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ABSTRACT 

 

THE USE OF THROMBOSPONDIN-1 MIMETIC PEPTIDES FOR THE TREATMENT OF 
EPITHELIAL OVARIAN CANCER 

 

Nicole Campbell        Advisor: 

University of Guelph, 2012       Professor Jim 
Petrik 

 

This thesis is an investigation of the use of thrombospondin-1 mimetic peptides 

for the treatment of epithelial ovarian cancer.  The current standard of care for women 

diagnosed with ovarian cancer is surgical de-bulking followed by chemotherapeutics.  

Initially, this treatment regimen results in a reduction in the primary tumor, 

unfortunately chemoresistance and disease recurrence are problematic. Recent data 

has suggested a potential role for anti-angiogenic therapy for the treatment of various 

cancers.  Therefore, the purpose of this study was to investigate the use of mimetics 

consisting of the anti-angiogenic domain of thrombospondin-1 (TSP-1) for the treatment 

of epithelial ovarian cancer (EOC) using a mouse model of the disease.  The peptides 

were applied at various stages of tumor progression and a significant reduction in tumor 

size following treatment was observed.  We found that not only were the peptides 

capable of slowing down tumor progression but they also played a role in reducing the 



size of established tumors.  Treatment with TSP-1 mimetics also resulted in a significant 

reduction in secondary lesions and ascites fluid in the peritoneal cavity of animals.  A 

significant increase in disease-free survival was also identified following long-term 

treatment with the peptide.  Various histological studies revealed that the anti-

angiogenic peptide was in fact inducing apoptosis of the endothelial cells and also re-

organizing the vasculature.  To determine whether this resulted in increased blood 

vessel profusion we applied standard chemotherapeutics in combination with TSP-1 

mimetics.  Experiments with radiolabelled and fluorescent chemotherapeutics 

demonstrated that pre-treating with TSP-1 mimetics allowed the vasculature to become 

normalized and resulted in an increased uptake of chemotherapeutics.  Lastly, we 

investigated the mechanism of action of anti-angiogenic peptides.  Most of the anti-

tumor effects appeared to be due to the apoptotic effects of TSP-1 mimetics on the 

vasculature.  A direct apoptotic effect on epithelial cells also was observed; however, it 

is uncertain how much of a role this plays.  In conclusion, this study was important for 

identifying TSP-1 mimetic peptides as a potential therapeutic treatment for women 

suffering from EOC. 
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Introduction and literature review 

Ovarian Cancer 

Ovarian cancer represents the most lethal gynecological malignancy and the fifth 

leading cause of cancer related deaths among women.  In Canada, 2600 women are 

diagnosed each year and of these 1750 die from the disease.  This makes the lifetime 

risk of ovarian cancer 1 in 70 women (Ovarian Cancer Canada).  Tumors of the ovary are 

classified and named according to the cell type from which they originate and whether 

they are benign or cancerous.  The cell types which have been known to give rise to 

tumors include the surface epithelium, germ cells and sex cord-stromal cells.  The 

epithelial cells constitute 85-95% of ovarian cancers, leaving germ cells (5-8%) and 

stromal cells (3-5%) making up the rest (Roett and Evans, 2009).  Therefore, the majority 

of ovarian cancers arise from the surface epithelium, known as epithelial ovarian cancer 

(EOC).  There are various subtypes of EOC which are classified according to the World 

Health Organization (WHO) based on their histopathogy (Scully, 1975).  These subtypes 

include, serous, endometroid, mucinous, clear cell, undifferentiated and unclassified.  

The most prevalent EOC subtype is high-grade serous adenocarcinoma and it 

contributes to over 50% of EOCs (Heintz et al., 2006). 

Ovarian cancer is staged based on histopathological findings during surgical 

exploration.  Staging is determined by the International Federation of Gynecology and 

Obstetrics, otherwise known as the FIGO system.  In general, the system breaks down 

the disease into four stages based on the extent of the primary tumor, involvement of 
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metastasis to the lymph nodes and distant metastases (Heintz et al., 2006).  For a 

detailed description of ovarian cancer staging refer to Table 1.  The survival rates for 

ovarian cancer vary drastically depending on what stage the disease is diagnosed.  If 

detected at early stages, the five-year survival rate can be as high as 90% compared to 

less than 20% at later stages of the disease (Fiorica et al., 1996;Heintz et al., 2006;Roett 

and Evans, 2009).  Unfortunately, EOC often presents at later stages due to the 

asymptomatic nature of the disease (Holschneider and Berek, 2000).  Based on the fact 

that women diagnosed with ovarian cancer in early stages have a significantly better 

prognosis compared to those that go undetected, a lot of focus has been given to the 

identification of biomarkers that would allow for early detection of disease.  These 

biomarkers would also allow clinicians to monitor the disease following treatment in 

order to reduce recurrence.  Despite these efforts, researchers have not successfully 

identified a biomarker that can reliably diagnose early stages of ovarian cancer 

(Husseinzadeh, 2011).     

Ovarian cancer tends to be a disease of older women, affecting those 

approaching or in menopause.  The majority of women who are diagnosed with EOC are 

over the age of 40 and the peak incidence age is 60 (Yancik, 1993).  There are various 

risk factors which can contribute to ovarian cancer however most of the cases are 

sporadic.  The most significant risk factor is a family history or genetic syndrome and 

contributes to 5-10% of cases diagnosed.  Other factors which have been reported to 

increase the risk of developing ovarian cancer are exposure to environmental and 

pharmacologic agents (Holschneider and Berek, 2000;Roett and Evans, 2009).  There are 
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also various reproductive factors which can alter a woman’s risk of developing ovarian 

cancer.  In 1971, it was hypothesized that there was a potential link between ovulatory 

cycles and the development of ovarian cancer.  Incessant ovulation is major risk factor 

(Fathalla, 1971).  Various findings have since supported this theory (Casagrande et al., 

1979; La Vecchia et al., 1983).  Epithelial cells must rapidly proliferate following 

ovulation which may permit mutations in the surface cells (Bast, Jr. et al., 1992).  As 

well, various factors which are known to reduce the number of ovulatory events have 

been found to decrease a woman’s risk of developing the disease.  This includes use of 

the oral contraceptive pill, late menarche, early menopause, multiparity and 

breastfeeding (Hankinson et al., 1995; Mori et al., 1988; Purdie et al., 1995; Purdie et al., 

2003; Risch et al., 1983; Risch et al., 1994; Rosenblatt and Thomas, 1993).    

Despite these known risk factors, the origin and molecular pathogenesis of EOC 

is largely unknown.  The disease is thought to originate at the ovary, however studies 

have found precursor lesions at other sites (Kurman and Shih, 2010).  Over the past 

decade there have been extensive studies to suggest that the tissue of origin is in fact 

the fallopian tube (Crum et al., 2007).  In fact, recent studies have reported early lesions 

on the fallopian tube in the majority of nonhereditary high-grade ovarian serous 

carcinomas (Kindelberger et al., 2007; Przybycin et al., 2010).  Other support for this 

theory has come from the fact that researchers have successfully created a mouse 

model of high-grade serous ovarian cancer that results from a primary tumor on the 

fallopian tube following genetic manipulation.  The disease spreads in the peritoneal 

cavity of the knockout mice which is also characteristic of the human form; interestingly, 
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if an oophorectomy is performed at a young age, the mice continue to progress with the 

disease but if the fallopian tubes are removed the disease is prohibited (Kim et al., 

2012).     

Historically, tumorigenesis was thought to originate in the ovary and spread to 

the nearby tissues before disseminating throughout the peritoneal cavity (Cho and Shih, 

2009).  Despite where the initial tumorigenic events take place, the progression of the 

disease seems to follow a similar route.  The most common method of metastasis of 

ovarian cancer is through the transcoelomic route.  Tumor cells become detached from 

the primary site and are transported within the peritoneal cavity via the available fluid 

(Tan et al., 2006).  The cells eventually seed themselves on organs within the peritoneal 

cavity and as a result, malignant ascites forms (Barbolina et al., 2009).  In contrast, 

distant metastases are rare but have been reported at various sites (Roett and Evans, 

2009).      

There are various hallmarks of cancer which are essential in order for cells to 

become tumorigenic.  It is thought that once cells have acquired certain mutations they 

have the ability to be: self-sufficient in growth signaling via activation of oncogenes or 

loss of tumor-suppressor genes, insensitive to anti-growth signals, unresponsive to or 

have the ability to evade apoptotic events, capable of limitless replication and can 

invade tissues, known as metastasis (Hanahan and Weinberg, 2000).  Although all of 

these neoplastic properties are necessary for tumor development, they are not 

sufficient to become clinically relevant (Naumov et al., 2006).  In order for a population 
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of tumor cells to grow they require angiogenesis in order to obtain their own blood 

supply (Folkman, 1971;Folkman and Klagsbrun, 1987).   

Angiogenesis 

Physiological  Angiogenesis 

Angiogenesis is the formation of new blood vessels from existing vasculature and 

has been reported to play an essential role in physiological and pathological conditions 

(Folkman, 1995).  The process was first identified in the placenta and has since received 

a lot of attention based on the fact that tumor progression is dependent on 

angiogenesis (Folkman, 1971; Folkman, 1972; Folkman and Klagsbrun, 1987).  

Angiogenesis begins with capillary proliferation whereby fragmentation of the vessel’s 

basement membrane, migration of endothelial cells from the existing vessel towards an 

angiogenic stimulus and proliferation of endothelial cells occurs.  Following 

proliferation, newly formed vessels differentiate into arterioles and venules which are 

necessary for newly formed tissues (Folkman and Klagsbrun, 1987; Klagsbrun and 

D'Amore, 1991).  Physiological angiogenesis occurs during embryogenesis, tissue repair 

and reproductive process, but is otherwise rare in adult tissues (Folkman, 1995).  In 

contrast, pathological conditions such as inflammation, immune reactions and neoplasia 

are all capable of inducing angiogenesis throughout an individual’s lifespan (Denekamp, 

1984).  Compared to physiological angiogenesis which is a tightly controlled process, 

pathological angiogenesis often results in unnecessary bleeding, vascular leakage and 

tissue damage (Folkman, 2006).     



 

6 

Tumor Angiogenesis 

 In order to grow beyond 1-2 mm3, tumors must recruit a blood supply (Folkman, 

1971), and without adequate perfusion, tumors may become necrotic (Brem et al., 

1976) or apoptotic (Holmgren et al., 1995).  Therefore tumors have the ability to 

progress from a non-angiogenic to an angiogenic phenotype, a process known as the 

angiogenic switch (Folkman et al., 1989).  Once tumor cells have transformed to an 

angiogenic phenotype they are capable of inducing changes in nearby endothelial cells 

or other surrounding cells (Norby et al., 1997; Polverini, 1996).  This switch is regulated 

by pro- and anti-angiogenic factors and when the balance is disrupted, pathological 

conditions such as cancer can result (Carmeliet, 2003).  Activation of the angiogenic 

switch is accomplished through secretion of growth factors or cytokines, overexpression 

of oncogenes, suppression of tumor-suppressor genes and induction of tumor-

associated hypoxia. 

Regulation of Angiogenesis 

 Growth factors or cytokines represent pro-angiogenic factors which when produced 

in excess induce vessel formation.  Numerous growth factors have been implicated in 

angiogenesis, including basic fibroblast growth factor (bFGF) (Moscatelli et al., 1988), 

platelet-derived growth factor (PDGF) (Nicosia et al., 1994), angiopoietin-1 (Ang-1) 

(Pepper et al., 1993), transforming growth factor-beta 1 (TGFB 1) (Gleave et al., 1993) 

and epidermal growth factor (EGF) (Yamamoto et al., 2010).  The best characterized and 

one of the most potent pro-angiogenic growth factors which has been found to be 
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overexpressed in a variety of cancers is vascular endothelial growth factor (VEGF) 

(Yamamoto et al., 2010; Fujimoto et al., 2001).  VEGF is a member of the PDGF family 

and functions in vasculogenesis and angiogenesis to promote the growth of blood 

vessels through receptor binding (Tischer et al., 1989).  There are two VEGF receptors, 

VEGF receptor-1 (VEGFR1) and VEGF receptor-2 (VEGFR2) which are located on the 

surface of endothelial cells.  These receptors belong to a larger family of receptor 

tyrosine kinases (RTKs) that function to affect cell proliferation, differention, migration 

and metabolism (Mustonen and Alitalo, 1995; McMahon, 2000).  Similar to other 

tyrosine kinases, the action of VEGF binding to its receptor results in dimerization and 

autophosphorylation of tyrosine residues which activates a signal transduction pathway.  

This pathway involves numerous proteins that affect cell survival, cell migration, cell 

proliferation and vascular cell permeability which all influence angiogenesis   (Carmeliet, 

2005; Hubbard, 1999; Neufeld et al., 1999).  

 VEGF has been shown to induce angiogenesis in a variety of in vivo models (Cao et 

al., 1998; Phillips et al., 1994; Plate et al., 1992; Tolentino et al., 1996).  It is well known 

that increased VEGF expression is characteristic of pathological angiogenesis which 

occurs during tumorigenesis.  Malignant transformation of cells through various genetic 

mutations can also increase VEGF expression and promote angiogenesis (Grugel et al., 

1995; Kieser et al., 1994).  The action of VEGF is predominantly mediated in a paracrine 

fashion.  This is because tumor cells will secrete VEGF however they lack cell surface 

receptors needed to elicit a response.  Endothelial cells possess these receptors which 
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allow the growth factor to bind which ultimately activates angiogenesis within the 

tumor.  There has also been some data which suggests that VEGF is capable of a more 

direct or autocrine mechanism of action.  This is based on the fact that some tumors 

have been found to express VEGF receptors and also secrete VEGF.  It is believed that 

the autocrine action of VEGF mediates endothelial cell survival and vascular 

homeostasis through binding to VEGFR2 (Alon et al., 1995; Lee et al., 2007).  

 One of the most critical driving forces of angiogenesis is tumor-associated hypoxia 

which is a characteristic of solid tumors.  Hypoxia stimulates the production of VEGF 

(Minchenko et al., 1994; Shweiki et al., 1992).  The process is coordinated by hypoxia-

inducible factor (HIF) which controls transcription of various hypoxia-sensitive genes.  

Hypoxia induces expression of VEGF via HIF-1a and HIF-2a transcription factors 

(Forsythe et al., 1996; Semenza, 2003).  Oncogene activation of HIF has also been known 

to play a role in tumor angiogenesis.  Following upregulation of pro-angiogenic factors 

such as VEGF, various events take place which promote the stimulation and 

maintenance of the newly formed vessels (McMahon, 2000). 

 Initiation of vessel formation is referred to as endothelial sprouting.  It is this 

process that allows tumors to recruit blood vessels and become vascularised to meet 

their metabolic demands (Dome et al., 2007).  Members of the pro-angiogenic family 

such as VEGF and Ang permit pericyte detachment from the endothelial cells which 

results in vessel dilation.  VEGF also plays a role in the activation of matrix degradation 

enzymes which make it feasible for new blood vessels to form.  In order for blood vessel 

maturation to occur, Ang-1 must bind to its receptor Tie-2.  These signalling events 
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result in the secretion of PDGF from the endothelial cells which stimulates the 

recruitment of pericytes to the vessels (Bergers and Song, 2005).  Tumor vasculature 

however does not undergo blood vessel maturation, as evident by the lack of pericytes 

affiliated.  It is believed that this is due to the hypoxic regions which occur within tumor 

tissue which signals the angiogenic process to be up-regulated and tumor growth to 

continue (Holash et al., 1999).   

 Other differences exist in tumor vasculature that distinguishes them from normal 

vessels.  The aggressive nature of a tumor and overexpression of pro-angiogenic factors 

result in a disorganized network of vessels.  There is a lack of vessel hierarchy and their 

shape and size is inconsistent (McDonald and Choyke, 2003; Konerding et al., 2001).  

The endothelial cells lining tumor vessels are often discontinuous and therefore have 

increased fenestrations.  This translates to tumor vessels being more permeable than 

normal vessels (Carmeliet and Jain, 2000).  While the aforementioned pro-angiogenic 

factors are essential for angiogenesis, the process is also regulated through the 

expression of anti-angiogenic factors such as thrombospondins. 

Endogenous Inhibitors of Angiogenesis 

Thrombospondins 

 Thrombospondin was originally identified in the early 1970s and named thrombin-

sensitive protein based on its secretion from α granules of blood platelets following 

thrombin activation (Baenziger et al., 1971).  The protein was later termed 

thrombospondin (TSP) (Baenziger et al., 1971; Baenziger et al., 1972).  TSPs belong to a 
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family of multifunctional and multidomain glycoproteins.  These domains have the 

ability to interact with adhesive proteins, cell receptors and enzymes.  They are capable 

of binding to heparin (Dixit et al., 1986; Gogstad et al., 1983; Lawler and Slayter, 1981), 

fibronectin (Lahav et al., 1982 ;Lahav et al., 1984), fibrinogen (Lahav et al., 1984; Leung 

et al., 1984; Tuszynski et al., 1985), plasminogen (Silverstein et al., 1985), histidine-rich 

glycoprotein (Leung et al., 1984), type IV collagen (Mumby et al., 1984) and calcium 

(Lawler and Simons, 1983; Phillips et al., 1980).  Combined, these diverse interactions 

allow TSP to be involved in cell adhesion, migration, proliferation, cell-to-cell 

interactions, angiogenesis, tumor cell metastasis, inflammation, atherosclerosis, 

hemostasis and thrombosis and cell-to-matrix communication (Lahav, 1993).   

There are five members of the TSP family, TSP-1, -2, -3, -4 and -5 or COMP 

(cartilage oligomeric matrix protein) (Adams, 2001; Bornstein and Sage, 1994; Lawler et 

al., 1993). The family of proteins can be divided into two subgroups on the basis of their 

oligomerization and molecular architecture.  TSP-1 and -2 are trimers that have the 

same set of structural domains and belong to subgroup A.  The protein is a 450 kDA 

protein which is composed of three 150 kDA disulfide-linked polypeptide chains 

(Baenziger et al., 1972; Bornstein, 1992; Coligan and Slayter, 1984; Lawler et al., 1978; 

Lawler et al., 1977; Lawler et al., 1985).  Each subunit of the trimer consists of an N-

terminal globular domain, a region homologous to procollagen, three types of repeated 

sequence motifs (type 1, type 2 and type 3 repeats) and a C-terminal globular domain 

(Lawler and Hynes, 1986).  TSP-1 and -2 are members of the thrombospondin type-1 

repeat (TSR) supergene family whereas the remaining members of the family lack the 
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TSR and the procollagen domain, are pentamers and are part of subgroup B (reviewed 

by Adams 2001).  Therefore, all members of the TSP family have a high degree of 

homology at the carboxy-terminal end of the polypeptide.  They all contain a variable 

number of EGF domains (or Type 2 repeats) and have calcium binding domains (or seven 

Type 3 repeats) (Adams and Lawler, 2004).  

Thrombospondin-1 (TSP-1)  

 Thrombospondin-1 (TSP-1) was the first of the five members to be identified as a 

major component of blood platelets.  Since its discovery, TSP-1 has been implicated in 

the regulation of cell growth and proliferation (Majack et al., 1988; Taraboletti et al., 

1990), cell motility (Good et al., 1990; Taraboletti et al., 1987; Vogel et al., 1993), 

cytoskeletal organization (Ketis et al., 1988; Ketis and Lawler, 1990), inflammatory 

responses (Jaffe et al., 1985; Kreis et al., 1989), development and differentiation of 

various cell types (O'Shea et al., 1990), regulation of angiogenesis during wound healing 

(Bornstein et al., 2004) and tumorigenesis (Ren et al., 2006); reviewed by (Lahav, 1993).   

TSP-1 contains multiple receptor binding domains located throughout the 

peptide that are capable of various functions (Lawler, 1986).  These receptors include 

low density lipoprotein receptor-related protein (LRP), proteoglycans and sulfatides, 

CD36, integrins, integrin-associated protein (IAP) and an unidentified receptor for the C-

terminus (Figure 1) (Chen et al., 2000).  Many membrane proteins can also act as 

receptors for TSP-1 and activate downstream signalling pathways (Lawler, 2002).  The 

anti-angiogenic effects of TSP-1 have been reported to be predominantly mediated by 
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the CD36 receptor (Silverstein and Febbraio, 2007).  CD36 is a cell-surface membrane 

protein that belongs to the scavenger receptor B family (Robson et al., 1988).  The 

receptor interacts with a specific motif on TSP-1 , as evident by studies that utilized 

specific peptides and noted receptor binding inhibition to the anti-angiogenic 

compound (Asch et al., 1992).  In vitro studies have demonstrated that CD36 is 

responsible for the inhibition of endothelial cell migration and tube formation (Dawson 

et al., 1997).  Studies that involved mice deficient in the scavenger receptor reported 

that both TSP-1 and -2 did not have anti-angiogenic activity (Jimenez et al., 2000; 

Simantov et al., 2005).  Upon binding of TSP-1 with CD36, a pro-apoptotic response is 

elicited which results in an anti-angiogenic response on endothelial cells.  This is 

mediated via activation of fyn kinase and subsequent activation of p38 MAP kinase and 

caspases.  Mice deficient in components of these pathways failed to elicit an anti-

angiogenic response to TSP-1 (Jimenez et al., 2000).        

TSP-1 in Cancer 

Researchers have reported relatively low levels of TSP-1  in various human tumor 

cell lines compared to normal or benign lines (Bocci et al., 2003; Bastian et al., 2005).  As 

well, cell lines with low metastatic potential have been reported to express higher levels 

of TSP-1 compared to metastatic lines (Weinstat-Saslow et al., 1994; Zabrenetzky et al., 

1994).  The expression of anti-angiogenic molecules has also been reported in malignant 

bladder carcinomas (Beecken et al., 2009).  Experiments where TSP-1 was transfected 

into human cancer cell lines and inhibited primary tumor formation  (Sheibani and 
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Frazier, 1995;Weinstat-Saslow et al., 1994) and decreased metastasis in vivo (Weinstat-

Saslow et al., 1994) validated this relationship.  It has also been documented that 

metastasis is suppressed following administration of TSP-1 in a melanoma model 

(Rofstad and Graff, 2001).  This suggests that an inverse correlation between TSP-1 

expression and tumor aggressiveness whereby malignant progression is associated with 

reduced levels of TSP-1 in certain cancers.  This has since been supported by more 

recent studies where it was determined that low TSP-1 expression was significantly 

associated with advanced or late stage disease of clear cell renal cell carcinoma and 

non-small cell lung carcinoma (Chen et al., 2009; Zubac et al., 2009).    

Overexpression of TSP-1 in cancer cell lines has been shown to suppress tumor 

formation by targeting the vasculature (Bleuel et al., 1999; Fontana et al., 2005; Hsu et 

al., 1996; Sheibani and Frazier, 1995; Streit et al., 1999; Weinstat-Saslow et al., 1994).  

An anti-angiogenic phenotype has been induced following introduction of TSP-1 into cell 

lines derived from gliobastoma multiforme.  Angiogenesis was measured by in vitro 

endothelial cell migration and in vivo corneal neovascularization assays (Hsu et al., 

1996).  TSP-1 expression has also been manipulated in human cancer cell lines and 

injected into nude mice.   Angiogenesis is then assessed based on microvessel density 

(MVD) within the tumors which utilizes endothelial cell-specific markers, such as cluster 

of differentiation 31 (CD31) in order to identify vessels via immunohistochemistry.  MVD 

was decreased in primary tumors that formed from the TSP-1 overexpressing cell lines 

(Weinstat-Saslow et al., 1994).  In a model of human squamous cell carcinoma, TSP-1 

overexpression experiments reported similar results in that tumor growth, vessel 
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number and size were significantly decreased.  Histological analysis revealed that 

tumors derived from TSP-1 stably transfected cells exhibited extensive areas of tumor 

cell necrosis which might have been due to the anti-angiogenic effects of TSP-1 on  

tumor vasculature (Streit et al., 1999).   

Expression of TSP-1 and its correlation with angiogenesis has been investigated 

in clinical studies of patients with bladder, papillary thyroid and epithelial ovarian 

cancer.  This relationship was established based on a significant inverse association 

between TSP-1 expression and MVD count.  Patients with tumors that expressed high 

levels of TSP-1 had low MVD counts and were therefore more likely to exhibit a 

decrease in angiogenesis compared to control tissue.   A decrease in TSP-1 expression 

has also been reported to be accompanied with high MVD counts which may contribute 

to an angiogenic phenotype (Alvarez et al., 2001; Grossfeld et al., 1997; Kodama et al., 

2001a; Tanaka et al., 2002; Yao et al., 2000).  

