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ABSTRACT 

 

THE ROLE OF LOW-GRADE, CHRONIC, SYSTEMIC INFLAMMATION IN THE 

PROGRESSION OF EPITHELIAL OVARIAN CANCER 

 

Amanda Dianne Kerr 

University of Guelph, 2012  

Advisor: Dr. Jim Petrik 

Epidemiological studies have described a link between chronic inflammatory 

conditions, such as diabetes or obesity, and EOC suggesting that systemic inflammation 

may increase the risk of the disease. The purpose of this study was to identify the impact 

of prolonged exposure to low-grade inflammation on EOC tumorigenicity. We 

hypothesized that exposure to this inflammation would accelerate ovarian tumor growth. 

In vitro, normal and transformed ovarian epithelial cells had limited responsiveness to 

inflammatory cytokines. In vivo, LPS-induced low-grade chronic systemic inflammation 

accelerated EOC progression primarily through enhanced angiogenesis. Evaluation of the 

relationships between chronic systemic inflammation and EOC may provide a role for 

anti-inflammatory treatment in combinational EOC therapies. Additionally, as the rate of 

metabolic disorders increases in the Western world the results from this work may 

facilitate the advancement of complimentary therapeutic interventions for other cancers 

that are influenced by inflammation.   
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INTRODUCTION & REVIEW OF THE LITERATURE 

Ovarian Cancer  

Canadian Cancer Statistics 

 Ovarian cancer is the most lethal gynecological cancer. It is the fifth most 

common cause of cancer-related death in women in North America, accounting for 

approximately 5% of all deaths caused by cancer (Canadian Cancer Society 2011; Jemal 

et al. 2010). The probability that a Canadian woman will develop ovarian cancer is 

approximately 1 in 69 (1.5%) with the probability of dying from that cancer at 

approximately 1 in 92 (1.1%) (Canadian Cancer Society 2011). Approximately 75-85% 

of women with ovarian cancer are diagnosed once the disease has reached late stages and 

has spread throughout the peritoneum. Although the 5-year survival rate for women 

diagnosed with ovarian cancer in early stage disease is 90% or greater, the rate drops to 5 

- 35% for women diagnosed and treated in late stage disease (Ozols RF, Rubin SC, 

Thomas GM 2000; Gubbels et al. 2010).  

Pathology 

 The majority of ovarian tumors can be divided into three main tumor types 

according to the cell population from which they are thought to originate. These 

categories include surface epithelial, sex cord and germ cell tumors (Chen et al. 2003). 

Each of these tumor types can undergo further subtype classification, which can exist 

independently or in various combinations within an individual tumor.  
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 Surface epithelial-stromal ovarian tumors account for approximately 90% of all 

malignant ovarian tumors (Chen et al. 2003; Katabuchi & Okamura 2003; 

Sankaranarayanan & Ferlay 2006). These tumors can be classified as benign, borderline 

or malignant based on their cell proliferation status and invasive behavior (Chen et al. 

2003; Heintz et al. 2006). Epithelial ovarian tumors are further categorized into five 

subtypes: serous, mucinous, endometrioid, clear cell and transitional. These subtypes will 

be described in detail later in this review.   

 Sex cord tumors account for 5-7% of malignant ovarian tumors 

(Sankaranarayanan & Ferlay 2006; Chen et al. 2003) and typically originate from theca 

cells, other stromal cells and granulosa cells including Sertoli and Leydig cells, their 

testicular sex cord counterparts (Roth 2006). They often demonstrate estrogenic 

manifestations which are symptoms resulting from the overproduction of female sex 

hormones (Chen et al. 2003). These symptoms include postmenopausal bleeding, 

endometrial hyperplasia and endometrial cancer. Typically these rare tumors are benign 

and arise unilaterally in postmenopausal women, with the exception of granulosa tumors 

which can present in adolescent girls before and after puberty (Roth 2006).  

 The final type of ovarian tumor, germ cell tumors, account for 2-7% of malignant 

ovarian tumors (Sankaranarayanan & Ferlay 2006; Chen et al. 2003). These tumor types 

are thought to develop from primordial germ cells. In contrast to other tumor types, germ 

cell tumors are most frequently found in adolescents. These account for more than half of 

ovarian neoplasms in children, one third of which are malignant (Low et al. 2012).  
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Epithelial Ovarian Cancer 

 Epithelial ovarian cancer (EOC) accounts for approximately 90% of all ovarian 

tumors. Historically it was believed that this tumor type originated from the surface 

epithelial cells of the ovary. However, recent advances in ovarian cancer research have 

led to the discovery of correlations between the common cell types in various ovarian 

cancer histotypes and normal tissues adjacent to the ovary such as the fallopian tube, 

endometrium and endocervix (Dubeau 2008). Tumors are conventionally classified based 

on the location of the largest tumor mass, which may be misleading in the case of ovarian 

cancer. For example, it has been suggested that identification of tubal carcinomas have 

been largely overlooked if extension to the ovary has occurred, resulting in the formation 

of an ovarian tumor larger than the original tubal carcinoma (Crum et al. 2007). This 

supports the hypothesis that many cases of EOC may develop from cell populations 

outside of the ovary.   

Histopathology 

 The World Health Organization (WHO) has classified epithelial ovarian tumors 

based on their histological characteristics (Scully 1987). The five main EOC histotypes 

are serous, mucinous, endometrioid, clear cell and transitional or Brenner type. Some 

ovarian tumors may demonstrate mixed histotypes and some have no distinguishable 

differentiated histotype. Undifferentiated carcinomas typically proliferate and invade 

rapidly and have the worst prognosis of any epithelial carcinoma (Kaku et al. 2003). 

Epithelial ovarian tumors can be classified as: 

Benign if there is low proliferation and lack of invasiveness; 
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Borderline, also known as atypically proliferating or of low malignant potential, 

characterized by extensive proliferation without invasive behavior; or  

Malignant demonstrating both extensive proliferation and invasive behavior 

(Chen et al. 2003).  

These histotypes, the cell populations from which they are suspected to originate and 

their typical invasiveness are outlined in Table I.  

Table I: Epithelial Ovarian Cancer Histotypes  

Histotype Suspected Origin(s) 
Typical 
Classification 

References 

Serous 
Fallopian tube 

epithelium 
Benign (Chen et al. 2003; Bast et al. 

2009; Marquez et al. 2005) 

Mucinous 
Endocervical/intestinal 

epithelium 
Benign (Chen et al. 2003; Marquez et 

al. 2005; Rosen et al. 2009) 

Endometrioid 
Endometrial 

epithelium/stroma 
Malignant (Chen et al. 2003; Kaku et al. 

2003; Rosen et al. 2009) 

Clear Cell 
Vaginal cell populations; 

other cell populations(?) 
Malignant (Ignacio Romero & Bast 2012; 

Rosen et al. 2009) 

Transitional 

(Brenner) type 

Urinary bladder 

epithelium 
Benign (Chen et al. 2003; Kaku et al. 

2003; Kommoss et al. 2005) 

Serous ovarian tumors are the most common type of EOC, accounting for about 

half of all ovarian tumors, and are considered the most lethal histotype (Crum et al. 

2007). Serous tumors can also be classified as low- or high-grade depending on the 

mitotic activity and nuclear abnormality of the tumor cells (Vang et al. 2009).  Advanced 

invasive mucinous EOC is often less responsive to traditional taxol- and platinum-based 

chemotherapeutic intervention compared to the other histological subtypes of EOC (Hess 



5 
	  

et al. 2004). However, given that 80% of invasive mucinous EOC cases are diagnosed 

and treated when the disease is limited to stage I, invasive mucinous tumors are 

considered less lethal than invasive serous tumors (Rosen et al. 2009). Similar to 

mucinous ovarian tumors, clear cell ovarian tumors do not respond as well as some other 

histotypes to conventional chemotherapeutic treatments (Goff et al. 1996). Ovarian 

tumors are considered to be malignant transitional cell carcinomas if no benign 

transitional cells are present and malignant Brenner tumors when benign transitional 

tumor areas are present (Chen et al. 2003). Malignant Brenner tumors are often diagnosed 

in early stages when the disease is confined to the ovaries. As a result, malignant Brenner 

tumors often have a better prognosis than transitional cell carcinomas which are typically 

diagnosed in later stages of disease, however transitional cell carcinomas have been 

reported to respond better to traditional chemotherapeutic treatment than any other 

epithelial ovarian tumor histotype (Kommoss et al. 2005). 

Clinical Staging 

 Ovarian cancer is staged based mainly on findings during surgical exploration and 

histological confirmation. The International Federation for Gynecology and Obstetrics 

(FIGO) has classified ovarian cancer into four stages outlined in Table II. These stages 

are based on the tumor growth among the ovaries, extension to other pelvic tissues and 

peritoneal cavity, involvement of lymph nodes and the development of distant metastases 

(Heintz et al. 2006). The FIGO stage of ovarian cancer has a large impact on 5-year 

survival rates. When EOC is diagnosed and treated in the early stages, I and II, the 5-year 

survival rates are quite encouraging at >90% and 70-80% respectively. However as the 
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disease extends farther beyond the ovaries in stages III and IV, the 5-year survival rates 

can drop to 20-30% and <5% respectively (Gubbels et al. 2010). 

Table II: Ovarian Cancer Nomenclature by the International Federation Of Gynecology 
and Obstetrics 

Stage I Growth limited to the ovaries 

 

 
 
 
 
 
 

IA Growth limited to one ovary; no ascites present containing malignant 
cells. No tumor on the external surface; capsule intact 

IB Growth limited to both ovaries; no ascites present containing malignant 
cells. No tumor on the external surfaces; capsules intact 

IC 
 

Tumor either Stage IA or IB, but with tumor on surface of one or both 
ovaries, or with capsule ruptured, or with ascites present containing 
malignant cells, or with positive peritoneal washings 

Stage II Growth involving one or both ovaries with pelvic extension 

 
 
 

IIA Extension and/or metastases to the uterus and/or tubes 

IIB Extension to other pelvic tissues 

IIC Tumor either Stage IIA or IIB, but with tumor on surface of one or both 
ovaries, or with capsule(s) ruptured, or with ascites present containing 
malignant cells, or with positive peritoneal washings 

Stage 
III 

Tumor involving one or both ovaries with confirmed peritoneal implants 
outside the pelvis and/or positive retroperitoneal or inguinal nodes. Superficial 
liver metastases equal Stage III. Tumor is limited to the true pelvis, but with 
malignant extension to small bowel or omentum 

 
 
 
 
 
 
 

IIIA Tumor grossly limited to the true pelvis, with negative nodes, but with 
seeding of peritoneal surfaces, or extension to small bowel or 
mesentery 

IIIB Tumor of one or both ovaries with confirmed implants, peritoneal 
metastasis of abdominal peritoneal surfaces, none exceeding 2 cm in 
diameter; nodes are negative 

IIIC Peritoneal metastasis beyond the pelvis >2 cm in diameter and/or 
positive retroperitoneal or inguinal nodes 

Stage 
IV 

Growth involving one or both ovaries with distant metastases. If pleural 
effusion is present, there must be positive cytology to allot a case to Stage IV. 
Parenchymal liver metastasis equals Stage IV 

 Adapted from (Heintz et al. 2006)  
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Treatment 

 Currently the gold standard for treatment of EOC in FIGO stages III and IV, 

which is when 75% of women are diagnosed (Fader & Rose 2007), involves primary 

surgical debulking to remove the main primary tumor mass accompanied by platinum-

paclitaxel chemotherapy (van der Burg & Vergote 2003; Elattar et al. 2011). 

There are many benefits to tumor debulking as it has been established that large 

tumors have a negative impact on chemotherapy response and overall survival (DeVita 

1983; Girling & Soutter 1996). Tumors are typically characterized by a poor blood 

supply creating areas of necrosis that cannot be infiltrated by chemotherapeutic agents, 

which may also lead to increased resistance to chemotherapy (DeVita 1983). Tumor 

resection addresses these problems by creating an environment in which residual lesions 

have a better blood supply and better diffusion gradients to allow for increased 

distribution of the chemotherapy (van der Burg & Vergote 2003). Removal of large 

tumor masses may also stimulate growth and proliferation of the remaining tumor lesions 

creating better targets for chemotherapies. While complete cytoreduction, or removal of 

all tumor tissue, is the aim of debulking surgeries, optimal cytoreduction is also 

acceptable. Optimal cytoreduction is defined as <1cm of residual disease following 

surgery (Elattar et al. 2011). Residual disease has been implicated as an important 

prognostic factor in EOC patients. A recent retrospective study identified a significant 

improvement in progression-free and overall survival in patients with complete or 

optimal cytoreductive surgery (Elattar et al. 2011). There has been some debate regarding 

the timing of debulking surgery in the course of treatment. Neoadjuvant chemotherapy 

followed by subsequent cytoreductive surgery or surgeries is a treatment plan that has 
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gained popularity, especially in patients with advanced disease if optimal cytoreduction is 

not practical. This plan involves initial chemotherapy treatment followed by a debulking 

surgery or interval surgeries to remove the remaining tumor tissue and has demonstrated 

similar success to primary surgery with adjuvant chemotherapy (Hegazy et al. 2005; 

Vergote et al. 2010).  

 Despite initial success of these treatment plans, 70% of advanced ovarian cancer 

patients typically experience disease recurrence (Romero I & Bast 2012) which 

demonstrates a need for the evaluation of additional therapeutic interventions.  

Proposed Mechanisms of Development 

 There are five main hypotheses regarding how EOC is initiated. The incessant 

ovulation hypothesis was first introduced by M.F. Fathalla who predicted that ovarian 

cancer may arise from the ovarian surface epithelium (Fathalla 1971). This idea has since 

expanded and is hypothesized to occur due to the constant disruption and wound healing 

of the ovarian surface epithelium during ovulation. It is thought that over time constant 

disruption of this epithelium increases the risk of error during cell division. This 

hypothesis is supported by epidemiological data that have demonstrated a risk reduction 

with an interruption in normal ovulation cycles such as oral contraceptive use, pregnancy 

and lactation (Modan et al. 2001; Fleming et al. 2006). Although this hypothesis 

addresses many areas of epidemiological data, it fails to reconcile with other correlations 

such as the decreased risk of ovarian cancer associated with twin pregnancies and the 

increased risk due to obesity (Choi et al. 2007).  
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 The pituitary-gonadotropin hypothesis suggests that increased levels of 

gonadotropins stimulates the production of estrogen which increases the proliferation of 

ovarian surface epithelial cells and may encourage the formation of inclusion cysts 

(Gadducci et al. 2004). These structures form as ovarian surface epithelium invaginates 

into the ovarian stroma to form cysts that contain surface epithelial cells. This theory then 

ties in with the stromal hypothesis which predicts that these cells may then undergo 

malignant transformation as a result of interaction with the hormones produced by 

ovarian stroma (Choi et al. 2007). Additional data supporting the gonadotropin 

hypothesis includes the association between EOC incidence and circulating gonadotropin 

levels and protective effects of pregnancies and oral contraceptive use (Risch et al. 1994; 

The WHO Collaborative Study of Neoplasia and Steroid Contraceptives 1989).  However 

this hypothesis is accompanied by conflicting data such as that regarding the proliferative 

and apoptotic roles of gonadotropins on the normal and transformed ovarian surface 

epithelium (Choi et al. 2007). 

  The androgen/progesterone hypothesis postulates that ovarian cancer risk is 

enhanced in the presence of higher levels of androgens and reduced with exposure to 

progesterone. Elevated levels of androgens are seen in women who are obese, undergoing 

menopause and those with polycystic ovarian syndrome (PCOS), all of which are 

epidemiologically linked to an increased risk of ovarian cancer (Risch 1998). 

Furthermore, androgens make up the highest concentration of hormone in the developing 

follicle physiologically and have been found to stimulate proliferation of the ovarian 

surface epithelium which expresses androgen receptors (Edmondson et al. 2002). 

However, while there is no strong evidence to suggest that androgens directly induce 
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malignant transformation of the ovarian surface epithelium (Landen et al. 2008), 

epithelial cells isolated in inclusion cysts would have prolonged exposure to androgens 

which may act synergistically with other mutagenic factors. Progesterone has been 

identified epidemiologically as having a protective role against EOC (Rosenberg et al. 

1994). One of the ways pregnancy is thought to reduce the risk of EOC is through the 

predominant expression of progesterone and oral contraceptives containing progestin 

decrease the risk of EOC and have been shown to reduce the expression of ovarian 

androgens as well (Gaspard et al. 1983).  

 Finally, the most recent hypothesis to emerge implicates inflammation in the 

development of EOC. Physiological inflammation in the ovary is important in the wound 

healing processes associated with follicular ovulation and degradation and repair of the 

surface of the ovary (Espey 1980; Bonello et al. 1996). The cyclical nature of 

physiological ovarian inflammation in addition to the strong evidence implicating 

inflammation in the development and progression of some cancers (Coussens & Werb 

2002; Hanahan & Weinberg 2011) supports this hypothesis. A number of reviews have 

suggested that inflammation is the underlying mechanism common to each of the EOC 

initiating hypotheses outlined above (Ness & Cottreau 1999; Ness et al. 2000; Clendenen 

et al. 2011). This theory stems from the belief that constant exposure to an inflammatory 

environment may promote mutagenic changes that will enhance the risk of developing 

EOC. Epidemiological evidence demonstrates a correlation between local and systemic 

inflammatory conditions with an increased risk of EOC. Local inflammatory conditions 

include pelvic inflammatory disease (PID), inflammation due to talcum powder and 

asbestos as well as endometriosis (Ness & Cottreau 1999; Ness et al. 2000). Other 
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disorders that have systemic inflammation as an important part of their pathogenesis 

include metabolic diseases such as diabetes and obesity (Olsen et al. 2007; Bakhru et al. 

2011). The relationship between inflammation and ovarian cancer will be discussed in 

more detail later in this review.  

Risk/Protective Factors 

 Approximately 10% of EOC cases are associated with a positive familial history, 

most of which are the result of an inherited mutation in the breast cancer susceptibility 

gene 1 (BRCA1) and/or 2 (BRCA2) genes. The lifetime risk of developing ovarian 

cancer when a BRCA1 or BRCA2 mutation is present can range from 16 – 63% and 10 – 

27% respectively (Søgaard et al. 2006; Olopade & Artioli 2004), however this risk can be 

almost eliminated through prophylactic removal of the ovaries and fallopian tubes prior 

to the onset of clinical cancer (Kauff et al. 2002). Additionally, 2% of hereditary ovarian 

cancer can arise from families with heritable non-polyposis colorectal cancer syndrome, 

known as Lynch syndrome II, which includes mutations in a variety of mismatch repair 

genes (Malander et al. 2006). While the correlation between hereditary risk factors and 

development of ovarian cancer is strong, it has been suggested that a non-hereditary 

family history of ovarian cancer may also pose a risk, however the causation is relatively 

unknown (Nguyen et al. 1994).  

 Reproductive factors can also play a role in the development of ovarian cancer. 

Protective factors such as parity, pregnancy and lactation, and oral contraceptive use are 

thought to reduce ovarian cancer risk through their roles in the prevention of ovulation 

and suppression of direct hormonal activity on the ovary (Permuth-Wey & Sellers 2009; 

Hanna & Adams 2006). Other risk factors that directly expose the ovary to injury and 
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subsequent mutation, such as exposure to asbestos and talc powder, endometriosis, PID 

and PCOS, can also contribute to the development of ovarian cancer (Ness et al. 2000; 

Sueblinvong & Carney 2009; Hanna & Adams 2006; Permuth-Wey & Sellers 2009). 

Additionally, factors such as hormone replacement therapy, body mass index, physical 

activity, diet and other environmental factors, such as smoking and alcohol consumption, 

have also been associated with the development of ovarian cancer, but to a lesser extent 

(Permuth-Wey & Sellers 2009; Hanna & Adams 2006; Olsen et al. 2007; Pan et al. 

2005).  

Inflammation and Cancer  

 Inflammation is a non-specific response of the innate immune system towards 

tissue stress and/or pathogenic invasion. Its purpose is to facilitate the removal of 

pathogens and damaged tissue and restore physiological function. Inflammation can arise 

in an antigen-dependent manner such as in times of infection or in an antigen-

independent manner in sterile conditions such as rheumatoid arthritis, Lupus and 

psoriasis (Baniyash 2006). It is characterized by the activation and directed migration of 

various leukocytes such as neutrophils, eosinophils and monocytes towards the affected 

tissue (Gallin et al. 1999; Kindt et al. 2007). These cell populations are recruited to the 

site of injury by a family of chemotactic cytokines, or chemokines, that initiate the 

inflammatory processes. Neutrophils and macrophages are leukocytes responsible for 

initial clearance of foreign material through phagocytosis and secretion of cytotoxic 

mediators such as reactive oxygen species (ROS) (Eming et al. 2007). Macrophages are 

also the main source of cytokines and growth factors that act on the surrounding tissues 

including endothelial, epithelial and mesenchymal cells. Subsequent angiogenesis, tissue 
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proliferation and tissue remodeling are stimulated by the release of pro- and anti-

angiogenic factors, growth factors and proteinases to restore tissue integrity (Martin & 

Leibovich 2005). 

 An important characteristic of physiological inflammation is the ability to 

maintain a self-limiting phenotype. Resolution of the inflammatory response is mediated 

by the release of anti-inflammatory agents coupled with the down regulation of 

proinflammatory agents and apoptosis of cell mediators of inflammation (Eming et al. 

2007). Pathological inflammation can arise when the resolution of the inflammatory 

response is inadequate leading to chronic inflammatory disorders (Porta et al. 2009). 

Chronic inflammation may occur as a progression of a prolonged acute inflammatory 

response due to inadequate clearance of the inflammatory stimulus by the immune system 

or following episodes of repeated exposure to the stimulus (Baniyash 2006).  

 Rudolf Virchow was the first to realize the relationship between inflammation and 

cancer in 1863 when he observed the presence of leukocytes in neoplastic tissue. He 

hypothesized that origin of cancer was at sites of chronic irritation which, when coupled 

with tissue injury and subsequent inflammation, led to tumorigenesis through enhanced 

proliferation (Balkwill & Mantovani 2001). Though it is now known that proliferation is 

not sufficient to promote tumorigenesis, a correlation has been found between certain 

cancers and inflammation caused by chronic irritation of tissues from which the cancer 

arises. It is estimated that 15-20% of cancers worldwide are associated with inflammation 

resulting from infectious agents, irritants or inflammatory conditions (Mantovani et al. 

2008). Some common sources of cancer-causing inflammation include chemical and 

physical agents, such as asbestos causing lung cancer, and autoimmune disorders, such as 
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ulcerative colitis causing colorectal cancer (Suvatne & Browning 2011; Jess et al. 2012). 

Some sources of inflammation can contribute to tumor initiation, the process by which 

normal cells are mutated to become malignant; tumor promotion wherein small 

populations of malignant cells are stimulated to grow; or tumor progression in which the 

growing tumor becomes more aggressive (Coussens & Werb 2002; Lin & Karin 2007; 

Balkwill & Mantovani 2001).  

 Following Virchow’s observations, many researchers have compared 

carcinogenesis to an overhealing wound as an example of physiological inflammation. 

