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Abstract: The development of tumors requires an initiator event, usually exposure to DNA damaging
agents that cause genetic alterations such as gene mutations or chromosomal abnormalities, leading
to deregulated cell proliferation. Although the mere stochastic accumulation of further mutations
may cause tumor progression, it is now clear that an inflammatory microenvironment has a major
tumor-promoting influence on initiated cells, in particular when a chronic inflammatory reaction
already existed before the initiated tumor cell was formed. Moreover, inflammatory cells become
mobilized in response to signals emanating from tumor cells. In both cases, the microenvironment
provides signals that initiated tumor cells perceive by membrane receptors and transduce via down-
stream kinase cascades to modulate multiple cellular processes and respond with changes in cell gene
expression, metabolism, and morphology. Cytokines, chemokines, and growth factors are examples
of major signals secreted by immune cells, fibroblast, and endothelial cells and mediate an intricate
cell-cell crosstalk in an inflammatory microenvironment, which contributes to increased cancer
cell survival, phenotypic plasticity and adaptation to surrounding tissue conditions. Eventually,
consequent changes in extracellular matrix stiffness and architecture, coupled with additional genetic
alterations, further fortify the malignant progression of tumor cells, priming them for invasion and
metastasis. Here, we provide an overview of the current knowledge on the composition of the in-
flammatory tumor microenvironment, with an emphasis on the major signals and signal-transducing
events mediating different aspects of stromal cell-tumor cell communication that ultimately lead to
malignant progression.
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1. Introduction

In the human body, complex physiological processes need to be coordinated at a cellu-
lar level. Circulating cytokines, hormones, and growth factors control aspects such as cell
proliferation, differentiation, metabolism, angiogenesis, apoptosis, and senescence. Cells
respond to such signals from their environment through sensors at the cell surface, namely
receptor proteins that propagate their activation to intracellular proteins via sequential
protein kinase signaling, often translocating into the nucleus, where transcription factors
become activated, resulting in changes in gene expression that subsequently alter the cell’s
biological responses.

Tumor cells develop several well-defined features that cause dysregulation of cel-
lular signal transduction pathways, leading to increased cell proliferation, resistance to
apoptosis, metabolic changes, genetic instability, induction of angiogenesis, and increased
migratory capacity. This dysregulation involves genetic mutations and epigenetic changes
in the tumor cells but also a complex interplay and exchange of signals with surrounding
non-neoplastic cells and the extracellular matrix (ECM), designated as the tumor microen-
vironment (TME) [1,2].
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2. The Tumor Microenvironment (TME)

Interactions between malignant and non-transformed cells define the tumor microen-
vironment and are nowadays recognized as being of vital importance in the tumorigenic
process. Intercellular communication is driven by a complex and dynamic network of
cytokines, chemokines, growth factors, and inflammatory and matrix remodeling enzymes,
all of which respond to perturbations in the physical and chemical properties of the tis-
sue [2].

Besides these soluble factors, the tumor microenvironment (TME) consists of an extra-
cellular matrix (ECM) as well as cellular players, such as fibroblasts and cancer-associated
fibroblasts (CAFs), neuroendocrine cells, adipose cells, immune cells such as tumor asso-
ciated neutrophils (TANs), myeloid-derived suppressor cells (MDSCs), monocytes and
tumor-associated macrophages (TAMs), mast cells, CD8+ and CD4+ T- cells, dendritic
cells (DCs), or natural killer (NK) cells, and vascular networks of blood and lymphatic
vessels lined by endothelial cells (Figure 1). This TME can provide a complex functional
support to potentiate cancer progression and metastasis [3–5], and also modulate responses
to therapy [2].
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Indeed, over the past decade, solid tumors have increasingly been recognized as
organs that consist not only of cancer cells but also a variety of morphologically distinct
cells, which are described in the following and can be classified into three main groups:
cells of hematopoietic origin, cells of mesenchymal origin, and non-cellular components [6].
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2.1. Cancer Cells

Cancer cells are at the basis of the disease: they initiate tumor formation and drive
tumor progression forward, carrying the oncogenic and tumor suppressor gene mutations
that define cancer as a genetic disease. Traditionally, the cancer cells within tumors are
portrayed as cell populations of clonal origin, but in the course of tumor progression, hyper-
proliferation combined with increased genetic instability spawn distinct clonal subpopula-
tions [7]. Reflecting such clonal heterogeneity, many human tumors are histopathologically
diverse, containing regions demarcated by various degrees of differentiation, proliferation,
vascularity, inflammation, and invasiveness. Tumor heterogeneity may be responsible for
tumor progression, metastasis, resistance to therapy, and relapse [7,8].

In recent years, evidence has emerged of the existence of a new dimension of intratu-
mor heterogeneity and a hitherto-unappreciated subclass of neoplastic cells within tumors,
termed cancer stem cells (CSCs). CSCs share similar properties with normal stem cells,
including the ability to self-renew and differentiate into heterogeneous mature cancer cells
that make up the bulk of the tumor [9]. Due to this similarity, CSCs are commonly character-
ized by the expression of surface markers associated with stem cells, such as CD133, CD44,
and CD90, which allow their identification and isolation [10]. Notably, however, there is
evidence that mature cancer cells are capable of high phenotypic plasticity, allowing them
to regain stem cell characters under stress conditions [9]. Moreover, recent data indicates
that TME-derived signals, including inflammatory factors, can determine the generation
of CSCs pools with distinct functional transition states [11]. On one hand, there are CSCs
pools (termed cyclic CSCs) that exhibit a predominantly epithelial phenotype and can
self-renew or differentiate into mature cancer cells. On the other hand, there are pools of
autophagic (non-cyclic) CSCs that show an enhanced ability to resist apoptosis, escape im-
munosurveillance, survive chemotherapies, and present with a predominant mesenchymal
phenotype that facilitates invasion and metastasis [11]. Differences in phenotypic plasticity
may form the basis of the differential impact of therapeutic outcomes on heterogeneous
subpopulations of CSCs and mature cancer cells.

CSCs reside in particular tumor microenvironment niches that play an important role
in regulating their proliferation, renewal, differentiation, and stemness. CSC regulation by
their niche operates through cell-cell interaction, secreted factors, cell-matrix interaction,
and the biophysical properties of the niche, such as hypoxia. CSCs may also be inherently
resistant to medical therapy and contribute to tumor relapse [12].

2.2. Cells of Mesenchymal Origin
2.2.1. Cancer-Associated Fibroblasts (CAFs)

Fibroblasts are non-epithelial, non-immune cells with a likely mesenchymal lineage
origin, and are part of the diverse connective tissue components [13]. Fibroblasts in normal
tissues are generally single cells present in the interstitial space or occasionally near a
capillary, without any association with a basement membrane but embedded within the
fibrillar ECM of the interstitium. Without question, fibroblasts are the most versatile and
extensively studied cells in vitro owing to their ease of isolation and culture. Tissue-resident
fibroblasts are usually quiescent and become activated in a wound healing response,
regulating the proliferation and differentiation of epithelial tissues [14].

After activation by the presence of tumor cells, fibroblasts are known as CAFs. Besides
tissue fibroblasts, CAFs can also be derived from multiple resident cell types, includ-
ing epithelial cells, endothelial cells, adipocytes or mesenchymal or hematopoietic stem
cells [2,15]. It has been postulated that about 40% of CAFs are formed from endothelial
cells [15].

Recent biomarker studies have defined in more detail distinct coexisting subtypes of
CAFs in the TME. CAFs expressing high levels of αSMA, named myofibroblastic CAFs
(myCAF), are tumor-suppressing, whereas cells expressing low levels of αSMA but high
levels of cytokines and chemokines are named inflammatory CAFs (iCAFs) and have
tumor-promoting effects [16]. CAFs have a significant impact on cancer progression:
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they remodel the ECM, stimulate cancer cell proliferation via the secretion of growth
factors, recruit inflammatory cells, induce angiogenesis, and produce immune suppressive
cytokines. Through their activity, CAFs influence mesenchymal-epithelial cell interactions,
the formation of CSC niches, drug access, and therapy responses [5,14,15,17].

Targeting CAFs by altering their numbers, subtype, or functionality is being explored
as an avenue to improve cancer therapies. However, research in this area faces numerous
challenges because it still remains unclear which stimuli regulate the balance between
CAFs with either pro-tumorigenic or anti-tumorigenic effects [17]. Various studies suggest
that under certain stimuli, CAFs can acquire a pro-inflammatory signature characterized
by the expression of immunomodulatory molecules (e.g., TGF-β or PD-L1/L2), as well
as chemokines that promote recruitment of immunosuppressive myeloid cells [18,19].
Moreover, CAFs can also act on tumor cells to render them more resistant to the cytotoxic
activity of natural killer (NK) cells. In contrast, CAF-secreted matrix metalloproteinases
(MMPs) decrease the expression of MHC class I chain-related protein A and B (MICA/B)
in melanoma cells, which are required for NK cells to recognize malignant cells [20]. Thus,
CAFs appear to play several important roles in the anti-tumor immune response.

Many patient studies have documented how either CAF number or CAF function is
linked to outcome [21,22], and thus any ability to target CAFs would represent an appealing
addition to the suite of anticancer therapies. Further targeting mechanisms, such as TGF-β
signaling that activate CAFs or emanate from CAFs to modulate the tumor phenotype, are
being intensively explored to treat colorectal cancer [23]. More recently, there is a growing
appreciation of the ability of CAFs to modulate the immune response [24].

2.2.2. Endothelial Cells (ECs)

The vascular endothelium is a versatile structure that separates the circulating blood
from tissues. Moreover, apart from regulation and maintenance of blood fluidity, it plays
multifunctional roles in the delivery of water and nutrients, maintenance of metabolic
homeostasis, trafficking of immune cells, activation of innate and acquired immune re-
sponses, as well as angiogenesis [25].

In the initial tumor stage, tumor cells absorb oxygen and nutrients to survive and
proliferate by diffusion. Their microenvironment then undergoes hypoxia and acidification
as a result of excess metabolic products. When tumor volume exceeds 1–2 mm3, the tumor
must become angiogenic and recruit new vasculature to grow. Cancer cells, together with
tumor-associated stromal cells, stimulate the development of new blood vessels, using
various mechanisms of tumor angiogenesis, including sprouting of nearby vessels [26].
When a quiescent blood vessel senses an angiogenic signal from malignant or inflammatory
cells, or owing to hypoxic conditions in the TME, new vessels sprout from the existing
vasculature [27]. Many soluble factors present in the TME, such as vascular endothelial
growth factors (VEGFs), fibroblast growth factors (FGFs), platelet-derived growth factors
(PDGFs), and chemokines stimulate endothelial cells and their associated pericytes during
the neovascularization that is needed for cancer growth. Hypoxia-induced factor-1α (HIF-
1α) is the main factor that initiates sprouting [28]. Blood vessels can also be formed by ECs
recruited from the surrounding tissue as tumor endothelial cells (TECs) [28]. The tumor
vasculature, in contrast to well-differentiated normal vessels, is abnormal in almost every
aspect of its structure and function [29]. These aspects are targeted by many new cancer
therapies because solid tumors are dependent on blood vessels for growth [28].

2.3. Immune Cells
2.3.1. Tumor-Associated Macrophages (TAMs)

Macrophages are myeloid-derived tissue sentinels that maintain tissue integrity by
eliminating damaged cells and matrices for tissue repair [30].

Despite the initial hypothesis that macrophages are involved in antitumor immunity,
there is now abundant evidence from human and experimental mouse cancer models that
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their activities in the majority of cases are pro-tumorigenic and enhance tumor progression
to malignancy [2,31].

The tumor-promoting functions of macrophages at the primary site include sup-
porting tumor-associated angiogenesis, promotion of tumor cell invasion, migration and
intravasation, as well as suppression of antitumor immune responses [1]. Moreover,
macrophage-derived osteoclasts can facilitate metastatic cell colonization by remodeling
bone to create an environment that is receptive to transiting cancer cells, allowing them to
survive and proliferate [32].

There is pre-clinical and clinical evidence that an abundance of TAMs in the TME
is associated with poor prognosis, e.g., for breast cancer [33,34] or lung cancer [35,36].
Additionally, gene array studies in follicular lymphoma have demonstrated that the ex-
pression of genes that are associated with a strong ‘macrophage’ signature confers a poor
prognosis, independent of other clinical variables [2,37]. However, there are examples of
TAMs correlated with good prognosis of cancer [34,38].

In the literature, there are several terms and definitions to describe macrophage acti-
vation and polarization. One of the most used nomenclatures, introduced in 2000, classifies
macrophages into two major subtypes: M1 and M2 [39]. M1 or classical macrophages,
activated with LPS and/or interferon gamma (INF-γ), have a pro-inflammatory phenotype
with pathogen-killing abilities, whereas M2 or alternative macrophages, activated with
interleukin (IL)-4, promote cell proliferation and tissue repair and are immunosuppressive,
which also promotes tumor growth [40]. M1 macrophages produce cytokines such as IL-6
and tumor necrosis factor α (TNF-α), while M2 macrophages produce TGF-β and IL-10 to
start tissue repair. Although in this linear view, M1 and M2 macrophages represent two
extreme ends [41], the M2 designation has rapidly expanded to include essentially all other
types of macrophages, with dramatic differences in their biochemistry and physiology,
arising as a class of regulatory macrophages. Nevertheless, currently the definition of
macrophage populations continues to be defined by the different expression of marker
proteins [42,43].

The role of macrophages in cancer is controversial and many aspects indicate opposing
roles [44]. While classically activated macrophages would act as anti-tumorigenic in later
tumor stages, they have the potential to promote the earliest stages of neoplasia [45],
primarily because the free radicals that they produce can lead to DNA damage and cause
mutations in surrounding cells that can promote transformation. However, as tumors
progress and grow, the TME markedly influences tumor-associated macrophages. These
macrophages change their physiology and take on a phenotype that is more closely to
regulatory macrophages.

Many observations indicate that TAMs exhibit several M2-associated pro-tumoral
functions, including promotion of angiogenesis, matrix remodeling, and suppression of
adaptive immunity [46].

2.3.2. Tumor-Associated Neutrophils (TANs)

Neutrophils represent 50–70% of the myeloid-derived white circulating cells in human
blood. Normally, neutrophils contain a nucleus divided into 2–5 lobes connected by chro-
matin and, when circulating in the bloodstream and inactivated, neutrophils are spherical.
Once activated, they change shape and become more amorphous or amoeba-like and can
extend pseudopods as they hunt for antigen-containing cells or structures [47]. Several
studies have reported high neutrophil counts in the peripheral blood of cancer patients,
particularly in those with advanced-stage disease, and a high circulating neutrophil-to-
lymphocyte ratio is considered a strong indicator of poor prognosis in various cancer
types [48].

The role played by tumor infiltrating neutrophils, known as tumor-associated neu-
trophils (TANs), in TME architecture and in tumor development is still limited [48]. Neu-
trophils are chemotactic phagocytes that migrate toward the site of inflammation, and their
engagement by cytokines and chemokines from the TME is thought to recruit these cells to
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the tumor niche [49]. Similar to TAMs, TANs can be classified in N1 neutrophils, with an
anti-tumor activity, and N2 neutrophils, with pro-tumor activity [47].

N1 neutrophil polarization is induced by type 1 interferon (IFN), and N1 cells ex-
press high levels of CD54/ICAM-1 and CD95/FASR at the cell surface, whereas TGF-β
is a major determinant for N2 polarization, and these can be distinguished by their high
expression of CD182 [50]. Notably, most neutrophils in the TME of solid tumors have
an N2 phenotype [47]. After being recruited to the TME, polarized TANs participate in
the remodeling process of the TME by promoting tumor angiogenesis and suppressing
anti-tumor immunity. These cells act by secreting both pro-inflammatory and immuno-
suppressive factors, as well as pro-angiogenic factors, including IL-17, VEGF, MMP-9, IL-8,
and angiopoietin-1 (ANG1) [50,51]. TANs have also been shown to participate in immune
response modulation by antigen presentation, inhibition of T cell responses, and induction
of B cell conversion [47,52–54].

It has been suggested that the plasticity and anti-inflammatory properties of N1
TANs could be exploited to control excessive inflammation in the TME [50]. However,
the tumor-promoting effects of TANs seem to be more prominent than their anti-tumor
effects [48]. Under the influence of the tumor microenvironment, TANs maintain the N2
phenotype in many solid tumors [47]. Moreover, it has been suggested that the interplay
between TANs and tumor cells has an important role in the establishment of metastatic
niches [55]. For example, the enhancement of lung metastasis of breast cancer cells after
5-fluorouracil (5-FU) administration is related with increased expression of neutrophilic
chemokines CXCL1 and 2 by metastatic cells, which induce the intrapulmonary infiltration
of large numbers of TANs expressing high levels prokineticin 2 that, in turn, promote the
proliferation of the metastatic cells [56].

Neutrophils are also activated to form neutrophil extracellular traps (NETs) in the TME.
NETs are networks of extracellular fibers, primarily composed of neutrophil-derived DNA,
that are part of the innate immune response, designed to bind and trap pathogens [57].
It has been reported that IL-8 expression by tumor cells not only recruits neutrophils to
tumor lesions, but also stimulates their IL-8 receptors, CXCR1 and CXCR2, triggering NET
release into the TME [57], which wrap and coat tumor cells shielding them from CTL and
NK cell-mediated cytotoxicity [58]. In addition, it has been reported that NETs are rich
in serine proteases that degrade cytokines and chemokines inhibiting inflammation [59],
which may also contribute to an immune-suppressive TME.

2.3.3. T Lymphocytes

There are many different T cell populations within the TME that infiltrate the tumor
at the invasive margin and in draining lymphoid organs. Cytotoxic CD8+ memory T
cells, which are normally antigen ‘experienced’ and capable of killing tumor cells, and
CD4+ T helper 1 cells, which are characterized by the production of the cytokines IL-2
and IFN-γ, are strongly associated with a good prognosis in a lot of cancer types, such as
melanoma [60,61], breast cancer [62,63], colorectal cancer [64–66], lung carcinoma [67,68],
and renal cancer [69]. In these last two types, there is also contradictory evidence associating
the presence of the CD8+ lymphocytes with a poor prognosis [69,70].

Another type of T helper cells, such as TH2, TH17, or immunosuppressive T regulatory
(Treg), are generally thought to promote tumor growth and correlate with worse prognosis
in many types of cancer [67–69]. However, Tregs can also be tumor-suppressive and their
presence in Hodgkin’s Lymphoma correlates with a good prognosis, presumably through
a direct suppression of tumor cell growth [71,72].

Regulatory pathways that limit the immune response to cancer are becoming increas-
ingly well-characterized and targets for immunotherapy. One good example is Cytotoxic
T-lymphocyte–associated antigen 4 (CTLA-4), which is an immune checkpoint molecule
that downregulates pathways of T-cell activation [73]. CTLA-4-directed immunotherapy is
used in a range of solid tumors, such as melanoma [74].
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Another example is programmed cell death 1 (PD-1) and programmed cell death
ligand 1 (PD-L1), since this signaling pathway plays a key role in physiological immune
homeostasis. PD-1 signaling negatively regulates T cell-mediated immune responses and
serves as a mechanism for tumors to evade the immune system. The development and
application of immune checkpoint inhibitors that block PD-1/PD-L1 interaction result in
very durable responses and prolong survival in patients with a wide range of cancers. There
is an increasing number of different FDA-approved drugs for this immunotherapy [75]
that targets the TME instead of the tumor cell.

Recent evidence has highlighted NKG2D, an activating cell surface receptor that is
predominantly expressed on cytotoxic immune cells, as a potential therapeutic target in
cancer, since it has the potency to enhance cytolytic immune responses against tumor
cells [76]. CD4+ T cells generally do not express NKG2D even after activation, but its
expression can be induced under certain inflammatory conditions, such as Crohn’s dis-
ease [77]. NKG2D binds to number of structurally different MHC-I-like ligands whose
expression is upregulated in conditions of cellular stress, including oncogenic transforma-
tion [78]. Engagement of NKG2D stimulates the production of cytokines and cytotoxic
molecules and it has been shown to participate in immune responses against a variety of
tumors, playing an important role in the recognition and elimination of altered cells [79].
However, given the complexity of NKG2D-mediated responses, further research will be
required before the biology of this receptor can be harnessed therapeutically [76,79].

2.3.4. B Lymphocytes

B lymphocytes carry antibodies inserted into the plasma membrane as part of B-
cell receptors and differentiate into antibody-secreting effector cells upon recognition of
the cognate antigen. Besides this humoral immunity response, tumor-infiltrating B cells
(TIBs) can be found at the invasive margin of tumors, but are more common in lymphoid
structures adjacent to the TME and associated with good prognosis in some breast and
ovarian cancers [80,81]; however, in mouse models, in which B cells inhibit tumor-specific
cytotoxic T cell responses [82], the role of B cells is tumor-promoting [83,84].

In the TME, TIBs shape the immune response by affecting other immune cells in the
surrounding lymphoid tissue [85,86] and modulating the activity of myeloid cells [83].

2.3.5. Other Immune Cells

Innate lymphoid cells (ILCs) are a recently characterized family of innate immune cells,
derived from common lymphoid progenitors, that are important for tissue homeostasis
and for the initiation of immune responses [87]. ILCs represent a heterogeneous population
of innate immune cells. In contrast to adaptive immune cells (T and B lymphocytes), ILCs
lack the somatic rearrangement of antigen-specific receptors and do not express either T-
or B-cell receptors (TCR or BCR) [87,88].

Based on their transcriptional regulation and cytokine profiles, ILCs can be categorized
into different subsets with defined phenotypes and functional profiles: NK cells, ILC1, intra-
epithelial ILC1 (ieILC1), ILC2, ILC3, lymphoid tissues inducer (LTi), and ILC progenitor
(ILCP) cells [88]. It should be noted, however, that ILCs have the ability to adapt to local
environmental cues by changing these profiles [89].

The activation and selective accumulation of ILC subsets have been observed in
several types of inflammatory diseases [89]. For example, IFN-γ-producing ILC1s and
IL-17-producing ILC3s accumulate in the inflamed tissues of patients with Crohn’s disease,
accompanied by a decrease in the number of IL-22-producing ILC3s, and these changes in
ILC composition correlate with disease severity [90].

Tumors are infiltrated with a large number of lymphocytes and the ability of ILCs to
respond rapidly to signals in the TME has led to the suggestion that they might have a
role in the immune response to tumors [91]. Nevertheless, the development and behavior
of NK cells and other ILCs in the context of cancer is still incompletely understood. For
instance, NK cells and NKT cells (which share the characteristics of both T and natural
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killer cells), are known to infiltrate the tumor stroma, but are usually not found in contact
with tumor cells. For many cancers, such as colorectal, gastric, lung, renal, and liver, their
presence appears to predict a good prognosis [92–96].

Dendritic cells (DCs) have important functions in antigen processing and presentation.
The DCs that are found in the TME are thought to be suppressed, that is, they cannot
adequately stimulate an immune response to tumor-associated antigens, maybe due to the
hypoxic and inflammatory conditions in the TME that inhibit their activation [97].