The majority of studies that have investigated vascular parameters and related 

them to TSP-1 expression have done so through histological examination of endothelial 

cell specific markers within tumor tissue.  There are however various human carcinomas 

with different degrees of vascularization that have been used to determine how 

vascularity relates to expression of TSP-1.  Increased levels of TSP-1 were found in a 

hypovascularized human carcinoma (Kawahara et al., 1998).  Results from this study 

support that an inverse relationship exists between the degree of vascularization and 

TSP-1 expression. It also supports the role of TSP-1 as an anti-angiogenic protein that 

regulates tumorigenesis.   
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Expression of TSP-1 has also been a predictor of tumor recurrence and overall 

survival.  Clinical studies of patients with invasive bladder cancer and papillary thyroid 

carcinoma reported low TSP-1 expression, as determined by immunohistochemistry, 

was associated with an increased probability of disease recurrence and decreased 

overall survival (Grossfeld et al., 1997; Tanaka et al., 2002).  Likewise, lack of TSP-1 was 

associated with poorer prognosis in patients diagnosed with colorectal carcinoma (Kaio 

et al., 2003).  Tumors from patients that were determined to be TSP-1 negative had a 

worse prognosis compared to those who expressed the anti-angiogenic protein (Maeda 

et al., 2001).  Clinical studies of invasive epithelial and cervical cancer have revealed that 

TSP-1 expression might also offer a valuable prognostic factor (Kodama et al., 2001a; 

Kodama et al., 2001b).   In another study of invasive EOC, tumors that expressed high 

levels of TSP-1 was associated with a higher survival rate compared to cases where TSP-

1 levels were lower (Alvarez et al., 2001).  Expression of TSP-1 and good overall survival 

has also been documented in gastric cancer (Nakao et al., 2011).  The 5-year survival 

rate has also shown to be significantly higher in patients with tumors that express high 

levels of TSP-1 (Yao et al., 2000).  The evidence mentioned supports that TSP-1 

possesses anti-tumor properties in some cancers and may be a useful tool to predict 

prognosis.  An indirect inhibitory effect might also play a role.  TSP-1 and VEGF have 

been reported to have an inverse relationship (Kwak et al., 2002); therefore tumors that 

express high levels of TSP-1 would presumably have low levels of VEGF.    
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Treatment for EOC 

A woman who is suspected of having ovarian cancer will initially undergo surgical 

treatment which serves two purposes.  If the disease is in its early stages, the purpose of 

surgery is to confirm diagnosis and surgically stage the patient.  On the other hand, if 

the disease appears to be more advanced, then the goal is to surgically de-bulk the 

tumor as well (Partridge and Barnes, 1999).  Women who are diagnosed with early 

stages of EOC have a high survival rate following surgery alone.  However, less than 30% 

of women are diagnosed in early stages of the disease and therefore require adjuvant 

treatment (Gonzalez-Martin, 2004).  Over the years, the use of chemotherapy for the 

treatment of EOC has proven to be successful (McGuire et al., 1989).  Ovarian cancers 

are highly responsive to cytotoxic agents including alkylating agents, platinum 

compounds, anthracyclines and taxanes (Qazi and McGuire, 1995).  Conventional 

treatment of ovarian cancer typically involves cyto-reductive surgery followed by 

platinum or taxol based chemotherapy (Harries and Kaye, 2001; Morrison et al., 2007). 

Chemotherapeutics 

Cisplatin (cis-diamminedichloroplatinum II) is a platinum-based 

chemotherapeutic that has been used to treat various cancers.  Platinum complexes 

bind to and cause cross-linking of DNA which ultimately induces apoptosis of the cells 

(Williams and Whitehouse, 1979).  The cytotoxic agent was discovered accidentally in 

the mid-1960s when the effect of electric fields on the growth of cells was being 

investigated (Rosenberg et al., 1965).  Platinum compounds were then tested on cancer 
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cell lines and it was determined that they exhibit anti-tumor activity by inhibiting cell 

division (Rosenberg et al., 1965).  In 1976, one of the first trials (phase II study) of 

cisplatin in advanced ovarian adenocarcinoma was conducted which demonstrated a 

response rate of survival, or the percentage of patients whose cancer disappeared or 

regressed following treatment (Wiltshaw and Kroner, 1976).   

Paclitaxel is a mitotic inhibitor that has also been utilized as an anti-cancer agent 

since its discovery in 1967 when it was isolated from the bark of the Pacific yew tree 

(Wani et al., 1971; Wall and Wani, 1996).  It was determined that the compound was 

capable of inhibiting proliferation in the cell cycle and therefore blocking mitosis (Fuchs 

and Johnson, 1978).  Unlike other anti-mitotic agents, paclitaxel stabilizes microtubules 

and inhibits depolymerisation to tubulin, disrupting their formation during mitosis 

(Schiff et al., 1979).  When paclitaxel was entered into phase II clinical trials for the 

treatment of advanced ovarian cancer, a response rate of approximately 30% was 

observed (McGuire et al., 1989) and these results were very similar to those reported 

for cisplatin (Wiltshaw and Kroner, 1976).  Since its entry into clinical trials, others have 

reported significant activity in patients suffering from ovarian cancer (Einzig et al., 1992; 

Thigpen et al., 1994).          

The inclusion of cisplatin and paclitaxel in randomized trials demonstrated their 

effectiveness based on reports of increased response rate, progression-free survival and 

overall median survival (McGuire et al., 1989; McGuire et al., 1996; Omura et al., 1986; 

Wiltshaw and Kroner, 1976).  Therefore, patients diagnosed with EOC are often treated 

with a combination of cisplatin (75mg/m2) and paclitaxel (135mg/m2) every three 
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weeks for six cycles following surgical de-bulking (Partridge and Barnes, 1999).  

Combining platinum with paclitaxel has been well documented over the years however 

recent studies have supported using carboplatin instead of cisplatin (du Bois et al., 2003; 

Ozols et al., 2003).  Clinical trials have shown that carboplatin is as effective as cisplatin 

and is significantly less toxic (Alberts and Mason-Liddil, 1989).  Phase I trials 

demonstrated that carboplatin could be combined with paclitaxel without severe 

toxicities (Ozols, 1995).  In order to combat some of the toxicities associated with a long 

duration of infusion and allow for outpatient care, carboplatin and paclitaxel are 

currently been tested as a 3 hour infusion (du Bois et al., 1999).  Ongoing survival data 

will determine if this combination and dosing schedule become the new standard of 

care for ovarian cancer.    

IV versus IP Chemotherapy   

The route of administration of chemotherapy for various cancers is often 

intravenous.  Due to the fact that ovarian cancer is a disease of the peritoneal cavity, it 

is thought that intraperitoneal therapy might be more advantageous.  Although the use 

of intraperitoneal chemotherapy may seem like a relatively new approach, it has 

actually been in practice since the 1950s for the treatment of various diseases 

(Weisberger et al., 1955).  The pharmokinetic rationale for the use of IP chemotherapy 

for cancers of the peritoneal cavity was later evaluated (Dedrick et al., 1978).  The first 

randomized phase III trial which compared IV and IP therapies was conducted in the 

1980s and these results were reported in the New England Journal of Medicine in 1996.  
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Results from this study demonstrated for the first time that IP chemotherapy (cisplatin) 

had a significant beneficial effect on patient survival and fewer toxic effects (Polyzos et 

al., 1999).  Therefore, IP chemotherapy appears to be better tolerated by patients and 

morbidity due to complications has been reported to be minimal in IP groups compared 

to IV (Polyzos et al., 1999).  It has also been demonstrated that IP therapy had a slight 

improvement in progression-free survival compared to IV treatment (Gadducci et al., 

2000).  Based on these results, in 2006 the National Cancer Institute has encouraged the 

use of IP chemotherapy as the standard treatment of care for patients with ovarian 

cancer following surgical de-bulking.  Since this recommendation, various studies have 

been conducted using IP chemotherapy and the principles and clinical implications for 

the treatment of women with ovarian cancer has been extensively reviewed (Fujiwara 

et al., 2007).  Patients who responded to IP chemotherapy treatment also demonstrated 

a significant decrease in CA125 (tumor biomarker) serum levels (Richardson et al., 

2008). 

Standard of Care 

Recent studies have reported that cytoreductive surgery combined with 

chemotherapy as the standard of care for women with ovarian cancer has resulted in a 

slight increase in overall patient survival (Engel et al., 2002; Chan et al., 2010).  In 

general, this approach initially results in a reduction of the primary tumor however 

tumor recurrence and chemoresistance are common (Ozols, 1997).  Chemotherapy 

plays an important role for women with recurrent disease.  Despite the fact that the 
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majority of patients with EOC will relapse from first line treatments, chemotherapy is 

necessary as a means of palliative care (Harries and Kaye, 2001).  In order to avoid these 

issues associated with the treatment of diseases such as EOC, research is being focused 

on alternative therapeutic options.  Due to the fact that ovarian cancer is often 

diagnosed at late stages of the disease, there is a need for treatment options that will 

successfully reduce the size of tumors and avoid recurrence or resistance to therapies.     

Anti-angiogenic Therapy 

The concept of anti-angiogenic therapy was first postulated decades ago by 

Judah Folkman (Folkman, 1971).  It was hypothesized that solid tumor growth depends 

on angiogenesis in order to grow beyond 1-2 mm3.  Therefore, he proposed that 

inhibiting the tumor vasculature would induce dormancy and essentially result in tumor 

regression.  There are various fundamental concepts of angiogenesis which support the 

potential for anti-angiogenic therapy.  It has been well documented that the growth of 

normal and malignant tissue requires neovascularization (Folkman, 1971; Folkman, 

1995; Folkman, 1998).  Most individuals harbor microscopic, nonangiogenic colonies of 

cancer cells (carcinoma in situ), yet less than 1% undergo an angiogenic switch and 

become malignant (Folkman and Kalluri, 2004).  Endogenous inhibitors of angiogenesis 

control angiogenesis in physiological and pathological conditions such as ovulation and 

tumorigenesis respectively (Folkman, 2004; Nyberg et al., 2005).  Lastly, anti-angiogenic 

compounds target both cancer cells and endothelial cells derived from tumors 

(Folkman, 2006).  It is clear that the angiogenic cascade plays a vital role for the growth 
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of solid tumors.  For this reason, the idea of manipulating this essential process for the 

treatment of cancer has been postulated over the years.  Due to the fact that 

angiogenesis is regulated by a balance between pro-angiogenic and anti-angiogenic 

factors, therapeutics could be designed to decrease or increase these components 

respectively.  

Anti-VEGF Therapy 

 Although the idea to utilize anti-angiogenic drugs for the treatment of various 

cancers was proposed in the 1970s, it was not until a few decades later that the first 

anti-angiogenic drug was developed and approved by the FDA for therapeutic use 

(Ferrara, 2004).  This drug is a human anti-VEGF monoclonal antibody, otherwise known 

as bevacizumab or Avastin (Genentech).  Bevacizumab was introduced into Phase I 

clinical trials in 1997 where it was determined that single-agent therapy was non-toxic 

and combining it with chemotherapy did not worsen the side effects (Gordon et al., 

2001; Margolin et al., 2001).  The following year, Phase II studies were conducted 

whereby bevacizumab was combined with chemotherapy for metastatic colon cancer 

(Hurwitz et al., 2004) and non-small-cell lung carcinoma (Sandler et al., 2006) and a 

survival benefit was observed.  The anti-angiogenic drug has since been used in 

numerous clinical trials of ovarian cancer where an improvement in progression-free 

survival was observed (O'Malley et al., 2011; Burger et al., 2011; Perren et al., 2011).   

 Support for anti-VEGF therapy comes from the fact that many tumors have been 

reported to have high expression of the pro-angiogenic growth factor (Ellis et al., 1998; 
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Sowter et al., 1997; Tomisawa et al., 1999; Volm et al., 1997; Yoshiji et al., 1996).  

Animal studies involving the use of a VEGF neutralizing antibody demonstrated for the 

first time that blocking VEGF suppresses angiogenesis and tumor growth (Kim et al., 

1993; Asano et al., 1999).  Since this discovery, other anti-VEGF therapies have been 

evaluated.  These include dominant negative VEGFR2 mutants (Millauer et al., 1994), 

small molecule inhibitors of VEGFR2 (Wood et al., 2000;Wedge et al., 2000), anti-sense 

oligonucleotides against VEGF (Oku et al., 1998; Saleh et al., 1996), anti-VEGFR2 

antibodies (Prewett et al., 1999) and soluble VEGF receptors (Gerber et al., 2000; Holash 

et al., 2002). 

 Despite some of the success that has been noted to date with respect to the use of 

anti-VEGF therapy such as bevacizumab for the treatment of various cancers, various 

adverse events have also been reported.  These include hypertension, proteinuria, 

impaired wound healing, gastrointestinal perforation, haemorrhage and thrombosis.  It 

is evident that these side effects are consistent with various anti-VEGF therapies 

(Carrato et al., 2006; Kamba and McDonald, 2007).  Researchers have reported that 

mouse models lacking functional VEGF only in the endothelial cells have cardiac defects, 

gastrointestinal perforations and thrombotic events (Eskens and Verweij, 2006). 

 When considering alternatives to conventional anti-cancer therapies, it is important 

to acknowledge why they might be a more suitable option.  Angiogenesis inhibitors 

directly target endothelial cells making them a less toxic means of therapy.  Anti-

angiogenic therapy is most efficacious when administered over a long period and may 

be capable of prolonging tumor dormancy by restoring a non-angiogenic phenotype.  
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Drug resistance often associated with conventional treatments does not appear to be a 

significant factor (Folkman, 1995).   

Tumor Vessel Normalization 

 The use of anti-angiogenic therapy for the treatment of various cancers has been 

studied for decades.  With that, some concepts with regard to this type of therapy have 

emerged.  Researchers are currently investigating the idea of vascular normalization 

following anti-angiogenic treatment.  Although this research topic has been extensively 

investigated recently, vessel normalization has been reported since the 1970s (Le Serve 

and Hellmann, 1972; Salsbury et al., 1970).  It was found that following treatment with 

an anticancer agent (ICRF-159), researchers reported significant changes in the tumor 

vasculature of a lung carcinoma model.  This ultimately negatively impacted metastasis.  

Studies have also demonstrated that by blocking VEGF with DC101, the tumor 

vasculature can be modified.  Treatment with DC101 resulted in a reduction in 

interstitial fluid pressure and this was found to be accomplished based on vascular 

normalization as opposed to effects on the lymphatic system (Tong et al., 2004).   

 It has been well documented that the vessels that are associated with tumors are 

abnormal in structure and function compared to physiologically normal vasculature.  

Due to the fact that these vessels often grow very rapidly, the result is tumor vessels 

that are tortuous, unorganized and leaky (Jain, 1988; Jain, 1994).  Tumor vessels are 

often referred to as immature due to the lack of perivascular cells affiliated with them.  

Therapies that block VEGF have been shown to alter the proportion of blood vessels 
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that are associated with perivascular cells or pericytes (Inai et al., 2004; Jain, 1988; Jain, 

1994; Tong et al., 2004; Willett et al., 2004).  Following blockade of the VEGF pathway, 

vessels demonstrated an increase in pericyte coverage.  The exact mechanism for the 

increase in pericyte coverage remains unknown however it is believed that it is due to 

the fact that anti-angiogenic agents preferentially target blood vessels which are 

deficient in pericyte-coverage (Benjamin et al., 1999).  Therefore, the fact that the 

immature vessels lack pericyte coverage may render them more vulnerable to apoptotic 

signals compared to mature vessels in the vicinity (Lu et al., 2007). 

Abnormal vasculature can impact the delivery of cytotoxic agents to a tumor, 

therefore having therapeutics that can effectively alter vascular structure could improve 

treatment.  In 2001, Jain proposed the idea that the delivery of drugs could be increased 

to the tumor following normalization via anti-angiogenic agents (Jain, 2001).  The tumor 

vasculature creates a hypoxic environment which prohibits the flow of 

chemotherapeutics to the tumor core (Jain, 1994).  It is believed that there is a window 

of opportunity created by anti-angiogenic therapy that will render cytotoxic agents most 

effective against cancer cells.  This window is characterized by a period of reduced 

hypoxia or time when oxygenation to the tumor is increased (Winkler et al., 2004).  This 

will increase the efficacy of anti-angiogenics in combination with standard therapies 

such as radiation seeing as hypoxia has been shown to negatively affect it (Hall et al., 

2000).  It has been shown that endogenous inhibitors of angiogenesis can increase the 

uptake of chemotherapeutic agents, therefore anti-angiogenic therapy could be used in 

conjunction with cytotoxic therapies in order to optimize treatment (Folkman, 1995).  
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Combinational Therapy 

In 1996, Teicher proposed that anti-angiogenic therapy would be most effective 

if used in combination with chemotherapy (Teicher et al., 1996).  The rationale was that 

the combinatorial effects would diminish the tumor cells as well as the endothelial cells 

associated with the tumor.    Tumor vasculature normalization has been extensively 

investigated more recently following anti-angiogenic treatment (Jain, 2001).  Due to the 

abnormal architecture of tumor vasculature (Fukumura and Jain, 2007), perfusion is 

restricted which results in increased tumor hypoxia and necrosis.  Although it was once 

thought that this would obliterate primary tumors, it has since been determined that 

reduced blood flow to the tumor impairs the delivery of cytotoxic agents (Fukumura and 

Jain, 2007; Jain, 1994; Tozer et al., 2008).  Therefore, anti-angiogenic therapy combined 

with chemotherapy might be the most effective method to induce apoptosis of the 

tumor (Jain, 2001).   It has since been reported that agents that inhibit pro-angiogenic 

factors alter the tumor vasculature and increase the delivery of chemotherapeutics 

when used in combination (Dickson et al., 2007a; Dickson et al., 2007b).   

Based on the principles of vessel normalization, it should also permit cytotoxic agents to 

be administered at lower doses which would reduce a lot of the toxic side effects 

associated with chemotherapy.  By normalizing the vasculature instead of eliminating it, 

this will avoid the tumor undergoing hypoxia which has been shown to be a potent pro-

angiogenic stimulus.  In order to maximize the benefits of combination therapy, careful 
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attention will need to be made to the dosing and timing of the administration of the 

agents. 

TSP-1 Therapeutics 

3TSRs 

Based on what has been reported in the literature over the years regarding TSP-

1, various compounds have been created and tested therapeutically.  Due to the large 

size, multiple domains and the various biological activities that TSP-1 can elicit, agents 

that exploit only the anti-angiogenic domain have been generated.  It is believed that as 

long as these compounds are highly specific and active then they can be an effective 

alternative treatment for TSP-1.  The anti-angiogenic effects of TSP-1 have been 

localized to the procollagen domain and the type-1 repeats or TSRs (Figure 1).  There are 

three TSRs within TSP-1 and peptides designed based on these regions are known as 

3TSRs.  Various recombinant proteins have been tested that take advantage of these 

domains and it was found that they were capable of inhibiting neovascularisation (Guo 

et al., 1997; Iruela-Arispe et al., 1999; Jain, 2001; Tolsma et al., 1993).  These proteins 

were further tested in vivo to determine their effect on angiogenesis and subsequent 

tumor growth.  It was determined that TSRs inhibit tumor growth through inhibition of 

angiogenesis, induction of tumor cell apoptosis and inhibition of tumor cell proliferation 

in multiple animal models (Miao et al., 2001; Yee et al., 2004; Zhang et al., 2005a; Zhang 

et al., 2005b).   
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3TSRs have also been used in combination with various cytotoxic agents in order 

to maximize the anti-tumor effects.  Researchers have compared the anti-tumor effects 

of 3TSRs to chemotherapeutics such as gemcitabine in a mouse model of pancreatic 

cancer (Zhang et al., 2005b).  Results from the study demonstrated that the anti-tumor 

efficacy of 3TSR is comparable to chemotherapeutics and that no additive or synergistic 

effect was noted when combinational therapy was employed (Zhang et al., 2005b).  This 

data emphasizes the need for specific dosing schedules, especially when anti-angiogenic 

therapy is combined with conventional cytotoxic agents.  There is a delicate balance 

between vessel normalization and regression which needs to be addressed.  Support for 

this comes from the fact that continuous administration of anti-angiogenic peptides 

such as 3TSR resulted in improved anti-angiogenic and anti-tumor efficacy (Zhang et al., 

2007a).  Other studies have found that the anti-angiogenic effect of 3TSR can be 

amplified if combined with other anti-angiogenic compounds such as endostatin (Zhang 

et al., 2007b).  3TSR induced apoptosis of endothelial cells via signalling through CD36 

and this resulted in inhibition of tumors derived from human colon cancer cell lines.  

When combined with Lexatumumab (tumor necrosis factor-related apoptosis inducing 

ligand (TRAIL) receptor agonist antibody), tumor inhibition was greater than that 

observed when each of the compounds was applied on their own.  Combinational 

therapy such as this might be most effective for the treatment of cancers because it 

provides a double hit in that both the tumor cells as well as the endothelial cells 

associated with it are targeted (Ren et al., 2009).   



 

28 

TSP-1 Mimetic Peptides 

Other TSP-1 peptides which have been generated and tested therapeutically for 

various cancers are based solely on the second type-1 repeat.  In 1999¸ Dawson and 

colleagues demonstrated that the anti-angiogenic activity of TSP-1 can be specifically 

found within a structurally modified heptapeptide fragment.  This was evident based on 

the peptides ability to inhibit VEGF-induced endothelial cell migration and decrease 

bFGF-induced neovascularisation in a rat corneal model (Dawson et al., 1999).  Despite 

these anti-angiogenic properties, development of a more clinically relevant peptide was 

necessary because of the very short half life.  Abbott laboratories set out to optimize the 

pharmacodynamic pharmacokinetic profile for this peptide.  Altered compounds were 

tested in vitro for inhibition of microvascular endothelial cell migration and tube 

formation and induction of apoptosis.  Peptides were also subjected to in vivo testing in 

order to evaluate the effect on angiogenesis and tumor growth.  Through various amino 

acid substitutions and insertions, a nonapeptide (ABT-510) was found to be a potent 

inhibitor of angiogenesis and have a significantly increased half life compared to the 

original heptapeptide (Haviv et al., 2005).  Since its discovery, ABT-510 has been applied 

to various cancer models. 

ABT-510 was administered to canines with naturally occurring cancers and  the 

clinical study revealed anti-tumor activity of the peptide (Rusk et al., 2006).  Those that 

responded to the peptide either had a significant reduction in tumor size or had disease 

stabilization.  As well, no toxicities were observed in any of the treated animals (Rusk et 

al., 2006).  The anti-angiogenic potential of ABT-510 was also investigated in a mouse 



 

29 

model of malignant glioma (Anderson et al., 2007).  Treatment with ABT-510 resulted in 

a significant reduction in tumor growth which was attributed to an inhibition of 

angiogenesis as evident by reduced tumor microvessel density and increased proportion 

of apoptotic endothelial cells (Anderson et al., 2007).  In addition, ABT-510 reduced the 

overall incidence of head and neck squamous cell carcinoma in an animal model (Hasina 

et al., 2009).  Therefore, anti-angiogenic inhibitors might offer potential as 

chemopreventive agents for some cancers. 

Similar to other studies, our laboratory has recently demonstrated a significant 

reduction in tumor size and vascular remodelling following treatment with ABT-510 in a 

mouse model of EOC. Anti-tumor effects are typically the result of anti-angiogenic 

activity and induction of endothelial cell apoptosis (Greenaway et al., 2009).  In this 

study, the anti-tumor effects were also the product of direct epithelial cell apoptosis 

within the tumor tissue.  Other researchers have reported direct anti-tumorigenic 

effects of TSP-1 therapeutics (Bruel et al., 2005; Li et al., 2003).  In these studies, ABT-

510 induced apoptosis in endothelial cells as well as non-endothelial cells such as cancer 

cells.   

Although many researchers have reported on the clinical efficacy of ABT-510, 

there have been a few studies where a minimal response rate was observed (Baker et 

al., 2008; Ebbinghaus et al., 2007; Gordon et al., 2008; Markovic et al., 2007).  These 

studies involved the application of a range of doses of ABT-510 to advanced carcinomas.   

