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ARTICLE INFO ABSTRACT

Keywords: Cancer cells all share the feature of being immersed in a complex environment with altered cell-cell/cell-ex-
Biophysics tracellular element communication, physicochemical information, and tissue functions. The so-called tumour
Bioelectric microenvironment (TME) is becoming recognised as a key factor in the genesis, progression and treatment of
Metabolism

cancer lesions. Beyond genetic mutations, the existence of a malignant microenvironment forms the basis for a
new perspective in cancer biology where connections at the system level are fundamental. From this standpoint,
different aspects of tumour lesions such as morphology, aggressiveness, prognosis and treatment response can be
considered under an integrated vision, giving rise to a new field of study and clinical management. Nowadays,
somatic mutation theory is complemented with study of TME components such as the extracellular matrix,
immune compartment, stromal cells, metabolism and biophysical forces. In this review we examine recent
studies in this area and complement them with our own research data to propose a classification of stromal
changes. Exploring these avenues and gaining insight into malignant phenotype remodelling, could reveal better
ways to characterize this disease and its potential treatment.

Cancer treatment
Extracellular matrix
Stromal classification

1. Introduction

Cancer remains a major public health threat and one of the leading
causes of death worldwide. Great effort has been invested into char-
acterising and understanding this disease at a cellular, molecular and
clinical level, and many achievements in the field have helped shape
the therapies in use nowadays. However, most conventional che-
motherapeutic drugs developed so far display only a narrow therapeutic
window, due to their inability to distinguish cancerous from normal
cells [89]. Developing new therapies against cancer often starts with
use of non-physiological models of the disease such as cell mono-
cultures, with no contribution from extracellular matrix (ECM) com-
ponents. Unsurprisingly, this has meant that observations on cellular
network functions do not translate readily into in vivo models. This

reductionist approach hinders attempts to turn novel interventions to
correct dysfunctional cellular behaviour into effective therapies that
can be successfully translated to the clinic.

The majority of solid tumours have complex three-dimensional (3D)
architecture, comprising different populations of abnormal cells divided
into parenchymal and stromal compartments. The ECM that constitutes
the stroma has a complex composition and is rich in growth factors and
metabolites [20,33,100,140,144]. Communication between cancer cells
and their surroundings contributes to changes and a high degree of
heterogeneity at the phenotypic and genotypic level. Integrating the
stromal components with the immune system, the non-cancerous niche
and the consequent interplay of metabolic pathways sheds a different
light on our understanding of cancer properties. This integrated view,
termed the tumour microenvironment (TME), has modified our vision
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of cancer towards a phenomenon that develops via cellular cooperation,
moving away from a purely gene-centric framework [13].

The architectural role of ECM components is clear and central to
tissue homeostasis [138]. In fact, scaffold architecture has been found
to have a significant impact on cell growth [91]. Anomalous cell-mi-
croenvironment interaction results in an aberrant cellular networks.
The interaction between physical and chemical properties establishes a
dynamic reciprocity between neoplastic cells, stromal cells, micro-
vascularization, innervation, ECM scaffolding, bioelectric fields and
soluble factors of tumour growth control [50]. In this review we
highlight how different biological phenomena drive the development of
the TME and consequently tumour malignancies. Providing an in-
tegrated perspective of the different components of the TME might
yield insights into cancer as a whole.

2. The TME niche

The ECM is composed of soluble factors and a network of biopo-
lymer fibres of proteins, proteoglycans (PG), glycosaminoglycans
(GAG) and glycoproteins (GP), that differ in composition and structure
according to the organ and tissue [42]. The size and density of the fibre
network determine mechanical properties, as well as morphology,
porosity and size of the mesh. The spatial organisation of this network
provides a mode of communication thanks to its elasticity, which de-
pends on the intricate biophysical properties of its components, and
provides movement and contraction to the matrix [118]. ECM rigidity,
which depends on the presence of the molecular elements mentioned
above with the consequent pore size, viscoelasticity, cross-linking,
cellular density and interstitial pressure, influences the reprogramming
of the tumour cell [101]. Additionally, electrical charges carried by
protein elements such as collagen have a powerful impact on the
function and diffusion of substances and stimuli transmission [83]. PGs,
which are glycosylated proteins with covalently attached highly anionic
GAG, contribute to tissue hydration and swelling pressure, and allow it
to tolerate compression forces [86]. Fibrous proteins of the ECM in-
clude collagen, elastin, fibronectin, vitronectin and laminin among
other elements [42]. Collagen provides the principal structural com-
ponent of the ECM and is the most abundant protein in the human body
[70]. Elastin cooperates with collagen and confers elasticity to tissues
[84]. GPs have a similar fibril organisation to collagen and are bound to
integrins, mediating cell processes such as cell adhesion [42]. Immersed
in the ECM are the blood and lymphatic vessels and the stromal cells
that synthesize the matrix and facilitate the immune response. Neoan-
giogenesis in particular determines blood and lymphatic flow, oxygen
and nutrient supply, interstitial pH and the bioelectrical and metabolic
state of the tumour [131]. Intriguingly, the TME is also permeated by
nerves, which have been shown to have an impact on cancer develop-
ment [62].