Myeloid-derived suppressor cells (MDSCs) are immature myeloid cells. In contrast
to TAMs and TANs, the number of MDSCs in the TME is negatively correlated with the
number of tumor infiltrating T cells [98]. However, MDSCs are closely influenced by tumor
hypoxic conditions, and they can rapidly differentiate into TAMs in the TME [99]. It is
worth noting that MDSCs can have powerful immunosuppressive properties. MDSCs
migrate into inflammatory and hypoxic tumor tissues and produce a large number of
HIF-1α-mediated immunosuppressive cytokines (such as Arg1, NO, TGF-β, IL-10) and
chemokines (such as CCL4 and CCL5) attracting Tregs to the tumor [99]. Consistent with
the function of Treg cells, MDSCs inhibit T cell tolerance by increasing the expression of
PD-L1 and CTLA-4 receptors [98].

The immune cell populations infiltrating human tumors are highly complex and due
to their synergistic or opposing effects, it is difficult to predict their activity. They may
influence tumors differently depending on their histological and molecular type, their
stage, the microenvironment of the organ in which they grow, or the nature of the primary
tumor or its metastases [73].

Although this review attempts to provide a general overview, it is important to
note that tissue-specific properties determine the TME composition and regulation. For
more detailed descriptions, the reader is referred to reviews on specific tumor types,
such as breast [100,101], lung [102,103], colorectal [104,105], prostate [106,107], or brain
cancer [108,109].

2.4. Non-Cellular Components
The Extracellular Matrix (ECM)

The ECM provides structure and support for the cellular components in the extracel-
lular space of tissues and organs, but also contains cell-secreted growth factors that can be
released during remodeling and contribute to paracrine cellular signaling. The ECM is com-
prised of highly organized interactions of fibrous molecules, proteoglycans, glycoproteins,
glycosaminoglycans, and other macromolecules. It is composed of around 300 proteins in
mammals and constantly remodeled by cells to control tissue homeostasis [110,111].

Although long viewed as a mechanical support structure that maintains tissue mor-
phology, the ECM is a dynamic and versatile part of the milieu of a cell, and influences
fundamental key aspects of cell biology [112]. ECM composition ranges from soft and
compliant to stiff and rigid and determines the mechanoperception of a cell [113–115], func-
tioning as a major environmental cue that determines cell comportment and contributes to
development and disease [116].

Components of the ECM constantly interact with epithelial cells by serving as ligands
for cell receptors such as integrins or growth factors, thereby transmitting signals that
regulate adhesion or migration, proliferation, apoptosis, or differentiation, and angio-
genesis. Disruption or disorganization of the ECM, leads to abnormal behavior of cells
and ultimately failure of organ homeostasis and function [116]. Indeed, abnormal ECM
dynamics is one of the most ostensible clinical outcomes in diseases such as fibrosis [117]
and are considered a hallmark of cancer [116].

Tumor-derived ECM is biochemically distinct in its composition compared with
normal ECM. In consequence, the tumor stroma is typically stiffer than normal stroma, for
example in breast cancer [118,119] and this promotes cell transformation and metastasis.
Consistent with these changes, expression of many ECM remodeling enzymes is often
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deregulated in human cancers, for example: heparanases, sulfatases, cysteine cathepsins,
urokinase, and many MMPs are frequently overexpressed in different cancers [120,121].

In addition, growing evidence suggests that the ECM is an essential non-cellular
component of the cell niche, both for tumors and adult stem cells. For example, ECM
receptors allow stem cells to anchor to the special local niche environment where stem
cell properties can be maintained. Such an anchorage physically constrains stem cells to
make direct contact with niche cells, which produce paracrine signaling molecules that
are essential for maintaining stem cell properties [122]. Moreover, anchorage allows stem
cells to maintain cell polarity, orient their mitotic spindles, and undergo their characteristic
asymmetric cell division [116].

3. Cancer-Associated Inflammation (CAI) and the TME

Under normal conditions, acute inflammation is a desirable, strictly regulated response
to infection or tissue damage. After resolving the underlying cause, inflammation is usually
associated with tissue healing processes and this is self-limiting because the production of
pro-inflammatory cytokines is followed by the production of anti-inflammatory cytokines.
The dysregulation of this controlled sequence of events can lead to pathogenesis, as is the
case with neoplastic transformation [4,5].

A tissue environment with persistent or chronic inflammation is considered today
to be a risk factor for cancer development because cells infiltrating the tumor microenvi-
ronment provide tumor-supporting molecules such as cytokines and growth factors, cell
survival signals, angiogenic factors, and other carcinogenesis mediators [123,124], and this
promotes tumor progression and supports metastatic spread, as documented in numerous
studies [46,125–128]. For example, patients with inflammatory bowel diseases (such as
ulcerative colitis and Crohn’s diseases, caused by both genetic and environmental factors)
are at increased risk of developing colorectal cancer [129–131].

A number of other examples are purely environmental-related inflammation caused
by asbestos, smoking, or silica particles associated with lung cancer [132], chronic gastritis
caused by bacteria such as Helicobacter pylori associated with gastric cancer [133], E. coli
infection of the prostate correlated with prostate cancer [134], a viral infection with either
hepatitis virus B/C associated with hepatocellular carcinoma [135], or human papilloma
virus (HPV) linked with many different cancers such as cervical and anogenital cancers,
head and neck squamous cell carcinoma, esophageal carcinoma, and even ophthalmo-
logic and breast cancers [91,136], reflux disease and Barrett’s esophagus associated with
esophageal cancer [137], parasitic liver flukes and primary sclerosing cholangitis correlated
with cholangiocarcinoma [138], UV irradiation-associated skin inflammation related with
melanoma [139], endometriosis linked with endometrial carcinoma [140], and gallbladder
stone-associated chronic cholecystitis associated with gallbladder carcinoma [141].

3.1. Mediators of Cancer-Associated Inflammation (CAI)

Soluble components in the TME are derived both from stroma and tumor cells. The
main inflammatory mediators are cytokines, which include chemokines, interferons, inter-
leukins, and tumor necrosis factors. Some are signaling molecules that trigger a specific
biological function in the receptor-expressing target cells, whereas chemokines function by
attracting immune cells to sites of inflammation. Cytokines modify the behavior of both
tumor and inflammatory cells, influencing the type, abundance, and activity of the latter in
the TME.

3.1.1. Pro-Inflammatory Factors

The main primary inflammatory cytokines are IL-1β, IL-6, and TNF-α that use type I
transmembrane receptors with extracellular immunoglobulin domains for signaling [142].
These pro-inflammatory cytokines are not expressed in healthy tissue but become upregu-
lated by an inflammatory insult to protect the host. Paradoxically, during carcinogenesis,
they do not protect the host but promote cancer cell survival. In many cases, the reason
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for this paradox of cytokine function is the presence of a smoldering subclinical-level of
chronic inflammation, continuously drawing in inflammatory cells [143,144].

IL-1β is crucial to initiate acute inflammation and is mainly synthesized as a precursor
protein in tissue-resident macrophages, monocytes, or neutrophils. Upon their activation,
IL-1β is cleaved by intracellular caspase-1 within the inflammasome complex and can then
be secreted. Inflammasome activation can be initiated by cytosolic pattern recognition
receptors (PRRs) in response to microbial pathogen-associated molecular patterns (PAMPs)
or danger-associated molecular patterns (DAMPs) generated by the host cell. Apparently,
intestinal epithelial cells also contain inflammasome components and are able to release
IL-1β as a first line of defense against environmental pathogens that then promotes differ-
entiation of monocytes to macrophages [145–148]. When IL-1β binds to a cell with IL1R,
signal transduction leads to activation of the transcription factor NF-κB, which stimulates
expression of pro-inflammatory cytokine genes, including IL-6 and TNF-α (see 3.2 for
details). Tumor cells can also express IL1R, which in breast cancer cells was shown to stim-
ulate IL-6 production [149], or in colon cells to drive sustained NF-κB activation involved
in cell proliferation [150]. IL-1β further promotes tumor development by stimulating
secretion of VEGF by malignant cells and influencing angiogenesis to increase blood vessel
density in tumors [148,151,152].

Altogether, IL-1β in the TME is generally pro-tumorigenic, sustaining chronic non-
resolved inflammation, endothelial cell activation, tumor angiogenesis, and the induction
of immune-suppressive cells, although divergent data ascribing tumor-inhibiting effects
to IL-1β exist [153]. Clinically, high serum levels of IL-1β correlate with bad prognosis in
cancer patients and detection of IL-1β within the TME generally predicts tumor growth
and metastasis [154].

IL-6 is critical in the final maturation of B-cells, T cell differentiation into Th1, Th2
and Treg phenotypes, and also inhibits functional maturation of DC to activate effector
T-lymphocytes, blocking the anticancer immunity [155]. IL-6 is produced mainly by
fibroblasts, monocytes, and macrophages, but also tumor cells, which can enhance IL-6
production by activated stromal fibroblasts.

IL-6R with its associated gp130 co-receptor activates JAK-STAT signaling leading to
phosphorylation and nuclear translocation of STAT3 transcription factor and expression of
IL-6-responsive genes (see Section 3.2 for details). IL-6-activated STAT3 has been shown
to be a survival and/or proliferation factor in certain cancers [156] and high serum IL-6
levels were reported in various cancer types and associated with poor prognosis [157], with
anti-IL-6 receptor antibodies showing anti-tumor and anti-angiogenic activity in vivo [158].

TNF-α is a potent inflammatory mediator in any inflammatory reaction of the innate
immune system. It induces the expression of chemokines and endothelial and cellular
adhesion molecules in order to facilitate the recruitment of effector immune cells to the
site of infection [142]. TNF-α is first synthesized as a transmembrane precursor (mTNF-α)
requiring release by proteolytic cleavage through TACE (or ADAM17) [142,159]. A soluble
trimer (sTNF-α) is the ligand for TNF receptors with TNFR1 being widely expressed
on different cell types. TNFR1 is a single transmembrane glycoprotein containing an
intracellular death domain, to which upon activation the adaptor molecule TRADD and
TRAF2 are recruited, leading to the addition of linear ubiquitin chains to RIPK1 via the
ubiquitin-E3 ligase activity of TRAF2. If the formation of this so-called Complex I is
successful, the ubiquitin chains act as scaffolds for additional factors that lead to the
activation of NF-κB, JNK, and p38 pathways and induction of cytokine signaling and
cell survival [159]. Alternatively, failure of RKIP1 ubiquitination leads to Complex II
formation by recruitment of Fas-associated death domain (FADD) and activation of pro-
caspase-8 to mediate cell death via apoptosis or necroptosis, hence the initial designation
as tumor-necrosis factor [160].

The therapeutic administration of neutralizing anti-TNF-α antibodies effectively re-
duces local and systemic inflammation in patients with rheumatoid arthritis or Crohn’s
Disease [161] but may also increase the risk for malignant diseases [162].
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3.1.2. Pro-Inflammatory Chemokines in the TME

More than 50 different chemokines exist, mainly from the CC and CXC subfamilies,
that attract immune cells to sites of inflammation, including the TME [163]. One example
is IL-8/CXCL8 that is recognized by the G protein-coupled receptors CXCR1 and CXCR2,
and signals via phosphatidylinositol-3 kinase (PI3K) and MAPK [164] (see Section 3.2
for details). The main role of IL-8 in inflammation is the recruitment of neutrophils
but increased expression of IL-8 and/or its receptors has been characterized in cancer
cells, where IL-8 acts as an autocrine growth factor inducing proliferation and preventing
apoptosis. Chemokines also modulate stromal cells in the TME to release growth and
angiogenic factors [164,165].