Alexander Haddow was the first to observe the similarities between wound healing and 

tumorigenesis (Haddow 1972). Harold Dvorak attempted to explain carcinogenesis in 

terms of a wound that does not heal. He described the resemblance between the 

composition of tumor stroma and granulation tissue that forms following a skin wound 

(Dvorak 1986). Granulation tissue replaces the fibrin-rich clot that initially covers a 

wound while tumor stroma is the connective tissue component of the tumor. Both sets of 

tissues are characterized by the presence of fibroblasts, blood and lymphatic vessels, 

inflammatory cells and extracellular matrix tissue (Schäfer & Werner 2008). While these 

characteristics are common between each tissue type, the organization and architecture of 

a tumor is much less controlled and quite chaotic compared to granulation tissue. This is, 

in part, due to the fact that the wound healing response is not self-limiting in tumor 

growth which supports uncontrolled cell growth and proliferation leading to invasion and 

metastasis (Coussens & Werb 2002; Schäfer & Werner 2008).  
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Inflammation and Ovarian Cancer 

Inflammation is not solely a pathogenic process but can also have physiological 

roles throughout the body. Inflammation and the presence of leukocytes in the ovary 

function physiologically to facilitate not only the process of ovulation but also the 

subsequent wound healing. The idea that ovulation was an inflammatory process was first 

proposed by Lawrence Espey who believed that the rupture of the follicle was dependent 

on a series of inflammatory reactions (Espey 1980). Since then evidence has compiled to 

support this hypothesis. The ovary contains various resident leukocyte populations 

including neutrophils, eosinophils, mast cells, lymphocytes and monocytes/macrophages 

(Bukulmez & Arici 2000). The number and composition of leukocytes fluctuates 

throughout the ovarian cycle as additional leukocytes are recruited in the pre-ovulatory 

state via cytokines released by resident leukocytes and endothelial cells. These cytokines 

also activate leukocyte adhesion molecules, which then induce the leukocytes to release 

proteolytic enzymes to degrade the extracellular matrix (ECM) and change the structure 

of the follicular wall, mediating follicular rupture (Bukulmez & Arici 2000). These 

events are coupled with enhanced vascular permeability and follicular cell edema 

mediated by the inflammation cascade. Following ovulation, the inflammation-driven 

wound healing processes occur to restore the integrity of the ovarian surface epithelium. 

The inflammation cascade includes compounds such as prostaglandins, leukotrienes, 

histamine, platelet activating factor and various cytokines such as interleukin (IL)-1, IL-

6, tumor necrosis factor (TNF)-α, transforming growth factor (TGF)-β among others 

(Espey 1994; Nash et al. 1999).  



16 
	  

Though inflammation has physiological roles in the ovary, it has been implicated 

in various ovarian pathologies as well. The link between inflammation and ovarian cancer 

was first established through the epidemiological observations that chronic inflammation 

in the local ovarian environment may play a role in initiation, promotion and progression 

of ovarian cancer (Ness & Cottreau 1999). It has been suggested that local inflammatory 

conditions may predispose the development of EOC. Pelvic inflammatory conditions 

including PID, endometriosis, peritonitis, salphingo-oophoritis and PCOS are associated 

with an increased risk of EOC and promote a proinflammatory environment in the local 

area (Risch & Howe 1995; Merritt et al. 2008; Sainz de la Cuesta et al. 1996). 

Furthermore, the incessant ovulation hypothesis directly implicates inflammation of the 

ovarian epithelium as the factor that induces and promotes malignant changes in the 

surface epithelial cells of the ovary. While this theory has been scrutinized due to 

emerging evidence implicating the role of fallopian tube epithelium in EOC development, 

the inflammatory side of this hypothesis is still accepted. The inflammation hypothesis 

was first proposed to reconcile the relationship between these local inflammatory 

conditions and the increased risk of EOC. A key factor of this theory is the linkage of the 

other hypotheses by identifying inflammation as the one underlying mechanism common 

to them all (Ness & Cottreau 1999). The most recent inflammation theory proposed 

maintains this underlying mechanism but has expanded to include systemic chronic 

inflammatory conditions such as diabetes, obesity and other metabolic conditions.    

Protumorigenic Properties of Inflammation  

 Carcinogenesis is characterized by several hallmark processes including 

morphological cell transformation, dysregulation of apoptosis, uncontrolled cellular 
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proliferation, angiogenesis, invasion and metastasis (Hanahan & Weinberg 2000). 

Recently, tumor-promoting inflammation has been identified as an enabling characteristic 

in the pathogenesis of cancer. Hanahan and Weinberg speculate that the tumor-associated 

inflammatory response assists the developing tumor in acquiring the other hallmark 

capabilities of cancer outlined above (Hanahan & Weinberg 2011).  Beyond initiation of 

mutagenic changes, inflammation can play a supportive role in the promotion and 

progression of carcinogenesis through influencing processes including cellular 

proliferation and apoptosis, angiogenesis, cell motility and evasion of immune 

destruction.  

Initiation of Mutagenic Changes 

 In physiological inflammation, removal of foreign pathogens and damaged tissue 

is facilitated mainly by phagocytes, which include activated neutrophils, eosinophils and 

macrophages. The cytotoxic nature of these cells is largely mediated by release of ROS 

and reactive nitrogen species (RNS) (Babior 2000). These reactive species together can 

also potentiate a stronger and more potent attack against a pathogenic threat (Ohshima et 

al. 2003). However effective these agents are at mediating the attack against pathogens, 

collateral damage may also occur in the surrounding tissue. This type of damage may 

then initiate mutagenic changes within the host cell populations surrounding the area of 

inflammation, which could then lead to carcinogenesis. For example, chronic irritation 

can occur in the ovary with exposure to talcum powder or asbestos, which can be present 

in contaminated talc powder or as result of other environmental exposures. This irritation 

may then lead to mutagenic changes in the cell populations in and around the ovary and 

development of chronic inflammation (Cramer et al. 1999; Muscat & Huncharek 2008; 
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Purdie D et al. 1995). Together, these changes would promote an environment in which 

tumor promotion and progression may occur. Another example comes from the recent 

evidence emerging to implicate the epithelium from the fallopian fimbriae in the 

initiation of EOC (Crum et al. 2007; Callahan et al. 2007). It is suspected that the 

pathogenic mechanism behind transformation of these cells involves iron-induced 

oxidative stress produced by retrograde menstruation. In the menstrual environment, the 

fimbriae are exposed to the reactive species and the inflammatory cytokines produced by 

the scavenging macrophages that respond to restore pelvic homeostasis (Vercellini et al. 

2011).  Tansformed cells can then establish tumors in the fallopian tube or seed into the 

adjacent ovarian surface epithelium. Physiologically, when the mutation of a critical gene 

occurs the afflicted cell undergoes senescence or cell death to maintain cellular 

homeostasis. However, if selected for, mutagenic changes can promote survival and 

proliferative advantages to the cell allowing further growth and proliferation in conditions 

in which normal cells would undergo cell death (Shacter & Weitzman 2002). These 

mutations typically include loss of function mutations in tumor suppressor genes, such as 

p53 and Rb, or gain of function mutations in oncogenes, such as myc and ras (Hanahan & 

Weinberg 2000).  

Injury to host cells is well characterized in response to reactive agents such as 

those that can induce deoxyribonucleic acid (DNA) damage and mutations through the 

same processes targeted toward pathogens (Grisham et al. 2000). Other inflammatory 

factors also contribute to the release of these cytotoxic mediators. Some proinflammatory 

cytokines, such as TNFα, IL-1β and interferon (IFN)-γ, are also potent inducers of ROS 

and RNS (Shacter & Weitzman 2002). Cyclooxygenase (COX) enzymes, which catalyze 
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the oxidation of arachidonic acid to prostaglandins, also produce other reactive species 

that can initiate DNA damage (Prescott & Fitzpatrick 2000). Cyclooxygenase-2 and its 

catalytic product prostaglandin E2 (PGE2) are upregulated in EOC and the inflammatory 

actions of PGE2 are implicated in the initiation of malignant changes in EOC (Rask et al. 

2006; Ali-Fehmi et al. 2005).  

Cell Survival 

 Once a mutation has been established in a cell population that has evaded 

apoptosis and senescence, an inflammatory environment can enhance survival through 

the promotion of cellular proliferation and strict control of apoptosis. Several growth 

factors and cytokines such as platelet-derived growth factor (PDGF), TGF-β, fibroblast 

growth factor (FGF) and epidermal growth factor (EGF) are responsible for orchestrating 

proliferation of the cell populations required for wound repair (Gallin et al. 1999). 

Furthermore, several proinflammatory cytokines act directly as tumor cell growth factors 

(Shacter & Weitzman 2002). Interleukin-6 is another key growth-promoting and anti-

apoptotic proinflammatory cytokine. It functions through activation of the Janus 

kinase/signal transducer and activator of transcription (JAK/STAT) pathway to block 

apoptosis by upregulating the transcription of several anti-apoptotic genes such as B-cell 

lymphoma (Bcl)-2, Bcl-xL and myeloid cell leukemia sequence (Mcl)-1 (Hodge et al. 

2005). Interleukin-6 is secreted by many cell types and can be induced by other 

proinflammatory mediators such as IL-1β, TNFα, PGE2 and vascular endothelial growth 

factor (VEGF) (Hodge et al. 2005). In EOC, IL-6 has many functions including acting as 

an autocrine growth factor. It promotes tumor cell proliferation through its effects on cell 

attachment and migration, and survival through inhibition of spontaneous apoptosis 
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(Lane et al. 2011; Rabinovich et al. 2007; Yonish-Rouach et al. 1991). Cyclooxygenase 

enzymes and the prostaglandins they cleave have also been implicated in the promotion 

of proliferation and the evasion of apoptosis. Munkarah and colleagues demonstrated that 

PGE2 enhanced the proliferation of EOC cells in vitro and reduced apoptosis in a manner 

that correlated with an elevation in the Bcl-2 pathway (Munkarah et al. 2002) which 

further correlated with in vivo studies (Ali-Fehmi et al. 2005). This evasion of apoptosis 

is mediated through the expression of the oncogene Bcl-2 to diminish the intracellular 

stores of arachidonic acid, which can signal apoptosis (Tsujii & DuBois 1995; Cao et al. 

2000), or through activation of the phosphoinositide-3-kinase (PI3K)/Akt survival 

pathway (Dannenberg et al. 2005). Activation of the nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) signaling pathway through various 

proinflammatory cytokines and chemokines also confers cell survival. This is mediated 

through upregulation of genes encoding for cell cycle progression proteins such as cyclin 

D1 and c-Myc (Porta et al. 2009) and increased secretion of proinflammatory factors in 

EOC cells (Karin & Greten 2005; Luo et al. 2005; Leizer et al. 2011).  

Angiogenesis 

 The role of angiogenesis in inflammation is to create a blood supply to meet the 

increased metabolic demands of the inflamed tissue as it proliferates and repairs or 

undergoes hypertrophy (Gallin et al. 1999). Many cell types typically involved with 

inflammation, including fibroblasts, endothelial cells, epithelial cells and activated 

macrophages are all implicated in the release of pro-angiogenic signals such as VEGF 

(Tischer et al. 1989) and basic FGF (bFGF) (Connolly et al. 1987). An important factor in 

physiological angiogenesis is the balance between pro- and anti-angiogenic factors. Once 
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an adequate blood supply has been achieved, the angiogenic balance shifts to favor the 

release of anti-angiogenic compounds such as thrombospondin (TSP)-1 to restore the 

environment to a normal state. Angiogenesis also plays a role in tumorigenesis. In order 

for a tumor to grow beyond 1-2mm3, a blood supply must be recruited to facilitate 

nutrient delivery and gas exchange (Folkman 1971). As a result, sustained tumor 

angiogenesis has been identified as a hallmark of cancer as the growth of a tumor is 

proportional to its ability to expand its vascular system (Hanahan & Weinberg 2000). In 

addition to the pro-angiogenic factors outlined above, various inflammatory mediators 

have also been implicated in the promotion of angiogenesis. These include cytokines such 

as TNFα, IL-1β, IL-6, IL-17, TGFβ and IL-8; COX enzymes and their subsequent 

prostaglandins and nitric oxide (NO) (Shacter & Weitzman 2002; Jackson et al. 1997; 

Angelo & Kurzrock 2007; Jaiswal et al. 2001; Lin & Karin 2007). These products are 

released largely by macrophages and play a role in tumor angiogenesis (Lee et al. 2006), 

especially in EOC (Bamberger & Perrett 2002). These inflammatory mediators can act in 

direct or indirect manners or both to promote angiogenesis. Some of these factors 

function to directly enhance endothelial cell proliferation, migration or differentiation 

while others act indirectly to promote the release of direct factors such as VEGF (Jackson 

et al. 1997). For example, proinflammatory cytokine IL-6 has been implicated as a potent 

pro-angiogenic cytokine in EOC cells functioning both directly and indirectly to promote 

angiogenesis. Its direct effects include producing a paracrine signaling network between 

microvascular endothelial cells and ovarian tumor cells to induce endothelial cell 

migration both in vitro and in vivo (Nilsson et al. 2005). Indirectly, IL-6 signaling 

promotes the release of various other inflammatory factors that have angiogenic functions 
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as well as other angiogenic factors themselves such as VEGF. Another inflammatory-

driven angiogenic mechanism is through the action of COX enzymes and resulting 

prostaglandins. Both COX-1 and COX-2 have angiogenic functions in tumorigenesis by 

promoting angiogenic factor production in the tumor microenvironment. Furthermore, 

studies have demonstrated a strong correlation between expression of both COX enzymes 

and VEGF expression in EOC patients (Ali-Fehmi et al. 2005; Gupta et al. 2003). 

Cell Motility 

 The ability of cells to migrate in times of need is an important process in both 

embryological development and wound healing. Epithelial-mesenchymal transition 

(EMT) is a cellular process wherein cells with an epithelial phenotype undergo multiple 

biochemical changes to assume a more motile, mesenchymal phenotype (Kalluri & 

Weinberg 2009). Physiologically this process is crucial during embryonic development 

and during inflammation to facilitate wound healing and fibrosis but has gained 

popularity in cancer research for its ability to facilitate metastasis and invasion (Kalluri & 

Weinberg 2009). Many studies have examined the role of inflammation in the early 

events of carcinogenesis but it also plays a role in migration, invasion and metastasis of 

carcinogenic cells. Epithelial-mesenchymal transition involves the loss of cellular 

adhesions and degradation of the ECM to allow for movement of these cells. This 

degradation is mediated largely through the upregulation of matrix metalloproteinases 

(MMP’s) (Lah et al. 2006). For example, elevated MMP-9 levels correlate with advanced 

stages of ovarian tumors (Sillanpää et al. 2007). Additionally, tumor cells often produce 

chemokines as well as their receptors, which are necessary for chemoattraction of 

monocytes and tumor associated macrophages (TAM’s). These cells support further 
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growth and invasive capacity of tumor cells by providing growth factors such as EGF and 

various proinflammatory cytokines such as IL-1β, IL-6 and TNFα, which further 

upregulates the expression of chemokines (Balkwill et al. 2005; Kulbe et al. 2007; Bates 

& Mercurio 2003). In a mouse model of ovarian cancer, TAM’s were found to be the 

major mediators of inflammation-induced metastasis. The mechanisms through which 

TAM’s are thought to induce metastasis include promoting tumor cell adhesion 

molecules on the peritoneal mesothelium and releasing growth factors and proteases 

(Robinson-Smith et al. 2007). The proinflammatory environment also supports metastasis 

by promoting angiogenesis and cell survival as outlined previously to support the 

migration, invasion and establishment of tumor cells in new locations. The 

proinflammatory cytokine IL-6, which has potent angiogenic activities as discussed 

previously, has also been demonstrated to enhance the capacity of EOC cells to secrete 

invasive proteinases such as MMP-9 to further facilitate invasion (Rabinovich et al. 

2007). Additionally, non-immune cell types that can demonstrate inflammatory properties 

can also facilitate tumor invasion. Adipocytes enhance ovarian tumor growth by secreting 

chemotactic adipokines to guide tumor cell movement and providing the infiltrating 

tumor cells with fatty acids to promote tumor growth (Nieman et al. 2011).  

Self-Promotion and Immunosuppression 

 Physiological inflammation is characterized by a self-limiting phenotype. 

Typically once inflammation has mediated the removal of foreign pathogens and 

damaged tissue and facilitated the resolution of tissue stress, there is a shift towards an 

anti-inflammatory environment to restore homeostasis. One of the most significant 

protumorigenic effects of inflammation however, is the ability to self-perpetuate an 
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inflammatory response in a local environment. Proinflammatory signaling, especially 

cytokine signaling, occurs in positive feed-forward loops (Schmidt et al. 2001). Without 

an anti-inflammatory intervention, through a host response or otherwise, this signaling 

can persist to create a protumorigenic environment. Indeed many tumor types promote 

this environment through the release of proinflammatory mediators through tumor-

associated inflammatory cells, such as TAM’s, and release of immunosuppressive 

compounds to attenuate the host immune response against the tumor. While TAM’s 

express only low levels of proinflammatory cytokines, such as IL-1 and TNFα, they are 

potent inducers of the major immunosuppressive cytokines IL-10 and TGFβ in EOC 

tumors (Sica et al. 2000; Yigit et al. 2010). Tumor-associated macrophages also promote 

the inhibition of T-cell activation and release chemokines that preferentially recruit T-cell 

populations without cytotoxic capabilities, namely regulatory T-cells (Mantovani et al. 

2002). Regulatory T cells are also potent inducers of immunosuppressive cytokines IL-10 

and TGFβ (Mougiakakos et al. 2010). Tumor-associated immunosuppression is also 

evident in the host innate and acquired immune systems in which activity of host T 

lymphocytes and natural killer cells respectively is dysfunctional (Baniyash 2006).  These 

cells are the major mediators of the anti-tumor host immune response. Other 

immunosuppressive cells include myeloid-derived suppressor cells (MDSC) which can 

suppress the activity of cytotoxic lymphocytes (Mougiakakos et al. 2010; Ostrand-

Rosenberg & Sinha 2009). There are also various proinflammatory compounds, released 

by TAM’s and other tumor cells, that have been identified as having immunosuppressive 

activities in EOC tumors including IL-6, VEGF, NO, IFNγ and PGE2 (Shacter & 

Weitzman 2002; Baniyash 2006; Motz & Coukos 2011; Scarlett et al. 2012; Chanzhen et 
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al. 2012). While the mechanisms through which these mediators facilitate 

immunosuppression are not fully known, it is suggested that they impede host immune 

cell function through inhibiting their antigen-presenting and proliferative capabilities 

(Lewis & Pollard 2006; Baniyash 2006). Interestingly, some of these compounds, such as 

IL-10, have typically been classified as anti-inflammatory but their actions in an 

inflammatory tumor microenvironment seem to attenuate the host anti-tumor response 

rather than the tumor-associated inflammatory response (Moore et al. 2001).  

Immune Surveillance   

Evasion of immune destruction by a tumor has been identified as another 

hallmark of cancer (Hanahan & Weinberg 2011). It seems that the immune system plays 

a dual role in tumorigenesis, the innate arm involving inflammation is overtaken by the 

tumor to support the acquisition of other hallmark cancer capabilities and the adaptive 

arm attempting to eradicate the tumorigenic cells through immune surveillance or editing. 

The process of cancer immune editing involves three phases: elimination, equilibrium 

and escape (Dunn et al. 2002). During the first phase, elimination, the innate and adaptive 

immune systems can work together to eliminate early neoplastic cells to eradicate the 

growing tumor. If this phase not successful however, the environment may enter an 

equilibrium phase. This phase is characterized by a period of tumor cell latency, which 

may be facilitated by the genetic instability resulting from mutagenic changes to the cells 

to render them less immunogenic. Dunn and colleagues suggest that there are three 

possible outcomes for tumorigenic cells that have entered the equilibrium phase: they 

may eventually be eliminated by the immune system, they may be permanently 

maintained in an equilibrium state or they may progress into the final immune escape 
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phase (Dunn et al. 2004).  In this final phase tumor growth is uninhibited by the immune 

system and often accompanied by tumor-associated immunosuppression.   

While there is a growing body of evidence to suggest that tumors can facilitate 

immunosuppression and escape immune surveillance, it seems that there may be 

incomplete escape. Many studies have demonstrated that cancer progression can be much 

more aggressive in immune compromised individuals (Penn 2000; Guba et al. 2004). For 

example, patients who received iatrogenic immunosuppression to prevent graph versus 

host disease following solid organ transplant were seen to have an increased incidence of 

certain types of cancer. However it seems that the majority of cancer cases arising in 

these patients have viral origins and result from the impaired function of the host 

response to control the viral oncogenes (Vajdic & van Leeuwen 2009).  

Epithelial Ovarian Cancer-Induced Inflammatory Symptoms 

 Throughout its progression, various EOC-derived clinical conditions arise that 

have a great impact on morbidity and mortality. Ascites accumulation, metabolic changes 

and cancer-related anemia are cancer-related conditions that arise in EOC patients and are 

largely mediated by inflammatory processes.  

Ascites Formation 

 Ascites is the accumulation of exudative fluid in the abdomen and is a major 

source of morbidity and mortality in EOC patients. One third of EOC patients present 

with some accumulation of ascites fluid (Auersperg et al. 2001). This fluid consists of a 

cellular fraction containing malignant cells, mesothelial cells and various cells of the 

innate immune system (Haskill et al. 1982). The malignant cells present in this fluid can 



27 
	  

be present as single cells, aggregates or can form spheroids which can facilitate 

metastasis of EOC amongst the peritoneal organs (Burleson et al. 2004). The acellular 

fraction of ascites consists of various inflammatory factors including growth factors such 

as EGF, angiogenic factors including VEGF, various cytokines such as IL-6, TNFα and 

IL-1 and chemokines and chemokine receptors (Moradi et al. 1993; Milliken et al. 2002). 

These inflammatory factors, especially IL-6, have been implicated in facilitating the 

formation of ascites fluid in EOC (Offner et al. 1995; Lo et al. 2011). Once formed, the 

accumulation of ascites fluid further contributes to an aggressive proinflammatory 

environment by promoting the protumorigenic properties of inflammation outlined 

previously. The acellular fraction of ascites produces a self-perpetuating inflammatory 

environment through expression of the inflammatory mediators outlined above to 

facilitate the persistence of cell motility, survival and angiogenesis (Lo et al. 2011; 

Milliken et al. 2002; Lane et al. 2011). The cellular fraction of ascites also contributes to 

enhanced disease dissemination as demonstrated through the finding that infiltrating 

leukocytes and macrophages are implicated in enhanced metastasis (Robinson-Smith et 

al. 2007). Additionally, the spheroids contained in the cellular fraction consist of cancer 

cells, mesothelial cells as well as inflammatory cells which may assist in the seeding and 

infiltration of these cells to various sites within the peritoneum (Burleson et al. 2004).  

Metabolic Changes 

 Throughout EOC development, as tumor-related changes are introduced to the 

host immune system, energy metabolism systems are also altered and result in several 

symptoms associated with poor quality of life including anemia, anorexia, nausea, weight 

loss involving reduction of skeletal muscle and adipose stores and an increase in energy 
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metabolism that includes changes in glucose, lipid and protein metabolism (Evans et al. 

2008). The combination of some or all of these metabolic changes often leads to the 

formation of cancer cachexia which is a syndrome associated with weight loss, fatigue, 

muscle wasting, weakness, and loss of appetite. Inflammation promotes the development 

of cachexia and cachexia-related symptoms through the same mediators that promote 

tumor progression. Proinflammatory cytokines IL-6, TNFα and IL-1β are all implicated 

in the pathogenesis of cachexia. These cytokines play a role in the proteolytic activity that 

leads to skeletal muscle atrophy and the promotion of altered energy metabolism (Haddad 

et al. 2005). They also create a systemic inflammatory response that induces the elevation 

of acute phase proteins, such as CRP, in patients with cachexia (Mahmoud & Rivera 

2002). The acute phase response is implicated in hypermetabolism and subsequent weight 

loss and overall fatigue. Cytokines IL-6 and TNFα also function pathophysiologically to 

induce insulin resistance and elevation of IL-1β is associated with reduced appetite 

(Strassmann et al. 1992; Feinstein et al. 1993; Whitaker & Reyes 2008). Taken together, 

the functions of these cytokines along with the self-perpetuating nature of 

proinflammatory cytokine production, contribute to the pathogenesis of cancer-related 

cachexia.  

