Chapter 7

Inflammation and Cancer: The Role of Lipid
Signaling in the Continuum Between Two
Ends of the Tumor Spectrum

Megan L. Sulciner, Molly M. Gilligan, Bruce R. Zetter, and Dipak Panigrahy

Abstract Inflammation and cancer have a long and contentious history. Currently,
there are two lenses through which the role of inflammation in cancer can be viewed.
Substantial evidence suggests that inflammation can not only propagate, but even
initiate cancer pathogenesis. However, emerging studies indicate that inflammation
may alternatively enhance host containment and destruction of tumorigenic cells.
Herein, we explore how our understanding of inflammation in cancer has evolved,
from the first identification of excessive inflammation in tumors two millennia ago
to the complex association between inflammation and cancer pathogenesis with the
recent emergence of immune-harnessing cancer therapies. We discuss the dynamic
roles of various immune cells, cytokines, and specific lipid autacoid signaling in
cancer, focusing on fatty acid-derived lipid mediators such as prostaglandin E,. We
contrast the pro-tumorigenic and anti-tumorigenic functions of immune cells and
lipid mediators, while highlighting how their functions can be dramatically altered
by the tumor microenvironment.
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History

The association between inflammation and cancer dates back as early as two millen-
nia ago, when Claudius Galen expanded on Hippocrates’ theory of cancer as an
excess of black bile (melancholia) by suggesting that cancer was a swelling result-
ing from excessive inflammation [1, 2]. In 1861, Dr. Rudolph Virchow, a German
pathologist, delivered a twenty-part lecture series at the Pathological Institute of
Berlin in which he was the first to describe immune cell infiltrates in tumors.
Specifically, he noted white blood cells in tumor tissue and suggested that immune
cells release factors that stimulate the proliferation of tumor cells [3]. Thirty years
later, Dr. William B. Coley alternatively linked immune stimulation to cancer
regression. At the New York’s Academy of Medicine, he reported three cases of
tumor regression resulting from inoculating sarcoma patients with a strain of
Streptococcus bacterium [4]. Later coined “Coley’s toxin,” inoculation with this
bacterium is now known to have elicited tumor regression through tumor necrosis
factor-a (TNFo)-mediated activation of cytotoxic immune cells.

Within the last 50 years, seminal progress has been made towards understanding
inflammation and cancer. In 1986, Harvard Medical School pathologist Dr. Harold
Dvorak elegantly characterized tumors as “wounds that do not heal,” noting that
while tumors elicited an immune response, they exhibited persistent inflammation
rather than the gradual cessation of acute inflammation associated with wound heal-
ing [5]. Drs. Lisa Coussens, Douglas Hanahan, and Zena Werb later demonstrated
that premalignant tissue became malignant with the assistance, or “co-conspiracy,”
of inflammatory cells, such as mast cells, macrophages, and T lymphocytes [6, 7].
It is now recognized that an inflammatory tumor microenvironment plays a key role
in every stage of tumor development. Several immune cell types, including macro-
phages, neutrophils, mast cells, and regulatory T cells, secrete tumor growth-
promoting chemokines, pro-angiogenic factors, and metastasis-promoting
extracellular proteases [8, 9]. By 2011, Drs. Douglas Hanahan and Robert Weinberg
included inflammation as a defining hallmark of cancer [10].

Despite inflammation commonly being viewed as “the other half of the tumor”
[11], a growing body of evidence suggests immune cells and their mediators may
play more ambiguous roles, in the prevention of prevent cancer progression. In 1977,
Dr. Alberto Mantovani demonstrated that antibody-dependent cellular cytotoxicity
(ADCC) inhibited tumor cell growth via both cytostatic (inhibiting cell growth and
division) and cytolytic (lysis-inducing) mechanisms [12]. Mantovani’s work became
the foundation for future studies characterizing the antitumor potential of immune
survelliance. As Coley’s century-old observations suggested, [c]ancer cells express
antigens that can be identified as “nonself” by surveillance immune cells, such as
natural killer cells and cytotoxic T cells, and can elicit an antitumor immune
response. Mantovani’s later studies characterizing the ability of “tumor-associated
macrophages” to both stimulate and inhibit tumor growth further highlighted the
contrasting pro- and anti-tumorigenic functions of the immune system [13]. In 1987,
Dr. Frances Balkwill and her colleagues demonstrated that intraperitoneal treatment
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with the pro-inflammatory cytokines TNFa and interferon y (INFy) prolonged sur-
vival of ovarian tumor-bearing mice [14]. Building on Coley’s and Mantovani’s pio-
neering studies, her findings suggested provoking an inflammatory immune response
may alternatively elicit endogenous anti-tumorigenic activity. Balkwill later charac-
terized novel mechanisms through which TNFa can be simultaneously pro- and anti-
tumorigenic depending on the specific tumor microenvironment [15].

Self-limited and localized, or acute, inflammation serves as the body’s endoge-
nous defense against the outside world. However, unresolved acute inflammation
can become chronic. Chronic inflammation and inflammatory diseases are in fact
risk factors for over ten different cancer types: chronic Helicobacter pylori predis-
poses to stomach cancer, inflammatory bowel diseases predispose to colon cancer,
etc. [16]. However, chronic inflammation may not always progress to a related organ
system cancer. For example, psoriasis (chronic inflammation of the skin) is not
always linked to skin cancer incidence [11]. Moreover, 19 cancers have been associ-
ated with prior bacterial, viral, or parasitic infection [16]. Chronic inflammation can
even be necessary for cancer pathogenesis, as mice engineered to develop hepatitis
(a chronic inflammatory disease of the liver) failed to develop hepatocellular carci-
noma when TNFa was neutralized [17]. Importantly, NFkp, a pro-inflammatory
transcription factor critical in innate and adaptive immune activation, was also sup-
pressed in these mice [17]. The Karin laboratory demonstrated that activation of
NFxf perpetuates inflammation and contributes to colon tumor growth, while inhi-
bition of NFkf} downregulates inflammation, resulting in tumor regression [18]. The
inflammatory component of malignancies is further evidenced by the clinical effec-
tiveness of anti-inflammatories, including nonsteroidal anti-inflammatory drugs
(NSAIDs) such as aspirin, as anticancer therapies [19]. As we strive to untangle the
complex, multifaceted relationship between inflammation and cancer, our under-
standing of the disease has shifted radically. Cancer is increasingly illuminated as a
war of self, the outcome hinging on whether our immune systems keep our mutated
cells in check or assist in their progression and eventual malignant escape.