A potential reason for the discrepancy in results observed with ABT-510 might include 

the route of administration or the type of cancer being treated.  It is important to note 
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that although ABT-510 had minimal efficacy in these studies, the peptide could be 

administered at high doses without significant toxicity.  Unlike anti-VEGF therapy, 

compounds derived from TSP-1 have proven to be safe with minimal adverse effects.  A 

phase I study of ABT-510 determined that the peptide has a favourable safety profile 

and that it should be further investigated in combination with chemotherapeutics.  This 

study also suggested that the addition of other cytotoxic agents will not result in 

pharmacokinetic interactions or enhanced toxic effects (Hoekstra et al., 2005).  The 

safety of ABT-510 in combination with various chemotherapeutics has been evaluated.  

Pharmacokinetic interactions were not observed and toxic effects were not amplified 

(Gietema et al., 2006; Hoekstra et al., 2006; Nabors et al., 2010).  It has been reported 

that anti-angiogenic compounds such as ABT-510 are most effective when used in 

combination with chemotherapeutics.   Conventional chemotherapeutics enhanced the 

anti-angiogenic activity of ABT-510 by inducing endothelial cell death (Yang et al., 2007; 

Yap et al., 2005).  Combinational therapy of anti-angiogenic compounds with cytotoxic 

agents should be further investigated in order to maximize their potential.    

Abbott Laboratories have recently modified ABT-510 in an attempt to improve 

the peptide’s efficacy in clinical trials.  ABT-898 was created by modifying one of the 

amino acid bonds which ultimately improved the anti-angiogenic potential by improving 

the plasma stability of the peptide.  This resulted in a significant increase in the half-life 

in humans (Abbott Laboratories).  For a detailed overview of how the peptides were 

generated refer to Figure 2.   
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Mouse Models of EOC 

Spontaneous ovarian carcinoma is very rare in animal models with the exception 

of the hen (Fredrickson, 1987). Various attempts have been made to create genetically 

induced models that represent human ovarian carcinoma (reviewed by (Fong and Kakar, 

2009).  Not all of these models resulted in tumorigenesis but instead displayed benign 

tumors or surface epithelium hyperplasia and inclusion cysts (Chodankar et al., 2005; 

Dinulescu et al., 2005; Clark-Knowles et al., 2007; El Naggar et al., 2007; Liang et al., 

2009).  Of the models that did result in tumor formation, there were various limitations 

associated with them that do not make them conducive for therapeutic application.  

These include cumbersome methodologies, the fact that female reproduction was 

inhibited because of aggressive tumors (Connolly et al., 2003) and that gene deletion via 

adenovirus carrying Cre results in transient expression of various oncogenes (Flesken-

Nikitin et al., 2003; Wu et al., 2007).  Lack of an ovarian surface epithelium specific 

promoter has also made modeling ovarian cancer difficult.  Researchers have utilized 

the Mullerian Inhibitory Substance Type II Receptor (MISIIR) promoter but expression 

has been leaky and found in the epithelia of other organs of Mullerian origin (Connolly 

et al., 2003).  The ovarian-specific promoter (OSP-1) has also been investigated however 

expression was leaky within the ovary and resulted in granulosa cell tumors (Garson et 

al., 2003).  Despite advances which have been made over the years with respect to 

genetically engineered mice, researchers have not been successful with the creation of 
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an ovarian carcinoma transgenic animal with high penetrance.  This is largely due to the 

fact that the disease itself is not well understood or characterized.   

Aside from modeling EOC through transgenic animals, researchers have utilized 

various xenograft systems.  Cells can be transplanted into an animal through 

subcutaneous (sc), intraperitoneal (ip) and orthotopic routes of administration (Bao et 

al., 2002; Fu and Hoffman, 1993; Hamilton et al., 1983; Hamilton et al., 1984; Kiguchi et 

al., 1998; Massazza et al., 1989; Ward et al., 1987).  Models involving sc injections have 

the advantage that they are generally short in duration and researchers can 

quantitatively measure the tumor burden.  When studying EOC however, it is important 

to acknowledge that it is a peritoneal disease and therefore, ip and orthotopic means of 

transplantation might generate better models of the disease (Connolly and Hensley, 

2009).        

Mouse models of human cancer have become an effective tool in research.  

Unfortunately, many of the models involve immunocompromised mice which are not 

ideal considering the immune system’s role in cancer.  In 2000 however, Roby et al., 

demonstrated for the first time that ovarian cancer could be modeled in mice with a 

functioning immune system.  Murine ovarian surface epithelial cells (MOSECs) were 

isolated from female C57BL/6 mice and allowed to spontaneously transform in culture.  

Once isolation of cells from a single epithelial layer and a transformed phenotype was 

confirmed, the cell line was introduced in vivo via subcutaneous and intraperitoneal 

injections to determine its tumorigenicity.  It was determined that ID8 cells were 

capable of tumor formation (Roby et al., 2000).  In 2007, our laboratory generated an 
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orthotopic model of EOC which was adapted from the Roby model.  Results from this 

orthotopic model reported primary and secondary tumors in combination with the 

formation of ascites fluid.  Histological analysis revealed that the tumors were 

hypervascularized and characterized as serous epithelial which is the most common 

subtype of EOC.  All these features make the model representative of human EOC and a 

good tool for studying the disease.  Our laboratory also demonstrated the importance of 

epithelial-stromal interactions using this syngeneic mouse model (Greenaway et al., 

2008).  Others have also demonstrated the importance of the microenvironment and 

orthotopic animal models (Kiguchi et al., 1998).  The value of these models becomes 

especially apparent when studying disease progression and metastasis.  It is well known 

that tumors preferentially metastasize and grow on certain organs, referred to as the 

seed and soil hypothesis (Paget, 1989).     

We have since utilized this model for various studies, especially those involving 

therapeutics (Campbell et al., 2010; Campbell et al., 2011; Greenaway et al., 2009).  

When applying therapeutics to an animal model it is important to acknowledge the 

clinical relevance with respect to commencing treatment.  We have characterized tumor 

formation at various stages of the model and attempted to compare this to human EOC.  

After the ID8s have been injected under the ovarian bursa they will form a distinct 

nodule approximately 30 days post-tumor induction (PTI).  The cells will continue to 

divide and around 60 days PTI the tumor has grown significantly and is no longer 

encapsulated.  As the tumor grows, secondary lesions will also start to form which 

contributes to the development of ascites fluid; these events take place around 80 days 
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PTI.  By 90 days PTI, the animals are moribund due to the tumor burden and 

accumulation of ascites fluid in the peritoneal cavity.  Based on these findings, we 

believe that 30, 60 and 80 days PTI represent stage I, II and III of human EOC 

(unpublished findings, Figure 3).  In the present study this mouse model was used to 

investigate the therapeutic potential of TSP-1 mimetic peptides. 
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Hypothesis and objectives 

We hypothesize that TSP-1 mimetic peptides will significantly inhibit the growth of 

epithelial ovarian tumors in a mouse model of EOC and prolong disease-free survival by 

inhibiting angiogenesis and altering the tumor vasculature.  To test this, the following 

objectives were designed: 

Objective1: Examine the effect of TSP-1 mimetics and chemotherapeutics on tumor 
size and vasculature. 

Objective 2: Determine if TSP-1 mimetics can increase the uptake of 
chemotherapeutics. 

Objective 3: Evaluate the potential for TSP-1 mimetics to prolong disease-free survival 
in a mouse model of EOC. 

Objective 4: Investigate the mechanism of action of TSP-1 mimetics.  
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Table 1 Ovarian cancer staging according to the International Federation of 
Gynecology and Obstetrics (FIGO) staging system 

 

Stage I: limited to one or both ovaries 

 

o IA – involves one ovary; capsule intact, no tumor on ovarian surface, no   
 malignant cells in ascites or peritoneal washings 

o IB – involves both ovaries; capsule intact, no tumor on ovarian surface;    
negative washings 

o IC – tumor limited to ovaries with any of the following: capsule ruptured,  
tumor on ovarian surface, positive washings 

 

Stage II: pelvic extension or implants 

 

o IIA – extension or implants onto uterus or fallopian tube; negative     
washings 

o IIB – extension or implants onto other pelvic structures; negative 
washings 

o IIC – pelvic extension or implants with positive peritoneal washings 
 

Stage III: microscopic peritoneal implants outside of the pelvis; or limited to the pelvis 
with extension to the small bowel or omentum 

 

o IIIA – microscopic peritoneal metastases beyond pelvis 
o IIIB – macroscopic peritoneal metastases beyond pelvis, < 2 cm in size 
o IIIC – peritoneal metastases beyond pelvis, > 2 cm or lymph node   

metastases 
 

Stage IV: distant metastases (in the liver, or outside the peritoneal cavity) 

 

Adapted from (Heintz et al., 2006) 
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Figure 1.  Schematic representation of TSP-1.  A. TSP-1 and the receptors that interact 

with each domain.  B.  Generation of TSP-1 mimetic peptides designed from the second 

type-1 repeat which is known as the procollagen domain.  Amino acid alterations have 

been made to ABT-510 and ABT-898 to improve their pharmacodynamic and 

pharmacokinetic properties.      
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A. NAc – Gly – Val – DIle – Thr – Arg – Ile – Arg – NHEt (original heptapeptide) 

 

B. NAc – Sar – Gly – Val – DalloIle – Thr – Nva – Ile – Arg – Pro NHEt (ABT-510, 
nonapeptide) 

 

C. NAc – Sar – Gly – Val – DalloIle – Ser – Gln – Ile – Arg – Pro NHEt (ABT-898, 
nonapeptide) 

 

Figure 2. Generation of TSP-1 mimetic peptides by Abbott Laboratories.  A. Original 

heptapeptide from second type-I repeat of thrombospondin-1 (TSP-1). B.  ABT-510 was 

generated through the addition of amino acids sarcosine (Sar) and proline (Pro) and 

substitution of arginine (Arg) with norvaline (Nva). C.  Abbott Laboratories made further 

alterations to increase half life of the anti-angiogenic peptide.  Threonine (Thr) was 

substituted with serine (Ser) and norvaline (Nva) with glutamine (Gln) to generate ABT-

898. 
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Figure 3. Overview of mouse model of epithelial ovarian cancer and relationship to the 

human disease.  Following orthotopic injection of ID8 cells under the ovarian bursa, 

mice are monitored and therapeutics are applied at various stages.  At 30 days post-

tumor induction (PTI) a macroscopic nodule has formed on the ovary (Stage I).  By 60 

days PTI a primary tumor is established and secondary lesions are seeded in the 

peritoneal cavity (Stage II) and by 80 days PTI ascites fluid and secondary lesions 

accumulate in the peritoneal cavity (Stage III).  Around 90 days PTI the animals are 

moribund and are sacrificed for tissue collection.   
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Chapter 1: The thrombospondin-1 mimetic ABT-510 
increases the uptake and effectiveness of cisplatin and 
paclitaxel in a mouse model of epithelial ovarian cancer.  
 
Adapted from Campbell et al., 2010. Neoplasia. 12(3):275-83  

 

Abstract  

Epithelial ovarian cancer (EOC) comprises approximately 90% of ovarian cancers 

and arises from the surface epithelium.  Typical treatment of EOC involves cytoreductive 

surgery combined with chemotherapy.  More recent therapeutic approaches have 

focused on targeting the tumor vasculature using anti-angiogenic compounds such as 

thrombospondin-1 (TSP-1).  Mimetic peptides such as ABT-510 have been created and 

have been tested in various clinical trials.  Previous experiments performed in our 

laboratory have determined that ABT-510 reduces abnormal vasculature associated 

with tumor tissue and increases the presence of mature blood vessels.  It has been 

hypothesized that treatment with anti-angiogenic compounds would allow increased 

delivery of various cytotoxic agents and enhance treatment.    In this study, we 

evaluated the potential role of ABT-510 and various chemotherapeutics (cisplatin and 

paclitaxel) on tumor progression, angiogenesis and the benefits of combinational 

treatments on tissue uptake and perfusion using an orthotopic syngeneic mouse model 

of EOC.  Animals were treated with ABT-510 (100mg/kg/day) alone or in combination 

with cisplatin (2mg/kg/3days) or paclitaxel (10mg/kg/2days) at 60 days post-tumor 

induction.  Radiolabelled and fluorescently labelled paclitaxel demonstrated a significant 
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increase in tumor uptake following ABT-510 treatment.  Combined treatment with ABT-

510 and cisplatin or paclitaxel resulted in a significant increase in tumor cell and tumor 

endothelial cell apoptosis, and resultant decrease in ovarian tumor size.  Combined 

treatment also regressed secondary lesions and eliminated the presence of abdominal 

ascites.  The results from this study show that through vessel normalization, ABT-510 

increases uptake of chemotherapy drugs and can induce regression of advanced ovarian 

cancer. 

Introduction 

Ovarian cancer represents the most lethal gynecological malignancy. With an 

estimated 22,000 new cases and 15,000 deaths annually, ovarian cancer is the fifth 

leading cause of cancer deaths among U.S. women (Jemal et al., 2008).  Tumors of the 

ovary are classified and named according to the cell type from which they originate and 

whether they are benign or cancerous.  There are various subtypes of EOC according to 

the World Health Organization (WHO) based on their histopathogy (Scully, 1975).  

Epithelial ovarian cancer (EOC) comprises approximately 90% of ovarian cancers and is 

thought to arise from the surface epithelium of the ovary (Holschneider and Berek, 

2000).  Of these tumors, the most prevalent subtype of EOC is serous adenocarcinoma, 

constituting approximately 68% of EOCs.  If diagnosed at early stages, the five-year 

survival rate is 98% compared to only 25% at later stages of the disease (Heintz et al., 

2006).  Of particular concern with this disease is that the obscure clinical signs 

associated with EOC generally preclude early detection or treatment.  Conventional 
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treatment of ovarian cancer typically involves cytoreductive surgery (de-bulking) 

combined with platinum or taxol based chemotherapy (Morrison et al., 2007).  Although 

this approach generally results in primary tumor shrinkage, tumor recurrence often 

occurs and the incidence of EOC chemoresistance is very high (Ozols, 1997). To combat 

this chemoresistance and disease recurrence, numerous alternative therapies have 

been investigated including those designed to focus on ovarian tumor vasculature.  

The concept of anti-angiogenic therapy was proposed decades ago and it was 

thought that inhibiting the tumor vasculature would induce dormancy and tumor 

regression.  Various compounds have since been identified for their ability to inhibit 

angiogenesis (Nyberg et al., 2005).  Thrombospondin-1 (TSP-1) was the first protein 

recognized as an endogenous inhibitor of angiogenesis and has been investigated for its 

efficacy in the treatment of various cancers (Good et al., 1990).  For therapeutic 

interventions, small TSP-1 mimetic peptides have been developed.  The mimetic ABT-

510 exploits the anti-angiogenic domain (second type 1 repeat) of TSP-1 which induces 

tumor cell apoptosis through increasing the expression of FasL and inhibiting the 

expression of pro-angiogenic factors VEGF and bFGF (Greenaway et al., 2009).   

ABT-510 has been tested clinically for the treatment of various cancers alone or 

in combination with other cytotoxic agents, with variable results (Baker et al., 2008; 

Ebbinghaus et al., 2007; Gordon et al., 2008; Markovic et al., 2007).  In studies where 

ABT-510 was used as combination treatment, it was found that ABT-510 was well 

tolerated and that any side-effects observed were consistent with those of 
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chemotherapeutics on their own (Gietema et al., 2006; Hoekstra et al., 2005; Hoekstra 

et al., 2006).  

In this study we evaluated the effectiveness of the anti-angiogenic mimetic 

peptide ABT-510 alone and in combination with chemotherapeutics for treating 

epithelial ovarian tumors at various stages in a mouse model of the disease.  Single 

agent therapies have limited success in cancer treatment and we hypothesize that 

combinational treatments of ABT-510 with cytotoxic agents may be more effective.  

Animals in this study were treated with ABT-510 alone or in combination with cisplatin 

or paclitaxel in order to determine the potential clinical effectiveness of these agents. 

Materials and Methods 

Cell line 

Spontaneously transformed murine surface epithelial cells were generously 

donated by Drs. Roby and Terranova (Kansas State University, KS) (Roby et al., 2000).  

The ID8 cell line was cultured in DMEM (Gibco, Burlington, ON) supplemented with 10% 

fetal bovine serum (FBS) and 1% antibiotic-antimycotic (ABAM) (Gibco) and used for 

subsequent in vivo experiments.   

Animal model 

We have previously generated an orthotopic, syngeneic mouse model of EOC 

that closely replicates ovarian serous adenocarcinoma in women (Greenaway et al., 

2008).  Briefly, 1.0 x 106 ID8 cells in 5µl phosphate buffered saline (PBS) are injected 
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directly under the ovarian bursa of C57BL/6 mice.  As the ID8 cells were derived from a 

C57BL/6 mouse, this syngeneic model allows for an intact immune system and 

orthotopic placement of the epithelial cells in their normal microenvironment.  In this 

model, mice develop large primary tumors, numerous secondary peritoneal lesions, and 

abdominal ascites approximately 90 days post-tumor induction. Primary tumors were 

collected and measured for subsequent analysis and secondary tumors were assessed 

based on a lesions scoring system as previously described (Greenaway et al., 2008).  

Drugs 

ABT-510 was obtained from Abbott Laboratories (Abbott Park, IL).  Cisplatin 

(Calbiochem, Gibbstown, NJ) and Paclitaxel (Sigma-Aldrich, Oakville, ON) were 

purchased commercially. 

Tumor induction was performed as described previously (Greenaway et al., 

2008) and tumors were allowed to grow for 60 days before ABT-510, cisplatin and 

paclitaxel individual or combination treatments began.  Animals received intraperitoneal 

(IP) injections of vehicle (5% dextrose, D5W; 200uL) alone or containing drug (ABT-510 

100mg/kg daily, cisplatin 2mg/kg every 3 days, paclitaxel 10mg/kg every 2 days).  

Cisplatin and paclitaxel were reconstituted in D5W or 50% cremophor and 50% ethanol 

respectively just prior to injections.  The animals continued to receive IP injections of the 

various agents until the control mice became moribund which occurred approximately 

90 days post-tumor induction.  All animals were euthanized and serum, ascites fluid and 

ovarian tissue were collected and processed.   
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VEGF ELISA 

Serum was collected (BD vacutainers, Franklin Lakes, NJ) at the time of 

euthanasia from treated animals and expression of VEGF was determined using 

sandwich enzyme-linked immune-sorbent assays (RnD Systems, Inc., Minneapolis, MN) 

according to the manufacturer’s instructions.  Briefly, serum samples were diluted 1/100 

and added to the pre-coated wells.  Unbound substrate was washed away and an 

enzyme-linked polyclonal antibody specific for VEGF was added to the wells followed by 

subsequent washes and addition of colour substrate.  Individual well absorbance was 

measured at 450nm using an EL 800 Universal Microplate Reader (Bio-Tek Instruments, 

Winooski, VT).    

Immunoblot analysis 

Flash frozen primary ovarian tumors were homogenized in 

radioimmunoprecipitation assay (RIPA) buffer with protease and phosphatase inhibitors 

and protein concentrations were determined using a DC protein assay (Bio-Rad 

Laboratories, Hercules, CA).  All western blots were performed using an XCell II™ Blot 

Module System (Invitrogen, Burlington, ON).  Samples (40µg of total protein) were 

reduced and subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) using either 8% or 15% resolving gels.  Proteins were transferred to 

polyvinylidene fluoride (PVDF) membranes (Bio-Rad Laboratories, Hercules, CA) and 

blocked at room temperature for 1 hour in 5% skim milk with tris-buffered saline with 

tween (TBST).  Membranes were probed overnight at 4°C for VEGF and VEGFR2 
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(SantaCruz, Burlingname, CA).  Following washes with TBST, membranes were incubated 

for 1 hour at room temperature (RT) with anti-rabbit IgG HRP-linked secondary 

antibodies (Cell Signaling Technology, Inc., Beverley, MA).  Expression of VEGF and its 

receptor were detected using Western Lightning Chemiluminescence Reagent Plus 

(PerkinElmer BioSignal, Inc., Montreal, QC) and visualized using medical x-ray film 

(Konica Minolta Medical Imaging Inc., Wayne, NJ).  To ensure equal loading of samples, 

β-actin (Cell Signaling Technology, Inc., Beverley, MA) was probed for 1 hour at RT 

followed by anti-rabbit IgG secondary antibody for 1 hour at RT.  Computer assisted 

densitometry was performed using AlphaEase FC software (AlphaInnotech, San Leandro, 

CA) and results were quantified and reported as integrated densitometry values (IDV) 

relative to β-actin. 

Immunohistochemistry  

Ovarian tissue was formalin-fixed, processed using a paraffin tissue processor 

(Ventana Medical Systems, Tuscon, AZ) and 5µm sections were cut and mounted onto 

slides.  Sections were de-paraffinized in xylene and rehydrated in graded alcohol 

solutions.  Immunohistochemistry (IHC) was performed to determine localization and 

expression of the endothelial cell marker CD31 within the ovarian tissue.  Endogenous 

peroxidase activity was inhibited using 1% hydrogen peroxide for 10 minutes at RT.  

Antigen retrieval was achieved by immersing slides in 10mM citrate buffer at 90°C for 12 

minutes.  Tissues were blocked using 5% BSA for 10 minutes at RT and incubated with 

anti-CD31 primary antibody (BD Biosciences Pharmingen, San Diego, CA) overnight at 
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4°C in a humidity chamber.  The following day, sections were incubated with anti-mouse 

biotinylated secondary antibody (Sigma-Aldrich Canada Ltd., Oakville, ON) for 2 hours at 

RT.  Tissues were then exposed to ExtrAvidin (Sigma-Aldrich Canada Ltd., Oakville, ON) 

for 1 hour at RT and antibodies were visualized using 3’ 3’-diaminobenzidine 

tetrahydrochloride (DAB) (Sigma-Aldrich Canada Ltd., Oakville, ON).  Tissue was 

counterstained with Carazzi’s Hematoxylin, dehydrated and mounted on coverslips.  

Slides were imaged using brightfield microscopy. 

Evaluation of microvessel density and vessel maturity 

To evaluate tumor vessel area and microvessel density, tumor sections 

immunostained for CD31 were imaged at 200x magnification and microvessel density 

and blood vessel area were quantified using Metamorph integrated morphometry 

software (Metamorph, Burlingname, CA).  For the determination of vessel density, a 

minimum of 4 fields of view per tissue section were used, with n=6 per group.  To 

evaluate blood vessel maturity, tissue sections were subjected to immunofluorescence 

co-localization of CD31 and alpha smooth muscle actin (SMA).  Briefly, slides were 

processed as above and incubated with CD31 antibody for 1 hour at RT.  After washing 

in PBS, anti-mouse secondary antibody conjugated to Alexa Fluor 594 (Invitrogen, 

Burlington, ON) was applied for 1 hour at room temperature. Tissue sections were then 

rinsed in PBS and incubated for 1 hour at RT with anti-SMA primary antibody (Fitzgerald 

Industries International, Concord, MA). Secondary antibody, conjugated to Alexa Fluor 

488 (Invitrogen, Burlington, ON) was applied for 1 hour.  Tissue sections were 
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counterstained with 4’ 6-diamidino-2-phenylindole (DAPI), mounted with Prolong Gold 

anti-fade (Invitrogen, Burlington, ON) and allowed to dry overnight before image 

analysis with integrated morphometry software.  Mature blood vessels were 

characterized as having pericyte coverage (SMA positive vessels) and were quantified as 

a percentage of total CD31 positive vessels. 

