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Definition

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 sighals emanating from tumor cells. In both cases, the microenvironment provides signals
that initiated tumor cells perceive by membrane receptors and transduce via downstream 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.

1. Introduction

In the human body, complex physiological processes need to be coordinated at a cellular 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, nhamely 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 cellular 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 microenvironment (TME) (1112,

2. Cancer-Associated Inflammation (CAIl) and the TME
2.1. Mediators of Cancer-Associated Inflammation (CAl)

Soluble components in the TME are derived both from stroma and tumor cells. The main inflammatory
mediators are cytokines, which include chemokines, interferons, interleukins, 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.

2.1.1. Pro-Inflammatory Factors
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The main primary inflammatory cytokines are IL-1B, IL-6, and TNF-a that use type | transmembrane
receptors with extracellular immunoglobulin domains for signaling [2]. These pro-inflammatory cytokines
are not expressed in healthy tissue but become upregulated 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 for this paradox of cytokine function is the presence of a smoldering
subclinical-level of chronic inflammation, continuously drawing in inflammatory cells [413],

IL-1B 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-1B 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-
1B as a first line of defense against environmental pathogens that then promotes differentiation of
monocytes to macrophages [BILZIBIE] \When IL-1B binds to a cell with IL1R, signal transduction leads to
activation of the transcription factor NF-kB, which stimulates expression of pro-inflammatory cytokine
genes, including IL-6 and TNF-a (see 3.2 for details). Tumor cells can also express IL1R, which in breast
cancer cells was shown to stimulate IL-6 production 29 or in colon cells to drive sustained NF-kB
activation involved in cell proliferation 111, |L-1B further promotes tumor development by stimulating

secretion of VEGF by malignant cells and influencing angiogenesis to increase blood vessel density in
tumors [21[121[13]

Altogether, IL-1B 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-1B exist [14]. Clinically, high serum levels of IL-1B8
correlate with bad prognosis in cancer patients and detection of IL-1B within the TME generally predicts
tumor growth and metastasis [12],

IL-6 is critical in the final maturation of B-cells, T cell differentiation into Thl, Th2 and Treg phenotypes,
and also inhibits functional maturation of DC to activate effector T-lymphocytes, blocking the anticancer
immunity (161, |L-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 gpl130 co-receptor activates JAK-STAT signaling leading to phosphorylation and
nuclear translocation of STAT3 transcription factor and expression of IL-6-responsive genes. IL-6-activated
STAT3 has been shown to be a survival and/or proliferation factor in certain cancers [1ZI and high serum
IL-6 levels were reported in various cancer types and associated with poor prognosis [18], with anti-IL-6
receptor antibodies showing anti-tumor and anti-angiogenic activity in vivo 221,

TNF-a 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 [21. TNF-a is first synthesized as
a transmembrane precursor (MTNF-a) requiring release by proteolytic cleavage through TACE (or
ADAM17) 3201 A soluble trimer (sTNF-a) 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 | is successful, the ubiquitin chains act as scaffolds for
additional factors that lead to the activation of NF-kB, JNK, and p38 pathways and induction of cytokine
signaling and cell survival [29, Alternatively, failure of RKIP1 ubiquitination leads to Complex Il 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 [21],



The therapeutic administration of neutralizing anti-TNF-a antibodies effectively reduces local and
systemic inflammation in patients with rheumatoid arthritis or Crohn’s Disease 22! but may also increase
the risk for malignant diseases [23],

2.1.2. 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 [24], 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 [23] (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 [221126],

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 signaling molecule such as nitric oxide
secreted by M1l-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 [27],

2.1.3. 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-a. 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-kB
and STAT3 that are required for transcription of pro-inflammatory cytokine genes [28],

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 [221130131]  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 [32] or in response to cancer immunotherapy
[331[34]

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 [33],

2.1.4. The Transforming Growth Factor-f (TGF-B)

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

In normal or initiated cancer cells, TGF-B suppresses growth. The active TGF-B dimer activates a pair of
receptor serine/threonine kinases known as the type | and type Il 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
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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-B to promote expression of the transcription
factors SNAIL and SLUG, which stimulate EMT and invasiveness [36],

In the TME, TGF-B is mostly secreted by TAMs and Tregs as an immune-suppressive molecule 221, Similar
to IL-10, TGF-B inactivates NK cells and promotes differentiation of TAN into the N2 phenotype or of T cells
into the Treg class [38l, TGFB 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, TGFB acts in the TME as an immune suppressor, an inducer of tumor-cell mitogens
and a promoter of carcinoma invasion [261(39],

2.2. 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 (CAl) (summarized in Figure 2).
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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.

