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Chapter 3
Inflammation and Prostate Cancer
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Kamlesh K. Yadav, and Irtaza Khan

Abstract Chronic inflammation resulting from infections, altered metabolism, 
inflammatory diseases or other environmental factors can be a major contributor to 
the development of several types of cancer. In fact around 20% of all cancers are 
linked to some form of inflammation. Evidence gathered from genetic, epidemio-
logical and molecular pathological studies suggest that inflammation plays a crucial 
role at various stages of prostatic carcinogenesis and tumor progression. These 
include initiation, promotion, malignant conversion, invasion, and metastasis. 
Detailed basic and clinical research in these areas, focused towards understanding 
the etiology of prostatic inflammation, as well as the exact roles that various signal-
ing pathways play in promoting tumor growth, is critical for understanding this 
complex process. The information gained would be useful in developing novel ther-
apeutic strategies such as molecular targeting of inflammatory mediators and 
immunotherapy- based approaches.
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 Abbreviations

AML Acute myeloid leukemia
ARE Antioxidant response element
Bcl B-cell lymphoma
BMI1 B lymphoma Mo-MLV insertion region 1 homolog
BMP7 Bone morphogenetic protein 7
BPH Benign prostatic hyperplasia
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BRCA1 Breast cancer 1
CCL2 C-C motif chemokine ligand 2
CD Cluster of differentiation
CDKN1B Cyclin dependent kinase inhibitor 1B
CMV Cytomegalovirus
COX2 Cyclooxygenase-2
CSC Cancer stem cells
CSF-1R Colony stimulating factor 1 receptor
CXCL12 C-X-C motif chemokine ligand 12
DAMP Danger-associated molecular patterns
DHT Dihydrotestosterone
DNA Deoxyribonucleic acid
DNMT1 DNA methyltransferase 1
DPI  Diphenyleneiodonium
EBV Epstein-Barr virus
EMT Epithelial to mesenchymal transformation
EZH2 Enhancer of zeste homology 2
GATA1 GATA sequence binding factor 1
GST Glutathione-S-transferase
GSTP1 Glutathione-S-transferase Pi 1
HCA Heterocyclic amines
HCC Hepatocellular carcinoma
Hh Hedgehog
HMG-CoA 3-hydroxy-3-methylglutaryl-coenzyme A
HNE 4-hydroxy-2-nonenal
HPV Human papillomavirus
HSV2 Herpes simplex virus 2
IFN Interferon
IL Interleukin
JAK Janus kinase
LNCaP Prostate adenocarcinoma cell line
MAPK Mitogen activated protein kinase
mCRPC Metastatic castration-resistant prostate cancer
M-CSF Macrophage colony stimulating factor
MDSC Myeloid-derived suppressor cells
MIC1 Macrophage inhibitory cytokine 1
miR MicroRNA
MLH1 MutL homolog 1
MMPs Matrix metalloproteinases
MSR1 Macrophage scavenger receptor 1
NADPH Nicotinamide adenine dinucleotide phosphate
NF-κB Nuclear factor kappa B subunit
NKX3.1 NK3 transcription factor related, locus 1
NO Nitric oxide
Nrf2 Nuclear factor erythroid 2-related factor 2
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NSAID Nonsteroidal anti-inflammatory drug
PAMP Pathogen-associated molecular patterns
PC3 Prostate CRPC cell line
PCa Prostate cancer
PI3K Phosphoinositide 3-kinase
PIA Proliferative inflammatory atrophy
PIN Prostatic intraepithelial neoplasia
PRR Pattern recognition receptors
PSA Prostate specific antigen
RNS Reactive nitrogen species
ROS Reactive oxyen species
RUNX3 Runt related transcription factor 3
SMAD Small body size mothers against decapentaplegic
STAT3 Signal transducer and activator of transcription 3
TAMs Tumor associated macrophages
TCR T-cell receptors
TGF Transforming growth factor
TLR Toll like receptors
TNF Tumor necrosis factor
TRAMP Transgenic adenocarcinoma mouse prostate
US United States
VEGF Vascular endothelial growth factor

3.1  Introduction

Inflammation is a physiological process that is initiated upon exposure to various 
infections or tissue injury. The inflammatory processes leads to a cascade of chemi-
cal events targeted towards eradication of pathogens, clearing tissue and cellular 
debris, regeneration of the epithelium and remodeling of the stroma. However, if 
this highly regulated process remains unchecked, or normal healthy tissue integrity 
is not restored and the inflammatory response persists, it results in significant cel-
lular and genomic damage. The sustained inflammation generates a multitude of 
various reactive nitrogen and oxygen species, cytokines, chemokines, and growth 
factors. The persistent high level of these factors potentially leads to uncontrolled 
cellular proliferation and enhanced genomic instability. Genomic instability (e.g. 
activation of oncogenes and/or loss of tumor suppressors) coupled with unchecked 
cell proliferation due to presence of growth factors increases the risk of developing 
several types of malignancies, including prostate cancer (PCa) [1–3].

PCa is a leading public health concern that places a significant burden on health- 
care systems worldwide [4]. PCa risk factors include family history, old age and 
ethnicity. Nearly 3 million men in the US currently live with the disease and approx-
imately 14% of men will be diagnosed with PCa in their lifetime. This year alone in 
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the US over 26,000 patients will die from PCa [4]. In Europe, there are approxi-
mately 346,000 new PCa cases and 87,000 deaths per year [5].

