cell–cell and cell-ECM interactions that these 
models can achieve. Herein, we will briefly overview the 
different types of spheroid models that have already been 
described and the key features in terms of cellular inter-
actions that have been recently studied (Fig. 2).

Currently available spheroid models 
The nomenclature used for 3D tumor models has been 
quite heterogeneous over time, with several new terms 
being introduced every so often. Terms like “spheroids”, 
“sphere”, “tumorsphere”, “oncosphere”, “organoid” or 
“organotypic spheroid” have been deliberately used, often 
times making it difficult to understand the very nature of 
each system. These different models distinguish them-
selves mainly through medium composition used, culture 
surface, cell density, time required for formation, origin 
and handling.

There is however one common denominator that is the 
architecture of these systems. While the terms “aggre-
gate” and “spheroids” have distinct meanings, confusion 
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has been installed in using one term or the other. The 
systems that we will discuss herein are all “spheres” or 
“spheroids” consisting in closely compacted spherical 
cultures. And are not to be mistaken with “aggregates” 
that are loose cellular aggregates that easily detach [99]. 
Recently, Pasca et  al., has overviewed the nomenclature 
of such systems in the context of nervous system models 
[100] while Weiswald et  al. divided the classification of 
spherical cancer models into four main groups: (1) mul-
ticellular tumor spheroids, (2) tumorspheres, (3) tissue-
derived tumor spheres, and (4) organotypic multicellular 
spheroids [101].

Here we will take a simplistic view to what has been 
used to name these systems in the context of cancer 3D 

models, based on the cell source and culture method 
(Table 1).

Multicellular tumor spheroids
The main discriminator between multicellular spheroids 
(MCS) and traditional 2D monolayers is that MCS are 
grown as spheres, which promotes enhanced cell–cell 
and cell-ECM adhesion. These cellular spheres are gen-
erated from single-cell suspension cultures in FBS sup-
plemented medium without the supply of an exogenous 
ECM and generally originate from cancer cell lines and 
not from dissociated tissues. Whether cells can sponta-
neously aggregate into spheres in the absence of a cell 
attachment substrate is highly dependent on the cell type, 

Fig. 2 3D spheroid culture models for the in vitro recreation of the tumor microenvironment. Different culture methods have been adopted 
to attempt to recreate tissues within in vitro culture conditions. Spherical 3D models have been a golden standard in the field. Depending 
on cell-source, tissue digestion and culture methods a varying degree of complexity and homology towards native tumor tissues can be achieved
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therefore it is important to highlight that not all cell lines 
are capable of generating compact MCS [102]. How-
ever, it has been described that the interplay between 
long-chain ECM fibers with RGD motifs of dispersed 
cells and integrins on cell membranes are determinant 
for the initial steps of cell aggregation and spheroid for-
mation [17, 103]. Studies have shown that in certain cell 
lines, an enhanced production of ECM constituents such 
as fibronectin and laminin are increased in 3D spheroid-
based cultures when compared to 2D [104–107], which 
may explain why some cell lines not displaying this 
enhanced 3D ECM production are incapable of form-
ing cohesive spheroids. While histological resemblance 
of these 3D culture systems with primary cancer tissues 
is minimal, they present metabolic and proliferative gra-
dients seen in  vivo as well as relevant chemoresistance. 
Several other key features make MCS desirable tumor 
models, such as their clonality, easy maintenance and 
simplicity in performing genetic manipulation. From 
a biological point of view, MCS can expand up to sizes 
between 1 to 3 mm in diameter. However, above 500 μm 
a distinct architecture is known to take over, comprising 
an outer proliferating layer followed internally by a layer 
of quiescent cells and housing in its center a necrotic core 
[101]. Growth dynamics also vary from traditional 2D 
cultures, where an early exponential phase is observed 
followed by a period of delayed growth resulting from the 
increase in the nonproliferating and necrotic cells [108].

Several methods have been proposed for the forma-
tion of MCS [109]; however, the most adopted among 
the community consists in providing conditions in which 
the adhesive forces between the cells are greater than 
between cells and the substrate on which they are cul-
tured, as is the case of ultra-low adhesion tissue culture 
plates.