The TME is infiltrated with a number of different cells that con-
tribute to the progression of malignancy, enabling some cancer hall-
marks [50]. Among the inflammatory cells of TME, tumour-associated
macrophages (TAM) represent the most abundant population of in-
filtrating cells and participate in both antitumor control (M1 pheno-
type) and in malignant progression (M2 phenotype) [46], promoting
vascularization, invasion, growth, cancer cell survival and im-
munosuppression [149]. Indeed, it has recently been found that in-
creased levels of CD163" TAM at the invasive front are indicative of
poor prognosis and are responsible for releasing mesenchymal circu-
lating tumour cells [143]. Throughout tumour progression, tumour-
associated neutrophils (TANs) change from an antitumor function to a
pro-tumorigenic phenotype, under the influence of the TME [49,105].
Conversely, T and B lymphocytes are also found within the TME and
correlate with good prognosis [8]. Another cell type abundant in the
stroma which has antitumor to pro-tumour switching properties is the
fibroblast; cancer associated fibroblast (CAF) modifies the TME by se-
creting ECM remodelling enzymes [3]. Finally, cancer stem cells (CSC)
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represent the source of heterogeneity in the tumour, the reason for
resistance to chemotherapy and the origin of distant metastasis [27].
The inflammatory TME is a determinant of CSC and both are tightly
linked [156].

2.1. Biophysical interactions in the TME

The mechanical properties and the bioelectric signals of the tumour
stroma determine cellular, biological and clinical behaviour.

2.1.1. Stiffness of the ECM

One classic characteristic of tumours is stromal stiffness, which al-
lows cancer detection through palpation or radiological examination
and is associated with altered ECM profile in the TME [44]. Indeed,
increased ECM protein deposition can be employed as a prognostic
factor [58,78,135,136]. On a similar note, previous studies from our
group highlighted that ECM composition and architecture can define an
ultra-high-risk patient subgroup with 5-year survival rate < 15% in
neuroblastoma [130]. Additionally, neuroblastoma patients with poor
prognosis possess a reticular and poorly porous ECM [132]. Stiffness
has been shown to increase from healthy to malignant tissues, together
with fibrosis, and to be accompanied by chemo-resistance [111]. This
increase in matrix stiffness reduces the elastic modulus and the 3D
environment affects cell rheology [7]. Cancer cells have shown in-
creased proliferation in a softer matrix that could be linked to the initial
growth of a tumour lesion, before the development of tumour vascu-
lature [26]. Likewise, during the invasion process, cancer cells showed
increased intracellular viscosity, suggesting a mechanism that could
facilitate cell motility in a dense matrix [147].

Increased tumour stiffness depends not only on the amount and
organization of the fibrous elements and other components of the ECM
but also on increased interstitial fluid pressure [122]. These elements,
together with the stromal cellular infiltrate, determine phenotypic di-
versity, gene expression and the therapeutic response of cancer cells
[4,47]. Physical stimulus of the tissue has a significant effect on the
chemical signals of the tumour cell, which is able to perceive the me-
chanics of the substrate and transduce this information to the molecular
signalling pathways [47]. The rigidity of the matrix profoundly influ-
ences cellular morphology and behaviour and vice versa [66,121]. In-
deed, it has been found that pancreatic stellate cell activation and
durotactic response depends on the stiffness of the substrate [72].
Further investigation has linked the retinoic acid receptor to mechan-
osensing response process [36].

Intracellular signalling in response to the mechanics of the TME
mainly uses the integrin family and affects cancer gene expression,
showing how tissue mechanics affect carcinogenesis [120]. In this
context, it has been proposed that actin binds to integrin 33 by com-
peting with talin protein; once this happens and mature adhesion has
been established, forces are transmitted to the ECM thereby activating
downstream signalling [112]. Partial inhibition of integrin results in a
softer intracellular state [7] and revert tumour phenotype [108]. Me-
chanosensing of the TME also depends on focal adhesion proteins
whose signalling cascades promote changes in tumorigenicity [66]. The
same pathways modulate compression forces, as cancer cells are often
subjected to mechanical deformation during proliferation [131].