Cancer-Associated Anemia 

 Development of anemia is common in EOC; approximately 30% of patients 

present with anemia when they are initially diagnosed with EOC (Macciò & Madeddu 

2012). The severity of cancer-related anemia is thought to be an indicator of tumor 

aggressiveness (Obermair et al. 1998). When reviewing cancer-related anemia in EOC 

patients, Maccio and colleagues observed that this anemia was similar to that which 
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occurs in chronic inflammatory diseases (Macciò & Madeddu 2012). Another study done 

by this group demonstrated the correlation between cancer-related anemia in EOC 

patients and proinflammatory factors IL-1β, TNFα and especially IL-6 along with 

elevated CRP and ROS (Macciò et al. 2005). They go on to suggest that both high levels 

of proinflammatory cytokines and elevated oxidative stress mediate the development of 

cancer-related anemia. This is characterized by reduced hemoglobin levels due to 

decreased production of and response to erythropoietin, impaired iron utilization and 

shortened erythrocyte survival in inflammatory environments (Macciò et al. 2005; 

Morceau et al. 2010).  

Inflammatory Factors As Prognostic Markers  

 Given the emerging evidence that EOC is an inflammatory cancer, it is not 

surprising that various inflammatory markers can be detected in the serum and ascites 

fluid of EOC patients. Recent studies have suggested the possibility of utilizing 

inflammatory markers as prognostic tools and biomarkers of the disease. As expression of 

these mediators is commonly induced in other inflammatory conditions these potential 

biomarkers are not being used as indicators of early disease but rather as prognostic 

factors that could assist in deciding treatment plans.  

Acute Phase Proteins 

C-reactive protein (CRP), an acute phase protein, is a serum marker typically used 

to evaluate systemic inflammation.  Accordingly it has been demonstrated to be elevated 

in the serum and ascites of EOC patients (McSorley et al. 2007). While CRP 

concentration is not related to the risk of ovarian cancer itself (Lundin et al. 2009), it may 
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be more useful when combined with other markers. Forrest and colleagues developed a 

prognostic score based on the inflammatory response for non-small cell lung cancer that 

combined the measurement of CRP and albumin (Forrest et al. 2003). This system, called 

the Glasgow Prognostic Score, has been applied to ovarian cancer patients and found to 

be an independent predictor of poor overall survival in patients with advanced stage 

ovarian cancer, regardless of treatment (Sharma et al. 2008).  

 Haptoglobin is another acute phase protein that has been gaining attention as a 

prognostic factor in various diseases. Beyond the elevation seen during times of infection 

and subsequent inflammation, elevation of this protein has been observed in various 

malignancies including lung, bladder and breast cancers, leukemia, malignant lymphoma, 

urogenital tumors and esophageal squamous cell carcinoma (Zhao et al. 2007). When 

evaluating the prognostic significance of haptoglobin in the survival of EOC patients, 

Zhao et al. demonstrated that haptoglobin served as an independent prognostic indicator 

for EOC. They demonstrated that elevated levels of preoperative serum haptoglobin 

correlated with poorer patient survival (Zhao et al. 2007). Furthermore, Ye and 

colleagues suggested that the haptoglobin-derived α subunit is complementary to the 

popular cancer antigen-125 (CA-125) ovarian cancer biomarker (Ye et al. 2003). Taken 

together, these studies indicate that haptoglobin may be a useful prognostic factor in 

determining survival outcome in EOC patients.  

Interleukins 

 Various cytokines, especially interleukins, are elevated in ovarian tumors as well 

as in the serum and ascites fluid of EOC patients. Many are suggested to have prognostic 

significance but IL-6 and IL-10 have demonstrated the most significance.  
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 Interleukin 6 is one of the major proinflammatory cytokines in the ovarian tumor 

microenvironment. It plays a role in tumor angiogenesis and promotes the formation of 

ascites, facilitating the spread of the disease (Lane et al. 2011; Lo et al. 2011). 

Furthermore elevated serum levels of IL-6 in EOC patients are associated with metabolic 

alterations that are largely responsible for the development of cancer cachexia as well as 

cancer-associated anemia, both of which can cause death in EOC patients (Strassmann et 

al. 1992; Macciò et al. 2005). Due to the negative outcomes of IL-6 elevation in EOC 

studies have examined its function as a prognostic tool. Various studies demonstrate that 

elevated IL-6 levels in EOC patients is an independent predictor of shorter progression-

free survival (Lane et al. 2011; Tempfer et al. 1997; Clendenen et al. 2011).  

 Interleukin 10 functions as an immune suppressive cytokine in EOC. It inhibits 

the proliferation and maturation of cytotoxic T cells and dendritic cells and prevents the 

release of antitumor cytokine IL-12 (Sica et al. 2000). Mustea and colleagues 

demonstrated that serum IL-10 levels correlate with tumor grade and are also a marker of 

success following debulking surgeries. Given these results, they suggest that IL-10 would 

be a good surrogate marker for evaluating tumor grade in EOC patients (Mustea et al. 

2006; Mustea et al. 2009). 

Systemic Inflammatory Conditions and Epithelial Ovarian Cancer 

 Chronic systemic inflammation arises due to the persistence of a proinflammatory 

environment. This could be the result of a persistent proinflammatory stimulus or a result 

of inadequate resolution of the inflammatory response (Porta et al. 2009; Baniyash 2006). 

Conditions that are often associated with chronic systemic inflammation include obesity, 

diabetes and metabolic syndrome (Rocha & Folco 2011; Karin et al. 2006; Das 2002). 
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Metabolic syndrome is characterized by a host of systemic inflammatory conditions 

including abdominal obesity, insulin resistance/hyperinsulinemia, dyslipidemia, impaired 

glucose tolerance/type 2 diabetes mellitus, and hypertension (Hansen 1999). This 

syndrome often leads to coronary heart disease, which also features systemic 

inflammation. Each of these conditions, among other inflammatory diseases, contains 

features that can promote and support mutagenic changes as well as create a self-

sustaining environment, which may potentiate the development of a tumor. These 

characteristics will be discussed using obesity and diabetes as examples.  

Obesity, Inflammation, and Cancer 

Obesity is a condition that involves the complex interactions between genetics, 

diet, metabolism and physical exercise and has long been considered a low-grade, 

systemic inflammatory disease (Das 2001; Ramos et al. 2003; Rocha & Folco 2011). 

Adipocytes contribute to a proinflammatory environment by secreting inflammatory 

factors such as IL-6, TNFα and leptin but also respond to inflammatory signals as they 

express the receptors for various cytokines, chemokines and growth factors (Fresno et al. 

2011). Adipose tissue is also contains populations of leukocytes such as adipose tissue 

macrophages (ATM’s) which contribute to the release of inflammatory mediators 

(Chawla et al. 2011). Additionally, local crosstalk between adipocytes, adipose tissue-

associated immune cells and endothelial cells creates a paracrine network that promotes 

self-perpetuating systemic inflammation (Rocha & Folco 2011). The systemic 

inflammatory environment induced by obesity is characterized by elevated serum 

concentrations of a number of inflammatory factors including leptin, acute phase proteins 
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such as CRP, and proinflammatory cytokines including IL-6 and TNFα (Das 2001; Rocha 

& Folco 2011).   

Recently, epidemiological data has identified an association between body mass 

index (BMI) and various types of cancer, especially in those that are hormone-related 

(Renehan et al. 2008). This is largely thought to be the result of the mitogenic activities 

exerted by the excess endogenous estrogens that are synthesized by adipocytes 

(Rodriguez et al. 2002). However, the obese environment has many similarities to the 

tumor microenvironment in terms of the inflammation produced in both. Both tumor cells 

and adipocytes have the capacity to secrete and respond to proinflammatory factors and 

the tissue associated macrophages, ATM and TAM, function similarly in terms of tissue 

infiltration and contribution to the inflammatory environment (Khandekar et al. 2011; 

Mayi et al. 2012). As mentioned above, obesity and BMI are risk factors for ovarian 

cancer. Purdie and colleagues report that a high BMI increases the risk of developing 

EOC, suggesting that the risk is up to twofold higher than those with a low BMI (Purdie 

et al. 2001). Other studies have demonstrated that increasing BMI confers a worse 

prognosis in patients with EOC and a reduction in survival (Leitzmann et al. 2009; 

Kjaerbye-Thygesen et al. 2006; Olsen et al. 2007; Zhang et al. 2005). It has also been 

suggested that obesity can indirectly enhance EOC risk by contributing to the 

development of various other EOC risk factors such as PCOS, infertility and 

endometriosis (Purdie et al. 2001).  

 While there is little in the literature about the role of obesity-associated 

inflammation in EOC risk, there is a large body of evidence implicating the role of 

inflammation in EOC risk and progression. In addition, pre-existing obesity has been 
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found to increase the capacity of the inflammatory response against an external stimulus, 

such as endotoxin (Huang et al. 2007). It follows then that the same sensitivity may be 

elicited in response to a developing tumor if pathogen-induced inflammation is 

potentiated by the systemic inflammation caused by obesity. Taken together, this 

evidence gives reason to suggest that obesity-associated inflammation may be promoting 

tumorigenesis beyond the hormonal influence of adipose tissue.  

Diabetes, Inflammation, and Cancer 

 Hyperglycemia is a metabolic syndrome resulting from over-nutrition. Type II 

diabetes is a metabolic syndrome characterized by hyperglycemia coupled with deficient 

insulin secretion or response to insulin. Evidence has emerged that implicates impaired 

glucose regulation and hyperglycemia in cancer development. Pathophysiological 

mechanisms of these conditions that may promote cancer development or progression 

include formation of ROS and energy excess. Excess glucose can promote oxidative 

stress through the formation of ROS directly and for exacerbating ROS effects by 

limiting the activity of antioxidants such as glutathione and NO (Cowey & Hardy 2006; 

Brodsky et al. 2001). The presence of excess circulating glucose can also support cancer 

progression through providing cancer cells with a seemingly endless supply of energy to 

meet their accelerated metabolic demands (Cowey & Hardy 2006).  

Another pathophysiological mechanism by which hyperglycemia and diabetes 

contribute to cancer is the inflammatory environment they produce and promote. The 

development of diabetes is, in part, due to uncontrolled inflammation (Pickup & Crook 

1998). Resulting complications including insulin resistance, leukocyte dysfunction and an 

impaired vasodilation response, arise from excess release of endothelial growth factors, 
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proinflammatory cytokines and acute-phase proteins (Hatanaka et al. 2007; Hatanaka et 

al. 2006). Furthermore, serum markers of subclinical systemic inflammation, including 

IL-6 and CRP, are elevated in insulin-resistant and diabetic patients in response to the 

associated hyperglycemia (Schmidt M et al. 1999; Pradhan et al. 2001; Esposito 2002).  It 

has been suggested that this low-grade, systemic inflammation is due largely to oxidative 

stress mechanisms (Esposito 2002; Lin Y et al. 2005).    

The evidence that risk factors for diabetes, including obesity, are often 

inflammatory in nature further supports the notion that diabetes is an inflammatory 

disease. In fact, each condition separately promotes an inflammatory response which, 

when coupled, leads to a self-perpetuating inflammatory environment (Lin Y et al. 2005). 

Furthermore, complications arising from diabetes, including cardiovascular disease, are 

often characterized by induction of exacerbated inflammation due to the underlying 

diabetes-induced systemic inflammation (Lu et al. 2004). It is logical then that diabetes is 

implicated as a risk factor for EOC. Epidemiological evidence has demonstrated that 

EOC patients with diabetes are diagnosed with higher stage tumors, receive less 

aggressive treatment and have poorer survival than EOC patients without diabetes (van 

de Poll-Franse et al. 2007; Bakhru et al. 2011). Although a direct link between diabetes 

and ovarian cancer has not been established, studies have shown that hyperglycemia and 

diabetes are inflammatory conditions and can initiate and promote carcinogenesis beyond 

their inflammatory roles. This, coupled with evidence that demonstrates better survival in 

EOC patients with diabetes who receive treatment for diabetes as well as EOC, suggests 

that diabetes may play a significant role in EOC (Romero IL et al. 2012).  
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Protective Role of Nonsteroidal Anti-inflammatory Drugs 

 Nonsteroidal anti-inflammatory drugs (NSAIDs) are a class of drug that is used 

for analgesic, antipyretic or fever-reducing and anti-inflammatory effects. The anti-

inflammatory functions of these drugs are mediated through inhibition of COX enzymes. 

Targeting COX enzymes prevents the formation of inflammatory mediators (Botting 

2006). There are two isoforms of COX enzymes, constitutively active COX-1 and COX-2 

which is induced by mitogens, tumor promoters and growth factors (Bakhle & Botting 

1996). Most NSAIDs are nonselective inhibitors of COX enzymes but some are created 

to target COX-2 selectively. These drugs are gaining popularity due to the decrease in 

NSAID-induced side effects including gastrointestinal and bleeding disorders. 

Attenuating the activity of COX-2 specifically reduces the catalysis of arachidonic acid 

into prostaglandins, such as PGE2, which function as potent inflammatory mediators. This 

allows the normal activity of other COX enzymes to catalyze protective prostaglandins in 

the gastrointestinal system and to prevent inhibition of platelet aggregation, which is 

implicated in bleeding disorders (Laine 2002). Anti-inflammatory drugs including 

NSAIDs and aspirin are currently being used both therapeutically and prophylactically in 

chronic inflammatory diseases. For example, daily administration of low-dose aspirin is a 

common practice of those at high risk for cardiovascular disease and stroke and 

prescription NSAIDs are common for the management of rheumatoid arthritis and 

osteoarthritis (Ridker et al. 2005; Emery et al. 1999).  

 Due to emerging evidence that EOC is an inflammatory disease, a hypothesis has 

been presented to suggest that NSAID use could attenuate EOC risk and may decrease 

disease progression. This hypothesis is supported by the findings both COX enzymes, 



37 
	  

COX-1 and COX-2, and their products are overexpressed in EOC and contribute to 

enhanced disease progression (Gupta et al. 2003; Rask et al. 2006). Epidemiological 

studies have examined the relationship between NSAID use and EOC risk and some have 

reported an inverse correlation where NSAID use is a protective factor (Merritt et al. 

2008; Setiawan et al. 2012; Wernli et al. 2008; Denkert et al. 2003). However, some 

studies have reported no relationship between NSAID use and EOC risk. Many of these 

studies are retrospective and rely on self-reporting from EOC patients, and others focus 

on NSAID use as a chemoprevention tool of EOC rather than a factor in progression 

(Merritt et al. 2008; Setiawan et al. 2012). Despite the inconsistent results that have been 

collected to date on the influence of NSAID use on EOC risk, a protective role of NSAID 

use has been identified in other inflammatory cancers such as colorectal cancer (Ghosh et 

al. 2010; Wang & Dubois 2010). Given that the role of COX enzymes and their products 

has been established in EOC progression, coupled with the success of these drugs in other 

inflammatory cancers, it seems that there may be a role for NSAID use in combination 

treatment rather than the prevention of EOC, particularly in those with pre-existing 

systemic inflammation.  

Summary 

Based on a growing body of evidence, inflammation has been identified as an 

important mediator of cancer onset, development, and progression. Inflammation in the 

local pelvic environment has been strongly implicated in the pathogenesis of EOC but the 

role of systemic inflammation has been largely overlooked. In addition to systemic 

inflammatory disease, there is emerging evidence that discrete or occult inflammation 

associated with metabolic disorders such as obesity and diabetes may create a potent 
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protumorigenic environment. Given the increasing incidence of these metabolic disorders 

in western society, examination of the impact chronic, low-level systemic inflammation 

has on the progression of epithelial ovarian cancer is warranted.   
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RATIONALE 

 The relationship between inflammation and carcinogenesis has been examined as 

far back as 1863 when Rudolf Virchow hypothesized that the origin of cancer was a sites 

of chronic irritation, where enhanced proliferation due to tissue injury and inflammation 

resulted in tumor formation (Balkwill & Mantovani 2001). Since then this relationship 

has gained popularity in studying the pathogenesis of various types of cancer as well as 

alternative therapeutics for treatment and prevention of cancer. Initiation of EOC through 

inflammatory mechanisms has been studied due to the identification of local 

inflammatory conditions, such as endometriosis, PID and PCOS as risk factors for cancer 

development (Ness & Cottreau 1999; Merritt et al. 2008; Risch & Howe 1995; Sainz de 

la Cuesta et al. 1996). More recently, epidemiological evidence has identified that EOC 

patients with underlying chronic inflammatory conditions such as diabetes or obesity 

demonstrate faster disease progression and a poorer prognosis (Olsen et al. 2007; Zhang 

et al. 2005; Kjaerbye-Thygesen et al. 2006; Bakhru et al. 2011; Romero IL et al. 2012). 

Furthermore, it has been suggested that inflammation may play a greater role in EOC 

progression than in its initiation (Merritt et al. 2008).  

This study was designed to test the hypothesis that low-grade, chronic systemic 

inflammation will enhance the progression of epithelial ovarian cancer. To address this 

hypothesis, two experiments were designed as follows: 

1. Examine the effects of chronic levels of proinflammatory cytokines in normal 

and transformed ovarian epithelial cell lines  	  

2. Determine if induction of chronic inflammation in vivo influences the 
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progression of ovarian tumors in a mouse model of EOC  
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CHAPTER 1: THE INFLUENCE OF CHRONIC EXPOSURE TO A 

PROINFLAMMATORY ENVIRONMENT ON CELLULAR BEHAVIORS 

ASSOCIATED WITH TUMORGENICITY OF NORMAL AND TRANSFORMED 

OVARIAN SURFACE EPITHELIAL CELLS IN VITRO 

INTRODUCTION 

It has been established that there is a physiological role for inflammation in the 

normal ovary to facilitate ovulation (Espey 1994; Burke et al. 1996). The normal ovarian 

epithelium also secretes proinflammatory cytokines as a defense mechanism in response 

to immune stimulation (Ziltener et al. 1993). However, the malignant ovary also exploits 

the inflammatory environment to promote malignant changes and tumorigenic functions 

(Burke et al. 1996). Additionally, 70-80% of ovarian cancers express IL-6 and TNFα as 

well as their receptors (Bast et al. 2009; Szlosarek et al. 2006). Systemic expression of 

proinflammatory cytokines has also been observed in EOC patients. The expression of 

serum IL-6 in EOC patients is vastly upregulated to a point where it has been examined 

as a prognostic factor (Clendenen et al. 2011; Lane et al. 2011; Tempfer et al. 1997). 

Systemic expression of proinflammatory cytokines is also observed in chronic 

inflammatory conditions such as diabetes, obesity and cardiovascular diseases (Antonelli 

et al. 2009; Macciò et al. 2005; Martin-Cordero et al. 2009; Roldan 2003). 

Epidemiological evidence has demonstrated a correlation between these chronic systemic 

inflammatory diseases and EOC progression.  

Cytokine expression can be induced in positive feed-forward loops to promote a 

self-sustaining inflammatory reaction (Schmidt et al. 2001) and thus systemic 

inflammation produced by underlying chronic inflammatory conditions may potentiate 
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the local inflammatory responses in and around the ovary. Studies have shown that 

proinflammatory cytokines can promote the tumorigenicity of EOC cells in terms of 

increased proliferation rates and evasion of apoptosis (Kwong et al. 2009; Szlosarek et al. 

2006; Kulbe et al. 2007). However, the impact of exposure to low, chronic doses of these 

proinflammatory cytokines on the tumorigenicity of EOC cells is not well established.  

This study was designed to examine the influence of a pathophysiologically 

relevant inflammatory environment on the tumorigenicity of human epithelial ovarian 

cancer cells. The proinflammatory cytokines IL-1β, IL-6 and TNFα have been implicated 

in EOC progression and are elevated systemically in chronic inflammatory conditions. 

Therefore, we hypothesize that incubation in an inflammatory environment produced by 

IL-1β, IL-6 and TNFα at concentrations that mirror those in chronic inflammatory 

conditions, will increase the tumorigenic capacity of human EOC cells.  

MATERIALS AND METHODS 

Cell Lines and Culture Conditions 

 Human normal ovarian surface epithelial (NOSE) cells, generously donated by 

Dr. Jinsong Liu (MD Anderson Cancer Center, Houston, TX), were cultured in media 

containing one part MCDB105 and one part tissue culture medium (TCM)-199 (Life 

Technologies Inc., Burlington, ON) supplemented with 10% fetal bovine serum (FBS) 

and 1% antibiotic-antimycotic (ABAM; Life Technologies Inc., Burlington, ON). Human 

ovarian cancer cell lines CAOV-3, OVCAR-3, and SKOV-3 (American Type Culture 

Collection; ATCC, Manassas, VA) were cultured in Dulbecco’s modified eagle medium 

(DMEM; Life Technologies Inc., Burlington, ON) supplemented with 10% FBS, 1% 
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ABAM and 2% L-Glutamine (Life Technologies Inc., Burlington, ON); RPMI-1640 

(Life Technologies Inc., Burlington, ON) supplemented with 20% FBS, 1% ABAM and 

2% L-Glutamine; and McCoy’s 5A (Life Technologies Inc., Burlington, ON) 

supplemented with 10% FBS and 1% ABAM respectively. Human U-937 monocytes 

(ATCC, Manassas, VA) were grown in suspension in RPMI-1640 medium supplemented 

with 10% FBS, 1% ABAM, 0.02% hydroxyethyl piperazineethanesulfonic acid (HEPES) 

and 0.01% sodium pyruvate (Life Technologies Inc., Burlington, ON). Cells were 

passaged with trypsin-EDTA (Life Technologies Inc., Burlington, ON) following a wash 

with 1x PBS (Life Technologies Inc., Burlington, ON). Monocytes were differentiated 

into macrophages following stimulation with 10ng/ml phorbol myristic acid (PMA; 

Sigma-Aldrich Canada Ltd., Oakville, ON) for 48 hours. All cell lines were incubated at 

37ºC with 5% carbon dioxide (CO2).  

Reverse Transcription Polymerase Chain Reaction 

Total RNA Isolation 

 Total ribonucleic acid (RNA) was isolated from each cell line grown to sub-

confluency in 10cm culture plates (Fisher Scientific, Whitby, ON) following the protocol 

provided with the RNeasy Mini Kit (Qiagen, Toronto, ON). The isolated RNA was then 

DNase treated using a Turbo DNA-free kit (Life Technologies Inc., Burlington ON) 

according to the manufacturer-provided protocol. Purified RNA quality was examined 

through gel electrophoresis by running the RNA samples on a 1% agarose gel containing 

ethidium bromide (EtBr; Appendix II) at 100V for 30 minutes. To visualize intact 28S 

and 18S RNA bands, the gel was then imaged on a FluorChem8800 gel documentation 
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imaging system (Alpha Innotech, San Leandro, CA). The purity and concentration of the 

RNA was quantified using a NanoDrop 1000 Spectrophotometer (Thermo Scientific, 

Nepean, ON). Acceptable RNA purity yielded A260/A280 absorbance ratios within the 

range of 1.9-2.1. Total RNA products were stored at -80ºC. 

First Strand cDNA Synthesis 

 The RNA samples were reverse transcribed to complementary DNA (cDNA) 

following the protocol included with the SuperScript II Reverse Transcriptase kit (Life 

Technologies Inc., Burlington ON). Using nuclease-free microcentrifuge tubes (Fisher 

Scientific, Whitby ON), 1µl Oligo(dT) 12-18 primer and 1µl 10mM deoxyribonucleoside 

triphosphate (dNTP) mix (Life Technologies Inc., Burlington ON) was added to 10µl of 

each RNA sample to allow for the maximum amount of RNA to be reverse transcribed. 