Tumor Microenvironment

The tumor microenvironment has become a focus in cancer research as its constitu-
ents are the major contributors of tumor-promoting inflammation. Here, we focus
specifically on the diverse roles of immune cells, cytokines, lipid mediators, and
inflammatory biomarkers that actively mediate inflammation in the tumor microen-
vironment. While inflammation has traditionally been associated with cancer pro-
gression, current studies continue to identify both pro- and anti-tumorigenic
mechanisms enacted by our immune system. We explore the pro-tumorigenic mech-
anisms of infiltrating immune cells, pro-inflammatory cytokines lipid mediators,
and pro-inflammatory biomarkers, while examining how these immune cells and
their mediators may paradoxically play an anti-tumorigenic role in the context of
cancer.
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Immune Cell Biomarkers

Both the innate and adaptive immune systems contribute to cancer-associated
inflammation. Immune cells such as macrophages, dendritic cells, natural killer
cells, T lymphocytes, and B lymphocytes play critical pro-tumorigenic and anti-
tumorigenic roles in inflammation-associated cancer pathogenesis.

Macrophages

Macrophages are traditionally viewed as scavengers of the immune system. As
monocytes, their immature predecessors, they circulate in the blood until they
receive a signal to migrate into tissues, where they mature into macrophages.
Macrophages are dual-functional: while they participate in the innate immune
response by surveying tissues and destroying antigens via phagolysosomes, they
also function as antigen-presenting cells within the adaptive immune system to
mount specific T and B cell responses against foreign particles, microbes, or even
cancer cells.

While previously thought to be predominantly anti-tumorigenic, our understand-
ing of macrophages in cancer has evolved since the 1980s to encompass their more
recently characterized pro-tumorigenic actions. In the 1980s and 1990s, resident liver
macrophages known as Kupffer cells were reported to possess anti-tumorigenic activ-
ity [20]. Specifically, Kupffer cells were shown to phagocytose tumor cells, and their
systemic depletion led to increased metastases [21]. Tumor-bearing rats lacking
macrophages, a result of exogenous depletion, were shown to exhibit increased tumor
differentiation and decreased survival due to aggressive tumor growth [22]. In contrast,
the depletion of monocytes and macrophages in animal tumor models demonstrated
reduced tumor incidence, as well as inhibition of tumor growth and angiogenesis [23].
The anti-tumorigenic nature of macrophages is further exemplified by the evolution
of tumor cells to evade macrophage detection. Leukemia cell expression of CD47, an
anti-apoptotic and autophagic marker, was demonstrated to inhibit macrophage
phagocytosis, enabling tumor immune evasion and cancer progression [24].

Macrophages have been characterized in various tumorigenic and metastatic dis-
ease settings. For instance, glioblastoma has been associated with increased num-
bers of circulating monocytes [25]. Further, phagocytosis of circulating breast
cancer exosomes by distant macrophages has been shown to increase macrophage
secretion of pro-inflammatory cytokines via NFkf activation [26]. Importantly, this
implicates macrophages as potential mediators of metastasis, as breast cancer com-
monly metastasizes to the lung and brain. Indeed, studies have characterized the
pro-metastatic role of macrophages in genetically engineered murine breast cancer
models [27].

It is now appreciated that functionally distinct subsets of macrophages exist, and
their polarization is influenced by their surroundings. Two of these polarizations are
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referred to as “M1” and “M2” phenotypes. However, the traditional M1/M2 catego-
rization of macrophages appears to be an oversimplification [28, 29], as recent stud-
ies have expanded the role of M2-phenotypic macrophages to include mediating the
resolution of inflammation. During the resolution of inflammation, an active pro-
cess, lipid autacoids stimulate M2 macrophages to efferocytose apoptotic cellular
debris [30-33]. Glioblastoma-associated myeloid cells are characterized as having
an “MO0,” non-polarized phenotype. However, these non-polarized macrophages
have been found to express some characteristic M2 markers, namely TGF-p and
IL-10 [25]. M2-polarized macrophages in a non-cancer setting are characterized as
anti-inflammatory, participating in wound healing and tissue repair; however, in a
cancer setting, they are characteristically viewed as “pro-tumorigenic.” Specifically,
M2 macrophages have been shown to promote disease progression in numerous
cancers, including lung, breast, and ovarian [34-36]. In genetically engineered
murine models of lung adenocarcinoma, depletion of M2-polarized alveolar macro-
phages inhibited tumor growth [34]. Additionally, the polarization of macrophages
to their M2 phenotype has been shown to accelerate breast cancer growth [35].
Similarly, M2-phenotype macrophages have been shown to be present in ascites
fluid taken from ovarian cancer patients [36]. Interestingly, when these macro-
phages were cultured with lipopolysaccharide (LPS), an inflammatory stimulus,
they adopted an M1 phenotype, exhibiting toll-like receptor activation and upregu-
lating the cytotoxic activity of natural killer (NK) cells [36]. Thus, the reprogram-
ming of M2 macrophages to an M1 phenotype can promote their antitumor
activity.

In contrast to M2-polarized macrophages, M1 macrophages have been
characterized as anti-tumorigenic. In non-cancer settings, these macrophages
mount an inflammatory response via their phagocytic and antigen-presenting
activity [30, 31]. Current cancer immune-based therapies include polarizing
macrophages to their M1 phenotype. Blocking TGFf signaling in combination
with stimulation of toll-like receptor 7 (characteristic of innate immune activation)
results in the polarization of macrophages toward an M1 phenotype with specific
antitumor activity [37].

