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Summary

Inflammation predisposes to the development of cancer and promotes all stages of tumorigenesis.
Cancer cells as well as surrounding stromal and inflammatory cells engage in well-orchestrated
reciprocal interactions to form an inflammatory tumor microenvironment (TME). Cells within the
TME are highly plastic, continuously changing their phenotypic and functional characteristics.
Here we review the origins of inflammation in tumors, and the mechanisms whereby inflammation
drives tumor initiation, growth, progression and metastasis. We discuss how tumor promoting
inflammation closely resembles inflammatory processes typically found during development,
immunity, maintenance of tissue homeostasis or tissue repair, and illuminate the distinctions
between tissue-protective and pro-tumorigenic inflammation, including spatio-temporal
considerations. Defining the cornerstone rules of engagement governing molecular and cellular
mechanisms of tumor-promoting inflammation will be essential for the further development of
anti-cancer therapies.

ETOC

Grivennikov and Greten review the mechanisms underlying the initiation of pro-tumorigenic
inflammatory responses, how these evolve throughout the different stages of tumor development
and the plasticity of the cells within the tumor microenvironment.
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Introduction

Inflammation is an ancient evolved process which involves activation, recruitment and action
of cell of innate and adaptive immunity. Initially highlighted for its essential role in host
defense against pathogens, inflammation is equally important for tissue repair, regeneration
and remodeling and subtle forms of inflammation are essential for the regulation of tissue
homeostasis (Medzhitov, 2008). During the last couple of decades the contribution of the
immune system and inflammation to cancer development, progression and therapy has
regained enormous interest. At present, cancer biology is constantly shifting from a “cancer
cell centric” view to a more inclusive concept that places cancer cells within a network of
stromal cells that are comprised of fibroblasts and vascular cells and inflammatory immune
cells that all together form the tumor microenvironment (TME). Inflammation, irrespectively
of its occurrence in the context of a chronic inflammatory disease or in the appearance of a
tumor-elicited smoldering inflammation, has a great impact on the composition of the TME
and particularly on the plasticity of both tumor and stromal cells. Thus, our current view of
inflammatory processes in the immune system during carcinogenesis can be distilled to the
following: anti-tumorigenic function of immunity exerts immunosurveillance and
immunological sculpting of tumor heterogeneity. At the same time pro-tumorigenic
inflammation promotes cancer by blocking anti-tumor immunity, shaping the TME towards
a more tumor-permissive state and by exerting direct tumor-promoting signals and functions
onto epithelial and cancer cells. The hope for discovery of new mechanisms underlying
possible cancer cures and prevention encompassed studies of immune system towards very
different directions, including cancer vaccines and armored anti-cancer immune cells,
various forms of immunotherapies, anti-cancer antibodies and biological therapies. It has
become clear now that the immune system can play significant pro- and anti-tumorigenic
roles at all stages of the tumorigenesis (Koebel et al., 2007; McGranahan and Swanton,
2017; Rosenthal et al., 2019; Schreiber et al., 2011; Teng et al., 2008; Vesely et al., 2011;
Zilionis et al., 2019). The anti-tumorigenic role of immune system is endogenous, i.e. being
exerted normally in response to transformed and cancerous cells. In addition, one of the
most promising recent developments in the field of cancer immunology, is the successful
implementation of various cancer immunotherapies, which use various approaches to
redirect or hyperactivate immune system towards the recognition, restraining and killing
cancer cells. These approaches include immunological “checkpoint” blockade,
immunization with cancer vaccines, neutralization of immunosuppressive cells, treatment
with oncolytic viruses or employing synthetic biology with bi-specific antibodies or cells
with “chimeric antigen receptors” (CAR). These exciting developments and their underlying
mechanisms have been recently extensively covered by other excellent reviews (Binnewies
et al., 2018; Sharma and Allison, 2015; Topalian et al., 2015) and will not be discussed here.
Yet, the great promise and recent success of cancer immunotherapies also put a significant
emphasis on studies of tumor microenvironment heterogeneity from the immunological
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standpoint of view. As a result, gene expression, cell type infiltration and other
immunological signatures, sometimes at the single cell level resolution, have been defined to
be informative for cancer prognosis, its sensitivity to conventional and immunotherapies and
future mechanistic insights (Bindea et al., 2013; Jerby-Arnon et al., 2018; Riaz et al., 2017;
Spranger and Gajewski, 2015; Sweis et al., 2016). Also, terms of immunologically “hot” or
“inflamed” tumor microenvironments are being coined primarily for tumors which have high
levels of infiltrating T cells and increased presence of other components required for anti-
tumor immune function, whereas immunologically “cold”, “infiltration-excluded”, “T cell
excluded” and most importantly “immunological desert” and “non-inflamed” terms are
reserved for tumors which do not exhibit cellular and gene expression characteristics
favorable for anti-tumor action primarily by T cells (Binnewies et al., 2018). Such
terminology - although useful to define tumors with a potential to respond to immune-
mediated treatments - does not account for the presence of another functional arm of the
immune system in cancer, which is pro-tumorigenic. There, immune system plays a distinct
role during tumor initiation, promotion and progression, which is often referred as “cancer-
promoting inflammation”. While tumors may not characterized by a prominent T cell
infiltration or their functional activation, these tumors still may present with upregulation of
inflammatory mediators and recruitment of other immune cells, often with tumor promoting
properties, for example macrophages, monocytes, neutrophils or innate lymphoid cells
(ILC). Meanwhile, a vast body of epidemiological studies now implicates inflammation and
tissue repair immune responses to enhanced tumor incidence, growth and progression. These
evidences include large clinical studies on “non-specific” inhibition of inflammation with
non-steroidal anti-inflammatory drugs (NSAIDs) such as aspirin, reducing incidence and
mortality in many cancers (Rothwell et al., 2011; Rothwell et al., 2012); or specific
inhibition of cytokines such as IL-1p with canakinumab, which significantly reduces the risk
of lung cancer development (Ridker et al., 2017). Also, organ and site specific chronic
inflammation predisposes to cancer development at the same site (Grivennikov et al., 2010).

Here we focus on the tumor-promoting role of immune and inflammatory responses, and
draw parallels between tumor-promoting inflammation and “normal” functions of
inflammation in tissue regeneration and host defense. In this context we discuss potential
roles and timing of inflammatory action in cancer, describe possible sources of
inflammation-initiating stimuli and outline underlying mechanisms of how inflammation can
promote cancer.

Parallels between “normal” inflammatory responses and “inflammation in

cancer”.