Each reaction tube was transferred to a MJ Research PTC-200 Thermo Cycler (Bio-Rad, 

Mississauga, ON), heated to 65ºC for 5 minutes and transferred back onto ice. A master 

mix of four parts 5X First-Strand buffer, 2 parts 0.1M dithiothreitol (DTT; supplied with 

SuperScript II Reverse Transcriptase kit) and one part ribonuclease inhibitor (RNasin; 

Fisher Scientific, Whitby, ON) was prepared, from which 7µl was added to each reaction 

tube according to the manufacturer’s instructions. The reaction tubes were transferred 

back to the thermocycler and incubated at 42ºC for 2 minutes, following which 1µl of 

SuperScript II Reverse Transcriptase reagent was added to each tube. The reverse 

transcription reaction was then carried out at 42ºC for 50 minutes. Incubating the tubes at 

70ºC for 15 minutes induced inactivation of the reaction. Final cDNA products were 

stored at -20ºC. Each sample was reversed transcribed in duplicate. A reverse 
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transcription control (RTC) reaction was created by substituting RNA with nuclease-free 

water (Life Technologies Inc., Burlington ON).  

Primer Design  

 Specific oligonucleotide primers for human IL-1β and IL-1 receptor, type 1 

(IL1R1); IL-6 and IL-6 receptor (IL6R); and TNFα and TNF receptor superfamily, 

member 1A (TNFRSF1A), were designed from Homo sapiens gene sequences using 

Primer3 Plus software (Untergasser et al. 2007) or NCBI Primer-Blast. These primers, 

generated from Laboratory Services Molecular Biology Lab (Guelph, ON; see Appendix 

IV), were stored at 100µM stock concentrations at -20ºC. Working concentrations of 

10µM were made by diluting primers with nuclease-free water.  

Polymerase Chain Reaction 

 Following optimization of annealing temperature (TA) and primer concentration 

for each primer set, polymerase chain reaction (PCR) was performed to examine the 

expression of each cytokine and its receptor in each cell line. A master mix was prepared 

containing one part 10mM dNTP mix, five parts 10x buffer and one part 1x Taq (New 

England BioLabs Ltd., Pickering, ON). Appropriate volumes of 10µM forward and 

reverse primers were then added, depending on the desired primer concentration 

(Appendix IV), and nuclease-free water was added to create a final volume that would 

allow for 49µl per reaction. Then 1µl of cDNA from each cell line was added to this 

master mix for a final reaction volume of 50µl. The reaction tubes were then transferred 

to a MJ Research PTC-200 Thermo Cycler and the PCR reaction was run on a program 

with the following conditions: step 1: incubate at 95ºC for 30 seconds; step 2: incubate at 
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95ºC for 30 seconds; step 3: incubate at appropriate TA for 30 seconds; step 4: incubate at 

72ºC for 1 minute; step 5: repeat steps 2-4 for 35 cycles; step 6: incubate at 72ºC for 10 

minutes; step 7: incubate at 4ºC for ever. Resulting DNA amplicons were then mixed 

with 6x DNA loading buffer (Appendix II), run on a 1.5% agarose gel containing EtBr 

(Appendix II) for 1 hour at 100V with a 100bp DNA ladder (Life Technologies Inc., 

Burlington ON) and visualized with the FluorChem8800 gel documentation imaging 

system (Alpha Innotech, San Leandro, CA).  

 The cDNA synthesized from the RNA collected from differentiated U-937 cells 

served as a positive control for each primer set. A non-template control (NTC) was 

included in each PCR in which cDNA was replaced with nuclease-free water.  

Treatment with Human Recombinant Cytokines 

 To determine the effect of a chronic proinflammatory environment on human 

normal and transformed ovarian epithelial cells, each cell line described above was 

seeded in full serum media into 96-well culture dishes or on glass coverslips (Fisher 

Scientific, Whitby, ON) in 24-well dishes. All cell lines were serum starved after 24 

hours when, following a wash with PBS, full serum media was replaced with serum free 

media with the exception of SKOV-3 cells which received media containing 1% FBS. 

Each cell line was treated with a combination of human recombinant cytokines IL-1β 

(20pg/ml; R&D Systems, Minneapolis, MN), IL-6 (20pg/ml; R&D Systems, 

Minneapolis, MN) and TNFα (25pg/ml; R&D Systems, Minneapolis, MN; Appendix III). 

These cytokine concentrations were chosen to represent those demonstrated in chronic 

inflammatory conditions, ensuring a pathophysiologically relevant environment 

(Antonelli et al. 2009; Roldan 2003; Macciò et al. 2005; Martin-Cordero et al. 2009). 
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Cells were treated for 24 hours, 3 days and 5 days with a complete media change every 

second day.  

Cellular Viability Assay 

 All cell lines were plated into 96-well culture dishes and treated as described 

above. A master mix of water-soluble tetrazolium salt (WST)-1 reagent (Roche Applied 

Science, Laval, QC) was prepared in culture media appropriate for each cell line at a 

dilution of 1:10. After 1 day, 3 days and 5 days treated and no-treatment control cells 

were washed once with phosphate buffered saline (PBS) and incubated with media 

containing WST-1 reagent at 37ºC. Absorbance was measured at 450nm with 630nm 

correction on a microplate reader at 30 minutes, 1 hour, 2 hours and 3 hours following 

addition of WST-1 reagent. Empty wells containing WST-1 plus appropriate media were 

used as background controls.  

Proliferation Assay 

 All cell lines were plated onto sterile glass coverslips (VWR International LLC, 

Mississauga, ON) in 24-well culture dishes and treated as described above. Both 

treatment and no-treatment control cells were washed 3x with PBS (Appendix II) and 

fixed with 10% neutral buffered formalin (Fisher Scientific, Whitby, ON) for 1 hour at 

room temperature at 1 day, 3 days and 5 days following treatment initiation. Fixed cells 

were stored in PBS at 4ºC until they were stained. Cell membranes were permeabilized 

with 0.1% Triton-X 100 (Sigma-Aldrich Canada Ltd., Oakville, ON; Appendix II) in PBS 

for 15 minutes at room temperature, washed with PBS and non-specific antibody binding 

was blocked with 5% BSA in PBS (Appendix II) for 10 minutes at room temperature. 
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Cells were then incubated with rabbit polyclonal anti-Ki67 primary antibody (Abcam, 

Cambridge, MA) at a dilution of 1:200 in 1% BSA in PBS (Appendix II) for 1 hour at 

room temperature. Following a PBS wash, AlexaFluor-488 conjugated anti-rabbit IgG 

secondary antibody (Life Technologies Inc., Burlington, ON) was added at a dilution of 

1:100 in 1% BSA in PBS for 2 hours at room temperature. Cells were then counterstained 

with 4'-6 diamidino-2-phenylindole (DAPI), mounted on glass slides with ProLong Gold 

Anti Fade mounting reagent (Life Technologies Inc., Burlington, ON). The slides were 

left at room temperature overnight to allow the mounting reagent to cure before being 

stored at -20ºC.  

 A negative control was achieved by incubation with the fluorophore-conjugated 

secondary antibody only. Each experimental group was represented by n=3 replicates.  

Apoptosis Assay 

 All cell lines were plated onto sterile glass coverslips and fixed at each time point 

with 10% neutral buffered formalin as described above. Apoptosis was detected through 

the use of an In Situ Cell Death Detection kit (Roche Applied Science, Laval, QC) that 

utilizes terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate 

(dUTP) nick end labeling (TUNEL). The assay was performed in accordance with the 

protocol supplied by the manufacturer. Cell membranes were permeabilized with 0.1% 

Triton-X 100 in PBS with 0.1% sodium citrate (Appendix II) for 20 minutes at 37ºC then 

washed with PBS. The working TUNEL reagent was prepared at a 1:9 dilution in the 

buffer supplied, applied to the cells and incubated at 37ºC for 60 minutes. Cells were then 

washed with PBS, counterstained with DAPI, mounted to glass slides with ProLong Gold 

Anti Fade and stored at -20ºC.   
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 Assay controls included a negative which was incubated with the provided buffer 

only and a positive control that was treated with RNA-qualified deoxyribonuclease (RQ1 

DNase; Promega, Madison, WI) at a 1:10 dilution in 50mM Tris-HCl pH 7.5 containing 

1mg/ml BSA (Appendix II) for 10 minutes at room temperature prior to incubation with 

the TUNEL enzyme. Each experimental group was represented by n=3 replicates. 

Imaging and Quantification 

 The cells probed for Ki67 or labeled with TUNEL were imaged using an Olympus 

BX-61 Episcope with MetaMorph Microscopy Image Analysis software (Molecular 

Devices, Sunnyvale, CA). The Ki67 and TUNEL positive cells were imaged using a filter 

to isolate the excitation wavelength of 488nm and DAPI positive cells were imaged with 

a filter to isolate the excitation wavelength of 350nm. The Ki67 and TUNEL images were 

then pseudo-coloured green and overlain with DAPI images pseudo-coloured red. Cells 

were considered Ki67- and TUNEL-positive wherever they demonstrated co-localization 

with DAPI staining, identified by a yellow overlay colour, and were manually quantified 

using AlphaEase FC software (Alpha Innotech, Santa Clara, CA). For each field of view, 

a ratio of the positive number of nuclei to total number of nuclei was recorded.  

Statistical Analysis 

 All data was analyzed with two-way analysis of variance (ANOVA) and 

significant differences in the means were identified using Bonferroni’s post hoc test. Data 

is shown relative to no-treatment controls for each time point. All data was analyzed 

using GraphPad Prism software. 
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RESULTS 

Chronic, systemic inflammation does not influence tumorigenicity in human EOC 

cells 

 Three human tumorigenic cell lines and one control cell line were each treated 

with a combination of IL-1β, IL-6 and TNFα human recombinant cytokines at 

pathophysiologically relevant concentrations for durations appropriate to model acute and 

chronic disease states. Cytokine concentrations reflected those reported to be present in 

serum of patients with chronic, systemic inflammatory conditions such as diabetes, 

obesity and cardiovascular disease (Antonelli et al. 2009; Roldan 2003; Macciò et al. 

2005; Martin-Cordero et al. 2009). A significant elevation in cellular viability was 

observed in the normal NOSE cell line (p<0.01) and in the tumorigenic OVCAR-3 

(p<0.05) at chronic time points following a WST-1 viability assay (Figure 1). The 

tumorigenic CAOV-3 cell line demonstrated a significant elevation of viability after 3 

days of incubation (p<0.05), however this response was no longer present by day 5 

(Figure 1). No significant changes in cellular viability were observed in the tumorigenic 

SKOV-3 cell line following incubation with recombinant cytokines (Figure 1).  
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 Similarly treated cells were fixed and stained for Ki67 to quantify changes in 

cellular proliferation. There was no significant change in cellular proliferation following 

incubation with recombinant cytokines at any of the time points examined in any of the 

cell lines treated (Figures 2-5). Additionally, apoptosis was measured following treatment 

with recombinant cytokines using an in situ cell death detection kit that utilized TUNEL 

Figure 1: Cellular viability of normal and tumorigenic cell lines in a 

proinflammatory environment   

Cellular viability of normal and tumorigenic human cell lines following treatment 

with pathophysiologically relevant concentrations of a combination (combo) of IL-

1β, IL-6 and TNFα to mimic chronic, low-grade inflammation at acute and chronic 

time points. Cell viability was determined by WST-1 viability assays. Viability is 

reported relative to no-treatment controls for each time point. Significance was 

determined by two-way ANOVA with Bonferroni’s post-hoc test; *p<0.05, 

**p<0.001. Error bars represent standard error. Tx = treatment	  
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labeling. Cells that were TUNEL positive were considered to be undergoing apoptosis. 

There was no significant elevation in cellular apoptosis following treatment with 

recombinant cytokines in NOSE, CAOV-3 and SKOV-3 cell lines (Figures 6, 7 & 9). 

However, there was a significant elevation (p<0.01) in apoptosis following 5 days of 

treatment with recombinant cytokines in OVCAR-3 cells (Figure 8) compared to no 

treatment controls.  

 Reverse-transcription polymerase chain reaction was performed to determine the 

presence of each cytokine and its receptor in each cell line. Resulting RT-PCR amplicons 

demonstrated that each cell line expressed IL1R1 and TNFRSF1A and all cell lines 

except CAOV-3 expressed IL6R (Figure 10). Furthermore, each cell line demonstrated 

expression of IL-6 and TNFα while only NOSE, OVCAR-3 and SKOV-3 expressed IL-

1β (Figure 10).  

 

 

 

 

 

 

 



	   53	  

 

 

Figure 2: Cellular proliferation of NOSE cells following incubation in a 

pathophysiologically relevant, chronic proinflammatory environment 

NOSE cells were treated with pathophysiologically relevant concentrations of a 

combination (combo) of IL-1β, IL-6 and TNFα to mimic chronic, low-grade 

inflammation at acute and chronic time points. Proliferating cells demonstrate positive 

immunofluorescence staining of nuclear antigen Ki67. Proliferation is shown relative 

to no-treatment controls for each time point. Images taken at 200x magnification. 

Significance was determined by two-way ANOVA with Bonferroni’s post-hoc test. 

Error bars represent standard error. 
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Figure 3: Cellular proliferation of tumorigenic CAOV-3 cells following 

incubation in a pathophysiologically relevant, chronic proinflammatory 

environment  

CAOV-3 cells were treated with pathophysiologically relevant concentrations of a 

combination (combo) of IL-1β, IL-6 and TNFα to mimic chronic, low-grade 

inflammation at acute and chronic time points. Proliferating cells demonstrate positive 

immunofluorescence staining of nuclear antigen Ki67. Proliferation is shown relative 

to no-treatment controls for each time point. Images taken at 200x magnification. 

Significance was determined by two-way ANOVA with Bonferroni’s post-hoc test. 

Error bars represent standard error. 
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Figure 4: Cellular proliferation of tumorigenic OVCAR-3 cells following 

incubation in a pathophysiologically relevant, chronic proinflammatory 

environment  

OVCAR-3 cells were treated with pathophysiologically relevant concentrations of a 

combination (combo) of IL-1β, IL-6 and TNFα to mimic chronic, low-grade 

inflammation at acute and chronic time points. Proliferating cells demonstrate 

positive immunofluorescence staining of nuclear antigen Ki67. Proliferation is shown 

relative to no-treatment controls for each time point. Images taken at 200x 

magnification. Significance was determined by two-way ANOVA with Bonferroni’s 

post-hoc test. Error bars represent standard error. 
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Figure 5: Cellular proliferation of tumorigenic SKOV-3 cells following incubation in 

a pathophysiologically relevant, chronic proinflammatory environment   

SKOV-3 cells were treated with pathophysiologically relevant concentrations of a 

combination (combo) of IL-1β, IL-6 and TNFα to mimic chronic, low-grade inflammation 

at acute and chronic time points. Proliferating cells demonstrate positive 

immunofluorescence staining of nuclear antigen Ki67. Proliferation is shown relative to 

no-treatment controls for each time point. Images taken at 200x magnification. 

Significance was determined by two-way ANOVA with Bonferroni’s post-hoc test. Error 

bars represent standard error. 
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Figure 6: Cellular apoptosis of NOSE cells following incubation in a 

pathophysiologically relevant, chronic proinflammatory environment 

NOSE cells were treated with pathophysiologically relevant concentrations of a 

combination (combo) of IL-1β, IL-6 and TNFα to mimic chronic, low-grade 

inflammation at acute and chronic time points. Apoptotic cells demonstrate positive 

immunofluorescence staining following incubation with TUNEL enzyme. Apoptosis 

is shown relative to no-treatment controls for each time point. Images taken at 200x 

magnification. Significance was determined by two-way ANOVA with Bonferroni’s 

post-hoc test. Error bars represent standard error. 
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Figure 7: Cellular apoptosis of tumorigenic CAOV-3 cells following incubation in 

a pathophysiologically relevant, chronic proinflammatory environment   

CAOV-3 cells were treated with pathophysiologically relevant concentrations of a 

combination (combo) of IL-1β, IL-6 and TNFα to mimic chronic, low-grade 

inflammation at acute and chronic time points. Apoptotic cells demonstrate positive 

immunofluorescence staining following incubation with TUNEL enzyme. Apoptosis 

is shown relative to no-treatment controls for each time point.  Images taken at 200x 

magnification. Significance was determined by two-way ANOVA with Bonferroni’s 

post-hoc test. Error bars represent standard error. 
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Figure 8: Cellular apoptosis of tumorigenic OVCAR-3 cells following incubation 

in a pathophysiologically relevant, chronic proinflammatory environment   

OVCAR-3 cells were treated with pathophysiologically relevant concentrations of a 

combination (combo) of IL-1β, IL-6 and TNFα to mimic chronic, low-grade 

inflammation at acute and chronic time points. Apoptotic cells demonstrate positive 

immunofluorescence staining following incubation with TUNEL enzyme. Apoptosis 

is shown relative to no-treatment controls for each time point. Images taken at 200x 

magnification. Significance was determined by two-way ANOVA with Bonferroni’s 

post-hoc test. **p<0.01. Error bars represent standard error. 
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Figure 9: Cellular apoptosis of tumorigenic SKOV-3 cells following incubation in 

a pathophysiologically relevant, chronic proinflammatory environment  

SKOV-3 cells were treated with pathophysiologically relevant concentrations of a 

combination (combo) of IL-1β, IL-6 and TNFα to mimic chronic, low-grade 

inflammation at acute and chronic time points. Apoptotic cells demonstrate positive 

immunofluorescence staining following incubation with TUNEL enzyme. Apoptosis 

is shown relative to no-treatment controls for each time point. Images taken at 200x 

magnification. Significance was determined by two-way ANOVA with Bonferroni’s 

post-hoc test. Error bars represent standard error. 
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DISCUSSION 

 This study was designed to evaluate the influence of chronic low-grade, systemic 

inflammation on the tumorigenicity of human EOC cells. Epidemiological evidence has 

demonstrated a relationship between systemic inflammation produced by chronic 

inflammatory diseases and a poorer prognosis in EOC patients (Leitzmann et al. 2009; 

Bakhru et al. 2011). Despite this, the present study did not show similar results. However, 

Figure 10: RT-PCR for Cytokine and Cytokine Receptors in Normal and 

Tumorigenic Cell Lines 

Reverse-transcription PCR for cytokine receptors and cytokines in normal ovarian 

surface epithelium (NOSE) and transformed EOC cell lines. 100 bp DNA ladder 

used. U-937d – differentiated macrophages as positive control; NTC – no-template 

control 
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various properties of this experimental system, inflammation and in vitro experiments as 

a whole may assist in explaining these unexpected outcomes.   

The treatment in this culture system, intended to model a protumorigenic 

environment, consisted of a combination of three major proinflammatory cytokines IL-

1β, IL-6 and TNFα. In addition to promoting an inflammatory environment, these 

cytokines have also been implicated in the pathogenesis of EOC (Milliken et al. 2002; 

Kulbe et al. 2012). In this system, concentrations of these cytokines were chosen to 

represent those observed in chronic inflammatory conditions such as diabetes, obesity 

and cardiovascular disease closely (Antonelli et al. 2009; Macciò et al. 2005; Roldan 

2003; Martin-Cordero et al. 2009). Following treatment with these cytokines, cell 

survival was measured in each cell line by estimating cellular viability, proliferation and 

apoptosis. 

Initial assessment of the impact of these cytokines in vitro evaluated cellular 

viability following treatment through WST-1 assays that measured mitochondrial 

activity. Enhanced viability was demonstrated in the normal NOSE cell line after 5 days 

of treatment (Figure 1), which was unsurprising given the assumption that this cell line 

was isolated from a normal, uninflamed environment and that the role of these cytokines 

in cell survival has been previously established (Hodge et al. 2005; Gallin et al. 1999). 

Furthermore, Kwong and colleagues demonstrated that incubation of normal human 

ovarian surface epithelial cell spheroids with TNFα resulted in phenotypic changes that 

exhibited characteristics similar to those observed in precancerous lesions (Kwong et al. 

2009). Expression of other proinflammatory cytokines, including IL-1β and IL-6, is also 

promoted by TNFα in normal and malignant ovarian epithelial cells (Szlosarek et al. 
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2006; Kulbe et al. 2007). It was unexpected then that a corresponding elevation in cell 

proliferation was not observed in the NOSE cell line (Figure 2). Furthermore, this cell 

line was shown to express the receptors for each cytokine, thus possessing the capacity to 

respond to these cytokines in vitro (Figure 10). This lack of response may be partially 

explained by the absence of cellular stress in this system. The increase in cellular viability 

demonstrates some adaptive response to promote cell survival but is not enough to affect 

proliferation.  

In the tumorigenic cell lines cellular viability did not change with treatment in the 

SKOV-3 cells but was elevated in OVCAR-3 cells following 5 days of treatment and in 

CAOV-3 cells after 3 days of treatment, which was resolved by day 5 (Figure 1). 

Additionally, as with the NOSE cells, no increase in proliferation was seen in any of the 

three cell lines (Figures 3-5). Due to the evidence that implicates these cytokines in cell 

survival and disease progression, an increase in viability in all of these cell lines along 

with an elevated rate of proliferation was expected. Furthermore, each cell line was found 

to express the receptors for IL-6 and TNFα and all except CAOV-3 cells expressed the 

receptor for IL-1β (Figure 10) and were therefore able to respond to these cytokines.  

While initially unexpected, these results could have arisen due to the conditions these 

cells were cultured in along with those from which these cell lines were isolated. As 

mentioned above, these cells were not exposed to any stress stimulus and thus were not 

stimulated to promote cell survival beyond elevation of viability, as seen in OVCAR-3 

and CAOV-3 cells. Furthermore, these cell lines were isolated from patients with 

advanced EOC where the local environment may have been more inflammatory than that 

which was induced in culture in this study. For example, SKOV-3 cells were isolated 
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from the malignant ascites of an EOC patient. It is known that ascites promotes a strong 

proinflammatory environment (Moradi et al. 1993; Milliken et al. 2002) which these cells 

may have already adapted to before being cultured. As proinflammatory signals are often 

self-promoting (Schmidt et al. 2001), the chronic low-grade, systemic inflammation may 

potentiate that produced in the local environment, which could then lead to enhanced 

disease progression. This would help to explain why these cells might not have responded 

to the low-grade inflammatory environment induced in this system.  

Evasion of apoptosis is also a key mechanism in cell survival and is particularly 

implicated in carcinogenesis (Hanahan & Weinberg 2000). Proinflammatory cytokines 

have been implicated in tumor cell evasion of apoptosis (Hodge et al. 2005) therefore it 

was expected that a reduction in cellular apoptosis would be observed following 

treatment with IL-1β, IL-6 and TNFα. Figures 6-9 exhibit that there was no change in 

apoptosis in all of the cell lines except OVCAR-3 following 5 days of cytokine treatment. 

While initially unexpected, closer examination showed that these results were 

unsurprising. There was a relatively low rate of apoptosis in these cultures at the outset 

and, as it was not expected that treatment with these cytokines would increase the 

apoptotic rate in these cells, this may not have been the most appropriate measure of 

cytokine influence on apoptosis. A more appropriate measure of apoptosis evasion in this 

system would have been to challenge the cells prior to and during incubation with the 

proinflammatory cytokines to induce apoptosis to evaluate any protective influence of the 

cytokines. 

While attempting to mimic the low-grade inflammation seen in those chronic 

inflammatory conditions, this very focused niche of proinflammatory mediators may have 
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impacted the intended environment in this culture system. In vitro systems lack the 

interactions with the host and systemic environment, which can be a benefit in isolating 

the influence of specific compounds in a system. However, as carcinogenesis and 

inflammation are both very dynamic processes that involve close host/systemic 

interactions, this may not be the most appropriate system for the aims of this study. The 

intention of choosing specific cytokines to induce an inflammatory environment in this 

study was to isolate how they contribute to EOC progression beyond the epidemiological 

data available. Selecting cytokine concentrations that reflect those observed in vivo may 

have been a downfall of this study. Because growing cells in vitro requires super-

physiological conditions and cellular changes, the cells may not respond to these 

concentrations as they would have in vivo. Additionally, selection of these cytokines 

alone is not representative of the entire inflammatory network in a physiological context. 