Other soluble factors in the TME are reactive oxygen species (ROS) that are secreted
either by activated immune cells such as neutrophils or MDSCs, or as intercellular sig-
naling molecule such as nitric oxide secreted by M1-type macrophages or cancer cells.
Their presence can increase DNA damage and the mutation rate in cancer cells. On the
other hand, excess ROS production by altered metabolism of cancer cells contributes to
immunosuppression, as immune effector cells such as NK and Treg cells are inhibited by
ROS [166].

3.1.3. Anti-Inflammatory Mediators—IL-10

Anti-inflammatory cytokines are functionally defined as those inhibiting the synthesis
of pro-inflammatory cytokines such as IL-1 or TNF-α. Their function is mainly to limit the
magnitude of the immune response and prevent damage to the inflamed host tissue by
allowing tissue repair and regeneration. Major anti-inflammatory cytokines include IL-1
receptor antagonist (ra), IL-4, IL-10, IL-11, and IL-13, but also soluble and decoy variants of
TNF, IL-1, or IL-18 receptors.

A key immunosuppressive cytokine is IL-10, which is produced by a variety of
immune but also non-hematopoietic and cancer cells. Upon binding of IL-10, the receptor
IL-10R inhibits the activation of NF-κB and STAT3 that are required for transcription of
pro-inflammatory cytokine genes [167].

IL-10 is an essential regulator of intestinal homeostasis, and mice and humans deficient
in either IL-10 or its receptor (IL-10R) develop spontaneous intestinal inflammation. In
addition, polymorphisms or mutations in the IL-10 locus confer increased genetic risk
for developing ulcerative colitis or Crohn’s disease [168–170]. Another phenomenon of
insufficient anti-inflammatory response is known as the cytokine storm, characterized by an
aggressive pro-inflammatory response with loss of homeostasis of the immune response to
either pathogens, like SARS-CoV-2 [171] or in response to cancer immunotherapy [172,173].

The presence of IL-10 in the TME may thus suggest that it undermines the immune
response of macrophages to cancer; however, IL-10 is also required for the expansion of
tumor-specific cytotoxic CD8+ T cells to control tumor cells [174].

3.1.4. The Transforming Growth Factor-β (TGF-β)

Virtually all human cell types are responsive to TGF-β and a dual role has been
described in relation to cancer.

In normal or initiated cancer cells, TGF-β suppresses growth. The active TGF-β
dimer activates a pair of receptor serine/threonine kinases known as the type I and type II
receptors, which propagate the signal by phosphorylating Smad transcription factors. After
trimerization, phospho-SMAD2, SMAD3, and SMAD4 translocate to the nucleus and bind
to their specific SMAD binding element in the promoter of target genes. For its growth-
inhibitory effect, Smads mobilize cyclin-dependent kinase (CDK) inhibitors and suppress
expression of c-Myc. Later in tumorigenesis, mutations in the tumor-suppressive arm of
the pathway (e.g., the TGFBR2 or SMAD4 genes) allows TGF-β to promote expression of
the transcription factors SNAIL and SLUG, which stimulate EMT and invasiveness [175].

In the TME, TGF-β is mostly secreted by TAMs and Tregs as an immune-suppressive
molecule [176]. Similar to IL-10, TGF-β inactivates NK cells and promotes differentiation of
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TAN into the N2 phenotype or of T cells into the Treg class [177]. TGFβ further stimulates
the activation of mesenchymal stem cells, tissue fibroblasts, or endothelial cells into CAFs
that produce matrix metalloproteases and degrade the ECM, facilitating tumor cell invasion,
and also produce cytokines, promoting cancer cell proliferation and angiogenesis. Thus,
TGFβ acts in the TME as an immune suppressor, an inducer of tumor-cell mitogens and a
promoter of carcinoma invasion [175,178].

3.2. Signaling in the Inflammatory TME

Many signaling events and pathways have been shown to mediate the contribution of
inflammatory cues in the TME to the tumorigenic process. However, a set of molecules
and pathways are considered to be prime drivers of cancer-associated inflammation (CAI)
(summarized in Figure 2).

Immuno 2021, 1, FOR PEER REVIEW 13 
 

 

 
Figure 2. Schematic representation of the signaling pathways that are activated in tumor cells or tumor-associated stromal 
cells and modulate the interplay within the inflammatory tumor microenvironment, promoting tumor development and 
progression (see text for details). TAM—tumor-associated macrophage; TAN—tumor-associated neutrophil; DC—den-
dritic cells; CAF—cancer-associated fibroblast; MDSC—Myeloid-derived suppressor cells; ECM—Extracellular matrix. 
Figure created with BioRender.com. 

3.2.1. The JAK/STAT Pathway 
The Janus kinase (JAK) family of nonreceptor tyrosine kinases includes JAK1, JAK2, 

JAK3, and TYK2. JAK family proteins associate with the intracellular domain of cytokine 
receptors, transducing cytokine-induced signals to the signal transducer and activator of 
transcription (STAT) family of transcription factors [179]. The JAK/STAT pathway con-
tributes to the regulation of many cellular processes, including immunity, cell growth, cell 
death, and differentiation. Dysregulation of JAK/STAT signaling underlies several patho-
genic conditions related to chronic inflammation, autoimmune diseases, and cancer [179]. 
Among the seven mammalian STAT family members, STAT3 has been reported as having 
a vital role in modulating both endogenous and exogenous inflammatory signaling in tu-
mors, by mediating the expression of inflammatory molecules triggered by oncogenic 
stimuli [180]. 

Most of these inflammatory mediators are produced by stromal immune cells such 
as TAMs and MDSCs, although some are produced by the tumor cells [1]. Underlying this 
inflammatory interplay is the continuous upregulation of STAT3 activity, which has been 
detected in as many as 50% of all human tumors [180]. In tumor cells, STAT3 promotes 
gene expression of many pro-inflammatory products such as IL-6, IL-10, and TNF-α. 
These, in turn, stimulate immune cell receptors that activate their STAT3 signaling path-
ways, further potentiating the expression of pro-tumorigenic cytokines, chemokines, and 
growth factors, thus establishing a STAT3 positive feedback loop between tumors and the 
inflammatory TME [1,181]. 

Figure 2. Schematic representation of the signaling pathways that are activated in tumor cells or tumor-associated stromal
cells and modulate the interplay within the inflammatory tumor microenvironment, promoting tumor development and
progression (see text for details). TAM—tumor-associated macrophage; TAN—tumor-associated neutrophil; DC—dendritic
cells; CAF—cancer-associated fibroblast; MDSC—Myeloid-derived suppressor cells; ECM—Extracellular matrix. Figure
created with BioRender.com.

3.2.1. The JAK/STAT Pathway

The Janus kinase (JAK) family of nonreceptor tyrosine kinases includes JAK1, JAK2,
JAK3, and TYK2. JAK family proteins associate with the intracellular domain of cytokine
receptors, transducing cytokine-induced signals to the signal transducer and activator
of transcription (STAT) family of transcription factors [179]. The JAK/STAT pathway
contributes to the regulation of many cellular processes, including immunity, cell growth,
cell death, and differentiation. Dysregulation of JAK/STAT signaling underlies several
pathogenic conditions related to chronic inflammation, autoimmune diseases, and can-



Immuno 2021, 1 103

cer [179]. Among the seven mammalian STAT family members, STAT3 has been reported as
having a vital role in modulating both endogenous and exogenous inflammatory signaling
in tumors, by mediating the expression of inflammatory molecules triggered by oncogenic
stimuli [180].

Most of these inflammatory mediators are produced by stromal immune cells such as
TAMs and MDSCs, although some are produced by the tumor cells [1]. Underlying this
inflammatory interplay is the continuous upregulation of STAT3 activity, which has been
detected in as many as 50% of all human tumors [180]. In tumor cells, STAT3 promotes gene
expression of many pro-inflammatory products such as IL-6, IL-10, and TNF-α. These, in
turn, stimulate immune cell receptors that activate their STAT3 signaling pathways, further
potentiating the expression of pro-tumorigenic cytokines, chemokines, and growth factors,
thus establishing a STAT3 positive feedback loop between tumors and the inflammatory
TME [1,181].

Notably, STAT3 signaling is also known to play an important role in tumor-associated
angiogenesis. Upregulated STAT3 signaling in both tumor and stromal cells leads to
the production of several angiogenic stimuli [182]. For example, the pro-inflammatory
cytokine IL-6 activates STAT3 via the classical IL-6R/gp130-JAK-STAT3 pathway, leading to
VEGFA expression by binding of activated STAT3 to the promoter of the VEGF gene [183].
Moreover, pro-inflammatory cytokines act via STAT3 not only on stromal and tumor
cells but also on endothelial cells. For instance, stimulation of endothelial cells by IL-17
induced STAT3-mediated expression and secretion of additional inflammatory factors such
as growth-related oncogene-α (GRO-α), GM-CSF, and IL-8 [184]. These factors also mediate
the recruitment of additional inflammatory cells, including neutrophils, to the TME, namely
to the perivascular stroma, thus promoting another tumorigenic feedforward cycle [182].
Of note, it was reported that TNF-α-induced IL-10 also participates in angiogenesis by
promoting endothelial progenitor cell migration, adhesion, and tubule formation, through
activation of the STAT3 pathway and induction of VEGF and MMP-9 expression [185].
Additionally, VEGF secretion also promotes breast and lung cancer stem cell self-renewal
via VEGF receptor-2 (VEGFR-2)/JAK2/STAT3 pathway-mediated upregulation of MYC
and SOX2 expression [186]. Finally, STAT3 activity has also been implicated in the evasion
from immune surveillance, by promoting the expression of PD-L1 and PD-L2 in cancer
cells, suppressing immune cell activity [187].

3.2.2. The NF-κB Pathway

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is a transcrip-
tion factor assembled by the dimerization of two of five members of the Rel family of
proteins that share a Rel homology domain in their N-terminus. However, whereas sub-
units RelA (p65), RelB, and c-Rel, have a transactivation domain in their C-termini, the
p50 and p52 subunits do not. The classical NF-κB heterodimer is a combination of the p65
(RelA) and p50 subunits. While in an inactivated state, NF-κB is located in the cytosol com-
plexed with the inhibitory protein nuclear factor of kappa light polypeptide gene enhancer
in B-cells inhibitor alpha (IκBα). A variety of extracellular signals, stimulating various
receptor types, result in the activation of the IκB kinase (IKK). IKK, in turn, phosphorylates
the IκBα protein, which results in its dissociation from NF-κB dimers and eventual protea-
somal degradation, allowing activated NF-κB to translocate into the nucleus and bind to
the promoters of multiple target genes [188].

Although initially identified as a central mediator of immune cell stimulation, the
NF-κB pathway is also activated in tumor cells and has been reported to promote tumor
cell proliferation, survival, and invasion [1,189–191]. Nevertheless, the upregulation of
NF-κB activity does not seem to be associated with oncogenic mutations of Rel proteins or
their direct regulators [192]. On the contrary, the activation of NF-κB is mainly driven by
inflammatory cytokines present in the TME, such as TNF-α, IL-6, IL-1, and IL-8 [192,193].
Indeed, persistent chronic inflammation can trigger abnormal NF-κB activity in precancer-
ous lesions, promoting tumor development, which is then sustained by the inflammatory
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microenvironment, induced and maintained after malignant transformation [192,194]. The
magnitude of NF-κB upregulation in tumors has been further highlighted by recent data
showing that it can be detected in high levels in the plasma of breast and colon cancer
patients, correlating with increased systemic inflammation markers such as, TNF-α, IL-6,
and C-reactive protein (CRP) [195].