The longstanding observation and epidemiological link between inflammation 
and cancer has been recognized since the dawn of modern medicine when the 
German physician Rudolf Virchow in 1863 first described leucocyte infiltration and 
their distribution in neoplastic tissues. He further proposed that these “lymphore-
ticular infiltrates” in the tumor perhaps were remnants of chronic inflammation 
sites [6].

Given that less than 10% of all cancers are caused by germline mutations, there 
is great emphasis placed on understanding the underlying mechanisms that cause 
the vast majorities of human tumors; that is, those that initiate from acquired somatic 
mutations and detrimental environmental factors [7]. There exists a strong associa-
tion between chronic inflammatory diseases such as gastritis, hepatitis, prostatitis or 
colitis and the increased risk of developing carcinomas in the afflicted organ. In fact, 
out of the nearly 600,000 thousand people who will die this year from hepatocellu-
lar carcinoma (HCC), 90% of the cases present with some form of hepatic injury 
and inflammation [8]. For men diagnosed with prostatitis around 18% of them will 
develop prostate cancer. Moreover, men who show signs of chronic inflammation in 
non-cancerous prostate tissue have nearly twice the risk of actually developing 
prostate cancer later on than those without inflammation [9]. This association is 
even stronger for those who ultimately develop high-grade disease (Gleason 
score ≥ 7) [10]. Overall approximately 20% of diagnosed adult cancers have been 
attributed to chronic inflammatory diseases [11].

3.1.1  Prostatic Inflammation and Cancer

A recent resurgence of interest into the tumor-promoting effects of the inflamma-
tory microenvironment has been led by the abundance of clinical, molecular, histo- 
pathological and epidemiological-based evidence connecting prostate cancer and 
inflammation concurrence [12]. PCa development is mediated in part by hereditary 
components, but particularly in regards to inflammation-induced disease, also by 
environmental exposures such as infectious agents and dietary carcinogens. This is 
evidenced by the apparent increase in prostate cancer risk among men from geo-
graphic areas with low prostate cancer incidence (Southeast and East Asia) who 
immigrate to western countries [13]. While the exact sources of prostatic inflamma-
tion are still being investigated the environmental exposures that induce or increase 
the risk include (see also Fig. 3.1):

 1) Infectious microorganisms such as E. coli, Propionibacterium acnes and others 
associated with the intraprostatic reflux of urine and sexually transmitted dis-
eases (Neisseria gonorrhoeae) and prostatitis [14, 15]. Viruses such as Human 
papillomavirus (HPV), herpes simplex virus 2 (HSV2) and cytomegalovirus 
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(CMV) can also infect the prostate [16, 17]. However, their frequency of infec-
tion and role in inflammation-induced carcinoma is largely unknown.

 2) Noxious dietary elements and lifestyle-risk factors, including exposure to het-
erocyclic amines (HCAs) produced from cooking meat at high temperatures, 
estrogen, and obesity.

 3) Treatment for reproductive ailments or tumor-induced inflammation [18].
 4) Urine reflux causing chemical irritation with metabolites such as uric acid can 

lead to chronic inflammation within the prostate [19]. It can synergize with 
infection to further aggravate chronic inflammation.

 5) Sperm seen in prostate tissue have been associated with PIA and inflammation. 
However, frequent ejaculation could potentially flush out urinary carcinogens 
and has been linked with decrease in prostate cancer incidence [20].

 6) Hereditary inflammation-related genes such as macrophage inhibitory cytokine-
 1 (MIC1), Toll like receptors (TLRs), and interleukin receptor −1 antagonist 
(IL-1RN).

Inflammation Based Therapeutics Interestingly, studies have also found signifi-
cant correlation between intake of anti-inflammatory compounds and reduced 
prostate cancer risk. In one study the anti-inflammatory phytoestrogens, genistein 
and daidzein, found in soy and green tea were associated with reduced risk of PCa 
[12], perhaps through modification of glutathione S-transferase P (GTSP1) and 
ephrin B2 (EphB2) promoter regions [12]. Furthermore, the use of aspirin and 
non-steroidal anti-inflammatory drugs (NSAIDs) has been associated with reduced 
risk of PCa, possibly through inhibition of the cyclooxygenase 2 (COX-2) enzyme 
[12, 21]. COX-2 is an inflammation related protein that facilitates the production 
of prostaglandins, which in turn promotes neoangiogenesis and cell migration, 
and reduces apoptosis [22]. Finally, the use of statins (prescribed primarily for 
lowering cholesterol) has been correlated with reduced risk of advanced and 
aggressive PCa by inhibiting 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-
CoA) [23, 24] (Fig. 3.1).

Noxious dietFig. 3.1 Various 
intrinsic and extrinsic 
factors can increase the 
risk of prostatic 
inflammation. See text for 
details
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3.1.2  Proliferative Inflammatory Atrophy (PIA)

Proliferative inflammatory atrophy (PIA) are lesions within the prostate that are 
atrophic and are associated with increased acute or chronic inflammatory cell infil-
tration [25]. Some atrophic lesions show increased number of epithelial cells but are 
devoid of inflammatory cells. Morphological studies have shown association 
between the presence of these lesions and prostatic intraepithelial neoplasia (PIN) 
and carcinoma [25, 26]. Remarkably, these lesions are mostly found in the periph-
eral zone of the prostate where PCa most commonly occurs [27]. In fact, no cancer-
ous lesions have been reported in the central zone of the prostate [28]. Although 
some evidence of molecular changes in PIA has been observed (such as GSTP1 
hypermethylation), no studies have shown clonal genetic alterations in PIA [29]. 
Other genes such as NKX3.1 and CDKN1B, which are downregulated or lost in PIN 
and PCa, have also been shown to be downregulated in PIA [25, 30]. Indeed, tar-
geted disruption of these genes in mouse models results in the development of PIN 
or invasive PCa [31].

3.1.3  Role of Innate and Adaptive Immunity

Inflammation is a process that involves the interplay between innate and adaptive 
immune responses following infection or injury and have a powerful influence on 
the development of the tumor microenvironment by producing a wide variety of 
pro-inflammatory oxidizing species, cytokines and chemokines, which results in 
carcinogenesis by promoting growth, angiogenesis, differentiation, survival and 
migration of tumor cells [32].

3.1.3.1  Immune Cells: Do they Help or Harm?

Although immune cells are important mediators of PCa progression, the incomplete 
phenotypic characterization of these cellular infiltrates combined with conflicting 
clinical evidence represents a gap of knowledge critical to understanding the intri-
cate roles immune cells play in the tumor microenvironment [18]. One recent study 
analyzing lymphocyte infiltration in tumor tissues observed that both high and low 
levels of CD3+ cells (T-cell co-receptors) were correlated with reduced PSA 
recurrence- free survival [33]. Inclusion of other T-cell subtype markers (such as 
CD4+, CD8+, etc.) would have perhaps helped in parsing this discrepancy [18]. In 
normal prostates and prostates with benign prostatic hyperplasia (BPH), inflamma-
tory cells have been shown to be comprised of CD3+ T cells (~70–80%) and B cells 
CD20+ (~15–20%), along with a high number of macrophages. Whereas normal 
prostates contain a greater fraction of CD8+ T-cells, inflammatory lesions are 
enriched in the CD4+ T cells subtype. Moreover, most of the observed T cells were 
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alpha beta while less than 1% were gamma delta TCR positive T-cells. Additionally, 
40% of the T cells present in inflammatory lesions were memory T-cells [34–36]. 
Regulatory T-cells (Tregs) are potent suppressors of anti-tumor adaptive immune 
responses, and higher amounts of CD4+, CD25+, and Foxp3+ Treg cells are found 
in the tumors and blood of prostate cancer patients with clinically localized disease 
[37]. With this in mind, a thorough analysis of various T-cell subsets in the context 
of various grades and stages of prostate cancer would shed immense new light on 
understanding the effects of immune cell presence in the tumor microenvironment.

Tumor-associated macrophages (TAMs) are another class of cells that are 
strongly associated with disease progression [38], yet only one study was able to 
determine the M2 macrophage subtype responsible for this phenomenon [39], 
which may explain the fact that despite the several studies documenting the pro- 
tumorigenic properties of TAMs only a handful of studies were able to directly cor-
relate TAM infiltration with disease recurrence [33].

Future work aimed at completely characterizing the inflammatory cells within 
the tumor microenvironment will be essential in developing novel immunotherapies 
and identifying immune-based prognostic indicators.

3.1.3.2  Innate Immunity and Prostate Cancer

The innate immune system is the rapid-acting ‘first line of defense’ against patho-
gens and is comprised of several types of cells including granulocytes (i.e. neutro-
phils, basophils and eosinophils), dendritic cells, natural killer cells, macrophages, 
and mast cells. Mast cells and macrophages are probably the two most extensively 
studied innate immune cells in prostate cancer.

Mast cells are able to produce both pro- and anti-tumorigenic cytokines and as 
such are dynamic and effective regulators of the interactions within the tumor 
microenvironment. Their function is dependent on their environment, and probably 
varies in different types and stages of cancer [38]. For example some studies of PCa 
patients have noted high densities of intra-tumor infiltrated mast cells associating 
with overall lower Gleason-grade tissue and better prognosis [40, 41], yet in a sepa-
rate study of PCa patients, low counts of mast cells were linked to lower Gleason 
scores and longer progression-free survival times [42]. These conflicting observa-
tions are better understood when considering that mast cells are capable of produc-
ing an immense number of distinct regulatory cytokines and effector molecules, 
including serotonin, heparin and proteases [43]. More evidence however is needed 
to support their roles in prostate carcinogenesis.

Macrophages represent another major class of immune cells that have been stud-
ied for their use in evaluating disease prognosis in PCa. Significantly greater levels 
of macrophage colony-stimulating factor (M-CSF) and colony-stimulating factor-1 
receptor (CSF-1R) have been observed in tumor and stromal cells near primary 
tumors of patients with metastatic disease compared to those without metastases 
[44]. Macrophages may also promote prostate cancer invasion by secreting prote-
ases (notably cathepsin K and cathepsin S) that breakdown the extracellular matrix. 
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In a study aimed at identifying proteins associated with tumor progression, cathep-
sin S was found to be upregulated in poorly-differentiated and metastatic tumors 
taken from TRAMP (transgenic adenocarcinoma mouse prostate) mice models of 
PCa as well as in high Gleason grade tumors from patients [45]. Another recent 
study demonstrated that tumor growth in bones was impaired in cathepsin K-deficient 
mice injected intra-tibially with PC3 cells (a PCa cell line model of castration- 
resistant disease) [46].