The inflammatory process involves a dynamic network of cellular and chemical 

interactions that function together to promote the expression of cytokines such as IL-1β, 

IL-6 and TNFα. While evidence has shown a correlation between these cytokines and 

poor prognosis in EOC patients, this could be a byproduct of other inflammatory 

pathways that promote their expression rather than the protumorigenic properties they 

exert themselves. Interleukin-1β, IL-6 and TNFα are expressed by many cell types, 

including endothelial cells and fibroblasts (Gallin et al. 1999), but also by EOC cells as 

demonstrated in this system (Figure 10). Induction of these cytokines can be promoted 

various ways including through expression of other cytokines and chemokines as well as 

by various inflammatory cells (Gallin et al. 1999). Cellular interactions have been 

implicated in enhancing disease progression, especially in EOC. Our laboratory has 
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previously demonstrated that epithelial-stromal interactions enhance cell survival, 

proliferation and tumorigenicity in a mouse model of EOC (Greenaway et al. 2008). 

Furthermore the tumor stroma has been shown to consist of various immune cells such as 

TAM’s (Lewis & Pollard 2006). This in vitro system lacked this important stromal 

interaction, which may have diminished the desired inflammatory environment.  

This study may have yielded more conclusive results had the cells been subjected 

to a challenge that would have altered cellular viability, proliferation and/or apoptosis. 

Then, following treatment with these cytokines, it could be determined whether a 

proinflammatory environment could produce any rescuing effects in these cells, thus 

promoting a protumorigenic environment. Titrating various cytokine concentrations and 

examining subsequent inflammatory responses, such as NF-κB activation and cytokine-

induced cytokine release, could also lead to the determination of more appropriate 

concentrations of IL-1β, IL-6 and TNFα for this culture system. The desired 

proinflammatory environment could also be modified to include stromal interactions such 

as in the system developed by Bodet and colleagues wherein each cell line is co-cultured 

with differentiated macrophages (Bodet et al. 2005). Evaluation of other tumorigenic 

qualities in response to incubation with these cytokines may also help in understanding 

this relationship. Inflammatory cytokines have been implicated in promoting migration 

and invasion (Kanaji et al. 2011; Balkwill et al. 2005; Kulbe et al. 2007; Bates & 

Mercurio 2003), which could be measured in this system through scratch assays and 

Boyden chamber assays.   

It is widely known that the in vitro system can be dramatically different from 

what occurs in vivo due to culture conditions such as exposure to super-physiological 
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levels of oxygen and glucose, absence of communication with other cell types both 

physically and chemically, as well as the changes that must have occurred to immortalize 

the cell line for culture (Freshney 2010). Due to this, modification of the present system 

may yield better results than those presented here but still may not represent what is seen 

in vivo. Furthermore, the nature of the type of model used in this study, monolayer 

culture, may impact any results collected from this system. Kwong and colleagues 

demonstrated that TNFα can induce pre-neoplastic changes in normal ovarian surface 

epithelial cells grown in spheroids but not those grown in monolayer (Kwong et al. 

2009). Therefore, any results yielded from these in vitro studies should provide the 

groundwork for studies done in a more physiological setting such as in animal models.  
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CHAPTER 2: CHRONIC, LOW-GRADE, SYSTEMIC INFLAMMATION 

ENHANCES THE PROGRESSION OF EPITHELIAL OVARIAN CANCER 

(EOC) IN VIVO 

INTRODUCTION 

It has been established that inflammation can play a role in the initiation and 

progression of cancer (Coussens & Werb 2002). Chronic inflammatory conditions in and 

around the ovary including PID, PCOS and endometriosis have all been associated with 

an enhanced risk of EOC (Merritt et al. 2008; Risch & Howe 1995; Repaci et al. 2011; 

Sainz de la Cuesta et al. 1996). Clinical studies have also demonstrated a correlation 

between systemic inflammation and poor prognosis in EOC (Sharma et al. 2008), 

however, whether this inflammation is a cause or consequence of the tumor has not been 

elucidated. Ovarian tumor cells express higher amounts of proinflammatory cytokines 

than normal ovarian epithelium (Burke et al. 1996; Nash et al. 1999; Kulbe et al. 2007), 

which may be responsible for the elevated concentrations of serum cytokines reported in 

EOC patients. However, epidemiological studies have found an association between 

chronic inflammatory conditions and poorer prognosis in EOC (Bakhru et al. 2011; 

Kjaerbye-Thygesen et al. 2006; Olsen et al. 2007; Romero et al. 2012; Zhang et al. 2005), 

suggesting that the systemic inflammation induced outside of the ovarian 

microenvironment may contribute to EOC progression.   

The development of a tumor blood supply is required for the growth of all solid 

tumors and is implicated as a key mediator in the pathogenesis of many cancers. Judah 

Folkman reported that a tumor cannot grow past 1-2mm3 without acquiring an adequate 
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blood supply (Folkman 1971; Folkman 2002). Many inflammatory factors can have pro-

angiogenic properties such as cytokines TNFα, IL-1β, IL-6, TGFβ and IL-8; and COX 

enzymes and prostaglandins as well as inflammatory cells such as macrophages (Shacter 

& Weitzman 2002; Jackson et al. 1997; Lin W & Karin 2007; Dirkx et al. 2006). These 

inflammatory mediators can have direct actions on endothelial cells to promote their 

proliferation, migration or differentiation or may act indirectly by promoting the 

expression of other angiogenic factors such as VEGF (Jackson et al. 1997; Angelo & 

Kurzrock 2007). Inflammation-induced angiogenesis is implicated in the pathogenesis of 

a variety of inflammatory disorders. These include local conditions such as endometriosis 

as well as conditions that arise from systemic inflammation such as diabetic retinopathy 

(Gazvani & Templeton 2002; Joussen et al. 2004). 

This study was designed to determine whether induction of low-grade, chronic 

systemic inflammation in vivo influences the progression of ovarian tumors in a mouse 

model of EOC. We hypothesize that this level of inflammation will enhance the 

progression of EOC by promoting ovarian tumor growth and survival, in part by 

increasing tumor angiogenesis.  

MATERIALS AND METHODS 

Animals 

 Wild type, syngeneic C57Bl/6 female mice were purchased from Charles River 

Laboratories and housed under standard conditions in accordance with Canadian Council 

on Animal Care guidelines at the Central Animal Facility at the University of Guelph. 
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Prior to any experimental interference, the mice were divided into various experimental 

groups outlined in Figure 11.   

Induction and Maintenance of Low-Grade, Chronic Systemic Inflammation  

To induce low grade, chronic systemic inflammation, a subset of mice received 

daily intraperitoneal injections of 5µg lipopolysaccharide (LPS) from Escherichia coli 

0111:B4 (Sigma-Aldrich Canada Ltd., Oakville, ON; Appendix III) in sterile PBS for the 

duration of all experiments. To monitor inflammation, serum haptoglobin was measured 

at various time points throughout the experiments. Mice were restrained and hair was 

removed from the thigh area to expose the lateral saphenous vein. While under a heat 

Figure 11: Division of Animals into Experimental Groups 

Separation of animals into each experimental group. N=5 for each time point. 
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lamp, the lateral saphenous vein was punctured with a 25-gauge needle and blood was 

collected in heparinized microcapillary tubes (Drummond Scientific Company, Broomall, 

PA). Blood components were separated using a Micro-Hematocrit II centrifuge (BD – 

Canada, Mississauga, ON) at 11,700 rpm for 5 minutes and serum was recovered and 

stored at -20ºC. Systemic haptoglobin was measured using a murine haptoglobin enzyme-

linked immunosorbent assay (ELISA; GenWay Biotech, San Diego, CA) according to the 

manufacturer’s directions. Serum samples from PBS-injected control mice were diluted 

1/1,000 and serum samples from LPS-injected mice were diluted 1/10,000. Data points 

were interpolated with a four-parameter logistic curve through GraphPad Prism software 

(GraphPad Software, San Diego, CA). 

Ovarian Tumor Induction 

 The ID8 cell line, generously donated by Drs. Roby and Terranova (University of 

Kansas), are a murine ovarian surface epithelial cell line that spontaneously transformed 

into tumorigenic cells following repeated passages in vitro (Roby et al. 2000). These cells 

were grown in DMEM supplemented with 10% FBS, 1% ABAM and 2% L-glutamine 

and incubated at 37ºC with 5% CO2. Epithelial ovarian cancer with a high-grade serous 

histotype was induced as previously described (Greenaway et al. 2008) in each of the 

predetermined groups. Briefly, following inhalation anesthesia with isofluorane, a 

midline incision was made along the dorsal body wall and the left ovary was exposed. 

Suspended in 5µl sterile PBS, 1.0x106 ID8 cells were orthotopically injected under the 

ovarian bursa using a Hamilton syringe (Fisher Scientific, Whitby, ON) with a 30-gauge 

needle. The ovary was then replaced to its normal anatomical position, the incision was 

sealed with surgical staples and the mice were monitored periodically for the next 24 
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hours while they recovered. Animals were given health assessments daily and weighed 

weekly. 

Tissue and Fluid Collection 

 At each predetermined time point, or when they became moribund, the animals 

were humanely euthanized by CO2 asphyxiation followed by cervical dislocation. Trunk 

blood was collected in a Serum Separator Tube (SST) Vacutainer Blood Collection tube 

(Fisher Scientific, Whitby, ON) and serum was separated at 3000 rpm for 10 minutes, 

transferred to 0.6ml microcentrifuge tubes (Fisher Scientific, Whitby, ON) and stored at -

80ºC. Any ascites that had accumulated was collected in a 1.5ml centrifuge tubes (Fisher 

Scientific, Whitby, ON) and spun down at 14,000 rpm for 5 minutes. The resulting 

supernatant was transferred to a new tube and both the pellet and supernatant were stored 

at -80ºC.  

 Primary ovarian tumors were excised, weighed and measured then divided and 

either flash frozen in a cryovial (Fisher Scientific, Whitby, ON) and stored at -80ºC for 

protein assays, or fixed in 10% neutral buffered formalin (Fisher Scientific, Whitby, ON) 

for histology on formalin-fixed, paraffin-embedded (FFPE) sections. Based on the 

number of observable peritoneal tumors, a secondary lesion score was given as follows: 0 

– no visible lesions, 1 – 1-2 lesions visible, 2 – 3-10 lesions visible, 3 – >10 lesions 

visible. 

 

 



	  
	  

73 

Immunohistochemistry  

Citrate Antigen Retrieval 

 Tumor tissue was fixed in 10% neutral buffered formalin for 24 hours and 

transferred to 70% ethanol (EtOH) for another 24 hours. They were then embedded in 

paraffin and sectioned by a rotary microtome into 5µm sections and mounted on 

Superfrost Plus glass slides	  (Fisher Scientific, Whitby, ON). Tissues were deparaffinized 

in xylene and rehydrated with decreasing concentrations of EtOH: 100% 2x3 minutes, 

90% 2x3 minutes and 70% 2x3 minutes. Following this, sections were washed in PBS 

and endogenous peroxidase activity was blocked by incubating the sections in 1% 

hydrogen peroxide (H2O2; Sigma-Aldrich Canada Ltd., Oakville, ON) in PBS for 10 

minutes at room temperature. Unless otherwise indicated, antigen retrieval was 

performed using a heat–mediated citrate antigen retrieval system (Appendix II). 

Following a PBS wash, sections were placed in a citrate buffer at 90ºC on a hot plate for 

12 minutes then removed from the heat and cooled for 20 minutes. During the next PBS 

wash, wax rings were drawn around each tissue section with an ImmEdge Hydrophobic 

Barrier Pen (Vector Laboratories, Burlington ON), and then non-specific antibody 

binding was blocked by incubating sections in 5% bovine serum albumin (BSA; Sigma-

Aldrich Canada Ltd., Oakville, ON) in PBS for 10 minutes at room temperature. Sections 

were incubated in primary antibody diluted in 1% BSA in PBS overnight at 4ºC in a 

humidity chamber. Primary antibodies were rabbit polyclonal antibodies, unless 

otherwise indicated, and were diluted as follows: anti-VEGF at 1:400, anti-CD31 at 1:25 

and anti-carbonic anhydrase at 1:500 (Abcam, Cambridge, MA), mouse monoclonal anti-

Flk-1 at 1:600 (Santa Cruz Biotechnology Inc., Santa Cruz, CA), anti-CD36 at 1:1000 
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(Novus Biologicals, Oakville, ON), and rat monoclonal anti-CD68 at 1:50 (Abd Serotec, 

Raleigh, NC). Sections were then incubated with biotinylated anti-rabbit immunoglobulin 

(Ig)-G secondary antibody (1:100, Sigma-Aldrich Canada Ltd., Oakville, ON or 1:500, 

Vector Laboratories, Burlington, ON), anti-mouse IgG secondary antibody (1:100; 

Sigma-Aldrich Canada Ltd., Oakville, ON), or anti-rat IgG secondary antibody (1:100; 

Sigma-Aldrich Canada Ltd., Oakville, ON), diluted in 1% BSA in PBS, for 2 hours at 

room temperature in a humidity chamber. Extravidin-peroxidase (Sigma-Aldrich Canada 

Ltd., Oakville, ON), diluted at 1:50 in 1% BSA in PBS, was added to the sections and 

incubated for 1 hour at room temperature. Colorimetric localization of antigens was 

accomplished with 3,3'-diaminobenzidine (DAB; Sigma-Aldrich Canada Ltd., Oakville, 

ON) incubation for no more than 5 minutes until desired staining was achieved. Sections 

were then counterstained with Carazzi’s hematoxylin, dehydrated with increasing 

concentrations of EtOH (50%, 70%, 90% and 100%) and wax rings were removed with 

xylene. Coverslips (Leica Microsystems, Concord, ON) were mounted onto each slide 

with Cytoseal-XYL (Thermo Fisher Scientific, Nepean, ON). Negative controls included 

sections that were incubated with secondary antibody only. Each experimental group was 

represented by n=3 replicates.  

 Immunohistochemistry for TSP-1 localization was done using a Mouse-on-Mouse 

(M.O.M) kit (Vector Laboratories, Burlington, ON) in accordance with the protocol 

supplied by the manufacturer. In short, sections were deparaffinized and rehydrated 

followed by heat-mediated citrate antigen retrieval as described above. During a 

subsequent PBS wash, wax rings were drawn around the sections as described above. 

Endogenous peroxidase activity was blocked through incubation of sections in 3% H2O2 
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in reverse osmosis (RO) water for 10 minutes at room temperature. Sections were then 

incubated for 1 hour at room temperature in the working blocking solution provided with 

the M.O.M. kit. Following a PBS wash, sections were incubated in the working diluent 

provided for 5 minutes at room temperature. Diluent was then removed by tipping the 

slide and the mouse monoclonal anti-TSP-1 primary antibody (Santa Cruz Biotechnology 

Inc., Santa Cruz, CA), diluted at 1:50 in the working diluent, was added to the sections 

and left to incubate for 30 minutes at room temperature. After another PBS wash, the 

M.O.M anti-mouse IgG secondary antibody was diluted in the provided diluent as per the 

manufacturer’s instructions and incubated on the sections for 10 minutes at room 

temperature. Subsequent incubation with Extravdin and DAB and counterstaining, 

dehydration and mounting were all performed as described above.  

Sodium Citrate with Tween Antigen Retrieval  

 Tumor cell proliferation was examined immunohistochemically. Sections were 

deparaffinized and rehydrated and endogenous peroxidase activity was blocked as 

described above. Heat-mediated antigen retrieval was performed using a sodium citrate 

with tween buffer at 90ºC for 12 minutes followed by cooling on the bench for 20 

minutes. Non-specific binding was blocked as described above and sections were 

incubated in rabbit polyclonal anti-Ki67 (Abcam, Cambridge, MA) primary antibody 

diluted in 1% BSA in PBS at 1:200 for 1 hour at room temperature in a humidity 

chamber. Secondary antibody, Extravidin and DAB incubation, as well as subsequent 

counterstaining, dehydration and mounting of sections were performed as described 

above.  
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Quantification of Immunohistochemical Staining 

 All tissue sections that were stained immunohistochemically were imaged using a 

bright field Nikon Eclipse E600 microscope with a QImaging camera. In each 

experimental replicate a minimum of 4 fields of view were used for image analysis. 

Quantification of cytoplasmic stains VEGF, Flk-1, TSP-1 and CD36 was done using 

Aperio ImageScope software (Aperio, Vista, CA). Positive staining was calculated as 

follows: 

%  𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑃𝑖𝑥𝑒𝑙𝑠 + 𝑆𝑡𝑟𝑜𝑛𝑔  𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  𝑃𝑖𝑥𝑒𝑙𝑠

𝑇𝑜𝑡𝑎𝑙  𝑃𝑖𝑥𝑒𝑙𝑠   𝑥  100 

 Tissue sections immunohistochemically stained for the nuclear antigen Ki67 were 

quantified manually. Using AlphaEase FC software (Alpha Innotech, Santa Clara, CA), 

Ki67 immunopositive cells and cells containing hematoxylin staining only 

(immunonegative cells) were counted manually. Percent positivity was then calculated. 

Evaluation of Blood Vessel Density 

 Microvessel density (MVD) was calculated using MetaMorph Microscopy Image 

Analysis software. The tumor MVD was calculated by tracing CD31 immunopositive 

blood vessels to get total vessel area per field of view. This area was divided by the total 

area of the tissue.  

Immunofluorescence 

 Immunofluorescence was used to examine the maturity of the blood vessels in the 

tumor tissue through co-localization of endothelial marker CD31 and pericyte marker α-
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smooth muscle actin (α-SMA). Tissue sections were deparaffinized with xylene and 

rehydrated with decreasing concentrations of EtOH (100%, 90% and 70%) as above, 

followed by a PBS wash. Incubating the sections in 0.2% sodium borohydride (Sigma-

Aldrich Canada Ltd., Oakville, ON) in PBS for 20 minutes at room temperature blocked 

endogenous phosphatase activity. After a wash with PBS, non-specific antibody binding 

was blocked by incubating the sections in 5% BSA in PBS for 10 minutes at room 

temperature. Since the species that each antibody was raised in was different, a cocktail 

was prepared by mixing rabbit polyclonal anti-CD31 (Abcam, Cambridge, MA) primary 

antibody at a 1:25 dilution and mouse monoclonal anti-α-SMA (Santa Cruz 

Biotechnology Inc., Santa Cruz, CA) primary antibody at a 1:600 dilution in 1% BSA in 

PBS. Sections were incubated in the primary antibody cocktail overnight at 4ºC in a 

humidity chamber. The next day, following a PBS wash, the sections were incubated in 

the dark in a cocktail of secondary antibodies containing AlexaFluor-488 conjugated anti-

mouse and AlexaFluor-594 conjugated anti-rabbit IgG secondary antibodies (Life 

Technologies Inc., Burlington, ON) at a dilution of 1:100 in 1% BSA in PBS for 2 hours 

at room temperature in a humidity chamber. The sections were then counterstained with 

DAPI and coverslips were mounted on the slides using ProLong Gold Anti Fade 

mounting reagent. After allowing the mounting reagent to cure overnight at room 

temperature, the slides were stored at -20ºC. Negative controls included sections that 

were incubated with fluorophore-conjugated secondary antibodies only. Vessels were 

classified as being immature if they solely expressed CD31 and mature if they co-

expressed CD31 and α-SMA. Each experimental group was represented by n=3 

replicates.  
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Apoptosis Assay 

 Tumor tissue apoptosis was measured using an In Situ Cell Death Detection Kit 

(Roche Applied Science, Laval, QC).  Sections were deparaffinized and rehydrated as 

described above. Tissues were permeabilized with 0.1% Triton-X 100 in PBS containing 

0.01% sodium citrate for 20 minutes at 37ºC in a humidity chamber. Following a PBS 

wash, the enzyme solution was diluted 1:9 in the supplied buffer and applied to the 

sections in the dark. The sections were then incubated at 37ºC for 60 minutes in a 

humidity chamber to facilitate the TUNEL-reaction. Sections were counterstained with 

DAPI and mounted with ProLong Gold as described above. Controls included a negative 

control that was incubated in the supplied buffer only and a positive control that was pre-

treated with RQ DNase for 10 minutes at room temperature before application of the 

enzyme solution. For each slide, a minimum of 4 fields of view was analyzed. Non-

apoptotic cells were DAPI stained, while cells were considered to be apoptotic if they 

were immunopositive for the TUNEL enzyme. Each experimental group was represented 

by n=3 replicates.  

Immunoblotting 

Protein Extraction 

 Protein was extracted by homogenizing the flash-frozen tissue in 

radioimmunoprecipitation assay (RIPA) buffer containing fresh protease inhibitors 

(Appendix II) followed by incubation for 30 minutes on ice. Samples were centrifuged at 

14,000-x g at 4ºC for 10 minutes following which the supernatant was recovered, 
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aliquoted and stored at -80ºC. Protein quantification was done using the DC Protein 

Quantification kit (Bio-Rad, Mississauga, ON).  

Western Blot 

 Protein lysates were separated using sodium dodecyl sulfate – polyacrylamide gel 

electrophoresis (SDS-PAGE). Preparation of samples included addition of 3x reducing 

buffer containing denaturing agent DTT (Appendix II) to 20µg of protein and heating the 

samples to 90ºC for 5 minutes. Samples were then loaded into either 12% polyacrylamide 

gels (Appendix II) or 4-15% polyacrylamide gradient gels (Bio-Rad, Mississauga, ON) 

and proteins were separated via electrophoresis in running buffer (Appendix II) at 125V 

for between 1-1.5 hours or until the dye front reached the bottom of the gel. Gels were 

equilibrated in transfer buffer (Appendix II) for 15 minutes at room temperature. 

Separated proteins were then transferred onto nitrocellulose membranes (Amersham, 

Piscataway, NJ) for between 90-120 minutes at 90V in ice-cold transfer buffer. 

Membranes were washed twice with tris buffered saline with tween (TBST; Appendix II) 

and blocked in 5% skim milk (Appendix II; Fisher Scientific, Whitby, ON) in TBST for 1 

hour at room temperature. Membranes were incubated overnight at 4ºC in primary 

antibody diluted in 5% skim milk in TBST. Unless otherwise noted, all primary 

antibodies were rabbit polyclonal and were diluted as follows: anti-VEGF at 1:400 (Santa 

Cruz Biotechnology Inc., Santa Cruz, CA); rabbit monoclonal anti-VEGFR2 at 1:2000, 

anti-β-actin at 1:10,000, anti-pAKT at 1:1000, anti-AKT at 1:1000 (Cell Signaling 

Technology, Danvers, MA); anti-CD36 at 1:2000, anti-Fas at 1:500, rabbit monoclonal 

anti-Bad at 1:500, anti-Bax at 1:500, anti-Bcl-2 at 1:500 (Novus Biologicals, Oakville, 

ON); and anti-phospho-VEGFR2 (pVEGFR2) at 1:3000, anti-Fas ligand (FasL) at 1:200 
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(Thermo Fisher Scientific, Nepean, ON). Following three washes with TBST, blots were 

incubated with horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody 

(Cell Signaling Technology, Danvers, MA) diluted in 5% skim milk in TBST for 1 hour 

at room temperature. Protein bands were visualized using an enhanced 

chemiluminescence (Perkin Elmer, Waltham, MA) and radiographic film (Electro-

Medical Equipment Company, Ltd., Richmond Hill, ON) system. Densitometric analysis 

was performed using AlphaEase FC software (Alpha Innotech, Santa Clara, CA). Each 

experimental group was represented by n=3-6 replicates. 

Evaluation of Direct LPS Impact In Vitro 

 To evaluate whether LPS treatment resulted in any direct effects on tumor 

initiating or angiogenic processes, reverse transcription polymerase chain reaction (RT-

PCR) was performed to determine if the receptor for LPS, toll-like receptor (TLR)-4, was 

expressed in the tumor initiating ID8 cells and in a murine microvascular endothelial 

(mEC) cell line (ATCC, Manassas, VA).  