In addition to M1 macrophages, studies have identified CD169+ macrophages,
non-phagocytic mediators of immune tolerance, as important anti-tumorigenic
cells. While CD169+ macrophages are unable to phagocytose cells and debris, they
are of particular importance in immune tolerance [28]. Interestingly in an inflamma-
tory setting, these macrophages have been shown to activate cytotoxic CD8+ T cells
with a greater range of targets than dendritic cells [38]. As cancers have a wide
variety of constantly mutating antigenic targets, this is a potential mechanism cor-
relating CD169+ macrophages with documented antitumor activity in a variety of
cancers, including endometrial carcinoma and melanoma [39—-41]. CD169+ macro-
phages inhibit melanoma growth in orthotopic murine models via their ability to
bind tumor-derived extracellular vesicles in draining lymph nodes and subsequently
present them to B cells [41]. These various host macrophage-mediated mechanisms
induce an adaptive immune response against the tumor, thus highlighting enhance-
ment of the immune system as a potential cancer therapy.
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Dendritic Cells

Similar to macrophages, dendritic cells exhibit both pro- and anti-tumorigenic
activity in cancer. In inflammatory reactions, dendritic cells are the primary
antigen-presenting cell. After binding an antigen at the site of inflammation,
dendritic cells migrate to lymph nodes and activate antigen-specific immune
responses from B and T lymphocytes. Dendritic cells are present in a variety of
tumor types, including breast cancer [42, 43]. In a genetically engineered murine
model of breast cancer (MMTV-PyMT), dendritic cells were demonstrated to be
the most prevalent immune cell in the tumor tissue. Subsequent depletion of
dendritic cells ultimately inhibited tumor growth and lung metastasis [44].
While dendritic cells are pro-tumorigenic, they can also possess antitumor
activity. The difference in roles may be related to tumor progression. During the
initial states of tumor progression, dendritic cells demonstrate antitumor activity.
However, with tumor progression, dendritic cells lose their antitumor activity,
unable to perform antigen presentation to T cells, and can even become immu-
nosuppressive against T cells [45]. This highlights the adaptability of dendritic
cell function within the tumor microenvironment and provides a possible
approach for future immunotherapy. In fact, dendritic cells are currently being
utilized in cancer vaccination clinical trials [46—48]. Tumor-associated dendritic
cells exposed to tumor antigens ex vivo are then reintroduced to glioblastoma
patients. These results have demonstrated harnessing dendritic cells antigen-
presenting activity increases overall and progression-free survival in glioblas-
toma patients [49].

Natural Killer Cells

Natural killer (NK) cells also play a key role in inflammation and cancer. NK cells
mediate antibody-dependent cellular cytotoxicity within the innate immune sys-
tem. Recent studies have also implicated NK cells in adaptive and memory immu-
nity [50]. NK cells not only promote nonalcoholic steatohepatitis (inflammation
and fat accumulation of the liver), but also play a pivotal role in its progression to
hepatocellular carcinoma (HCC) [51]. Specifically, NK cells interact with CD8+
T cells to release pro-inflammatory cytokines, contributing to tumor progression
[51]. Further, specific subsets of NK cells have been implicated in halting natural
host immune responses in breast cancer patients via expression of TGFJ and
IL-10 [52].

Conversely, studies have identified various antitumor activities of NK cells.
Prostate cancer patients with increased peripheral natural killer cells achieved
improved overall survival. [53] Specifically, NK cells in these patients express
NKp46, DNAm-1, and NKG2D, which contributed to the lysis of prostate tumor
cells [53]. Additionally activation of NK cells in the presence of IL-12 and IL-15
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allows for the mounting of cytotoxic response against breast cancer stem cells
[54]. Importantly, IL-12 and IL-15 activate NK cells and enhance their cytotoxic
activity.

T Cells

The adaptive immune system, comprised of T and B cells, also plays a critical role
in inflammation and cancer. T cells, including CD4+ T helper cells and CD8+ T
cytotoxic cells, are antigen-specific cells that have a range of known phenotypes
[55]. CD4+ T cells assist in B cell antibody class switching, and activation of CD8+
T cells and can have both pro- and anti-tumorigenic activities. CD4+ T cell
infiltration is increased in skin dysplasia, as well as in squamous cell carcinoma.
Their role in tumor pathogenesis is evident as demonstrated in a CD4+ T cell knock-
out murine model, in which tumor growth is suppressed [56]. However, it appears
the tumorigenic role of CD4+ T cells varies across malignant tissues. Specifically,
the loss of CD4+ T cells in the liver has been shown to accelerate tumor growth both
in murine models and human patient samples of hepatocarcinogenesis. This mecha-
nism may be due to an increase in hepatocytes’ lipid concentration, resulting in
CD4+ T cell death and subsequent disease progression from nonalcoholic fatty liver
disease to cancer [57]. T cells with cytotoxic phenotypes (CD8+) are anti-tumori-
genic, specifically in genetically engineered murine breast cancer models. Their
cytotoxicity against tumor cells is dependent on IL-15, and knocking out IL-15
facilitates a marked increase in tumor growth [58]. Similarly, in genetically engi-
neered murine non-small cell lung cancer models, knocking out CD8+ T cells
resulted in stimulation of tumor growth and reduced survival [59]. In recent clinical
studies, CD8+ T cells appear to play a key role in antitumor immunity in both pan-
creatic and colorectal cancers. An increase in both CD8+ T cells and CD4+ T cells
resulted in increased overall and disease-free survival in patients with pancreatic
ductal carcinoma [60]. Reduced metastasis has been correlated with increased num-
bers of cytotoxic cells in colorectal cancer patient samples [61]. Similarly, depletion
of CD8+ T cells in murine colorectal cancer models resulted in accelerated tumor
growth. Thus, T cells represent the flexibility of the adaptive immune system by
hindering and promoting tumor growth.