Tissue‑derived tumor spheres
While MCS have aided in recreating cell–cell interactions 
specific to the tumor microenvironment in vitro, they are 
still limited in their complexity when taking into consid-
eration the distinct cellular genotypes and phenotypes 
that make for heterogeneity between tumors of the same 
histopathological subtype. More biologically representa-
tive 3D spherical tumor models are tissue-derived tumor 
spheres (TDTSs) also called cancer tissue-originated 
spheroids. These systems are obtained from the partial 
digestion of cancer tissues into small fragments which 
then spontaneously form spherical structures within 
several hours under serum-free conditions [110]. One of 
the key advantages of these systems is that cell–cell con-
tact is maintained throughout the preparation and cul-
ture process which yields spheroids consisting of highly 
purified and viable cancer cells [111]. This high yield in 
neoplastic cells may be explained by the strong cell–cell 
interactions observed between cancer cells, thus lead-
ing to the preservation of neoplastic cells during partial 

Table 1 Heterotypic spheroid-based tumor models

Summary of spheroid-based tumor models including spheroid formation techniques, strengths and weaknesses

3D culture model Culture technique Strengths Weaknesses References

Multicellular tumor spheroid - Use of ultra-low adhesion 
substrates (e.g. polystyrene 
culture plates)

-Metabolic and proliferative 
gradients similar in vivo
-Clonality
-Easy Maintenance
-Ease of genetic manipulation

-Make use of FBS culture condi-
tions
-Originated from cell lines

[102, 108]

Tissue derived tumor sphere -Partial digestion of cancer 
tissues into small fragments 
that form in spherical structures

-Serum-free culture
-Native cell–cell contract 
is maintained
-Maintenance of histological 
characteristics
-Preservation of genetic pheno-
type and metastatic properties

-Deprived of stromal cells [101, 110, 111]

Tumorsphere -Mechanical and enzymatic 
dissociation of tumor samples 
into single cell suspensions

-Useful system to study CSC
-Serum-free culture conditions

-Lack to fully recapitulate 
the TME
-Require specific factors to favor 
stem cells growth

[113]

Organotypic multicellular 
spheroid

-Formed by excised tumors 
but without tissue digestion

-May be cryopreserved 
while maintaining their histo-
logical characteristics
-Highly similar to native tumor 
tissues
-High cellular heterogeneity
-Presence of vascular, immune 
and stromal fractions

-Dependent on a low-adhesion 
substrate (e.g. agarose) for sphe-
roid formation

[114, 115, 117]
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dissociation and the loss of non-neoplastic cells, resulting 
in TDTSs  deprived of  stromal cells [111]. Among their 
advantages as a biosimilar tumor model are their capac-
ity to recapitulate avascular tumor regions as well as the 
maintenance of histological characteristics, gene expres-
sion profiles, mutations in relevant genes and tumori-
genic and metastatic properties [101].

Tumorspheres
Cancer stem cells (CSCs) have become a hot topic due 
to their important role in tumor dissemination. The 
capacity for self-renewal and the ability to differentiate 
into other specialized cell types have been identified in 
certain subpopulations of cells within tumors, with the 
added features of being capable of seeding tumors when 
transplanted into an animal host [112]. Tumorspheres 
have been created not as another model to mimic can-
cer tissues but to study the properties of CSCs as it has 
been shown that tumorspheres do not fully replicate 
the 3D tumor structure nor environment [113]. Tumor-
spheres have been known to form when CSCs are plated 
at low density in nonadherent conditions which promote 
the proliferation of these cells as clonal nonadherent 
spherical clusters. These cultures are usually conducted 
in medium devoid of FBS and supplemented with several 
factors that favor stem cell growth. In order to first obtain 
these CSCs, the mechanical and enzymatic dissociation 
of tumor samples into single cell suspensions is required, 
but ultimately CSCs culture may also be obtained 
through cancer cells lines.

Organotypic multicellular spheroids (tumor tissues)
Organotypic Multicellular Spheroids (OMS) are very 
distinct from the classical MCS as they are generally 
obtained from excised tumor tissues similarly to TDTSs 
but without undergoing digestion. These tissue pieces 
are then transferred to agar or agarose-coated tissue 
culture surface in order for them to develop into multi-
cellular spheroids [114, 115]. Also important to point 
out is the capacity of these models to be cryopreserved 
while retaining their histological characteristics and 
being subject to only minor phenotypic and genotypic 
changes after thawing [116]. This model sets itself apart 
from other tumor models because of its high similarity 
to native tumor tissues, achieved by avoiding any kind 
of dissociation process that may interfere with the tis-
sue architecture and cellular organization. This in turn 
leads to a high cellular heterogeneity similar to that of the 
tumor by maintaining the presence of vascular, immune 
and stromal fractions [117] contributing to a comparable 
3D model.

Modelling cell–cell and cell‑ECM interactions in current 
spheroid models of cancer
Modeling the aforementioned cell–cell and cell-ECM 
crosstalk in in  vitro tumor models is a requirement for 
the field and therefore the creation of biomimetic mod-
els capable of modeling not only drug behavior but also 
those cellular interactions within the tumor microen-
vironment has become a priority. In similar fashion to 
what is described within the tumor microenvironment 
(Table 2), 3D tumor models must also present these cell 
interactions through CAMs and soluble factors while 
producing ECM that retains characteristics typically 
observed in tumor-associated ECM in vivo.