The ability to respond to infections and to perform wound healing and tissue regeneration
has a much stronger positive evolutionary pressure than the avoidance of tumor development
which often happens at post-reproductive age. Therefore, inflammatory mechanisms which
are important for normal tissue regeneration but can also promote tumorigenesis present as
an acceptable evolutionary “trade-off” (Figure 1). Low level homeostatic inflammatory
response in altered tissues (Aran et al., 2016), and inflammation in the context of tissue
homeostasis functions to sense and react to potential insults (stresses, tissue damage,
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infection, metabolic alterations and other changes to homeostasis) to restore homeostasis
and to prevent loss of tissue function (Medzhitov, 2008). Tissue associated macrophages,
major tissue sentinels, react to tissue alterations to remove dying cells (clearance of
apoptotic cells), produce chemotactic molecules for the recruitment of other cell types (if
necessary), regulate immune responses and barrier functions and support the stem cell niche.
Tissue inflammatory responses may be initiated and maintained by at least three chief
interdependent mechanisms. Firstly, local tissue macrophages and DC can increase their
number by local proliferation if the degree of an initiating insult itself is not strong. Alike,
strong perturbations of tissue homeostasis will lead to the recruitment of immune cells from
bone marrow (monocytes, neutrophils and monocyte-derived cells) and secondary lymphoid
tissues (lymphoid cells). Finally, recruited or locally amplified inflammatory cells further
undergo local activation, differentiation and polarization, instructed by the cues from the
microenvironment (Medzhitov, 2008; Okabe and Medzhitov, 2016).

In the context of cancer, it is conceivable that hyperproliferation of epithelial cells also
induces homeostatic responses aimed at increasing numbers of macrophages and fibroblasts,
associated with epithelial tissues as basic “tissue blocks”. This is achieved by the existence
of signaling circuits by various chemokines and growth factors reciprocally produced by one
cellular type and consumed by another (Zhou et al., 2018). This process is likely to be
uniform between tissue amplification for organism growth, limited tissue repair after
wounding or infection and tumor growth. Therefore, mere epithelial and cancer growth
triggers the encoded process of acquiring more macrophages and fibroblasts in the tissue. If
the initial level of stress, hypoxia and other tumor specific insults is not high, then most of
tumor associated macrophages can emerge from local proliferation and migration of tissue
macrophages (Loyher et al., 2018; Zhu et al., 2017).

In contrast to wound healing and infections that resolve after immune cell recruitment and
epithelial cell proliferation, growing tumors present with persisting oncogene-derived stress,
cell death and microbial signals that altogether feed into a feed-forward loop of
inflammation-induced signaling and inflammatory cell recruitment (Figure 1). As monocyte-
derived cells, such as subsets of DC, monocytes themselves and neutrophils do not have
their local precursors residing in the tissue, their emergence during tumor growth and
progressing is invariably executed via recruitment of hematopoietic-derived (spleen, blood,
bone marrow) cellular precursors. It remains to be determined whether transcriptional
programs for local versus systemic myeloid cell amplification in the tumors are significantly
different, but it is possible that the former is primarily driven by an increase in growth
factors (i.e. CSF-1) while the latter is preferably based on chemokine induction.

Chronic inflammation, infection and autoimmunity predecing tumor

formation

In order to deconstruct the roles and the mechanisms of action of inflammation and cancer, it
is important to understand how inflammation in cancer is induced and maintained in the first
place, both in terms of time and stimulus (Figure 2). Around 15-20% of all cancer cases are

preceded by infection, chronic inflammation or autoimmunity at the same tissue or organ
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site (Grivennikov et al., 2010; Mantovani et al., 2008). In such cases, inflammation which
promotes cancer is induced and exists long before tumor formation. The most prominent
examples include inflammatory bowel diseases (IBD), chronic hepatitis, Helicobacter-
induced gastritis or schistostoma-induced bladder inflammation increasing the risk of CRC,
liver cancer, stomach cancer or bladder cancer, respectively (Trinchieri, 2012).

There are also various environmental factors which predispose to and promote cancer acting
in whole or in part via induction of chronic inflammation, albeit sometimes of low grade and
intensity. In this case, inflammation may precede or accompany tumor development. With
regard to the host, these factors may be systemic or site and organ specific. For example,
inhalation of fine particles, tobacco smoke and asbestos would primarily cause lung and
airway inflammation and promote lung cancer and mesothelioma (Kadariya et al., 2016;
Takahashi et al., 2010). On the other hand, low grade inflammation induced by obesity,
hyperglycemia and excessive lipid accumulation is generally of systemic nature, and as a
result, can promote or increase risk of many different cancers, including liver, pancreatic,
colon, breast and other malignancies (Quail and Dannenberg, 2019; Quail et al., 2017). Type
Il diabetes, which has previously been considered as an independent risk factor for cancer,
may be viewed as a part of obesity-induced inflammation and obesity-related tissue injury
leading to cancer sequela. With the rapid emergence of obesity epidemic in the westernized
countries, the exact mechanisms of how obesity and obesity-related inflammation promote
tumor progression need to be determined in order to mitigate these live threatening
consequences of prevalent metabolic diseases. The action of systemic inflammation can take
place even during the late stages of tumor developments, as exemplified by tobacco-smoke,
obesity and bacterial products induced inflammation which activate neutrophils and their
extracellular trap formation function to promote breast cancer metastasis into the lungs
(Albrengues et al., 2018).

Tumor elicited inflammation

However, the development of the majority of cancers and individual tumors is not preceded
by long-standing chronic inflammation. For example, while IBD predisposes to colitis
associated cancer (CAC), only around 2% of CRC are preceded by intestinal inflammation
(Ullman and ltzkowitz, 2011). Nevertheless, bulk transcriptional studies and other robust
approaches to study the complexities of tumor microenvironment with regard to cellular
heterogeneity, precise cell type identification and imaging, and cell-to-cell differential
transcriptomics demonstrate enhanced expression of distinct inflammatory cytokines and
chemokines in primary tumors and metastatic lesions, and qualitative and quantitative
differences in inflammatory cell recruitment (Binnewies et al., 2018; Puram et al., 2017).
Presence of certain chemokines, cytokines and myeloid cell subsets correlate with poor
prognosis in CRC, as established in the “CRC immunoscore” by the Galon group (Mlecnik
et al., 2016; Tosolini et al., 2011), which most likely will be further modified and expanded
for other tumor types as well. In addition, neutralization or genetic inactivation approaches
in pre-clinical animal models, demonstrates that inhibition of inflammatory responses in
these seemingly “non-inflammatory” cancers stunts tumor growth and progression. The fact
that cancers previously defined as “non-inflammatory” recruit immune cells and increase
expression of inflammatory mediators to support tumor growth and re-shape the tumor
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microenvironment (TME) to their benefit, has led to the term “tumor-elicited (associated)
inflammation” (TEI) (Grivennikov et al., 2010; Grivennikov et al., 2012). However, inducers
of TEI in microbial-rich versus “sterile” tumors may be different (Hanahan and Coussens,
2012; Mantovani et al., 2008). For example, in CRC early oncogene-induced deterioration of
protective intestinal barrier at the site of tumor formation leads to translocation of
commensal bacteria and bacterial products, which are recognized by tumor-associated
myeloid cells to induce IL-23 production and IL-23 dependent TEI (Grivennikov et al.,
2012). In contrast, in tumors not associated with mucosal surfaces, the initial inflammatory
trigger may come from sensing oncogenic transformation, metabolic alterations, cell death
or hypoxia (Mantovani et al., 2008; Mantovani et al., 2019).