B Cells

B lymphocytic cells, another essential arm of the adaptive immune system, are
best known for their role in humoral immunity, providing immune responses
from a distance. B cells secrete antigen-specific antibodies, which have a broad
range of activities including marking cells for destruction (opsonization),
providing a physical barrier on an antigen, or facilitating the creation of immune
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memory. Consistent with immune cells we have explored previously, B cells also
appear to have variable roles in tumor pathogenesis. Most notably, B cells have
been implicated in pancreatic cancer progression. The depletion of B cells in
mice inhibited orthotopic pancreatic adenocarcinoma tumor progression. The
underlying mechanism is believed to be associated with B cells’ role in macro-
phage polarization, specifically polarizing macrophages to an M2 phenotype
[62]. Similarly, pancreatic tumors injected into mice lacking functional B cells
exhibited decreased tumor growth as compared to wild-type mice. Alternatively,
transplanting B cell-deficient mice with wild-type B cells promote tumor growth,
further highlighting the pro-tumorigenic role of B cells [63]. The presence of
mature B cells has also been correlated with higher epithelial ovarian tumor
grade. Additionally, increased levels of plasma cells, which are terminally dif-
ferentiated B cells, have been correlated with decreased overall and ovarian
cancer-specific survival [64]. While largely pro-tumorigenic, B cells have also
been shown to have anti-tumorigenic functions. Gene expression studies have
revealed that the presence of B cells in the microenvironment of basal-like breast
tumors correlates with increased progression-free survival [65]. While the spe-
cific mechanisms through which B cells exert anti-tumorigenic action is unclear,
it is evident that B cells can be both anti- and pro-tumorigenic depending on the
specific tumor environment.

Cytokine and Chemokine Biomarkers

We will next explore the role of cytokines and chemokines in cancer-associated
inflammation. Cytokines and chemokines are small protein signaling molecules
that enable crosstalk between immune cells and direct immune cell trafficking,
respectively. While cytokines and chemokines in non-cancer settings may be
considered pro- or anti-inflammatory, similar to immune cells, their role in tumor
progression varies. While there is an enormous number of cytokines and chemo-
kines that have been implicated in cancer, we focus on TNFa, TGFp, IL-1, IL-6,
IL-10, and CCL2.

Tumor Necrosis Factor o

Tumor necrosis factor o (TNFa) is perhaps the most iconic cytokine in cancer-
association inflammation. However, as noted by Balkwill, “tumor necrosis factor”
is likely a misnomer [15]. While the name “tumor necrosis factor” would lead one
to believe it has antitumor activity, recent research has supported a dual role in
tumorigenesis for TNFa. TNFa is traditionally implicated in septic shock and is
characterized as a pro-inflammatory cytokine. TNFa has also been demonstrated to
have both pro- and anti-tumorigenic roles. Its contribution to cancer pathogenesis
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is believed to be via activation of immune cells, including B cells, which recent
studies have shown are likely responsible for skin carcinogenesis. Selectively
knocking out TNFa in B cells resulted in a reduction of papillomas in tumor-bear-
ing mice [66]. Similar observations have been made in orthotopic glioblastoma
tumor models, in which knocking out TNFa significantly increases survival rates
[67]. TNFa has also been shown to be increased in non-small cell lung and pancre-
atic cancers, and its expression in ovarian carcinoma patient tissue correlates with
high-grade serous carcinomas and endometrioid carcinomas [68, 69, 70]. While it
would appear TNFa could be an appealing target for cancer therapy, anti-TNFo
therapies have failed in the clinic to date [71]. Insight into its therapeutic failure
may be due to TNFa’s role as an anti-tumorigenic cytokine. If TNFa is expressed
directly by tumor cells, it could then exert an autocrine antitumor activity. Mice
injected with tumor cells genetically modified to secrete high levels of TNFa have
little to no tumor growth as compared to control. This model has been recapitulated
in breast, melanoma, and lung carcinoma models [72]. This in turn could possibly
be utilized for future gene therapy, to stimulate ones’ own tumor to exert autolo-
gous antitumor activity.

Transforming Growth Factor-f

Transforming growth factor-p (TGF-p) is widely studied for its activation of regula-
tory T cells and Th17 cells. TGF-p activation of regulatory T cells has been shown
to dampen inflammation and activate self-tolerant immune mechanisms. Elevated
levels of TGF-f secreted from natural killer cells, along with IL-10, have been
reported in breast cancer patients [52]. TGF-f has also been implicated in the pro-
gression of cervical squamous cell carcinoma. TGF-f activation has been demon-
strated to be the result of thrombospondin-1, an acute phase inflammatory protein,
secretion due to the interaction between cancer cells and cancer-associated fibro-
blasts [73]. TGF-f receptor 1 and 2 knockout mice exhibit markedly decreased pan-
creatic tumor growth. However, selective knockout of the TGFbeta receptor in
epithelial cells significantly promotes pancreatic tumor growth [74]. This highlights
the role of the tumor microenvironment in mediating pro- and anti-tumorigenic
inflammation signals. Anti-TGF-f therapy in a recent clinical trial proved to have
preliminary tumor reduction on advanced melanoma and renal cell carcinoma, with
no apparent toxicity [75]. This establishes TGF- as a putative viable cytokine tar-
get for future cancer therapy.

It has been demonstrated in murine pancreatic cancer models that TGF-f may
also have antitumor activity. In orthotopic and genetically engineered murine mod-
els, pharmacological inhibition of TGF-f} signaling in the pancreas using a TGF-f
receptor antagonist contributed to pancreatic ductal adenocarcinoma progression
[76]. Like other inflammatory mediators in the tumor microenvironment, TGF-3
exhibits both pro- and anti-tumorigenic activity and its actions may require further
studies.
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Interleukin-1