2.1.2. Bioelectric TME

Cells are able to generate and receive biological information in the
form of bioelectric signals [34]. Cellular membranes provide an anchor
for ion channels and protein pumps; through these avenues, cells can
establish action potentials and depolarisation levels throughout the
human body. Membrane potential develops a bioelectric field that en-
ables cell-cell and cell-tissue communication. Tissues undergoing pro-
liferation possess a positive charge when compared to quiescent cells
[1]. Indeed, when negative charges are induced experimentally, cellular
proliferation is inhibited [76]. Temporal variations in the membrane
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potential exert a fundamental impact on cell cycle progression: cells
become hyperpolarised before S phase and depolarise during mitosis,
while G1 and G2 phases fluctuate between the two conditions [150].
The cyclic behaviour of the membrane potential during cell cycle can be
linked to the dynamic properties of the cellular microenvironment [14].
Bioelectric gradients form an important part of the morphogenetic in-
formation transmitted to structural tissue organisation to coordinate
cell-cell interaction [28]. A quiescent non-transformed cell can modify
its voltage threshold when switching to proliferative or malignant
phenotype [1]. A negative membrane potential allows passive Ca®*
influx through specific ion channels, with an increase in actin poly-
merisation, myosin contraction and adhesion decrease [88]. The re-
pulsion of Ca®™ to the anodal side of the cell, mediated by the voltage-
gated Na* channel, causes asymmetry in Ca®>* concentration, resulting
in actin polymerisation and myosin contraction [19].

Negative charges contract the cytoskeleton and deploy a tensional
force with a determined directional and migratory vector. In this con-
text, ions fluxes have been found to drive cell migration and metastasis
initiation in several types of cancer [119]. Cancer cells are affected by
several transcriptional changes that are activated by membrane po-
tential depolarisation, such as motility regulation induced by serotonin,
Ca®* and inositol triphosphate fluxes through gap junctions [126].
Membrane depolarisation also triggers the process of metastasis which
is mediated by the transcriptional and epigenetic dynamics induced by
serotonin and butyrate fluxes coupled with electrical changes [79].
Moreover, forced hyperpolarization has been found to inhibit the for-
mation of induced tumour structures, even in cells distant from the
tumour site [35].

Ion channels, protein pumps and gap junctions are part of the on-
cogene family [9] and are considered predictive biomarkers [106],
supporting a more integrated vision of cancer development, where the
TME, rather than the mutation of single specific genes, is fundamental
in establishing carcinogenesis. Indeed, a recent study highlighted that
biopotential levels are significantly different in cancerous tissue to
paired non-malignant tissue; this characteristic was shown to be influ-
enced by ECM stiffness, and high biopotential values correlated with
advanced epithelial ovarian cancer stage [31]. Emerging theories view
cancer as a coherent subsystem with the ability to control information
exchange with the surrounding environment [125]. Thus, tumour le-
sions gain independence by creating primitive morphogenetic fields
such the one observed in the histopathological structure of a metastasis.
Indeed, cancer cells can “prime” the environment at a distal site in
order to set the foundation for metastasis establishment in the pre-
metastatic niche [97]. Endogenous membrane potentials make up the
bioelectric TME, an important element with the ability to increase or
normalise malignancy [75]. In this scenario, the bioelectric code ap-
plied to the reprogramming of cancer-TME interaction constitutes a
malignant phenotype that can be used to develop new treatments to
inhibit cancer membrane potential [74].

2.2. Role of metabolism in TME interaction

The physiological complexity of the TME and the 3D cellular or-
ganization of a tumour also depends on existing metabolic differences.
Varying oxygen, nutrient and waste diffusion gradients develop within
the cancer tissue and contribute to its pathogenesis [24,73]. These
gradients shape the TME and generate subcellular cancer populations
with different gene expression patterns (Fig. 1) [29].

Altered metabolism is an emerging hallmark of cancer, proving es-
sential to a diverse range of cellular properties in malignant lesions
[51]. As a result of poor or aberrant vascularisation, cancers have
limited access to oxygen and nutrients [104]. Thus, tumour cells can
use a diverse range of nutrients to fuel proliferation, invasion and
treatment resistance [139]. Furthermore, cancer metabolism has a high
degree of plasticity, as malignant cells can switch from different sources
to obtain the energy needed [87]. TME stiffness exacerbates the harsh
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Fig. 1. Tumour architecture in relation to extracellular gradients. Most
solid tumours are organized in 3D structures made up of a central core with a
high prevalence of necrotic cells, a quiescent area with tumour cells in GO
phase, and an external area with cells undergoing proliferation. As a con-
sequence of this multicellular environment and the presence of an external
ECM, a set of gradients are established. Typically O2, nutrients, pH and drugs
are mostly concentrated at the outer zones, while their concentration decreases
as they diffuse inside the tumour mass. On the other hand, waste and CO2 are
highly concentrated inside the tumour mass, while outer cells can easily diffuse
them in the surrounding TME.