3.1.3.3  Adaptive Immunity and Prostate Cancer

Similarly to cells of the innate immune system, T and B lymphocytes of the adaptive 
immune system are known to have paradoxical roles in carcinogenesis, especially in 
chronically inflamed tumors and lesions that typically are associated with prolonged 
interactions with adaptive immune cells [38]. T-lymphocytes in particular have been 
frequently examined for their use as prognostic markers and in general have been 
associated with good prognosis as they may act to illicit an anti-tumor response 
[38]. The study of T-cells is hindered as they are normally differentiated by their 
cytokine secretions, which is difficult to analyze by immunohistochemistry, and 
more advanced approaches using flow cytometry to separate immune cells from 
prostate cells can be difficult to accomplish [38]. However, using flow cytometry for 
the phenotypic analysis of T-cells using serial needle aspirates of peripheral prostate 
tissue is certainly possible [47].

Although they are present in the tumor microenvironment [33], much less is 
known about the role of B-lymphocytes in prostate cancer. They have been reported 
to promote the progression of castration-resistant cancer cells by activating STAT3 
and the proto-oncogene BMI1 [48].

3.2  Mechanisms of Inflammation Induced Carcinogenesis

Inflammation Genes in Prostate Cancer Several hereditary prostate cancer risk 
studies have revealed the potential involvement of inflammation-related genes as 
risk factors for hereditary prostate cancer. Linkage studies in families with prostate 
cancer have identified an E265X mutation in the innate immune response gene 
RNAse L (which is located on chromosome 1q and is involved in interferon (IFN) 
signaling) as a PCa-susceptibility gene in a family of European descent, and a M1I 
mutation in the same region in a family of African descent [49]. Another gene iden-
tified in families with PCa and associated with increased susceptibility is located on 
chromosome 8p and encodes a macrophage specific scavenger receptor (MSR1) 
[50]. Other inflammatory genes identified in Swedish case-control cohort studies 
which are associated with risk of developing PCa include MIC1, Toll like receptors 
(TLRs) and interleukin receptor −1 antagonist (IL-1RN) [51–53].
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The inflammatory state can initiate or promote neoplastic progression if it is able to 
transform cells in the local environment into the full malignant phenotype. Phenotypic 
hallmarks include tissue remodeling, angiogenesis and metastasis. A tumor microen-
vironment rich in sustained proinflammatory cytokines and inflammatory cells can 
induce or promote neoplastic and malignant progression in several ways:

 1) Generating reactive oxygen and nitrogen species that inflict cellular, epigenetic, 
and genetic alterations and damage

 2) Sustaining the inflammatory tumor-microenvironment and recruiting additional 
leukocytes that promote angiogenesis, proliferation, vascular and tissue growth 
and remodeling

 3) Elaborating the cytokine and chemokine network that promotes cell replication, 
differentiation and inhibition of apoptosis

 4) Each mechanism has unique and significant contributions to carcinogenesis, and 
has been described in detail in the sections below.

3.2.1  Reactive Oxygen and Nitrogen Species (ROS and RNS) 
Generation

In response to infections, inflammatory cells (usually neutrophils and macrophages) 
synthesize a variety of toxic compounds designed to eradicate microorganisms. 
These compounds are reactive oxygen and reactive nitrogen species (ROS and RNS, 
respectively) and include hydrogen peroxide (H2O2), the hydroxyl radical (OH•), 
nitric oxide (NO), organic peroxides, singlet oxygen and the superoxide anion (O2•-) 
[54, 55]. Under normal metabolic conditions the majority of the free radicals, ROS 
and RNS produced are byproducts of aerobic cellular respiration, generated in the 
intracellular milieu by mitochondria. However in response to pathogens, neutrophils 
and macrophages produce these compounds via extracellular membrane- bound 
enzyme complexes known as NADPH oxidases (i.e. NOX enzymes) and release 
ROS rapidly into the tumor microenvironment in an ‘oxidative burst’ [54]. During 
chronic inflammation there exists an imbalance between the amount of oxidizing 
agents produced and the host’s ability to process them. The enzymes (e.g. superox-
ide dismutase, catalase, peroxiredoxin, thioredoxin glutathione reductase and gluta-
thione S-transferase) and antioxidant molecules (e.g. glutathione, flavonoids and 
vitamins A, C and E) responsible for detoxifying the environment become over-
whelmed, leading to a state of continued oxidative stress [56]. The buildup of these 
highly reactive compounds leads to significant mutagenic and genome- destabilizing 
DNA lesions; in fact there are over 100 oxidized DNA products currently known 
[57]. Some of these damages can either arrest or promote transcription, bring about 
point mutations, induce replication errors, and inhibit DNA repair [58]. One type of 
point mutation (a G to T transversion) has been observed in both Ras [59] and p53 
genes [60] in multiple cancers, indicating that ROS and RNS may directly activate 
or inactivate proto-oncogenes and tumor suppressor genes, respectively.
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Similar to mutations, epigenetic alterations can also contribute to carcinogenesis. 
The presence of reactive oxidizing species in the inflamed microenvironment has 
also been associated with epigenetic damage through aberrant DNA methylation 
and histone modifications [61]. Generally hypermethylation in the promoter regions 
of genes blocks transcription thereby regulating genetic expression within a cell. 
Exactly how ROS and RNS lead to increased DNA methylation is still unclear, 
however one proposed mechanism suggests that 5-halogenated cytosines formed 
from ROS can prevent DNA methyltransferases (i.e. DNMT1) from distinguishing 
methylated from halogenated cytosines leading to altered methylation [62]. 
Hypermethylation of putative tumor suppressor genes, such as RUNX3 in esopha-
geal cancer [63] and GATA-4 and GATA-5 in colorectal and gastric cancers [64] 
leads to complete deactivation of their downstream targets. Moreover, DNA repair 
genes such as MLH1 and BRCA1 are also targets of hypermethylation, whereby 
their silencing results in accumulation of further genetic damage leading to the 
development of the malignant phenotype [65].