2.2.1. 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 [40, 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 cancer [49],
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 411,

Most of these inflammatory mediators are produced by stromal immune cells such as TAMs and MDSCs,
although some are produced by the tumor cells [, Underlying this inflammatory interplay is the
continuous upregulation of STAT3 activity, which has been detected in as many as 50% of all human



tumors (411, In tumor cells, STAT3 promotes gene expression of many pro-inflammatory products such as
IL-6, IL-10, and TNF-a. 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
(11[42]

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 1431, 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 44l 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-a
(GRO-a), GM-CSF, and IL-8 [43], 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 431, Of note, it was reported that TNF-a-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 48], 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 [4Z], 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 48],

2.2.2. The NF-kB Pathway

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) is a transcription 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 subunits RelA (p65), RelB, and c-Rel, have a transactivation
domain in their C-termini, the p50 and p52 subunits do not. The classical NF-kB heterodimer is a
combination of the p65 (RelA) and p50 subunits. While in an inactivated state, NF-kB is located in the
cytosol complexed with the inhibitory protein nuclear factor of kappa light polypeptide gene enhancer in
B-cells inhibitor alpha (IkBa). A variety of extracellular signals, stimulating various receptor types, result
in the activation of the IkB kinase (IKK). IKK, in turn, phosphorylates the IkBa protein, which results in its
dissociation from NF-kB dimers and eventual proteasomal degradation, allowing activated NF-kB to
translocate into the nucleus and bind to the promoters of multiple target genes [42],

Although initially identified as a central mediator of immune cell stimulation, the NF-kB pathway is also
activated in tumor cells and has been reported to promote tumor cell proliferation, survival, and invasion
[LI[50](51](52] " Nevertheless, the upregulation of NF-kB activity does not seem to be associated with
oncogenic mutations of Rel proteins or their direct regulators [23]. On the contrary, the activation of NF-kB
is mainly driven by inflammatory cytokines present in the TME, such as TNF-q, IL-6, IL-1, and IL-8 [531[54],
Indeed, persistent chronic inflammation can trigger abnormal NF-kB activity in precancerous lesions,
promoting tumor development, which is then sustained by the inflammatory microenvironment, induced
and maintained after malignant transformation [231133], The magnitude of NF-kB 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-a, IL-6, and C-reactive protein (CRP) [38],

Notably, studies have shown that there is an important interplay between STAT3 and NF-kB 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-a, IL-1B, IL-6, IL-8, and VEGF [11[531134] This again triggers positive feedback loops
where the inflammatory cytokines mediate the initiation signals to non-tumor stromal cells, including



endothelial cells. NF-kB 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 271, NF-kB 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 [23], By binding to the C-X-C motif chemokine receptor 2 (CXCR2), IL-8 upregulates VEGF
levels in endothelial cells, also via the NF-kB pathway, leading to the autocrine activation of VEGFR2 [38],

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 [11142], |ndeed, NF-kB 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 [22], Moreover, activated NF-kB also induces the expression of
MMP-2 and MMP-9, again synergizing with STAT3 activity to facilitate EMT, invasion and metastasis [21[61],
NF-kB also regulates the expression of another important mediator of the inflammatory TME, often found
overexpressed in malignant tumors—cyclooxygenase-2 (COX-2) [341162],

2.2.3. 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 microenvironment. Among this, prostaglandin E2 (PGE2) clearly stands out
(631 PGE2 is a prostanoid lipid associated with the promotion of cancer cell survival, growth, migration,
and invasion, also participating in tumor-associated angiogenesis, and immunosuppression [241163],
Cyclooxygenase (COX)-1 and -2 are the rate-limiting enzymes for prostaglandin synthesis from
arachidonic acid [83]. 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 621641 Of note, COX-2-derived PGE2 has
been shown to mediate the crosstalk between colonic tumor cells and TAMs [83], induce the accumulation
and activation of MDSCs [881l67] and promote the tumor growth of mutant BRAFV600E melanomas by
suppressing immunity and enhancing tumor-promoting inflammation [621(681(69] The depletion of COX-2 or
downstream PGE2 synthases modifies the TME inflammatory signaling profile from pro-tumorigenic to
anticancer pathways 241621, 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 79, 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 developing several types of cancer, although the optimal preventive drug dosages and
treatment durations remain to be fully clarified [Z1],

Several stimuli from the inflammatory TME can elevate the expression of COX-2 or upregulate COX-
2/PGE?2 signaling axis. For example, TME cues were shown to activate the receptor tyrosine kinase ephrin-
A receptor 2 (EPHA2), which signals through the TGF-B pathway to stimulate COX-2 expression in
pancreatic cancer [Z2l, |n addition, reduction of Receptor-interacting protein kinase 3 (RIPK3), a key
element in colonic mucosal repair, elicited NF-kB-mediated upregulation of COX-2 and consequent
increased PGE2 production in colorectal cancer cells and associated MDSCs 23], 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 [Z31. Notably,
inhibition of COX-2 or PGE2 receptors reversed the immunosuppressive activity of MDSCs and dampened
tumorigenesis [Z31,

In another example, histone deacetylase 6 (HDAC6), one of class Il histone deacetylases, was frequently



found associated with poor survival outcomes when upregulated in the CAFs from breast cancer patients
(741 HDAC6 upregulation in CAFs was a crucial epigenetic mediator to promote an immunosuppressive
TME by regulating STAT3 activation and promoting STAT3-dependent expression of COX-2 and PGE2
synthesis [741. Finally, the frequent cancer-associated aberrant activity of classical mitogen-activated
protein 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 [621[751[761(77]