Intercellular adhesion
CAMs are not only crucial for the formation of spherical 
3D models due to the requirement of cellular aggregation 
but are also one of the methods by which cells interact 
and communicate, which in the end becomes crucial for 
tumor development and invasion. Ultimately, the expres-
sion of some of these molecules may be used for targeting 
purposes for the delivery of novel therapeutics.

P-selectin is a CAM with a proven role in tumor inva-
sion [118–120]. Glioblastoma (GB) spheroids were stud-
ied to better understand how microglia could facilitate 
GB invasion and immunosuppression. It was found that 
P-selectin expression was higher in 3D cultures and in 
particular when microglia was co-cultured in GB sphe-
roids in contrast to 2D cultures (Fig. 3a). This change in 
expression mediated the role of microglia in facilitating 
GB proliferation and invasion by altering the activation 
state of microglia/macrophages [121]. This confirms the 
importance of a 3D structure capable of mimicking the 
tumor microenvironment and associated ECM. Addi-
tionally, the expression of anti-inflammatory markers and 
cytokines IL-10 and TGF-β by microglia/macrophages 
were increased similarly to in  vivo. Hematogenous 
metastasis is highly dependent on cell adhesion mediated 
by molecules like E-selectin expressed by the endothe-
lial compartment of blood vessels. Understanding that 
such regulatory mechanisms also take place in 3D tumor 
models demonstrates their value in comparison to tra-
ditional culture systems. Homotypic and heterotypic 3D 
spheroids of tumorigenic (BT20 and MCF7) and non-
tumorigenic (MCF10A) mammary cell lines have also 
been studied regarding their capability to bind E-selec-
tin (Fig.  3bi) [122]. The authors claim that heterotypic 
3D cultures demonstrated superior binding capacity of 
E-selectin to each cell type (Fig.  3bii) when compared 
to their respective 2D monolayer cultures together with 
a greater observed invasiveness, although this is not 
supported by the presented images. While the roles of 
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Fig. 3 In vitro tumor spheroids as suitable tools to study cell adhesion molecules. a Given the high heterogeneity of GB tumors, P-selectin 
expression was studied in spheroids of mesenchymal (iAGR53 cell line), proneural (PNp53 cell line) and classical (EGFRviii-shP16 cell line) murine 
GB cell subtypes, when co-cultured in 3D with murine microglia and in their respective 2D controls. These distinct GB cell subtypes expressed 
high levels of P-selectin compared to 2D cultures and even higher levels when co-cultured with murine microglia. Adapted under the terms of CC 
4.0 license from [121]. Copyright 2021, the authors. bi Confocal microscopy images of soluble E-selectin (orange) binding to BT20 (blue, B), MCF7 
(green, C) or MCF10A (red, C) cells in whole co-culture spheroids (superimposed, A) on polydimethylsiloxane (PDMS) bii Flow cytometry histogram 
for soluble E-selectin binding in monolayer, spheroid, monolayer co-culture and spheroid co-culture with respect to isotype control for BT20 (A), 
MCF7 (B) and MCF10A (C) cells. Adapted with permission from [122]. Copyright 2012, Elsevier
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E-selectin haven’t been deeply explored in complex 3D 
tumor spheroids comprising heterotypic cultures, other 
works have demonstrated the importance of this cell-
adhesion molecule. Triculture tumor spheroids com-
prised of E-selectin expressing endothelial cells, normal 
human lung fibroblasts and human breast cancer cell 
line have been used to study an E-selectin drug delivery 
system for targeting tumor vasculature [123]. Tumor 
spheroids of Lewis lung carcinoma had been previously 
implanted in dorsal skinfold chambers of nude mice to 
study leukocyte adhesion in blood vessels induced by 
tumor spheroids. It was shown that blocking of E-selectin 
led to a slow rolling of leukocytes on the blood vessels 
[124]. In alternative systems such as flow-based assays, 
circulating cancer cells obtained from prostate cancer 
patients were shown to stably interact with E-selectin-
expressing endothelial cells at physiological shear stress. 
Additionally, samples that were obtained during disease 
progression stages showed higher levels of interaction 
than those collected during times of therapeutic response 
[125].

Of late, several other groups have utilized 3D spheri-
cal culture systems to study interactions around cad-
herins and their implications in EMT and cancer cell 
invasion [126–129]. Cell–cell interactions through 
CAMs like N-cadherin and E-cadherin, ultimately impact 
cell contractility and hence cell dispersion or invasion. 
Heterotypic tumor spheroids consisting of EMT and 
epithelial A549 cancer cells, demonstrated these interac-
tions through the formation of N-cadherin/E-cadherin 
adhesion complexes at the interface between highly con-
tractile EMT cancer cells and poorly contractile epithe-
lial cancer cells during tumor spheroid dispersion [130]. 
As a potential drug testing tool, multicellular spheroids 
of triple-negative breast cancer cells co-cultured with 
endothelial cells where prepared [131]. 3D culture led to 
an increase in the activation of the VE-cadherin pathway 
when endothelial cells were cultured in the presence of 
breast cancer cells, highlighting the importance of these 
models in recapitulating the tumor microenvironment 
in vitro.