Paclitaxel incorporation and localization 

To determine if treatment with ABT-510 would increase the uptake of 

chemotherapeutic drugs, animals were injected with ID8 cells (as outlined in our animal 

model) and given daily IP injections of ABT-510 (or D5W the vehicle control) for 21 days 

starting at 60 days post-tumor induction.  Following the last dose of ABT-510 treatment, 

animals were injected IP with tritiated paclitaxel (40uCi; Moravek Biochemicals and 

Radiochemicals, Brea, CA) and were euthanized 12, 24 and 48 hours later.  Ovaries were 

harvested from all animals, homogenized in scintillation fluid and radioisotope was 

quantified with a Tri-carb Liquid Scintillation Counter (Perkin Elmer, Waltham, MA).  To 

localize chemotherapy uptake, control and ABT-510 treated animals (n=6 per group) 

received an IP injection of paclitaxel conjugated to Oregon Green® 488 (Invitrogen, 

Burlington, ON) and were euthanized 24 hours later.  The ovaries were formalin-fixed 

and sectioned and immunofluorescence was performed to visualize blood vessels (using 

an anti-CD31 antibody) and to localize paclitaxel uptake. Slides were mounted and 

images were captured using an epi-fluorescent microscope.    
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Cisplatin uptake 

Accumulation of tissue platinum (Pt) was quantified using flameless atomic 

absorption spectroscopy (Straathof et al., 1998).  Frozen control and ABT-510 treated 

tumor samples collected at 90 days post tumor induction (after 30 days IP cisplatin 

treatment) were homogenized in deionized water and evaporated at 70oC for 2 hours.  

Tumor tissue was then digested with 200µl nitric acid (65%) for 2 hours at 75oC.  

Samples were diluted 10x in water before injection into the spectrometer.   

Tumor and endothelial cell death 

 To visualize and quantify tumor cell death, TUNEL assay was performed using an In 

Situ Cell Death Detection Kit (Roche, Laval, QC, Canada) according to the manufacturer’s 

instructions.  Animals received vehicle, or ABT-510 treatment alone, or in combination 

with the chemotherapy drugs cisplatin and paclitaxel as described above.  After 

treatment, tissues were extracted, fixed in 10% buffered formalin and processed and 

sectioned onto glass slides.  Following membrane permeabilization, cells were washed 

with PBS and incubated with the TUNEL reaction mixture (label solution and enzyme 

solution) for 60 minutes at 37°C in the dark.  Slides were rinsed with PBS, nuclei were 

stained with DAPI and coverslips were mounted onto slides as previously described.  

Negative and positive controls were generated according to kit instructions. All slides 

from immunofluorescence experiments were visualized using a fluorescent microscope 

and quantification of the percent immunopositve cells was performed using integrated 

morphometry software (Metamorph, Burlingname, CA).  For evaluation of endothelial 
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cell apoptosis, CD31 immunofluorescence was performed on tumor sections as 

described above.  Following addition of the AlexaFluor 594 conjugated secondary 

antibody, slides were washed and subjected to the TUNEL protocol according to 

manufacturer’s instructions.  Tissue sections were counterstained with DAPI and slides 

were mounted.  Cells in which CD31 and TUNEL stain were co-localized were considered 

apoptotic endothelial cells and were quantified as the percentage of total endothelial 

(CD31-positive) cells.  

Cancer associated morbidity 

 At euthanasia following ABT-510 and chemotherapy drug treatment, animals were 

evaluated for the presence of ascites fluid and the number of secondary lesions were 

scored.  For secondary lesions, animals were given a score of 0 for no lesions within the 

peritoneal cavity, a score of 1 if there were 1-2 lesions, a score of 2 if there were 3-10 

secondary peritoneal lesions, and a score of 3 if there were greater than 10 lesions in 

the peritoneum.  For ascites fluid, animals were scored based on the presence or 

absence of abdominal ascites. 

Statistical analysis  

All in vitro and in vivo experiments contained three replicates and animals in 

each treatment group respectively.  Results from immunoblots, immunohistochemistry, 

TUNEL assay, ovarian tumor weights and blood vessel density were analyzed using 

student’s t-test and ANOVA with a Fisher post-hoc test. 
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Results 

ABT-510 decreases local and systemic levels of VEGF and VEGFR-2 

At 60 days post-tumor induction, mice received daily IP treatment with vehicle or 

100mg/kg ABT-510 for 30 days.  Western blot analysis showed that ABT-510 treatment 

significantly (p<0.05) reduced the levels of VEGF in ovarian tumor homogenate lysates 

(Figure 4).  Levels of VEGFR2 were also decreased within the tumors, however this 

difference was not significant.  ELISAs were performed on serum samples from control 

mice without tumors and from tumor bearing mice following 30 days treatment with 

vehicle or ABT-510.  Vehicle treated mice had a 3-fold increase in circulating VEGF levels 

compared to control non-tumor bearing animals (p<0.05; Figure 4).  Treatment with 

100mg/kg ABT-510 significantly decreased VEGF serum levels, compared to vehicle 

treated animals (p<0.05; Figure 4).   

ABT-510 alters ovarian tumor vascular morphology 

Ovarian tumor tissue collected from mice treated with ABT-510 had significantly 

(p<0.05) reduced microvessel density and tumor blood vessel area, compared to vehicle 

treated controls (Figure 5 A,B).  To determine whether there was a change in vessel 

maturity, tumor sections were co-stained for CD31 and SMA.  ABT-510 treatment 

caused a significant (p<0.01) increase in the percentage of pericyte-covered, mature 

blood vessels, compared to vehicle treated controls (Figure 5 C,D).   
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ABT-510 facilitates vascular uptake of paclitaxel and cisplatin in ovarian 
tumors 
  

Mice being treated IP with either vehicle or 100mg/kg ABT-510 for 21 days 

received an IP injection of [3H] Paclitaxel and ovarian tumor tissue was harvested 12, 

24, and 48 hours later.  Tumors from mice treated with ABT-510 had a significant 

(p<0.05) increase in paclitaxel incorporation at all timepoints, compared to vehicle 

treated controls (Figure 6 A).  To localize the uptake of paclitaxel, mice received an IP 

injection of paclitaxel conjugated to oregon green and immunofluorescence 

colocalization for blood vessels (CD31 positive staining) and conjugated paclitaxel was 

performed.  Mice treated with ABT-510 had a greater uptake of paclitaxel compared to 

controls (Figure 6 B).  The majority of the conjugated paclitaxel was localized in the 

proximity of the blood vessels, and appeared to diffuse into the tumor tissue from the 

vessels (Figure 6 B).  Mice being treated with both ABT-510 and cisplatin had 

significantly increased (p<0.05) incorporation of platinum into ovarian tumor tissue 

compared to mice treated with cisplatin and D5W (Figure 6 C). 

ABT-510 increases the tumor and endothelial cell apoptotic effects of 
cisplatin and paclitaxel 
 

After 60 days of ovarian tumor growth, mice were treated intraperitoneally with 

ABT-510, cisplatin, and paclitaxel, alone or in combination.  Individual treatment with 

ABT-510, cisplatin, and paclitaxel caused a significant (p<0.05) reduction in ovarian 

tumor weight compared to vehicle treated control mice (Figure 7 A).  When ABT-510 
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was combined with either cisplatin or paclitaxel, there was a further reduction (p<0.05) 

in ovarian tumor weight which was greater than each compound alone (Figure 7 A).  

TUNEL assay was performed to quantify tumor cell apoptosis in response to individual 

or combination IP treatments of ABT-510, cisplatin, and paclitaxel.  ABT-510 and both 

chemotherapy drugs caused a significant (p<0.05) increase in tumor cell apoptosis, and 

there was a further significant (p<0.05) increase in tumor cell apoptosis when ABT-510 

was combined with either drug (Figure 7 B).  To identify whether these compounds 

induced endothelial cell death, immunofluorescence colocalization of CD31 to visualize 

endothelial cells and TUNEL was performed.   ABT-510, cisplatin, and paclitaxel 

treatment each significantly increased ovarian tumor endothelial cell death (Figure 7 C).  

ABT-510, when combined with either cisplatin or paclitaxel had an additive effect, with 

significantly (p<0.05) increased endothelial cell apoptosis compared to controls or to 

treatment with individual compounds (Figure 7 C).   

ABT-510, cisplatin, and paclitaxel alter tumor associated morbidity 

Mice receiving IP therapy of ABT-510, cisplatin, and paclitaxel alone or in 

combination were scored for the presence of secondary lesions within the peritoneal 

cavity and also for the presence of abdominal ascites.  Vehicle treated controls 

universally had greater than 10 peritoneal secondary lesions at the time of euthanasia 

(Table 2).  ABT-510 treatment reduced the number of secondary lesions, as did cisplatin 

and paclitaxel treatment.  When ABT-510 was combined with either cisplatin or 

paclitaxel, there was a complete absence of peritoneal lesions (Table 2).  In D5W treated 
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controls, 6 of 7 mice exhibited abdominal ascites and 1 of 6 in ABT-510 treated mice.  

However, when ABT-510 was combined with either cisplatin or paclitaxel, none of the 

mice had ascites fluid in the abdomen. 
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Table 2     Presence of Secondary Lesions and Abdominal Ascites in Mice Treated with 
ABT-510, Cisplatin, and Paclitaxel Alone or in Combination, 60 days Post 
Tumor Induction 

Lesion 
Score 

D5W ABT-510 Cisplatin ABT/CIS Paclitaxel ABT/PAC 

0 None ** * ****** * ****** 

1 None ** * None ** None 

2 None * *** None ** None 

3 *** None * None * None 

# Animals 
with Ascites 

6/7 1/6 1/6 0/6 1/6 0/6 

 

*:  refers to an animal 
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Figure 4.  Effect of ABT-510 on VEGF and VEGR-2 levels.  Serum and tumor tissue was 

collected from mice treated with vehicle (D5W) or ABT-510 and subjected to ELISA or 

Western Blot analysis respectively.  A. D5W treated mice had increased circulating VEGF 

compared to non-tumor bearing mice (control) while ABT-510 decreased VEGF levels 

compared to vehicle controls.  B. ABT-510 treatment at 60 days post tumor induction 

caused a decreased expression of VEGF protein in ovarian tumors.  C.  No significant 

change in VEGFR2 expression between D5W and ABT-510 treatment groups.  Bars with 

different letters are statistically different, and bars with asterisks are statistically 

different from D5W controls. p< 0.05 
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Figure 5.  ABT-510 alters tumor vasculature.  Ovarian tumors were collected from mice 

treated with vehicle or ABT-510 60 days post tumor induction.  ABT-510 caused a 

significant decrease in blood vessel density (A) and tumor vessel area (B).  C.  ABT-510 

treatment resulted in more pericyte covered blood vessels, evidence by positive staining 

for CD31 and smooth muscle actin.  D. Quantification of the percentage of mature, 

pericyte covered blood vessels. Bars with asterisks are statistically different (p<0.05) 

compared to D5W treated controls. 
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Figure 6. (Continued on next page) 
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Figure 6.   Treatment with ABT-510 increases the uptake of paclitaxel and cisplatin in 

ovarian tumors.  A.  Mice were injected intraperitoneally with tritiated paclitaxel and 

tumors were harvested 12, 24, and 48 hours later.  Tumors from mice treated with ABT-

510 (white bars) had significantly increased drug uptake at all timepoints compared to 

D5W treated controls (black bars).  Bars with asterisks are statistically different (p<0.05) 

than vehicle controls.  B. Mice were also injected with fluorochrome-conjugated 

paclitaxel and immunofluorescence was performed on tumor tissue.  

Immunofluorescence colocalization showed that there was increased paclitaxel 

incorporation (green staining) which was localized near blood vessels (red staining for 

endothelial cells). C. Following combined treatment with cisplatin and ABT-510,  

platinum accumulation in tumor tissue was significantly increased (p<0.5) compared to 

D5W treated controls.    
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Figure 7. (Continued on next page) 
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Figure 7.  ABT-510 in combination with cisplatin and paclitaxel reduces tumor size and 

induces tumor and endothelial cell apoptosis.  A.  After 60 days of tumor growth, mice 

were treated with ABT-510, cisplatin and paclitaxel, alone and in combination.  All 3 

drugs reduced tumor size, compared to D5W treated controls.  When ABT-510 was used 

in combination with paclitaxel or cisplatin tumor size was decreased to a greater extent 

than either of the drugs alone.  B.  Tumor cell apoptosis was significantly increased 

when ABT-510 was combined with either cisplatin or paclitaxel, as indicated by the 

percentage of TUNEL (green stain) positive cells.  C.  Endothelial cell apoptosis (as 

indicated by CD31 (red) and TUNEL (green) co-stained cells was significantly higher in 

mice treated with ABT-510 and cisplatin or paclitaxel.  For all graphs, bars with different 

letters are statistically different (p<0.05). 
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Discussion 

The concept of anti-angiogenic therapy was first proposed in the 1970s when 

Judah Folkman highlighted the necessity of this process for tumor growth.  He 

hypothesized that if angiogenesis was essential for the growth of solid tumors then 

diminishing this blood supply might be an effective therapy (Folkman, 1972).  Since then 

numerous agents have been developed and tested in various cancers which either 

inhibit pro-angiogenic factors or up-regulate anti-angiogenic factors.  Many studies have 

focussed on decreasing pro-angiogenic factors such as VEGF through the use of 

monoclonal antibodies.  With respect to ovarian cancer, studies have shown prolonged 

survival following anti-angiogenic treatment (Mabuchi et al., 2008); however serious 

toxicities have also been reported with angiogenic and cytotoxic combinations (Azad et 

al., 2008; Nimeiri et al., 2008; Richardson et al., 2008).  More recently, compounds that 

increase expression of anti-angiogenic compounds such as TSP-1 have been developed.  

Specific TSP-1 mimetic peptides have been designed to exploit the anti-angiogenic Type 

I repeats within the gene.  To date,  various  clinical studies have utilized these peptides 

as a single-agent therapy (Baker et al., 2008; Ebbinghaus et al., 2007; Gordon et al., 

2008; Markovic et al., 2007).  In our studies we evaluated the use of the TSP-1 mimetic 

ABT-510 in combination with chemotherapeutic drugs cisplatin and paclitaxel for the 

treatment of EOC. The potential for ABT-510 as an anti-angiogenic therapy has been 

previously documented in our laboratory in which animals were treated daily with ABT-

510 immediately following tumor induction, and the results demonstrated a significant 
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decrease in ovarian tumors, ascites fluid production and secondary lesion formation 

(Greenaway et al., 2009). In the current study we evaluated the effects of ABT-510 alone 

or in combination with chemotherapeutics at a late stage of EOC.  For these 

experiments, we initiated treatment at 60 days post-tumor induction, at which time an 

established ovarian tumor has developed and the animals have started to produce 

secondary lesions and ascites fluid.  The morbidity seen at 60 days post tumor induction 

replicates Stage II of the disease in women, according to the International Federation of 

Obstetricians and Gynaecologists (FIGO) classification.  It is at this stage of disease at 

which most women are diagnosed and treatment is initiated (Jacobs et al., 1999).  

Animals were treated for 30 days with ABT-510 alone or in combination with cisplatin or 

paclitaxel in order to evaluate the effects of the peptide on established tumors which 

are at a clinically relevant stage women would receive treatment.   

Results from some initial anti-angiogenic trials have led some to hypothesize that 

these compounds prune back the immature, disorganized tumor vasculature, while 

leaving the normal vasculature intact.  We have previously shown that if mice are 

treated with ABT-510 at the time of tumor induction, that ovarian tumor growth is 

significantly reduced, and there is a reduction in expression of cytoprotective and 

angiogenic factors such as VEGF and VEGFR-2 (Greenaway et al., 2009).  In our study, 

treatment with ABT-510 reduced the tumor blood vessel density, but increased the 

proportion of mature, functional blood vessels.  As a result, the tumors were better 

perfused and allowed for an increased uptake of chemotherapy drug.   The mechanism 

by which ABT-510 induced this vessel normalization was through direct apoptotic 
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effects on endothelial cells of immature blood vessels.  This apoptotic effect, coupled 

with the induction of apoptosis on tumor cells, likely was responsible for the decreased 

tumor size in mice treated with the compound.  The vessel normalization and increased 

tumor perfusion have led some researchers to postulate that antiangiogenic therapy 

would be most effective when used in combination with chemotherapeutics (Jain, 2005; 

Kerbel, 2006; Ma and Waxman, 2008).  Indeed, in our study, the effects of either 

cisplatin or paclitaxel were significantly increased when combined with ABT-510 

treatment.   

It appears from the results of this study that the additive effectiveness of ABT-

510 and the chemotherapeutics was due to increased uptake of the drugs.   Animals 

that were treated for 3 weeks with ABT-510 daily before they were injected with 

radiolabelled paclitaxel exhibited a significant increase in paclitaxel incorporation within 

the ovaries at all time points compared to animals that did not receive the mimetic.  

Similarly, ABT-510 also facilitated an increased uptake of cisplatin in ovarian tumor 

tissue.  We also injected a group of animals with fluorescently labelled paclitaxel in 

order to localize the cytotoxic agent in the ovarian tumors.  We found that animals pre-

treated with ABT-510 had increased paclitaxel uptake in the peri-vascular areas of the 

tumor.  This localization suggests that the chemotherapy drug uptake was facilitated by 

the normalized vasculature resulting from ABT-510 treatment. In in vitro experiments in 

our laboratory, we found that treatment of ID8 cells with ABT-510 and the 

chemotherapy drugs in combination did not result in increased apoptosis compared to 

single agent conditions (data not shown).  These data suggest that the enhanced anti-
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tumor effects of ABT-510 and the chemotherapy drugs were due to increased uptake 

rather than by additive apoptotic effects on tumor cells directly. The anti-VEGF anti-

angiogenic drug bevacizumab has been shown to reduce overall blood vessel density 

while simultaneously decreasing interstitial pressure, increasing tumor tissue perfusion, 

and increasing the effectiveness of radiation and chemotherapy in patients with rectal 

cancer (Willett et al., 2004).  Of considerable interest is the ability of TSP-1 mimetics to 

increase tissue perfusion and facilitate chemotherapy drug uptake.  Intuitively, this 

would suggest that by increasing the efficiency of drug delivery, patients may require 

significantly lower dosages of chemotherapy drug to receive the same, or improved 

effects.  Also, increased delivery of chemotherapeutic drugs to tumor cells may increase 

the pro-apoptotic effects of these drugs, resulting in a more efficient chemical debulking 

of the tumor and decreased drug resistance.  As approximately 90% of patients with 

metastatic disease succumb to the disease for issues related to drug resistance (Agarwal 

and Kaye, 2003), any strategy to reduce chemotherapy drug resistance could have 

tremendous benefit.   

The size of the primary tumors were significantly reduced in animals treated with 

ABT-510 and even more reduced when combined with either cisplatin or paclitaxel.  An 

important observation as well, was the complete absence of macroscopic secondary 

metastatic peritoneal lesions within the peritoneal space, as well as a lack of ascites 

fluid when mice were treated with combination of ABT-510 and cisplatin or paclitaxel.  

These data are significant as treatment with these compounds were not initiated until 

mice were already suffering from metastatic disease, indicating that ABT-510 treatment 
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combined with chemotherapy caused regression of the disease.  The clinical importance 

of these data is highlighted by the fact that the majority (approximately 75%) of women 

are not diagnosed with the disease until the tumor has developed and spread within the 

abdomen (Ozols, 1997).   

TSP-1 appears to have important effects both on the tumor vasculature as well 

as direct apoptotic effects on tumor cells themselves.  Trastuzumab is an effective anti-

angiogenic molecule that has been reported to normalize tumor vasculature.  

Interestingly, the reported mechanism by which Trastuzumab decreases pro-angiogenic 

factor expression and induces tumor cell apoptosis is via an upregulation of TSP-1 (Izumi 

et al., 2002).   Low dose metronomic cheomotherapy is known to elicit a strong anti-

angiogenic influence (Bocci et al., 2008; Kamat et al., 2007), and increased expression of 

TSP-1 is an important mediator of this effect (Bocci et al., 2003). 

In conclusion, we have shown that the TSP-1 mimetic peptide ABT-510 causes 

tumor and endothelial cell apoptosis.  The pruning of abnormal tumor vasculature 

appears to leave healthier, normalized blood vessels that facilitate uptake of 

chemotherapeutic drugs and increase their effectiveness.  These results suggest that 

combined anti-angiogenic treatment with TSP-1 mimetics and chemotherapy drugs may 

significantly improve the outcome of patients with EOC.   
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Chapter 2: ABT-898 induces tumor regression and prolongs 
survival in a mouse model of epithelial ovarian cancer 
 
Adapted from Campbell et al., 2011. Mol Cancer Ther. 10(10):1876-85 
 

Abstract 

Epithelial ovarian cancer (EOC) is the most lethal gynecologic malignancy and is 

often not diagnosed until late stages due to its asymptomatic nature.  Women 

diagnosed with EOC typically undergo surgical debulking followed by chemotherapy, 

however disease recurrence often occurs.  In this study, we evaluated the ability of the 

thrombospondin-1 (TSP-1) mimetic peptide, ABT-898, to regress established, late stage 

tumors in a mouse model of human EOC.  Ovarian tumors were induced and ABT-898 

treatment was initiated at time points that were representative of late stages of the 

disease to study tumor regression.  ABT-898 induced tumor regression and reduced the 

morbidity of treated animals compared to controls.  Analysis of tumors from ABT-898 

treated animals demonstrated reduced abnormal tumor vasculature, decreased 

expression of the pro-angiogenic compound vascular endothelial growth factor (VEGF), 

and reduced tumor tissue hypoxia.  ABT-898 treatment initiated at late-stage disease 

also significantly prolonged disease-free survival compared to control animals.  Results 

from this study demonstrate that ABT-898 is capable of regressing established ovarian 

tumors in an animal model of the disease.  As most women are detected at advanced 

stage EOC, ABT-898 may improve our treatment of ovarian cancer.      
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Introduction 

Epithelial ovarian cancer (EOC) is the most common malignancy of the female 

reproductive tract and is the most lethal gynecologic cancer.  Ovarian cancer is detected 

at a late clinical stage in more than 80% of the cases partly due to diffuse, non-discrete 

clinical signs and the lack of effective screening techniques.  Current treatment 

modalities for EOC involves surgical debulking followed by platinum and taxol based 

chemotherapy (Harries and Kaye, 2001). Patients typically respond favourably to this 

initial treatment regimen, however the majority of women will experience disease 

recurrence that is characterized by chemoresistance (Chan et al., 2010; Perez et al., 

1990).  The outcome of current treatment modalities demonstrates the necessity for 

improved therapeutic options that will successfully treat late stage ovarian tumors and 

prevent chemoresistance that will ultimately prevent disease recurrence. 

Clinically relevant tumor growth is dependent upon formation of new blood 

vessels from pre-existing vasculature, a process termed angiogenesis.  In their early 

growth phase, tumors will undergo an angiogenic switch in which expression of pro-

angiogenic factors is enhanced, while angiogenesis inhibitors are suppressed (Carmeliet, 

2003; Folkman, 1972).  VEGF is a potent pro-angiogenic growth factors and is highly 

predictive of poor prognosis in numerous cancer types (Yamamoto et al., 2010).  In 

contrast, thrombospondin-1 (TSP-1) is an endogenous inhibitor of angiogenesis that is 

often inversely expressed with VEGF and increased TSP-1 expression is associated with a 

favourable prognosis (Zabrenetzky et al., 1994).  
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Use of compounds that target angiogenic pathways and regress tumor 

vasculature to ultimately inhibit growth and metastasis of tumors have resulted in 

variable outcomes (reviewed by Sanchez-Munoz et al., 2009). Initially, the goal of anti-

angiogenic agents was to decrease tumor vascularity in an effort to impede nutrient 

delivery and decrease metastasis, however, numerous studies have suggested that 

tumor vasculature undergoes normalization.  Tumor vessel normalization involves 

pruning back the abnormal, torturous tumor vasculature while leaving the mature, 

healthy parental vessels intact (reviewed by Jain, 2005).  This ultimately results in 

increased tissue perfusion and decreased tumor hydrostatic pressure which can 

facilitate increased uptake of cytotoxic agents when used in combination therapy.  We 

have previously reported that the TSP-1 mimetic peptide ABT-510 decreases blood 

vessel density and increases the proportion of mature blood vessels allowing for 

enhanced tissue uptake of paclitaxel and cisplatin (Campbell et al., 2010).  The 

thrombospondin mimetic peptide, ABT-510, (Abbott Laboratories) is a nonapeptide (Ac-

Src-Gly-Val-D-AlloIle-Thr-Nva-Ile-Arg-Pro-NHEth) related to a sequence from the anti-

angiogenic second Type I domain of TSP-1 (…GVITRIR…).  The type I repeat region (TSR) 

binds and activates CD36, a scavenger receptor found on endothelial and other tumor 

cells to mediate the anti-angiogenic effects of TSP-1 such as increased apoptosis and 

impaired migration and chemotaxis (Primo et al., 2005; Sun et al., 2009).  We have 

demonstrated in a mouse model of EOC, that ABT-510 is capable of decreasing the size 

of ovarian tumors and inhibiting the formation of peritoneal lesions and ascites fluid 

(Campbell et al., 2010; Greenaway et al., 2009).  A second generation TSP-1 mimetic 
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peptide, ABT-898 has been generated (Ac-Gly-Val-D-AlloIle- Ser-Gln-Ile-Arg-Pro-NHEth) 

which has enhanced pharmacodynamic and pharmacokinetic stability. Replacement of 

the Thr-Nva bond of ABT-510 with Ser-Gln results in significantly improved plasma 

stability and an increased half-life of 4-5h for ABT-898. Compared to other anti-

angiogenic agents, the TSP-1 mimetics offer minimal side effects or toxicities (Baker et 

al., 2008; Gordon et al., 2008).  In this study we utilized ABT-898 to determine its effects 

on late stage epithelial ovarian tumors and its ability to induce tumor regression and 

prolong disease-free survival.  