Notably, studies have shown that there is an important interplay between STAT3
and NF-κB signaling pathways in the development of inflammation-induced tumors. The
concomitant activation of these two factors in the tumor and stromal immune cells results
in secretion of a large number of tumor-promoting cytokines, including TNF-α, IL-1β,
IL-6, IL-8, and VEGF [1,192,193]. This again triggers positive feedback loops where the
inflammatory cytokines mediate the initiation signals to non-tumor stromal cells, including
endothelial cells. NF-κB binds to the promoter of VEGFR2 and stimulates its expression in
endothelial cells. The activation of VEGFR2 by the VEGF in the TME further promotes the
activation of downstream angiogenesis signals in endothelial cells [196]. NF-κB also binds
the IL-8 gene promoter, and stimulates its transcription by stromal and tumor cells, an
inflammatory chemokine that also functions as a pro-angiogenic agent [192]. By binding to
the C-X-C motif chemokine receptor 2 (CXCR2), IL-8 upregulates VEGF levels in endothelial
cells, also via the NF-κB pathway, leading to the autocrine activation of VEGFR2 [197].

Thus, the crosstalk between tumor and tumor-associated stromal cells feeds back to
the TME, further stimulating angiogenesis but also tumor cell proliferation, epithelial-
mesenchymal transition (EMT), invasion, metastasis, and chemoresistance [1,181]. Indeed,
NF-κB activation is a well-known mechanism by which chemoresistance to anticancer
agents arises, namely through the upregulation of a multitude of mediators, including
anti-apoptotic genes [198]. Moreover, activated NF-κB also induces the expression of
MMP-2 and MMP-9, again synergizing with STAT3 activity to facilitate EMT, invasion and
metastasis [199,200]. NF-κB also regulates the expression of another important mediator of
the inflammatory TME, often found overexpressed in malignant tumors—cyclooxygenase-2
(COX-2) [193,201].

3.2.3. The COX2/PGE2 Pathway

As we discussed above, inflammatory mediators can be produced by the different
stromal cell types or directly by the cancer cells themselves. Besides the crucial cytokines,
chemokines, growth factors, and matrix remodeling factors already mentioned, several
other tumor-sustaining mediators are known to contribute to the inflammatory microen-
vironment. Among this, prostaglandin E2 (PGE2) clearly stands out [202]. PGE2 is a
prostanoid lipid associated with the promotion of cancer cell survival, growth, migra-
tion, and invasion, also participating in tumor-associated angiogenesis, and immuno-
suppression [193,202]. Cyclooxygenase (COX)-1 and -2 are the rate-limiting enzymes for
prostaglandin synthesis from arachidonic acid [202]. COX-1 is constitutively expressed
in a wide range of normal tissues and works as a housekeeping enzyme responsible
for maintaining tissue homeostasis. COX-2 is nearly absent in most normal cells, but
is often overexpressed in multiple cancers, including colorectal, breast, stomach, lung,
and pancreatic cancers, and is associated with poor prognosis [201,203]. Of note, COX-2-
derived PGE2 has been shown to mediate the crosstalk between colonic tumor cells and
TAMs [204], induce the accumulation and activation of MDSCs [205,206], and promote the
tumor growth of mutant BRAFV600E melanomas by suppressing immunity and enhanc-
ing tumor-promoting inflammation [204,207,208].The depletion of COX-2 or downstream
PGE2 synthases modifies the TME inflammatory signaling profile from pro-tumorigenic to
anticancer pathways [193,201]. Moreover, the inhibition of COX-2 synergizes with PD-1
blockade to improve tumor cell eradication and augment the numbers of functional tumor-
specific CTLs in patients with advanced epithelial ovarian cancer [209]. These data indicate
the critical role of COX-2 and PGE2 in modulating the TME to an immunosuppressive
status. Notably, several clinical studies have shown that the long-term use of non-steroidal
anti-inflammatory drugs, which act by inhibiting COX activity, may reduce the risk of
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developing several types of cancer, although the optimal preventive drug dosages and
treatment durations remain to be fully clarified [210].

Several stimuli from the inflammatory TME can elevate the expression of COX-2 or
upregulate COX-2/PGE2 signaling axis. For example, TME cues were shown to activate the
receptor tyrosine kinase ephrin-A receptor 2 (EPHA2), which signals through the TGF-β
pathway to stimulate COX-2 expression in pancreatic cancer [211]. In addition, reduction
of Receptor-interacting protein kinase 3 (RIPK3), a key element in colonic mucosal repair,
elicited NF-κB-mediated upregulation of COX-2 and consequent increased PGE2 produc-
tion in colorectal cancer cells and associated MDSCs [212]. Moreover, PGE2 exacerbated the
immunosuppressive activity of MDSCs, accelerated tumor growth, and further suppressed
RIPK3 expression, in another example of a TME -associated feedforward cycle [212]. No-
tably, inhibition of COX-2 or PGE2 receptors reversed the immunosuppressive activity of
MDSCs and dampened tumorigenesis [212].

In another example, histone deacetylase 6 (HDAC6), one of class II histone deacety-
lases, was frequently found associated with poor survival outcomes when upregulated in
the CAFs from breast cancer patients [213]. HDAC6 upregulation in CAFs was a crucial
epigenetic mediator to promote an immunosuppressive TME by regulating STAT3 acti-
vation and promoting STAT3-dependent expression of COX-2 and PGE2 synthesis [213].
Finally, the frequent cancer-associated aberrant activity of classical mitogen-activated pro-
tein kinase (MAPK) cascades, such as the MAPK/ERK and p38 MAPK pathways, also
promoting the upregulation of COX-2/PGE2, thus favoring immunosuppressive TME and
promoting the progression of various cancer types [201,214–216].

3.2.4. The PI3K/Akt Pathway

The phosphatidylinositol 3-kinase (PI3K)/AKT (Protein kinase B, PKB) pathway is
a crucial coordinator of intracellular signaling in response to the extracellular stimuli.
Consequently, its dysregulation has been reported to have a broad role in mediating the
inflammatory signaling between tumors and the TME [217]. On one hand, upstream
receptor tyrosine kinases, the p110α catalytic subunit of PI3K, the downstream effector
kinase AKT, and the negative pathway regulator PTEN (a lipid phosphatase that de-
phosphorylates phosphatidylinositol (3,4,5)-trisphosphate (PIP3) to phosphatidylinositol
(4,5)-bisphosphate (PIP2)), are all often mutated in a wide range of human tumors, con-
tributing to the malignant transformation of cells by promoting tumor growth, but also
invasion and metastasis [218]. For example, activation of mechanistic target of rapamycin
(mTOR) serine/threonine kinase downstream of PI3K/AKT promotes tumor cell growth,
proliferation, and survival, and also facilitates tumor cell motility through cytoskeletal
reorganization [219]. Moreover, activated AKT signaling also facilitates EMT through dif-
ferential phosphorylation on Twist, a key transcriptional regulator controlling cell plasticity,
in response to growth factors and inflammatory cytokines in the TME [220]. On the other
hand, various inflammatory factors, such as IL-1, IL-6, IL-17A, and TFN-α, stimulate AKT
activation in tumor cells and, conversely, leading to the synthesis and secretion of more
inflammatory mediators, including IL-8, IL-6 and CCL2 [218,221].

As described above, the transcriptional regulation of most of these cytokines is pri-
marily controlled by NF-κB and STAT3 pathways. However, NF-κB and STAT3 activities
are also tightly controlled via cross-talks with other key intracellular pathways, including
the PI3K/AKT/mTOR pathway [217]. For example, AKT can activate the IKK complex,
namely through a direct mTOR-IKK interaction [222], and part of TNF-α-induced AKT
pro-oncogenic signaling is relayed through the NF-κB pathway [223]. In addition, in hepa-
tocellular carcinoma, TME IL-17 robustly induced IL-6 expression and STAT3 activation in
an AKT-dependent manner [224]. In turn, IL-6 activated JAK2/STAT3 signaling leading
to IL-8, MMP-2, and VEGF upregulation, which promoted neutrophil infiltration and
increased tumor vascularity [224].

Indeed, several reports have shown that multiple pathways downstream of activated
AKT participate in the recruitment, proliferation, and differentiation of various TME-
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associated leukocytes, such as TAMs, TANs, and lymphocytes, thereby further promoting
inflammation [217,225]. Thus, the dysregulation of PI3K/AKT signaling favors the aggre-
gation of reactive immune cells in the TME, resulting in the release and accumulation of
ROS in the tumor site by means of the oxidative stress response [1,220]. Notably, increased
ROS levels in the TME can feedback and further stimulate AKT signaling in tumor cells.
For instance, in ovarian cancer cells, epidermal growth factor (EGF)-induced increase in
ROS levels promoted the activation of the AKT/mTOR/ p70 S6 Kinase 1 (p70S6K1) axis,
which mediate the expression of (HIF-1 and VEGF, promoting tumor angiogenesis [226].

Interestingly, TAM-secreted IL-1 and TNF-α also promotes the phosphorylation of pro-
apoptotic Bcl-2 family member BAD by activating the PI3K/AKT pathway, preventing BAD
from inhibiting the activity of survival protein Bcl-2 and Bcl-xL, favoring neovascularization
by promoting endothelial cell survival through a mechanism that also involves NF-κB
activity [227,228]. Notably, despite limited by resistance and adverse effects, it has been
suggested that the anti-angiogenic effects of PI3K inhibitors might account, at least in part,
for their reported therapeutic effectiveness within the advanced stages of multiple cancers,
including lymphoma, glioblastoma multiforme, melanoma, colorectal, lung, breast, and
hepatocellular carcinomas [229–231].

3.2.5. The Wnt Pathway

The Wnt pathway is one of the central mechanisms regulating tissue morphogenesis
during embryogenesis and repair [232]. It is thus not surprising that anomalous Wnt
signaling has been associated with several cancers, namely colorectal, breast, lung, oral,
cervical, and hematopoietic malignancies [233].

To date, 19 distinct Wnt proteins (ligands), 10 frizzled receptors (FZD), and several
co-receptors have been identified in mammals [234]. In the canonical Wnt pathway, Wnt
proteins bind to their complex receptor FZD/LRP5/6 (low-density lipoprotein receptor
related protein), preventing proteasomal degradation of β-catenin. This allows β-catenin
to be translocated to the nucleus, where it binds to transcription factors of the T cell factor
(TCF)/lymphoid enhancer factor (LEF) family, activating the expression of multiple target
genes [232,235]. Conversely, in the absence of Wnt ligands, the phosphorylation of β-
catenin by the so-called destruction complex (composed of axin, Adenomatous Polyposis
Coli (APC), and kinases CK1, and GSK3β) leads to its ubiquitination by β-TrCP ubiquitin
ligase, targeting it for proteasomal degradation. As a result, the pool of β-catenin in the
cytosol is depleted, and its nuclear translocation is blocked, restraining the transcription of
Wnt target genes [235]. The APC protein serves as the building platform for the assembly
of the β-catenin destruction complex. Loss-of-function mutations in APC, which occur
early on in cancers such as colon cancer, lead to loss of β-catenin regulation and aberrant
activation of Wnt signaling [235]. Indeed, familial adenomatous polyposis (FAP), an
inherited condition characterized by numerous adenomatous polyps in the large intestine
and highly increased risk of colon cancer, results from germline mutation in the APC
gene [236].