Soluble factors
The cell relies on different mechanisms through which 
they inter-communicate, one of these key signaling mech-
anisms is through the release of soluble factors which 
should be similar in nature to in vivo tumors when devel-
oping spheroid tumor models. These soluble factors can 
play different roles in different pathways, one of which 
is the regulation of cell stemness. Given the importance 
of stem cell traits in cancer cells and their role in tumor 
development, spherical tumor models have been used to 
attempt to recreate the microenvironment in which these 

cells co-habit within the tumor. Recently, uveal mela-
noma (UM) cells, OCM and C918, were studied for their 
clonal heterogeneity in the form of non-adherent sphe-
roid preparation [132]. OCM1 cells are representative of 
a low invasive potential and possess a spindle phenotype 
while C918 retain a higher invasive potential and are of 
the epithelioid phenotype. Considering this heterogene-
ity observed in UM, the authors aimed at understanding 
if there is evidence of a differential role of ZEB1 in dif-
ferent phenotypes of this disease. ZEB1 is a well-known 
transcription factor that plays a crucial part in tumor 
biology by driving cancer progression and metastization 
through the repression of E-Cadherin and consequent 
EMT promotion [133, 134]. Interestingly, the authors 
found that its expression was negatively correlated to 
spheroid formation from the single-cell suspension cul-
ture and to the expression of the stemness genes TERT, 
MYC, CD44, BMI1, ABCB1 and ABCG2, suggesting a 
possible role in the suppression of cancer stem cell prop-
erties in certain populations of UM (Fig. 4a, i-ii). While 
it would be expected, as in most carcinomas, that tran-
scription factors such as the ones from SNAI, ZEB and 
TWIST families contributed to EMT and therefore to a 
phenotypic switch towards the mesenchymal and hence 
more aggressive phenotype, in UM the most aggressive 
form is the epithelioid (epithelial-like) phenotype [135]. 
Rather than EMT, MET has been observed in melanom-
agenesis and therefore the mechanisms that regulate 
tumor formation in UM are not the same as the ones 
observed in other carcinomas. To further add to the mat-
ter, in cutaneous melanomas, a molecular switch from 
 ZEB2high/SNAI2high to  ZEB1high/TWIST1high expression 
pattern has been associated to tumor initiation and pro-
gression together with increased aggressiveness [136, 
137]. Therefore, when evaluating the role of ZEB1 in 3D 
tumor models one must consider its specific pathological 
mechanisms within a specific type of cancer.

While these systems can many times mimic specific cel-
lular interactions that take place within the tumor micro-
environment, they can also be created to achieve a higher 
resemblance with the desired cancer tissue architecture. 
A recent example of this was the creation of a pancreatic 
ductal adenocarcinoma model through the preparation 
of both multicellular spheroids and stratified multicel-
lular spheroids that were produced by a 2-step process 
together with pancreatic CAF-Stellate Cells [138]. It was 
shown that this system presented stratification between 
cancer and stromal cells, accompanied by the expression 
of several soluble factors found in human pancreatic can-
cer such as TGF-β, FGF-2, IL-1β, and MMP-9 (Fig. 4b). 
Additionally, in this model, de novo deposition of colla-
gen and glycosaminoglycans was observed. In a similar 
fashion, others have attempted to address the question 
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of how soluble factors play a part in tumor development 
and progression [139–144].

Growth factors like IGF binding protein 3 (IGFBP3) 
have been studied given the role of the IGF-pathway in 
tumor cell proliferation, metastasis, and survival. For 
this purpose, H1299 cell lines transfected with IGFBP3 
were used to produce 3D spheroids to study both growth 
and invasion [139]. It was shown that IGFBP3 negatively 
impacted 3D spheroids growth and invasion which cor-
related with an inhibition in the secretion of MMP-1 

and an overall decrease in total MMP activity in culture 
supernatants. These results come in agreement to what 
has been reported regarding plasma IGFBP3 in lung can-
cer patients in which high expression was associated to 
lower tumor stages, while the number of metastatic sites 
correlated inversely with IGFBP3 plasma levels [139].

TGF has also been long recognized as important for the 
tumorigenic process, leading groups to develop new 3D 
culture systems in order to better understand how this 
cytokine interacts within the tumor microenvironment. 