Total RNA Isolation 

 Total RNA was isolated from each cell line grown up in 10cm culture plates 

following the RNeasy Mini Kit protocol. The RNA was then DNase treated with a Turbo 

DNA-free kit. Purified RNA was quality was examined through gel electrophoresis by 

running the RNA samples on a 1% agarose gel containing EtBr (Appendix II) at 100V for 

30 minutes. To visualize intact 28S and 18S RNA bands the gel was then imaged on a 

FluorChem8800 gel documentation imaging system. The purity and concentration of the 

RNA was quantified using a NanoDrop 1000 Spectrophotometer. Acceptable RNA purity 
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yielded A260/A280 absorbance ratios within the range of 1.9-2.1. Total RNA products were 

stored at -80ºC. 

First Strand cDNA Synthesis 

 The RNA samples were then reverse transcribed to cDNA following the protocol 

included with the SuperScript II Reverse Transcriptase kit. Using nuclease-free 

microcentrifuge tubes, 1µl Oligo(dT) 12-18 primer and 1µl 10mM dNTP was added to 

10µl of each RNA sample to allow for the maximum amount of RNA to be reverse 

transcribed. Each reaction tube was transferred to a MJ Research PTC-200 Thermo 

Cycler, heated to 65ºC for 5 minutes and transferred back onto ice. A master mix of four 

parts 5X First-Strand buffer, 2 parts 0.1M DTT (supplied with SuperScript II Reverse 

Transcriptase) and one part RNasin was prepared from which 7µl was added to each 

reaction tube according to the manufacturer’s instructions. The reaction tubes were 

transferred back to the thermocycler and incubated at 42ºC for 2 minutes, following 

which 1µl of SuperScript II Reverse Transcriptase reagent was added to each tube. The 

reverse transcription reaction was then carried out at 42ºC for 50 minutes. Inactivation 

was induced by incubating the tubes at 70ºC for 15 minutes. Final cDNA products were 

stored at -20ºC. 

Primer Design  

 Specific oligonucleotide primers for LPS receptor TLR-4 were designed from 

Mus musculis gene sequences using NCBI Primer-Blast (Appendix IV). These primers, 

generated from Laboratory Services Molecular Biology Lab (Guelph, ON; see Appendix 
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IV), were stored at -20ºC at 100µM stock concentrations. Diluting primers with nuclease-

free water made working concentrations of 10µM.  

Polymerase Chain Reaction 

 Following optimization of annealing temperature (TA) and primer concentration 

for each primer set, PCR was performed to measure TLR-4 mRNA expression in ID8 and 

mEC cells. A master mix was prepared containing one part 10mM dNTP mix, five parts 

10x buffer and one part 1x Taq (New England BioLabs Ltd., Pickering, ON). Appropriate 

volumes of 10µM forward and reverse primers were then added, depending on the 

desired primer concentration, and nuclease-free water was added to create a final volume 

that would allow for 49µl per reaction. Then 1µl of cDNA from each cell line was added 

to this master mix for a final reaction volume of 50µl. The reaction tubes were then 

transferred to the MJ Research PTC-200 Thermo Cycler and the PCR reaction was run on 

a program with the following conditions: step 1: incubate at 95ºC for 30 seconds; step 2: 

incubate at 95ºC for 30 seconds; step 3: incubate at appropriate TA for 30 seconds; step 4: 

incubate at 72ºC for 1 minute; step 5: repeat steps 2-4 for 35 cycles; step 6: incubate at 

72ºC for 10 minutes; step 7: incubate at 4ºC for ever.  

 Resulting DNA amplicons were then mixed with 6x DNA loading buffer, run on a 

1.5% agarose gel containing EtBr for 1 hour at 100V with a 100bp DNA ladder and 

visualized with the FluorChem8800 gel documentation imaging system. 

Cellular Viability Assay 

 To determine whether LPS enhances the viability of the tumor initiating or 

angiogenic cells, the ID8 and mEC cell lines were treated with various concentrations of 
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LPS known to cause low-grade chronic inflammation in vitro (Yan et al. 2002; Hellstrom 

et al. 2005; Madonna et al. 2008; Hirohashi & Morrison 1996). Both cell lines were 

plated in 96-well culture dishes in DMEM supplemented with 10% FBS, 2% L-glutamine 

and 1% ABAM. After 24 hours cells were washed once with PBS and ID8 cells were 

switched to serum free DMEM media with L-glutamine and ABAM and mEC cells were 

switched to DMEM containing L-glutamine, ABAM and 1% FBS. Treatment with 

50ng/ml, 100ng/ml and 200ng/ml LPS was initiated 24 hours following serum starvation. 

Cells were treated for 1 day, 3 days, 5 days and 7 days to mimic acute and chronic 

exposure to LPS. At each time point cell viability was measured using a WST-1 viability 

assay. A master mix of WST-1 was made at a dilution of 1:10 in media appropriate for 

each cell line. Control and treated cells were washed once with PBS and incubated in 

working WST-1 media. Absorbance was measured at 30 minutes, 1 hour, 2 hours and 3 

hours at 450nm with 630nm correction on a microplate reader.  

Statistical Analysis 

 Unless otherwise indicated, all data was analyzed with two-way analysis of 

variance (ANOVA) and significant differences in the means were identified using 

Bonferroni’s post hoc test. Unless otherwise indicated, data was reported relative to the 

PBS group at 60 days post-tumor initiation (PTI). All data was analyzed using GraphPad 

Prism software.  
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RESULTS 

Daily Intraperitoneal Injections of LPS Induces Systemic Inflammation 

 Droke and colleagues established a model of chronic, systemic inflammation by 

administering LPS through subcutaneous implantation of slow-release pellets following a 

pilot study to determine the appropriate LPS dose to achieve the desired level of 

inflammation (Droke et al. 2007). This study attempted to mimic this model, however as 

the use of slow-release pellets was not conducive to the duration of the experiment, LPS 

was administered through IP injections. Resulting systemic inflammation was measured 

through evaluation of serum haptoglobin. Haptoglobin is an acute phase protein that is 

often used to evaluate systemic inflammation in mice as it is detectible in trace amounts 

physiologically but demonstrates a marked elevation in response to inflammatory stimuli 

(Higashisaka et al. 2011). Following IP administration of LPS, blood was collected 

through the lateral saphenous vein, serum was separated and haptoglobin was measured 

using a commercially available ELISA. Serum haptoglobin was significantly increased in 

LPS-treated mice at all time points measured, including those before and after the tumor-

initiating surgery (Figure 12).  
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Figure 12: Induction and monitoring of systemic inflammation before and 

throughout EOC progression   

Serum haptoglobin was measured in tumor-bearing mice treated with PBS or LPS 

using a commercially available ELISA. Serum haptoglobin was measured before the 

tumor-initiating surgery (pre-surgery; A; ***p<0.001), 17 days after surgery (B; 

**p=0.0074), 30 days after surgery (C; ***p=0.007), 60 days after surgery (D; 

***p<0.001), 80 days after surgery (E; *p=0.0430) and in the survival group (F; 

*p=0.0179). Significance was determined by two-tailed unpaired t-test. N=3 per time 

point. Error bars represent standard error. PTI = post-tumor induction 
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Ovarian Tumor Burden Does Not Induce Systemic Inflammation 

 To examine the influence of ovarian tumor burden on systemic inflammation, a 

subset of mice in both the LPS-treated and PBS-treated control groups received a sham 

surgery. This consisted of a surgical intervention that included exposure of the ovary 

without injection of the tumorigenic ID8 cells under the ovarian bursa. Systemic 

inflammation was determined through evaluation of serum haptoglobin in these mice. No 

significant changes in serum haptoglobin in tumor-bearing mice were observed compared 

to those that received the sham surgery within either treatment group at any of the stages 

of disease analyzed (Figure 13).  
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Figure 13: Systemic inflammation in response to tumor burden throughout EOC 

progression   

Serum haptoglobin was measured in tumor-bearing mice treated with PBS or LPS 

using a commercially available ELISA. Serum haptoglobin was measured in tumor 

bearing mice treated with PBS or LPS compared to non-tumor bearing (sham) 

controls. Significance was determined by two-tailed unpaired t-test. N=3 per time 

point. Error bars represent standard error. PTI = post-tumor induction 
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Low-Grade Systemic Inflammation Enhances EOC Progression 

 Following induction of EOC, tumor-bearing and control mice were sacrificed at 

60 and 80 days PTI, which are representative time points of late stage disease in human 

EOC (Greenaway et al. 2008). Primary ovarian tumors excised from LPS-treated mice 

were significantly larger in both size and weight compared to those from PBS-treated 

mice at 60 and 80 days PTI as determined by an unpaired t-test performed for each time 

point (Figures 14 & 15). Tumor-bearing, LPS-treated mice also demonstrated a 

significantly higher volume of ascites than the PBS-treated controls (p<0.001) which 

corresponded to a significant increase in the secondary lesion scores assigned in the LPS-

treated, tumor-bearing mice (p<0.05; Figures 16a & 16b). Furthermore, when a separate 

cohort of tumor-bearing mice was analyzed for survival, a significant increase in time to 

death was observed in LPS-treated mice following analysis with a Kaplan-Meier 

estimator and Mantel-Cox log rank test for significance (p=0.0309; Figure 16c).  
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Figure 14: In situ and excised ovarian tumors from mice treated with PBS or 

LPS at 60 days post-tumor initiation  

Primary ovarian tumors from PBS- and LPS-treated mice at 60 days PTI were 

measured and weighed following excision. Significance was determined by an 

unpaired t-test, p values reported where appropriate. PTI = post-tumor initiation 
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Figure 15: In situ and excised ovarian tumors from mice treated with PBS or 

LPS at 80 days post-tumor initiation 

Primary ovarian tumors from PBS- and LPS-treated mice at 80 days PTI were 

measured and weighed following excision. Significance was determined by an 

unpaired t-test, p values reported where appropriate. PTI = post-tumor initiation 
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Figure 16: Peritoneal dissemination of EOC and survival analysis 

A: Secondary lesion scores were given as follows: 0 – no visible lesions, 1 – 1-2 

lesions visible, 2 – 3-10 lesions visible, 3 – >10 lesions visible; *p<0.001.  B: Ascites 

volume collected; *p<0.001. C: Time to death in tumor bearing mice treated with PBS 

or LPS; *p=0.0309. 

Significance was determined by two-way ANOVA with Bonferroni’s post-hoc test, 

error bars represent standard error (A-B), or by a Mantel-Cox log-rank test for 

significance (C). PTI = post-tumor initiation 

A B 

C 
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Enhanced Disease Progression is Not a Result Of Direct LPS Action on ID8 Cells or 

Tumor Angiogenesis 

 To evaluate whether the observed enhancement in disease progression was a 

result of the direct action of LPS on the tumor initiating ID8 cells or on tumor 

angiogenesis, ID8 and microvascular endothelial (mEC) cells were treated with LPS at 

concentrations known to stimulate chronic inflammation in vitro (Yan et al. 2002; 

Hellstrom et al. 2005; Madonna et al. 2008; Hirohashi & Morrison 1996). Using a WST-

1 assay, cellular viability was determined following treatment for varying durations to 

mimic acute and chronic exposure. There was no significant change in mEC cellular 

viability at any of the time points analyzed following treatment with each LPS 

concentration (Figure 17b). The ID8 cells only demonstrated an increase in cellular 

viability following incubation with the highest concentration of LPS for 3 days (p<0.05), 

an effect that was resolved by day 7 (Figure 17a).  

 Following these results, RT-PCR was performed to determine if each cell line 

expressed TLR-4, the receptor for LPS. The resulting amplicons from the RT-PCR 

demonstrated TLR-4 expression in both cell lines (Figure 17a).   
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Figure 17: Evaluation of Direct LPS Impact In Vitro  

A-B: WST-1 viability assay on ID8 (A) and mEC (B) cells incubated with LPS at 

concentrations known to cause chronic inflammation in vitro for acute and chronic 

time points (1-7 days). Significance was determined by two-way ANOVA with 

Bonferroni’s post-hoc test, error bars represent standard error.  

C: Reverse-transcription PCR for LPS receptor TLR-4. 100bp DNA ladder used; NTC 

= non-template control 

A 

B 

C 
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Enhanced Disease Progression is Associated With Increased Macrophage 

Infiltration 

 Leukocyte infiltration into a tumor has been shown to correlate with enhanced 

disease progression, especially in EOC (Robinson-Smith et al. 2007). Evaluation of 

macrophage infiltration into tumors from PBS- and LPS-treated mice was evaluated 

through immunohistochemical staining against CD68 in the tumors. Subsequent 

quantification of this staining demonstrated a significant increase in CD68 positive 

staining in the late stage tumors from the LPS-treated mice (p<0.05; Figure 18).  
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Figure 18: Evaluation of macrophage infiltration 

Immunohistochemistry for CD68 protein expression in tumors from mice treated with 

PBS or LPS at 60 and 80 days PTI. Positive control is mouse liver tissue. Images 

taken at 200x magnification. Significance was determined by two-way ANOVA with 

Bonferroni’s post-hoc test, error bars represent standard error. PTI = post-tumor 

initiation 
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Enhanced Disease Progression is Associated With an Improved Angiogenic 

Environment 

 Angiogenesis is required for tumor growth beyond 1-2 mm3 (Folkman 1971). 

Furthermore, angiogenesis has been identified as an important therapeutic target in EOC 

(Campbell et al. 2011). Given the influence of inflammation on the angiogenic process, 

the angiogenic environment within the tumors from this model was examined.  

 The total area of blood vessels was measured to yield the MVD for sections taken 

from tumors from PBS- and LPS-treated mice at 60 and 80 days PTI. This analysis 

demonstrated a significant increase in tumor MVD in LPS-treated mice compared to 

PBS-treated controls at both time points (p<0.05; Figure 19). Additionally, Figure 19 also 

shows an elevated MVD in tumors at 80 days PTI compared to 60 days PTI within each 

treatment group. Furthermore, vessel maturity was measured by counting the number of 

cells that were positive for both α-SMA and CD31 in tumor tissue sections. Significantly 

elevated trends were observed between tumors from PBS- and LPS-treated mice at each 

time point, as well as between each time point within each treatment group (p<0.05; 

Figure 20), which corresponds to the trends seen in tumor MVD analysis.  

 Finally, tissue perfusion was assessed through immunohistochemical staining for 

carbonic anhydrase expression to estimate the level of tissue hypoxia (Figure 21). Tumor-

associated carbonic anhydrases, including carbonic anhydrase IX, have previously been 

identified as hypoxia-inducible factor-response genes (Wykoff et al. 2000). Additionally, 

their expression in tumor tissue correlates with the level of tissue hypoxia (Loncaster et 
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al. 2001). A significant reduction in tissue hypoxia was observed in the present model in 

tumors from LPS-treated mice at 80 days PTI compared to PBS-treated controls (p<0.05). 
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Figure 19: Evaluation of tumor microvessel density (MVD) 

Immunohistochemistry for CD31 expression in tumors from mice treated with PBS or 

LPS at 60 and 80 days PTI. Microvessel density was calculated by dividing the total 

tissue area by the area of the CD31 positive vessels and reported as a percentage. 

Images taken at 200x magnification. Significance was determined by two-way 

ANOVA with Bonferroni’s post-hoc test, p<0.05, error bars represent standard error. 

PTI = post-tumor initiation 
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Figure 20: Evaluation of tumor blood vessel maturity 

Immunofluorescence for CD31 and α-SMA expression in tumors from mice treated 

with PBS or LPS at 60 and 80 days PTI. Blood vessel maturity was calculated by 

determining the percent of CD31 positive blood vessels that demonstrated co-

localization with α-SMA. Images taken at 400x magnification. Significance was 

determined by two-way ANOVA with Bonferroni’s post-hoc test, p<0.05, error bars 

represent standard error. PTI = post-tumor initiation 



	  
	  

100 

 

PBS	  Treated LPS	  Treated 

60
d	  
PT
I 

80
d	  
PT
I 

Se
co
nd

ar
y	  
O
nl
y 

Figure 21: Evaluation of tumor tissue hypoxia 

Immunohistochemistry for Carbonic Anhydrase IX protein expression in tumors from 

mice treated with PBS or LPS at 60 and 80 days PTI. Images taken at 100x 

magnification. Significance was determined by two-way ANOVA with Bonferroni’s 

post-hoc test, error bars represent standard error. PTI = post-tumor initiation 
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Improved Angiogenic Environment is Associated With Changes in Expression of 

Angiogenic Proteins 

Immunohistochemical expression of pro-angiogenic protein VEGF did not change 

significantly between tumors from PBS- or LPS-treated mice at either time point (Figure 

22). However western blot analysis demonstrated a significant increase in VEGF 

expression in the tumors from LPS-treated mice at 80 days PTI compared to those 

collected at 60 days PTI (p<0.01; Figure 23) but not compared to tumors from PBS-

treated mice at either time point. Expression of VEGF receptor, VEGFR2, was examined 

both immunohistochemically and through western blot. Immunohistochemical staining 

showed no significant changes in protein expression in tumor tissue from PBS- and LPS-

treated mice at either time point (Figure 24). Western blot analysis revealed that the 

expression of pVEGFR2 was significantly elevated in tumors from both PBS- and LPS-

treated mice at 80 days PTI compared to their 60 days PTI counterparts (p<0.05) but no 

significant changes in expression were observed between tumors from PBS- and LPS-

treated mice at either time point (Figure 23). Additionally, total VEGFR2 expression was 

elevated in tumors from LPS-treated mice at 80 days PTI compared to the 60 day PTI 

counterpart (p<0.05), but not compared to tumors from PBS-treated mice at either time 

point (Figure 23).  

 Immunohistochemistry revealed a significant elevation in the expression of anti-

angiogenic protein TSP-1 in tumor tissue from LPS-treated mice compared to PBS-

treated controls collected 80 days PTI (p<0.01; Figure 25). No change was observed in 

the protein expression of TSP-1 receptor, CD36, analyzed both immunohistochemically 

and through western blot (Figures 26 & 27).  
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Figure 22: Evaluation of tumor immunohistochemical VEGF expression 

Immunohistochemistry for VEGF protein expression in tumors from mice treated with 

PBS or LPS at 60 and 80 days PTI. Images taken at 100x magnification. Significance 

was determined by two-way ANOVA with Bonferroni’s post-hoc test, error bars 

represent standard error. PTI = post-tumor initiation 
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Figure 23: Evaluation of tumor angiogenic proteins 

Western blot analysis for expression of pVEGFR2, VEGFR2 and VEGF angiogenic 

proteins in tumors from mice treated with PBS or LPS at 60 and 80 days PTI. 

Following densitometric analysis, significance was determined by two-way ANOVA 

with Bonferroni’s post-hoc test, error bars represent standard error. PTI = post-tumor 

initiation 
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Figure 24: Evaluation of tumor immunohistochemical Flk-1 expression 

Immunohistochemistry for Flk-1 (VEGFR2) protein expression in tumors from mice 

treated with PBS or LPS at 60 and 80 days PTI. Images taken at 100x magnification. 

Significance was determined by two-way ANOVA with Bonferroni’s post-hoc test, 

error bars represent standard error. PTI = post-tumor initiation 
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Figure 25: Evaluation of tumor immunohistochemical TSP-1 expression 

Immunohistochemistry for TSP-1 protein expression in tumors from mice treated with 

PBS or LPS at 60 and 80 days PTI. Images taken at 100x magnification. Significance 

was determined by two-way ANOVA with Bonferroni’s post-hoc test, error bars 

represent standard error. PTI = post-tumor initiation 
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Figure 26: Evaluation of tumor immunohistochemical CD36 expression 

Immunohistochemistry for CD36 protein expression in tumors from mice treated with 

PBS or LPS at 60 and 80 days PTI. Images taken at 100x magnification. Significance 

was determined by two-way ANOVA with Bonferroni’s post-hoc test, error bars 

represent standard error. PTI = post-tumor initiation 
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Dysregulation Of Survival Pathways Does Not Influence Disease Progression 

 Following the observation of enhanced disease progression, the levels of tumor 

cell proliferation and apoptosis were evaluated. Immunohistochemical staining for Ki67 

expression and subsequent analysis revealed no change in tumor cell proliferation in 

tumors from PBS- and LPS-treated mice at 60 and 80 days PTI (Figure 28). Furthermore, 

β-‐actin 

PBS LPS 

60d	  PTI 

PBS LPS 

80d	  PTI 

CD36 

Figure 27: Evaluation of CD36 protein expression 

Western blot analysis for anti-angiogenic CD36 protein expression in tumors from 

mice treated with PBS or LPS at 60 and 80 days PTI. Following densitometric 

analysis, significance was determined by two-way ANOVA with Bonferroni’s post-

hoc test, error bars represent standard error. PTI = post-tumor initiation 
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no change in tumor cell apoptosis was observed in these groups following a TUNEL 

assay (Figure 29).  

The expression of a panel of markers from survival and apoptotic pathways was 

then evaluated. No significant changes were seen in the expression of the anti-apoptotic 

factor Bcl-2, or pro-apoptotic factors Bad and Bax (Figure 30) following western blot 

analysis. The protein expression of total AKT, determined through western blot analysis, 

demonstrated a significant elevation in tumors from the LPS-treated mice at 80 days PTI 

compared to 60 days PTI (p<0.001), as well as a significant increase compared to tumors 

from PBS-treated mice at 80 days PTI (p<0.05; Figure 31). However, when the protein 

expression of the active form of AKT was evaluated, no significant differences were 

noticed between tumors from PBS- and LPS-treated mice at either time point or between 

each time point within each treatment group (Figure 31). Finally, the pro-apoptotic 

Fas/FasL pathway was evaluated. Western blot analysis revealed a significant elevation 

in Fas protein expression in tumors from LPS-treated mice at 80 days compared to 60 

days PTI (p<0.05), but no changes in protein expression between tumors from PBS- and 

LPS-treated mice at either time point (Figure 32). Additionally there were no significant 

differences in FasL protein expression between or within each of the groups at either time 

point (Figure 32).  
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Figure 28: Evaluation of tumor cell proliferation 

Immunohistochemistry for Ki67 protein expression in tumors from mice treated with 

PBS or LPS at 60 and 80 days PTI. Images taken at 600x magnification. Significance 

was determined by two-way ANOVA with Bonferroni’s post-hoc test, error bars 

represent standard error. PTI = post-tumor initiation 



	  
	  

110  

PBS	  Treated LPS	  Treated 

60
d	  
PT
I 

80
d	  
PT
I 

Negative	  Control Positive	  Control 

TUNEL 
DAPI 

Figure 29: Evaluation of tumor cell apoptosis 

Immunofluorescence for TUNEL positivity in tumors from mice treated with PBS or 

LPS at 60 and 80 days PTI. Images taken at 400x magnification. Significance was 

determined by two-way ANOVA with Bonferroni’s post-hoc test, error bars represent 

standard error. PTI = post-tumor initiation 
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Figure 30: Evaluation of Tumor Apoptotic Proteins 

Western blot analysis for Bax, Bad and Bcl-2 protein expression in tumors from mice 

treated with PBS or LPS at 60 and 80 days PTI. Following densitometric analysis, 

where n=3 significance was determined by two-way ANOVA with Bonferroni’s post-

hoc test, error bars represent standard error. PTI = post-tumor initiation 
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Figure 31: Evaluation of tumor survival proteins 

Western blot analysis for expression of pAKT and AKT survival proteins in tumors 

from mice treated with PBS or LPS at 60 and 80 days PTI. Following densitometric 

analysis, significance was determined by two-way ANOVA with Bonferroni’s post-

hoc test, error bars represent standard error. PTI = post-tumor initiation 
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DISCUSSION 

 This study has demonstrated that induction of chronic low-grade, systemic 

inflammation enhances the progression of EOC in vivo. This increased tumorigenesis 

was found to be associated primarily with changes in angiogenic protein expression that 

appears to facilitate the angiogenic switch and create a pro-angiogenic environment.   