Several growth factors secreted by stromal cells of TME have also been reported to
induce the activation of Wnt signaling in tumor cells. For example, augmented hepatocyte
growth factor (HGF) levels in colorectal cancer (CRC) upregulate β-catenin expression
via the PI3K pathway and promote β-catenin dissociation from c-Met (HGF receptor) at
the plasma membrane enhancing the activity of the β-catenin-regulated TCF family of
transcription factors [237].

Also in CRC, TAMs express increasing levels of Wnt ligands Wnt2 and Wnt5a during
progression from normal colorectal adenoma to carcinoma, suggesting that paracrine Wnt
activation by macrophages may result in cancer progression [238]. A study, using mouse
models of breast cancer, showed that Wnt7b, another Wnt ligand produced by TAMs,
initiated the canonical Wnt pathway in TECs expressing LRP5 and Frizzled, leading to
β-catenin-mediated transcription of cell cycle genes, thus linking Wnt signaling to tumor
angiogenesis [239].
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Notably, PGE2 secreted by TECs is also known to activate β-catenin signaling and help
in the proliferation of CRC cells. PGE2-stimulated EP2 receptors promote the dissociation
of GSK3β from the destruction complex while simultaneously inducing its inactivation
via PI3K/AKT-mediated phosphorylation. This leads to translocation of β-catenin to the
nucleus of cancer cells, promoting tumor proliferation and progression [240].

Finally, recent evidence indicates that the aberrant expression of Wnt5a in some tu-
mors, including melanoma, non-small-cell lung cancer, and ovarian cancer, can drive a
Wnt5a/NF-κB/IL-6/STAT3 positive feedback loop that contributes to an immunosup-
pressive tumor microenvironment [241,242]. Wnt5a expression is upregulated by several
cytokines including TNF-α, IFN-γ, IL-1β, and IL-6, in both immune and non-immune
cells [243–247].

This upregulation can be prevented by pre-incubation with either NF-κB or STAT3 in-
hibitors, suggesting that these pathways are implicated in Wnt5a transcription [244,248,249].
Conversely, Wnt5a can also induces NF-κB and STAT3 activity, thus generating a continu-
ous feedforward loop in the TME [250–252]. At some point, particular subpopulations of
stromal immune cells arise that respond to Wnt5a signals by promoting the synthesis of
IL-10, thus generating tolerogenic microenvironments [241]. For instance, a recent study de-
termined that a Wnt5a+CD68+/CD68+ TAMs ratio was significantly associated with poor
prognosis in CRC patients and that the Wnt5a+ TAMs were of an M2-like subtype [249].
Wnt5a induced TAMs to secrete IL-10 by stimulating a CaKMII-ERK1/2-STAT3-dependent
pathway, and IL-10 then acted autocrinally to induce M2 polarization of these TAMs.
Furthermore, Wnt5a-induced M2 TAMs promoted CRC cells proliferation, migration and
invasion, and the knockdown of Wnt5a significantly impaired the pro-tumor functions of
TAMs [249].

4. TME in Cancer: Aggressor or Innocent Bystander?

In healthy tissue, the supporting connective tissue, or stroma, functions as an impor-
tant barrier against tumorigenesis [253]. One way to look at the TME is that the presence of
transformed tumor cells initiates crucial changes that convert this microenvironment into
one that supports cancer progression.

For example, the breast tumor cell-derived chemokine osteopontin was found to
trigger the activation of stromal fibroblasts into CAFs, which then secreted CXCL12 for
tumor cell EMT [254]. In addition, overexpression of the membrane protein PD-L1 in
cancer cells avoids activating T lymphocyte responses and mediates immune escape [255].

On the other hand, inflamed tissues are more permissive to the development of
initiated tumor cells [256]. This probably explains the increased cancer risk of inflamma-
tory bowel disease patients to develop colitis-associated colon cancer [257], or of obese
individuals in whom the adipose tissue emanates inflammatory signals [258].

Moreover, there is evidence that initiated tumor cells only survive and strive when
the microenvironment allows them to, for example, due to the presence of an already
inflamed tissue condition. In this context, Weaver and Bissell showed how breast cancer
cells with known oncogenic mutations either grow or remain quiescent depending on
whether neutralizing anti-integrin antibodies block cancer cell binding to a stiff ECM [259].
Since then, the evidence for the role of the microenvironment in tumor development has
increased steadily, and the targeting of a compromised immune response by immune-
checkpoint inhibitors is a corresponding clinical outcome.

Indeed, cancer immunotherapy has achieved many positive clinical outcomes and is
revolutionizing cancer treatment [260] (see also [100,108,163,178]). As TME is more pene-
trable and accessible than tumor cells, a lot of effort have recently been taken to generate
inhibitors that specifically target TME (extensively reviewed in [261]). Currently, most
of the agents are small molecules or antibodies, such as the Bristol-Myers Squibb (BMS)
compounds that antagonize the PD-1/PD-L1 interaction [262], bindarit that targets TAMs
in prostate and breast cancer [263], WRG-28 that inhibits tumor invasion and migration
through CAFs in breast cancer [264], or the antibodies targeting the PD-1/PD-L1 axis (e.g.,
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nivolumab), EGFR (e.g., cetuximab), and VEGF-A (e.g., bevacizumab) in metastatic col-
orectal and non-small cell lung carcinomas [260,265]. However, small molecules generally
show low affinity and often cause side-effects, whereas therapeutic antibodies tend to have
poor tissue penetration and costly production [99,265,266]. These drawbacks have recently
fueled intensive research into the development of bioactive peptides capable of modulating
the TME by targeting dendritic cells, MDSC, TAMs, NK cells, and Tregs; and activating
antitumoral immunity, overcoming the disadvantages of previous approaches (reviewed
in [266]). Nevertheless, so far, only a few peptide-based therapies have been approved for
clinical usage in the oncology field [267].

So what comes first, the bad seed or the bad soil? As we have extensively discussed in
this review, inflammatory signals exchanged between immune and stroma cells also act on
tumor cells and have a tumor-promoting effect. This signaling view underlines a new look
on cancer development that is less cancer-cell centered and less driven by accumulating
genetic alterations, but rather seen as a dynamic equilibrium between the different cell
types present in the TME as a constant adaptation of a new tissue-like structure, the tumor.
The equilibrium is influenced by the effect that external determinants have on the TME,
including microbial infections (HPV, H. pylori, gut microbioma), metabolic conditions (diet,
obesity, insulin resistance, oxidative stress), and toxic compounds (tobacco, pollutants).
According to this view, a combined targeting of both cancer cells and their TME should
synergize and increase anti-tumor immune responses in the patient.
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76. Wensveen, F.M.; Jelenčić, V.; Polić, B. NKG2D: A Master Regulator of Immune Cell Responsiveness. Front. Immunol. 2018, 9,
441. [CrossRef]

77. Allez, M.; Tieng, V.; Nakazawa, A.; Treton, X.; Pacault, V.; Dulphy, N.; Caillat-Zucman, S.; Paul, P.; Gornet, J.-M.; Douay, C.;
et al. CD4+NKG2D+ T Cells in Crohn’s Disease Mediate Inflammatory and Cytotoxic Responses through MICA Interactions.
Gastroenterology 2007, 132, 2346–2358. [CrossRef]

78. Raulet, D.H.; Gasser, S.; Gowen, B.G.; Deng, W.; Jung, H. Regulation of Ligands for the NKG2D Activating Receptor. Annu. Rev.
Immunol. 2013, 31, 413–441. [CrossRef]

79. Le Bert, N.; Gasser, S. Advances in NKG2D Ligand Recognition and Responses by NK Cells. Immunol. Cell Biol. 2014, 92, 230–236.
[CrossRef] [PubMed]

80. Coronella, J.A.; Telleman, P.; Kingsbury, G.A.; Truong, T.D.; Hays, S.; Junghans, R.P. Evidence for an Antigen-Driven Humoral
Immune Response in Medullary Ductal Breast Cancer. Cancer Res. 2001, 61, 7889–7899.

81. Milne, K.; Köbel, M.; Kalloger, S.E.; Barnes, R.O.; Gao, D.; Gilks, C.B.; Watson, P.H.; Nelson, B.H. Systematic Analysis of Immune
Infiltrates in High-Grade Serous Ovarian Cancer Reveals CD20, FoxP3 and TIA-1 as Positive Prognostic Factors. PLoS ONE 2009,
4, e6412. [CrossRef]

82. Qin, Z.; Richter, G.; Schüler, T.; Ibe, S.; Cao, X.; Blankenstein, T. B Cells Inhibit Induction of T Cell-Dependent Tumor Immunity.
Nat. Med. 1998, 4, 627–630. [CrossRef]

83. Andreu, P.; Johansson, M.; Affara, N.I.; Pucci, F.; Tan, T.; Junankar, S.; Korets, L.; Lam, J.; Tawfik, D.; DeNardo, D.G.; et al.
FcRgamma Activation Regulates Inflammation-Associated Squamous Carcinogenesis. Cancer Cell 2010, 17, 121–134. [CrossRef]

84. de Visser, K.E.; Korets, L.V.; Coussens, L.M. De Novo Carcinogenesis Promoted by Chronic Inflammation Is B Lymphocyte
Dependent. Cancer Cell 2005, 7, 411–423. [CrossRef]

85. Schioppa, T.; Moore, R.; Thompson, R.G.; Rosser, E.C.; Kulbe, H.; Nedospasov, S.; Mauri, C.; Coussens, L.M.; Balkwill, F.R. B
Regulatory Cells and the Tumor-Promoting Actions of TNF-α during Squamous Carcinogenesis. Proc. Natl. Acad. Sci. USA 2011,
108, 10662–10667. [CrossRef]

86. Sharonov, G.V.; Serebrovskaya, E.O.; Yuzhakova, D.V.; Britanova, O.V.; Chudakov, D.M. B Cells, Plasma Cells and Antibody
Repertoires in the Tumour Microenvironment. Nat. Rev. Immunol. 2020, 20, 294–307. [CrossRef] [PubMed]

87. Artis, D.; Spits, H. The Biology of Innate Lymphoid Cells. Nature 2015, 517, 293–301. [CrossRef] [PubMed]
88. Simoni, Y.; Newell, E.W. Dissecting Human ILC Heterogeneity: More than Just Three Subsets. Immunology 2018, 153, 297–303.