Therapy-induced inflammation in cancer

While not present in intact tumors, another important type of inflammation is therapy
induced-inflammation, which develops in response to various anti-cancer therapies,
including chemo- and radiotherapy and recently immune infiltration caused by various
biologic therapies or immunotherapies. Immune system activation in the tumor upon
treatment is the cornerstone for current immunotherapies (Sharma and Allison, 2015Sharma,
2015 #16250). This process certainly can be beneficial for stimulation of anti-tumor immune
responses, which will collaborate with standard therapies. In some cases, release of damage-
associated molecular patterns (DAMPS) such as ATP and HMGB1 from dying tumor cells
can stimulate production of IL-1a and other immunostimulatory cytokines. This along with
increased release of tumor neo-antigens this may induce and sustain de novo anti-tumor T
cell responses (Ghiringhelli et al., 2009) or may lead to immunosuppression (Hou et al.,
2017). However, the net outcome may not be uniform across tumor types or even individual
tumors (Ciampricotti et al., 2012) and will depend on how respective cytotoxic regimens or
radiotherapies will affect activation and function of the cells of anti-cancer immunity.
Moreover, many tumors are deficient in apoptotic cell death and therefore cell death by
necrosis may be more immunostimulatory (Galluzzi et al., 2018; Weinlich et al., 2017).
Importantly, in many instances partial destruction of tumors by therapies and release of dead
cell material will also have immunosuppressive effects (Hou et al., 2017) and will stimulate
an inflammatory response overall resembling injury to normal tissue with subsequent wound
healing and tissue repair. Here, recognition of dying tumor cells would stimulate the
production of cytokines and growth factors such as TNF, EGF, IL-6, Wnt ligands and other
by the cells of tumor microenvironment such as myeloid cells and fibroblasts, and additional
recruitment of these cells. These growth factors may serve as cell extrinsic anti-apoptotic/
generally anti-cell death signals, which would decrease the efficiency of therapy being used.
For example, paracrine EGF family ligand production, which can be elicited from
macrophages or fibroblasts is a major factor of therapy resistance in cancer (Srivatsa et al.,
2017). Other STAT3-activating cytokines such as IL-22, IL-11 and IL-6 were implicated into
enforcement of stem cell phenotypes in cancer. With cancer stem cells being less
proliferative and less metabolically active, they are less sensitive to many forms of chemo-
and radiotherapy. Enhanced recruitment of myeloid cells and their release of the pyrimidine
nucleotides confers resistance of pancreatic cancers to gemcitabine (Halbrook et al., 2019),
exemplifying non-immune, metabolic role of inflammatory cells in therapy resistance.
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Cytokines like IL-17 also can act directly on CRC cancer cells to provide them with
resistance to a first line anti-CRC therapy with 5-FU (Wang et al., 2014) and inflammatory
signaling targeting remaining tumor cell is an important driver of therapy resistance (Jinushi
et al., 2011; Malesci et al., 2017).

Yet, another probably underappreciated mechanism is the ability of chemotherapies to cause
normal tissue damage, specifically in the intestine, translocation of inflammatory microbial
products and activation of systemic inflammation, which can further promote tumors, as
demonstrated for myelodysplastic syndrome (Meisel et al., 2018) and various metastatic
cancers where microbial products accelerate metastatic growth (Albrengues et al., 2018; Luo
et al., 2004). Altogether, therapy induced inflammation develops only after treatment, but
may play an essential role in determination of therapy efficacy or resistance to therapy. In
this context delineation of exact signals which induce inflammation during tumor
development will undoubtedly help to fill in a broader picture how tumor evolution shapes
the TME.

Sources and Stimuli for induction of inflammation during tumorigenesis

There are several mechanisms of how “ground zero” inflammatory responses may be
induced and what are the relevant causes and stimuli (Figure 2B). One of the hallmarks of
cancer is the loss of cell intrinsic tumor suppressor functions. One of the most commonly
mutated tumor suppressors is 7p53, encoding for p53 protein. P53 protein has multifaceted
functions to regulate cellular homeostasis but one of them is its transcriptional antagonism
with NF-xB (Komarova et al., 2005; Schwitalla et al., 2013b), a key positive regulator of
inflammation. As NF-xB activating signals are always present within the tumor
microenvironment and even in a normal tissue, loss of functional p53 results in increased
expression of NF-xB dependent inflammatory genes. In colorectal cancer, this inflammatory
signature contributes to tumor progression and metastasis (Elyada et al., 2011; Pribluda et
al., 2013; Schwitalla et al., 2013b). Loss of tumor suppressors also can inhibit proper DNA
repair and accelerate DNA damage, which can trigger DNA-damage induced inflammatory
pathways (Andriani et al., 2016). Moreover, activation of oncogenes, necessary for cancer
development, is mechanistically linked to the increased production of cytokines and
chemokines and recruitment of myeloid cells, which are either directly tumor promoting or
immunosuppressive. For example, oncogenic signaling K-Ras regulates the expression of
CXCL3, a key chemokine for myeloid cell recruitment (Liao et al., 2019). Moreover, K-Rras
activation enhances production of cytokines and chemokines that belong to “senescence-
associated secretory phenotype” (Davalos et al., 2010), including IL-1a, IL-1B, CCL2 and
CXCL1. K-Ras and c-Myc activation cooperate in induction of CCL9, IL-23 and other
inflammatory entities in pancreatic cancer (Kortlever et al., 2017) and overall the
mechanisms where oncogene activation leads to excessive production of inflammatory
cytokines and chemokines may be a unifying mechanism how inflammation is triggered in
many cancers.