Materials and Methods   

Reagents and Cell Lines 

In this study, we used the TSP-1 mimetic peptide ABT-898 (Abbott Labs, Abbott 

Park, IL) and evaluated its effect on murine and human endothelial and ovarian 

epithelial cells.  Murine microvascular endothelial cells (mEC) were obtained from ATCC 

and were cultured in DMEM with 10% FBS and 1% ABAM and human endothelial cells 

(HUVEC) were cultured in F-12K (ATCC) supplemented with 0.1mg/ml heparin (Sigma), 

0.03mg/ml ECGS (Sigma), 10% FBS and 1% ABAM.   The following epithelial cell lines 

were also cultured with the appropriate media: ID8 cells (DMEM), normal human 

ovarian surface epithelial cells (NOSE; generously donated by Dr. Jinsong Liu (MD 

Anderson Cancer Center, Houston, TX)), OVCAR-3 (RPMI with 20% FBS) and SKOV3 

(McCoys 5A, supplemented with 10% FBS and 1% ABAM).  
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Mouse Model 

All animals were purchased from Charles River Laboratories and housed and 

treated in accordance with the Canadian Council on Animal Care.  An orthotopic, 

syngeneic mouse model of EOC was used to evaluate the pre-clinical efficacy of ABT-

898. This model replicates high grade ovarian serous adenocarcinoma in women and has 

been previously described (Greenaway et al., 2008).  Briefly, spontaneously transformed 

murine surface epithelial cells from C57BL/6 mice (ID8; 1.0 x 106) were injected directly 

under the ovarian bursa of syngeneic mice. In this model, 60 days post tumor induction 

(PTI), mice form primary ovarian masses and by 90 days PTI, there are large ovarian 

tumors, numerous secondary peritoneal lesions, and abdominal ascites. The ability of 

ABT-898 to induce regression of established epithelial ovarian tumors was assessed in 

our animal model.  Tumors were allowed to develop for 60 or 80 days PTI, at which time 

treatment of animals was initiated with intraperitoneal (IP) once daily injections of ABT-

898 (25mg/kg) or D5W vehicle control (200uL). ABT-898 has not shown any toxicity or 

immune response in this syngeneic mouse model.  Mice were euthanized 90 days PTI, 

which corresponded to 30 days of treatment in the 60 day PTI group and 10 days of 

treatment in the 80 day PTI group.  Primary tumors were collected and measured and 

peritoneal tumors were assessed for metastatic spread based on a lesions scoring 

system in which mice were categorized as having no observable abdominal lesions, 1-2 

lesions, between 3-10 lesions, or greater than 10 lesions as a way to quantify the extent 

of abdominal disease as we have done previously (Greenaway et al., 2008). 
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Survival 

In a second cohort of mice, daily treatments with ABT-898 were initiated at 60 or 

80 days PTI (n=12 animals per group) and animals continued to receive treatment until 

they became moribund which was assessed based on the visible accumulation of ascites 

fluid.  Animals with noticeable ascites and an increased weight gain of 20% of their pre-

tumor induction body weight were euthanized.  All remaining animals were euthanized 

at 150 days post-tumor induction and those which were free of morbidity (had not 

developed ascites fluid) were recorded accordingly.  The ovaries of these animals were 

assessed histologically to ensure that the surgical injection of ID8 cells was successful 

and created the presence of a focal necrotic region indicating where original tumors had 

regressed.   

In Vitro Endothelial and Epithelial Cell Death 

ABT-898-induced apoptosis in endothelial and epithelial cells was evaluated with 

a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (In Situ 

Cell Death Detection Kit; Roche, Laval, Quebec, Canada) according to the manufacturer’s 

instructions and by immunofluorescence staining for caspase-3.  Endothelial and ovarian 

tumor cells were cultured in serum-free media alone or with ABT-898 (50nM) or vehicle 

control (5% dextrose in PBS) for 24 hours, and were then fixed in 10% buffered formalin 

for 1 hour and permeabilized with 0.2% Triton-X for 5 minutes.  For detection of 

apoptosis, cells were washed with PBS and incubated with the TUNEL reaction mixture 

(label solution and enzyme solution) for 60 minutes at 37°C in the dark.  Cells were 
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rinsed with PBS, nuclei were stained with DAPI, and coverslips were mounted onto 

slides with Prolong Gold anti-fade (Invitrogen, Burlington, ON) and allowed to dry 

overnight.  Negative and positive controls were generated according to the kit 

instructions.  All slides were visualized using an Olympus BX-61 fluorescent microscope, 

and quantification of the percent immunopositive cells was performed by a blinded 

individual using integrated morphometry software (Metamorph, Burlingname, CA).  For 

fluorescence detection of caspase-3, cells were incubated in the presence of a rabbit 

anti-human caspase-3 antibody (Cell Signaling, 1:200 dilution) overnight at 4oC, then 

rinsed and incubated with rabbit Alexa Fluor 488 secondary antibody (Molecular Probes, 

1:100 dilution) for 2 hours at RT.  Brightfield and fluorescence images were captured 

with an Olympus phase contrast fluorescence microscope and overlayed using 

integrated morphometry software (Metamorph, Burlingname, CA).   

Immunohistochemistry 

Immunohistochemistry (IHC) was performed to quantify expression of the 

endothelial cell marker CD31 and a marker of hypoxia, carbonic anhydrase (CA). At 90 

days PTI, following 30 days of treatment with ABT-898, ovarian tissue was harvested 

from animals and immediately formalin-fixed.  Tissues were then processed using a 

paraffin tissue processor (Ventana Medical Systems, Tuscon, AZ) and 5μm sections were 

cut and mounted onto slides. Paraffin-embedded sections were de-paraffinized, 

rehydrated and endogenous peroxidases were blocked by incubation with 1% hydrogen 

peroxide for 10 minutes at room temperature (RT). Antigen retrieval was conducted by 
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immersing sections in 10mM citrate buffer at 90°C for 12 minutes. Tissues were blocked 

for 10 minutes at RT with 5% normal serum and incubated with anti-CD31 (BD 

Biosciences Pharmingen, San Diego, CA) or CA (Abcam) overnight at 4°C in a humidity 

chamber. Slides were incubated with anti-mouse biotinylated secondary antibody 

(Sigma-Aldrich Canada Ltd., Oakville, ON) for 2 hours at RT followed by ExtrAvidin 

(Sigma-Aldrich Canada Ltd., Oakville, ON) for 1 hour at RT.  The primary antibodies were 

visualized using DAB (Sigma-Aldrich Canada Ltd., Oakville, ON) and counterstained with 

Carazzi’s Hematoxylin.  After slides were dehydrated and mounted on coverslips, they 

were imaged by an individual blinded to the treatments using brightfield microscopy.  

Evaluation of microvessel density and vessel maturity 

Microvessel density was evaluated in tissue sections that were immunostained 

for CD31 as mentioned above.  Images were obtained at 200x magnification and 4 fields 

of view per section were used.  Microvessel density (number of vessels per field and 

blood vessel area) was quantified using Metamorph integrated morphometry software 

(Metamorph, Burlingname, CA). In order to evaluate vessel maturity, a marker for 

mature vessels was co-localized with endothelial cells using immunofluorescence in 

tumor sections. Immunostaining was performed with CD31 and SMA, a pericyte marker. 

Briefly, slides were processed as mentioned above and incubated with the CD31 

antibody for 1 hour at RT. Tumor sections were washed with PBS and anti-mouse 

secondary antibody conjugated to Alexa Fluor 594 (Invitrogen, Burlington, ON) was 

applied for 1 hour at room temperature. Following another series of washes, slides were 
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incubated for 1 hour at RT with anti-SMA primary antibody (Fitzgerald Industries 

International, Concord, MA) and secondary antibody conjugated to Alexa Fluor 488 

(Invitrogen, Burlington, ON) was applied for 1 hour. Tissues were counterstained with 

DAPI and mounted using Prolong Gold as an antifade medium (Invitrogen, Burlington, 

ON). SMA positive vessels indicated mature blood vessels and they were quantified as a 

percentage of total CD31 positive vessels. Images were captured by an individual 

blinded to the treatments with an Olympus BX-61 microscope at room temperature 

using integrated morphometry software.  SMA positive vessels indicated mature blood 

vessels and they were quantified as a percentage of total CD31 positive vessels. 

In Vivo Determination of Epithelial and Vascular Endothelial Cell 

Apoptosis 

Following treatment with D5W or ABT-898 in vivo from 60 days PTI, tissues were 

collected at 90 days PTI and processed for immunofluorescence and apoptosis.  For 

determination of epithelial tumor cell apoptosis, tissues from D5W or ABT-898 treated 

animals were analyzed using the TUNEL assay according to manufacturer’s instructions 

(Roche, QC).  For evaluation of vascular endothelial cell apoptosis, two adjacent tissue 

sections were placed on each slide, and one was immunofluorescently stained for CD31, 

while the other was probed for SMA as above.  Following incubation with Alexa-Fluor 

594-conjugated secondary antibodies, tissues were rinsed and subjected to TUNEL 

analysis as described above.  Following the TUNEL procedure, images of CD31, SMA, and 

TUNEL were collected and images of adjacent sections were oriented and overlaid using 
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image processing software.  This approach allowed us to determine the incidence of 

apoptosis in the endothelium of vessels with and without pericyte coverage. 

Expression of Vascular Endothelial Growth Factor (VEGF) 

Protein levels of pro-angiogenic VEGF was determined in vitro and in vivo using 

Western blot analysis.  In vitro, ID8 cells were cultured in the presence of 50mM ABT-

898 in serum-free DMEM, supplemented with 1% ABAM (Gibco, Burlington, ON) for 24 

hours.  For in vivo experiments, tumor tissue was collected at 90 days PTI from mice 

treated with ABT-898 for 10 days (80 day PTI group) or 30 days (60 day PTI group) and 

was flash frozen.  Cells were lysed and tumor tissues were homogenized in RIPA buffer 

with protease and phosphatase inhibitors and protein concentrations were determined 

using a DC protein assay (Bio-Rad Laboratories, Hercules, CA).  All western blots were 

performed using an XCell II™ Blot Module System (Invitrogen, Burlington, ON).  Samples 

(20 µg of total protein) were reduced and subjected to SDS-PAGE.  Proteins were 

transferred to PVDF membranes (Bio-Rad Laboratories, Hercules, CA) and blocked at 

room temperature for 1 hour in 5% skim milk with TBST.  Membranes were probed for 

overnight at 4°C with primary antibody against VEGF (SantaCruz, Burlingname, CA).  

Following washes with TBST, membranes were incubated for 1 hour at RT with anti-

rabbit IgG HRP-linked secondary antibodies (Cell Signaling Technology, Inc., Beverley, 

MA).  Expression of VEGF was detected using Western Lightning Chemiluminescence 

Reagent Plus (PerkinElmer BioSignal, Inc., Montreal, QC) and visualized using medical x-

ray film (Konica Minolta Medical Imaging Inc., Wayne, NJ). Computer assisted 
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densitometry was performed using AlphaEase FC software (AlphaInnotech, San Leandro, 

CA) and results were quantified and reported as integrated densitometry values (IDV) 

relative to β-tubulin. 

Statistical Analysis 

All in vitro experiments contained three biological replicates and all in vivo 

experiments consisted of at least six animals per group.  Results from cell apoptosis, 

ovarian tumor weight, blood vessel density and maturity were evaluated by analysis of 

variance with a Fisher post hoc test.  To analyze secondary lesions and ascites fluid a chi-

squared test was performed.  In order to evaluate survival in our model, a Kaplan-Meier 

estimator was performed and significance was determined using the log-rank test.  

Significance threshold was set at 0.05 and the error bars within the graphs are based on 

standard deviation of the mean. 

Results 

ABT-898 induces apoptosis in endothelial and epithelial cells and 
significantly reduces the size of epithelial ovarian tumors  

 

In the present study, animals were allowed to develop epithelial ovarian tumors 

for 60 or 80 days which replicates late stage human disease, before being treated with 

ABT-898. We evaluated the apoptosis inducing effect of ABT-898 on cells comprising the 

vascular and epithelial compartments of ovarian tumors.   Various endothelial and 

epithelial cell lines that were treated with ABT-898 in culture for 24 hours exhibited a 
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significant increase in cell death compared to untreated controls (Figure 8 A,B).  In 

human and murine endothelial and epithelial cancer cells, treatment with 50nM ABT-

898 for 24hr resulted in approximately a 5-fold increase in apoptosis.  Cancer cells 

showed an increase in expression of caspase-3 following treatment with the peptide 

(Figure 8 C).  

Animals that received daily IP injections of ABT-898 for 30 days (60 days PTI) or 

10 days (80 days PTI) had a significant reduction in tumor size compared to the size of 

the tumors at the start of treatment, and in comparison to the vehicle (D5W) treatment 

controls also collected at 90 days PTI (Figure 9).   

ABT-898 reduces the number of peritoneal lesions and prevents formation 
of ascites fluid 
 

The number of peritoneal lesions and the presence of ascites fluid was 

determined in animals following treatment with ABT-898 as described above (n=6 mice 

per treatment group).  4/7 animals that received treatment at 80 days PTI had less than 

2 visible lesions in their peritoneal cavity compared to 1 / 6 animals that exhibited a 

similar frequency of lesion formation in the D5W control group (Figure 10). Examination 

of the 60 day PTI group revealed treatment of ABT-898 significantly lowered the 

abdominal or extraovarian lesion formation compared to controls.  The majority of 

animals (5 / 6) had 0-2 detectable metastatic lesions and 3 had no lesions while among 

controls 5 / 6 animals had >2 lesions and none of the controls were lesion free.  All 6 

animals that received the vehicle control developed ascites fluid during the study, 
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however treatment with ABT-898 reduced the number of animals that developed 

ascites.  In the 80 day PTI group, 2 / 6 animals had no ascites, a significant reduction 

compared to controls.  Most interestingly, there was a complete absence of ascites in 

mice whose treatment began at 60 days PTI (30 days of ABT-898 treatment) (Figure 10).  

ABT-898 remodels the vasculature and reduces tumor tissue hypoxia 

The effect of ABT-898 on tissue hypoxia and tumor vasculature was evaluated in 

vivo.  ABT-898 treatment reduced the levels of tumor tissue hypoxia compared to 

controls, as indicated by the proportion of tissue positive for CA (Figure 11 A).  Blood 

vessel maturity was measured as the percentage of blood vessels associated with SMA 

positive pericytes. Immunoflurescence co-localization of CD31 and SMA showed that in 

late-stage disease, ABT-898 increased the proportion of mature vessels compared to 

vehicle treated controls (Figure 11 B).  ABT-898 treatment resulted in a significant 

decrease in tumor vessel area and blood vessel density. Treatment for 30 days resulted 

in statistically significant reduction in vessel area compared with both controls (p < 0.05) 

and 10 day treatment (p < 0.05) (Figure 11 C).   

ABT-898 reduces expression of VEGF in vitro and in vivo 

ID8 cells treated with 50mM ABT-898 for 24 hours expressed lower levels of 

VEGF compared to the untreated controls (Figure 11 D).  Protein was collected from 

whole tumor tissue homogenates from mice who received ABT-898 for 10 days (80d PTI 

group) or 30 days (60d PTI group) or who received D5W vehicle control.  Western blot 
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analysis showed a decrease in VEGF protein levels after 10 days of treatment with ABT-

898 and a further reduction in VEGF protein in the 60d PTI group (Figure 11 E).   

ABT-898 induces apoptosis in endothelial cells of immature but not 
mature blood vessels 
 

Double-labeling immunofluorescence, coupled with TUNEL analysis allowed us to 

view endothelial cell apoptosis in immature (without pericyte coverage) and mature 

(pericyte covered) tumor vessels.   ABT-898 induced apoptosis predominantly in vessels 

that were void of pericytes, as indicated by a lack of α-SMA co-staining (Figure 12).  

Endothelial cells from mature, pericyte-covered vessels were typically resistant to 

apoptosis (Figure 12). 

ABT-898 prolongs survival in a mouse model of epithelial ovarian cancer 

ABT-898 treatment caused a significant reduction in the size of ovarian tumors 

(Figure 9).  To determine whether this treatment had an impact on survival, we 

continued treatment and assessed for signs of morbidity.  Treatment began at 60 or 80 

days PTI and continued until animals became moribund, which was defined as 

abdominal distension due to ascites fluid accumulation.  Animals whose treatment 

began at 80 and 60 days PTI had a significantly longer survival compared to controls.  

Mice that received ABT-898 at 80 days had a mean survival of 108 days PTI compared to 

98 days for controls.  Treatment that started at 60 days PTI resulted in the animals living 

on average 130 days compared to 94 days PTI.  The experiment was terminated at 150 

days PTI and all animals were euthanized independent of any signs of morbidity.  



 

81 

Approximately 27% of mice with treatment started at 80 days and 46% of mice starting 

at 60 days PTI had no sign of disease such as abdominal distension, coat condition 

deterioration, or lethargy and at 150 days PTI and had no grossly observable ovarian 

tumors at euthanasia (Figure 13 A,B).  

Long-term treatment of ABT-898 significantly reduces the number of 
peritoneal lesions  
 

Mice involved in the survival study were scored for the presence of peritoneal 

lesions at the time of necropsy. Mice, in which treatment was initiated at either 60 or 80 

days PTI continued to receive treatment until they became moribund (or until the 

experiment was terminated at 150 days PTI).  Animals that received treatment had 

significantly fewer lesions when sacrificed compared to untreated controls.  The 80 days 

PTI group had a reduction in the number of lesions while the 60 day PTI group had 

greater than 50% with no signs of peritoneal disease (Figure 13 C,D).  
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Figure 8. (Continued on next page)   
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Figure 8.  ABT-898 induces apoptosis in endothelial and epithelial cells.  A. Murine and 

human cell lines were treated with 25nM ABT-898 for 24 hours and apoptosis was 

measured via TUNEL.  Treatment with ABT-898 increased the percentage of apoptotic 

cells in both murine endothelial (mEC) and human umbilical vein endothelial cells 

(HUVEC).  B. Transformed murine surface epithelial (ID8), human normal ovarian surface 

epithelial (NOSE) and human ovarian carcinoma cell lines (OVCAR-3 and SKOV-3) were 

also treated with ABT-898.  All of these cell lines demonstrated an increase in apoptosis 

following treatment with ABT-898 compared to serum-free or vehicle controls. C. Relief 

contrast imaging showed an increase in expression of caspase-3 following 24 hour 

treatment with ABT-898 in murine and human EOC cells.  In vitro experiments were 

performed in triplicate and the assays were repeated three times. * p < 0.01 
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Figure 9.  Treatment with ABT-898 induces regression of epithelial ovarian tumors.  

Tumors were allowed to progress without intervention for 60 or 80 days post tumor 

induction (PTI). Animals were treated with 25mg/kg/day of ABT-898 or the vehicle 

control D5W resulting in treatment for 30 or 10 days respectively.  At 90 days PTI ABT-

898 treated tumors were significantly smaller compared to pre-treatment or D5W 

treatment.  (n=6 animals per group; * p < 0.05; **  p < 0.01) 
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Figure 10.  (Continued on next page) 
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Figure 10.  ABT-898 reduces the number of secondary lesions and prevents formation of 

ascites fluid.  A. The number of secondary lesions and the presence of ascites fluid was 

assessed in the animals at 90 days PTI following treatment with ABT-898.  Mice treated 

for 10 days (80 days PTI) and 30 days (60 days PTI)  demonstrated a significant reduction 

in the number of secondary lesions compared to D5W treated controls. A significant 

reduction was also observed between the 60 and 80 day PTI groups.  B.  All of the 

animals treated with the vehicle control (D5W) had developed ascites fluid at 90 days 

PTI.  There was a significant reduction in the number of mice with ascites following 

treatment with ABT-898.  Approximately 40% of mice treated for 10 days (80 days PTI) 

did not present with ascites fluid.  Animals treated at 60 days PTI did not show any signs 

of ascites fluid production demonstrating the ability of ABT-898 to inhibit its formation.  

(n=6 animals per group; In panel A, * - p<0.05 compared to D5W control, in Panel B, 

bars with different symbols are statistically different p < 0.05) 
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Figure 11. (Continued on next page) 
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Figure 11.   Treatment with ABT-898 reduces tumor tissue hypoxia, alters the vascular 

profile, and decreases VEGF protein levels in vitro and in vivo.  A. Ovaries harvested 

from mice treated with ABT-898 for 30 days (ABT-898 60d PTI group) were 

immunostained for carbonic anhydrase to evaluate tumor hypoxia.  There was a 

significant reduction in the percent of immunopositive staining in tumors from animals 

that were treated daily with ABT-898 compared to controls.  B. Co-localization 

experiments performed with CD31 (red) and SMA (green) revealed that following 

treatment with ABT-898 there was an increase in the proportion of pericyte-covered 

mature blood vessels at 60 and 80 days PTI. (n=6 animals per group).  Bars A – 150µm; B 

- 120µm.  C. Ovaries were collected from animals treated with ABT-898 for 30 (60 days 

PTI) and 10 (80 days PTI) days and immunohistochemical analysis investigated 

vasculature parameters.  Treatment with ABT-898 significantly (p<0.05) reduced the 

blood vessel density [top] and tumor vessel area [bottom] at both time points.  A further 

significant reduction in tumor vessel area was noted in the 60 day PTI group compared 

to 80 days PTI. (n=6 animals per group; bars with different symbols are statistically 

different p < 0.05).   

VEGF expression was evaluated through western blotting in ID8 cells and ovarian tumor 

tissue following treatment with ABT-898.  D.  ID8 cells were either untreated (Cntrl) or 

treated with 50nM ABT-898 for 24hr in serum-free media. E. Ovarian tumor tissue was 

collected at 90 days post tumor induction (PTI) from untreated mice (Cntrl) or mice in 

which ABT-898 (25mg/kg) treatment was initiated at 60 or 80 days PTI.  In vitro 
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experiments were performed in triplicate and repeated three times while in vivo 

experiments included 6 mice per treatment group.  The above western blots depict an 

average representative from each group. 
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Figure 12.  (Continued on next page)

 



 

91 

Figure 12.  ABT-898 induces apoptosis in tumor cells and in endothelial cells from 

immature blood vessels.  At 90 days PTI, tissues from control, and ABT-898 treated mice 

were subjected to brightfield TUNEL analysis (A) or immunofluorescence co-localization 

of markers for endothelial cells (CD31), pericytes (SMA), and apoptosis (TUNEL) (B).  

ABT-898 treatment caused a significant increase in tumor cell apoptosis.  Endothelial cell 

death typically was observed in blood vessels that were not associated with pericytes 

and ABT-898 treatment resulted in fewer blood vessels with apoptotic endothelial cells. 

Bar = 120µm. n=6 mice per group; * - statistically significant difference between groups 

(p < 0.05).  