[CrossRef] [PubMed]
89. Bal, S.M.; Golebski, K.; Spits, H. Plasticity of Innate Lymphoid Cell Subsets. Nat. Rev. Immunol. 2020, 20, 552–565. [CrossRef]
90. Li, J.; Doty, A.L.; Tang, Y.; Berrie, D.; Iqbal, A.; Tan, S.A.; Clare-Salzler, M.J.; Wallet, S.M.; Glover, S.C. Enrichment of IL-17A+

IFN-Γ+ and IL-22+ IFN-Γ+ T Cell Subsets Is Associated with Reduction of NKp44+ ILC3s in the Terminal Ileum of Crohn’s
Disease Patients. Clin. Exp. Immunol. 2017, 190, 143–153. [CrossRef]

91. Cohen, I. DNA Damage Talks to Inflammation. Cytokine Growth Factor Rev. 2017, 33, 35–39. [CrossRef] [PubMed]

http://doi.org/10.1200/JCO.2007.15.0284
http://www.ncbi.nlm.nih.gov/pubmed/18802153
http://doi.org/10.1002/cncr.23712
http://www.ncbi.nlm.nih.gov/pubmed/18671239
http://doi.org/10.1111/j.1349-7006.2003.tb01392.x
http://doi.org/10.1097/PAI.0b013e3181c7138b
http://www.ncbi.nlm.nih.gov/pubmed/20065852
http://doi.org/10.3324/haematol.11702
http://doi.org/10.1038/nature12626
http://doi.org/10.1056/NEJMoa1003466
http://www.ncbi.nlm.nih.gov/pubmed/20525992
http://doi.org/10.1186/s13045-019-0779-5
http://doi.org/10.3389/fimmu.2018.00441
http://doi.org/10.1053/j.gastro.2007.03.025
http://doi.org/10.1146/annurev-immunol-032712-095951
http://doi.org/10.1038/icb.2013.111
http://www.ncbi.nlm.nih.gov/pubmed/24445601
http://doi.org/10.1371/journal.pone.0006412
http://doi.org/10.1038/nm0598-627
http://doi.org/10.1016/j.ccr.2009.12.019
http://doi.org/10.1016/j.ccr.2005.04.014
http://doi.org/10.1073/pnas.1100994108
http://doi.org/10.1038/s41577-019-0257-x
http://www.ncbi.nlm.nih.gov/pubmed/31988391
http://doi.org/10.1038/nature14189
http://www.ncbi.nlm.nih.gov/pubmed/25592534
http://doi.org/10.1111/imm.12862
http://www.ncbi.nlm.nih.gov/pubmed/29140572
http://doi.org/10.1038/s41577-020-0282-9
http://doi.org/10.1111/cei.12996
http://doi.org/10.1016/j.cytogfr.2016.11.002
http://www.ncbi.nlm.nih.gov/pubmed/27890472


Immuno 2021, 1 112

92. Cui, J.; Shin, T.; Kawano, T.; Sato, H.; Kondo, E.; Toura, I.; Kaneko, Y.; Koseki, H.; Kanno, M.; Taniguchi, M. Requirement for
Valpha14 NKT Cells in IL-12-Mediated Rejection of Tumors. Science 1997, 278, 1623–1626. [CrossRef] [PubMed]

93. Kawano, T.; Nakayama, T.; Kamada, N.; Kaneko, Y.; Harada, M.; Ogura, N.; Akutsu, Y.; Motohashi, S.; Iizasa, T.; Endo, H.; et al.
Antitumor Cytotoxicity Mediated by Ligand-Activated Human V Alpha24 NKT Cells. Cancer Res. 1999, 59, 5102–5105. [PubMed]

94. Smyth, M.J.; Thia, K.Y.; Street, S.E.; Cretney, E.; Trapani, J.A.; Taniguchi, M.; Kawano, T.; Pelikan, S.B.; Crowe, N.Y.; Godfrey, D.I.
Differential Tumor Surveillance by Natural Killer (NK) and NKT Cells. J. Exp. Med. 2000, 191, 661–668. [CrossRef]

95. Tachibana, T.; Onodera, H.; Tsuruyama, T.; Mori, A.; Nagayama, S.; Hiai, H.; Imamura, M. Increased Intratumor Valpha24-Positive
Natural Killer T Cells: A Prognostic Factor for Primary Colorectal Carcinomas. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res.
2005, 11, 7322–7327. [CrossRef]

96. Terabe, M.; Matsui, S.; Noben-Trauth, N.; Chen, H.; Watson, C.; Donaldson, D.D.; Carbone, D.P.; Paul, W.E.; Berzofsky, J.A.
NKT Cell-Mediated Repression of Tumor Immunosurveillance by IL-13 and the IL-4R-STAT6 Pathway. Nat. Immunol. 2000, 1,
515–520. [CrossRef]

97. Meredith, M.M.; Liu, K.; Darrasse-Jeze, G.; Kamphorst, A.O.; Schreiber, H.A.; Guermonprez, P.; Idoyaga, J.; Cheong, C.; Yao,
K.-H.; Niec, R.E.; et al. Expression of the Zinc Finger Transcription Factor ZDC (Zbtb46, Btbd4) Defines the Classical Dendritic
Cell Lineage. J. Exp. Med. 2012, 209, 1153–1165. [CrossRef] [PubMed]

98. Trovato, R.; Fiore, A.; Sartori, S.; Canè, S.; Giugno, R.; Cascione, L.; Paiella, S.; Salvia, R.; De Sanctis, F.; Poffe, O.; et al. Immuno-
suppression by Monocytic Myeloid-Derived Suppressor Cells in Patients with Pancreatic Ductal Carcinoma Is Orchestrated by
STAT3. J. Immunother. Cancer 2019, 7, 255. [CrossRef]

99. Kumar, V.; Patel, S.; Tcyganov, E.; Gabrilovich, D.I. The Nature of Myeloid-Derived Suppressor Cells in the Tumor Microenviron-
ment. Trends Immunol. 2016, 37, 208–220. [CrossRef]

100. Salemme, V.; Centonze, G.; Cavallo, F.; Defilippi, P.; Conti, L. The Crosstalk Between Tumor Cells and the Immune Microenviron-
ment in Breast Cancer: Implications for Immunotherapy. Front. Oncol. 2021, 11, 610303. [CrossRef]

101. McAndrew, N.; DeMichele, A. Neoadjuvant Chemotherapy Considerations in Triple-Negative Breast Cancer. J. Target. Ther.
Cancer 2018, 7, 52–69.

102. Gentles, A.J.; Hui, A.B.-Y.; Feng, W.; Azizi, A.; Nair, R.V.; Bouchard, G.; Knowles, D.A.; Yu, A.; Jeong, Y.; Bejnood, A.; et al. A
Human Lung Tumor Microenvironment Interactome Identifies Clinically Relevant Cell-Type Cross-Talk. Genome Biol. 2020, 21,
107. [CrossRef]

103. Sarode, P.; Schaefer, M.B.; Grimminger, F.; Seeger, W.; Savai, R. Macrophage and Tumor Cell Cross-Talk Is Fundamental for Lung
Tumor Progression: We Need to Talk. Front. Oncol. 2020, 10, 324. [CrossRef]

104. Galindo-Pumariño, C.; Collado, M.; Herrera, M.; Peña, C. Tumor Microenvironment in Metastatic Colorectal Cancer: The
Arbitrator in Patients’ Outcome. Cancers 2021, 13, 1130. [CrossRef]

105. Wei, C.; Yang, C.; Wang, S.; Shi, D.; Zhang, C.; Lin, X.; Liu, Q.; Dou, R.; Xiong, B. Crosstalk between Cancer Cells and Tumor
Associated Macrophages Is Required for Mesenchymal Circulating Tumor Cell-Mediated Colorectal Cancer Metastasis. Mol.
Cancer 2019, 18, 64. [CrossRef]

106. Mezzasoma, L.; Costanzi, E.; Scarpelli, P.; Talesa, V.N.; Bellezza, I. Extracellular Vesicles from Human Advanced-Stage Prostate
Cancer Cells Modify the Inflammatory Response of Microenvironment-Residing Cells. Cancers 2019, 11, 1276. [CrossRef]

107. Elia, A.R.; Caputo, S.; Bellone, M. Immune Checkpoint-Mediated Interactions Between Cancer and Immune Cells in Prostate
Adenocarcinoma and Melanoma. Front. Immunol. 2018, 9, 1786. [CrossRef] [PubMed]

108. Yeo, E.C.F.; Brown, M.P.; Gargett, T.; Ebert, L.M. The Role of Cytokines and Chemokines in Shaping the Immune Microenvironment
of Glioblastoma: Implications for Immunotherapy. Cells 2021, 10, 607. [CrossRef] [PubMed]

109. Grégoire, H.; Roncali, L.; Rousseau, A.; Chérel, M.; Delneste, Y.; Jeannin, P.; Hindré, F.; Garcion, E. Targeting Tumor As-
sociated Macrophages to Overcome Conventional Treatment Resistance in Glioblastoma. Front. Pharmacol. 2020, 11, 368.
[CrossRef] [PubMed]

110. Bonnans, C.; Chou, J.; Werb, Z. Remodelling the Extracellular Matrix in Development and Disease. Nat. Rev. Mol. Cell Biol. 2014,
15, 786–801. [CrossRef] [PubMed]

111. Valkenburg, K.C.; de Groot, A.E.; Pienta, K.J. Targeting the Tumour Stroma to Improve Cancer Therapy. Nat. Rev. Clin. Oncol.
2018, 15, 366–381. [CrossRef]

112. Hynes, R.O. The Extracellular Matrix: Not Just Pretty Fibrils. Science 2009, 326, 1216–1219. [CrossRef]
113. Gehler, S.; Baldassarre, M.; Lad, Y.; Leight, J.L.; Wozniak, M.A.; Riching, K.M.; Eliceiri, K.W.; Weaver, V.M.; Calderwood,

D.A.; Keely, P.J. Filamin A-Beta1 Integrin Complex Tunes Epithelial Cell Response to Matrix Tension. Mol. Biol. Cell 2009, 20,
3224–3238. [CrossRef]

114. Lopez, J.I.; Mouw, J.K.; Weaver, V.M. Biomechanical Regulation of Cell Orientation and Fate. Oncogene 2008, 27,
6981–6993. [CrossRef]

115. Paszek, M.J.; Zahir, N.; Johnson, K.R.; Lakins, J.N.; Rozenberg, G.I.; Gefen, A.; Reinhart-King, C.A.; Margulies, S.S.; Dembo, M.;
Boettiger, D.; et al. Tensional Homeostasis and the Malignant Phenotype. Cancer Cell 2005, 8, 241–254. [CrossRef] [PubMed]

116. Lu, P.; Weaver, V.M.; Werb, Z. The Extracellular Matrix: A Dynamic Niche in Cancer Progression. J. Cell Biol. 2012, 196,
395–406. [CrossRef]

117. Cox, T.R.; Erler, J.T. Remodeling and Homeostasis of the Extracellular Matrix: Implications for Fibrotic Diseases and Cancer. Dis.
Model. Mech. 2011, 4, 165–178. [CrossRef]

http://doi.org/10.1126/science.278.5343.1623
http://www.ncbi.nlm.nih.gov/pubmed/9374462
http://www.ncbi.nlm.nih.gov/pubmed/10537282
http://doi.org/10.1084/jem.191.4.661
http://doi.org/10.1158/1078-0432.CCR-05-0877
http://doi.org/10.1038/82771
http://doi.org/10.1084/jem.20112675
http://www.ncbi.nlm.nih.gov/pubmed/22615130
http://doi.org/10.1186/s40425-019-0734-6
http://doi.org/10.1016/j.it.2016.01.004
http://doi.org/10.3389/fonc.2021.610303
http://doi.org/10.1186/s13059-020-02019-x
http://doi.org/10.3389/fonc.2020.00324
http://doi.org/10.3390/cancers13051130
http://doi.org/10.1186/s12943-019-0976-4
http://doi.org/10.3390/cancers11091276
http://doi.org/10.3389/fimmu.2018.01786
http://www.ncbi.nlm.nih.gov/pubmed/30108594
http://doi.org/10.3390/cells10030607
http://www.ncbi.nlm.nih.gov/pubmed/33803414
http://doi.org/10.3389/fphar.2020.00368
http://www.ncbi.nlm.nih.gov/pubmed/32322199
http://doi.org/10.1038/nrm3904
http://www.ncbi.nlm.nih.gov/pubmed/25415508
http://doi.org/10.1038/s41571-018-0007-1
http://doi.org/10.1126/science.1176009
http://doi.org/10.1091/mbc.e08-12-1186
http://doi.org/10.1038/onc.2008.348
http://doi.org/10.1016/j.ccr.2005.08.010
http://www.ncbi.nlm.nih.gov/pubmed/16169468
http://doi.org/10.1083/jcb.201102147
http://doi.org/10.1242/dmm.004077