If tumor development and progression is initially driven by a pathogen such as H. pylori, H.
hepaticus, HCV, HBV or HPV, recognition of persistent pathogens will of course promote
distinct inflammatory responses. This is one of the most straightforward examples where
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recognition of cancer-inducing pathogens through “classical” receptors recognizing
conserved molecular patterns would trigger innate inflammatory responses. Sensors like
TLR2 and TLR4, STING, cGAS as well as multiple sensors associated with inflammasomes
sense oncogenic bacteria and viruses (Woo et al., 2015). However, an alternative emerging
paradigm is that many cancers may be promoted by commensal microbiota, either by
translocation and adherence of microbes to cancer cells or by the distant release of
inflammation-activating microbial metabolites. These microbes and microbial products can
even travel with tumors to the site of metastasis and serve as a source of inflammation in
metastasis (Bullman et al., 2017). Pancreatic cancer is often associated with chronic
pancreatitis, which may be sometimes associated with infection but even in mouse models is
driven by microbial induced Th17 responses (McAllister et al., 2014). Liver cancer and
NASH/fibrosis which underlies HCC development are actively promoted by intestinal
bacteria and their products (Dapito et al., 2012; Shalapour et al., 2017) and recent studies
highlight the role of lung microbiota in induction of inflammation and tumorigenesis
(Greathouse et al., 2018; Jin et al., 2019). Perhaps the best example of commensal
microbiota influencing tumor growth and progression comes from colon cancer. Events
following intestinal transformation lead to the deterioration of intestinal barrier, because
hyperproliferating cells fail to properly differentiate and form protective tight and adherence
junctions and well-developed mucus layer, isolating immune compartment from bacteria
(Grivennikov et al., 2012). Broad spectrum antibiotic treatment or rendering mice germ free
reduces inflammation and tumor growth, even in animal models where potential pathogens
are absent. Moreover, diet-induced changes in the microbiome promote tumor progression in
the presence of activating K-Ras mutations (Schulz et al., 2014). In human CRC, quite a few
of bacteria have been suggested to be preferentially associated with adenomas and
carcinomas, including subspecies of Escherichia coli (Arthur et al., 2012), Bacteroides
fragilis (Wu et al., 2009) and Fusobacterium nucleatum (Kostic et al., 2013). A common
denominator for these bacteria is their presence in tightly adherent fraction of bacteria
capable of direct interaction with the surface of the tumor, either because of special ligand-
receptor mode of adhesion (Rubinstein et al., 2013; Yu et al., 2017), ability to form biofilms
and initiate the outgrowth of the consortia of invasive bacteria (Dejea et al., 2018;
Tomkovich et al., 2019) or ability to induce low grade inflammation disrupting the barrier
(Wu et al., 2009). It is reasonable to expect that the tumor promoting action of microbes in
any of microbe rich cancer sites will be in part mediated by the inflammation they modulate.

While the ability to evade cell death is clearly a prominent hallmark of cancer (Hanahan and
Weinberg, 2011), it is important to distinguish “who dies, when and how”. Notably, cell
death is not only important in the context of therapy-induced inflammation but limited cell
death of untransformed cells adjacent to tumor seeds may also be essential for tumor growth
(Kuraishy et al., 2011), especially in organs like liver and skin. In part this can be explained
through clearance of the space and niche and induction of compensatory proliferation of
tumor clones, other mechanisms clearly involve immunological recognition of cell death and
induction of pro-tumorigenic immune responses. For example, in liver cancer death of
hepatocytes results in release of IL-1a and other “alarmins” to trigger expression of IL-6
and other growth factor to promote survival and growth of neighboring mutated hepatocytes
(Sakurai et al., 2008). HMGB1, another alarmin released from dying cells, is important to
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initiate inflammatory responses and tumorigenesis (Khambu et al., 2018). Release of
SAP130 cytoplasmic protein from necroptotic pancreatic cancer cells is sensed by Mincle
receptor and induces CXCL1 and thus recruitment of myeloid cells which drive tumor
growth and inhibit anti-tumor T cells responses (Seifert et al., 2016). The inducer of cell
death, whether it will be hypoxia or metabolic induced stress in growing tumors, therapy,
infection or mutagenic insult may not matter much for the consequences of cell death and
inflammation. However, the type of cell death may be important, with apoptosis and
autophagy being less inflammatory and necrosis and necroptosis resulting in release of
DAMPs being more potent inflammatory inducers.

Although the source/inducer of inflammation in cancer may be different, it seems that the
induction of inflammation is always tightly linked with the emergence of factors absolutely
needed for oncogenic process-alterations in oncogenes and tumor suppressors, infections for
microbial-induced cancers or deterioration of barrier function because of transformation-
induced loss of tissue organization. As inflammation is wired to be induced during the
responses to the loss of tissue homeostasis, the induction of inflammation is ‘pre-encoded’
in genetic and transcriptional programs required for oncogenic transformation and therefore
in many conditions.

Inflammation and tumor initiation

Two main interdependent events are required for successful tumor initiation. 1) One leads to
accumulation of mutations and/or epigenetic alterations of genes and signaling pathways
involved into tumor suppression (inactivation) and oncogenic pathways (activation). While
traditionally these have been linked mostly to environmental factors (UV, carcinogens,
variable radiation) and inherent errors in DNA repair and replication, inflammatory
responses harbor powerful mechanisms which lead to accumulation of mutation and various
epigenetic changes in adjacent epithelial cells. Macrophages and neutrophils are potent
producers of reactive oxygen (ROS) and nitrogen (RNI) species which induce mutations.
Therefore, induction of inflammation can lead to increased mutagenesis, predisposing to
accumulation of mutations in normal tissue. Indeed, chronic intestinal inflammation leads to
accumulation of mutations in 7p53and other cancer related genes in intestinal epithelial
cells (Canli et al., 2017; Chang et al., 2007; Hussain et al., 2003; Robles et al., 2016) and
can trigger tumor formation even without additional extrinsic mutagens being present (Meira
et al., 2008). Interestingly, potential of inflammation to induce mutations and DNA damage
is accounted for by evolution, as inflammatory cytokines such as 1L-22 also can induce
expression of DNA damage response (DDR) genes to counteract possible genotoxic insult
caused by inflammation (Gronke et al., 2019). Also, signaling by cytokines (i.e. IL-6,
TNFa, IL-1B) produced by inflammatory cells activates epigenetic machinery in epithelial
cells including components of DNA and histone modifications (Dnmtl, Dnmt3, DOTL1),
miRNA and IncRNA modulating expression levels of oncogenes and tumor suppressors
(Grivennikov, 2013). The net outcome of such epigenetic changes is proposed to be the same
as inactivating mutations in tumor suppressors and activating mutations in oncogenes, and
potentially can be achieved in “bi-allelic” manner at the same time. As in many cases stem
cells are proposed “cells of origin” for cancer, inflammatory processes can trigger de-
differentiation of post-mitotic epithelia into tumor-initiating stem like cells (Schwitalla et al.,
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2013a) (Figure 3A). Chronic inflammation triggering tissue damage can weaken barrier
function and expose the stem cell compartment to environmental carcinogens or to bring
stem cells to a close proximity of active inflammatory cells producing genotoxic
compounds. In microbial rich cancer, such as colon cancer, enhanced inflammation can also
shape the qualitative characteristics of epithelial-adhesive microbiota, enriching the content
of species harboring genotoxic gene products, such as colibactin in some strains of £.coli
(Arthur et al., 2012; Wilson et al., 2019) capable of inflicting mutations in host cells.