Fig. 4 Soluble factors play a role in intercellular communication within 3D spheroid systems. ai ZEB1 knockdown in ICM1 (OCM-ZEB1sh) leads 
to diminished spheroid formation, suggesting the role of ZEB1 in spheroid formation. aii ZEB1 directly binds to and potentially represses expression 
of the TERT and ABCB1 genes. Adapted under the terms of license CC BY-NC-ND 4.0 from [132]. Copyright 2022, the authors. b The secretion 
of EMT, chemoresistance and migratory–associated factors is heavily dependent on cellular organization in heterotypic tumor spheroids (Mono—
Monotypic PANC-1 3D spheroid characterization; Random—Random PDAC microtumor 3D spheroids comprised by erratically distributed CAFs 
and PANC-1 cells (1:4 ratio); STAMS—PDAC tumor models assembled by cancer-associated fibroblasts addition to PANC-1 spheroids at day 14 
of culture). Adapted with permission from [138]. Copyright 2021, Wiley. c TNF-α stimulation induces the activation of p65 and β-catenin in NCM460 
cell spheroids when compared to non-stimulated spheroids. Adapted under the terms of license CC BY-NC-ND 4.0 from [162]. Copyright 2020, 
the authors
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Free floating spheroids were prepared from the human 
gastric cancer line MKN-45, which were then used to 
study the role of STAT3 activation [145]. These spheroid 
cultures presented higher STAT3 activity, up-regulation 
of TGF-β and VEGF with downregulation of IL-6. Addi-
tionally, conditioned medium from these gastric can-
cer spheroids were shown to polarize T cells towards a 
higher expression of FOXP3, TGF-b, and IL-10 indicative 
of a Treg phenotype. Another characteristic to consider 
while creating different 3D culture systems is geometry. 
While spheroids are valuable building blocks to mimic 
native tumor tissues in vitro, they many times lack geo-
metrical complexity typical of tumors. To address this 
issue, researchers have studied the effects of different 
geometries in free standing tumor models and the impact 
of TGF-β signaling [140]. TGF-β appeared to upregu-
late the expression of cell tension-related proteins for 
peripheral cells, and alter the sensitivity of cells to their 
environment. Other recently reported systems have 
also observed the effects of TGF-β in tumor-simulated 
microenvironments recreated by 3D spherical models 
[146–150].

VEGF, a key player in the tumor microenvironment, 
has been immensely studied in  vitro through spheroid 
cancer models. MG-63 human osteosarcoma cells were 
used to develop a 3D cancer model using microfluid-
ics in order to study the role of VEGF-A in the tumor 
microenvironment [141]. A distinct behavior between 
3 and 2D cell culture was observed, in which VEGF-A 
expression decreases upon the application of external 
stressors (reduced serum culture and HIF inhibition) in 
2D cultures but increases while in 3D. Hepatocellular 
carcinoma, a highly vascularized tumor, was also mod-
elled using 3D culture models for in vitro studies. For this 
effect, monocellular or co-culture spheroids were pro-
duced by seeding of either human liver hepatoma Huh7 
(p53mut) and liver cancer HepG2  (p53++) or the co-
culture of these at a 1:1 ratio with human umbilical vein 
endothelial cells (HUVECs) [126]. It was observed that 
VEGF stimulation led to changes in both size and density 
of the 3D spheroids, to an increase in invasion and angio-
genesis as well as an increase in the expression of EMT 
markers vimentin, N-cadherin 2 and Thy-1. This impor-
tance of VEGF in the tumor process has also led to differ-
ent heterotypic spheroid cultures comprising tumor cells 
and endothelial cells. For this effect, a 3D spheroid model 
of malignant pleural mesothelioma (MPM) was pro-
duced from either SPC111 cells obtained from biphasic 
MPM or P31 cells that are derived from epithelioid MPM 
[151, 152], representing the main cell types observed in 
MPM [153, 154]. P31 epithelioid MPM cells co-cultured 
with HUVEC cells permitted endothelial sprouting while 
SPC111 co-cultured spheroids repealed endothelial 

sprouts leading to anisotropic sprout arborization [152]. 
In another heterotypic spheroid model, long-term sphe-
roids of up to 30  days of culture were developed from 
HCC1954 tumor cells, human fibroblasts, and ECs [155]. 
This study showed that EC were maintained viable for up 
to 1 month of culture under agitation while maintaining 
the expression of key surface markers and not requir-
ing VEGF supplementation, as this growth factor was 
produced endogenously. Additionally, it was shown that 
this long-term maintenance is tumor cell line-depend-
ent and, in some cases, dependent on the presence of 
fibroblasts and agitation. Additionally, several other GFs 
known to play a part in the cancer microenvironment 
have been studied in the context of 3D spheroid tumor 
models in vitro. Drug resistance mechanisms have been 
recently studied in several different spheroids of both 
melanoma and metastatic melanoma [142]. These stud-
ies revealed that the epidermal growth factor (EGF) path-
way was affected by the triggering of protein kinase G, 
as indicated by diminished EGFR phosphorylation and 
decreased activation levels. Others have developed sphe-
roids of human head and neck squamous cell carcinoma 
(HNSCC) cell lines with OECM-1 & SAS cells [156]. 
When stimulating these spheroids with EGF, changes to 
the surrounding collagen matrix were observed by means 
of a strong contraction deformation and a radial align-
ment of the collagen fibers with respect to the center of 
the spheroid. Additionally, growth factors such as fibro-
blast growth factor (FGF) [143, 157] and platelet-derived 
growth factor (PDGF) [144] have also been recently 
object of study in different 3D spheroid models under-
lying the importance of these models in mimicking the 
tumor microenvironment in  vitro and the added value 
in using these systems when compared to traditional 2D 
cultures.