environment for these cells; the extensive fibrosis produced by the ac-
cumulation of ECM proteins increases interstitial pressure and the
content of macromolecules, which contributes towards sustaining
cancer cells by recycling these cellular elements [41]. This is particu-
larly evident in pancreatic cancer, where glucose and glutamine are
comparatively low and amino acids are scavenged from extracellular
proteins such as albumin [37,68]. A similar process occurs in breast
cancer, where stromal cells deposit large amounts of ECM proteins,
which sustain metabolism and metastasis initiation [59].

A higher glycolytic rate is a prominent feature of cancer, due to
defective oxidative phosphorylation (OXPHOS) and limited oxygen
availability: a phaenomenon called Warburg's effect [77]. While this is
a widely accepted process, an emerging idea termed “reverse Warburg
effect” has flourished. In this scenario, CAFs are metabolically impaired
by H,0, produced by cancer cells, with the consequent switch to
aerobic glycolysis and the synthesis of metabolites such as lactate,
pyruvate, ketone bodies and fatty acids. These nutrients are employed
by tumour cells through active OXPHOS [6,17,95,99,124,145]. Cancer
cells internalise the lactate which in turn modify NAD+ /NADH ratio
and increase mitochondrial mass and activity, resulting in Krebs cycle
deregulation and accumulation of oncometabolites [57]. There is a high
degree of variability between different cancers in estimated levels of
ATP production through glycolysis or OXPHOS [159]. The switch be-
tween OXPHOS and glycolysis is a key process in immune cell activa-
tion in the TME. Quiescent T cells use fatty acid oxidation and gluta-
mine and move towards glycolysis when activated [5].

Fatty acids are also required for a rapid cell division process and are
in high demand among cancer cells to support their survival [2]. It has
been found that hypoxic and Ras-driven cancer cells scavenge fatty acid
from the TME as they possess reduced fatty acid biogenesis [67]. Fur-
thermore, adipocytes are abundant in the TME [93] and sustain cancer
progression and metabolism [92,148,155]. Another example of com-
munication between components of the stroma and cancer cells has
been described in leukaemia, where adipose tissue stimulates lipolysis
in malignancies and protects against chemotherapy [151].

An aberrant metabolism provides for a set of cancer hallmarks; for
example, it can promote epithelial-mesenchymal transition (EMT),
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which increases glycolysis through the key EMT regulator Snail [154].
Indeed, glycolysis has been identified as the main metabolic route uti-
lised for cell motility [123] and its upregulation is important to main-
tain cancer stemness and EMT phenotypes [158]. More importantly, the
metabolites and waste gradient produced by cancer cells provide spatial
information on vasculature position and modulate cell phenotypes
within the TME [25].

3. Stromal alteration grades

Combining the available information with our own findings, the
data presented shows how the tumour stroma is progressively trans-
formed as the tumour phenotype advances. We propose classifying
these changes into the three levels outlined in Fig. 2, according to the
intensity of their alteration, clinical and therapeutic implications.

Slight changes in tumour stroma, grade I (Fig. 2A). Good prognosis,
associated with early stages of various carcinomas and localized sar-
comas. TME elements confer a minimal increase in stromal rigidity that
does not stimulate tumour progression and allows diffusion of

Tumour associated
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Fig. 2. Stromal alteration grades. Graphical re-
presentation of the three proposed levels of stromal
alteration. (A) Grade I represents a lax and porous
ECM with a low immune response and without
modification in the tumoural vasculature system.
(B) In grade II the ECM increases in rigidity and
distribution, allowing cancer migration and de-
creasing diffusion of therapeutic agents. A moderate
immune response is displayed, together with a
vasculature system that permits cell migration. (C)
Grade III is characterized by a significant increase in
rigidity, and as a consequence, augmented cancer
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therapeutic agents. Morphologically, this corresponds to a lax and
porous ECM, with few type I collagen fibres and poor reticular fibre
cross-linking, high PG and low GP content, and absence of desmoplasia
or perineural invasion [21,40,66,132]. Among the ECM elements it is
possible to observe numerous CAF (without myofibroblasts), limited
numbers of tumour stem cells and a mild inflammatory response, with a
low proportion of macrophages. M2 macrophages are not identified,
and there is a low to moderate number of T and NK lymphocytes [8]. A
network of regular blood capillaries, open lymphatics and collecting
vessels that show little or no change in the interstitial pressure of the
ECM can be observed [21,128].