2) Creation of transformed and/or malignant clones, however, should be followed by their
outgrowth into a frank tumor, a process to which inflammatory mechanisms can
significantly contribute. For instance, cytokine receptor signaling in mutated cells may
converge at the induction of pro-survival pathways particularly mediated by NF-xB, STAT3
and other types of signaling (Dmitrieva-Posocco et al., 2019; Greten and Karin, 2005;
Grivennikov et al., 2009), thereby increasing the survival probability of survival of
transformed clone or enable proliferation. Specifically, it is conceivable, that such an early
contribution of inflammatory signaling into tumor initiation is needed as tumor cells in
limited numbers do not yet establish a full-scale TME with auxiliary stromal cells capable of
producing enough tumor-supporting growth factors. The issue of inflammation-driven cell
survival may be also important in context of cancer immunosurveillance and tumor
elimination phase of mutated and stressed cells (Dunn et al., 2004; Schreiber et al., 2011).
Signals activating STAT3 protect epithelial cells from CD8 T cytotoxic cell attack (Yu et al.,
2009; Ziegler et al., 2018) and signaling by IFNx, albeit a typically anti-tumorigenic
cytokine, upregulates expression of T cell exhaustion inducing molecule programmed death
(PD)-L1 on transformed epithelium, which is recognized by T cells. To the same end,
inflammatory signals may increase fitness and reduce expression of “stress ligands” on
cancer cells, required for proper recognition and (lannello and Raulet, 2014; Lam et al.,
2014; Shifrin et al., 2014), Also, inflammation and injury trigger cell turnover in tissues,
thereby creating space for the outgrowth of malignant clones (Kuraishy et al., 2011). This is
especially evident in liver and skin cancer, where death of normal cells is required for
compensatory proliferation of neighboring transformed clones, thereby creating a scenario
where inflammation-induced tissue injury and cell death are required for tumor outgrowth.
Some of the immunological mechanisms of Crohn’s disease (CD) and ulcerative colitis
(UC), as well as the expression of inflammatory mediators may be similar. However, UC
which is associated with significant tissue damage and ulceration, followed by repetitive
cycles of regeneration increases the risk of colorectal cancer (CRC) up to 5-8 times, while
CD presented with transmural inflammation but not widespread epithelial damage, increases
the risk for CRC only 1.4 times (Ullman and Itzkowitz, 2011). Therefore, while mere
presence of inflammatory cytokines is needed for tumor initiation, cytokines collaborate
with inflammation-induced tissue damage and regeneration.

Clones with equal genetic alterations can possess different propensity for survival and
outgrowth depending on tissue microenvironment these clones are placed into, illustrating
the adaptive nature of oncogenic process (DeGregori, 2017; Henry et al., 2015; Rozhok and
DeGregori, 2019). Stressed and inflamed tissue maybe conducive of stimulating tumor
growth while normal unaffected tissue would block it. Alike, the presence of inflammation
can trigger outgrowth of dormant clones, both in the case of primary tumors and in distant
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metastasis. Some of the mechanisms responsible for this phenomenon may intersect with the
ability of cytokines to promote survival and proliferation described above.

Inflammation and tumor promotion

Perhaps the best studied propensity of inflammation to influence tumorigenicity is its
contribution to tumor promotion. From a translational stand point, insights into how
inflammation drives tumor growth are important at least two-fold: inhibition of
inflammation can stall tumor growth and further dedifferentiation, widening the opportunity
for early detection of cancers and shedding light on how metastatic seeds outgrow once
distantly established. The progress in this field has been fueled by multiple preclinical
animal models of inflammation and cancer and was instrumental to reveal most of the
significant mechanisms connection inflammation and cancer. Conceptually, several
interdependent molecular and cellular mechanisms are at play (Figure 3B). Firstly, similar to
tumor initiation, inflammatory entities can serve as direct growth factors for growing tumors.
In addition, inflammatory factors are essential in shaping cell plasticity within the TME,
which further affects tumor growth by at least three distinct mechanisms.

One of the first evidences on the role of inflammation in tumor promotion came from studies
of inactivation of NF-xB in myeloid cells, where ablation of the IKKp kinase led to a
reduction in tumor growth in a model of colitis-associated cancer (Greten et al., 2004).
Indeed, NF-xB, especially in immune cells, is a master regulator of cytokine expression
whose action on epithelial and cancer cells promotes survival and proliferation and
chemokine expression, which is essential for cell recruitment and re-shaping of the TME.
Indeed, NF-xB dependent cytokines confer unique and non-redundant roles in tumor growth
as their genetic or pharmacological inactivation reduces tumor growth acting through
activation of other oncogenic pathways in epithelial and cancer cells, including STAT3,
ERK, JUN and receptor Tyr-kinases (RTK) (Becker et al., 2004; Grivennikov et al., 2009;
Huber et al., 2012; Popivanova et al., 2008; Putoczki et al., 2013). Similarly, signaling
triggered by inflammatory cytokines including IL-6, IL-17, IL-11 can increase proliferation
rates of tumor cells, especially under sub-optimal conditions present /n7 vivo, including
hypoxia, lack of nutrients, paucity of environment in production of growth factors and
sculpting role of anti-tumor immunity.

Action of inflammatory cells and mediators during tumor growth also includes antagonizing
potential anti-tumor immunity and promotion of tumor auxiliary functions such as
stimulation of angiogenesis and recruitment of fibroblasts and other stromal cells, which
exert tumor-supporting functions. Finally, through modulation of TME inflammatory signals
alter mechanical and metabolic properties of stromal and tumor cells by regulating
formation and consistency of extracellular matrix and availability of growth factors,
regulation of consumption and availability of key metabolites, including those involved in
amino acid and redox metabolism. These overall mechanisms were previously reviewed
elsewhere (Grivennikov et al., 2010).
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Inflammation, tumor progression and metastasis

Historically, studies on tumor initiation and growth were the first instrumental steps to
demonstrate the critical role link between inflammation and cancer. However, understanding
inflammatory mechanisms governing metastatic process has the most eminent impact
considering that over 90% of cancer-related deaths occur because of metastatic disease.
Indeed, longitudinal clinical studies that support the role of inflammation in cancer mortality
(Rothwell et al., 2012) most likely underscore the role of inflammation in regulation of
metastasis, rather than earlier stages of tumorigenesis. Prolonged aspirin usage reduces
overall mortality, especially of gastrointestinal cancers, and distant metastasis. Experimental
stimulation of resolution of inflammation or blocking inflammatory responses results in poor
colonization and eradicates micrometastases (Panigrahy et al., 2019). Metastasis is a highly
inefficient process with most of cells released from primary tumor eventually dying and not
forming a distant metastasis. Therefore, any potential aid to get through the bottleneck
would have a cardinal effect on the ‘success” of metastasis and potential patient survival.
Given the apparent paucity of true metastatic models, some of the mechanisms of how
inflammation may affect this process have only come to light recently.