Other cytokines and chemokines have ambiguous roles in inflammation associated
with tumor pathogenesis. Within the IL-1 family, IL-1a, IL-1p, and IL-1 receptor
antagonist (IL-1Ra) tend to be a focus of many studies. IL-1 is known to enhance
CD4+ T cell proliferation and differentiation of B cells in standard inflammatory
settings. It is most often associated with induction of fever in the early phase of the
acute inflammatory reaction. However, it has been shown that inhibition of IL-1a
and IL-1p in murine myeloma models decreases survival rates. In this model, IL-1a
and IL-1p increase Thl cell secretion of pro-inflammatory cytokines, which in turn
activate cytotoxic macrophage responses toward tumor cells [77]. IL-1a is the dom-
inant family member in acute inflammation. However, as acute inflammation pro-
gresses to become chronic, IL-1f becomes the predominant mediator [78]. As
recent studies have demonstrated, IL-1f appears to play an integral role in inflam-
mation and cancer. Decreased IL-1 secretion by tumor cells or stroma correlates
with a decrease in progression-free survival in prostate cancer patients, thus high-
lighting the potential antitumor mechanisms associated with IL-1f in the tumor
microenvironment [79]. Whereby, other studies have suggested IL-1f exhibits pro-
tumor effects. Specifically, infiltrating neutrophils in a colitis model will secrete
IL-1p that in turn contributes to colitis-associated tumorigenesis via upregulating
the secretion of IL-6 [80]. IL-1Ra is a competitive antagonist to IL-1a and IL-1p
and has been shown to inhibit their pro-inflammatory mechanisms [81]. While
IL-1Ra may appear to be an alluring target for cancer therapy, recent data suggests
its role in cancer progression is more complex than previously viewed. An increase
in IL-1Ra has been correlated with decreased event-free and overall survival in T
cell lymphoma patients [82]. Similarly, IL.-Ra levels are increased in women with
newly diagnosed breast cancers, as compared to breast cancer negative controls
[83]. Taken together, the IL-1 cytokine family activity appears to be rather situa-
tional in its pro- and anti-tumorigenic activity.

Interleukin-6

Similar to IL-1, IL-6 is another cytokine implicated in acute inflammation and more
specifically fever. IL-6 is synthesized and secreted predominantly by macrophages
and enhances macrophages’ ability to present to T cells via upregulation of B7
expression following recognition of pathogen-associated molecular patterns. Unlike
the IL-1 family mediators, IL-6 has been shown to be predominantly pro-
tumorigenic. In 2014, Karin and Taniguchi described IL-6 as one of the “critical
lynchpins” associating inflammation and cancer [84]. They implicated IL-6 down-
stream signaling as contributing to tumor cell survival and proliferation, as well as
to inflammation in the tumor microenvironment. Similarly, they highlighted that
IL-6 is not only associated with acute inflammation, but also participates in T cell
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activation throughout chronic inflammation. IL-6 has also been associated with at
least 12 cancer types in humans, including but not limited to stomach, pancreatic,
liver, intestinal, uterine, breast, lung, esophageal, prostate, bladder, and kidney can-
cers [84]. In a murine model of pancreatitis (a chronic inflammatory condition), the
deletion of IL-6 has led to the recovery of normal pancreatic tissue as compared to
wild-type mice, which ultimately develop pancreatic tumors [85]. IL-6 secretion
from fibroblasts has even been implicated as a mechanism for angiogenesis, again
highlighting the pro-tumorigenic role of IL-6 [86]. IL-6 has been implicated in the
progression of both triple-negative breast cancer and pancreatic cancer [70, 85, 87].
Blocking the IL-6 receptor on breast cancer cells has been shown to render the
tumor cells unable to adhere to endothelium, which is a key step in metastasis [87].
Thus, IL-6 not only possesses the potential to promote primary tumor growth but
also tumor angiogenesis and metastasis.

Interleukin-10

In noncancer settings, IL-10 is traditionally characterized as an anti-inflammatory
cytokine, for its inhibition of NFxf, a transcription factor implicated in both cancer
and inflammation. Recent studies, however, have shown that IL-10 may contribute
to tumor growth and even cancer therapy resistance. IL-10 is increased in breast
tumor tissue, with a corresponding increase in macrophage infiltration [88]. Further,
increased secretion of IL-10 by macrophages in the tumor stroma has been associ-
ated with drug resistance in breast cancer [88]. This again presents an interesting
paradigm, in which a characteristically anti-inflammatory cytokine contributes to
tumor growth.

Chemokine Ligand 2

Chemokine ligand 2 (CCL2), also known as monocyte chemoattractant protein 1
(MCP1), is involved in macrophage chemotaxis, signaling macrophages to traffic to
a specific tissue site. CCL2 plays a critical role in inflammation and cancer, particu-
larly for its role in breast cancer metastasis. CCL2 secreted by tumor cells and
macrophages increases metastatic seeding of breast cancer cells via stimulating the
secretion of CCL3 [27]. Interestingly, CCL3, also known as macrophage inflamma-
tory protein 1-o (MIP1-a), is known to play a role in acute inflammation, again
demonstrating the intertwined role of inflammation and cancer. Further, a recent
clinical trial implicated antagonizing CCL2 activity in pancreatic tumor inhibition.
Pharmacologically inhibiting CCR2, the receptor for CCL2, in combination with
chemotherapy significantly inhibited tumor growth [89]. In this study, inhibition of
CCR2 also decreased tumor-associated macrophages and regulatory T cells while
increasing CD8+ and CD4+ T cells.
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Arachidonic Acid
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Fig. 7.1 Arachidonic acid metabolism via cyclooxygenase (COX), lipoxygenase (LOX), and cyto-
chrome P450 (CYP450) enzymes. Lipids highlighted include PGE,, LTB,, LTC,, LTD,, LTE,,
11,12-EET, and 14,15-EET for their diverse roles in inflammation-associated tumor pathogenesis

Lipid and Protein Biomarkers

Another lens to view inflammation and cancer is through inflammatory lipids and
proteins. Lipids biosynthesized from arachidonic acid are termed eicosanoids,
potent locally acting mediators of inflammation (Fig. 7.1). We discuss specifically
prostaglandin E, (PGE,), epoxyeicosatrienoic acids (EETs), omega-3 fatty acids,
and leukotrienes, as well as emerging protein biomarkers annexin A1 and C-reactive
protein (CRP).