Lipids and proteins are also highly susceptible to damage from free radicals. 
Peroxidation of lipids generates lipid radicals and aldehydes, such as 4-hydroxy- 2-
nonenal (HNE), a well-characterized molecule known to affect the function of pro-
teins involved in signaling pathways [66]. Oxidative damage to proteins can alter 
their structure and stability and commonly involves the carbonylation or nitrosyl-
ation of amino acid side chains. But the most severe and permanent damage results 
from disulfide bond–mediated protein cross-linkages or the formation of bulky pro-
tein aggregates [66]. Oxidizing species therefore pose a significant threat to the 
maintenance of structural integrity of both the cell membrane and many proteins 
involved in cell signaling and essential enzymatic pathways. Ultimately, the sum of 
these damages is important for the first step in carcinogenesis, the initiation stage, 
where normal cells acquire the right amount and type of mutations to help them 
survive and rapidly proliferate.

Deregulation of the transcription factor erythroid 2p45 (NF-E2)-related factor 2 
(Nrf2) can also potentially contribute to ROS accumulation. Nrf2 is known to medi-
ate the expression of several important antioxidant enzymes by interacting with the 
antioxidant-response element (ARE) promoter region of these genes. In fact, the 
expression of Nrf2 has been shown to be significantly downregulated in prostate 
tumors [67]. The loss of Nrf2 results in the suppression of glutathione-S-transferase 
(GST) expression (a target gene of Nrf2), leading to ROS accumulation and DNA 
damage in Nrf2-deficient cells [67]. GST itself is also prone to mutations, and its 
somatic silencing has been observed in nearly all cases of prostate cancer examined 
by Nelson and colleagues [68]. In fact, of all the genes known to be aberrantly meth-
ylated in PCa, GST is the most frequently methylated, with its methylation status 
positively correlating with both Gleason grade and tumor volume [69].

A significant portion of ROS come directly from the NOX family of enzymes 
[70]. Ectopic expression of the NOX1 isoform has been found to enhance the growth 
and tumorigenicity of prostate epithelial cells. Moreover, tumors that express NOX1 
also overexpress VEGF and VEGF receptors, thereby vascularizing previously- 
dormant tumors and enabling their growth [71]. Conversely, downregulation of 
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NOX5 leads to dramatic growth inhibition and treatment with the NOX inhibitor 
diphenylene iodonium (DPI) caused cells to undergo apoptosis [72].

Age and Testosterone Age is a risk factor for PCa development (median age at 
diagnosis is 65) suggesting that changes in cellular metabolism might initiate the 
onset of PCa [70]. Advancing age has been associated with the increased risk of 
developing metabolic abnormalities that impairs a cell’s ability to detoxify ROS 
leading to the development of PCa [70].

Steroid hormones (i.e. testosterone and dihydrotestosterone [DHT]) are critical 
for the proper maintenance and functioning of the prostate and have long been 
thought to regulate redox homeostasis within the tissue. Studies in rats have shown 
that castration induced the expression of NOX enzymes and reduced the expression 
of superoxide dismutase 2, glutathione peroxidase 1, thioredoxin, and peroxire-
doxin 5 [73] Furthermore, replacement of testosterone levels decreased the NOX 
expression and restored the above-mentioned antioxidant enzymes to normal levels. 
Other studies have demonstrated that prostate cancer cells stimulated by androgens 
experience increased oxidative stress [74, 75]. While circulating levels of androgens 
can influence the production of ROS, exactly how their presence leads to redox 
imbalance is unclear.

3.2.2  The Inflammatory Tumor–Microenvironment

As mentioned previously, the innate immune system is the rapid-acting non-specific 
‘first line of defense’ of the body and is comprised of cells that express on their 
surface Toll-like receptors (TLRs) that can recognize structurally conserved molec-
ular domains found on microbes [76]. The activation of TLRs leads to a multitude 
of intracellular events including the activation NF-κB signaling pathways resulting 
in increased production of proinflammatory cytokines, chemokines and increased 
synthesis of nitric oxide (NO) [76]. The cytokines produced by innate immune cells 
alert the immune system to the presence of pathogens and promote the differentia-
tion and activation of B and T lymphocytes, which are the major adaptive immune 
cells that are committed to the recognition of specific antigens [76].

Over time the accumulation of somatic mutations and other damage resulting 
from oxidative stress alters the growth and migration of epithelial cells. These epi-
thelial cells, along with tumor cells, produce various cytokines and chemokines to 
attract leukocytes (i.e. dendritic cells, eosinophils, lymphocytes, macrophages, mast 
cells and neutrophils) to the affected area [77]. While these immune cells are all 
known to contribute to tumor angiogenesis, invasion, metastasis and proliferation 
[78], tumor-associated macrophages (TAMs) in particular have been associated 
with poor prognosis in several cancers and contribute to carcinogenesis in multiple 
ways [77, 79]. TAMs release interleukins and prostaglandins to suppress anti-tumor 
responses, and work to vascularize the tumor by releasing angiogenic factors such 
as endothelin-2 [80] and vascular endothelial growth factor (VEGF) [77]. TAMs can 
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also stimulate tumor cell migration and proliferation by releasing several types of 
epidermal growth factors. Furthermore TAMs synthesize proteases such as cathep-
sins, matrix metalloproteinases (MMPs, i.e. MMP-2 and MMP-9) and urokinase- 
type plasminogen activator (uPA), which breakdown the basement membrane of 
cells and allows for the remodeling of the stromal matrix thereby promoting tumor 
cell invasion and metastasis [81]. Mast cells and neutrophils release many of the 
same, or similar, growth factors and proteases as macrophages and are therefore 
thought to contribute significantly to both angiogenesis and metastasis [77]. 
Moreover, tumor cells express vital pro-inflammatory transcription factors (e.g. 
STAT3, NFκB) [82]. These transcription factors in turn induce the production of key 
cytokines (IL-6 and TNF), chemokines (CCL-2 and CXCL12) and inflammatory 
enzymes (COX-2), thereby leading to a complex inflammatory microenvironment 
surrounding the tumor and infiltrated immune cells. Autocrine and paracrine cyto-
kine signaling within the tumor microenvironment may lead to constitutive altered 
signaling leading to cancer-related inflammation which influences cell survival, 
proliferation, angiogenesis, invasion and metastasis, and immune suppressor phe-
notype [83]. Thus, the immune cells in the tumor microenvironment are able to 
directly transform the milieu into one that benefits the growth of tumor cells, by 
vascularizing and remodeling tumor tissues to firmly entrench them into the local 
environment, provide nutrients, and allow for the invasion of tumor cells into distant 
parts of the body (Fig. 3.3).

3.2.2.1  Inflammasomes

Inflammasomes are protein complexes assembled during heightened inflammation 
by cells of the innate immune system. A characteristic feature of inflammasomes is 
the presence of pattern recognition receptors (PRRs) [such as Toll-like receptors 
(TLRs) and nucleotide-binding oligomerization domain (NOD) receptors (NLRs)] 
which recognize pathogen-associated molecular patterns (PAMP) or danger- 
associated molecular patterns (DAMP) [84]. These complexes regulate caspase-1, 
which promotes an inflammatory response through activation and secretion of IL-1β 
and IL18 and induction of pyroptosis, an immune-regulated form of programmed 
cell death [85, 86]. Once activated by caspase-1, IL-18 induces IFN-γ production in 
NK cells and T-cells. This, in turn, enables anti-pathogen responses by macrophages 
including the production of reactive oxygen and nitrogen species [87, 88]. 
Unregulated expression of IL-1 has been indicated in malignancies and CD4+ T-cell 
production [89, 90]. CD4+ T cells produce IL-17, which in conjunction with IL-23, 
progresses skin carcinogenesis [90]. On the other hand, lack of IL-1 signaling has 
been shown to inhibit tumorigenesis by increasing myeloid-derived suppressor cell 
(MDSC) infiltration [91]. Also, IL-18-mediated IFN-γ production can also limit 
carcinogenesis, as seen in murine colorectal cancer [88, 92]. Finally, radiotherapy 
and chemotherapy can promote inflammasome activity, which in turn may stimulate 
antitumor immune responses [93]. Since inflammasomes play a role in both the 
protection and progression of cancer further research is needed to parse out the roles 
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of various members of the complex and the downstream pathways affected in order 
to harness their protective capacities for therapeutic purposes.

3.2.2.2  microRNAs and Inflammation

MicroRNAs are non-coding RNA molecules usually 19–24 nucleotides long that 
form hairpin-like structrues and play an instrumental role in post-transcriptional 
regulation, either through the degradation of mRNA or by blocking translation 
thereby affecting cellular processes such as cell growth, angiogenesis, immune 
response and survival [94–96]. Inflammation mediated production of reactive oxy-
gen species can cause genomic instability and production of aberrant miRNAs [97]. 
Additionally, NF-κB and other transcription factors can regulate the expression of 
genes that code for miRNAs [98]. Aberrant regulation of certain miRNAs can cause 
an increase in oncogene expression, or suppression of tumor suppressors or both, 
Fig. 3.2. IL-6 produced by immune cells stimulates miR-21 (a microRNA highly 
expressed in inflammatory diseases and responsible for carcinogenesis) through 
NF-κB [99]. Incidentally, inhibition of miR-21 results in tumor regression in xeno-
graft mouse models [100]. In breast cancer, Let-7 miRNAs regulate the level of IL6 
and its inhibition through NF-κB constitutes a positive feedback loop ultimately 
resulting in further IL6 production [101]. miR-155, another oncogene, is highly 
expressed in inflammatory conditions such as H. pylori and EBV infections and 
inhibits TP53-induced nuclear protein 1 (TP53INP1), a pro-apoptotic gene, leading 
to increased tumor cell survival [102, 103]. On the other hand, miR-663 behaves as 
a tumor-suppressor and its loss in gastric cancer increases oncogenesis [104]. miR- 
146 also shows tumor suppressor properties and its overexpression results in reduc-
tion in the levels of IL6 and IL8 [105]. In prostate cancer, miR-146 has been 
identified to have tumor suppressor properties through its inhibitory effect on Rac1 
[106]. Also, overexpression of miR-101 results in the inhibition of prostate cancer 
cell growth [107]. In metastatic prostate cancer, loss of miR-101 results in up- 
regulation of EZH2, an E-cadherin silencer [108]. Since miRNAs exhibit distinct 
expression patterns in drug-resistant cancers, they may be used to differentiate 
between drug-sensitive and insensitive malignancies [109, 110]. Although microR-
NAs constitute a small fraction of the genome, growing evidence suggests that they 
play a substantial role in inflammation related-cancers and may hold diagnostic, 
prognostic, and therapeutic value.

3.2.3  The Network of Cytokines and Chemokines (Fig. 3.2)

The complex system of chemokine and cytokine signaling between stromal, tumor, 
and immune cells are involved in promoting cell replication and survival within the 
inflammatory environment. Cytokines can be classified as proteins, peptides, or gly-
coproteins that are secreted or are membrane-bound and regulate the differentiation 
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and activation of immune cells. These include interleukins, growth factors, TNF-α 
and colony-stimulating factors [111].

Several ILs are known to associate with the diseased prostate such as IL-1, IL-4, 
IL-5, IL-6, IL-8, IL-10, IL-13, IL-17, IL-23, TGF-β and TNF-α [112, 113]. While 
some cytokines (i.e. IL-1 and IL-4) are primarily associated with the development 
of benign prostatic hyperplasia (BPH) [114, 115] others such as IL-6, IL-8, TGF-β 
and TNF-α are known to directly contribute to carcinogenesis. Perhaps one of the 
best-studied pro-inflammatory cytokines in cancer, IL-6 was first discovered to 
enhance the proliferation of intestinal epithelial cells and was elevated in the serum 
of colon cancer patients [77]. Patients with PCa display high levels of IL-6 and its 
soluble receptor in the circulating plasma [116]. A crosstalk between IL-6 and 
androgen receptor activation has also been observed [117]. Remarkably, an 
androgen- sensitive PCa cell line (LNCaP) that was continuously exposed to IL-6 
in vitro developed neuroendocrine features [118] and has been thought to be a factor 
driving the neuroendocrine phenotype in prostate tumors [119].

Incidentally mutations in Ras and TP53 also lead to increased production of IL-6 
[120, 121]. IL-6 is also a potent activator of members of the Janus kinase (JAK) 
family of tyrosine kinases, which in turn further activate transcription factors known 
as signal transducers and activators of transcription (STATs), especially STAT3 
[122]. STAT3 is constitutively active in many cancers and promotes cell prolifera-
tion by upregulating the expression of cyclins, the proto-oncogene c-Myc, and anti- 
apoptotic genes such as Bcl-2, Bcl-XL and survivin [113]. Besides activating the 
STAT3 pathway, depending on the cellular context IL-6 can also signal through the 
mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3 kinase (PI3K) 
compensatory signaling pathways that are upregulated in castration-resistant PCa 
cell lines [123].

Inflammation Cancer

ACTIVATING

REPRESSING

miR-21 miR-155

miR-663miR-146miR-101

Fig. 3.2 Simplified schematic showing that miRNAs can be ‘oncogenic’ or ‘tumor suppressive’, 
based on whether they are lost (resulting in increased expression of oncogenes) or are overex-
pressed (resulting in the suppression of tumor suppressors), respectively
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From a therapeutic standpoint, Siltuximab, a chimeric humanized antibody, has 
been shown to have high specificity and affinity for binding to IL-6 [124]. In in vitro 
studies, the antibody sensitized PCa cancer cell lines to cis- diamminedichloroplatinum- 
and etoposide- mediated cytotoxicity [125]. This antibody has been shown to be 
safe for combination therapy with docetaxel in a Phase I study of mCRPC patients 
where 62% patients showed reduction in serum PSA [126].

Tumor necrosis factor (TNF) is another major cytokine involved in systemic 
inflammation, especially during the early events of carcinogenesis by recruiting 
inflammatory cytokines, growth factors, and epithelial adhesion factors to damaged 
tissue [77]. The process of angiogenesis is supported by TNF via the induction of 
various angiogenic factors (e.g. VEGF, basic fibroblast growth factor) and enzymes 
(thymidine phosphorylase) [127]. TNF is also a major inducer of nuclear factor-κB 
(NF-κB), a transcription factor that upregulates many of the same pro-replication, 
pro-survival genes as STAT3. NF-κB is a dimer formed by Rel family proteins (i.e. 
RelA/p65, RelB, c-Rel, NF-κB1/p50, and NF-κB2/p52) and is held in an inactive 
conformation in the cytoplasm by inhibitory IκB proteins. Upon activation by exter-
nal stimuli, such as TNF, the dimer is released and it enters the nucleus where it 
binds to the promoter of NF-κB-responsive genes [128, 129]. In PCa, the NF-κB 
pathway is dysregulated resulting in the progression to the androgen-independent 
state that ultimately leads to lethal CRPC. Constitutive NF-κB activation has been 
reported in prostate tumors [130] and the active, nuclear-localized NF-κB has been 
observed in organ-confined prostate tumors, but not in benign tissues, suggesting 
that constitutive NF-κB activation may also be an important early event in prostate 
carcinogenesis [131] (Fig. 3.3).