Beyond the role played by growth factors, other solu-
ble factors such as cytokines and chemokines have been 
subject of study in the scope of these 3D spherical mod-
els. CXCCL12 is one of these molecules, a potent che-
moattractant known to be involved in several different 
pathologies. A 3D co-culture model between triple nega-
tive 4T1 breast cancer cells and macrophages primed 
with either  MSCCXCL12+/+ and  MSCCXCL12−/− was 
performed, in which it was observed that MSC-derived 
CXCL12 drove macrophages to support an increase in 
the number and size of 4T1 multicellular spheroids [158]. 
TNF expression in the cancer microenvironment has 
been modeled with several different forms of 3D spheri-
cal cultures. This cytokine has a strong involvement in 
cancer development with a mixed function as tumor 
suppressor or tumor promoter [159]. To understand the 
role of this cytokine on endothelial cells, spheroids of the 
human endothelial cell line Ea.hy926 were prepared and 
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incubated with both TNF and VEGF. These 3D cultures 
resulted in increased the expression of both pro-inflam-
matory and anti-inflammatory factors when compared 
to the 2D condition [160]. In a tumor spheroid model of 
human gastric adenocarcinoma cell line HGC27, TNF-α 
and INF-γ were used as stimulants in order to trigger 
the production of PD-L1 which in turn allowed to study 
the mechanistic effects of PD-L1 blockade [161]. Zhao 
and colleges [162] aimed at understanding the effects 
of TNF-α in the malignant transformation of intesti-
nal stem cells (Fig.  4c). TNF-α proved to accelerate cell 
proliferation, migration and invasion, induce chemo-
therapy resistance and promote epithelial-mesenchymal 
transition.

Finally, EVs have been an object of study by the 
research community given their potential as targets for 
novel therapeutics. Several works evaluate the expression 
of EVs in distinct spheroid models of cancer. In one study, 
CABA I human ovarian cancer cells, were cultured by a 
hanging drop method to create spheroids [163]. In these 
3D cancer models, in similar fashion to in  vivo tumors, 
EVs were secreted and entrapped inside the spheroid 
ECM. Additionally, these spheroids presented the capa-
bility of vasculogenic mimicry, defined by the formation 
of tubule-like structures in an angiongenesis-independ-
ent manner, capable of supporting the metabolic needs 
of growing tumors [164]. Over the past few years, several 
other groups presented different 3D culture systems able 
to express EVs in a similar fashion [165–167].

ECM
Tumor-associated ECM plays a major contribution to 
how cells organize and distribute themselves in the 
microenvironment and even in regulating their phe-
notype. Spheroids have been used to better understand 
some of the mechanisms underlying ECM interactions 
and unveil some of the pathways that can be targeted for 
future therapeutics.

As discussed before, integrins are crucial for the devel-
opment of tumor metastasis. In epithelial ovarian cancer, 
the aberrant expression of integrins plays a crucial role 
in the detachment of malignant cells from the primary 
tumor and their reattachment to peritoneal surfaces. In 
a first step, the proteolytic activity of matrix metallopro-
teinases is required for the initial detachment of cancer 
cells from the primary tumor by cleaving α3-integrin on 
cancer cells [168]. This, together with the downregulation 
of E-cadherin resultant from EMT, leads to more invasive 
cancer cells [169], which in turn upregulates the expres-
sion of α5β1-integrin, thereby promoting the attachment 
of these cancer cells to secondary metastasis sites [170]. 
3D spherical models of ovarian cancer have been used to 
shed light on the impact of both integrin beta-6 (ITGB6) 