 

92 

 

 

Figure 13.   (Continued on next page) 
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Figure 13.  ABT-898 prolongs disease-free survival and reduces the number of secondary 

lesions.  A.  In a separate cohort of mice, animals continued to receive daily IP injections 

of ABT-898 until they became moribund.  Animals treated at 80 days PTI had a 

significant increase in survival compared to D5W controls.  The mean survival in this 

group was 108 days compared to   98 days for the controls.  At 150 days PTI, 27% of the 

mice did not exhibit signs of disease.  B. There was also an overall increase in survival in 

animals treated at 60 days PTI.  These mice were disease-free for 130 days on average 

compared to 94 days PTI for the controls.  At the completion of the study, 46% of the 

mice in this group did not display signs of disease.  (n=15 animals per group) 

C.  Animals that commenced treated at 80 days PTI had a significant reduction in the 

number of secondary lesions compared to controls.  On average, treated mice had a 

score of 2-10 lesions compared to >10 lesions which the controls exhibited.  D. There 

was also a significant reduction in the number of secondary lesions in the 60 day PTI 

group.  Over 50% of treated mice did not have any lesions compared to controls which 

had around 10 lesions.   (n=15 animals per group; * p < 0.05) 
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Discussion 

We have shown that the TSP-1 mimetic peptide, ABT-898 can induce regression 

of advanced-stage EOC in mice and that it induces apoptosis of tumor cells and 

endothelial cells of immature tumor blood vessels. Since the field of anti-angiogenic 

therapy was first pioneered in the 1970s, various studies have looked at its role in 

treating cancer, with many focusing on targeting the VEGF pathway (reviewed by Rosen, 

2005).  Anti-VEGF agents have been used for the treatment of ovarian cancer and have 

shown some clinical efficacy (Burger, 2010), along with some toxicities (Randall and 

Monk, 2010; Cannistra et al., 2007).  Other anti-angiogenic agents which have been 

effective for the treatment of various cancers are peptides derived from the TSR anti-

angiogenic domain of TSP-1 (Dawson et al., 1999). Numerous studies have shown the 

anti-angiogenic and anti-tumor effects of 3TSR (Ren et al., 2009; Zhang et al., 2005a; 

Zhang et al., 2007a) and ABT-510 (Anderson et al., 2007; Greenaway et al., 2009; Hasina 

et al., 2009). These endogenous inhibitors of angiogenesis have demonstrated efficacy 

and safety and are well tolerated in both animal models and human studies (Baker et 

al., 2008; Ebbinghaus et al., 2007; Gordon et al., 2008; Markovic et al., 2007).   We have 

previously evaluated ABT-510 as a single-agent and in combination with various 

chemotherapeutics in the treatment of EOC and reported a decrease in primary tumor 

size and a reduction in the clinical signs of the disease, as well as an increase in the 

uptake of the chemotherapy drugs cisplatin and paclitaxel through vascular 

normalization (Campbell et al., 2010).   
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Due to the relatively asymptomatic nature of EOC, approximately two thirds of 

women are not diagnosed until advanced stages (Stage III, IV) (Holschneider and Berek, 

2000) at which time disease has spread throughout the peritoneum and the 5-year 

survival rate is only approximately 37% (Heintz et al., 2006; Nguyen et al., 1993).  In our 

animal model, we can allow the mice to develop late-stage disease before beginning 

treatment, which replicates the current clinical situation. In the current study, we 

evaluated the ability of ABT-898 to regress established ovarian tumors and prolong 

disease-free survival. ABT-898 induced apoptosis in both in vascular endothelial and 

tumor cells, resulting in reduced tumor size and decreased tumor microvessel density.  

This combined anti-angiogenic and anti-tumor effect may explain the potent regression 

of advanced tumors following relatively short treatment periods of 10 or 30 days.  

Recently, ABT-898 has been shown to have a similar combined anti-angiogenic and pro-

apoptotic influence on ovarian cells, where it inhibits follicular angiogenesis and 

concomitantly induces atresia of antral follicles (Garside et al., 2010).  Anti-angiogenic 

therapies may act to “prune” tumor vessels, removing the immature and abnormal 

tumor vessels resulting in vessel normalization and an increased perfusion pressure of 

the residual tumor tissue (Jain, 1998; Jain, 2001).  In our study, ABT-898 specifically 

induced endothelial cell death in immature tumor vessels that were not associated with 

pericytes and following treatment, tumor tissue had better perfusion, suggesting that 

the remodelled blood vessels were more functional and vascular supply was enhanced. 

Vessel pruning by ABT-898 is supported by other studies that have demonstrated a pro-

apoptotic effect of TSP-1 on endothelial cells in vitro and in vivo (Hasina et al., 2009; 
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Rege et al., 2009; Ren et al., 2009).  By specifically targeting immature tumor vessels, 

ABT-898 appears to have limited impact on established vasculature and may explain 

why we have not see changes in the vasculature in other peritoneal organs that are 

exposed to this TSP-1 mimetic.  ABT-898 also exerts a pro-apoptotic effect on the 

epithelial cell compartment, which likely contributed to the significant decrease in 

tumor mass seen at both the 60 and 80 day PTI groups.  TSP-1 has also been shown by 

us and others to induce apoptosis in non-endothelial  leukemias and ovarian cancer 

cells, which may provide an important contribution to its anti-tumor activity in addition 

to its anti-angiogenic effects (Bruel et al., 2005; Campbell et al., 2010; Greenaway et al., 

2009; Li et al., 2003).  We have previously shown that through vessel normalization in a 

mouse model of EOC, ABT-510 facilitates an increased uptake of chemotherapeutic 

drugs commonly used to treat  women (Campbell et al., 2010).  Tumor vasculature 

exhibits inefficient flow causing numerous hypoxic areas with limited blood supply 

(Fukumura et al., 2001; Winkler et al., 2004).  Due to this limited blood flow, it is difficult 

to get cytotoxic drugs to the tumor core, which can result in suboptimal drug delivery 

which can facilitate drug resistance, allowing the tumor to persist and grow (Browder et 

al., 2000; Cosse and Michiels, 2008).  By increasing vascular supply to a smaller tumor, 

ABT-898 may increase the delivery and uptake of chemotherapy drugs, enhancing their 

effectiveness and reducing drug resistance.   

As the ovarian tumor grows, tumor cells typically begin to shed from the surface, 

a process known as transcoelomic metastasis (Tan et al., 2006).  These cells will then 

seed throughout the peritoneal cavity and attach to the abdominal wall, the surfaces of 
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peritoneal organs, and mesenteries.  The cells will coalesce and form well-differentiated 

secondary tumors with recruitment of an independent blood supply.  The pro-

angiogenic drive from the primary tumor, along with the multiple secondary peritoneal 

lesions often present generate significantly increased expression of pro-angiogenic VEGF 

(Fujimoto et al., 2001; Gadducci et al., 2003; Yamamoto et al., 1997).  We have shown 

that tumor-bearing mice have a significant increase in the levels of VEGF in serum and 

ascites fluid (Campbell et al., 2010; Greenaway et al., 2008).  In addition to its pro-

angiogenic effect, VEGF is a potent stimulator of vessel permeability (Behzadian et al., 

2003; Senger et al., 1983).  It is thought that increased tumor vessel permeability 

contributes to fluid extravasation in primary and secondary ovarian tumors, and 

ultimately the accumulation of abdominal ascites.  In our study, ABT-898 reduced VEGF 

protein levels in ID8 cells cultured in vitro and in collected tumor tissue, which would 

contribute to the reduced blood vessel density and increased tumor cell apoptosis 

observed in this model.  The mechanism for this reduction in VEGF expression is not 

clear, although we have shown previously that TSP-1 binds VEGF, then associates with 

the LRP-1 receptor, where the complex is internalized and degraded (Greenaway et al., 

2007).  Mice that were treated with ABT-898 at 60 and 80 days post-tumor induction 

had a significant reduction in the number of secondary lesions compared to controls. 

The reduced number of peritoneal lesions was also associated with reduced ascites 

following treatment.  Most notable was the fact that the animals in the 60 day PTI group 

had a complete absence of ascites fluid.    
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Based on the reduction we observed in ovarian tumor weight, decreased 

peritoneal lesions and reduced ascites fluid formation following treatment with ABT-

898, we hypothesized that the peptide would significantly extend survival in our mouse 

model of EOC.  Animals in which treatment was initiated at 60 or 80 days post-tumor 

induction continued to receive daily injections until moribund. Treatment with ABT-898 

significantly prolonged disease-free survival in both groups and resulted in a number of 

animals that did not present with any signs of disease at 150 days. Of the animals that 

did present with morbidity before 150 days, survival may have been enhanced by 

periodic draining of abdominal ascites or a combinational therapy including 

chemotherapy drugs such as cisplatin or taxol, which are procedures performed 

clinically. Although some of the mice in the 60 day PTI treatment group had to be 

euthanized early due to accumulation of ascites fluid, more than half of these animals 

did not display peritoneal lesions.  It appears that ABT-898 treatment in these animals 

eliminated the peritoneal lesions, but ascites was still being generated from the residual 

primary tumor.   In these mice, treatment was encouraging as most women succumb to 

EOC due to peritoneal disease, rather than primary tumor burden.  

Currently, the standard of care for patients with EOC involves cytoreductive 

surgery followed by chemotherapy.  Over the past few decades, optimization of this 

treatment regime has resulted in a slight overall increase in survival (Chan et al., 2010), 

however the long term survival rate remains low.  Results from this study suggest that 

ABT-898 may be beneficial in the treatment of late-stage EOC and may improve survival 

for women diagnosed with this disease. 
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Chapter 3: Investigating the mechanism of action of ABT-898 in a 
mouse model of epithelial ovarian cancer. 
 

Abstract 

The current standard of care for women diagnosed with epithelial ovarian cancer 

(EOC) is surgical de-dulking followed by chemotherapeutics.  This approach has some 

success, but often is associated with disease recurrence and resistance to 

chemotherapeutics.  Recently, strategies have focused on inhibiting tumor vasculature 

through the use of anti-angiogenic agents.  Members of the thrombospondin-1 (TSP-1) 

family signal through the CD36 receptor to induce endothelial cell apoptosis and cause 

blood vessel regression.  It has also been proposed that these agents have a direct 

apoptotic effect on epithelial cells.  In order to apply these agents alone or in 

combination with traditional cytotoxic agents it is necessary to have a better 

understanding of their mechanism of action.  In this study we attempted to determine 

the effect of ABT-898 on endothelial and epithelial cells in vitro and in vivo.  No 

significant changes in tumor size were identified in CD36 null mice treated with ABT-898 

relative to control animals.  However, when cells with low CD36 expression were 

injected into wild type mice a significant reduction in tumor size with ABT-898 

treatment was observed.  These results suggest that the apoptotic effects of ABT-898 

occurred primarily in endothelial cells.  Understanding exactly how TSP-1 mimetics 

reduce tumor size is critical for knowing which types of tumors will respond to the 

treatment and how to avoid drug resistance.    
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Introduction 

Women who are diagnosed with epithelial ovarian cancer (EOC) will typically 

undergo surgical de-bulking followed by treatment with chemotherapeutics (Harries and 

Kaye, 2001;Morrison et al., 2007).  Studies have demonstrated the effectiveness of this 

standard of care (McGuire et al., 1989; McGuire et al., 1996; Omura et al., 1986; 

Wiltshaw and Kroner, 1976) and overall patient survival has slightly increased over the 

years (Chan et al., 2010; Engel et al., 2002); but the development of alternative 

therapeutic strategies is a necessity.  This is especially true for cancers such as EOC 

where the majority of patients are not diagnosed until later stages (Holschneider and 

Berek, 2000) and disease recurrence and resistance to standard chemotherapeutics are 

problematic (Ozols, 1997).        

A novel class of therapeutics which aims to overcome some of the shortcomings 

of standard cytotoxic agents is one that interferes with angiogenesis.  Angiogenesis is an 

essential process for tumorigenesis, without which tumor growth would be prohibited 

beyond a certain size (Folkman, 1971).  It was therefore proposed in the early 1970s by 

Judah Folkman that manipulating the angiogenic process would interfere with the 

metabolic demands of tumors and ultimately result in regression and dormancy.  

Angiogenesis is regulated by a balance between expression of pro- and anti-angiogenic 

compounds (Iruela-Arispe and Dvorak, 1997).  Since it was hypothesized that altering 

angiogenesis might be a feasible therapeutic option, various compounds have been 

developed that either reduce the expression of pro-angiogenic compounds (such as 
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anti-VEGF compounds) or increase expression of anti-angiogenic compounds (such as 

thrombospondin).  

Thrombospondin-1 (TSP-1) is a large extracellular glycoprotein comprised of various 

domains.  These include the amino-terminal heparin binding domain, the procollagen 

domain, three type I repeats, three type II repeats, seven calcium-binding type II repeats 

and the carboxy-terminal domain (Adams, 2001; Bornstein, 1992).  The anti-angiogenic 

properties of TSP-1 have been isolated within the procollagen domain and the type I 

repeats, otherwise known as the TSRs (Tolsma et al., 1993).  Various peptides derived 

from TSP-1 have demonstrated anti-angiogenic activity and this has been specifically 

located to the GVITRIR sequence of TSR (Dawson et al., 1999).  ABT-510 and ABT-898 

(Abbott Laboratories) are examples of peptides that are derived from this region and 

have shown anti-angiogenic effects in vitro and in vivo (Campbell et al., 2010; Garside et 

al., 2010; Greenaway et al., 2009).  The molecular mechanism by which TSP-1 exerts its 

anti-angiogenic effect is through binding to the cell-surface membrane protein CD36, a 

member of the scavenger receptor B family (Febbraio et al., 2001).  It has been well 

documented that the binding of TSP-1 to CD36 induces apoptosis in endothelial cells 

(Armstrong and Bornstein, 2003).  More specifically, the GVITRIR sequence within the 

TSRs binds to CD36 which in turn activates p59 Fyn, a member of the Src kinase family.  

P38 and JNK are then phosphorylated which stimulates transcription of FasL (Jimenez et 

al., 2000; Jimenez et al., 2001).  Upon ligand binding, Fas will activate caspases and 

induce apoptosis of endothelial cells (Volpert et al., 2002).   
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It has therefore been assumed that the apoptotic event following treatment with 

TSP-1 mimetic peptides is based on their effect on endothelial cells.  More recently, it 

has been suggested that these anti-angiogenic compounds may have an effect on the 

tumor cells directly (Bruel et al., 2005; Campbell et al., 2010; Greenaway et al., 2009; Li 

et al., 2003).  To date, a dual effect on tumor cells and endothelial cells has not been 

extensively investigated.  The current study aimed to evaluate if TSP-1 mimetics 

function to induce apoptosis in both endothelial and epithelial cells, and also delineate a 

mechanism through which this occurs.   

Materials and Methods 

Generation of stable cell lines 

The ID8 cell line was cultured in DMEM with 10% FBS and 1% ABAM.  Stable cell 

lines were generated to knockdown expression of CD36 in an inducible manner by 

utilizing a Tet-On Advanced expression system (Clontech, Mountain View, CA).  ID8 cells 

were first transfected with pTet-On Advanced Expression vector and stably transfected 

cells were selected for with G418.  Multiple clones were identified and transiently 

transfected with a TRE-based vector in order to determine the inducibility of the co-

transfectants.  Once a positive clone was identified, these cells were transduced with 

mouse CD36 shRNA lentiviral particles (Gentarget, San Diego, CA).  Transduced cells 

were selected using blasticidin and clones were propagated.  In order to achieve 

knockdown of the desired gene in this system, doxycycline (10ug/mL Sigma-Aldrich 

Canada Ltd., Oakville, ON) was applied to the cells.  Protein was collected from six of the 
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CD36 clones (with and without doxycycline) and western blot analysis was performed to 

determine the level of knockdown (see below).  The clone with the highest degree of 

CD36 knockdown (CD36-6) was used for subsequent in vitro and in vivo experiments.    

Animal models 

The current study involved the use of wild type and transgenic animals.  All 

animals were of a C57BL/6 background and were handled according to the guidelines of 

the Canadian Council on Animal Care.  The transgenic animals used were CD36 null mice 

and were a generous gift from Dr. Arend Bonen at the University of Guelph.  Wild type 

and CD36 null breedings were established in order to obtain homozygous female mice.  

Ovarian tumors were surgically induced in adult wild type and CD36 null mice (at least 3 

months of age).  The model used to study the disease is an orthotopic syngeneic mouse 

model of EOC and has been a useful tool for the application of various therapeutics 

(Greenaway et al., 2008; Campbell et al., 2010; Campbell et al., 2011).  Primary ovarian 

tumors develop by 60 days post tumor induction (PTI) and by 90 days PTI, mice have 

advanced stage cancer with numerous metastatic peritoneal tumors and abdominal 

ascites. Orthotopic injections were performed on 40 mice (20 wild type and 20 CD36 

null) and the mice were divided into groups based on +/- doxycline (10 mice per group) 

and +/- ABT-898 treatment (5 mice per group).  For doxycycline administration, the 

antibiotic was added to the rodent chow at a concentration of 2mg/kg (Bio-Serv Inc., 

Frenchtown, NJ).    
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Drug administration 

Following orthotopic injection, the cells colonize and grow, resulting in an 

ovarian tumor.  Previous studies in our laboratory have determined that an established 

tumor is equivalent to a stage II tumor in the human disease, occurring around 60 days 

post-tumor induction.  Therefore, we administer therapeutics at this time point in order 

to replicate the human disease as closely as possible.  Prior to drug administration, CD36 

was inducibly knocked down.  Based on preliminary in vitro studies, we determined that 

CD36 was knocked down within 72 hours.  We initiated knockdown at 55 days PTI.  At 60 

days PTI the animals received either ABT-898 or the vehicle control D5W daily for 30 

days. 

Immunoblot analysis 

CD36 clones were treated with or without doxycycline (10μg/mL) as previously 

stated for 72 hours before protein lysates were collected.  Cells were lysed using RIPA 

buffer with protease and phosphatase inhibitors and concentrations were determined 

using a DC protein assay (Bio-Rad Laboratories, Hercules, CA).  Samples (20µg of total 

protein) were reduced and subjected to SDS-PAGE using 10% resolving gels.  Proteins 

were transferred to a nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA) and 

blocked at room temperature for 1 hour in 5% skim milk with TBST.  The membrane was 

probed for CD36 (Santa-Cruz Biotechnologies, Santa-Cruz, CA) overnight at 4°C.  

Following washes with TBST, the blot was incubated for 1 hour at RT with an anti-rabbit 

IgG HRP-linked secondary antibody (Cell Signaling Technology, Inc., Beverley, MA).  
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Expression of the proteins was detected using Western Lightning Chemiluminescence 

Reagent Plus (PerkinElmer BioSignal, Inc., Montreal, QC) and visualized using medical x-

ray film (Konica Minolta Medical Imaging Inc., Wayne, NJ).  In order to control for equal 

loading, the membranes were re-probed with β-actin (Cell Signaling Technology, Inc., 

Beverley, MA) overnight at 4°C followed by anti-rabbit IgG secondary antibody for 1 

hour at RT.  Computer assisted densitometry was performed using AlphaEase FC 

software (AlphaInnotech, San Leandro, CA) and results were quantified and reported as 

integrated densitometry values (IDV) relative to β-actin. 

Isolation and culture of ovarian surface epithelial cells 

Surface epithelial cells were isolated from the ovaries of adult female C57BL/6 

mice (wild type and CD36 knockout strains).  The ovaries from 5-6 mice were harvested 

using aseptic techniques and placed in culture dishes containing sterile PBS.  The ovarian 

bursa was removed from the ovaries and they were washed with PBS until the 

supernatant was clear.  Ovaries were transferred to a 15mL falcon tube and 10mL of 

0.2% trypsin was added and incubated at 37°C for 30 mins in a water bath.  After the 

incubation, serum was added to a final concentration of 10% in order to inactivate the 

trypsin.  The mixture was inverted 4-6 times and the supernatant was decanted and 

transferred to a new tube.  The cells were subjected to a 4 minute spin at 2400rpm and 

the supernatant was discarded.  The cellular pellet was resuspended with media and 

plated in a 6 well dish.  Briefly, the MOSEC media consisted of alpha-MEM (Lonza Inc., 

Mapleton, IL) supplemented with 4% FBS (Gibco, Burlignton, ON), 2ng/mL EGF (R&D 
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Systems Inc., Burlington, ON), 10ug/mL ITSS (Roche Applied Sciecnes, Laval, QC), 

40ng/mL gentamicin (Invitrogen, Burlington, ON) and 5.5U/mL PenStrep (Lonza Inc., 

Mapleton, IL).  The following day, the media was changed and any cellular debris was 

therefore removed from the culture dish.  Once cells reached confluency, they were 

passaged and set up for experiments to ensure a homogenous epithelial population.  

Following epithelial confirmation by cytokeratin immunohistochemistry, the cells were 

plated for subsequent survival assays. 

Immunohistochemistry 

Immunohistochemistry (IHC) was performed to quantify expression of Ki67, a 

marker of cellular proliferation. Ovarian tissue was harvested from animals and 

immediately formalin-fixed.  Tissues were then processed using a paraffin tissue 

processor (Ventana Medical Systems, Tuscon, AZ) and 5μm sections were cut and 

mounted onto slides. Paraffin-embedded sections were de-paraffinized, rehydrated and 

endogenous peroxidases were blocked by incubation with 1% hydrogen peroxide for 10 

minutes at room temperature (RT). Antigen retrieval was conducted by immersing 

sections in 10mM citrate buffer with 0.05% Tween at 90°C for 12 minutes. Tissues were 

blocked for 10 minutes at RT with 5% normal serum and incubated with anti-Ki67 

(Abcam, Cambridge, MA) for 1 hour at RT in a humidity chamber.  Following PBS washes, 

slides were incubated with anti-rabbit biotinylated secondary antibody (Sigma-Aldrich 

Canada Ltd., Oakville, ON) for 2 hours at RT followed by ExtrAvidin (Sigma-Aldrich 

Canada Ltd., Oakville, ON) for 1 hour at RT.  The primary antibodies were visualized 
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using DAB (Sigma-Aldrich Canada Ltd., Oakville, ON) and counterstained with Carazzi’s 

Hematoxylin.  After slides were dehydrated and mounted on coverslips, they were 

imaged using brightfield microscopy.  Hematoxylin and Eosin (H&E) staining was also 

performed on tumor sections through a series of rehydration, staining and dehydration 

steps.  

Immunofluorescence 

ABT-898 induced apoptosis in endothelial and epithelial cells was evaluated with 

the terminal UDP Nick end labelling (TUNEL) assay using an In Situ Cell Death Detection 

Kit (Roche, Laval, QC) according to the manufacturer’s instructions.  Following treatment 

with or without ABT-898 (50nM) for 24 hours, cells were fixed in 10% buffered formalin 

for 1 hour and permeabilized with 0.2% Triton-X for 5 minutes.  Cells were then washed 

with PBS and incubated with the TUNEL reaction mixture (label solution and enzyme 

solution) for 60 minutes at 37°C in the dark.  Cells were rinsed with PBS, nuclei were 

stained with DAPI, and coverslips were mounted onto slides with Prolong Gold anti-fade 

(Invitrogen, Burlington, ON) and allowed to dry overnight.  Negative and positive 

controls were generated according to the kit instructions.  All slides were visualized 

using an Olympus BX-61 fluorescent microscope, and quantification of the percent 

immunopositive cells was performed using integrated morphometry software 

(Metamorph).  

Primary cells cultured from wild type and CD36 null C57BL/6 mice were plated 

on glass coverslips and fixed in order to perform immunofluorescent analysis as 
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previously mentioned.  Briefly, the cells were stained for epithelial markers such as 

cytokeratin 8 and 18 (Fitzgerald Industries International, Concord, MA) as well as 

mesenchymal markers with vimentim (Sigma-Aldrich Canada Ltd., Oakville, ON) 

overnight at 4°C.  The following day, cells were rinsed with PBS and incubated with 

Alexa Fluor secondary antibodies (Invitrogen, Burlington, ON) for 1 hour at RT.  Nuclei 

were stained with DAPI and coverslips were mounted onto slides with Prolong Gold 

anti-fade (Invitrogen, Burlington, ON).  ID8 cells and fibroblasts were also cultured and 

stained as a positive and negative control respectively of epithelial cells.   

Cell Survival 

In order to assess survival in the various cell lines involved in this study, we 

performed a WST-1 colorimetric assay which measures the metabolic activity of cells.  