2.2.4. 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 [Z8],
On one hand, upstream receptor tyrosine kinases, the pl1l0a catalytic subunit of PI3K, the downstream
effector kinase AKT, and the negative pathway regulator PTEN (a lipid phosphatase that dephosphorylates
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) to phosphatidylinositol (4,5)-bisphosphate (PIP2)), are all
often mutated in a wide range of human tumors, contributing to the malignant transformation of cells by
promoting tumor growth, but also invasion and metastasis [Z9]. 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 (8%, Moreover, activated AKT signaling also facilitates EMT through differential
phosphorylation on Twist, a key transcriptional regulator controlling cell plasticity, in response to growth
factors and inflammatory cytokines in the TME [81], On the other hand, various inflammatory factors, such
as IL-1, IL-6, IL-17A, and TFN-a, 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 [Z21182],

As described above, the transcriptional regulation of most of these cytokines is primarily controlled by NF-
kB and STAT3 pathways. However, NF-kB and STAT3 activities are also tightly controlled via cross-talks
with other key intracellular pathways, including the PI3K/AKT/mTOR pathway 28], For example, AKT can
activate the IKK complex, namely through a direct mTOR-IKK interaction [83], and part of TNF-a-induced
AKT pro-oncogenic signaling is relayed through the NF-kB pathway 84l In addition, in hepatocellular
carcinoma, TME IL-17 robustly induced IL-6 expression and STAT3 activation in an AKT-dependent manner
(83] |n turn, IL-6 activated JAK2/STAT3 signaling leading to IL-8, MMP-2, and VEGF upregulation, which
promoted neutrophil infiltration and increased tumor vascularity [83],

Indeed, several reports have shown that multiple pathways downstream of activated AKT participate in
the recruitment, proliferation, and differentiation of various TME-associated leukocytes, such as TAMs,
TANs, and lymphocytes, thereby further promoting inflammation [Z81188] Thys, the dysregulation of
PI3K/AKT signaling favors the aggregation 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 LIl 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 [£7],

Interestingly, TAM-secreted IL-1 and TNF-a 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-kB activity (81821 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 [201[21]192]



2.2.5. The Wnt Pathway

The Wnt pathway is one of the central mechanisms regulating tissue morphogenesis during
embryogenesis and repair [23], It is thus not surprising that anomalous Wnt signaling has been associated
with several cancers, namely colorectal, breast, lung, oral, cervical, and hematopoietic malignancies 241,

To date, 19 distinct Wnt proteins (ligands), 10 frizzled receptors (FZD), and several co-receptors have
been identified in mammals [22], 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 B-catenin. This allows B-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 (231261 Conversely, in the absence of Wnt ligands, the
phosphorylation of B-catenin by the so-called destruction complex (composed of axin, Adenomatous
Polyposis Coli (APC), and kinases CK1, and GSK3pB) leads to its ubiquitination by B-TrCP ubiquitin ligase,
targeting it for proteasomal degradation. As a result, the pool of B-catenin in the cytosol is depleted, and
its nuclear translocation is blocked, restraining the transcription of Wnt target genes 28], The APC protein
serves as the building platform for the assembly of the B-catenin destruction complex. Loss-of-function
mutations in APC, which occur early on in cancers such as colon cancer, lead to loss of B-catenin
regulation and aberrant activation of Wnt signaling (28], 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 [27],

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 B-catenin expression via the PI3K pathway and promote B-catenin
dissociation from c-Met (HGF receptor) at the plasma membrane enhancing the activity of the B-catenin-
regulated TCF family of transcription factors [28],

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 [22, 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 B-catenin-mediated transcription of cell cycle genes, thus linking Wnt signaling to
tumor angiogenesis [100],

Notably, PGE2 secreted by TECs is also known to activate B-catenin signaling and help in the proliferation
of CRC cells. PGE2-stimulated EP2 receptors promote the dissociation of GSK3B from the destruction
complex while simultaneously inducing its inactivation via PI3K/AKT-mediated phosphorylation. This leads

to translocation of B-catenin to the nucleus of cancer cells, promoting tumor proliferation and progression
[101]

Finally, recent evidence indicates that the aberrant expression of Wnt5a in some tumors, including
melanoma, non-small-cell lung cancer, and ovarian cancer, can drive a Wnt5a/NF-kB/IL-6/STAT3 positive
feedback loop that contributes to an immunosuppressive tumor microenvironment 20211031 \ynt55
expression is upregulated by several cytokines including TNF-a, IFN-y, IL-1B, and IL-6, in both immune
and non-immune cells [104][105][106][107][108]

This upregulation can be prevented by pre-incubation with either NF-kB or STAT3 inhibitors, suggesting
that these pathways are implicated in Wnt5a transcription [1031[109][110] " Conyersely, Wnt5a can also
induces NF-kB and STAT3 activity, thus generating a continuous feedforward loop in the TME [11LI[112](113]
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 [1921, For instance, a
recent study determined 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 [110] 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 [110],
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