and SET and MYN-domain containing 3 (SMYD3) on 
the activation of the TGFβ1/Smad3 pathway and down-
stream upregulation of N-cadherin and downregulation 
of E-cadherin [171]. This was indicative of the impor-
tance of the positive feedback loop between SMYD3/
ITGB6/TGFβ1 in enhancing the invasion and adhesion 
of ovarian cancer spheroids as well as cell–cell commu-
nication in these models. Multicellular spheroids of ovar-
ian carcinoma, prepared with the SKOV-3 cell line, have 
been used to better understand the role of Wnt11 on the 
expression of integrins and cadherin [172]. In these 3D 
models, Wnt11 was shown to negatively regulate ITGB2, 
ITGB6 and EpCAM while impeding the attachment of 
the multicellular spheroids to an ECM substrate, suggest-
ing a role of this molecule in ovarian cancer progression. 
Other studies have also shown the importance of 3D 
models in studying the role of integrins in EMT. Thyroid 
cancer spheroids were used to study the effects of cad-
herin and integrins regarding motility and invasion in 3D 
[173]. Increased motility and a decrease in the molecular 
weight of integrin β1 were observed within the 3D model 
as well as an upregulation of EMT signaling molecules 
Snail and ILK, clearly denoting the differences between 
3D and monolayer cultures. Tumor heterogeneity, as 
observed in melanoma, may result in poor treatment 
response. Therefore, studying tumor tissues in vitro may 
allow to unravel some of the key features that drive tumor 
aggressiveness. Tissue samples from melanoma patients 
were used to produce spheroids in order to better com-
prehend tumor aggressiveness [174]. On this basis, 
dermal nest melanoma cells displayed in  vitro higher 
expression of α4/α7 integrin when compared to com-
bined type melanoma cells. This difference among both 
was also visible in the expression of adhesion molecule 
N-cadherin, which was higher in dermal nest melanoma 
when compared to that of combined type melanoma. 
Hence, these models allowed to study the behavior of tis-
sue derived cancer cells in specifically directed culture 
assays that allow to better understand the impact of cer-
tain molecular signatures and how they regulate tumor 
cell invasion.

Understanding microenvironment stiffness and 
mechanics, for instance, has become the objective of 
several recent reports that use tumor cell spheroids to 
perform mechanical analysis. Nanoindentation and 
microrheological experiments have been performed on 
spheroids of bladder cancer cell lines, which showed that 
cancer-induced changes lead to cell softening in T24 or 
HT1376 carcinoma cells when compared to HCV29 non-
malignant ureter cancer cells (Fig.  5a, i-iii) [175]. Addi-
tionally, a decrease in the rigidity index was observed 
between cell monolayer and 3D cultures, indicating the 
role that ECM plays in microrheological properties. 
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Other reports have equally described the use of differ-
ent spheroid systems comprising multicellular or unicel-
lular approaches to study the effects of mechanobiology 
on the tumor microenvironment [176–179]. Intertwined 
with ECM function are MMPs, which, as described 
above, have been associated with cancer cell invasion and 
are subject to various forms of regulation. The effect of 
intercellular communication and its impact on the pro-
duction and activity of MMPs has been subject of study 
using 3D cancer models. Co-culture spheroids were pro-
duced using breast cancer cells (MDA-MB-231) and one 
of three different types of stromal cells, namely human 
adipose-derived stromal cells (hASCs), human bone mar-
row stromal cells or human dermal fibroblasts [180]. A 
greater deposition of both collagen type I and fibronec-
tin was observed in the co-culture system with hASCs. 
This was found to be dependent on MMP activity, which, 
in turn, was regulated by increased expression of tis-
sue inhibitor of metalloproteinases-1 (TIMP-1) (Fig. 5b) 
in the hASCs condition, consequently inhibiting ECM 
degradation. Furthermore, the presence of hASCs in the 
co-culture system led to a decrease in drug penetration 
efficacy, which may be a result of the higher deposition of 

surrounding ECM in this 3D tumor model. Understand-
ing the role of MMPs and their respective inhibitors on 
the efficacy of drug penetration in benchtop 3D tumor 
models may open room for the translation of knowledge 
to the clinics and allow for the development of more 
effective therapeutics capable of hampering tumor pro-
gression in vivo.

The role of non-malignant tumor supporting cells 
within the tumor can also be addressed using 3D mod-
els. One such cell is the fibroblasts. The importance of 
fibroblasts within the tumor microenvironment has 
been evidenced in a 3D co-culture model encompassing 
HCT-8 colon cancer cells and NIH3T3 fibroblasts [181]. 
Herein, increased production of collagen type I and 
α-SMA was verified in the co-culture system when com-
pared to monocellular spheroids. Increased stiffness was 
also observed as well as an increase in the abundance of 
TGF-β1. Additionally, this model allowed to observe the 
decrease in drug efficiency when going from 2D mono-
culture to 2D co-culture and to 3D cultures. Heterotypic 
models like the one described by Arora and colleagues 
[182], comprising lung adenocarcinoma cells (A549 and 
NCI-H460) combined with MRC-5 lung fibroblasts and 

