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ABSTRACT 
 
 

ENHANCING CANCER THERAPY DELIVERY AND EFFICACY USING 
THROMBOSPONDIN-1 TYPE 1 REPEATS IN ADVANCED SOLID TUMORS 

 
Kathy Matuszewska        Advisor: 

University of Guelph, 2022       Dr. Jim Petrik 

 
The standard of care for Epithelial Ovarian Cancer has remained unchanged for over 30 

years, reflecting the need for innovative treatments targeting advanced disease. A hallmark of 

solid tumors is the need for vascularization to supply oxygen and nutrients. Aggressive pro-

angiogenic signals within the tumor microenvironment lead to formation of abnormal vessels 

characterized by reduced pericyte coverage and low perfusion. As a result of this vascular 

dysfunction, tumors have elevated hypoxia and interstitial fluid pressure (IFP), yielding an 

aggressive phenotype and reducing delivery of intravenous therapies to the tumor core. Anti-

angiogenic therapies aim to reduce angiogenic stimuli and normalize tumor vessels. The three 

type-1-repeat (3TSR) region of Thrombospondin-1 contains the majority of its anti-angiogenic 

properties in a small peptide. These functions are mediated through the membrane protein, 

CD36.   

This thesis demonstrates that administration of 3TSR leads to vascular changes that 

prevent vascular shutdown caused by oncolytic Newcastle Disease Virus (NDV). Vascular 

normalization results in improved tumor perfusion, enhancing efficacy of oncolytic virotherapy 

through improved intratumoral immune cell delivery. We have also developed a novel 

compound, Fc3TSR, that has two 3TSR peptides linked with a non-immunostimulatory Fc to 

increase in vitro and in vivo efficacy. Fc3TSR induces CD36 receptor clustering and potentiates 

enhanced downstream signal transduction in murine ovarian cancer cells compared to native 



	 	 	

	

3TSR. In an orthotopic, syngeneic mouse model of ovarian cancer, Fc3TSR lowers IFP in the 

tumor core and enhances immune infiltration to sentinel lymph nodes. This novel construct also 

proves efficacious in other models, including a murine model of advanced pancreatic ductal 

adenocarcinoma (PDAC).  	

This work utilizes advanced models to characterize the effects of Fc3TSR in remodeling 

multiple aspects of the tumor microenvironment that would otherwise obstruct treatment delivery 

and efficacy in solid tumors. The multi-modal aspects of Fc3TSR makes this therapeutic 

approach attractive for the treatment of advanced ovarian cancer and other malignancies that 

typically overcome single-agent therapy. In the future, the hope is that Fc3TSR may be used 

clinically in combination with other cancer therapies to improve intravenous delivery, avoid 

side-effects as a result of hyper-dosing and enhance survival of patients with advanced disease.  
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CHAPTER ONE 
 

Introduction and Literature Review 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Modified and expanded from literature review publications: 

 

1Matuszewska K, Pereira M, Petrik D, Lawler J, Petrik J. Normalizing Tumor Vasculature to 
Reduce Hypoxia, Enhance Perfusion, and Optimize Therapy Uptake. Cancers (Basel). 2021 Sep 
3;13(17):4444. doi: 10.3390/cancers13174444.  

 

2	Pereira M, Matuszewska K, Jamieson C, Petrik J. Characterizing Endocrine Status, Tumor 
Hypoxia and Immunogenicity for Therapy Success in Epithelial Ovarian Cancer. Front 
Endocrinol (Lausanne). 2021 Nov 17;12:772349.  
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1.1 Ovarian Cancer  

1.1.1 Epidemiology, Staging and Histological Classifications  

Ovarian cancer is the 5th most common malignancy in women, with an estimated 239,000 

new cases and 152, 000 deaths annually worldwide (1). 1 in 75 women are at risk of developing 

ovarian cancer in their lifetime (2). In Canada, 3100 women will be diagnosed in 2020 and 

approximately 1950 will succumb to the disease (3). Of these women, only 15% will be 

diagnosed at stage I, when the 5-year rate of survival is over 90% (2,4). However, more than half 

of cases are diagnosed once the disease has metastasized, leaving women with a 5-year survival 

rate of less than 30% (2,4) (Table 1.1).  The lethality of ovarian cancer is therefore largely as a 

result of misdiagnoses or late-stage diagnoses due to lack of screening techniques, and limited 

novel interventions available at advanced stages. 

Ovarian cancer is further classified based on stromal, germinal or epithelial origin. 

Epithelial ovarian cancer (EOC) is by far the most common subtype comprising over 85% of 

cases (5) and is the focus of this report. Epithelial ovarian cancer is further complicated by 

distinct histological subtypes based on altered disease progression and biology. The five most 

common subtypes include high grade serous, low grade serous, endometroid, clear cell and 

mucinous (6). Many argue that these subtypes should be considered separate diseases (7), in light 

of variability in biomarker expression between subtypes and subsequent association with 

survival (8) (Table 1.2). Different histotypes have also shown variable genome stability, 

proliferative rate and response to treatment (9,10). The differences between these subtypes have 

been extensively reviewed (11–13). 
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Stage  Clinical Picture % of 
diagnoses 

Standard of care 5-year survival 
rate 

I A Malignant cells found inside single 
ovary 

 
 
 
 
 
 
 
 

15%** 

 
- Total abdominal 
hysterectomy*  
- Salpingo-
oophorectomy* 
- Omentectomy 
- Biopsy of lymph 
nodes and 
surrounding tissues 
- Combination taxol 
and platinum-based 
chemotherapy for 
high-grade disease. 

94% 

 B Malignant cells found inside both 
ovaries 

92% 

 C Malignant cells present inside both 
ovaries and one of the following is true: 
- Malignant cells are found on the 
outside surface of one or both ovaries 
or; 
- The ovarian capsule has ruptured due 
to malignant cell growth or; 
- Malignant cells are found in peritoneal 
fluid 
 

 
 
 
 
 
 

85% 

II A Malignant cells have spread to the uterus 
and/or fallopian tubes 

 
 
 
 
 
 
 
 
 

21%** 

- Total abdominal 
hysterectomy*  
- Salpingo-
oophorectomy* 
- Surgically 
debulking as much 
of the tumor as 
possible 
- Biopsy of lymph 
nodes and 
surrounding tissues 
- Combination taxol 
and platinum-based 
chemotherapy with 
or without radiation 

 
 
 
 
 
 
 
 
 

70% 

 B Malignant cells have spread to other 
pelvic tissues 

 C Malignant cells have spread to pelvic 
tissues and one of the following is true: 
- Malignant cells are found on the 
outside surface of one or both ovaries 
or; 
- The ovarian capsule has ruptured due 
to malignant cell growth or; 
- Malignant cells are found in peritoneal 
fluid 

III A Sizeable pelvic tumor present and 
malignant cells have spread to the 
peritoneum or small intestines 

 
 
 
 

59%** 

Same as for stage II  
 
 
 
 

39% 

 B Malignant cells have spread to the 
peritoneum or small intestines and 
nodules are <2cm 

 C Malignant cells have spread to the 
peritoneum or small intestines and 
nodules are >2cm 

IV - Cancer has spread beyond the abdomen 
to other organ systems and/or malignant 
cells present in the pleural space 

Same as stage II/III  
 

17% 

* Dependent upon age and fertility preservation 
** 6% of diagnoses are undetermined 
 
Table 1.1: Staging of ovarian cancer (all subtypes) and corresponding criteria for diagnoses, proportion of cases 
diagnosed at each stage and 5-year survival following diagnosis at each stage. 
Adapted from: https://ocrahope.org/patients/about-ovarian-cancer/staging/ 

 

1.1.2 Ovarian Cancer: Risk Factors 
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Ovarian cancer is a disease of both lifestyle and genetics. Hereditary EOC accounts for 

less than 15% of all cases (14). The most extensively studied germline mutation linked to ovarian 

cancer is in Breast Cancer Type Susceptibility (BRCA) genes, where 65 to 85% of hereditary 

cases are as a result of this mutation. Over 16 other genes, including BRCA 1 Associated Ring 

Domain (BARD1) gene, Checkpoint Kinase 2 (CHEK2), RAD51 Recombinase (RAD51) and 

Partner and Localizer of BRCA1 (PALB2) have been associated with hereditary ovarian 

tumorigenesis (15,16). Women with hereditary evidence of ovarian cancer have lowered risk of 

developing disease following prophylactic surgical removal of both ovaries (bilateral 

oophorectomy) or removal of both ovaries and fallopian tubes (salpingo oophorectomy). Ovarian 

cancer predominantly affects women over the age of 60 (17). Lifestyle factors which reduce the 

complete cycling during menstruation influence risk reduction of developing EOC. One of the 

most significant factors for lowering risk is use of oral contraceptives (18), particularly those 

which are progestin-only formulations (19,20). Increased number of child births is also 

correlated to lower risk of developing the disease (21). Breastfeeding also demonstrates an 

inverse relationship in terms of ovarian cancer risk. This is likely due to the hormonal effects of 

breastfeeding mimicking that of menopause – where prolactin blocks estrogen production. 

Exposure of women to estrogen increases risk of ovarian cancer development. Experimental 

findings demonstrate that estrogen plays a pro-tumorigenic role, likely due to upregulation of 

growth factors such as MYCL Proto-oncogene and bHLH Transcription Factor (c-myc) (22). In 

addition, estrogen stimulates subsequent ovulatory cycles, and a greater number of ovulations is 

positively correlated with the incidence of ovarian cancer.  This connection between estrogen 

and ovarian cancer risk likely explains the increased risk of developing ovarian cancer in women 
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undergoing estrogen-based hormone replacement therapy (23), and the reduction in risk when 

progestin is added to this regimen (24).  

A sedentary lifestyle is correlated with increased risk of ovarian cancer (25), and obesity 

is linked to less common subtypes of the disease (26). Inflammation plays a pivotal role in the 

development of a number of cancers. During a woman’s lifetime, constant cycling of Reactive 

Oxygen Species (ROS), cytokines and growth factors by reproductive organs and immune cells 

produces chronic inflammation and support transformation and tumor progression (27). 

Likewise, there is growing evidence demonstrating that use of NSAIDS lowers risk of ovarian 

cancer (28). Like most cancers, cigarette smoking and alcohol lead to increased risk (29,30). 

With the recent legalization of recreational marijuana use in Canada, there is an interest in the 

effect of cannabis on cancers. Cannabinoid receptors have actually been proposed as a target for 

ovarian cancer therapies (31) and cannabidiols have been shown to enhance anti-tumor efficacy 

(32). 

 

Histotype % of 
diagnos

es 

Precursor 
lesions 

Histology and clinical 
features 

Common 
mutations and 

molecular 
aberrations 

Potential 
therapies 

High-Grade 
Serous 

(Fallopian tube 
origin) 

 

  
70 

  
Serous tubal 

intraepithelial 
Carcinoma 

(STIC) 

             
- Papillary and solid 
growth with slit-like 

glandular lumens 
- Intermediate sized 

tumor cells with 
mononuclear giant cells 

(prominent nucleoli) 
- High mitotic activity; 

apoptotic bodies 
  

  
TP53, 

BRCA1/2 and 
HRD 

chromosomal 
instability 
aneuploidy 

(100%) 

  
PARP inhibitors, 

immune 
checkpoint 
inhibitors 
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Endometrioid 
(endometriosis 

origin) 
 

  
10 

  
Endometrioid 

borderline 
tumor 

 
-Tubular glands bearing 
strong resemblance to 

the endometrium 
- Squamous 

differentiation in 1/3 of 
patients  

  
  

PTEN, 
CTNNB1, 
ARID1A, 

PPPR2R1A, 
MSI 

  
  
  

mTOR inhibitors 

Clear Cell 
(endometriosis 

origin) 
 

  
10 

Clear cell 
borderline 

tumor 

             
-Clear or hobnail cells 

with eccentric, rounded 
or bulbous nuclei (clear 

cytoplasm) 
-Multiple complex 
papillae, densely 
hyaline basement 

membrane material 
expanding the cores of 

papillae 
-Hyaline bodies in 

~25% cases 
  

  
PIK3CA, 
CTNNB1, 
ARID1A, 

PPPR2R1A, 
MSI 

 
Tyrosine Kinase 

Inhibitors 

Mucinous 
(unknown 

origin) 

  
3 

Mucinous 
borderline 

tumor 

 
- Cells resemble gastric 

pylorus, intestines or 
endocervix. 

- Occasional finding of 
mural nodules of 

anaplastic carcinoma or 
high-grade sarcoma 

KRAS and 
HER2 

amplification 

Trastuzumab 

Low-Grade 
Serous 

(Fallopian tube 
origin) 

  
<5% 

Serous 
borderline 

tumor 

 
- Small papillae of 
tumor cells with 

uniform nuclei within 
hyalinized stroma 

- Psammoma bodies 

KRAS and 
BRAF 

MEK 1/2 
inhibitors 

Table 1.2: The five major histotypes of epithelial ovarian cancer and characteristics of each 
*Adapted from: (33) and http://www.bccancer.bc.ca/health-professionals/clinical-resources/cancer-management-
guidelines/gynecology/ovary-epithelial-carcinoma#Borderline-Ovarian-Tumors-Tumours-of-Low-Malignant-
Potential 
 

1.1.3 Etiology of Ovarian Cancer 

Investigations into therapies for EOC are complicated by the fact that the origin of this 

cancer and the progression of early disease is poorly understood. The three main theories that 
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suggest how ovarian cancer develop are Incessant Ovulation Theory, Gonadotropin Theory and 

Fallopian Tube Origin (34).  

Incessant Ovulation Theory.  In 1971, Fathalla et al. suggested a correlation between 

the development of ovarian neoplasms and the process of ovulation, based on epidemiological 

data (35). In short, risk of ovarian cancer increases due to recurrent trauma to the ovarian surface 

epithelium. Human females naturally ovulate continuously from menarche to menopause, and for 

the most part have infrequent non-ovulatory rest periods such as pregnancy throughout this 

cycle. Breeding seasons and non-ovulatory rest periods in other mammals correlate with the 

rarity of EOC tumors in these animals. They noted previous work showing that while most 

animals do not spontaneously develop ovarian cancer, there is a high incidence of ovarian cancer 

in the persistently ovulating domestic hen (36). It was postulated that cyclic rupture of ovarian 

follicles and repair of the corpus albicans, forces proliferation of cells which increases the 

likelihood of genetic aberrations (37). Indeed, this theory - the ‘incessant ovulation’ hypothesis - 

was backed by data showing that women with greater ovulatory rest periods, namely those with a 

greater number of pregnancies or using oral contraceptives, have a lower risk of ovarian cancer, 

as mentioned above (17,38).  

Gonadotropin Theory.  As mentioned previously – estrogen increases the risk of 

ovarian cancer. Rapid proliferation of OSE due to ovulation results in clefts lined by these cells 

in cortical stroma (39). Women with EOC have been found to harbor a greater number of these 

cysts on their contralateral ovary, in comparison to controls (40,41). In addition, there is a far 

greater propensity for tumor markers of ovarian carcinoma to be found in cysts compared to 

Ovarian Surface Epithelium (OSE) (42,43). The implication of these observations is that rather 
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than being normative by-products of ovulation, inclusion cysts may provide an ideal 

microenvironment for the origin of EOC. This is substantiated by work in epithelial-stromal 

interactions which suggests that entrapped cells have increased exposure to stromal estrogen, 

which influences growth characteristics of ovarian cancer (44,45). In extension, premature 

ovarian failure, such as through menopause or polycystic ovarian syndrome, may disturb the 

gonadotropin negative feedback loop between the pituitary gland and ovary, leading to greater 

estrogen levels within the ovarian microenvironment (46).  

Distal Fallopian Tube as the Origin.  Following the implication of BRCA1 and BRCA2 

genes as major predictors of hereditary high-grade serous-type cancer, precautionary salpingo-

oophorectomy was performed in carriers (47). The specimens revealed that women predisposed 

to developing ovarian cancer had significantly more neoplastic changes of the fallopian tube 

compared to control subjects. In hereditary cases, normal fallopian tubes also had greater 

proliferative marker expression and lower cell cycle inhibitors (48). The majority of fallopian 

tubes of women diagnosed with Ovarian High Grade Serous Carcinoma harbored tubal serous 

carcinoma (49). The histology of cells in inclusion cysts of the ovary confirmed that cells are 

indistinguishable from those lining the fallopian tubes, further suggesting cell migration between 

organs and potential for a tubal origin of ovarian cancer (50). 

1.1.4 Screening of Epithelial Ovarian Cancer 

 Mortality rates of ovarian cancer can be improved via prevention, screening, detecting the 

disease early, and administering appropriate therapy. Although a specific and sensitive 

biomarker to identify asymptomatic women would be ideal for diagnosing the disease early 

when it is highly treatable (Table 1.1) such a biomarker remains elusive. This is largely due to 
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the cyclic nature of ovarian processes and that numerous regulatory factors are constantly 

fluctuating to regulate the complex ovarian cycle. Many of these factors are co-opted in the 

initiation of ovarian cancer, and detection of specific changes that are relevant to the onset of 

ovarian cancer is difficult.  In addition, the heterogenous nature of the disease in terms of 

histotypes and subtypes further complicates unveiling a consistent biomarker (8). Screening 

strategies currently involve transvaginal ultrasound and serum testing of Cancer Antigen 125 

(CA-125), although these lead to no significant difference in ovarian cancer mortality compared 

to the control (no screening) group in a large study of 202,638 asymptomatic women (51). In this 

study, there were a large number of false-positive screening results which resulted in 

unnecessary surgery to investigate positive screens, resulting in 15% of the false-positive women 

experiencing major surgical complications (52). These and other data have prompted The 

American Cancer Society and American College of Obstetrician and Gynecologists to not 

recommend screening for ovarian cancer in women at average risk (53). While high CA-125 is 

considered a gold standard tumor marker found to be high in blood of women with ovarian 

tumors, women often have low CA-125 at early disease stages when it is optimal to catch early 

(54). Additionally, many non-cancer conditions such as adenomyosis, uterine myoma and 

endometriosis also yield high levels of this antigen (55), further cautioning the use of this antigen 

for screening early-stage ovarian cancer. CA-125 is instead a better predictor of Ovarian Cancer 

response to treatment (56). Over 20 biomarkers such as HE4, prolactin, CA 15-3, CA 72-4 and 

CA 19-9 have been studied due to upregulated levels in ovarian cancer, although none are 

currently in use for detection of early disease due to low sensitivity and specificity (57). Several 

studies have shown that multibiomarker approaches may be the key to improving early diagnosis 

of ovarian cancer. For instance, a panel consisting of CA-125, Human Epididymis Protein 4 
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(HE4), Carcinoembryonic antigen (CEA) and Vascular Cell Adhesion Molecule 1 (VCAM-1) 

achieved a sensitivity of 86% and a specificity of 98% was shown to be the highest diagnostic 

biomarker combination (58). Advances in technology have enabled simultaneous detection of 92 

biomarkers using only a microliter of serum (59). More stringent assays for detection of 

biomarkers, such as Raman Spectroscopy, are also being investigated (60). Current trends in 

investigating targets for ovarian cancer diagnoses include using autoantibodies, microRNAs 

(miRNA) and circulating tumor DNA (ctDNA) rather than traditional proteomics (61–63). 

 

1.1.5 Standard of Care for Epithelial Ovarian Cancer 

Challenges in finding a gold-standard early diagnostic regimen for ovarian cancer has 

encouraged the development of therapies for advanced stage disease. The majority of women are 

diagnosed at this stage (Table 1.1).  Debulking surgery and cytotoxic chemotherapy remain as 

the mainstay for treatment according to the stage of disease (Table 1.1). The strongest prognostic 

factor for overall survival continues to be the volume of residual disease following primary 

debulking surgery (64). Alternatively, for women who are high risk for surgery such as those 

with large disease burden, older or have multiple complications or comorbidities, chemotherapy 

may be administered prior to interval debulking surgery (65). The current standard of care 

chemotherapy for late-stage disease has remained the same since the 1970s, with a slight change 

from cisplatin to combination carboplatin and paclitaxel in the late 1990s (66). In 2016, 

intraperitoneal administration (IP) became the standard in North America, as opposed to the 

intravenous route in light of a 16 month improvement in survival in those treated 

Intraperitoneally (IP) (67,68). This was re-evaluated in 2019, when a study revealed no clear 

benefit to the IP route of delivery (69). Combination chemotherapy can be administered weekly 
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at a lower dose for six cycles, or every three weeks at nearly double the dose (70). Currently, 

clinicians are faced with options related to route and frequency of administration. In either case, 

eventual resistance to these agents is common (71). This highlights the medical need for more 

innovative strategies.  

 

1.1.6 Novel Targets to Treat Advanced Disease  

Targeted therapies are the next generation of treatment with three main therapies being 

used for ovarian cancer: Neurotrophic Tripomyosin Receptor Kinase (NTRK) gene targets, Poly 

(ADP-ribose) polymerases (PARP) inhibitors and Bevacizumab (Avastin®, Hoffman-La Roche). 

Some patients exhibit alterations in NTRK genes, which encode TRK proteins that cause 

upregulation of pathways inducing cell growth and proliferation (72). Two NTRK inhibitors, 

namely Larotrectinib and Entrectinib, have recently been approved for use in patients whose 

tumors have altered NTRK gene and whom have not responded to mainstay treatments. 

Similarly, patients with BRCA mutations have been shown to benefit from PARP inhibitors (73). 

PARPs are a family of Deoxyribose nucleic acid (DNA) repair enzymes which autoactivate in 

the presence of DNA strand breaks (74). Cells with pathogenic BRCA1 or BRCA2 mutations 

therefore have reduced repair capabilities due to PARP inhibition, leading to apoptosis (75). 

 Several studies have shown a small benefit to overall survival (OS) and Progression free 

survival (PFS) with the addition of bevacizumab to monotherapies in late stage disease (76). 

Bevacizumab is a monoclonal antibody targeted against vascular endothelial growth factor 

(VEGF-A) (77). Bevacizumab therefore blocks the ability for VEGF to bind to its receptor, 

which is known to be pro-tumorigenic, while also inhibiting growth of aberrant tumor 

vasculature in hopes of starving the tumor (78). Depending upon dose and tumor model, 
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bevacizumab is suggested to normalize vasculature (79), an attribute which may explain the 

improved OS and PFS in patients when bevacizumab is used as an adjuvant. Bevacizumab and 

anti-angiogenic therapies will be further discussed in Section 3.  

 

1.2 Pancreatic Cancer 

1.2.1 Pancreatic Cancer: Epidemiology and Staging  

 Pancreatic cancer is another disease characterized by a lack of symptomology, early 

diagnostic markers, and limited change to the standard of care, leading to low survival rates and 

late diagnoses. It is the 11th most common cancer in the world and progresses very quickly, with 

only 24% of people surviving more than 1 year post diagnosis (80). There are two main types of 

pancreatic cancer differentiated by whether cancer arises in the endocrine or exocrine glands of 

the pancreas (81). Pancreatic Ductal adenocarcinoma (PDAC) of the exocrine glands is by far the 

most common subtype, comprising over 85% of cases (81). Early symptoms of PDAC are 

difficult to recognize and include malabsorption (leading to) weight loss, jaundice, pain, 

dyspepsia and nausea (82). As with ovarian cancer, many individuals are asymptomatic which 

forces diagnosis at late stages of disease, contributing to low survival. 

 

1.2.2 Pancreatic Cancer: Etiology 

Similar to ovarian cancer, the exact etiology is unknown, although a series of stepwise pro-

oncogenic ‘hits’ is believed to lead to spontaneous PDAC (83). Although the pancreas lacks a 

defined stem cell compartment, acinar cells are very susceptible to transformation through a 

reversible process known as acinar-ductal metaplasia (ADM) which protects the pancreas from 

stimuli such as tissue damage and stress (84).  However, upon exposure to oncogenic stimuli, 
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this transformation becomes irreversible, causing trans-differentiation of acinar cells into 

epithelial-like cells. This leads to formation of the most well-known precursor lesion of PDAC, 

called pancreatic intraepithelial neoplasia (PanIN) (85). These cytologically and architecturally 

atypic papillary lesions arise in small intralobular pancreatic ducts and are composed of 

columnar to cuboidal cells with varying amounts of mucin present (86). Histological progression 

of these lesions from low-grade to high-grade correlates with accumulation of genetic changes 

from overexpression of Apomucins (MUC1) to telomerase shortening and Kirsten rat sarcoma 

viral oncogene homolog (KRAS) activation, followed by inactivation of three tumor suppressor 

genes: p16/CDKN2A, tumor protein 53 (TP53) and SMAD family member 4 (SMAD4/DPC4) 

(87). Early detection of these lesions is an important area of research to prevent invasive PDAC. 

Reminiscent of the progression of ovarian inclusion cysts in response to inflammation, the 

progression of panIN lesions is exacerbated by aspects of the PDAC microenvironment (88). 

Another histotype of precursor lesion, the Intraductal Papillary Mucinous Neoplasm (IPMN) 

originates in main or branched duct epithelium. These lesions are typically identified based on 

dilated pancreatic ducts due to excessive proliferation and presence of cystic lesions (87). 

Further, the third and least frequent precursor lesion of pancreatic cancer is the Mucinous Cystic 

Neoplasm (MCN) and are typically found in the pancreatic body or tail (89).  

 

1.2.3 Pancreatic Cancer: Risk Factors 

 A number of modifiable and non-modifiable risk factors have been shown to correlate 

with incidence. Risk factors pertaining to lifestyle include smoking, alcohol consumption and 

obesity (90–92). As a digestive disease, pancreatic cancer is heavily correlated with consumption 

of processed, charred and red meats, cholesterol and fried foods (93,94). Recurrent bouts of 
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pancreatitis can cause damage to glands and chronic pancreatitis is a strong risk factor for PDAC 

(95). Pancreatic adenocarcinoma is significantly more prevalent in males (96), likely due to 

occupational risk factors and lifestyles, given that no genetic factors have been found to correlate 

the disease with sex. Pancreatic cancer is also a disease of ageing, with the highest peak in 

incidence occurring in those between 60 and 80 years of age (96). 5-10% of individuals report 

familial history of the disease, and 10% of patients with PDAC have been found to have gene 

variations or alterations which predispose to the disease (97). Aberrations in the BRCA gene, 

which is also a major risk factor in ovarian cancer, is also the most common familial cause of 

pancreatic cancer. In carriers of the BRCA2 mutation, the lifetime risk of developing pancreatic 

cancer is predicted to be between 5 to 10% (98). BRCA1 mutations are found in approximately 

1% of individuals with PDAC (99).  

 

1.2.4 Pancreatic Cancer: Screening 

 Lack of screening and early detection techniques diminish the likelihood of catching the 

disease at a curative stage (81). Diagnosis revolves around imaging such as computed 

tomography (CT), magnetic resonance imagining (MRI), positron emission tomography (PET) 

and endoscopic ultrasounds (EUS) (82).  In terms of biomarkers, Carbohydrate antigen 19-9 

(CA19-9) is the most widely used screen for pancreatic cancer (100). Even so, diagnostic use is 

not determinant, yielding a median sensitivity of 79% and a specificity of 80% (101). Diagnostic 

methods encompassing multiple biomarkers may be the future to improving these statistics 

(100).  
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Stage  Clinical Picture % of 
diag-
noses 

Standard of care 5-year 
survival 
rate 

0 - Malignant cells are found 
only in the lining of the 
pancreas. 

 
 
 
 

11% 

- Resectable tumors can be completely 
removed with surgery. Typically a portion 
of, or the whole pancreas is removed. 
- Adjuvant chemotherapy can be given after 
surgery as one of the following: 
- Gemcitabine 
- 5-fluorouracil 
- Folinic acid  
- Irinotecan 
- Oxalitplatin 
- nab-paclitaxel  
- capecitabine 
or combinations: 
- 5-fluorouracil and folinic acid, with or 
without oxaliplatin (FOLFIRINOX) 
- 5-fluorouracil and capecitabine, with or 
without oxaliplatin  
- nanoliposomal irinotecan with 5-
fluorouracil and folinic acid 
 
 

 
 
 
 

39% 
I A The primary tumor is 2 

cm or smaller 
 B The primary tumor is 

between 2 and 4 cm 

II A The tumour is larger than 
4cm 

B Primary tumor size is 
irrelevant, but the tumor 
has spread to up to 3 
lymph nodes. 

III - Cancer has spread to 4 or 
more lymph nodes; 
Or tumor has grown into 
a large blood vessel 
outside of the pancreas 
and the cancer is likely to 
have spread to lymph 
nodes. 

 
 
 
 
 

37% 
 
 
 
 
 

- Resectable tumors are treated the same as 
early stages (0 to II) 
 

 
 
 
 
 

13% 
 
 
 
 

- Borderline resectable pancreatic tumors 
are treated in a clinical trial setting if 
possible.  
- They may be treated before surgery with 
neoadjuvant therapy – either chemotherapy, 
radiation or both. 

IV  Cancer has become 
metastatic and spread to 
other organs, such as the 
liver, lungs or abdominal 
cavity. 

 
52% 

- Non-resectable tumors are treated with 
chemotherapy, with or without targeted 
therapy.  
- The only approved targeted therapies in 
Canada are erlotinib (EGFR inhibitor) and 
Olaparib (for hereditary cases). 
- Palliative therapy may be offered in the 
form of chemotherapy, radiation or surgery.  

 
3% 

 
Table 1.3: Staging of pancreatic cancer (all subtypes) and corresponding criteria for diagnoses, proportion of cases 
diagnosed at each stage and 5-year survival following diagnosis at each stage. 
Adapted from: the American Cancer Society's (ACS) publication, Cancer Facts & Figures 2021, the ACS website, 
and the National Cancer Institute’s Surveillance, Epidemiology, End Results (SEER) Program and 
https://cancer.ca/en/cancer-information/cancer-types/pancreatic/treatment  
 
 
1.2.5 Pancreatic Cancer: Standard of Care 
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Factors such as late diagnosis, low tumor mutational burden, immunosuppressive tumor 

microenvironment and tumor heterogeneity lead to a low rate of survival has not changed 

significantly in over 40 years (82). This situation is eerily similar to that of ovarian cancer 

(Table 1.1), and once again highlights the need for novel therapeutics for advanced disease to 

prevent recurrence and resistance to the current standard of care. Only 20% of pancreatic cancer 

patients are eligible for surgery (102). For non-ressectable disease, patients rely heavily on 

various regimens of chemotherapy and radiation (Table 1.3).  

The standard of care for PDAC has not changed dramatically in decades. Gemcitibine 

monotherapy was a mainstay treatment for 2 decades despite producing a median survival of 

only 6 months (103). This changed to an Epidermal Growth Factor Receptor (EGFR) inhibitor in 

combination with gemcitabine, which improved overall survival of patients by just 10 days 

compared to chemotherapy alone (104). FOLFIRINOX (oxaloplatin + irinotecan + 

fluorouracil/folinic acid) became the mainstay in 2011, although toxicity limits patient eligibility 

for use (105). The current standard of care is nab-paclitaxel in combination with gemcitabine 

(NPT+Gem). Tumors typically become resistant to these therapies, leading to a median overall 

survival in patients with metastasis, of less than 1 year (106) and innovative treatment strategies 

are desperately needed. 

 
 
1.3 Angiogenesis 

1.3.1 Sprouting Angiogenesis in normal development 

The cardiovascular system consists of the heart muscle, blood vessels (arteries, veins and 

capillaries) and blood. As the first organ system formed during vertebrate development, the 

cardiovascular system is essential for supplying nutrients and removing waste products from 
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tissues and is indispensable for life in many mammals.   While vasculogenesis is the de novo 

formation of blood vessels, the sister process of angiogenesis is essential in expanding this 

network. 

There are two approaches for formation of new vessels from pre-existing ones: sprouting 

and intussusceptive angiogenesis (107,108). The latter involves reorganization of endothelial 

cells in an existing vessel, essentially splitting the vessel into two distinct tubes. Sprouting 

angiogenesis is a more complex process and will be the focus of this review due to its 

involvement in satisfying oxygen requirements of poorly perfused tissues, such as tumors (108).  

Typically, the process of angiogenesis is kept quiescent through a balance of angiogenic 

stimulators and inhibitors. In normal development, this balance is shifted towards being pro-

angiogenic in the onset of processes such as placentation in the pregnant uterus, formation of the 

endometrium in the menstrual cycle and supply of granulation tissue for wound healing (109). In 

any of these situations, angiogenesis comprises removal of structural pericyte cells in the area of 

the developing sprout, degradation of the capillary basement membrane, migration and 

proliferation of the endothelial cells comprising the new sprout, nascent tube formation and 

vascular stabilization (110). Presence of angiogenic stimuli such as hypoxia, mechanical stress or 

inflammation leads to release of growth factors. Key factors and their functions in angiogenesis 

are summarized (Table 1.4). The redundancy in function of these factors reflects the enhanced 

regulation of the normal angiogenic process.  

 

Angiogenic Factor Vascular Related Function 

Vascular Endothelial Growth 

Factor (VEGF)-A 

- Stimulates endothelial cell survival, proliferation, 
migration and differentiation  

- Increases vascular permeability 
Fibroblast Growth Factor (FGF) - Stimulates endothelial cell survival, proliferation, 

migration  
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- Plasminogen activator 
- Stimulates production of collagenase 

Platelet-derived Growth Factor 

(PDGF) 

- Vascular stabilization through recruitment and 
proliferation of pericytes and smooth muscle cells. 

- Promotes growth of mesenchymal cells  
Angiopoietin/Tie2 - Regulates integrity and survival of endothelial 

cells, regulates sprouting and branching of vessels 
Hepatocyte Growth Factor - Promotes survival, motility, invasion and 

morphogenesis of endothelial cells 
Transforming Growth Factor-β 

(TGF-β) 

- Upregulates angiogenic factors including VEGF, 
FGF and proteinases  

- Promotes basement membrane formation 
- Regulates smooth muscle differentiation and 

recruitment 
Epidermal Growth Factor (EGF) - Promotes growth and proliferation of endothelial 

cells 
Insulin-like Growth factor (IGF) - Promotes survival of endothelial cells 

- Regulates migration of smooth muscle cells 
Matrix Metalloproteinase (MMP) - Releasing other proangiogenic factors secondary 

to degrading basement membrane 
- Allow migration of endothelial cells secondary to 

degrading basement membrane 
Delta-like Canonical Notch 

Ligand 4 (DLL4) 

- Downregulates VEGF 
- Acts as a switch from proliferative angiogenesis to 

maturation and stabilization 
 
Table 1.4: Key angiogenic factors and their functions in sprouting angiogenesis 
Adapted from: (111,112) 
 

 These signaling events ultimately lead to the activation of cellular effectors which aim to 

form the nascent vessel (110). Upon effector stimulation, structural cells called pericytes located 

at intervals along the capillary wall are first removed from the sprouting area of a mother vessel. 

VEGF stimulation triggers intricate calcium oscillations within endothelial cells allowing for 

selection of a specialized tip cell (113). The tip cell guides the developing sprout through 

chemotaxis, following angiogenic stimuli secreted by the target tissue requiring perfusion (113). 

As tip cells are highly influenced by even minute fluctuations in growth factor signaling, a loss 

of growth factor balance in this system may lead to disorganized vasculature. The tip cell 
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releases matrix metalloproteases (MMP) which degrade basement membrane components in its 

path (114). A second group of specialized endothelial cells, called stalk cells, are highly 

proliferative and interact with tip cells through delta-notch signaling to elongate the nascent 

sprout (115). At a point of anastomoses between the tip cell of another nascent vessel or 

stabilized vessel, junctional adherens proteins are deposited at the contact site of the two tip 

cells. A lumen is formed through cell membrane invagination or cord hollowing, forming a 

functional vascular network (116) . Circulating endothelial progenitor cells also contribute to the 

nascent vessels, which are haphazardly branched and in need of organization. Local differences 

in blood flow and pressure lead to the elimination of poorly perfused branches (pruning) or 

recycling of their component endothelial cells to areas of significant flow (117,118). Conversely, 

highly perfused sprouts are stabilized through deposition of basement membrane, reduced 

endothelial cell activity, tightening of cell junctions, and recruitment of pericytes (118). The 

importance of pericytes in efficient angiogenesis is evident when comparing the pericyte-dense, 

impermeable microvasculature of the blood brain barrier (1 cell: 1 pericyte), to the leaky 

vasculature of solid tumors (3 cells: 1 pericyte), which often has loosely associated pericyte 

coverage. 

 

1.3.2 Angiogenesis in Solid Tumors 

In many ways, tumors can be considered functional organs. The tumor stroma includes 

mesenchymal derived cells, inflammatory cells and vascular cells, albeit in an irregular fashion 

that has been modified by the tumor to tailor to its survival needs (119,120). Tumors are 

therefore capable of inducing angiogenesis by virtue of the same process as mentioned above. 

Small tumors devoid of vasculature are often observed in solid tumor types – their oxygen and 



	 	 	

	 20	

nutrient demands being supplied by vessels nearby (121). However, as tumors grow beyond 

2mm2, the tumor core becomes increasingly hypoxic and the process of angiogenesis begins to 

fuel oxygen and nutrient demands (122). This moment has been termed “the angiogenic switch” 

in which tumor cells respond to low oxygen perfusion by releasing many of the angiogenic 

factors (123), represented in Figure 1.1. 

 

 

Figure 1.1: Hypoxia and other angiogenic triggers induced by the growing tumor mass causes an 
“angiogenic switch” within the tumor microenvironment, resulting in a crude version of 
angiogenesis.  
 

Cellular responses to low oxygen are primarily regulated by DNA-binding transcription factors 

known as Hypoxia Inducible factors (HIF). HIFs are heterodynamic proteins that consist of a 

constitutively expressed HIF-1ß subunit and an oxygen regulating subunit (HIF-1α or HIF 2α) 

(124,125). These alpha subunits are composed of an amino terminal basic Helix-Loop-Helix 

(bHLH) necessary for DNA binding to hypoxia response elements (HRE), transactivation 

domains (N-TAD and C-TAD) which are vital for activation of HIF target genes, PAS-A and 
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PAS-B domains for protein-protein dimerization and an oxygen-dependent degradation domain 

(ODDD) (126). Hydroxylated HIF-1α becomes associated with Von Hippel Lindau factor 

(pVHL) and elongins B and C, cullin-2 (cul-2) and rbx1 co-factors, forming a complex with E3 

ubiquitin ligase activity (HIF-1α-VBC complex) (127). Redundancy in HIF-1 a stabilization is 

evident as a secondary lysine residue within the ODDD can be acetylated by an acetyl 

transferase enzyme called arrest-defective-1 (ARD-1) to favor degradation of HIF-1α (126). The 

expression of ARD-1 is decreased in hypoxia, resulting in stabilized HIF-1α under this condition 

(126)  

Under normoxic conditions, prolyl hydroxylase domain (PHD) uses oxygen as a rate-

limiting substrate and iron as a cofactor to hydroxylate two proline residues within the ODDD 

(126). Hydroxylated HIF alpha becomes associated with Von Hippel Lindau factor (pVHL) and 

elongins B and C, cullin-2 (cul-2) and rbx1 co-factors, forming a complex with E3 ubiquitin 

ligase activity (HIF-1α-VBC complex) (127). However, under hypoxic conditions, HIF-1α is 

stabilized through limited PHD activity. This allows generation and accumulation of non-

hydroxylated HIF-1α (126). Further, HIF-1α stability is controlled by ubiquitin ligases that are 

PHD enzymes themselves, as well as pVHL-interacting deubiquitinating enzyme (VDU2), which 

acts to destabilize ubiquitin ligases on HIF-1α (126).  

Given the significantly short half-life of HIF-1α (<1min in a perfused lung), the factor is 

constantly being broken down at physiological oxygen levels in normal cells and tightly 

controlled should oxygen levels decline (128). In contrast, the median oxygenation of an 

untreated tumor falls between approximately 0.3% and 4.2%, with most untreated tumours 

exhibiting median oxygen levels <2% (129). This level of hypoxia triggers the release and 

stabilization of HIF-1α while also inducing oncogenic mechanisms that further derail the HIF 



	 	 	

	 22	

pathway and make tumors less dependent on oxygen (Yu, 1998).  Tumor-induced mutations in 

the binding pocket of pVHL have been shown to disrupt HIF-α interactions and thereby 

disassemble the VEC complex (130). More directly, in lung cancer TP53 mutants have been 

shown to exert a gain of function on HIF-1, leading to heightened expression of hypoxia-

response genes (131) . HIF-1α is capable of binding directly to the tumor suppressor, favoring 

mouse double minute 2 homolog (Mdm2) ubiquitination and proteosomal degradation of HIF-1α 

which is not possible in TP53 mutants or knockouts (132). Several studies have shown that HIF 

expression is abrogated upon Phosphoinositide 3-kinase (PI3K) pathway inhibition regardless of 

oxygen levels(133,134). Similarly, in human tumors, HIF-1 is upregulated by Protein kinase B 

(AKT) in gastric cancer, breast cancer and non-small cell lung cancer (135–137). 

 

1.3.3 Factors Contributing to Vascular Dysfunction  

The adaptable nature of tumors also significantly affects downstream factors such as the 

most prominent angiogenic factor, vascular endothelial growth factor (VEGF) and its receptors 

(VEGFR2) (138,139). The VEGF family of proteins includes VEGF-A, VEGF-B, VEGF-C, 

VEGF-D, VEGF-E, and placenta growth factor (PIGF) (140). VEGF-C and VEGF-D are studied 

as regulators of lymphangiogenesis, while VEGF-A is commonly referred to simply as VEGF 

due to its dominate role in angiogenesis.  VEGF undergoes alternative splicing, leading to 

several isoforms which differ based on heparin binding affinity, localization to the extracellular 

matrix or diffusive potential. The VEGF gene is transcriptionally regulated in response to HIF, 

and its levels must be tightly controlled to prevent aberrant angiogenesis (140). Due to their 

control over HIF, tumor cells release exaggerated levels of VEGF to the extracellular space in 

response to hypoxia (141). High concentrations of VEGF surrounding endothelial cells select for 
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excess tip cells which then contribute to irregular branching and tortuous vascular networks. The 

basement membrane of tumor vessels, which serves as a physical barrier for cancer cell 

metastases to surrounding tissues, is often absent or thin due to chemical degradation by tumor-

derived proteases (142,143). The monolayer of endothelial cells is often disorganized and cells 

are plagued with abnormal gene expression profiles, karyotypic abnormalities and chromosomal 

instability (144,145). Compared to normal endothelial cells, tumor endothelial cells contain four 

times the amount of total Ribonucleic acid (RNA), indicating enhanced gene expression. Indeed, 

tumor endothelial cells have enhanced expression of VEGFR-1 and -2 and are therefore more 

sensitive to VEGF activation (146). Recently, tumor endothelial cells have been shown to have 

enhanced markers of angiogenesis and stemness such as CD61, CD105, Stem Cells Antigen 1 

(Sca-1), CD34, CD90 and Aldehyde Dehydrogenase (ALDH) (147,148). These aspects explain 

the escalated angiogenic potential of tumor endothelial cells compared to normal endothelial 

cells, which contributes to aberrant vascular arrangement in tumors (149). Extracellular factors 

such as VEGF, Phorbol-12-miristat-13-acetate (PMA), Transforming Growth Factor Beta (TGF- 

β) and cytochalasin B, which are overexpressed in the tumor microenvironment, have been 

shown to impact fenestration formation in endothelial cells (150,151). Given that these plasma 

membrane microdomains are vital for the exchange of solutes and water at the interface of tissue 

and vasculature, tumor endothelial cells are often more porous compared to normal counterparts 

(151). Abnormal VEGF signaling in tumor endothelial cells also leads to downregulation of 

connexin expression, causing gap junction dysfunction and exacerbating vascular permeability 

(152–154). In fact, VEGF was initially identified based on its ability to increase vascular 

permeability and extravasation of plasma proteins, such as fibrinogen (155).  
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Pericytes are structural cells that are recruited to mature vessels through release of 

Platelet Derived Growth Factor Beta (PDGF-β) by ECs (156). Mice deficient in PDGF-β 

signaling lack pericytes and succumb to micro hemorrhaging, demonstrating the importance of 

these cells for proper vascular function (156,157). Signals secreted by pericytes maintain EC 

survival by leading to enhanced expression of B-cell Lymphoma w (BCL-w) antiapoptotic 

protein (157). Pericytes therefore also shelter normal vessels from anti-angiogenic therapies, 

allowing for tumor-targeted action of these agents. