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Abstract

Abstract

Accumulating evidence indicates that inflammation has a strong association with
development of cancer. Inflammation is suggested to cause DNA alterations and oncogenic
mutations resulting in tumor initiation. Inflammation promotes tumor progression via
inflammatory cytokines released by immune cells. Cigarette smoke (CS) is the most
important risk factor for both lung cancer and chronic obstructive lung disease (COPD).
Clinical data indicate that COPD-related inflammation is an important risk factor for the
development of lung cancer. The aim of this study was to investigate the role of myeloid
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) in the regulation of
growth signalling of CS-induced pulmonary tumor growth. Furthermore, the impact of CS in
the Wnt/B-catenin signalling pathway of tumor cells was studied and it was investigated
whether the antimicrobial peptide LL-37 has tumor promoting functions.

In vitro, transwell inserts were used in a co-culture model to determine the impact of
macrophages on lung cancer cells proliferation. In the co-culture model, macrophages
increased the growth of the lung cancer cell line A549 shown by cell number count, FACS
(carboxyfluorescein succinimidyl ester, CFSE labeling) and ELISA (5-bromodeoxyuridine,
BrdU labeling) analysis. Furthermore, addition of cigarette smoke extract (CSE) to the co-
culture enhanced macrophage induced growth of A549 cells. Real time PCR and ELISA assay
showed that CSE increased the secretion of inflammatory factors from macrophages and
A549 cells. Inhibition of the NF-kB pathway by a NF-xB inhibitor or by RNAi against RelA
inhibited tumor cell proliferation.

A metastatic lung cancer mouse model which is established by intravenous injection of
Lewis lung carcinoma cells was used to investigate lung cancer proliferation. After
mainstream cigarette smoke (MCS) exposure, the number of tumor nodules was higher
compared to air exposed control animals. However, in CS exposed rela”” mice (deleted
RelA/p65 in the myeloid lineage), the tumor growth was significantly lower. rela”” mice
survived longer as compared to wild type (WT) mice. CS exposure resulted in enhanced
expression of the proliferation markers Ki-67, PCNA, c-myc, and cyclinD1 in lung tumors of
wild type animals shown by immunoblot analysis and immunohistochemistry. This was not
observed in rela”” mice. In contrast to rela”” mice, CS exposure of wild type mice resulted in

the secretion of inflammatory factor such as IL-6, KC, and TNFa as well as in the activation
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Abstract

of STAT3 and c-jun signalling in tumor cells. Additionally, CS exposure significantly
increased the number of infiltrated macrophages in tumsaor. However, in rela” mice,
RelA/p65 ablation did not significantly affect the recruitment of macrophage.

To identify whether Wnt/B-catenin signalling pathway is implicated in tumor-promoting
effect of CS, regulation of unphosphorylated -cateninin were examined. Immunoblot and
immunohistochemical analysis showed that the CS-induced activation of the Wnt/B-catenin
signaling pathway in tumor cells is dependent on RelA/p65 of myeloid cells. In vitro data
showed that TNF-a directly activates Wnt/B-catenin signaling in tumor cells by inducing
glycogen synthase kinase 33 (GSK3[3) phosphorylation and the activation of the Akt pathway.

Antimicrobial peptides, such as cathelicidins, are key effectors of the innate immune
system and regulate host defense and inflammation. Previously we showed that the human
cathelicidin LL-37/hCAP-18 is a growth factor for lung cancer cells. Whether cathelicidins
play a role in CS-promoted lung carcinoma proliferation is poorly understood. Here, it is
demonstrated that the murine cathelicidin cathelicidin-related antimicrobial peptide (CRAMP)
mediates lung tumor growth. CS exposure increased the proliferation of lung tumors in wild
type mice, but not in CRAMP deficient mice. Furthermore, CS exposure induced the
recruitment of myeloid cells into tumor tissue in a CRAMP dependent manner. Mice
specifically lacking RelA/p65 in myeloid cells showed impaired CS-induced CRAMP-
positive myeloid cell recruitment into lung. Additionally, in vitro studies with human tissue
showed that the CS induced LL-37/hCAP-18 expression in macrophages is mediated by
cancer cells. The regulation of LL-37/hCAP-18 expression in macrophages induced by
inflammation involved the vitamin D receptor and Cyp27B1 activation.

In summary, it is shown in this study that: (i) myeloid RelA/p65 is necessary to link
smoke-induced inflammation with lung cancer growth and the activation of Wnt/p-catenin
signaling in tumor cells; (ii) cathelicidin promotes cigarette smoke-induced lung carcinoma
proliferation, which is associated with the recruitment of immune cells and activation of

myeloid NF-«xB.
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Zusammenfassung

Zusammenfassung

Eine Vielzahl an Studien legt nahe, dass es einen starken Zusammenhang zwischen der
Entstehung von Krebs und Entziindung gibt. Es wird angenommen, dass Entziindungen DNA-
Verdanderungen und onkogene Mutationen verursachen, was zur Initiation von Tumoren
beitrdgt. Entziindungen begiinstigen Tumorprogression mittels inflammatorischer Zytokine,
die von Immunzellen abgegeben werden. Zigarettenrauch ist sowohl fiir Lungenkrebs als auch
fiir die COPD (chronisch obstruktive Lungenerkrankung) der groBte Risikofaktor. Klinisch
Daten besagen, dass die mit COPD verbundene Entziindung ein bedeutender Risikofaktor fiir
das Entstehen von Lungenkrebs ist. Es war das Ziel dieser Studie, die Rolle myeloiden NF-
kBs bei der Regulation von Wachstumsfaktoren, die Zigarettenrauch induziertes Wachstum
von Lungentumoren vermitteln, zu untersuchen. Es wurde dariiberhinaus untersucht, ob
Rauch den Wnt/B-catenin abhdngigen Signalweg in Tumorzellen aktiviert und ob das
antimikrobiellen Peptide LL-17 bei der Proliferation von Tumoren eine Rolle spielt

Transwell-Inserts wurden in einem in vitro Ko-Kulturmodell genutzt, um den Einfluss von
Makrophagen auf die Proliferation von Lungenkrebszellen zu untersuchen. Makrophagen
steigerten das Wachstum von der Lungenkrebszellline A549 in diesem Ko-Kulturmodell, was
mittels Zellzahl, FACS (carboxyfluorescein succinimidyl ester, CFSE labeling) und ELISA
(5-bromodeoxyuridine, BrdU labeling) gezeigt wurde. Zigarettenrauchextrakt verstirkte
dariiber hinaus das durch Makrophagen induzierte Wachstum von A549 Zellen in diesem
Modell. Quantitative RT-PCR und ELISA Analysen zeigten, dass Zigarettenrauchextrakt die
Abgabe von inflammatorischen Faktoren von Makrophagen und A549 Zellen steigert.
Inhibition des NF-kB Signalwegs mit Inhibitoren fiir NF-«xB oder RNAi gegen RelA
verminderten die Proliferation von Tumorzellen.

Ein murines Metastase-Lungenkrebsmodell, das auf der intravendsen Gabe von Lewis
Lung Carcinoma Zellen basiert, wurde genutzt, um Lungenkrebsproliferation zu untersuchen.
Die Zahl der Tumorknoten war bei berauchten Tieren gréfer als bei Raumluft exponierten
Tieren. Bei Rauch exponierten myeloid rela”" defizienten Tieren (myeloid RelA/p65 war bei
diesen Tieren ausgeschaltet) war das Tumorwachstum jedoch signifikant geringer. rela””
defiziente Tiere zeigten groBere Uberlebensraten im Vergleich zu Wildtyp Miusen.
Rauchexposition fiihrte zu einer gesteigerten Expression der Proliferationsmarker Ki-67,
PCNA, c-myc und Cyclin DI in Lungentumoren von Wildtyp Tieren, was mittels

Westernblotanalyse und immunhistochemischer Firbung gezeigt wurde. Dies wurde in rela””
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Zusammenfassung

defizienten Tieren nicht beobachtet. Im Gegensatz zu rela”” defizienten Tieren fiihrte
Rauchexposition bei Wildtyp Méusen zu der Abgabe von inflammatorischen Markern wie z.B.
IL-6, KC und TNFa und zur Aktivierung der STAT3 und c-jun Signalkaskaden in
Tumorzellen. Rauchexposition fiihrte in den Tumoren auch zu einer gesteigerten Zahl an
infiltrierten Makrophagen. In relaA-/- defizienten Tieren hatte die Ablation von RelA/p65
jedoch keinen Einfluss auf den Einstrom von Makrophagen in Tumorgewebe.

Um zu untersuchen, ob der Wnt/B-catenin Signalweg an den Tumor induzierenden
Eigenschaften von Rauch beteiligt ist, wurde die Regulation von phosphoryliertem B-catenin
untersucht. Westernblotanalysen und immunohistochemische Férbungen zeigten, dass die
durch Rauch induzierte Aktivierung des Wnt/B-catenin Signalwegs in Tumorzellen von
myeloidem RelA/p65 abhdngt. In vitro Studien zeigten, dass TNFa den Wnt/B-catenin
Signalweg in Tumorzellen direkt aktiviert. Dies geschieht mittels der Phosphorylierung der
Glycogen-Synthase-Kinase 38 (GSKp) und der Aktivierung des Akt Signalwegs.

Antimikrobielle Peptide wie Cathelizidine sind Schliisselkomponenten des angeborenen
Immunsystems und regulieren Wirtsabwehr und Entziindung. Unsere Gruppe hat bereits
gezeigt, dass das Cathelizidin LL-37/hCAP-18 ein Wachstumsfaktor fiir Lungenkrebszellen
ist. Ob Cathelizidine eine Rolle bei der durch Rauch verursachten Proliferation von
Krebszellen eine Rolle spielt, ist nicht bekannt. In dieser Studie wird gezeigt, dass das murine
Cathelizidin CRAMP Wachstum von Lungentumoren vermittelt. Rauch verstirkte die
Proliferation von Lungentumoren in Wildtyp Maiusen, aber nicht in CRAMP defizienten
Tieren. Dariiberhinaus zeigte sich der Rauch induzierte Einstrom von Makrophagen CRAMP
abhingig. Myeloid defiziente RelA/p65 Maiuse wiesen nach Rauchinkubation einen
verminderten Einstrom von CRAMP positiven myeloiden Zellen in die Lunge auf. In vitro
Studien mit humanem Gewebe zeigte dariiber hinaus, dass die durch Rauch induzierte
Expression von LL-17/hCAP-18 in Makrophagen durch Krebszellen vermittelt wird. An der
Regulation der Expression von LL-37/hCAP-18 in Makrophagen bei Rauch induzierter
Entziindung war der Vitamin D Rezeptor und Aktivierung von Cyp27B1 beteiligt.

Insgesamt wurde in dieser Arbeit gezeigt, dass (i) myeloides RelA/p65 die Rauch
induzierte Entziindung mit der Proliferation von Lungentumoren und der Aktvierung des
Wnt/B-catenin Signalwegs in Tumorzellen verbindet und dass (II) Cathelizidine die durch
Rauch induzierte Proliferation von Carcinomen vermitteln, was mit der Rekrutierung von
Immunzellen und der der Aktivierung myeloiden NF-kBs verbunden ist.

(The Zusammenfassung is kindly contributed by Dr. Christoph Beisswenger)
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Introduction

1 Introduction

1.1 Inflammation and cancer

‘Most things in life are a double-edged sword’ is a common wisdom, and today, it is widely
believed that inflammation is a double-edged sword (Hagemann et al., 2007). Inflammation is
a response to either internal or external environmental stimuli, and is a crucial function of host
innate immunity, such as wound healing and infection (Coussens and Werb, 2002).
Inflammation can be divided into acute inflammation and chronic inflammation. Acute
inflammation is an initial stage of inflammation. It is a rapid and self-limiting process
mediated by chemical mediators and immune cells. Continuous, long lasting inflammation is
regarded as chronic inflammation (Balkwill et al., 2005). Accumulating evidence indicates
that inflammation has a strong association with development of cancer (Grivennikov and
Karin, 2010a). For example, cigarette smoke (CS), asbestos, and silica induce pulmonary
inflammation and contribute to the initiation and promotion of lung cancer (Yoshimura, 2006;
Takahashi et al., 2010). Some pulmonary inflammatory diseases such as chronic obstructive
pulmonary disease (COPD) are associated with lung tumor development. Chronic
inflammation induced by repetitive injury, infection with Helicobacter pylori or Hepatitis C
virus (HCV), or by ulcerative colitis (UC) is associated with gastric cancer, liver cancer and
colon cancer, respectively (Balkwill et al., 2005). Others inflammatory diseases, such as
obesity-associated inflammation, may promote liver cancer (Park et al., 2010). Inflammatory
bowel disease increases the risk of colitis-associated cancer (CAC) (Grivennikov and Karin,
2010a). Furthermore, acute and subacute inflammation caused by exogenous administration
of CS, tumour necrosis factor oo (TNFa), interleukin 1 (IL-1), and lipopolysaccharide (LPS)
have been found to promote tumor growth and metastasis (Balkwill and Mantovani, 2001;
Luo et al., 2004; Takahashi et al., 2010). Although inflammations has been implicated in
tumor initiation, the major effect of inflammation on tumor development in experimental

animal studies is tumor promotion (Karin and Greten, 2005; Takahashi et al., 2010).

1.1.1 Immune cells in tumorigenesis

The tumor microenvironment plays a critical role in tumor initiation and promotion and
contains innate immune cells, lymphocytes and connective tissue, such as fibroblasts,
endothelial cells, pericytes, and mesenchymal cells (Grivennikov et al., 2010). Innate immune

cells (also known as myeloid cells) including macrophages, neutrophils, eosinophils, mast
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cells, myeloid-derived suppressor cells, dendritic cells, and natural killer cells, express and
release cytokines and chemokines and influence tunorigenesis (Yoshimura et al., 2006;
Coussens and Werb, 2002; Grivennikov et al., 2010).

Macrophages play a pivotal role in inflammation. Macrophages can be divided into M1 or
M2 phenotype (Sica et al., 2008). M1 macrophages exhibit a pro-inflammatory phenotype,
and have an ability of killing microorganisms and reveal antitumor activity. They produce
copious amounts of pro-inflammatory cytokines (e.g. TNFa, IL-1, IL-6, IL-12 or IL-23),
express major histocompatibility complex (MCH) molecules, and inducible nitric oxide
synthase and are activated by microbial products and interferon y (IFNy) (Hagemann et al.,
2009; Sica et al., 2008). In contrast, M2 macrophages which are induced by IL-4, IL-10, IL-
13, glucocorticoid hormones, and vitamin D; have an immunosuppressive phenotype and
release cytokines that tune inflammatory response, promote angiogenesis, tissue remodelling,
and cell proliferation (Hagemann et al., 2009; Mantovani et al., 2002; Murdoch et al., 2008).
However, several studies have shown that ‘““M1 cytokines’ are also capable of promoting
tumor proliferation, whereas some ‘‘M2 cytokines’’, such as IL-10, may inhibits tumor
growth (Lin and Karin, 2007; Grivennikov et al., 2010).

Tumor-associated macrophages (TAMs) are an important component of inflammatory
infiltrates in tumors and are derived from circulating monocytic precursors by
chemoattractants, such as vascular endothelial growth factor, CXCL12 (SDF1) and monocyte
chemotactic protein (MCP), secreted by both tumor and stromal cells (Mantovani et al., 2002;
Pollard, 2004). Most solid tumors are abundantly populated with TAMs and these cells are
mostly regarded as tumor promoters (Bingle et al., 2002). Clinical studies have confirmed that
high populations of TAMs generally correlate with poor prognosis in lung, breast, prostate,
ovarian, and cervical cancers (Koukourakis et al., 1998; Bingle et al., 2002; Hagemann et al.,
2009). TAMs generally have a M2 phenotype and function, which promotes tumor cell
proliferation, tissue remodelling, and angiogenesis (Mantovani et al., 2008). For example,
TAMs downregulate MHC class II and IL-12 expression and increase expression of the anti-
inflammatory cytokine IL-10, scavenger receptor A and arginase-1(Arg-1), display a poor
antimicrobial and tumoricidal activity (Grivennikov et al., 2010). Moreover, TAMs also
express factors that promote angiogenesis, such as vascular endothelial growth factor (VEGF)
and cyclo-oxygenase-2 (COX-2)—derived prostaglandin E2 (Hagemann et al., 2009; Sica et al.,
2008). However, accumulating evidence indicates that TAMs also have M1 characteristics
which expressing ‘M1 cytokines’ such as TNFa, IL-1, and IL-6, and M1 macrophages
enzyme (iNOS or NOS2,) (Grivennikov et al., 2010; Kusmartsev and Gabrilovich, 2005; Tsai
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et al., 2007). Recent evidence has suggested that TAMs are plastic and their phenotype is
variable with the stage of tumor development, and generally considered to be M1 phenotype
as tumor initiation and M2 phenotype while tumor promotion (Murdoch et al., 2008).

There is a growing body of evidence that TAMs promote the growth and survival of
tumors, angiogenesis, invasion and metastases (Balkwill and Mantovani, 2001). In
macrophage-deficient mice, tumor progression and metastatic ability were impaired and
tumor growth was completed inhibited. This was associated with an increased survival rate in
these mice (Lin et al., 2001; Aharinejad et al., 2002). TAMs produce high levels of potent
angiogenic and lymphangiogenic growth factors, cytokines and proteases which support
tumor progression (Sica et al., 2008). For example, the release of platelet derived growth
factor (PDGF) from TAMs contributes to stroma formation and angiogenesis resulting in lung
cancer promotion (Kataki et al., 2002). Moreover, TAMs release TNFa, IL-6, IL-1p, TGF,
vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), hepatocyte
growth factor (HGF) and epidermal- growth-factor receptor (EGFR)-family ligands, all of
which are implicated in tumor proliferation and angiogenesis (Pollard, 2004; Murdoch et al.,
2008). TAMs also produce matrix-metalloproteases (e.g. MMP7, MMP9), which digest the
extracellular matrix and break basement membrane, leading to tumor invasion (Pollard, 2004;
Murdoch et al., 2008). In addition, TAMs can also inhibit antigen presentation of dendritic
cells and induce T regulatory (Treg) cells through production of IL-10 and transforming
growth factor (TGFP) leading to immunosuppression that favours tumor promotion
(Yoshimura, 2006). TAMs also suppress tumor-infiltrating T cell antitumor function by
expression of hypoxia-inducible factor-low thereby promoting breast tumor progression
(Doedens et al., 2010).

There are also other immune cells that affect tumorigenesis. Many T cell subsets, such as
CD8" T cells, IFNy-producing Th1 cells, Th2 cells, Th17 cells, and Treg cells, are found to be
involved in tumor promotion, progression, or metastasis in solid tumors (Grivennikov et al.,
2010). It has been displayed that recruitment of Treg cells promotes lung carcinogenesis,
which through suppressing T cell-mediated antitumor activity and regulation of
immunosuppressive cytokine profile (Zaynagetdinov et al., 2011; Tao et al., 2012). In breast
cancer, an increase in T cells with high CD4"/CD8" and Th2/Th1 ratios is predictive of poor
prognosis (Grivennikov et al., 2010). In melanoma and bladder cancers, IL-17 which is
released by Th17 cells can promote tumor growth through an IL-6-Stat3 signalling pathway
(Wang et al., 2009). Immature dendritic cells (iDC) in tumors promote tumor angiogenesis by

secretion of pro-angiogenic cytokines, including TNFa,, CXCLS8 (IL-8), and VEGF (Murdoch
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et al., 2008). In patients with bronchioloalveolar carcinoma, increased neutrophil numbers are
correlated with poor prognosis. Tumor associated neutrophils promote tumor neo-
vascularization and tumor development by production of cytokines, chemokines, proteases
and ROS, including VEGF, MMP9, CXCLS, and CXCL1 (Murdoch et al., 2008; Fridlender et
al., 2009).

1.1.2 Soluble mediators of inflammation in tumorigenesis

The inflammatory cytokine, chemokine, and enzymes expression profile of the tumor
microenvironment is rich including TNFa, IL-6, IL-8, and MMPs and may be implicate in
inflammation-associated tumor growth (Balkwill and Mantovani, 2001; Coussens and Werb,
2002). TNFa has a critical role in inflammatory reactions which are induced by a wide range
of pathogenic stimuli. TNFo induces other inflammatory mediators and proteases that
orchestrate inflammatory responses (Balkwill, 2002; Aggarwal et al., 2006). TNFa was
initially described as a tumor killer. A high dose of TNFa selectively destroys tumor blood
vessels and can stimulate anti-cancer immunity (Balkwill, 2002). However, a number of
reports indicate that TNFa is also likely to be an important tumor-promoting cytokine
contributing to the development of tumors (Aggarwal et al., 2006). TNFa production can be
detected in various human cancers, such as lung carcinoma, ovarian carcinoma, renal
carcinoma, CAC carcinoma, and breast carcinoma. Its presence is generally associated with a
poor prognosis (Balkwill et al., 2005; Aggarwal et al., 2006). In the tumor microenvironment,
TNFa is produced by inflammatory cells or tumor cells, supporting tumor proliferation and
survival by activation of AP-1 and NF-kB signalling pathways (Grivennikov and Karin, 2011).
TNFa is involved in tumor initiation by inducing the production of reactive oxygen and NO
which leads to DNA damage and mutations (Balkwill, 2002). Exposure to 0.6 nM TNFa
markedly enhanced transformation of BALB/3T3 cells initiated with 3-methylcholanthrene
(Komori et al., 1993). In vivo, macrophages phagocytize asbestos and release TNFa that are
susceptible to malignant transformation in asbestos-induced human malignant mesothelioma
(Yang et al., 2006a). TNFa enhances tumor progression, including promotion of proliferation,
angiogenesis, and invasion. For instance, TNFa can induces the expression of amphiregulin,
EGFR, and TGFa in tumor cells, which mediate the proliferation of cells (Aggarwal et al.,
2006). TNFa also induces angiogenic factors, such as VEGF, as well as the production of
proteases that are important for invasion of tumor cells and macrophages, such matrix

metalloproteases 9 (MMP9) (Balkwill and Mantovani, 2001).
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The tumor-promoting effect of TNFa has been demonstrated in mice deficient in TNFa
that showed markedly reduced lung tumor multiplicity and mortality after inoculation with
Lewis lung carcinoma (LLC) cells (Kim et al., 2009). In another tumor transplantation model
of lung cancer, TNFR1 deficiency led to depressed hepatocyte growth factor (HGF)
expression and neovascularization resulting in apoptosis of tumor cells (Tomita et al., 2004).
TNFa from host macrophages promotes LPS induced colon adenocarcinoma cell line growth
in a mouse lung metastasis model by activation of NF-xB in tumor cells (Luo et al., 2004).
TNFo deficient mice are resistant to carcinogen (7,12-dimethylbenz(a)anthracene) induced
skin cancer (Moore et al., 1999). Deficiency of TNFR1 and TNFRI in mice has also been
found to reduce carcinogenesis of skin (Arnott et al., 2004). In a Mdr2-knockout model of
Hepatocellular carcinoma (HCC), TNFa released by inflammatory cells promotes tumor
development through activating NFxB in hepatocytes (Pikarsky et al., 2004). TNFa
expression is upregulated during colitis accociated cancer (CAC) and lacking of TNFRI or
administration of etanercept, a specific antagonist of TNFa, results in decreased
tumorigenicity and tumor growth (Popivanova et al., 2008).

IL-6 is a key inflammatory cytokine that is important for immune responses, cell survival,
apoptosis, and proliferation through activation of Janus kinases (JAKs) and the downstream
effectors signal transducers and activators of transcription factors 3 (STAT3), Shp2-Ras, and
phosphatidylinositol 3-kinase (PI3K)-Akt (Grivennikov et al., 2009). The role of IL-6 in
malignant cell proliferation and survival has been well documented. Elevated IL-6 expression
levels in serum and tumor are associated with the pathogenesis of several cancers, including
lung, breast, prostate, liver, ovarian, and colon cancers, and in general, this is correlated with
an unfavourable outcome (Heikkila et al., 2008, Balkwill et al., 2005). In lung carcinoma,
constitutively activation of STAT3 induced by IL-6 has been observed, which is important for
development, proliferation, and survival of tumor cells (Hodge et al., 2005). In CAC, lamina
propria myeloid cell derived IL-6 promotes proliferation of tumor cells and protects normal
and premalignant intestinal epithelial cells from apoptosis (Grivennikov et al., 2009).
Ablation of IL-6 in mice results in a decreased tumor number and a smaller tumor size in an
azoxymethane dextran sulphate sodium induced CAC mouse model (Grivennikov et al.,
2009).

Other important soluble mediators of inflammation also induce tumorigenesis and
promotion of tumor, including IL-1f3, IL-8, and MMPs (Aggarwal et al., 2006, Balkwill et al.,
2005). IL-1p increases lung tumor growth by promoting the expression of several angiogenic

factors in tumors and stromal cells (Balkwill et al., 2005). IL-8 has been reported to promote
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growth and metastasis of several cancers including lung cancer, melanoma, and ovarian
cancer (Aggarwal et al., 2006, Takahashi et al., 2010). Activation of K-ras in lung
adenocarcinoma cells results in upregulation of IL-8. Autocrine production of IL-8 stimulates
tumor inflammation, angiogenesis, and growth (Takahashi et al., 2010, Karin, 2005). Alveolar
endothelial cell or TAM-induced MMP9 significantly promotes lung metastasis in tumor
bearing mice dependent upon VEGFR-1/Flt-1 tyrosine kinase (VEGFR-1TK) (Hiratsuka et al.,
2002). Reduced lung metastasis was also found in mice deficient in either MMP9 or VEGFR-
ITK (Hiratsuka et al., 2002). MMP12 overexpression in lung epithelial cells induces
emphysema to lung adenocarcinoma transition via upregulation of IL-6 and activation of

STAT3 downstream of IL-6 (Qu et al., 2009).

1.1.3 Inflammation and tumor initiation
Carcinogenesis contains three stages: initiation, promotion, and progression, all are associated
with inflammation (Fig. 1). Approximately 25% of cancer cases worldwide is associated with
chronic infection and inflammation (Kundu and Surh, 2008). Growing evidence suggests that
chronic inflammation induced by persistent stimulus might enhance tumor initiation, such as
smoking, silica, asbestos, bacteria, and virus (Coussens and Werb, 2002). A strong
association of chronic inflammation and tumor initiation has been shown in a model of
colonic irritant dextran sodium sulphate (DSS) induced colitis. It was suggested that chronic
inflammation can directly induce DNA damage and mutation and cause colitis-associated
cancer (Meria et al., 2008). Various inflammatory cells infiltrate the site of infection or
inflammation and induce DNA damage and genomic instability in proliferating cells through
generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) (Karin and
Greten, 2005). Some cytokines, such as TNFa, produced by inflammatory cells can induce
ROS accumulation in epithelial cells (Grivennikov et al., 2010). It has been suggested that
TNFa is a transforming agent and NO might be involved in the molecular mechanism of
carcinogenesis (Balkwill and Mantovani, 2001). In Helicobacter pylori induced gastric and
TNFa induced pulmonary carcinogenesis, a major biochemical hallmark is oxidative and
mutagenic DNA damage (8-Oxo-7,8-dihydro-2’-deoxyguanosine) has been found (Coussens
and Werb, 2002). Moreover, chronic inflammation induces oxidative damage and causes p53
mutation, resulting in p53 functional inactivation suggesting that chronic inflammation
involves in tumor initiation (Balkwill and Mantovani, 2001).

Another mechanism through which inflammation might contribute to tumor initiation

involves the up-regulation of activation-induced cytidine deaminase (AID). AID is an enzyme
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induced by inflammatory cytokines in an NF-kB-dependent manner or by TGFf, which
induces genomic instability and increases mutation of critical tumor genes, such as Tp53, c-
Myec, and Bcl-6. (Okazaki et al., 2007; Colotta et al., 2009). Furthermore, DNA damage
induces cell death resulting in tumor initiation. In carcinogen diethylnitrosamine (DEN)
induced hepatocellular carcinoma model, DEN causes hepatocyte DNA damage and

contributes to necrotic cell death leading to inflammation and thereby promotes tumorigenesis

(Maeda et al., 2005).
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1.1.4 Inflammation and tumor promotion