Moderate changes in tumour stroma, grade II (Fig. 2B). Uncertain
prognosis associated with carcinomas and advanced regional sarcomas.
TME elements generate stromal disruption that serves as a cleavage
plane for tumour migration and lodges microscopic residual disease.
Increased stiffness hinders the diffusion of therapeutic agents. There is
incipient desmoplasia and a certain degree of tension due to the in-
crease in the content of type I collagen fibres, cross-linking of reticular
fibres, decrease in PG and increase in GP content [21,40,132]. CAFs are
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found, with occasional myofibroblasts and limited tumour stem cells.
There is a variable inflammatory response, characterized by infiltration
of type M1 and M2 macrophages, T lymphocytes and natural killers
(NK) cells. The vascular system is made up of regular blood capillaries
together with tortuous sinusoids, and a moderate presence of small
calibre lymphatic capillaries, frequently collapsed due to increased in-
terstitial pressure in the ECM [21].

Severe changes in tumour stroma, grade III (Fig. 2C). Poor prognosis
associated with various carcinomas, sarcomas, melanomas, lymphomas
and neural tumours. Taken together, the TME elements confer an ap-
pearance of high tumour heterogeneity, showing a remarkable increase
in stromal rigidity, migratory capacity of tumour cells, poor response to
treatment and very low diffusion of chemotherapeutic agents [132].
Perineural invasion and desmoplasia are frequently observed, asso-
ciated with a rigid ECM due to the cross-linking and increased content
of collagen I and reticular fibres, low PG and high GP content, with the
presence of CAFs, myofibroblasts, tumour stem cells and a severe in-
flammatory response characterized especially by infiltration of M1 and
M2 macrophages [107]. The vascular system presents abundant sinu-
soids, long and irregular vascular lakes, intermediate lymphatic capil-
laries and small collecting vessels [130,133,134]. High interstitial
pressure in the ECM leads to frequent blood extravasation areas, hae-
morrhage and areas of necrosis.

4. Cancer progression depends on the TME and vice-versa

Previous research examined spatial growth and genetic evolution to
model tumour progression, without considering the support provided
from the surrounding environment [141]. While TME it is now con-
sidered a key player in cancer evolution, there are several concerns that
have not been resolved regarding the extent of its contribution.

The impact of the TME in modulating carcinogenesis, tumour de-
velopment and progression has been documented by studying the effect
of the physiological microenvironment on cancers. Based on this, a non-
malignant phenotype could be restored if cancer cells receive adequate
signals from a physiological environment rather than a malignant one.
Metastatic breast cancer cells were found to behave like “normal” cells
when transplanted into a mammary gland microenvironment without
forming tumours and contributing to tissue development [22]. Another
report highlighted that embryonic stem cell preconditioned micro-
environment suppresses breast cancer tumorigenicity through the Stat3
pathway [52]. Exposure of cancer cells to Lefty, a Nodal-signalling in-
hibitor secreted from the embryonic microenvironment, reduces their
metastatic potential [103]. On a similar note, the embryonic chick
microenvironment is able to reprogram the metastatic potential of
melanoma cells following a neural fate [71]. Likewise, culturing pri-
mary cells from lung tumour resections in in vitro TME-mimetic con-
ditions made it possible to efficiently obtain and amplify tumour-as-
sociated stromal progenitors which increased tumour malignancy
[115].

Mutation and proliferation rates are not the only players in cancer
progression: tumour development estimates are also influenced by the
differential effect of selection processes on different cancer cell sub-
populations. Under these circumstances, adaptive therapy modulated
by chemotherapy minimises the competitive advantages between
cancer cells to the extent that tumour size is not reduced but rather
maintained. Notably, this approach increased therapy efficacy, as the
fittest cancer cells are restrained and tumour proliferation is reduced
[43]. It is plausible to suppose that the oncosuppressive functions of the
embryonic microenvironment could be due to evolutionary competition
between malignant and non-malignant cells [98].