Figure 32: Evaluation of tumor Fas/FasL apoptotic proteins 

Western blot analysis for expression of Fas and FasL survival proteins in tumors 

from mice treated with PBS or LPS at 60 and 80 days PTI. Following densitometric 

analysis, significance was determined by two-way ANOVA with Bonferroni’s post-

hoc test, error bars represent standard error. PTI = post-tumor initiation 
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 The induction of low-grade, chronic systemic inflammation in this animal model 

mirrored that produced by Droke and colleagues (Droke et al. 2007). Through the use of 

subcutaneous slow-release pellets, this group determined the appropriate dose of LPS that 

would elicit a low-grade systemic inflammatory response without inducing signs of 

septicemia. The resulting inflammation was monitored through changes in differential 

leukocyte counts (Droke et al. 2007). The use of slow-release pellets was not conducive 

to our study however, as they would not hold a sufficient amount of LPS to maintain the 

desired inflammatory response for the duration of the trial. Instead, LPS was 

administered through daily IP injections to maintain long-term low-grade systemic 

inflammation. A concern of IP administration of LPS was the potential to induce signs of 

sepsis rather than the desired low-grade inflammation. Sepsis is a condition involving a 

bacterial infection that results in the manifestation of clinical abnormalities of the 

following systems: body temperature, heart rate, respiratory rate and white blood cell 

count (Cai et al. 2010). The clinical syndromes associated with sepsis include septic 

shock and severe sepsis. Septic shock is characterized by cardiovascular shock mediated 

by ischemic necrosis and cardiovascular collapse and often results in death within 24-48 

hours. Severe sepsis often progresses more slowly, over a period of 7-14 days, and is 

characterized by organ dysfunction and altered cerebral function with a mortality rate 

between 30-70% (Cai et al. 2010). It was important for the aims of this study that signs of 

sepsis were avoided and that the inflammation induced was as low-grade as possible.  

A literature search was performed to determine an appropriate dose of LPS to 

induce a low-grade systemic inflammation over an extended period of time. The doses 

found in the literature that were each used to induce a variety of inflammatory responses 
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ranged from 1.33-50µg administered daily or weekly in similar models (Droke et al. 

2007; Smith et al. 2006; Ostos et al. 2002; Smith et al. 2009). The dose of 5µg of LPS per 

day was chosen for our model to comply with the duration of our study and level of 

inflammation we attempted to achieve. We chose this dose to be on the lower end of the 

spectrum as the duration of our study was quite long and the route of administration 

meant that the full dose of LPS would be administered in an acute fashion daily rather 

than the continual release sustained with the use of slow-release pellets. Additionally, this 

dose is far less than the LPS doses used to induce endotoxic shock in similar models. For 

example, Oliver and colleagues induced endotoxic shock in C57Bl/6 mice through 

administration of 40mg/kg of LPS, which would have been approximately 1000µg of 

LPS total (Oliver et al. 1999). 

Most of the models found in the literature utilized differential leukocyte counts to 

monitor inflammation, specifically through changes in neutrophil and monocyte 

expression. We chose not to monitor inflammation in this manner as sepsis can manifest 

with leukocyte abnormalities (Cai et al. 2010). Accordingly, Smith and colleagues 

observed a significant elevation in absolute white blood cell count following initial 

treatment with LPS (Smith et al. 2009). This could suggest some acute, potentially septic 

response early in their model. Despite the resolution of this effect later in their study, we 

sought to avoid all changes such as this. Pretreatment of the mice in our model with LPS 

at 5µg daily for one week demonstrated no clinical symptoms characteristic of sepsis or 

septic shock. The behavior of the mice was closely monitored for any symptoms of sepsis 

that would be manifested through changes in appetite, grooming patterns or activity and 
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none were observed. Additionally, absolute and differential leukocyte counts were 

performed and no significant changes were observed (data not shown).  

We chose to use an acute phase protein to monitor inflammation in our model. 

These proteins are often used as markers for systemic inflammation and include any 

protein whose serum concentration changes by 25% or more in response to an 

inflammatory stimulus (Gabay & Kushner 1999). We chose to monitor serum 

haptoglobin through commercially available ELISA in our model as a marker of systemic 

inflammation. Haptoglobin is an acute phase protein that is often used in place of the 

common human acute phase protein CRP when measuring systemic inflammation in mice 

(Wait et al. 2005; Higashisaka et al. 2011). Serum haptoglobin was evaluated periodically 

throughout this experimental trial as evidence has suggested that endotoxin tolerance can 

develop following repeated endotoxin exposures (Biswas & Lopez-Collazo 2009). Figure 

12 demonstrates that daily LPS administration maintained systemic inflammation 

throughout this experimental trial as measured through serum haptoglobin. Continual 

monitoring of animal behavior demonstrated no changes in activity of the mice including 

appetite and grooming patterns and no development of clinical manifestations of sepsis 

throughout the trial.   

 The model of EOC developed by our laboratory closely resembles that seen in the 

human disease. Histopathological analysis has characterized the disease as serous 

adenocarcinoma, which is the most common human EOC histotype.  Disease progression 

in our model very closely replicates that seen in human patients, with the formation of a 

large primary tumor, peritoneal dissemination of metastatic lesions, and the formation of 

abdominal ascites (Greenaway et al. 2008). The time points at which tissue collection 
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occurred in this study resembled late stages of the human disease at which most women 

are diagnosed. Moreover, as the tumor initiating ID8 cells are syngeneic with the mice 

used in this trial (Roby et al. 2000), immunocompetent mice were used, which was 

especially important for this study. Modification of this model to include a systemic 

inflammatory response before the initiation of EOC was necessary as we intended to 

examine the influence of chronic, low-grade systemic inflammation on the progression of 

EOC rather than its role in initiation.  

 We have demonstrated that EOC progression was significantly enhanced in mice 

with chronic, low-grade systemic inflammation. Primary ovarian tumors were 

significantly larger in both size and weight at each of the tissue collection time points 

(Figures 14 & 15) and disease dissemination, characterized by the formation of secondary 

peritoneal lesions and ascites accumulation, was significantly enhanced in the LPS-

treated mice. Survival was also significantly reduced in the mice with chronic, systemic 

inflammation (Figure 16), which is consistent with the trends seen in human EOC 

patients with chronic inflammatory conditions (Zhang et al. 2005; Bakhru et al. 2011; 

Romero et al. 2012). Chronic inflammatory conditions have not only been implicated in 

enhancing the progression of EOC, as a correlation has also been demonstrated between 

inflammation and other cancers such as prostate, endometrial and breast cancers (Hsing et 

al. 2007; Modugno et al. 2005; Vona-Davis et al. 2007). 

 We believe the enhancement of EOC progression observed in our model was at 

least partly due to an improved angiogenic environment influenced by the chronic, 

systemic inflammatory environment. Tumor angiogenesis is the rate limiting step for 

tumor growth and dissemination as a tumor cannot grow past 1-2mm3 without acquiring 
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an adequate blood supply (Folkman 1971; Folkman 2002). The development of a tumor 

blood supply is required for the growth of all solid tumors and is implicated as a key 

mediator in the pathogenesis of many cancers which is why anti-angiogenic therapies 

have gained popularity in recent years (Longo et al. 2002). Many inflammatory factors 

such as cytokines TNFα, IL-1β, IL-6, TGFβ and IL-8; and COX enzymes and 

prostaglandins as well as inflammatory cells such as macrophages, can have pro-

angiogenic properties (Shacter & Weitzman 2002; Jackson et al. 1997; Lin & Karin 2007; 

Dirkx et al. 2006). These inflammatory mediators can have direct actions on endothelial 

cells to promote their proliferation, migration or differentiation or may act indirectly by 

promoting the expression of other angiogenic factors such as VEGF (Jackson et al. 1997; 

Angelo & Kurzrock 2007). Inflammation-induced angiogenesis in the local pelvic 

environment is implicated in the pathogenesis of a variety of disorders such as 

endometriosis (Gazvani & Templeton 2002). Furthermore, the systemic inflammation 

produced by chronic inflammatory diseases can influence angiogenic-driven pathologies. 

For example, diabetic retinopathy is an ocular condition that is characterized by retinal 

microvascular dysfunction in diabetic patients. Inflammation has been implicated in the 

pathogenesis of diabetic retinopathy, specifically in terms of its angiogenic functions. 

During pathogenesis, endothelial cell damage and apoptosis often occur due to enhanced 

leukocyte adhesion leading to the breakdown of the blood-retinal barrier, vascular 

permeability and macular edema. These leukocytes also secrete proinflammatory 

cytokines, such as VEGF and IL-1β, which promote angiogenesis and macrophage 

infiltration. The pro-angiogenic properties of these cytokines and macrophages also lead 

to neovascularization in the eye.  
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In our model, there was significantly increased angiogenesis in the tumors from the 

LPS-treated mice, especially at the late stage of disease progression. This increase in 

vascularity may be explained by the relationship between systemic inflammation created 

by chronic inflammatory conditions, such as diabetes and obesity, and angiogenesis. 

Tumor angiogenesis is mediated by the ‘angiogenic switch’, which involves the 

imbalance of pro- and anti-angiogenic compounds to promote a pro-angiogenic 

environment (Bergers & Benjamin 2003). The pro-angiogenic switch in our model was 

supported by the overexpression of VEGF and its activated receptor, pVEGFR2 (Figure 

23), as well as the significant downregulation of the anti-angiogenic protein TSP-1 

(Figure 25). Various studies have examined the use of VEGF inhibitors in the treatment 

of EOC (Cannistra et al. 2007; Randall & Monk 2010; Gaitskell et al. 2011; Burger 

2010), however other anti-angiogenic therapies are emerging that involve exploitation of 

the TSP-1 anti-angiogenic pathway. The function of TSP-1 is predominantly anti-

angiogenic, even in times of pathological angiogenesis. It inhibits the proliferation of 

endothelial cells and the organization of these cells into capillary-like structures in culture 

and also induces endothelial cell apoptosis (de Fraipont et al. 2001). Our lab has 

exploited the TSP-1-mediated anti-angiogenic pathway as a therapeutic target in EOC. A 

significant reduction in disease progression was observed in our model of EOC through 

the use of TSP-1 mimetic peptides, which resulted in normalization of the tumor 

vasculature, tumor cell apoptosis and disease regression even when administered in late 

stage disease (Greenaway et al. 2009; Campbell et al. 2011).  

An inflammatory environment can also induce an angiogenic switch. Vascular 

endothelial growth factor has a close relationship with inflammatory mediators and its 
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secretion is strongly induced by IL-1β, IL-6, TNFα, and IL-8, which often work 

synergistically through a variety of molecular pathways. However the reverse relationship 

also exists whereby VEGF can influence the expression of inflammatory cytokines. The 

expression of VEGF can promote inflammation in a variety of manners including 

stimulating the expression of cytokines such as IL-6 and TNFα, creating a positive feed-

forward loop of VEGF expression, particularly in cancer development (Angelo & 

Kurzrock 2007). Furthermore, inflammatory cells themselves have been implicated in 

mediating the angiogenic switch. Lin and colleagues demonstrated that TAM’s play a 

role in influencing the angiogenic switch in a mouse model of breast cancer (Lin et al. 

2006), which correlates with our observation of increased macrophage infiltration into the 

tumors of LPS-treated mice (Figure 18).  

The angiogenic environment in these tumors was characterized by the elevation in 

tumor MVD, vessel maturity and tissue perfusion (Figures 19-21). We suggest that the 

inflammatory environment contributed to these changes by promoting the angiogenic 

switch to enhance tumor angiogenesis in our model. Macrophage infiltration into the 

tumor and expression of pro-angiogenic proteins have both been implicated in tumor 

angiogenesis and enhanced MVD in various cancer types including breast and ovarian 

cancers (Bolat et al. 2006; Orre & Rogers 1999; Lin et al. 2006). This relationship was 

consistent in our model as macrophage infiltration and expression of VEGF and 

pVEGFR2 were significantly elevated in late stage tumors from LPS-treated mice 

(Figures 18 & 23). Blood vessel maturity is also an important feature in tumors to 

promote adequate tissue perfusion and prevent hypoxia (Gerhardt & Betsholtz 2003).  

Vessel maturity, estimated through the interaction of α-SMA positive pericytes and blood 
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vessels containing CD31 positive endothelial cells, was significantly enhanced in tumors 

from LPS-treated mice compared to PBS-treated control tumors at both stages of tissue 

collection (Figure 20), trends that are consistent with the tumor MVD data. The 

recruitment of pericytes is largely driven by PDGF and TGFβ which act as 

chemoattractants for pericytes (Andrae et al. 2008; Gaengel et al. 2009), both of which 

are also implicated in the inflammatory process (Gallin et al. 1999). Taken together, the 

significant increase in tumor MVD and vessel maturity supports the observation of a 

significant reduction in tumor hypoxia in the late stage tumors from the LPS-treated mice 

(Figure 21).  

Since LPS administration demonstrated significant changes in EOC progression we 

sought to confirm that the effects observed were due to the LPS-induced inflammation 

rather than a direct influence in the local environment. We evaluated the influence of LPS 

on cellular viability in the ID8 cell line as they are used to induce the epithelial ovarian 

tumors in vivo, and on mEC cells to examine if LPS could directly influence endothelial 

cell activity and thus tumor angiogenesis. Incubation with various concentrations of LPS 

that are known to induce inflammation in culture (Yan et al. 2002; Hellstrom et al. 2005; 

Madonna et al. 2008; Hirohashi & Morrison 1996) demonstrated no lasting significant 

changes in cell viability (Figures 17a & 17b) following acute and chronic exposure. 

Through RT-PCR, we confirmed that both ID8 and mEC cell lines expressed the receptor 

for LPS, TLR-4 (Figure 17c), indicating that they were able to respond to the LPS in 

culture. 

The next step in evaluating the role of inflammation in EOC progression in our model 

was to determine if inflammation promoted tumor cell survival by influencing cellular 
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proliferation within the tumors of LPS-treated mice. Immunohistochemical staining for 

Ki67 demonstrated that there was no change in tumor cell proliferation between tumors 

from the PBS- and LPS-treated mice at either time point (Figure 28). Furthermore, the 

expression of proteins from pro-survival pathways was not significantly different 

between the tumors form the PBS- and LPS-treated mice (Figure 31). The expression and 

activation of the AKT survival pathway was evaluated as its activation has been 

previously implicated in EOC progression (Altomare et al. 2004). Total AKT protein 

expression was significantly upregulated in our model in tumors form the LPS-treated 

group at 80 days PTI compared to 60 days PTI, however this trend was not observed in 

the expression of active pAKT (Figure 31). Moreover, protein expression of Bcl-2, a 

protein involved in survival by preventing apoptosis, remained unchanged in tumors from 

PBS- and LPS-treated mice (Figure 30). To determine whether the increase in tumor size 

in the LPS-treated mice was a result of reduced cell death rather than increased 

proliferation, a panel of apoptotic markers was evaluated. A TUNEL assay revealed that 

tumor growth was not driven by a reduction in tumor cell apoptosis as demonstrated in 

Figure 29. Evaluation of the expression of pro-apoptotic proteins Bad and Bax, involved 

in the intrinsic cell death pathway, demonstrated that apoptosis induced by these 

pathways was not significantly changed in the tumors from the LPS-treated mice 

compared to the PBS-treated controls (Figure 30). The Fas/FasL extrinsic cell death 

pathway was also examined through protein expression of both Fas and FasL. There was 

a significant upregulation of Fas protein expression in tumors from LPS-treated mice 

compared to those from PBS-treated controls but no significant change in FasL 

expression (Figure 32). We suggest that the inflammation induced in this model primed 
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both the AKT survival and Fas/FasL apoptotic pathways but there was no drive to utilize 

either pathway to promote survival or apoptosis. Due to the absence of any source of 

tumor cell cytotoxicity, from chemotherapy for example, and the enhanced vascularity 

due to inflammation-promoted angiogenesis, it is unsurprising that there is no change in 

survival or apoptotic pathways in this model. We suggest that the tumors in the LPS-

treated mice were relatively ‘healthy’ as they were not hypoxic or exposed to a cytotoxic 

challenge therefore did not have the cellular drive to promote survival factor expression.  

Overall, the observations of enhanced disease progression through increased tumor 

burden and dissemination may be the result of a selection process conferred by the 

inflammatory environment. In the dynamic tumor microenvironment, inflammatory 

mediators such as cytokines and growth factors produced by LPS and other inflammatory 

stimuli would be expected to have direct effects on tumor cells. These effects include pro-

survival functions through pro-proliferative and anti-apoptotic actions as well as 

modulation of the host immune response to the tumor. These changes may include 

activation of novel intracellular signaling pathways such as the JAK/STAT, mitogen 

activated protein kinase (MAPK) and AKT pathways (Porta et al. 2009; Mauro et al. 

2009; Yu et al. 2009) as well as alteration of resident inflammatory cells to select for 

resistance to killing by these cells, (Lewis & Pollard 2006; Igney & Krammer 2002) 

demonstrated by enhanced macrophage infiltration (Figure 18). These changes would 

then be expected to selectively alter the tumor cell behavior in order to thrive in an 

inflammatory environment. It is likely that, if these changes were to have occurred, they 

would have taken place early in tumor development in our model as the tumor initiating 

cells were introduced into an environment in which inflammation was already 
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established, which may explain why we did not observe any significant changes in tumor 

behaviors such as proliferation and apoptosis (Figures 28 & 29) in the later stages of 

disease.  

Study Limitations 

 A limitation of the current study may be in the route of administration of LPS to 

induce inflammation. While the administration of LPS intraperitoneally does induce 

systemic inflammation, as observed by elevated serum haptoglobin, it may also induce an 

acute inflammatory response at the site of injection. This may have impacted our results 

by introducing repeated local, acute inflammation around the ovary, primary ovarian 

tumors and secondary lesions as they developed in this model. We could have tested the 

presence of localized inflammation at the injection site through leukocyte counts from 

peritoneal washes or intraperitoneal cytokine expression in the mice without ovarian 

tumors. Alternatively, the LPS could have been administered intravenously through the 

tail vein of the mice to avoid any question of local, acute inflammation. However, it has 

been suggested that systemic inflammation may work in conjunction with the local 

inflammation (Schmidt et al. 2001) in and around the ovary that may play a role in EOC 

initiation. Also, given that the tumors in the LPS-treated mice were highly vascularized, 

and thus exposed to the systemic inflammation induced by LPS, we are confident that our 

model accurately demonstrates the relationship between systemic inflammation and EOC 

progression.  

 Another limitation may be the use of haptoglobin as a marker of systemic 

inflammation. Given that it is an acute phase protein, its function as a marker of 

inflammation is often restricted to identifying acute inflammatory reactions rather than a 
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sustained or chronic level of inflammation. While EOC has been shown to induce 

systemic inflammation itself (Macciò & Madeddu 2012), we did not observe this change 

through haptoglobin in our model (Figure 13). Perhaps monitoring inflammation with 

evaluation of a serum inflammatory cytokine, such as IL-6, in combination with 

haptoglobin would be a more appropriate measure of chronic, systemic inflammation in 

the future. 

Future Directions 

 Future directions for this study include evaluation of an anti-inflammatory 

therapeutic agent for the treatment of EOC, both alone and with other established EOC 

therapeutics, as well as utilizing the inflammation-inducing protocol for other cancer 

types. Evidence has implicated the role of COX enzymes and their prostaglandin products 

in the progression of EOC (Ali-Fehmi et al. 2005; Gupta et al. 2003; Rask et al. 2006; 

Munkarah et al. 2002) and other cancers such as colorectal cancer (Wang & Dubois 

2010). The COX enzymes have been identified as a potential target for cancer 

chemotherapy and promising results have been yielded from studies evaluating the effects 

of COX inhibitors, both selective and non selective NSAIDs, on EOC tumors or cells 

without exogenous inflammation (Robinson-Smith et al. 2007; Li et al. 2009; Xin et al. 

2007). We hypothesize that the beneficial effects of these NSAIDs will be more 

pronounced in an environment with chronic, systemic inflammation in part due to their 

anti-angiogenic functions (Gupta et al. 2003; Prescott & Fitzpatrick 2000; Ghosh et al. 

2010). In the present study, we saw accelerated disease progression in the presence of 

systemic inflammation. This increased tumorigenesis appeared to be mediated, at least in 

part, by an improved angiogenic environment. Therefore, we anticipate that NSAIDs may 
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have a potent therapeutic effect by both reducing systemic inflammation and decreasing 

tumor angiogenesis. Angelo and colleagues suggest that anti-cytokine therapy may be 

beneficial for patients with tumors that secrete copious amounts of proinflammatory 

cytokines as this therapy will inhibit their autocrine and paracrine growth factor signaling 

patterns and pro-angiogenic functions (Angelo & Kurzrock 2007). Finally, we found that 

tumors in mice with systemic inflammation have a more normalized tumor vasculature, 

characterized by higher MVD, increased vessel maturity and better tissue perfusion. Due 

to this vessel normalization and enhanced perfusion, treatment with a chemotherapeutic 

agent may elicit a better response as tissue uptake of the drugs may be better facilitated 

(Jain 2005). Therefore, we hypothesize that EOC treatment may be optimized with a 

combination of anti-inflammatory agents such as NSAIDs or anti-cytokine drugs, 

traditional chemotherapeutic agents such as carboplatin and paclitaxel (Kawaguchi et al. 

2012) and an anti-angiogenic agent such as ABT-898, which we have previously shown 

induces ovarian cancer regression and blood vessel inhibition and normalization 

(Campbell et al. 2011). 

 The role of inflammation and the potential use of anti-inflammatory therapies 

could also be studied in other cancer types. Administration of LPS induces a global 

inflammatory response, which is beneficial in mimicking that which is seen in 

pathophysiological environments. Many cancer types including lung, liver, colorectal and 

breast have ties to inflammation and therefore may respond similarly to the influence of 

low-grade, chronic systemic inflammation produced by chronic inflammatory conditions 

(Coussens & Werb 2002; Balkwill et al. 2005; Shacter & Weitzman 2002). 
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GENERAL DISCUSSION AND CONCLUSIONS 

The aim of this project was to examine the influence of low-grade, chronic, 

systemic inflammation on the progression of EOC. In chapter 1, we reported that 

incubation of normal and tumorigenic ovarian epithelial cell lines in a 

pathophysiologically relevant inflammatory environment induced an elevation in cellular 

viability in some cell lines but not in others. Furthermore, there were no changes seen in 

the rates of cellular proliferation or apoptosis following acute or chronic exposure to this 

environment. The lack of significant changes in these in vitro experiments was likely due 

to the difficulties in modeling the complexities of inflammation. While some studies have 

demonstrated a change in cell proliferation and apoptosis in response to a 

proinflammatory environment (Kanaji et al. 2011; Balkwill et al. 2005; Kulbe et al. 2007; 

Bates & Mercurio 2003), our experiments did not replicate an environment in which 

proliferation or apoptosis would be challenged. This may explain in part why the 

tumorigenic cell lines did not elicit a specific response to the cytokines in vitro. Having 

been isolated from EOC patients, they would have already been exposed to a 

proinflammatory environment and thus would have already made adaptive changes in 

response to these cytokines specifically, which are implicated in EOC progression. 

Accordingly, the normal cell line was the only one to demonstrate enhanced viability 

following chronic exposure to the proinflammatory environment, but the cellular drive 

towards survival through elevating proliferation or evading apoptosis was not influenced.   

The model in chapter 2 was developed to address many of the limitations in 

chapter 1 and to determine the effects of chronic, low-grade systemic inflammation on 

the progression of EOC. By utilizing an animal model, we were able to overcome the 



	  
	  

128 

limitations inherent to in vitro studies including super-physiological exposure to oxygen 

and glucose, maintaining tissue and systemic interactions and cellular changes required to 

immortalize a cell line. Additionally, inducing inflammation in the animal model with 

LPS, rather than a subset of specific cytokines, ensured that a global inflammatory 

reaction occurred and as such maintained the dynamic interactions involved in the 

inflammatory process.  