Fig. 5 In vitro tumor spheroid models host tumor ECM mechanics. ai Actin cytoskeleton, intercellular connections, and ECM contributions 
to the overall mechanical properties at different culture conditions. aii Analogous comparison between spheroids composed of normal and cancer 
cells. aiii Spheroids present the largest softening observed through the lowest rigidity index between different culture conditions, in relation 
to non-malignant HCV29 cells. Adapted under the terms of license CC BY 4.0 from [175]. Copyright 2022, the authors. b Effects of TIMP-1 silencing 
in hASC spheroids co-cultured with breast cancer cells on ECM expression. Collagen type I (green) and fibronectin (red) staining of tumor spheroids. 
Adapted under the terms of license CC BY 4.0 from [180]. Copyright 2022, the authors
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THP-1 monocytes can be used to study these mecha-
nisms. They showed that activated fibroblasts within the 
heterotypic spheroids massively expressed ECM com-
ponent fibronectin and smooth muscle actin stress fib-
ers. Furthermore, CD68 + pan-macrophages present in 
tumor spheroids at day 14 of culture underwent a pos-
sible myeloid lineage shift as observed by the increase 
in endothelial markers [182], which suggests a possible 
role of the enveloping tumor microenvironment in pro-
moting this lineage conversion. While these CD68 + cells 
are typically known as tumor associated macrophages, 
studies have tied this shift in phenotype to what is called 
vascular mimicry [183], characterized by the formation 
of matrix-rich, vasculogenic-like channels completely 
independent of endothelial cells but displaying endothe-
lial-like characteristics. Additionally highlighting the role 
of fibroblasts, a multicellular spheroid system was pro-
duced by the co-culture of dermal fibroblasts (NHDFs) 
and human primary mammary fibroblasts (HPMFs) with 
breast cancer-derived, tumorigenic cells (MDA-MB-231) 
[184]. Data showed that breast cancer cell line-condi-
tioned medium activated both NHDFs and HPMFs, tran-
sitioning them into a CAF phenotype while contributing 
to a faster cellular aggregation observed by the release of 
MMPs. Transformed HPMFs additionally upregulated 
key molecules like fibroblast activation protein (FAP), 
vimentin, desmin, platelet-derived growth factor recep-
tor A and S100 Calcium Binding Protein A4 (S100A4).

The future of 3D spheroid cancer models
From the onset of tumor model development, using 2D 
monocellular cultures of cancer cells, many changes have 
occurred. The introduction of spheroids and their differ-
ent variations has brought major developments to the 
field, allowing newer cancer models to become increas-
ingly closer to mimicking the true tumor microenvi-
ronment. From monocellular tumor spheroids to more 
complex heterotypic patient-derived spheroids, the ben-
efits of going 3D are convincing.

To better understand the benefits of these systems, 
recent studies have been performed to characterize their 
biomechanical similarity to native tumor ECM as well as 
the degree of recapitulation of native cell–cell and cell-
ECM recapitulation. Establishing models that faithfully 
reproduce these interactions is even more important at 
a time where reducing the use of animal models while 
streamlining the testing of novel drugs and improving 
knowledge on key mechanisms driving tumor progres-
sion are a requirement. Growing emphasis will be placed 
on the necessity to unravel the role of cancer stem cells 
in the development of tumors and how they regulate cel-
lular interactions within the microenvironment. Coupled 
to this is the heterogeneity observed within tumors, from 

different cell populations to cellular clonality; these fea-
tures must be reproduced in newly developed 3D mod-
els. A good way to achieve this level of complexity will be 
through methods such as assembloids. Pașca et al. have 
described assembloids as self-organizing cellular sys-
tems resulting from the combination between different 
types of organoids possessing different specialized cell 
types, that result in integration. While first being gener-
ated by combining spheroids of human pluripotent stem 
cells driven to differentiate into region-specific organoids 
resembling either the dorsal pallium or the subpallium, 
and subsequently fused [185–188] they have recently 
been used to induce hepatic stem cell spheroids [189]. 
This methodology harbors several advantages over more 
traditional systems namely, the underlying possibility of 
maturing and tailoring individual organoids before fusion 
and replicating region-specific interfaces within tissues, 
as well as the longer viability time due to the more native-
like representation of living systems [188, 190].

In order to additionally build the complexity of these 
tumor models, fusing different methodologies to simul-
taneously take advantage of their distinct features will 
also become routinely used. A form of achieving this is 
through the utilization of technologies like 3D printing 
and microfluidics or even in silico 3D modeling. Studies 
have already addressed the suitability of these fabrication 
technologies to develop 3D tumor analogues [191–197]. 
Additionally, the use of Artificial Intelligence at different 
stages of the development process will for sure bring for 
now unforeseeable benefits that cannot but leave a sense 
of excitement in the field.

Conclusions
With the constant advances observed in the field over the 
past years, we expect tumor modelling to mature over the 
course of the next decade, supplying the global scientific 
community with improved tools allowing the developing 
of novel therapeutics that can ease the burden of cancer 
on society.
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