The nutrients in the TME also have the ability to reprogram cancer
cells into a more invasive phenotype. Cancer cells have nutrient-sensing
mechanisms to track the surrounding environment and fine-tune the
metabolism accordingly [94]. It has been found that extracellular pyr-
uvate regulates collagen hydroxylation and promotes growth of breast
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cancer lung metastasis [39]. Stromal and cancer cells compete with
each other to scavenge nutrients such as glucose from the TME. In-
creased glucose consumption uptake by tumours outsources and re-
stricts metabolism in T cells, allowing cancer to progress [32,54].
Importantly, both the TME and associated cancer change during
therapy. Indeed, it has been reported that immune checkpoint in-
hibitors alter the mutational landscape of the tumour and T-cell re-
pertoire [110]. The immune TME can constrain cancer progression or
not based on its composition, and different TMEs can co-exist, showing
highly heterogeneous therapeutic responses [65]. A case-study high-
lighted a high-grade serous ovarian cancer patient with several me-
tastases who showed progression or regression depending on immune
exclusion or infiltration, respectively [61]. Similarly, tumour stroma
also evolves with cancer starting from an increase in vasculature and
leading to the transformation of the stroma into the desmoplastic en-
vironment [23]. A recent study analysing the human metastatic mi-
croenvironment in ovarian cancer found matrisome genes and proteins
to have prognostic significance. Extension of the disease was accom-
panied by an increase in fibrinogen, fibronectin, PG and affiliated
proteins, indicating that the ECM evolves during metastasis [96].

5. Current methods to study TME-tumour cell interactions

Cell monolayers have been employed for decades to study the cel-
lular pathways involved in cancer progression and as a starting point of
the drug discovery process. However, several other methods, as mul-
ticellular tumour spheroids (MCTS), tumour explants, in vivo models,
digital pathology and in silico models have been developed to better
study the TME.

2D cell cultures are easy to set up and relatively cheap. Importantly
and in relation with the ECM, 2D cultures can be used to analyse the
mechanical properties at a single cell level. This model also allows to
understand how down/upregulations of certain proteins/genes inter-
vene in the TME. Nonetheless, there are a number of issues such as lack
of three dimensionality and absence of ECM, even when employing co-
cultures to increase the physiological cell heterogeneity found in the
TME.

To overcome these limitations MCTS have been developed using
mono or co-cultures. These add the dimensionality needed to develop
the cellular and treatment gradients described previously. Spheroids co-
cultures are fundamental to study the immune cells interaction with a
solid tumour. However, this model is not as fast as standard mono-
layers, in terms of usage and the researcher needs to carefully select the
best protocol to fit a specific biological question [90]. Another dis-
advantage would be the lack of a physiological ECM architecture. In
this context, scaffolded MCTS have been developed in order to re-
produce ECM contributions, but low reproducibility and cost are major
disadvantages [30].

The tumor tissue explants are based on tumor tissue biopsies, which
are placed in a collagen matrix or gelatin sponges after necrotic tissue
clearance. Disadvantages include the reduced reproducibility of tumour
heterogeneity and maintenance of the culture for more than three
weeks [113]. An approach to overcome all the limitation mentioned
above relies on organoids model from tissue explants: 3D tissues de-
rived from patient-derived pluripotent stem cells, which mimic complex
feature of the malignant cells, but poorly recapitulate TME character-
istics. Further advances, known as "tumor on a chip", have been aimed
at developing a more TME physiological environment with tumor
perfusion and mechanical stimuli such as shear stress [137]. In this
context, 3D cell cultures are placed in microfluidic devices connected to
perfusion systems with the possibility to regulate both fluids (medium,
nutrients and waste) and gasses (CO» and O5).

An in vivo model that enables to study tumourigenesis in a natural
immune microenvironment is the genetically engineered mouse model
(GEMM). De novo tumors developed in GEMM share molecular and
histopathological properties with the human counterpart and capture
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intrinsic and extrinsic factors necessary for tumor initiations and me-
tastasis [142]. Nonetheless, the validation and experimentation with
GEMMs is costly, time-consuming and intricate.

An important model in the study of the TME is patient samples
analysis with digital pathology. This rely on performing serial sections
from a biopsy with the pertinent stains and consequent digital analysis.
This technique is relatively easy to perform and can highlight an ap-
proximate profile of the TME-cell interaction. With the correct staining
it is possible to visualise the ECM components or the stromal cells for
quantitative/qualitative analysis. The sectioning process of paraffin-
embedded tissue can almost capture the full three dimensionality of the
tumour architecture through overlapping the images derived of the
digital analysis.

Finally, all the biological data coming from different methods in the
era of “omics” techniques and personalized medicine, need to be
properly integrated. In silico approaches using mathematical modelling
and systems biology are increasingly being considered in the cancer
biology field, because they capture the complexity of cellular systems as
a whole. These rely on building biological networks using ordinary
differential equations to analyse high throughput data, build predictive
models and refine experimental hypothesis. Nonetheless, computa-
tional models of all TME-cancer cell interactions needs to be carefully
validated.