Immuno 2021, 1 113

118. Kass, L.; Erler, J.T.; Dembo, M.; Weaver, V.M. Mammary Epithelial Cell: Influence of Extracellular Matrix Composition and
Organization during Development and Tumorigenesis. Int. J. Biochem. Cell Biol. 2007, 39, 1987–1994. [CrossRef]

119. Levental, K.R.; Yu, H.; Kass, L.; Lakins, J.N.; Egeblad, M.; Erler, J.T.; Fong, S.F.T.; Csiszar, K.; Giaccia, A.; Weninger, W.; et al.
Matrix Crosslinking Forces Tumor Progression by Enhancing Integrin Signaling. Cell 2009, 139, 891–906. [CrossRef] [PubMed]

120. Ilan, N.; Elkin, M.; Vlodavsky, I. Regulation, Function and Clinical Significance of Heparanase in Cancer Metastasis and
Angiogenesis. Int. J. Biochem. Cell Biol. 2006, 38, 2018–2039. [CrossRef] [PubMed]

121. Kessenbrock, K.; Plaks, V.; Werb, Z. Matrix Metalloproteinases: Regulators of the Tumor Microenvironment. Cell 2010, 141, 52–67.
[CrossRef] [PubMed]

122. Li, L.; Xie, T. Stem Cell Niche: Structure and Function. Annu. Rev. Cell Dev. Biol. 2005, 21, 605–631. [CrossRef]
123. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The next Generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
124. Landskron, G.; De la Fuente, M.; Thuwajit, P.; Thuwajit, C.; Hermoso, M.A. Chronic Inflammation and Cytokines in the Tumor

Microenvironment. J. Immunol. Res. 2014, 2014, 149185. [CrossRef] [PubMed]
125. Aggarwal, B.B.; Gehlot, P. Inflammation and Cancer: How Friendly Is the Relationship for Cancer Patients? Curr. Opin. Pharmacol.

2009, 9, 351–369. [CrossRef]
126. Feagins, L.A.; Souza, R.F.; Spechler, S.J. Carcinogenesis in IBD: Potential Targets for the Prevention of Colorectal Cancer. Nat. Rev.

Gastroenterol. Hepatol. 2009, 6, 297–305. [CrossRef]
127. Kawanishi, S.; Hiraku, Y.; Pinlaor, S.; Ma, N. Oxidative and Nitrative DNA Damage in Animals and Patients with Inflammatory

Diseases in Relation to Inflammation-Related Carcinogenesis. Biol. Chem. 2006, 387, 365–372. [CrossRef]
128. Murata, M.; Thanan, R.; Ma, N.; Kawanishi, S. Role of Nitrative and Oxidative DNA Damage in Inflammation-Related Carcino-

genesis. J. Biomed. Biotechnol. 2012, 2012, 623019. [CrossRef]
129. Canavan, C.; Abrams, K.R.; Mayberry, J. Meta-Analysis: Colorectal and Small Bowel Cancer Risk in Patients with Crohn’s Disease.

Aliment. Pharmacol. Ther. 2006, 23, 1097–1104. [CrossRef] [PubMed]
130. Eaden, J.A.; Abrams, K.R.; Mayberry, J.F. The Risk of Colorectal Cancer in Ulcerative Colitis: A Meta-Analysis. Gut 2001, 48,

526–535. [CrossRef]
131. Jess, T.; Loftus, E.V.; Velayos, F.S.; Harmsen, W.S.; Zinsmeister, A.R.; Smyrk, T.C.; Schleck, C.D.; Tremaine, W.J.; Melton, L.J.;

Munkholm, P.; et al. Risk of Intestinal Cancer in Inflammatory Bowel Disease: A Population-Based Study from Olmsted County,
Minnesota. Gastroenterology 2006, 130, 1039–1046. [CrossRef] [PubMed]

132. Vainio, H.; Boffetta, P. Mechanisms of the Combined Effect of Asbestos and Smoking in the Etiology of Lung Cancer. Scand. J.
Work. Environ. Health 1994, 20, 235–242. [CrossRef] [PubMed]

133. Yoshida, T.; Kato, J.; Inoue, I.; Yoshimura, N.; Deguchi, H.; Mukoubayashi, C.; Oka, M.; Watanabe, M.; Enomoto, S.; Niwa, T.;
et al. Cancer Development Based on Chronic Active Gastritis and Resulting Gastric Atrophy as Assessed by Serum Levels of
Pepsinogen and Helicobacter Pylori Antibody Titer. Int. J. Cancer 2014, 134, 1445–1457. [CrossRef] [PubMed]

134. Krieger, J.N.; Riley, D.E.; Vesella, R.L.; Miner, D.C.; Ross, S.O.; Lange, P.H. Bacterial Dna Sequences in Prostate Tissue from
Patients with Prostate Cancer and Chronic Prostatitis. J. Urol. 2000, 164, 1221–1228. [CrossRef]

135. El-Serag, H.B. Epidemiology of Viral Hepatitis and Hepatocellular Carcinoma. Gastroenterology 2012, 142, 1264–1273.e1.
[CrossRef] [PubMed]

136. Araldi, R.P.; Sant’Ana, T.A.; Módolo, D.G.; de Melo, T.C.; Spadacci-Morena, D.D.; de Cassia Stocco, R.; Cerutti, J.M.; de Souza, E.B.
The Human Papillomavirus (HPV)-Related Cancer Biology: An Overview. Biomed. Pharmacother. 2018, 106, 1537–1556. [CrossRef]

137. Lekakos, L.; Karidis, N.P.; Dimitroulis, D.; Tsigris, C.; Kouraklis, G.; Nikiteas, N. Barrett’s Esophagus with High-Grade Dysplasia:
Focus on Current Treatment Options. World J. Gastroenterol. 2011, 17, 4174–4183. [CrossRef] [PubMed]

138. Zabron, A.; Edwards, R.J.; Khan, S.A. The Challenge of Cholangiocarcinoma: Dissecting the Molecular Mechanisms of an
Insidious Cancer. Dis. Model. Mech. 2013, 6, 281–292. [CrossRef]

139. Singh, R.K.; Gutman, M.; Reich, R.; Bar-Eli, M. Ultraviolet B Irradiation Promotes Tumorigenic and Metastatic Properties in
Primary Cutaneous Melanoma via Induction of Interleukin 8. Cancer Res. 1995, 55, 3669–3674. [CrossRef]

140. Bats, A.S.; Zafrani, Y.; Pautier, P.; Duvillard, P.; Morice, P. Malignant Transformation of Abdominal Wall Endometriosis to Clear
Cell Carcinoma: Case Report and Review of the Literature. Fertil. Steril. 2008, 90, 1197.e13–1197.e16. [CrossRef]

141. Levin, B. Gallbladder Carcinoma. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 1999, 10 (Suppl. 4), 129–130. [CrossRef]
142. Turner, M.D.; Nedjai, B.; Hurst, T.; Pennington, D.J. Cytokines and Chemokines: At the Crossroads of Cell Signalling and

Inflammatory Disease. Biochim. Biophys. Acta 2014, 1843, 2563–2582. [CrossRef]
143. Dinarello, C.A. The Paradox of Pro-Inflammatory Cytokines in Cancer. Cancer Metastasis Rev. 2006, 25, 307–313.

[CrossRef] [PubMed]
144. Colotta, F.; Allavena, P.; Sica, A.; Garlanda, C.; Mantovani, A. Cancer-Related Inflammation, the Seventh Hallmark of Cancer:

Links to Genetic Instability. Carcinogenesis 2009, 30, 1073–1081. [CrossRef] [PubMed]
145. Schenk, M.; Fabri, M.; Krutzik, S.R.; Lee, D.J.; Vu, D.M.; Sieling, P.A.; Montoya, D.; Liu, P.T.; Modlin, R.L. Interleukin-1β Triggers

the Differentiation of Macrophages with Enhanced Capacity to Present Mycobacterial Antigen to T Cells. Immunology 2014, 141,
174–180. [CrossRef]

146. Apte, R.N.; Krelin, Y.; Song, X.; Dotan, S.; Recih, E.; Elkabets, M.; Carmi, Y.; Dvorkin, T.; White, R.M.; Gayvoronsky, L.; et al. Effects
of Micro-Environment- and Malignant Cell-Derived Interleukin-1 in Carcinogenesis, Tumour Invasiveness and Tumour-Host
Interactions. Eur. J. Cancer Oxf. Engl. 1990 2006, 42, 751–759. [CrossRef]

http://doi.org/10.1016/j.biocel.2007.06.025
http://doi.org/10.1016/j.cell.2009.10.027
http://www.ncbi.nlm.nih.gov/pubmed/19931152
http://doi.org/10.1016/j.biocel.2006.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16901744
http://doi.org/10.1016/j.cell.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20371345
http://doi.org/10.1146/annurev.cellbio.21.012704.131525
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1155/2014/149185
http://www.ncbi.nlm.nih.gov/pubmed/24901008
http://doi.org/10.1016/j.coph.2009.06.020
http://doi.org/10.1038/nrgastro.2009.44
http://doi.org/10.1515/BC.2006.049
http://doi.org/10.1155/2012/623019
http://doi.org/10.1111/j.1365-2036.2006.02854.x
http://www.ncbi.nlm.nih.gov/pubmed/16611269
http://doi.org/10.1136/gut.48.4.526
http://doi.org/10.1053/j.gastro.2005.12.037
http://www.ncbi.nlm.nih.gov/pubmed/16618397
http://doi.org/10.5271/sjweh.1402
http://www.ncbi.nlm.nih.gov/pubmed/7801068
http://doi.org/10.1002/ijc.28470
http://www.ncbi.nlm.nih.gov/pubmed/24009139
http://doi.org/10.1016/S0022-5347(05)67145-5
http://doi.org/10.1053/j.gastro.2011.12.061
http://www.ncbi.nlm.nih.gov/pubmed/22537432
http://doi.org/10.1016/j.biopha.2018.06.149
http://doi.org/10.3748/wjg.v17.i37.4174
http://www.ncbi.nlm.nih.gov/pubmed/22072848
http://doi.org/10.1242/dmm.010561
http://doi.org/10.1097/00008390-199706001-00188
http://doi.org/10.1016/j.fertnstert.2007.08.080
http://doi.org/10.1093/annonc/10.suppl_4.S129
http://doi.org/10.1016/j.bbamcr.2014.05.014
http://doi.org/10.1007/s10555-006-9000-8
http://www.ncbi.nlm.nih.gov/pubmed/17029030
http://doi.org/10.1093/carcin/bgp127
http://www.ncbi.nlm.nih.gov/pubmed/19468060
http://doi.org/10.1111/imm.12167
http://doi.org/10.1016/j.ejca.2006.01.010


Immuno 2021, 1 114

147. Gelfo, V.; Romaniello, D.; Mazzeschi, M.; Sgarzi, M.; Grilli, G.; Morselli, A.; Manzan, B.; Rihawi, K.; Lauriola, M. Roles of IL-1 in
Cancer: From Tumor Progression to Resistance to Targeted Therapies. Int. J. Mol. Sci. 2020, 21, 9. [CrossRef]

148. Voronov, E.; Apte, R.N. IL-1 in Colon Inflammation, Colon Carcinogenesis and Invasiveness of Colon Cancer. Cancer Microenviron.
Off. J. Int. Cancer Microenviron. Soc. 2015, 8, 187–200. [CrossRef] [PubMed]

149. Oh, K.; Lee, O.-Y.; Park, Y.; Seo, M.W.; Lee, D.-S. IL-1β Induces IL-6 Production and Increases Invasiveness and Estrogen-
Independent Growth in a TG2-Dependent Manner in Human Breast Cancer Cells. BMC Cancer 2016, 16, 724. [CrossRef]
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