A single initiated cell undergoes proliferation to form a fully developed primary tumor, a
process that is generally termed tumor promotion. Increased malignant cell proliferation and
reduced malignant cell death result in tumor promotion, both are strongly modulated by

various inflammatory mediators produced by immune cells from the tumor microenvironment
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(Grivennikov and Karin, 2010a; Kundu and Surh, 2008). The tumor promoting effect of
inflammation is well understood and inflammation is suggested to be implicated in tumor
initiation. In animal models, the major enhancing effects of inflammation on tumors are
exerted at the level of tumor promotion (Takahashi et al., 2010, Grivennikov et al., 2010).
Inflammatory/immune cells are a major source of tumor promoting cytokines. The role of the
cytokines in tumor promotion is more firmly established by several lines of evidence. In lung
cancer models of carcinogen-treated and K-ras mutation mice, chronic and subacute
inflammation induced by CS promote tumor proliferation through release of inflammatory
cytokines by myeloid cells (Takahashi et al., 2010). Lipopolysaccharide (LPS) induced acute
inflammatory responses in macrophages favour lung metastasis growth of colon
adenocarcinoma cells (Luo et al., 2004). In a model of CAC, inactivation of NF-«B in
myeloid cells decreased the production of inflammatory cytokines including IL-6, IL-11,
TNFa, IL-1pB, and IL-23, resulting in reduced tumor growth (Greten et al., 2004; Grivennikov
et al., 2009; Grivennikov et al., 2010). In Mdr2-knockout mice, that develop cholestatic
hepatitis followed by hepatocellular carcinoma, adjacent endothelial and inflammatory cells
released TNFa contributes to tumor promotion in HCC (Pikarsky et al., 2004). The
mechanisms by which inflammation induces tumor promotion involve acceleration of cell
cycle progression and cell proliferation, evasion from apoptotic cell death, and stimulation of
tumor neovascularization (Kundu and Surh, 2008).

Inflammatory mediators released by tumor infiltrating immune cells activate the oncogenic
transcription factors NF-kB and STATS3 in cancer cells and induce the expression of a variety
of target genes important for cell proliferation and survival. This is a major tumor-promoting
mechanism (Grivennikov et al., 2010; Yoshimura, 2006). The NF-xB or STAT3 regulated
target genes include proliferative genes (PCNA, Cyclins, c-Myc), anti-apoptotic genes (c-IAP,
Bcl-xL, Bcl-2, c-FLIP), stress-response genes (SOD2, ferritin heavy chain, hsp70),
chemokines, and pro-angiogenic molecules (VEGF, bFGF, CXCL12) (Luo et al., 2004;
Grivennikov et al., 2010). On the contrary, NF-kB or STAT3 activation in immune cells
controls the production of pro-inflammatory cytokines, including TNFa, IL-1, IL-6, and IL-
23, which induce NF-«B and STAT3 activation in malignant cells (Karin, et al., 2005;
Grivennikov and Karin, 2010b). Recent reports showed that IL-6 produced by lamina propria
myeloid cells enhanced proliferation of tumor initiating cells and protects premalignant
intestinal epithelial cells from apoptosis through transcription factor STAT3 (Grivennikov, et

al., 2009). In addition, NF-«xB and STAT3 also directly regulate the expression of some
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important proangiogenic genes, such as IL-8, CXCL1, CXCLS8, VEGF, and hypoxia-inducible
factorl alpha (HIF1a) in inflammatory/immune cells (Rius et al., 2008; Kujawski et al., 2008).

1.1.5 Inflammation and tumor progression

It has been suggested that promotion of tumor progression is another important effect of
inflammation. TAMs are an important partner for tumor cell progression. They produce
colony stimulating factor 1(CSF1), IL-6, IL-1, and TNFa resulting in tumor progression. Co-
culture with macrophages by transwell inserts leads to increased invasive capacity of the
tumor cells in a TNFo, NF-kB, and matrix metalloprotease dependent manner (Hagemann et
al., 2005). Studies with CSF1 deficient of breast cancer transgenic mice showed that the
incidence or growth of the primary tumors is normal, however, the tumors are unable to
develop invasive, metastatic pulmonary carcinomas, and this was associated with an impaired
infiltration of macrophages into the primary tumor (Lin et al., 2001).

Immune cells produced cytokines, chemokines, and proteases are generally considered to
be responsible for tumor metastasis. For example, TGF3, TNFa, IL-6, and IL-1 regulate the
process of epithelial to mesenchymal transition (EMT) which is crucial for tumor progression.
EMT is mediated via the production of various EMT regulators