3.2.3.1  EMT-Linking Inflammation and Cancer

Growing evidence suggests that the tumor microenvironment transmits inflamma-
tory signals that enhance the metastatic capacity of cancer through the activation of 
a developmental process known as epithelial to mesenchymal transition (EMT). As 
mentioned previously, immune cells including DCs, TAMs, NK cells, regulatory T 
cells, neutrophils, B cells and MDSCs constitute a considerable proportion of the 
tumor microenvironment and behave as mediators of inflammation-induced 
EMT. For EMT to occur, cells must have the capacity to undergo this process irre-
spective of their oncogenic content and have sufficient signals that promote EMT 
induction [132]. Moreover studies have demonstrated that epithelial cells can 
undergo various degrees of EMT when induced with TGF-β1 resulting in the acti-
vation of SMAD transcription factors that then stimulates EMT proteins such as 
Snail, Zeb, and AP-1 [133, 134]. Additionally, Wnt signaling sensitizes cells to 
TGF-β induced EMT by inhibiting GSK3-β, which inactivates Snail, Zeb, and 
β-catenin via phosphorylation [135]. TGF-β also interacts with BMP7, a promoter 
of epithelial cell differentiation that impedes metastasis in prostate and breast can-
cer [136]. Additionally, oncogenic pathways such as Ras, Notch, and Hedgehog, 
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have been shown to be involved in stemness through the induction of EMT by 
TGF-β [137–140].

Within the tumor microenvironment, TAMs, MDSCs, and Tregs produce TGF- 
β1, exacerbating cancer to a more aggressive and invasive state [141, 142]. 

Fig. 3.3 Simplified schematic of the various processes involved in the progression of inflammation- 
initiated tumorigenesis
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Reciprocally, tumor cells produce TGF-β1 for immune cell recruitment and polar-
ization; these cells collectively form a tumor-permissive microenvironment that 
drives EMT [132]. In prostate cancer, IGF-1 induction by TGF-β1 has been linked 
to EMT [143]. The NF-κB pathway, a Snail-1 stabilizer, is activated by TNF-α pro-
duced by TAMs and enhances TGF-β induced EMT [144, 145]. Although inflam-
mation induced EMT is a well-established phenomenon; little is known about the 
migratory behavior of disseminated tumor cells. In fact, tumor cells undergoing 
EMT may co-migrate with macrophages by acquiring immune cell properties, 
mainly chemotaxis [146].

3.2.3.2  Stem Cell Theory

Tumors are composed of an array of cell types with differential tumorigenic capaci-
ties. Cancer stem cells (CSCs) are a subpopulation of cells within the tumor that 
have been implicated as key drivers of carcinogenesis. The defining characteristics 
of CSCs are their ability to differentiate into cells that reinforce the oncogenic phe-
notypes of the tumor, as well as their ability to self-renew and sustain tumor growth 
[147, 148]. Since inflammatory signals have been shown to induce processes that 
regulate normal stem cells, they may also play a critical role in the initiation and 
maintenance of CSCs [149]. NFκ-B signaling, activated by TNF-a, has been indi-
cated in neural stem cell proliferation and inhibition of differentiation [150]. IL-6 
can supplement the self-renewal of hematopoietic stem cells [151]. Additionally, 
low levels of oxygen and ROS enhance the self-renewal capacity of normal stem 
cells. Deregulation of pathways that maintain levels of oxygen and ROS can impair 
stem-cell function [152–157]. Inflammatory cytokines produce high levels of ROS, 
and interestingly, cancer stem cells in acute myeloid leukemia (AML) have higher 
level of ROS compared to normal stem cells [158]. It is possible that high ROS 
levels may lead to deregulated stem-cell mechanisms—perhaps through genomic 
instability—that give rise to cancer stem cells. This discrepancy between normal 
stem cells and CSCs may hold significant therapeutic value [159–161]. Several 
studies have suggested a strong relationship between CSCs and EMT through the 
well-defined TGF-β pathway [162]. Sustained expression of Snail by TGF-β treat-
ment on breast cancer cell lines leads to loss of E-cadherin and a phenotype synony-
mous to breast CSCs [163–165]. HIF-1α activation in hypoxic conditions—a 
CSC-friendly environment—can promote EMT through Twist-1 expression [166, 
167]. Furthermore, developmental pathways such as Wnt and Hedgehog (Hh) have 
been linked to self-renewal and CSCs [168, 169]. Thus, inflammation may enhance 
tumorigenic potential and drive disease progression through the initiation, and sub-
sequent utilization, of stem cell properties. Discovery of CSC-specific markers may 
supplement current diagnostic and prognostic tools for disease detection, monitor-
ing and potentially be of therapeutic value.
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3.3  Conclusions

There exists an association between the incidence of chronic inflammation and the 
ability of the inflammatory microenvironment to initiate or promote prostate carci-
nogenesis. However, the molecular details surrounding inflammation and prostate 
cancer are still far from being completely understood. This is particularly important 
in the case of the immune cells surrounding the tumor. There exists a fine balance 
between their protective versus aggravating role, and more work is needed to spe-
cifically identify the subpopulations of the various immune cells that contribute to 
each of the scenarios. Certainly, elucidation of the molecular and immunobiological 
mechanisms linking inflammation and PCa will be beneficial to the development of 
novel therapies and prognostic markers to treat and detect inflammation-associated 
malignancies of the prostate.
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