Cell survival in ID8 and CD36-6 cells as well as surface epithelial cells isolated from wild 

type and CD36 null ovaries was determined following treatment with ABT-898.  In 

general, cells were plated (ID8 and CD36-6, 1000 cells/well; WT and KO primary cells, 

5000 cells/well) in 96 wells in full growth medium and were serum-starved the following 

day.  In order to knockdown CD36 in the transduced cells, doxycycline was applied to 

the serum-free culture medium for 48 hours before treatment commenced.  Cells were 

treated with ABT-898 for 48 hours before the WST-1 substrate was added to the wells.  

The colorimetric assay was assessed on a plate reader at 24 and 48 hours.   
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Statistical Analysis 

All in vitro experiments contained three replicates while in vivo studies were 

comprised of four to six animals per group.   Results from survival assays, 

immunohistochemistry and ovarian tumor weights were analyzed using an ANOVA with 

a Fisher post-hoc test and the immunoblots were analyzed using a student’s t-test.       

Results 

Generation of ID8 cells that inducibly knock down expression of CD36 

ID8 cells transfected with the rtTA construct from the pTET-ON advanced system 

were isolated and propagated in culture.  The ID8 clone expressing the highest level of 

rtTA was identified using real-time PCR (data not shown).  This clone was then 

transduced with CD36 shRNA lentiviral particles and a sub-clone population was 

selected.  Following treatment with doxycyclin, western blotting identified a clone which 

demonstrated successful knockdown of CD36 expression in the ID8 cells (Figure 14 A).  

Densitometry results (Figure 14 B) revealed that the clone had on average 72 % less 

CD36 expression (CD36-6) compared to native ID8 cells. 

Tumor growth in animals injected with CD36-6 clone cells  

Animals injected with CD36-6 cells became moribund as early as 45 days PTI 

(prior to doxycycline administration), indicating that these cells are more aggressive 

than the native ID8 cells.  In vitro, WST-1 assay revealed that the CD36-6 (without 

doxycycline) clone had a significantly higher rate of survival compared to native ID8 cells 
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(Figure 14 C).  When these cells were administered doxycyline and treated with ABT-898 

(50 and 100nM) there was no significant difference in survival compared to the controls 

(Figure 14 D).    

Because of the aggressive nature of these cells, animals continued to become 

moribund throughout their treatment schedule and had to be euthanized.  Tumor size 

was evaluated in the animals that were remaining at the end of the trial however there 

was a lot of variation in the groups, making it difficult to interpret the findings (Figure 

15).  Due to inconsistencies in the model with CD36-6 clones, tissues were not used in 

subsequent experimentation.    

In general, animals injected with cells that expressed CD36 and were treated 

with ABT-898 did not have significant reductions in tumor size compared to their D5W 

control groups (Figure 15).  The size of the tumors that developed in CD36 null mice 

were not different in size compared to wild type controls.  No changes were observed 

when these animals were treated with ABT-898 either (Figure 15).  Whether or not 

CD36 was knocked down in the cells (CD36-6) did not appear to have an effect on 

ovarian tumor development.  There was however a significant reduction in ovarian 

tumor size between D5W and ABT-898 treatment groups in wild type and CD36 null 

animals injected with CD36-6 cells (Figure 15).   

Tumor growth in wild type and CD36 null animals  

Wild type animals that were injected with ID8 cells had comparable sized tumors 

to previous experiments (Campbell et al., 2010;Campbell et al., 2011;Greenaway et al., 
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2009).  Animals that received D5W vehicle control injections had some differences in 

tumor size depending on the tissue and cellular status of CD36.  CD36 null animals that 

were injected with ID8 cells had significantly smaller tumors compared to wild type 

C57BL/6 mice (Figure 16 A).  Mice that were treated with ABT-898 at 60 days PTI had 

significantly smaller tumors compared to those that received D5W vehicle control 

injections.  This result is consistent with our previous findings (Campbell et al., 2011).  

There was a small decrease in tumor weight in CD36 null animals that were treated with 

ABT-898 compared to D5W controls however these results were not statistically 

significant.  Tumors that formed in CD36 null mice (vehicle controls) were similar in 

weight compared to those from wild type animals that were treated (Figure 16 A). 

Secondary lesions and ascites fluid in wild type and CD36 null mice 

Secondary lesions were scored and whether or not the animals had ascites fluid 

was recorded.  Similar to what we have previously reported with our model we found 

that the majority of wild type D5W controls had secondary lesions and were starting to 

develop ascites fluid.  Wild type animals that received daily ABT-898 treatment had 

fewer lesions and most of the animals had no signs of ascites fluid (Table 3).  CD36 null 

mice that received the vehicle control had fewer lesions than the wild type controls 

however ascites fluid was present in most mice.  Most of the null mice that were treated 

with ABT-898 had no lesions in their peritoneal cavity but they were starting to develop 

ascites fluid (Table 3).  
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Decreased tumor cell proliferation and decreased apoptosis following 
treatment of ABT-898 in CD36 null mice 
 

Cellular proliferation was assessed by IHC staining of Ki67.  Sections revealed a 

significant decrease in the percent of proliferative cells in ovarian tumors of CD36 null 

mice compared to wild type controls in both treatment groups.  No significant 

difference was observed between D5W and ABT-898 treatment groups in the wild type 

mice which is consistent with previous findings (Greenaway et al., 2009)(Figure 16 B).  

Immunofluorescent TUNEL staining revealed a significant increase in apoptosis between 

D5W and ABT-898 treatment groups in wild type mice.  A significant decrease was 

reported for wild type and CD36 null mice treated with ABT-898 (Figure 16 C).   

Characterization of ovarian surface epithelial (OSE) cells from mice 

H&E staining revealed that the surface epithelial cells had been removed from 

the ovary compared to control ovaries where this layer was still intact (Figure 17).  OSE 

cells from wild type and CD36 null mice stained positive for cytokeratin 8 and 18, 

indicating they were in fact epithelial cells.  These cells also stained negative for 

vimentin, which is expressed in mesenchymal cells.  ID8 cells stained positive for 

cytokeratin 8 and 18 and negative for vimentin while fibroblasts stained negative for 

cytokeratins and positive for vimentin and negative for (data not shown).   
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Treatment with ABT-898 has no effect on survival of CD36 null OSE cells 
compared to wild type controls 
 

ABT-898 treatment (50 and 100nM) significantly decreased the survival of wild 

type OSE cells compared to no treatment controls (Figure 18).  When cells obtained 

from mice null of the CD36 gene were subjected to the same ABT-898 treatment they 

did not respond the same way.  At doses of 50 and 100nM ABT-898 there were no 

significant changes in cell survival compared to wild type cells indicating that OSE cells 

from CD36 null mice are unresponsive to ABT-898 treatment. 
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Table 3    Secondary Lesion Scoring and Abdominal Ascites in Mice injected with ID8 cells and 
Treated with ABT-898 in wild type and CD36 null animals 

Lesion Score D5W 

Wild type 

D5W 

CD36 null 

ABT-898 

Wild type 

ABT-898 

CD36 null 

0 (no lesions) none *** * **** 

1 (1-2 lesions) ** * *** none 

2 (2-10 lesions) **** none * * 

3 (>10 lesions) none none none none 

# Animals with Ascites 4/6 3/4 1/5 4/5 

 

*: refers to an animal 
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Figure 14. (Continued on next page) 
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Figure 14.   CD36 expression is reduced in ID8 cells and renders them unresponsive to 

ABT-898 treatment.  A. Inducible knockdown of CD36 in ID8 cells.  rtTA ID8 cells were 

transduced with CD36 lentiviral particles and expression of the gene was knocked down 

following treatment with doxycycline.  Western blotting illustrated a reduction in CD36 

expression when doxycycline was added to the culture medium.  B. Following 

densitometric analysis, this significant knock down was determined to be approximately 

72% (*p<0.05).  C. CD36-6 cells (without doxycycline) had a significantly higher rate of 

survival compared to ID8 cells (*p<0.05).  rtTA ID8 cells that were transduced with an 

inducible system for knocking down CD36 were treated with ABT-898 with or without 

doxycycline.  D. WST-1 assay revealed that ABT-898 treatment (50 and 10nm) did not 

have an effect on cell survival.  Whether or not CD36 was expressed in the cell did not 

play a role either.  
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Figure 15.  Treatment with ABT-898 reduced the size of ovarian tumors when CD36 

expression was decreased in the cells (+ doxycycline).  No significant changes in tumor 

size were reported in animals injected with cells that expressed CD36 following 

treatment.  A significant reduction in tumor size was observed between D5W and ABT-

898 treatments when CD36 expression was low in the cells, regardless of the tissue 

status (p<0.05).     
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Figure 16.  (Continued on next page) 
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Figure 16.  Lack of CD36 expression in the ovary reduces the size of ovarian tumors by 

altering proliferation and apoptosis.  A. Expression of CD36 affects tumor growth in our 

orthotopic model of ovarian cancer.  Tumors that developed in CD36 null mice from ID8 

cells were significantly smaller than those in wild type animals.  ABT-898 significantly 

reduced the size of ovarian tumors compared to D5W wild type controls (p<0.05), * 

denotes a significant reduction in tumor size in all groups compared to D5W wild type 

controls.  No significant changes were observed between the treatment groups in CD36 

null mice.  B. Decreased cell proliferation depending on the tissue status of CD36.  

Proliferation was assessed in ovarian tumors by Ki67 staining.  No change in 

proliferation was observed between treatment groups of the same genetic background.  

Significant decreases were seen between wild type and CD36 animals in both treatment 

groups (p<0.05).  C.  Apoptosis was assessed in ovarian tumors by TUNEL fluorescence.  

A significant increase in tumor cell apoptosis was detected in ABT-898 treated mice 

compared to controls in wild type animals.  There was also a significant decrease in 

apoptosis between wild type and CD36 null mice treated with ABT-898 (p<0.05).  No 

change in apoptosis was observed when CD36 expression was knocked down in the 

ovary.      
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Figure 17.  Isolation of surface epithelial cells from the ovaries of wild type and CD36 

null mice.  Following isolation of OSE cells, ovaries were fixed and processed for 

immunohistochemical analysis.  H&E staining revealed an intact (A) and stripped (B) 

ovarian surface epithelium in control and trypsinized ovaries respectively.  
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Figure 18.  Relative cell survival of OSE cells isolated from wild type and CD36 null 

ovaries following treatment with ABT-898.  A significant decrease in cell survival was 

observed when OSE cells from wild type mice were treated with ABT-898 (50nm and 

100nm)(p<0.05).  When the same treatments were applied to OSE cells from CD36 null 

mice, there was essentially no change in cell survival. 
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Discussion 

We have previously reported that TSP-1 mimetic peptides are capable of slowing 

down tumor progression and inducing regression of advanced-stage epithelial ovarian 

tumors (Campbell et al., 2010; Campbell et al., 2011; Greenaway et al., 2009).  The 

significant reductions in ovarian tumor size we reported led us to believe that these 

anti-angiogenic peptides also have a direct apoptotic effect on the epithelial cells.  Other 

researchers have reported that anti-angiogenic agents have a cytotoxic effect on non-

endothelial cells (Li et al., 2003).  The apoptotic influence of anti-angiogenic agents such 

as TSP-1 mimetics in endothelial and non-endothelial compartments has not been 

extensively studied to date.  In order to effectively use anti-angiogenic compounds in 

combination with conventional cytotoxic agents it is essential to have an understanding 

of the mechanisms involved.  It would also be beneficial to know whether anti-

angiogenic agents have direct apoptotic effects in tumors that are not highly-

vascularized.  Here we attempt to determine the proportion of direct (epithelial cell) 

and indirect (endothelial cell) apoptosis in our model of EOC following treatment with 

ABT-898. 

TSP-1 mimetics induce endothelial cell death by binding to the CD36 receptor 

which activates a cascade of apoptotic events (Jimenez et al., 2000; Volpert et al., 1995).  

In order to study the role of the TSP-1/CD36 interaction in inducing tumor and 

endothelial cell death in our model, we utilized an inducible lentiviral transduction 

system. Viral transductions have a high efficiency for infecting cultured cells and provide 
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stable, long-term gene expression compared to transfections (Anson and Limberis, 

2004).  This method allowed for the inducible knockdown of CD36 through the addition 

of doxycycline, after the clonal selection process.   

Following the selection process we decided to assess the survival of CD36 inducible 

knockdown clones and found an overall increase in cell viability compared to native ID8 

cells with or without induction of CD36 knockdown.  Because the transduction process 

has a high efficiency (~95%) and the cells were subjected to minimal selection pressures 

we would assume that an increase in survival is associated with changes that occurred 

during the initial transfection of the rtTA construct.  In order to determine if the 

transfection or transduction process had an effect on the cells we would need to assess 

the ID8 rtTA clones in the assay.  We previously reported that TSP-1 mimetics such as 

ABT-510 and ABT-898 are capable of inducing epithelial cell apoptosis in vitro (Campbell 

et al., 2011; Greenaway et al., 2009).  Here we tested whether cells in which CD36 

expression was low responded to the TSP-1 mimetic ABT-898.  We reported no change 

in survival at concentrations of ABT-898 (50 and 100 nm) in cells where CD36 expression 

was reduced.  Based on the mechanism of action of TSP-1 we expected that the mimetic 

peptide ABT-898 would have little or no effect on survival upon downregulation of 

CD36.   

Ultimately we wanted to evaluate the effect of ABT-898 on endothelial versus 

epithelial cells in vivo.  To do this, we injected wild type and CD36 null mice with ID8 

cells expressing high or low levels of CD36.  If TSP-1 mimetics act solely on the 
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vasculature we would expect tumors from CD36 null mice to not respond to ABT-898 

treatment and tumors from mice injected with cells with reduced CD36 to be responsive 

to treatment.  If however a dual apoptotic effect exists, the tumor profiles from CD36 

null mice and mice injected with CD36 knockdown cells would be very similar following 

treatment.   

Animals injected with ID8 cells transduced with an inducible CD36 shRNA 

construct became moribund by 45 days PTI, rather than 90 days typically seen in our 

model.  This accelerated rate of disease progression was similar to the survival data we 

observed in vitro.  The remaining animals were administered doxycycline in their rodent 

chow at 55 days PTI and injections commenced at 60 days PTI.  Of the animals that were 

remaining there was considerable variability and no significant differences in tumor size 

was reported for most groups.  The tissue and cellular status of CD36 appeared to affect 

the growth of ovarian tumors and the effectiveness of ABT-898.  When CD36 null mice 

were treated with ABT-898 no significant difference in tumor size was observed, 

indicating CD36 is necessary for the anti-angiogenic effects of ABT-898.  However when 

wild type mice were injected with cells where CD36 was knocked down there was a 

significant reduction in tumor size.  This suggests that the anti-angiogenic role of 

treatment with ABT-898 is largely responsible for the decreased tumor size.  In order to 

draw any conclusions, the model first needs to be evaluated using the CD36 knockdown 

cells to determine the optimal time for commencing treatment to avoid drop outs.  As 

well, different clones should have their proliferative index tested before trials.   
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To address these apparent inconsistencies, we repeated part of the experiment 

by injecting ID8 cells into CD36 null mice.  Tumors that formed in CD36 null were 

significantly smaller than those of wild type D5W controls.  Based on a similar 

experiment that was performed in our laboratory involving TSP-1 null mice we would 

have expected untreated tumors in CD36 null mice to be larger than those in wild type 

mice (Greenaway et al., 2009).  Because CD36 is a receptor that is capable of interacting 

with various ligands (Ge and Elghetany, 2005), there could be other effects related to 

tumorigenesis that are prohibited.  To date, the role of CD36 expression in tumor 

formation has not been extensively studied.  Researchers have reported an association 

between advanced cancer cells and decreased CD36 expression (Uray et al., 2004).  

Microarray data has also demonstrated decreased gene expression of CD36 in tumor 

versus normal tissue (Pau, I et al., 2010).  As well, it has been shown that disrupting a 

receptor that belongs to the same family as CD36 inhibits proliferation of breast cancer 

cells which is in accordance with our current findings (Cao et al., 2004).     

Wild type mice that received ABT-898 treatment had a significant decrease in 

ovarian tumor size compared to D5W controls.  However, treating CD36 null mice with 

ABT-898 did not have an effect on tumor weights compared to vehicle controls.  Based 

on the fact that ABT-898 is a TSP-1 mimetic which functions through the CD36 receptor 

(Silverstein and Febbraio, 2007), it is not surprising that no significant differences were 

observed.  This also suggests that the role of anti-angiogenics on tumor cell survival is 

predominantly through endothelial cell apoptosis.  The small decrease in tumor size that 

was observed in CD36 knockout mice might be attributed to the direct apoptotic effect 
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of ABT-898 on the epithelial cells themselves.  This trend was not apparent when 

examining ascites fluid formation and secondary lesions.  Our results demonstrate that 

the majority of CD36 null mice had ascites fluid despite the fact that they had very few if 

any secondary lesions.  Malignant ascites forms in the peritoneal cavity as the result of 

primary tumorigenesis and or metastasis (Tamsma et al., 2001).  It is possible that the 

lesions that developed in CD36 null mice were microscopic and therefore we could not 

detect them but their presence contributed to the formation of ascites fluid.  We have 

previously shown that TSP-1 signaling reduces VEGF levels in the ovary (Greenaway et 

al., 2007), therefore without expression of CD36 this mechanism would not occur.  It is 

well known that one of VEGF’s important roles is to increase vessel permeability 

(Neufeld et al., 1999).  Therefore, the increased ascites fluid in CD36 null could be 

attributed to the fact that there are more leaky vessels within the primary tumor due to 

increased VEGF expression.   

Ovarian tumors were subjected to histological analysis of Ki67 and TUNEL to 

investigate proliferation and apoptosis respectively.  When considering wild type 

animals, ABT-898 had the same effect on proliferation and apoptosis that we have 

previously reported (Greenaway et al., 2009).  Low expression of CD36 in the ovary 

results in a reduction of tumor cell proliferation in D5W and ABT-898 treatment groups.  

This is what we expected based on the tumor profiles of CD36 null mice.  Knocking down 

CD36 in the ovary abolished the apoptotic effect of ABT-898.          

Regardless of the means by which gene expression is manipulated, selection 

pressures exist and there are residual levels of the gene being expressed.  Therefore, we 
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decided to obtain a surface epithelial cell line from the ovaries of CD36 null mice.  OSEs 

from wild type mice displayed a significant reduction in survival when treated with ABT-

898 which is what we expected to see based on previous findings where TSP-1 mimetics 

induced epithelial cell apoptosis (Campbell et al., 2011; Greenaway et al., 2009).  When 

OSEs from CD36 null mice were treated with ABT-898 we did not observe the same 

difference in survival suggesting that the apoptotic effects of anti-angiogenics on 

epithelial cells are mediated through the CD36 receptor.  Future experiments should 

involve allowing these cells to spontaneously transform in culture and applying them to 

our mouse model of EOC followed by treatment with TSP-1 mimetics. 

In conclusion, based on our findings, the tissue and cellular status of CD36 does 

appear to play a role in tumorigenesis and influences the response to TSP-1 mimetics.  

Our data suggests that the previously observed reduction in tumor volume upon 

administration of such compounds is mediated in large part through inhibition of tumor 

angiogenesis through the interaction with the CD36 receptor.  While these compounds 

also seem to act on epithelial cells, this apoptotic effect also appears to be mediated 

through the CD36 receptor. Further experiments are required to confirm these findings. 

Understanding the mechanism through which these compounds act will ultimately 

determine what types of tumors can be treated with TSP-mimetics and also predict 

ways in which tumors will become resistant to such treatments. 
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General Discussion 

It has been well documented that there are essential changes in the 

physiological state of cells which must occur during malignant transformation.  These 

alterations are referred to as the hallmarks of cancer (Hanahan and Weinberg, 2000).  

One of the hallmarks which has been studied extensively is sustained angiogenesis, 

known to be crucial for tumorigenesis.  Because it has been proposed that cells within a 

tissue must be in close proximity with a blood supply, tumor cells must ultimately 

acquire the ability to hijack the normal physiological process of angiogenesis (Folkman, 

1995).  Due to the high mortality rate associated with EOC and the likelihood of 

resistance to standard chemotherapeutics, it is essential that novel therapeutic 

strategies are developed.  Based on our knowledge of tumor angiogenesis, it is easy to 

appreciate the therapeutic potential of agents that disrupt this process (Folkman, 1990).   

Various experiments have linked neovascularization to the development and 

metastasis of ovarian cancer.  Gynaecological malignancies are one of the most well 

documented cancers for recruiting lymphatic and blood vessels (Schoppmann et al., 

2002).  Vascular endothelial growth factor (VEGF) is thought to be the most potent 

mitogen capable of inducing angiogenesis (Ferrara, 1999) and researchers have shown 

that VEGF has a high specificity for endothelial cells (Jakeman et al., 1992).  In most 

adult tissues, the vasculature architecture does not change significantly.  It is therefore 

not dependent on expression of VEGF for survival, stability and normal function, which 

is the case with pathological angiogenesis such as that seen in tumor development 
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(Denekamp, 1984).  For these reasons, it was believed that anti-VEGF agents would be a 

reasonable therapeutic strategy because they should preferentially target the 

pathological vasculature within tumors and have negligible effects on the normal vessels 

(Longo et al., 2002).  Anti-VEGF agents include monoclonal antibodies against VEGF or 

its receptor, VEGFR tyrosine kinase inhibitors and small molecule inhibitors (Rosen, 

2005).  The efficacy of bevacizumab, a VEGF monoclonal antibody has been extensively 

studied with respect to ovarian cancer (reviewed by Delli et al., 2010).  Researchers have 

reported an increase in survival following VEGF therapy in both animal models (Mabuchi 

et al., 2008; Mesiano et al., 1998)  and phase II clinical trials of the human disease 

(Burger et al., 2011; Cannistra et al., 2007; Garcia et al., 2008; Nimeiri et al., 2008).  

Unfortunately, there have also been numerous adverse effects reported with anti-VEGF 

therapy such as hypertension, proteinuria, impaired wound healing, gastrointestinal 

perforation, haemorrhage and thrombosis (Cannistra et al., 2007; Garcia et al., 2008; 

Kamba and McDonald, 2007; Nimeiri et al., 2008).  Although there has been success 

with anti-VEGF therapy to date, more research needs to be focussed on the appropriate 

dosing schedule alone or in combination with cytotoxic agents in order to achieve the 

maximum response rate with the minimum adverse effects.     

We know that angiogenesis is a balance between expression of pro- and anti-

angiogenic factors (Carmeliet, 2003).  Therefore, another means of targeting and 

disrupting the tumor vasculature is through administration of anti-angiogenic 

compounds.  Various TSP-1 mimetics have been developed and applied to pre-clinical 

and clinical studies (Miao et al., 2001; Yee et al., 2004; Zhang et al., 2005a).  Depending 
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on the model or type of cancer, there have been varying degrees of success reported to 

date (Anderson et al., 2007; Hasina et al., 2009; Rusk et al., 2006).  More interestingly, 

there does not appear to be the same degree of adverse effects compared to anti-VEGF 

therapeutics.  TSP-1 therapeutics are well tolerated at various dosages and schedules 

(Baker et al., 2008; Ebbinghaus et al., 2007; Gordon et al., 2008; Markovic et al., 2007).  

Despite the fact that anti-VEGF agents and TSP-1 mimetics both interfere with the 

tumor vasculature, it is apparent that the latter may have fewer side effects.  We 

speculate that the difference in safety profiles is largely due to the fact that TSP-1 

therapeutics are based on endogenous compounds and signalling pathways.  In 

contrast, anti-VEGF agents such as monoclonal antibody-based therapies and small 

molecule inhibitors disrupt various essential cellular processes.  By administering 

mimetic peptides of TSP-1 we are simply activating the anti-angiogenic cascade as 

opposed to disrupting the pro-angiogenic arm through addition of agents that interfere 

with VEGF signalling.   

Investigating the potential of novel therapeutics relies on an appropriate pre-

clinical model in order to evaluate efficacy and safety.  Over the years, various attempts 

have been made to model EOC in mice (reviewed by Connolly, 2009).  Briefly, these 

include spontaneous models such as the aging hen, xenograft models such as 

subcutaneous, intraperitoneal and orthotopic routes of administration, chemically 

induced models, immortalization and transformation of oncogenic viruses, spontaneous 

immortalization and transformation and transgenic animals.  Like any model, these 

systems have various insufficiencies that reduce their usefulness in the study of EOC.  
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For example, we know the importance of the immune system in various cancers, 

therefore using immunocompetent mice for xenograft models is not ideal.  It has also 

been determined that the microenvironment plays a role in tumorigenesis (Greenaway 

et al., 2008) which means that performing subcutaneous and intraperitoneal injections 

have their drawbacks as they do not allow for interaction between the tumorigenic 

epithelial cells and the tumor environment. Mouse models have become a popular tool 

in cancer research and a critical step in drug screening because they can predict 

whether therapeutics will have success in human clinical trials (Vignjevic et al., 2007).   