The process of metastasis starts with the invasion on cancerous cells away from epithelial
layer into the neighboring tissues and acquisition of EMT (epithelial to mesenchymal
transition) phenotype, at least temporary. While such epithelium-to-fibroblast” cell
transformation may be often incomplete and partial (Varga and Greten, 2017), it renders
cancerous cells mobile and allowing them to break through the basal membrane, invade the
tissue and reach the lymphatics or blood vessels for further dissemination. In particular,
cancer stem cells as opposed to “bulk” tumor cells are more efficient in their capacity to
serve as metastatic seeds (de Sousa e Melo et al., 2017). Interestingly, cancer stem cells are
also transcriptionally and functionally closer to mesenchymal cells, than regular epithelial or
bulk tumor cells, probably reflecting their existence in the niche rich in mesenchymal
growth and differentiation factors (Dominguez et al., 2017). Inflammation influences cancer
invasion, EMT and cell migration on several levels. Cytokines, including TNF and IL-1p can
affect directly expression of EMT inducing transcription factors Twist and Slug (Francart et
al., 2018; Suarez-Carmona et al., 2017). Moreover, IL-11 is involved in the recruitment of
TGFp driven and producing fibroblasts, which supports tumor invasion and immune escape
in the subset of colon cancer with the worst clinical prognosis (Calon et al., 2012; Calon et
al., 2015). Similarly, in breast cancer, IL-11 within the tumor microenvironment acts on
cancer cells to drive clonal selection of the most invasive and malignant clones (Marusyk et
al., 2014). The recrutment of myeloid cells to the invasive edge of the tumor leads to
production of matrix metalloproteinases (MMP) and other enzymes’, which remodel
extracellular matrix and facilitate celll migration (Akkari et al., 2014; Sevenich et al., 2014).
The same myeloid cells, particularly of granulocytic and monocytic lineage, sometimes
referred to as myeloid derived suppressor cell (MDSC)) also contribute to the suppression of
anti-tumor responses (Veglia et al., 2018; Yang et al., 2008). Increased accumulation of
cytotoxic T and NK cells at the invasive margin of the primary tumor, along with decreased
presence of myeloid cells as a part of the “cancer immunoscore” indeed correlates with
better prognosis (Bindea et al., 2013; Mlecnik et al., 2016). Yet, it is not yet clear whether
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myeloid induced immunosuppression is critical at the invasion stage or at preventing
metastatic outgrowth. It is conceivable that macrophages play very diverse roles in
immunosuppression, chemoattraction and destruction of extracellular matrix as the invasion
proceeds (Gatenbee et al., 2019). Apart from that, tissue macrophages are critical cell types
during the development of several organs and can assist cell migration and establishment of
tissue architecture by producing factors directly influencing motility, phenotype and
positioning of epithelial and mesenchymal cells. In this regard, increased production of
inflammatory entities causing enhanced recruitment of myeloid cell into the invading tumors
may support tumor outgrowth via a variety of mechanisms which are evolutionary reserved
for the regulation of organogenesis during ontogeny.

Cancer stem cells (CSC) are considered essential for tumor metastasis and resistance to
therapy, yet it becomes increasingly clear that the number and proportion of CSC in the
tumor are not constant, like for stem cells in the normal tissue. Instead, various stimuli
including prominent inflammatory signaling via transcription factors NF-xB and STAT3 in
cancer cells can drive their stemness, increase the proportion of CSC among the tumor cell
population and thereby elevate the invasive potential (Kryczek et al., 2014; Schwitalla et al.,
2013a). The same effects can originate from mesenchymal-cancer interactions (Del Pozo
Martin et al., 2015; Malanchi et al., 2011) and mesenchymal and stromal cells can be
regulated by inflammatory signals.

As metastatic spread typically occurs via lymphatics or blood stream, the processes of
intravasation and extravasation are essential. These are mediated by the expression of
adequate set of adhesion molecules and integrins, to allow heterotypic cell-cell interaction,
adhesion and movement. Inflammatory cytokines are potent inducers of integrins, selectins
and adhesion molecules like VCAM-1 and ICAM-1. The expression of exact and tissue
specific adhesion molecules may also determine the organ-specific tropism of metastasis and
therefore ‘flavors” of inflammation may potentially have an impact to which distant organ
particular tumor seed or type of cancer will primarily will spread to.

The process of adhesion and extravasation can be further aided by inflammatory cells, such
as monocytes and neutrophils (Kersten et al., 2017), which would precipitate the adherence
of metastatic seeds, form complexes with cancer cells and mediate their adhesion and
translocation throughout the vessel wall as well as establishing and maintaining the
metastatic niche (Aceto et al., 2014; Szczerba et al., 2019; Wolf et al., 2012). The
oligocellular complexes between cancer cells themselves, or monocyte-cancer cells,
neutrophil-cancer cell also serve to protect these metastatic seeds from the
immunesurveillance at the most vulnerable moment away from established
immunosuppressive microenvironment of the primary tumor. It is clear, that inflammatory
signals from obesity to microbes, to tumor-specific inflammatory stimuli which enhance
these cell-cell interactions increase the rate of metastasis. For example, IL-17 dependent
activation of neutrophils drives breast cancer metastasis through cellular interactions in the
circulation and possibly via establishment of pre-metastatic niche (Coffelt et al., 2015),
while lipopolysaccharide increases lung colonization and promotes tumor cell survival (Luo
et al., 2004). Stimulation of inflammation by tobacco smoke, obesity or microbial
compounds also increases lung metastatic burden via induction of neutrophil activation and
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increased neutrophil-cancer cell interactions mediated by NET’s (Albrengues et al., 2018),
although it is not clear whether this process is regulated at the stage of spread or dormancy.
While the process of metastatic growth from a smaller to a larger metastatic nodule is
probably not much different from the growth of primary tumor and the role of inflammation
there, one of the roadblocks for metastasis which remains is the ability of single cells to take
off and grow in the epithelial tissue of origin different from the primary tumor. Because of
that, initially after the spread and initial colonization some of the seeds remain at the
dormant stage and their eventual outgrowth may be promoted by inflammatory cytokines
and growth factors produced by immune cells (Krall et al., 2018). It remains to be
determined across the different tumor types, whether the requirement of inflammatory and
growth factors is the same for primary tumor growth and for metastatic outgrowth in
different secondary organ sites.