Prostaglandin E,

Prostaglandin E, (PGE,) is a characteristically pro-inflammatory bioactive lipid syn-
thesized from arachidonic acid initially by cyclooxygenase 1 (COX-1) and cyclooxy-
genase 2 (COX-2) and then by PGE synthase. Both PGE, and COX-2 expression
have been implicated in inflammation and cancer. PGE, has been most notably char-
acterized in colon cancer, where neutralizing PGE synthase and thus inhibiting PGE,
synthesis decreases colon tumor formation in genetically engineered murine models
of colon cancer [90]. Further, levels of PGE, positively correlate with cancer stem
cell markers in colorectal cancer patient tumor samples. PGE, has also been shown
to be pro-metastatic, as administration of PGE, results in increased tumor and liver
metastasis inagenetically engineered model of colorectal cancer [91]. Mechanistically,
PGE, has been demonstrated to promote tumor growth through stimulation of angio-
genesis and immune suppression in several cancers, including colon cancer [92].
PGE, generated by tumor cells additionally stimulates myeloid-derived suppressor
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cells to inhibit natural killer cells, contributing to immune suppression [93]. In addi-
tion to the well characterized activity of PGE, in colon cancer, the deletion of COX
or PGE synthase in melanoma cells resulted in tumor rejection in immunocompetent
mice [94]. However, in Ragl knockout (KO) mice, melanoma tumor cells lacking
PGE synthase form growing tumors [94]. As Ragl KO mice are unable to generate
mature T and B lymphocytes, this result highlights the relationship between PGE,,
immune cells, and tumor progression. We analyze the characterization of PGE,
within this paradigm in regard to its relationship with omega-3 fatty acids and aspirin
in the sections entitled “Omega-3 Fatty Acids and Derivatives” and “Inflammation
and Cancer: Clinical Applications,” respectively.

Epoxyeicosatrienoic Acids

Epoxyeicosatrienoic acids (EETs) are locally acting lipid signaling molecules with
a short half-life and exhibit both autocrine and paracrine activities. EETs are the
products of arachidonic acid metabolism by cytochrome P450 enzymes. EETs are
then further metabolized by soluble epoxide hydrolase (SEH) into dihydroxyeicosa-
trienoic acid (DHET). EETs have been vastly studied in various inflammatory dis-
eases. While EETs are known to mediate proliferation, migration, and inflammation
in human tissues, their molecular mechanisms in doing so remain poorly character-
ized [95]. EETs are known to play a role in coronary arteriole dilation [96], stimu-
late tissue and organ regeneration [97], promote wound healing [98], delay seizure
onset [99], and participate in many other disease processes with an inflammatory
component [100]. Interestingly, their role in specific inflammatory diseases appears
to be somewhat complex. EETs have been shown to be cardioprotective, inhibit
pathogenesis of diabetes, and exert renal and neuronal protection. EETs also pro-
mote tumor cell proliferation and regulate host antitumor immunity [101, 102].
Thus, their role in cancer continues to be an active area of study. It has been dem-
onstrated that both exogenous systemic and endogenous endothelium-derived EETs
promote not only tumor growth and angiogenesis in murine models but also metas-
tasis and tumor dormancy escape [101]. The EETs pro-tumor activity in these mod-
els was in part due to increasing VEGF secretion from endothelium in the tumor
microenvironment [101]. In fact, the pro-tumorigenic role of EETs has also been
demonstrated in human breast tumor tissue. Increased levels of 14,15-EET corre-
late with greater malignancy potential in breast cancer patients [103]. While the
role of EETs in cancer requires further elucidation, modulation of EET levels via
sEH has been purposed as a possible new direction in cancer therapy [95, 104].
Specifically, the promotion of EET metabolism by the endogenous over-expression
of sEH in transgenic mice has been shown to reduce tumor burden [101]. In sum-
mary, the role of EETSs in cancer remains an interesting vantage point whereby to
view inflammation and cancer, while also providing insight into possible new thera-
peutic targets.
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Omega-3 Fatty Acids and Derivatives

Omega-3 fatty acids are essential dietary polyunsaturated fatty acids that are metab-
olized in the human body to other essential lipid metabolites, including prostaglan-
dins, thromboxane, and leukotrienes. Omega-3 fatty acids and their derivatives have
recently gained widespread public attention for their potential wide-ranging health
benefits. Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are
omega-3 fatty acids that are frequently marketed as dietary supplements to promote
heart health. The potential role of these fatty acids in cancer pathogenesis is also of
interest, as diets rich in omega-3 fatty acids correlate with a reduction in cancer-
related deaths [105]. The anti-inflammatory mechanism to activity of omega-3 fatty
acids has been primarily attributed to its metabolites, EPA and DHA. These mole-
cules saturate enzymes that classically metabolize arachidonic acid into pro-
inflammatory molecules and instead generate lipid autacoids with more
anti-inflammatory characteristics [106]. EPA and DHA can additionally activate
peroxisome proliferator-activated receptors (PPARs), transcription factors with
known anti-inflammatory effects [106], and, interestingly, antitumor activity [107,
108]. Dietary supplementation of omega-3 fatty acids has been associated with
decreased risk of colorectal cancer mortality [109]. Of note, chronic inflammation,
such as ulcerative colitis, is a risk factor for colorectal cancer pathogenesis [110].
Omega-3 fatty acid supplementation has also been demonstrated to decrease pros-
tate cancer progression in murine models via a macrophage-mediated mechanism
[111]. Dietary DHA in these models decreased tumor-associated macrophage viabil-
ity, as well as pro-inflammatory cytokines and NFkp-mediated gene expression.
Induction of tumor cell apoptosis may mediate, at least in part, the antitumor activity
of omega-3 fatty acids [112]. Studies have further indicated that omega-3 fatty acids
are capable of inducing apoptosis in a range of solid cancers in vitro, ranging from
gastrointestinal origin to neural tissue, and even hematological cancers [112]. While
the underlying mechanism remains to be fully elucidated, it appears that omega-3
fatty acids play a role in inducing both the intrinsic and extrinsic apoptosis pathways
[112]. In addition to inducing apoptotic programs, omega-3 fatty acids play an anti-
tumorigenic role through increasing tumor cell susceptibility to cytotoxic therapies
and are being investigated as adjuvant cancer therapies [113]. Omega-3 fatty acid
supplementation was also found to enrich tumor cell membranes in unsaturated fatty
acids, in turn making the cells more susceptible to destruction by free radicals [113].
An important process in tumor malignancy is epithelial-mesenchymal transition
(EMT). This transformation is critical for tumor cell invasion into neighboring tis-
sues and sets the foundation for tumor metastasis. DHA has proven to be efficacious
in inhibiting epithelial-mesenchymal transition in colorectal cancer models [114].
The mechanism of DHA’s direct action in halting this process remains relatively
unknown. As previously described, PGE, and COX-2 are characteristically pro-
tumorigenic. Recent studies in endometrial cancer suggest that omega-3 fatty acid
supplementation exerts its antitumor activity through downregulating COX-2
expression and thus subsequently decreasing endogenous PGE, levels [115]. This
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mechanism has also been demonstrated in a colon cancer model, in which EPA and
DHA supplementation increased lipoxin A4 (LXA,), an anti-inflammatory endoge-
nous lipid mediator [116]. While the intricate workings of omega-3 fatty acids still
required further research, their potential in cancer therapeutics appears promising.