For the study objectives in chapter 2 we modified the existing mouse model of 

EOC to induce a low-grade level of chronic systemic inflammation. Through this we 

were able to examine the influence of this level of inflammation on the progression of 

EOC. It was our intention to utilize a dose of LPS that would cause low-grade systemic 

inflammation that would mimic what is seen in patients with chronic inflammatory 

diseases such as Type II diabetes and obesity. Coupled with our established and validated 

mouse model of EOC, we were able to determine the effects of systemic inflammation on 

the progression of this disease. The relationship between EOC and inflammation has been 

discussed for a number of years and various studies have identified a correlation between 

them both in terms of initiation and progression (Fleming et al. 2006; Merritt et al. 2008; 

Clendenen et al. 2011; Ness & Cottreau 1999; Macciò & Madeddu 2012). While we did 

not see an increase in systemic inflammation through serum haptoglobin in response to 

tumor burden alone, the inflammation induced by LPS administration significantly 

enhanced EOC progression in our model. 

Chapter 2 demonstrated that EOC enhancement was due at least in part to the pro-

angiogenic environment induced by inflammation. The angiogenic switch largely 

contributes to the development of tumor angiogenesis (Bergers & Benjamin 2003). The 
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inflammatory environment contributed to the angiogenic switch that resulted in elevated 

MVD, increased vessel maturity and better tissue perfusion observed in our model. 

Angiogenesis has been implicated in EOC progression to a point where anti-angiogenic 

therapies are currently being used for human EOC treatment (Cannistra et al. 2007; 

Randall & Monk 2010; Gaitskell et al. 2011; Burger 2010). Our laboratory has 

demonstrated that combination therapy with traditional chemotherapeutics and the anti-

angiogenic compound ABT-898 results in better survival and disease regression 

(Campbell et al. 2011). The results from this study have implications for human EOC 

patients that suffer from systemic inflammatory conditions such as type II diabetes and 

obesity. Epidemiological evidence has previously demonstrated a correlation between 

these conditions and enhanced disease progression and poor prognosis in EOC patients 

(Olsen et al. 2007; Zhang et al. 2005; Kjaerbye-Thygesen et al. 2006; Bakhru et al. 2011; 

Romero et al. 2012). We demonstrate that this could be due to inflammation-induced 

tumor angiogenesis and suggest that these patients specifically would benefit most from 

combinational therapy including an anti-inflammatory agent. 

The importance of this research also has implications outside of EOC research. 

Targeting the inflammatory environment has become the focus of therapy for a variety of 

cancers in which inflammation is implicated in cancer initiation and progression 

(Aggarwal & Gehlot 2009; Modugno et al. 2005; Wang & Dubois 2010; MacDonald 

2007; Dannenberg et al. 2005; Ghosh et al. 2010). This model could be modified to study 

the influence of this level of inflammation in a variety of cancers and thus examine the 

efficacy of combinational therapies that include an anti-inflammatory agent. Chronic, 

systemic inflammation may also be involved in the onset and progression of many non-
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cancer related diseases such as endometriosis and pelvic inflammatory disease, and the 

impact of low-grade inflammation on these diseases should be studied. 
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APPENDIX I - SOURCE OF PRODUCTS AND MATERIALS 

10% neutral buffered formalin Fisher Scientific, Whitby, ON 

100 bp DNA ladder Life Technologies Inc., Burlington, ON 

10x Phosphate buffered saline (PBS; 
cell culture) Life Technologies Inc., Burlington, ON 

3,3'-diaminobenzidine (DAB) Sigma-Aldrich Canada Ltd., Oakville, ON 

30% acrylamide Bio-Rad, Mississauga, ON 

30% Hydrogen Peroxide solution Sigma-Aldrich Canada Ltd., Oakville, ON 

4-15% polyacrylamide gradient gels Bio-Rad, Mississauga, ON 

4'-6 diamidino-2-phenylindole 
(DAPI) Sigma-Aldrich Canada Ltd., Oakville, ON 

Agarose Life Technologies Inc., Burlington, ON 

AlexaFluor-488 conjugated anti-
rabbit IgG secondary antibody Life Technologies Inc., Burlington, ON 

AlexaFluor-594 conjugated anti-
rabbit IgG secondary antibody Life Technologies Inc., Burlington, ON 

Aluminum potassium sulfate Fisher Scientific, Whitby, ON 

Amersham Hybond ECL 
nitrocellulose membrane 

GE Healthcare Bio-Sciences Corp., Piscataway, 
NJ 

Ammonium persulfate (APS) Fisher Scientific, Whitby, ON 

Anti-AKT antibody Cell Signaling Technology, Danvers, MA 

Anti-Annexin V antibody Abcam, Cambridge, MA 

Anti-Bactin antibody Cell Signaling Technology, Danvers, MA 

Anti-Bad antibody Novus Biologicals, Oakville, ON 

Anti-Bax antibody Novus Biologicals, Oakville, ON 

Anti-Bcl-2 antibody Novus Biologicals, Oakville, ON 

Anti-Carbonic Anhydrase IX 
antibody Abcam, Cambridge, MA 
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Anti-CD31 antibody Abcam, Cambridge, MA 

Anti-CD36 antibody Novus Biologicals, Oakville, ON 

Anti-CD68 antibody Abd Serotec, Raleigh, NC 

Anti-Fas antibody Novus Biologicals, Oakville, ON 

Anti-FasL antibody Thermo Fisher Scientific, Nepean, ON 

Anti-Flk-1 antibody Santa Cruz Biotechnology, Inc., Santa Cruz, CA 

Anti-Ki67 antibody Abcam, Cambridge, MA 

Anti-pAKT antibody Cell Signaling Technology, Danvers, MA 

Anti-pVEGFR2 antibody Thermo Fisher Scientific, Nepean, ON 

Anti-TSP-1 antibody Santa Cruz Biotechnology, Inc., Santa Cruz, CA 

Anti-VEGF antibody 
(immunohistochemistry) Abcam, Cambridge, MA 

Anti-VEGF antibody (western blot) Santa Cruz Biotechnology Inc., Santa Cruz, CA 

Anti-VEGFR2 antibody Cell Signaling Technology, Danvers, MA 

Antibiotic-antimycotic (ABAM) Life Technologies Inc., Burlington, ON 

Aprotinin Sigma-Aldrich Canada Ltd., Oakville, ON 

Biotinylated anti-mouse IgG 
secondary antibody  Sigma-Aldrich Canada Ltd., Oakville, ON 

Biotinylated anti-rabbit IgG 
secondary antibody Sigma-Aldrich Canada Ltd., Oakville, ON 

Biotinylated anti-Rat IgG secondary 
antibody Sigma-Aldrich Canada Ltd., Oakville, ON 

Bovine serum albumin (BSA) Sigma-Aldrich Canada Ltd., Oakville, ON 

CAOV-3 cell line ATCC, Manassas, VA 

Cell culture dishes (10cm, 24-well, 
96-well) Fisher Scientific, Whitby, ON 

Cell culture flasks (T-25, T-75) Fisher Scientific, Whitby, ON 

Citric acid Sigma-Aldrich Canada Ltd., Oakville, ON 
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Corning cryovials Fisher Scientific, Whitby, ON 

Coverglass 22x50mm Leica Microsystems, Concord, ON 

Cytoseal-XYL mounting media Thermo Fisher Scientific, Nepean, ON 

DC Protein Quantification kit Bio-Rad, Mississauga, ON 

Deoxyribonucleoside triphosphate 
(dNTP) Life Technologies Inc., Burlington, ON 

Dithiothrei tol (DTT; western blot) Life Technologies Inc., Burlington, ON 

Dulbecco's Modified Eagle Medium 
(DMEM) Life Technologies Inc., Burlington, ON 

Enhanced chemiluminescence Perkin Elmer, Waltham, MA 

Ethanol Greenfield Ethanol Inc., Brampton, ON 

Ethidium Bromide Bio-Rad, Mississauga, ON 

Ethylenediaminetetraacetic acid 
(EDTA) Fisher Scientific, Whitby, ON 

Extravidin Sigma-Aldrich Canada Ltd., Oakville, ON 

Fetal bovine serum (FBS) Life Technologies Inc., Burlington, ON 

Glacial acetic acid Fisher Scientific, Whitby, ON 

Glycerol Fisher Scientific, Whitby, ON 

Hamilton syringe Fisher Scientific, Whitby, ON 

Hematoxylin Fisher Scientific, Whitby, ON 

Heparinized microcapillary tubes Drummond Scientific Company, Broomall, PA 

Horseradish peroxidase-conjugated 
anti-rabbit IgG secondary antibody Cell Signaling Technology, Danvers, MA 

Human recombinant IL-1β R&D Systems, Minneapolis, MN 

Human recombinant IL-6 R&D Systems, Minneapolis, MN 

Human recombinant TNFα R&D Systems, Minneapolis, MN 

Hydroxyethyl 
piperazineethanesulfonic acid 
(HEPES) Life Technologies Inc., Burlington, ON 
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ImmEdge Hydrophobic Barrier Pen Vector Laboratories, Burlington ON 

In Situ Cell Death Detection kit 
(TUNEL) Roche Applied Science, Laval, QC 

L-glutamine Life Technologies Inc., Burlington, ON 

Leupeptin Sigma-Aldrich Canada Ltd., Oakville, ON 

Lipopolysaccharide (LPS) from 
E.Coli 0111:B4 Sigma-Aldrich Canada Ltd., Oakville, ON 

McCoy's 5A culture medium Life Technologies Inc., Burlington, ON 

MCDB 105 culture medium Life Technologies Inc., Burlington, ON 

mEC/EOMA cell line ATCC, Manassas, VA 

Methanol Fisher Scientific, Whitby, ON 

Micro Cover Glasses, Round, 12mm VWR International LLC., Mississauga, ON 

Mouse on Mouse Immunodetection 
Kit Vector Laboratories, Burlington, ON 

Murine haptoglobin ELISA  GenWay Biotech, San Diego, CA 

Nitrocellulose membranes Amersham, Piscataway, NJ 

Nuclease-free microcentrifuge tubes 
(0.6ml, 1.5ml) Fisher Scientific, Whitby, ON 

Nuclease-free water Applied Biosystems, Foster City, CA 

OVCAR-3 cell line ATCC, Manassas, VA 

Pepstatin A Sigma-Aldrich Canada Ltd., Oakville, ON 

Phenylmethanesulfony fluoride 
(PMSF) Roche Applied Science, Laval, QC 

Phorbol myristic acid (PMA) Sigma-Aldrich Canada Ltd., Oakville, ON 

Potassium chloride Fisher Scientific, Whitby, ON 

Potassium iodide Fisher Scientific, Whitby, ON 

Potassium phosphate monobasic Fisher Scientific, Whitby, ON 

ProLong Gold Anti Fade mounting 
medium Life Technologies Inc., Burlington, ON 
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Radiographic film Electro-Medical Equipment Company, Ltd., 
Richmond Hill, ON 

Rnasin Fisher Scientific, Whitby, ON 

Rneasy Mini Kit Qiagen, Toronto, ON 

Roswell Park Memorial Institute 
(RPMI)-1640 culture medium Life Technologies Inc., Burlington, ON 

RQ1 DNase Promega, Madison, WI 

Serum Separator Tube (SST) 
Vacutainer blood collection tubes Fisher Scientific, Whitby, ON 

Skim milk powder Fisher Scientific, Whitby, ON 

SKOV-3 cell line ATCC, Manassas, VA 

Sodium azide Fisher Scientific, Whitby, ON 

Sodium borohydride Sigma-Aldrich Canada Ltd., Oakville, ON 

Sodium chloride Fisher Scientific, Whitby, ON 

Sodium citrate dihydrate Fisher Scientific, Whitby, ON 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich Canada Ltd., Oakville, ON 

Sodium fluoride (NaF) Fisher Scientific, Whitby, ON 

Sodium orthovanadate (NaV) Sigma-Aldrich Canada Ltd., Oakville, ON 

Sodium potassium dibasic anhydrous Fisher Scientific, Whitby, ON 

Sucrose Sigma-Aldrich Canada Ltd., Oakville, ON 

Superfrost Plus glass slides  Fisher Scientific, Whitby, ON 

SuperScript II Reverse Transcriptase 
kit Life Technologies Inc., Burlington, ON 

Taq DNA polymerase New England BioLabs Ltd. Pickering, ON 

TCM 199 culture medium Life Technologies Inc., Burlington, ON 

Tetramethylethylenediamine 
(TEMED) Sigma-Aldrich Canada Ltd., Oakville, ON 

Tetrasodium pyrophosphate Sigma-Aldrich Canada Ltd., Oakville, ON 
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Tris base Fisher Scientific, Whitby, ON 

Tris HCl Fisher Scientific, Whitby, ON 

Triton X-100 Sigma-Aldrich Canada Ltd., Oakville, ON 

Turbo DNA-free kit Applied Biosystems, Foster City, CA 

Tween-20 Fisher Scientific, Whitby, ON 

U-937 cell line ATCC, Manassas, VA 

WST-1 Roche Applied Science, Laval, QC 

Xylene Fisher Scientific, Whitby, ON 
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APPENDIX II – RECIPES FOR SOLUTIONS 

20x Phosphate Buffered Saline (PBS; Stock; Immunohistochemistry) 

Sodium chloride ............................................................................................. 16.0g 

Potassium chloride ........................................................................................... 0.4g 

Sodium potassium dibasic anhydrous .............................................................. 2.3g 

Potassium phosphate monobasic ...................................................................... 0.4g 

pH to 7.4 with HCl 

1x PBS (Immunohistochemistry) 

20x PBS ........................................................................................................ 200mL 

RO H2O ............................................................................................................ 3.8L 

0.1% Triton X-100 in PBS 

1% Triton X-100 ........................................................................................... 0.1mL 

1x PBS ......................................................................................................... 99.9mL 

0.1% Triton X-100 in PBS with 0.1% Sodium Citrate 

1% Triton X-100 ........................................................................................... 0.1mL 

1x PBS ......................................................................................................... 99.9mL 

Sodium citrate .................................................................................................. 0.1g 

Antibody Diluting Fluid (1% BSA) 

BSA powder ..................................................................................................... 1.0g 

1x PBS .......................................................................................................... 100mL 

Immunohistochemistry Blocking Solution (5% BSA) 

BSA ................................................................................................................... 10g 

Sodium azide .................................................................................................... 0.2g 

1x PBS .......................................................................................................... 200mL 

Citrate Buffer 

Stock A – Citrate Buffer 

Citric Acid ........................................................................................................ 2.1g 
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RO H2O ........................................................................................................ 100mL 

Stock B – Citrate Buffer 

Sodium citrate dihydrate ................................................................................ 14.7g 

RO H2O ........................................................................................................ 500mL 

Working Citrate Buffer 

Stock A ........................................................................................................... 18mL 

Stock B ........................................................................................................... 82mL 

RO H2O ...................................................................................................... up to 1L 

pH to 6.0 

Sodium Citrate with Tween 20 Buffer 

Sodium citrate dihydrate  ............................................................................... 2.94g 

RO H2O ...................................................................................................... up to 1L 

Tween 20 ....................................................................................................... 0.5mL 

pH to 6.0 with HCl 

Carazzi’s Hematoxylin 

Hematoxylin ................................................................................................... 0.25g 

Glycerol .......................................................................................................... 50mL 

Aluminum potassium sulfate ......................................................................... 12.5g  

Potassium iodide ............................................................................................ 0.05g  

RO H2O ........................................................................................................ 200mL  

RIPA Lysis Buffer 

10mM Tris HCl pH ...................................................................................... 0.788g 

RO H2O .............................................................................................. up to 495mL 

pH to 7.6 then continue 

5mM Ethylenediaminetetraacetic acid (EDTA) ........................................ 0.7306g 

50mM Sodium chloride ............................................................................... 1.461g 

30mM Tetrasodium pyrophosphate ............................................................. 3.988g 
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1% Triton X-100 .............................................................................................. 5mL 

Protease Inhibitors (add fresh before each use) ............................................ Per mL RIPA 

Aprotinin (2.5mg/mL) ....................................................................................... 2µL 

Phenylmethanesulfony fluoride (PMSF; 0.871g/mL) ..................................... 20µL 

Sodium Orthovanadate (NaV; 0.1mM) ............................................................. 2µL 

Sodium fluoride (NaF; 50mM) ....................................................................... 50µL 

Pepstatin A (1mg/mL) ....................................................................................... 1µL 

Leupeptin (2mg/mL) ......................................................................................... 1µL 

Reducing Buffer (3x) 

10% SDS .......................................................................................................... 2mL 

Glycerol ............................................................................................................ 1mL 

1M Tris HCl .................................................................................................. 0.5mL 

Tris HCl ............................................................................................ 1.576g 

RO H2O .................................................................................... up to 10mL 

pH to 6.8 

Bromeophenol Blue ....................................................................................... 10mg 

RO H2O .................................................................................................. up to 9mL 

DTT ............................................................................................................ 1:7 ratio 

12% Separating PAGE Gel 

RO H2O  ........................................................................................................ 3.3mL 

30% Acrylamide .............................................................................................. 4mL 

1.5M Tris buffer ............................................................................................ 2.5mL 

Tris base ........................................................................................... 18.16g 

RO H2O  ................................................................................. up to 100mL 

pH to 8.8 

10% SDS ....................................................................................................... 0.1mL 

10% Ammonium persulfate (APS) ............................................................... 0.1mL 
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APS ...................................................................................................... 0.1g 

RO H2O  ............................................................................................... 1mL 

Tetramethylethylenediamine (TEMED) ........................................................... 4µL 

Pour into gel mold, leaving space for stacking gel. Fill mold to top with 
RO H2O until gel resolved 

5% Stacking PAGE Gel 

RO H2O  ........................................................................................................ 2.1mL 

30% Acrylamide ........................................................................................... 0.5mL 

1.0M Tris buffer .......................................................................................... 0.38mL 

Tris base ........................................................................................... 12.12g 

RO H2O .................................................................................. up to 100mL 

pH to 6.8 

10% SDS ......................................................................................................... 60µL 

10% APS ......................................................................................................... 60µL 

APS ...................................................................................................... 0.1g 

RO H2O  ............................................................................................... 1mL 

TEMED ............................................................................................................. 3µL 

Add reducing buffer for colour; pour into mold on top of separating gel. 
Place comb into mold and allow to resolve 

5x Running Buffer (Tris-Glycine Buffer) 

Tris base ......................................................................................................... 15.1g 

Glycine ........................................................................................................... 72.1g 

10% SDS ........................................................................................................ 10mL 

RO H2O ...................................................................................................... up to 1L 

10x Transfer Buffer 

Tris base ......................................................................................................... 30.3g 

Glycine ............................................................................................................ 144g 

RO H2O .............................................................................................. up to 800mL 
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1x Transfer Buffer 

Methanol ...................................................................................................... 200mL 

RO H2O .............................................................................................. up to 900mL 

10x transfer buffer ........................................................................................ 100mL 

10x Tris buffered saline (TBS) 

Tris base ......................................................................................................... 24.2g 

Sodium chloride ............................................................................................. 80.0g 

RO H2O ...................................................................................................... up to 1L 

pH to 7.6 

1x Tris buffered saline with Tween 20 (TBST) 

10x TBS ....................................................................................................... 100mL 

RO H2O ...................................................................................................... up to 1L 

Tween 20 ....................................................................................................... 0.1mL 

50x Tris-acetate-EDTA (TAE) Buffer 

Tris base .......................................................................................................... 121g 

Glacial acetic acid .......................................................................................... 28.6g 

0.5M EDTA ................................................................................................... 50mL 

RO H2O .............................................................................................. up to 500mL 

1x TAE Buffer 

50x TAE buffer .............................................................................................. 20mL 

RO H2O ...................................................................................................... up to 1L 

1.5% Agarose Gel 

Agarose ............................................................................................................ 1.5g 

TAE buffer ......................................................................................... up to 100mL 

Microwave until agarose is dissolved, let sit until cool to the touch 

EtBr ............................................................................................................. ~10 µL 

Pour into mold, remove bubbles and insert comb 
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DNA Loading Buffer (6x) 

Sucrose ............................................................................................................. 4.0g 

Bromophenol Blue ......................................................................................... 25mg 

Dissolve in RO H2O 

0.5M EDTA .................................................................................................. 2.4mL 

RO H2O ................................................................................................ up to 10mL 

50mM Tris HCl 

Tris HCl ........................................................................................................ 0.788g 

RO H2O .............................................................................................. up to 100mL 

pH to 7.5 with NaOH 

BSA .......................................................................................... 1mg/mL before use 
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APPENDIX III - REAGENT PREPARATION 

Lipopolysaccharide – in vivo use 

Lipopolysaccharide from Escherichia coli 0111:B4 (Sigma-Aldrich Canada Ltd., 

Oakville, ON) was reconstituted at 1mg/ml in sterile PBS, aliquoted and stored at -20ºC. 

Working concentrations were prepared daily in sterile PBS. 

Lipopolysaccharide – in vitro use 

Lipopolysaccharide from Escherichia coli 0111:B4 (Sigma-Aldrich Canada Ltd., 

Oakville, ON) was reconstituted at 1mg/ml in sterile DMEM, aliquoted and stored at -

20ºC. Working concentrations were prepared fresh as needed in DMEM.  

Human Recombinant Cytokines 

Human recombinant cytokines interleukin (IL)-1β, IL-6 and tumor necrosis factor (TNF)-

α (R&D Systems, Minneapolis, MN) were reconstituted in sterile phosphate buffered 

saline (PBS) containing 0.1% bovine serum albumin (BSA; Sigma-Aldrich Canada Ltd., 

Oakville, ON) to produce stock concentrations of 25µg/ml, 10µg/ml and 100µg/ml 

respectively. Reconstituted cytokines were aliquoted and stored at -20ºC. Working 

dilutions were achieved by creating a 1/10,000 dilution of stock recombinant cytokines in 

serum-free media appropriate for each cell line. Treatment concentrations were prepared 

fresh for each experiment from the working dilutions in serum-free media for NOSE, 

CAOV-3 and OVCAR-3 cell lines and media containing 1% FBS for SKOV-3 cells.  
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APPENDIX IV - RT-PCR PRIMER SETS 

Primer	  Set	  &	  

Accession	  #	  
Sequence	  (5’-‐3’)	  

Annealing	  

Temp.	  (TA)	  

Primer	  

Concentration	  

hIL-‐1β	  

nm_00576.2	  

For	   GCTCGCCAGTGAAATGATGGC	  
54ºC	   0.1uM	  

Rev	   GGTGCATCGTGCACATAAGCC	  

hIL-‐6	  

nm_000600.3	  

For	   CCCAGTACCCCCAGGAGAAGATT	  
54ºC	   0.5uM	  

Rev	   ATAACCACCCCTGACCCAACCA	  

hTNFα	  	  

nm_000594.2	  

For	   AGCTTTGATCCCTGACATCT	  
57ºC	   0.5uM	  

Rev	   CCTATTGTTCAGCTCCGTTT	  

hIL1R1	  	  

nm_000877.2	  

For	   CGTCTTTGGAGGAACAGCTC	  
54ºC	   1.0uM	  

Rev	   AGAAGGCCTCCTAGGCAAAG	  

hIL6R	  	  

nm_000565.3	  

For	   CATTGCCATTGTTCTGAGGTTC	  
52ºC	   0.5uM	  

Rev	   AGTAGTCTGTATTGCTGATGTC	  

hTNFRSF1A	  	  

nm_001065.3	  

For	   GGTGCTAACCCCTCGATGTA	  
56ºC	   0.5uM	  

Rev	   CCCTGCCTTAGGACAGTTCA	  

mTLR-‐4	  	  

nm_021297.2	  

For	   GAGAACAGAAAGGAGAACCA	  
49ºC	   0.5uM	  

Rev	   GCCTTCTTAGCATACCTGTA	  

	   	   For	  =	  Forward,	  Rev	  =	  Reverse,	  h	  =	  human,	  m	  =	  mouse	  
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