Inflammation and cell plasticity within the tumor microenvironment

Tumor heterogeneity is an emerging theme in oncogenesis. In addition to the well-
appreciated genetic and epigenetic heterogeneity of cancer cells, tumors also significantly
differ in terms of quantity and phenotypic characteristics of immune and stromal cells that
are being recruited causing a high degree of cellular plasticity within the TME (Figure 4).
First, this plasticity exhibits itself in various types of cell polarization, driven by distinct
transcriptional programs. This enables cells with the functions that are essential during the
tissue regeneration or for tumor development, but not characteristic for these cells in
unchallenged conditions. Secondly, spatiotemporal cellular plasticity allows transition of
cells from one state to another during such processes as EMT, cell migration, MET and
metastasis. It is likely that “subtypes” or ‘types” previously assigned to different cells within
the tumor microenvironment as states of terminal differentiation or distinct cell types, often
represent differentiation and activation states which may undergo further phenotypic and
functional changes through the cell plasticity. Plasticity can be presented by different cell
types during different stages of tumor development. For example, during initiation stage of
intestinal cancers, stem cells are proposed to be an origin of cancer (Barker et al., 2009),
however mutated epithelial and transient-amplifying cells can undergo plasticity and de-
differentiation to acquire cancer stem cell phenotype in response to NF-xB activating
inflammatory signaling (Schwitalla et al., 2013a). However, the best known case of cancer
cell plasticity is through their ability to undergo various states of EMT and MET (Gupta et
al., 2019; Pastushenko et al., 2018; Varga and Greten, 2017) and re-establishment of cancer
stem cell pool during metastasis or therapy (de Sousa e Melo et al., 2017; Sanchez-Danes et
al., 2018). All of these processes are strongly influenced and regulated by inflammation,
cytokines and growth factors. However, not only cancer cells are subject to plasticity.
Essentially all other cell types in the TME are engaged into reciprocal activation/inhibition/
differentiation signals to influence and drive plasticity. For example, cancer cells instruct
fibroblasts to acquire differentiation states which are tumor-promoting and
immunosuppressive (Alexander and Cukierman, 2016) but activation of fibroblasts also can
be driven by cytokines, such as IL-6 or IL-17, released by immune cells (Majumder et al.,
2019; Wang et al., 2009). Cancer-associated fibroblasts (CAF) activated by inflammatory
signals may be either pro- or anti-tumorigenic (Koliaraki et al., 2017) and depending on their
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proximity to cancer cells as well as their response to IL-1R engagement or TGFp activation
they may differentiate into inflammatory CAFs (iCAFs) or myofibroblasts (myCAFs) (Biffi
et al., 2019; Ohlund et al., 2017). CAFs in return can provide differentiation, growth factor,
survival and metabolic cues to cancer cells and maintain cancer stem cell niche, thereby
promoting growth, metastasis and resistance to therapy (Calon et al., 2012; Del Pozo Martin
et al., 2015; Erez et al., 2010; Marusyk et al., 2016; Shi et al., 2019). CAFs also can regulate
myeloid and T cell infiltration and produce factors which regulate immune cell
differentiation, plasticity and drive immunosuppressive phenotypes (Calon et al., 2015; Jiang
etal., 2017; Ruhland et al., 2016). On the other hand, under different circumstances, CAFs
or inflammatory signaling in CAFs may also be tumor suppressive (Ozdemir et al., 2015;
Pallangyo et al., 2015). Myeloid cells also present with high degree of plasticity regulated by
tumor microenvironment (Cassetta and Pollard, 2018; Yang et al., 2018; Zilionis et al.,
2019). Tumor cell derived factors, such as TGF@, other cytokines, metabolic cues or
products of dead cells polarize local macrophages or incoming monocytes toward more
“tissue repair” type, characterized by enhanced expression of tissue protective factors,
growth factors and decreased expression of genes involved in antigen presentation and
induction of antigen-dependent immune responses (Andon et al., 2017; Cassetta et al., 2019;
Sica et al., 2008). Such macrophages were previously referred to as “M2 type of
macrophages”, however, by now it has become evident that in the complex context of TME
such clear distinction does not exist and that /n vivo macrophages can express genes of both
“former M1” and “former M2” types. The instructing signals for macrophage polarization
also can come from infiltrating bacteria in bacteria-rich cancers (Kostic et al., 2013) or from
the cells of adaptive immunity such as B cells (Affara et al., 2014; Andreu et al., 2010), Th2
cells (DeNardo et al., 2009) or T regulatory cells (Azizi et al., 2018; Bos et al., 2013). On
the other hand, Th1l and CD8* T cells, particularly via IFN-y-dependent mechanisms can
drive polarization of TAMSs towards the “tumor-ignorant” functional phenotype which would
be devoid of secretion of growth factors and characterized by increased phagytosis, antigen
presentation and cross-presentation, stimulating anti-tumor immune responses (Bos et al.,
2013; Hanahan and Coussens, 2012). Importantly, different tumor entities seem to educate
their individual macrophages causing cancer-specific TAM profiles (Cassetta et al., 2019).
Similarly to macrophages and monocytes, the TME also imprints a significant degree of
plasticity on tumor-associated neutrophils via cytokine signaling or regulation of metabolism
to further shape them to be anti-tumorigenic and antigen-presenting (Eruslanov et al., 2014),
directly tumor-promoting (Nywening et al., 2018; Patel et al., 2018) or immunosuppressive
(Gabrilovich, 2017; Veglia et al., 2019).

T cells and B cells represent the adaptive immunity arm in cancer and also possess a
tremendous predisposition to plasticity within the TME. B cells recruited into tumors
regulate anti-cancer immune responses, exert direct tumor promoting roles or modulate
myeloid cell response, all of that dictated by the signals B cells received from TME and by
the nature of ligands their BCR’s recognize (Ammirante et al., 2014; Das and Bar-Sagi,
2019; Medler et al., 2018; Pylayeva-Gupta et al., 2016). y8& T cells are important
components of tumor immunesurveillance, but in the TME they can acquire tumor-
promoting functions associated with cytokine expression or act as negative regulators for T
cell activation in pancreatic cancer (Daley et al., 2016). ap T cells also possess a great
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degree of plasticity within the TME, which is being impinged in situ and in the secondary
lymphoid organs where priming of these cells occurs. Signaling by cancer cells through PD-
L1-PD-1 pathway, inducible by inflammatory cytokine IFN+y can render CD8* and CD4* T
cells exhausted (Chihara et al., 2018) and similar processes can be enforced by regulatory T
cells and by metabolic products of TME, such as hypoxia, glutamine or potassium ions
(Clever et al., 2016; Eil et al., 2016; Johnson et al., 2018). Microbial and inflammatory
cytokine signaling can drive normally immunosuppressive and anti-inflammatory FoxP3*
Tregs to co-express transcription factor RORyt, creating a pro-inflammatory/regulatory
plastic T cell lineage capable of producing tumor-promoting cytokines IL-17 and IL-22
while being generally suppressive for anti-cancer immunity (Blatner et al., 2012).