6. Targeting TME as an anti-cancer strategy

Given both the complexity of the TME, and its interaction with
cancer and stromal cells, it is essential to identify targetable micro-
environmental modules (Fig. 3 and Table 1 - reviewed in Refs.
[11,113]) and, if present, any synergistic interaction with standard of
care [65]. Several approaches have aimed at perturbing either the re-
cruitment or function of stromal cells. As an example, modulation of the
mesenchymal stromal cell compartment with tyrosine kinase inhibitors
or immunosuppressive therapy could be a potential approach to limit
the effect of the TME on cancer progression [102]. Blockage of mac-
rophages by altering CSF1/CSF1R signalling can enhance the efficacy of
conventional cytotoxic therapies [114]. CSF-1R inhibition acts

Blocking
angiogenesis

Proliferating area

Mesenchymal
cell modulation

v

Macrophage
Inhibition

Quiescent arca

Necrotic core

Stiffness
Blocking .
mctabolis;ﬁ modulation
hypoxia

Fig. 3. Therapeutic modules of TME. The stratified cancer environment
provides the basis for treatment resistance, as cells in the quiescent domain are
more refractory to chemo- or immunotherapy. The extent of a drug's ability to
penetrate the cancer 3D structure also affects treatment resistance. Among the
therapies being developed nowadays, research has focused on blocking tumour
angiogenesis, modulating stiffness to decrease cell migration and metastasis
formation and inhibiting macrophage activity and other mesenchymal cells.
Finally, several studies are concentrated on altering cellular metabolism to
block cell proliferation, induce cell death and modulate interaction between
cancer and immune cells.
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Table 1
Major strategies used to target tumour microenvironment for cancer therapy®.

TME element Therapy strategies

Desmoplasia

Activation TGF- B signaling pathway/
Increased secretion collagen I

Increased expression of MMPs/collagen
cross-linkers

Presence of Cancer-Associated Fibroblasts

Hypoxia and acidosis

Oxygen deficit

Warburg effect

Angiotensin II receptor agonists
Targeting MMPs
Targeting FAP-a and TGF-3

Tackle HIF-1 or its targets

Inhibitor of proton exchangers/

transporters or carbonic anhydrase

Vascularization

Proliferation endothelial cells and
pericytes inhibitor

Altered immune system

anti-VEGF/VEGFR and m-TOR

anti-CSF1/CSF1R

Tyrosine kinase inhibitor
anti-IL-1/IL-1R/IL-6

GM-CSF, CTLA-4, PD-1 and PD-L1

Active macrophages recruitment and
differentiation

Chronic inflammation

Pro-tumoural activity of immune system

Combined
Immune check point PD-1 and anti-PD-1 plus anti-VEGF/PD-L1
angiogenesis plus anti-VEGF

@ Reviewed in Belli et al. and Roma-Rodrigues et al. CTLA-4: cytotoxic T-
lymphocyte-associated protein 4; CSF1: colony-stimulating factor-1; CSF1R:
CSF-1 receptor; FAP-a: fibroblast activation protein a; GM-CSF: Granulocyte-
macrophage colony-stimulating factor; GTP: guanine nucleotides guanosine
triphosphate; HIF-1: transcriptional factor hypoxia-induced factor-1; IL-1: in-
terleukin-1; IL-1R: IL-1 receptor; IL-6: interleukin-6; MMPs: matrix metallo-
proteinases; m-TOR: mammalian Target of Rapamycin; PD-1: programmed
death 1 receptor; PD-L1: PD-1 ligand; TGF-f: transforming growth factor beta;
VEGF: vascular endothelial growth factor; VEGFR: VEGF receptor.

synergistically with platinum-based chemotherapy, releasing an in-
tratumoral type I interferon response [116]. Notably, iron metabolism,
which is important for macrophage polarisation, has attracted interest
in the development of new therapies [38]. Additionally, emerging
elements are acquiring a key role in reprogramming the TME; vitamin D
receptor has been found to have a role in metastatic cancer cells,
stromal/immune compartment and the microbiota [60].

Several groups have focused on modulating angiogenesis as a tar-
geted therapy against the TME. Modulation of VEGFR2 signalling can
improve therapeutic efficacy [146]. Alteration of hypoxia-related sig-
nalling might return aberrant vasculature to normal while decreasing
tumour malignancy [82]. Promoting normal vasculature could also
increase chemotherapy uptake in the hypoxic TME and avoid boosting
the more aggressive cancer cell subpopulation [146,153]. Conversely,
vasculature reduction by inhibiting tumour stiffness using B-amino-
propionitrile decreased metastasis [18].