In order to study anti-angiogenic therapy for the treatment of EOC we chose to 

use an orthotopic syngeneic mouse model of EOC which was developed and extensively 

characterized in our laboratory (Greenaway et al., 2008).  This model was developed 

based on the original findings that surface epithelial cells that were allowed to 

spontaneously transform in culture were capable of inducing tumors when injected into 

immunocompetent mice (Roby et al., 2000).  Characterization of this model has 

revealed numerous advantages with regards to the degree it mimics human EOC.  

Briefly, mice become moribund due to primary tumorigenesis, secondary lesion 

formation and accumulation of ascites fluid in the peritoneal cavity (Greenaway et al., 

2008).  Other aspects of the model which make it an excellent research tool are the ease 

of use and the consistency of the results.  For tumor formation to occur in this model, 

mice only require a single injection of transformed cells under the ovarian bursa and bi-

weekly monitoring.  Following surgical induction of ovarian tumors the rate at which 

tumorigenesis progresses is highly consistent.  Histological analysis of the ovarian 
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tumors revealed high-grade serous carcinoma (Greenaway et al., 2008).  The majority of 

these tumors are morphologically and genetically homogeneous (Kurman and Shih, 

2010), validating the use of a single population of transformed epithelial cells in our 

model.  Combined, these factors make studying various aspects such as therapeutic 

interventions of EOC using this mouse model extremely relevant.   

As mentioned in the document herein, we have investigated the effectiveness of 

TSP-1 mimetic peptides for the treatment of EOC in an animal model of the disease.  

Abbott Laboratories have generated various TSP-1 mimetics and our studies focussed on 

the use of ABT-510 and ABT-898.  These peptides were applied alone or in combination 

with standard chemotherapeutics at various stages of tumor development.  Using these 

mimetics and this model we were able to inhibit tumor formation, secondary lesions, 

and ascites fluid.  This occurred largely through targeting the vasculature which resulted 

in an increase in uptake of chemotherapeutics when used in combination (summarized 

in Table 4).   

The results from the studies mentioned provide pre-clinical support for the use 

of TSP-1 mimetics for patients with EOC.  The anti-angiogenic compound has proven to 

be a safe and effective means for targeting the vasculature and reducing the tumor 

burden.  There are various factors about the endothelium which make it a unique and 

ideal therapeutic target.  Because the endothelium represents a collection of genetically 

stable cells, therapeutics which target the vasculature are thought to reduce the chance 

of developing resistance (Kerbel, 1991; Boehm et al., 1997).  This is especially of interest 

in a disease where chemoresistance is problematic (Ozols, 1997).  Structural and 
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molecular differences between the endothelium of normal and tumor tissue exist.  The 

vessels that result from tumor angiogenesis are often torturous, leaky and unorganized 

(Jain, 2003; St Croix et al., 2000).  Aside from these differences, there is also a lack of 

perivascular cells associated with the endothelium of tumors (Benjamin et al., 1999).  

However, following various anti-angiogenic treatments there appears to be an increase 

in the pericyte coverage (Inai et al., 2004; Tong et al., 2004; Willett et al., 2004).  It is 

believed that a lack of pericyte coverage renders the tumor endothelium more 

vulnerable to anti-angiogenic therapy (Lu et al., 2007).  This might explain why TSP-1 

mimetics do not have adverse effects on the normal vasculature.  Future experiments 

involving cultured pericytes (Nayak and Herman, 2001) need to be designed to test this 

hypothesis.  Setting up a co-culture system with pericytes and microvascular cells and 

subjecting them to TSP-1 mimetics will determine if a protective mechanism exists.  

Both physical and chemical interactions would need to be tested using co-culture and 

trans-well systems.  

Despite the fact that our results were highly reproducible and their impact is 

great in the field of EOC treatments, there are areas which should be addressed or ways 

to strengthen the findings.  Like most models of human disease, the orthotopic 

syngeneic mouse model mentioned herein has several caveats.  In our animal model we 

utilized a single clonal population of cells and presumably all cells in this population 

have the same transforming mutations.  However, EOC in humans likely results from 

different transforming events.  Ideally, studies involving therapeutics should be tested 

on multiple lineages that arose from spontaneous transformation events.  As previously 
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mentioned, our model is fairly consistent in terms of the stages of tumor development.  

It is however labour intensive to perform the surgeries and in a small percentage of 

cases, injection of the cells does not result in tumor formation.  For these reasons, it 

might be of interest to explore other systems to address these issues and validate our 

findings.  Although other models have drawbacks, they also offer advantages which our 

current model lacks.  It would be of interest to test TSP-1 mimetics using an orthotopic 

xenograft model.  Because the ultimate goal is to apply TSP-1 therapeutics to treat 

humans, these agents should be tested on cells or tumor tissue from the species of 

interest.  It is possible that TSP-1 mimetics will not have the same anti-angiogenic effect 

in tumor of human cell origin that we have observed in mice.  Conversely, these 

mimetics may have increased efficacy in human tissue.  Therefore, using a xenograft 

model and various ovarian carcinoma cell lines (Sale and Orsulic, 2006) will help answer 

these questions.  

Human cancer is thought to initiate with changes in somatic genes which 

ultimately results in a malignant phenotype.  The changes that occur during the 

transformation period are critical in terms of how the tumor might respond to 

treatment (Singh and Johnson, 2006).  Therefore, an animal model that recapitulates 

the step wise alterations that take place in the early events of tumorigenesis is 

extremely valuable.  Genetically engineered mouse models or transgenic mice are useful 

systems that typically meet these criteria.  Transgenic mice are also attractive because 

of their ease of use and high reproducibility.  In order to generate a transgenic animal 

for modeling ovarian cancer it is necessary to understand the genetic changes that take 
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place during the disease.  Although the pathogenesis of EOC still remains relatively 

unclear, there have been studies that have identified specific genetic alterations within 

subtypes of the disease.  High grade tumors represent the majority of serous 

carcinomas.  Most high-grade tumors display mutations in the tumor-suppressor gene 

encoding p53 (Ahmed et al., 2010; Salani et al., 2008; Vang et al., 2009).  Therefore, it 

would seem reasonable to assume that manipulating this gene would result in a useful 

transgenic model of ovarian cancer.  Previous studies have utilized transformed murine 

ovarian surface epithelial cells (MOSECs) from mice deficient in p53 in an intraperitoneal 

mouse model.  Unfortunately, when examined in vitro, these cells did not display a 

transformed phenotype and when applied in vivo they were not capable of forming 

tumors (Kido and Shibuya, 1998).  Therefore, despite the fact that p53 is mutated in 

most high grade ovarian carcinomas, silencing the gene is not sufficient for the tumor 

initiating events in EOC.  Interestingly, when various oncogenes were overexpressed in a 

p53 null background, ovarian tumors were induced (Orsulic et al., 2002).  This finding 

was supported by a study that involved inactivation of p53 in association with the tumor 

supressor gene, RB1 and serous ovarian carcinomas resulted (Flesken-Nikitin et al., 

2003).  This suggests that multiple genes might need to be manipulated in the ovary in 

order to generate a mouse model of EOC.   

Ideally, an animal model that is able to offer site-specific manipulation of a gene 

that has been implicated in the pathogenesis of EOC would be valuable.  Unfortunately, 

a major challenge for modeling ovarian cancer has been the lack of an ovarian 

promoter, specifically within the surface epithelial cells.  Some researchers have utilized 
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the mullerian inhibitory substance type II receptor gene promoter (MISIIR) in order to 

direct tumorigenesis at the surface epithelium of the female reproductive tract. When 

this promoter was applied upstream of the SV40 large T antigen poorly differentiated 

serous tumors resulted in 50% of the female animals (Connolly et al., 2003).  Further 

investigation into other ovarian promoters and genes that can be manipulated to induce 

ovarian tumors is needed.  It would be of great interest to apply the TSP-1 mimetic 

peptides mentioned herein with the genetic models discussed above.  Validating the 

anti-tumorigenic properties of the peptides and their effects on the tumor vasculature 

would strengthen our findings.  

In general, it is important to remember that there is no perfect model for 

studying a disease.  Despite the promise that mouse models of human cancers have 

offered in terms of understanding disease progression and discovering therapeutic 

targets one of the major criticisms is that they are not translational to human trials 

(Williams et al., 2004).  This is especially true of many cancers where pre-clinical testing 

demonstrates efficacy of a drug however human patients do not respond the same way 

during the trial.  There are various reasons why this might occur and ways in which 

researchers might be able to overcome the issue.  Even though tumors from patients 

with EOC are fairly homogeneous (Kurman and Shih, 2010) we cannot discount the fact 

that genetic differences exist in patients which may contribute to the efficacy of a 

specific treatment.  Future models should be designed to represent a more 

heterogeneous population in order to predict which patients might benefit from certain 

therapies (Radiloff et al., 2008).  It is also important to remember that most patients 
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diagnosed with cancer succumb to their metastatic disease as opposed to the burden of 

the primary tumor.  When a woman is diagnosed with EOC, the standard of care is to 

perform cytoreductive surgery followed by chemotherapy.  Unfortunately, mimicking 

this clinical setting can be challenging when using an orthotopic model.  Primary tumors 

need to be monitored in size and surgically removed in order to create a model of 

advanced metastatic disease and ascites fluid where treatments can be applied to.  

Researchers have demonstrated the necessity for utilizing such a model because it is 

widely accepted that treating microscopic metastatic disease which is often associated 

with most mouse models is not clinically relevant (Man et al., 2007).  It is likely that this 

is one of the reasons why pre-clinical studies are often not translated into human trials.  

With access to the appropriate tumor imaging technology, ovarian tumors could be 

surgically removed from animals in order to test the efficacy of TSP-1 mimetics on 

advanced secondary lesions and ascites fluid after primary tumor resection.      

When utilizing an animal model that involves an intraperitoneal disease, a 

common challenge is monitoring tumorigenesis.  Unlike some models where tumors can 

be physically palpated, our orthotopic model relies on the fact that it is a relatively 

consistent system.  After ID8 cells are injected under the ovarian bursa they colonize 

and tumor formation progresses.  At 90 days PTI, most animals are moribund due to the 

accumulation of ascites fluid in the peritoneal cavity, the presence of a primary tumor 

and secondary lesions.  As mentioned, this model is fairly consistent, therefore applying 

therapeutics at various stages of tumorigenesis has not been problematic and the 

results we obtained were highly reproducible.  When we evaluated the effectiveness of 



 

138 

TSP-1 mimetics on tumor regression and survival in our animal model it was more 

challenging to draw conclusions.  In order to accurately perform these types of studies, 

it would be beneficial to know the size of ovarian tumors before commencing treatment 

and monitor the tumors throughout treatment. 

Various in vivo imaging systems (IVIS) can be used to detect and monitor tumor 

growth in animal models of disease.  These include magnetic resonance imaging (MRI), 

ultrasound (US), micro-photon emission tomography (micro-PET), computed 

tomography (CT), bioluminescent imaging (BLI), and fluorescent imaging (FLI) (Connolly 

and Hensley, 2009).  Some examples of studies that have applied these technologies are 

mentioned below.  Tumor-associated neoangiogenesis has been detected via Doppler 

ultrasonography and changes in blood flow parameters were monitored during 

transformation events within the ovary of the laying hen, a spontaneous model of 

ovarian carcinoma (Barua et al., 2010).  MRI and CT scans have been used to detect and 

monitor treatment response in xenograft models of ovarian carcinoma (Huhtala et al., 

2010; Klostergaard et al., 2006).  Intraperitoneal disease in a syngeneic ovarian cancer 

mouse model has also been evaluated with fludeoxyglucose (FDG) microPET imaging 

(Lee et al., 2011).  Lastly, BLI with cells that stably express luciferase and emit light 

which can be detected by an IVIS has been employed (Cordero et al., 2010;Toyoshima et 

al., 2009). 

We attempted to apply in vivo imaging to our studies, specifically using CT scans.  We 

wanted to determine the size of ovarian tumors at 60 days PTI before therapeutics were 
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administered so that we could make definite claims regarding regression.  

Unfortunately, we were unsuccessful when numerous animals became moribund for 

unknown reasons the weeks following imaging.  We cannot know for sure but we 

speculate that the imaging process had something to do with the fact that we lost the 

majority of animals before therapeutics were applied.  In order to successfully perform a 

CT scan, the mice had to be anaesthetized.  Because our facilities were not equipped 

with an imaging system that is connected to a gaseous anaesthetic machine we induced 

anesthesia with the injectable drug Avertin.  Following this imaging experiment, mice 

exhibited signs of accelerated disease and we discovered that injection of Avertin can 

significantly increase blood glucose levels (Brown et al., 2005) and stimulate tumorigenic 

processes.  Therefore, the type of anaesthetic utilized must be taken into consideration 

in situations where blood glucose can alter physiological processes such as 

tumorigenesis.   Other studies have demonstrated that Avertin can affect pro-

inflammatory cytokine expression (Bette et al., 2004) and increase vascular permeability 

(Milligan and Edwards, 1988).  Evidence has also demonstrated that intraperitoneal 

injection of Avertin can result in peritonitis and ultimately death (Buetow et al., 1999). 

In summary, we have reported that mimetic peptides from the anti-angiogenic 

domain of TSP-1 are effective and safe for the treatment of EOC in an animal model.  

We demonstrated a significant reduction in ovarian tumor size and secondary disease.  

These results were based on the ability of TSP-1 mimetics to target the vasculature as 

well as the tumor cells themselves.  Future experiments should focus on testing these 

mimetics in other mouse models of EOC, employing in vivo imaging and investigating 
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the exact mechanism of action on the endothelium and support cells.  While future 

studies are required to validate the findings herein, the results of this study have 

ultimately provided evidence that TSP-1 mimetics may have a role in the treatment of 

advanced ovarian cancer through their anti-angiogenic properties.  The implications of 

which could directly result in the application of these novel therapeutics for the 

treatment of this highly untreatable disease.   
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Table 4 Summary of TSP-1 mimetics in a mouse model of EOC starting treatment 
at 60 days PTI compared to controls 

 Primary 
Tumor 

Secondary 
Lesions 

Ascites Fluid Vasculature 
Effects 

Other 

ABT alone 

 

 

• Reduces the 
size of 
tumors 

• Induces 
tumor cell 
apoptosis 

• Reduces the 
number of 
secondary 
lesions 

 

• Reduces  
the number 
of animals 
with ascites 
fluid (510) 

• Prevents 
the 
formation 
of ascites 
fluid (898) 

• Decreases 
blood vessel 
density 

• Increases 
percent of 
SMA positive 
(mature) 
vessels 

• Induces 
apoptosis in 
immature 
blood vessels 

• Decreases 
local and 
systemic 
levels of 
VEGF and 
VEGFR2 

• Decreases 
tumor 
hypoxia 

• Prolongs 
disease-free 
survival 

ABT + 
chemo 

 

• Increases 
tumor cell 
apoptosis 

• Inhibits the 
formation of 
secondary 
lesions 

• Inhibits the 
formation 
of ascites 
fluid 

• Increases 
endothelial 
cell 
apoptosis 

• Facilitates 
uptake of 
paclitaxel 
and 
cisplatin 

ABT alone 

↓ Cellular 
CD36 

 

• Reduces the 
size of 
tumors 
compared 
to D5W 
controls 

N/A N/A N/A  

ABT alone 

CD36 null 
tissue 

• No effect on 
tumor size 

• Reduces the 
number of 
secondary 
lesions 

• No effect 
on ascites 
fluid 
production 

N/A • Reduced 
ovarian 
tumor size 
compared 
to wild type 
controls 
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Appendix I – Source of supplies and materials 

ABT-510 Abbott Labs, Abbott Park, IL 
ABT-898 Abbott Labs, Abbott Park, IL 
Acrylamide BioRad Laboratories, Mississauga, ON 
AlexaFluor antibodies Molecular Probes, Burlington, ON 
alpha-MEM  Lonza Inc., Mapleton, IL 
Anti-α smooth muscle actin SantaCruz, Burlingname, CA 
Anti-β-actin Cell Signal Technologies, Danvers, MA 
Anti-carbonic anhydrase SantaCruz, Burlingname, CA 
Anti-caspase-3 Cell Signal Technologies, Danvers, MA 
Anti-CD31 BD Biosciences Pharmingen, San Diego, CA 
Anti-CD36 SantaCruz, Burlingname, CA 
Anti- cytokeratin 8  Fitzgerald Industries, Concord, MA 
Anti-cytokeratin 18  Fitzgerald Industries, Concord, MA 
Anti-Ki67 Abcam, Minneapolis, MN 
Anti-mouse secondary antibody Cell Signal Technologies, Danvers, MA 
Anti-rabbit secondary antibody Cell Signal Technologies, Danvers, MA 
Anti-VEGF SantaCruz, Burlingname, CA 
Anti-VEGFR2 SantaCruz, Burlingname, CA 
Anti-vimentin Sigma-Aldrich Canada Ltd., Oakville, ON 
Antibiotic-antimycotic GIBCO, Burlington, ON 
Aprotinin Sigma, Oakville, ON 
Blasticidin Invitrogen, Burlington, ON 
Biocoat Matrigel invasion chambers BD Biosciences, Franklin Lakes, NJ 
Biotinylated secondary antibodies Sigma, Oakville, ON  
Bovine serum albumin Invitrogen, Burlington, ON 
Buffered formalin (10%) Fisher Scientific, Whitby, ON 
CD36 shRNA lentiviral particles  Gentarget, San Diego, CA 
Cell culture dishes Fisher Scientific, Whitby, ON 
Cell Culture Lysis Reagent Promega, Madison, WI 
Chemiluminescence Reagent Plus  PerkinElmer BioSignal, Inc., Montreal, QC 
Cisplatin  Calbiochem, Gibbstown, NJ  
Citric acid Fisher Scientific, Whitby, ON 
Coverslips Fisher Scientific, Whitby, ON 
DC protein assay BioRad Laboratories, Mississauga, ON 
Dihydrochloride hydrate (DAPI) Sigma, Oakville, ON 
Dimethyl formamide Sigma, Oakville, ON 
Dithiothreitol (DTT) Sigma, Oakville, ON 
DMEM media GIBCO, Burlington, ON 
Doxycycline food Bio-Serv, Frenchtown, NJ 
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Doxycycline Sigma, Oakville, ON 
ECGS Sigma, Oakville, ON 
EDTA Fisher Scientific, Whitby, ON 
EGF  R&D Systems Inc., Burlington, ON 
Eosin Fisher Scientific, Whitby, ON 
Extravadin peroxidise Sigma, Oakville, ON 
F-12k media GIBCO, Burlington, ON 
G418 Sigma, Oakville, ON 
Gentamicin  Invitrogen, Burlington, ON 
Glacial acetic acid Fisher Scientific, Whitby, ON 
Gluteraldehyde Fisher Scientific, Whitby, ON 
Glycine Fisher Scientific, Whitby, ON 
Hematoxylin Fisher Scientific, Whitby, ON 
Heparin Sigma, Oakville, ON 
HEPES buffer Sigma, Oakville, ON 
Hydrochloric acid Fisher Scientific, Whitby, ON 
Hydrogen peroxide Sigma, Oakville, ON 
In Situ Cell Death Detection Kit  Roche, Laval, QC, Canada 
Insulin Sigma, Oakville, ON 
ITSS  Roche Applied Sciecnes, Laval, QC 
Leupeptin Sigma, Oakville, ON 
Lipfectamine2000 Invitrogen, Burlington, ON 
McCoy’s media GIBCO, Burlington, ON 
MTT Fisher Scientific, Whitby, ON 
Nitrocellulose membranes Amersham, Piscataway, NJ 
Novex SDS-PAGE cassettes Invitrogen, Burlington, ON 
Oregon Green® 488  Invitrogen, Burlington, ON 
Paclitaxel  Sigma-Aldrich, Oakville, ON 
PenStrep  Lonza Inc., Mapleton, IL 
Pepstatin A Sigma, Oakville, ON 
Permount Fisher Scientific, Whitby, ON 
Phenylmethylsulfonyl fluoride (PMSF) Fisher Scientific, Whitby, ON 
Potassium chloride Fisher Scientific, Whitby, ON 
Potassium phosphate Fisher Scientific, Whitby, ON 
Prolong Gold Molecular Probes, Burlington, ON 
PVDF membranes  Bio-Rad Laboratories, Hercules, CA 
RPMI media GIBCO, Burlington, ON 
Sigma Fast 3,3’-diaminobenzidine tablets Sigma, Oakville, ON 
Sodium chloride Fisher Scientific, Whitby, ON 
Sodium dodecyl sulphate Fisher Scientific, Whitby, ON 
Sodium fluoride Fisher Scientific, Whitby, ON 
Sodium hydroxide Fisher Scientific, Whitby, ON 
Sodium orthovanadate Fisher Scientific, Whitby, ON 
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Sodium phosphate Fisher Scientific, Whitby, ON 
Sodium pyruvate Sigma, Oakville, ON 
Surgipath Snowcoat X-tra microslides Fisher Scientific, Whitby, ON 
TEMED Invitrogen, Burlington, ON 
Tet-On Advanced expression system  Clontech, Mountain View, CA 
Tetracycline-free fetal bovine serum Clontech, MountainView, CA 
Tris base Fisher Scientific, Whitby, ON 
Tritiated paclitaxel  Moravek Biochemicals, Brea, CA 
Triton X-100 Sigma, Oakville, ON 
Trypsin-EDTA (10X) Sigma, Oakville, ON 
Tween-20 Fisher Scientific, Whitby, ON 
VEGF ELISA RnD Systems, Inc., Minneapolis, MN 
WST-1 Roche Applied Sciecnes, Laval, QC 
X-ray film  Konica Medical Imaging Inc., Wayne, NJ 
Xylene Fisher Scientific, Whitby, ON 



 

202 

Appendix II – Recipes for Solutions 
 

Carazzi’s Hematoxylin 
Hematoxylin 0.25g 
Glycerol 50mL 
Aluminum potassium sulphate 12.5g 
Water 200mL 
Potassium iodide 0.05g 

 
Citrate Buffer (10mM) 
Stock solution A 18mL 
Stock solution B 82mL 
           
Stock solution A 
Citric acid 1.92g 
Water 100mL 
Stock solution B  
Sodium Citrate 14.7g 
Water 500mL 
 
D5W 
Dextrose              5g 
Water              100mL 
 
MTT 
MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 5g 
PBS 5mL 
  
MTT lysis buffer 
Dimethylformamide 40mL 
Glacial acetic acid 2mL  
SDS 20g 
HCl 215μL 
 
PBS (Phosphate buffered saline) 
Sodium chloride 16.0g 
Potassium chloride 0.4g 
Sodium phosphate dibasic anhydrous 2.3g 
Potassium phosphate monobasic 0.4g 
pH adjusted to 7.4 with HCl 
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Protein lysis buffer (RIPA buffer) 
Tris-HCl pH 7.6 10mM 
EDTA 5mM 
50nM NaCl 50nM 
Na4PO7 30mM 
Triton X-100 1% v/v 
Leupeptin 2μg/mL 
Pepstatin 1 μg /mL 
Aprotinin 2.5 μg/mL 
PMSF 1mM 
Sodium orthovanadate 0.1 μM 
Sodium fluoride 0.05M 
 
Reducing buffer (for western blotting) 
10% SDS 2mL 
Glycerol 1mL 
1M Tris-HCl 0.5mL 
Bromophenol blue 0.01g 
Water 500mL 
DTT 0.125M 
 
Running Buffer (for western blotting) 
Tris 15.1g 
Glycine 72.1g 
10% SDS 10mL 
Water to 1L 
 
Tris buffered saline-tween20 (TBST) (for western blotting) 
Tris 24.2g 
NaCl 80g 
Water to 1L 
pH adjusted to 7.4 
Tween-20 1mL 
 
Transfer Buffer (for western blotting) 
Tris 7g 
Glycine 3.02g 
Methanol 200mL 
Water 1L 
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