Concluding Remarks

Studies on the mechanisms of pro-tumorigenic inflammatory pathways in cancer have
revealed that the pathways evolved to mediate immunity to infection and promote tissue
homeostasis, are usurped by tumors towards their benefit. Induction of inflammation in the
TME follows distinct timing and can happen prior to or after initiation of tumorigenesis or
may become evident only at the later stages of tumorigenesis. Because of that timing, in
some models of cancer, types of tumors or individual tumors, the contribution of tumor-
promoting inflammation may emerge very early or remain silent until late stages of
metastasis or therapy resistance. Importantly, there are several distinct stimuli that induce
inflammation in tumors. Some of them, such as carcinogenic microbes, environmental
pollutants (particles, smoke) and low-grade inflammation associated with obesity, as well
epithelial barrier deterioration associated commensal microorganisms may serve as
important targets amenable for cancer prevention via reduction of tumor-initiating
inflammation by removing or neutralizing the original stimulus. This can be achieved via
vaccinations, dietary interventions, understanding of antibiotics usage and better
environmental protection. Other stimuli, for example associated with hypoxia, cell death or
genetic and/or epigenetic modulation of tumor suppressors and oncogenes represent events
that are extremely valuable to understand the biology of cancer, but probably can be targeted
only in the context of cancer therapy and by modulation the signaling events and signal
transduction hubs downstream of the initial stimuli. As inflammation can play instrumental
roles during all stages of tumor development, future research will undoubtedly uncover
molecular and cellular mechanisms and modes of operation for inflammation and immune
cells especially in early tumor initiation as well as metastatic spread and metastatic
outgrowth — field(s) hampered by the paucity of the faithful /n vivo models, a need to work
at the single cell level only on a few cells within the normal tissue (primary or metastatic
sites) and timeframes for the studies of autochthonous metastasis. In many instances, animal
models correctly represent TME observed in human patients (Binnewies et al., 2018;
Zilionis et al., 2019), however additional challenges in the field are required to fully translate
findings in animal models to human cancers, which arise and progress in individuals with
great genetic variability, history of environmental exposures, dietary habits and commensal
and pathogenic microbe and virus composition. The elucidation of transcriptional and other
signaling programs governing cellular plasticity within the TME will further aid the studies
on the complex cross-talk, interaction and functional diversification of multiple cellular
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types. Ultimately, this will allow creation of new fate mapping and lineage tracing reporters
and identification of targets common for many types of cancer or alternatively, rapidly
amenable for precision therapies based on robust molecular and genetic analyses of
individual patients and their primary and metastatic tumors. As the array of modern cancer
therapies continuously expands, including various therapies based directly on immune cells
(checkpoint immunotherapies, vaccines, CAR T cells), it will be imperative to uncover the
role of immune and inflammatory pathways in therapy resistance.

As we underlined several basic principles and mechanisms of how inflammation promotes
cancer and drew parallels between the “normal” endogenous role of inflammation in
immunity and tissues homeostasis, we expect that a vast body of knowledge and
complexities being constantly discovered in the field can be gradually distilled into several
cornerstone rules of engagement governing molecular and cellular mechanisms of tumor-
promoting inflammation.
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Figure 1: Evolutionary and functional differences and similarities between inflammation in
cancer and inflammation during infection and tissue regeneration

Insults to epithelial tissues caused by injury or infection cause activation of myeloid cells
which start to produce inflammatory cytokines to activate innate and adaptive sterilizing
immunity to get rid of the pathogen and to activate epithelial cell proliferation to close down
the barrier dysfunction which allowed translocation of pathogen or to repair inflicted injury.
After this concerted effort insulted epithelial tissue comes back to normal state of
homeostasis. However if initial disturbance of epithelial homeostasis is caused by an
oncogenic event, the sterilizing immunity will not remove the intial insult and the enhanced
inflammation and cytokine-driven proliferation will facilitate tumor growth rather than

restoring normal epithelial homeostasis.
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Figure 2: Types of inflammation in cancer: different timing and different inducers
(A) Cancer-associated inflammation can be induced at different time points of tumor

development. It can precede carcinogenesis in form of autoimmunity or infection, can be
induced by malignant cells or can be triggered by anti-cancer therapy. (B) Various cell
intrinsic, host dependent or environmental factors can cause tumor-associated inflammation

in different tumor types.
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Figure 3: Pro-tumorigenic actions of inflammation in progression, metastasis and growth
(A) Injury, infection or functional tissue disruption(as during malignant transformation)

leads to activation of inflammatory responses which can drive the expansion and
proliferation of stem cell pool, the process normally designed to restitute and normalize
epithelium and its barrier function, i.e. causing normal “Regeneration” and a path to normal
epithelium. However, if stem cells already harbor oncogenic mutations, and are de facto
cancer stem cells, expansion of stem cell pool leads to enhanced metastasis and therapy
resistance. (B) Inflammatory entities, such as cytokines and growth factors, release by
immune cells within the TME can have a direct effect on pre-malignant and cancer cells by
increasing their proliferation and resistance to cell death and stresses, thereby directly
promoting tumor growth and progression. can be caused at different time points of cancer
development. In addition, inflamamtory signals can shape TME to induce
immunosupression via action of Tregs, immature myeloid cells and other supressive players;
to enhance recruitment, proliferation and distinct functions of other pro-tumorigenic
auxillary cells within the TME (such as fibroblasts, myeloid cells and endothelium of new
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blood vessels); and to alter mechanicaal and metabolic functions of TME. Altogether, these
inflammation-driven changes also significantly contribute to tumor growths and progression.
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Figure 4: Increased cell plasticity within the tumor microenvironment (TME)
An intricate reciprocal interplay between all cells (cancer, stromal and immune) in the TME

shapes polarization of immune cells activation states ( for myeloid cells and lymphocyes) as
well as of cancer-associated fibroblasts and states of differentiation of epithelial cells. These
different cells types instruct reversible phenotypic and functional perturbations in
neighboring cells types, executing precise multicellular responses to the exact needs of tissue
(transformed tissue) by tailoring plastic changes in existing and available cell types, rather
than demanding the existence of multiple new “rigid” cellular types “one new distinct cell
types for each new condition”. These plastic cellular changes may have distinct, sometimes
opposing, roles in the TME with regard to their net effect on tumor growth, progression or
metastasis.
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