Modulating ECM stiffness and the prosurvival signals derived from
the TME is another approach to improve the efficacy of conventional
therapies. Treatment of melanoma-associated fibroblasts with BRAF
inhibitor PLX4720 resulted in ECM deposition and resistance to treat-
ment; thus, modulation of integrin 31 or FAK signalling in combination
with BRAF inhibition induced cell death in melanoma [53]. Further-
more, it has been shown that overexpression of laminin-411 correlates
with poor outcome in glioblastoma multiforme and its inhibition in-
creased in vivo survival [127]. In pancreatic cancer, depletion of BIG-
H3, an ECM component, reduced tumour size and increased cancer cell
clearance [45]. Inhibition of the GP vitronectin binding to its ligands
(avP3 integrin, uPAR or PAI-1) has been tested as a potential ther-
apeutic [55,81,109].

Several approaches have aimed at efficiently blocking aberrant
metabolism and its interaction with the TME. Hypoxia, a potent barrier
in radiotherapy, chemotherapy and immunotherapy, has been used to
develop targeted drugs [48]. Several reports showed the efficacy of HIF-
la blockade on tumour progression [15,80,152]. Lactate production,
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Fig. 4. TME as an integrated platform to understand cancer. Despite the classical view of cancer as a disease driven by mutation accumulation, emerging
evidence highlights the role of the TME in tumorigenesis. In order to identify new biomarkers, improve drug development and better characterize this disease, cancer
researchers need to keep in mind the integrated vision of a malignant lesion immersed in all the elements of the TME, the most important of which are showcased in
this figure. A malignant metabolism contributes to carcinogenesis and cancer cell interaction with the immune system and mesenchymal cell compartments (with the
help of the microbiota). Remodelling the ECM allows cancer migration and metastasis formation, and impedes chemotherapy diffusion. The bioelectric field gen-
erated in the TME regulates cell division and cell cycle. Finally, new blood vessel formation facilitates nutrient diffusion and creates a hub for cancer cells to

disseminate from the primary tumour site.

which correlates with tumour aggressiveness, increases in the TME as a
consequence of the Warburg effect [117]. Indeed, inhibition of lactate
uptake through MCT transporters has been found to reduce cancer
growth, alone and in combination with current therapies
[10,12,16,56,85]. The acidic TME has also been employed for specific
targeting of cancer cells. In this context, a tumour acidic micro-
environment targeted drug delivery system has been developed to carry
doxorubicin to breast cancer [157]. Similar studies also focused on the
production of pH/redox dual stimuli-responsive polymeric micelles for
the intracellular delivery of doxorubicin [63,64].
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7. Conclusions and perspectives

An optimal strategy to avoid therapeutic obstinacy and superfluous
tests in cancer patients could be to develop new terminology to replace
the word cancer in conditions showing low clinical aggressiveness.
From a general point of view, carcinogenesis appears to be a differ-
entiation phenomenon, which also includes proliferation and senes-
cence alterations. The fact that cancer cells rewire their malignant
phenotype to a normal one when grafted into a healthy micro-
environment allows us to view carcinogenesis from a developmental
change perspective (Fig. 4). This is in line with recent tissue
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organization field theory, where cancer is viewed as a disease affecting
the entire tissue rather than single cells [129].

Cells with similar proteomic and genomic profiles possess different
physiological properties, and vice-versa. The biophysical forces that
maintain the structural integrity of a tumour greatly influence cell ad-
hesion, motility and proliferation. Changes in the bioelectric field can
control tumorigenesis and cancer progression without major DNA da-
mage. The metabolic interaction of cancer cells with the surrounding
microenvironment shape not only the ECM architecture, but also the
cellular/immune niche. The different TME elements promote angio-
genesis and a set of changes that alter the tumour stroma. Moreover,
therapeutic cytotoxic damage allows the tissue to remodel the en-
vironment with different oncogenic changes such as growth factor ex-
pression, cytokines and stromal disruption that ultimately generate new
migratory signals for cancer cells [69].

In summary, integrating all these information levels could lead to
tumour normalisation by remodelling to healthy tissue morphogenesis
(including the stromal and cellular compartment) in a non-malignant
bioelectric/biophysical field and metabolism. With an integrated per-
spective, it is possible to view carcinogenesis as a reversible process
which is not necessarily linked to mutation. In order to achieve this
objective, it would be helpful to record the integrated TME information
in a standardized and homogeneous manner. The framework proposed
in this review could be useful in finding new biomarkers and treatments
that could potentially benefit cancer patients.
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