Leukotrienes

Similar to EETSs, leukotrienes are another class of eicosanoid metabolites of arachidonic
acid generated by members of the lipoxygenase enzyme family. Leukotrienes are tradi-
tionally viewed as pro-inflammatory molecules and have been highly studied in inflam-
matory lung diseases. Similar to the other lipid mediators, their role in inflammation is
being actively elucidated. Leukotrienes are mainly synthesized by leukocytes, contrib-
uting to both innate and adaptive immunity responses [117]. In acute inflammatory
settings, leukotriene B, (LTB,) increases leukocyte trafficking, as well as pro-inflamma-
tory cytokines such as IL-6 and TNFa. In fact, it has been demonstrated that cellular
secretion of LTB, is a crucial first step in potentiating inflammation-induced tumorigen-
esis in a lung cancer model [118]. The mechanism of LTB, tumorigenic contribution
was demonstrated to be mediated by signaling through binding of its receptor BLT1,
characteristically expressed on peripheral blood leukocytes [118]. LC-MS-MS-based
profiling demonstrated an increase in leukotrienes LTC, and LTE, correlates with tumor
progression in aggressive murine lung cancer models [119]. Interestingly, in these mod-
els, resident alveolar macrophages demonstrated high expression of 5-lipoxygenase
(5-LOX) and subsequent increases in LTB,, LTC,, and LTD, secretion, as compared to
infiltrating macrophages which did not produce leukotrienes [119]. This study provides
insight into leukotrienes’ locally acting inflammatory mechanisms in a cancer setting.
Interestingly, the deletion of 5-LOX in a murine lung cancer model stimulates primary
tumor growth and liver metastasis through the regulation of T cells [120].

Recent evidence implicating 5-LOX as an inhibitor of tumor growth suggests
that leukotrienes produced by this enzyme potentially enact anti-tumorigenic
programs in addition to their well-characterized pro-tumorigenic activities.
Inhibition of 5-LOX in murine models has been demonstrated to reduce polyp
burden in intestinal mucosa, a known mechanistic step in the APC-driven adenoma-
carcinoma sequence of colon cancer [121]. In this model, the inhibition of 5-LOX
was further accompanied by a decrease in inflammatory infiltrate, including
cytokines and immune cells [121]. Further, the inhibition of 5-LOX has been shown
to selectively induce apoptosis in prostate cancer cells via decreased expression of
c-Myc mRNA [122]. C-Myc is a commonly mutated gene in various cancers,
allowing for unregulated cell proliferation. In pancreatic cancer models, 5-LOX
knockout mice were shown to have decreased pancreatic lesions, precursors to pan-
creatic ductal adenocarcinoma [123]. Thus, while further studies on the role of
leukotrienes in cancer are needed, it is apparent that their modulation could provide
important insight into cancer pathogenesis and potentially open new therapeutic
avenues.
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Annexin Al

A protein of growing interest in inflammation and cancer is annexin Al, an anti-
inflammatory protein that inhibits acute inflammation by blocking phospholipase
A,. This neutralization results in decreased eicosanoid production and inhibits leu-
kocyte adhesion and infiltration. In breast cancer patients, high levels of annexin A1
have been associated with decreased overall survival and poor breast cancer-specific
survival [124, 125]. Similarly, lung cancer patients have been shown to have a sig-
nificant increase in annexin A1l levels in plasma [126]. Further, annexin A1 mRNA
and protein levels are increased in lung tumor tissue as compared to adjacent, non-
cancerous tissue [126]. Thus, annexin A1, an anti-inflammatory protein, may prove
to be an important biomarker for tumor progression.

C-Reactive Protein

C-reactive protein (CRP) is released by macrophages and enhances complement
recognition and subsequent phagocytosis by macrophages. CRP is clinically used
as a biomarker for various inflammatory diseases, including inflammatory bowel
disease, pelvic inflammatory disease, arthritis, autoimmunity, and even heart dis-
ease. While C-reactive protein’s role in cancer has remained elusive, it has been
shown to be a biomarker for various cancers. Elevated CRP levels are validated
biomarkers in both Crohn’s disease and ulcerative colitis, both chronic inflamma-
tory diseases of the colon. Elevated levels of CRP have also been associated with an
increased risk of colorectal cancer development [127]. Moreover, increased levels
of CRP correlate with decreased overall survival and more aggressive tumor recur-
rence and metastasis in oral squamous cell carcinomas [128]. CRP levels have also
been associated with an increased risk of epithelial ovarian carcinoma and breast
cancer [129-131]. Increased levels of CRP are correlated with decreased cancer-
specific survival in pancreatic cancer patients [132]. While the relationship between
CRP and cancer risk and progression remains unclear, research suggests that CRP
is largely pro-tumorigenic and could serve as a clinical biomarker for several types
of cancer.

Inflammation and Cancer: Clinical Applications

Chronic inflammation is a known risk factor for various cancers. For example, pan-
creatitis is a known risk factor for pancreatic cancer, ulcerative colitis and Crohn’s
disease are known risk factors for colon cancer, and Helicobacter pylori infections
are known to increase the risk of stomach cancer. Other associations include cystitis
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and bladder cancer, Barrett’s esophagus and esophageal carcinoma, and bronchitis
and lung cancer [16, 133]. However, the extent to which underlying inflammation
contributes to tumor growth remains elusive. Inflammatory reactions appear to have
a threshold for which they can either play a pro-tumorigenic role or anti-tumorigenic
role. Thus, characterizing the point at which inflammation transitions from facilitat-
ing tumor inhibition to promoting disease progression has been the aim of many
recent clinical studies. These studies aim to evaluate the “overall inflammatory
score” in relation to specific cancers. Further, these clinical studies seek to highlight
a potential threshold between acute and chronic inflammation that, when surpassed,
could contribute to cancer pathogenesis.

In a recent study, in which the inflammatory score reflected the neutrophil to
lymphocyte ratio, an increased neutrophil to lymphocyte ratio is an independent
predictive marker or clinical outcomes in head and neck squamous cell carcinoma
patients. This increased ratio was also associated with a decrease in overall sur-
vival and recurrence-free survival [134]. Another study found men who demon-
strated either acute or chronic inflammation in prostate tissue with a negative
prostate biopsy have a decreased risk in prostate cancer pathogenesis 2 years post-
biopsy. However, 4 years post-biopsy, decreased risk in prostate cancer was found
to be positively associated with acute inflammation [135]. In a similar study on
prostate cancer, chronic inflammation, defined by the presence of lymphocytes,
plasma cells, and macrophages, was associated with lower prostate tumor volume
[136]. In a large-scale study evaluating the overall risk of cancer, a combination
of CRP levels and leukocyte count was used as an inflammatory score. An increase
in the inflammatory score correlated with an increase in prostate, lung, and
colorectal cancer risk [137]. A correlation between decreased inflammation and
increased cancer survival has also been shown in cervical cancer, in which a
decreased platelet to lymphocyte ratio correlates with an increase in overall and
disease-free survival in patients [138]. Recent studies further highlight the impor-
tance of lymphocyte to monocyte ratio in several cancers. Interestingly, decrease
in lymphocyte to monocyte ratio was found to be consistent with decrease in over-
all survival in colorectal cancer, lung cancer, pancreatic cancer, and Hodgkin’s
lymphoma [139]. An additional large-scale, retrospective study demonstrated that
a greater ratio of lymphocytes to monocytes resulted in increased overall and
disease-free survival in non-small cell lung cancer patients [140].

Thus, while the mechanisms underlying inflammation’s contribution to cancer
progression remain an area of ongoing research, it is apparent that inflammation has
an intimate connection with tumor pathogenesis. Therefore, it is no surprise that in
efforts to prevent cancer progression, widely used anti-inflammatory medications
have come into focus as prophylaxis. Aspirin and other nonsteroidal anti-
inflammatory drugs (NSAIDs) have been the subject of small- and large-scale can-
cer patient studies. Beginning in the late 1980s, there has been a growing body of
evidence implicating aspirin’s ability to decrease colorectal cancer risk [141, 142].
Although yet to be elucidated, aspirin’s antitumor mechanism appears to be its mul-
tifaceted inhibition of inflammation through COX acetylation. Aspirin acetylation
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of cyclooxygenase inhibits prostaglandin synthesis, thus decreasing the pro-
inflammatory and pro-tumorigenic activities of PGE, as well as decreasing platelet
activation. It has been hypothesized that aspirin also inhibits immune cell activation
[142]. Aspirin regiments have been associated with decreased risks of epithelial
ovarian cancer and gastric cancer [143—145]. Aspirin has also been associated with
decreased risk of breast cancer-related death following breast cancer diagnosis
[146]. However, retrospective studies assessing aspirin’s anticancer benefits remain
controversial. One review concluded that there was no statistically significant cor-
relation between low-dose aspirin use and reduction in overall cancer risk and that
aspirin’s chemopreventive activity was limited to colorectal cancer risk [147].
Similarly, other nonsteroidal anti-inflammatory drugs have proved to decrease risk
of colorectal and prostate cancer [148—150]. The mechanism of NSAIDs within the
tumor microenvironment has also been characterized as their ability to inhibit
tumorigenic potential and tumor immune tolerance, as well as to enhance immuno-
surveillance [110]. Interestingly, this activity was found to be mediated in part
through the reduction of PGE, [110]. However, anti-inflammatories such as aspirin
and COX-2 inhibitors have faced therapeutic challenges in the clinic, as they cause
severe side effects such as kidney toxicity, stomach bleeding, and heart complica-
tions. Thus, more efforts to characterize the anti-tumorigenic mechanisms of aspirin
and other NSAIDS are needed to develop novel viable clinical therapeutics that
harness their broad anticancer activity.

Summary

Extensive evidence has established a link between inflammation and cancer, from
the first observation of inflammation in tumors hundreds of years ago to current
studies that have characterized the malleable and complex roles inflammatory cells
and their mediators play in cancer progression. Experimental and clinical studies
provide mechanisms that can be harnessed for future cancer therapy, with the aim to
halt pro-tumorigenic inflammatory processes or harness the anti-tumorigenic
pathways embedded in the human immune system. Many of the lipid mediators
discussed above have potential as cancer biomarkers and exhibit a dual role in
tumorigenesis, highlighting their diverse biological activity in various tumor micro-
environments (Fig. 7.2). The frame through which to view inflammation and cancer
is not one of strictly “pro-tumor” or “antitumor”’; rather there exists a multitude of
environmental influences that ultimately direct the role inflammation plays within
the context of cancer. Future studies will be required to elucidate both the pro- and
anti-tumorigenic roles inflammation plays, as well as to provide novel therapies that
harness the immune system to inhibit or prevent cancer.
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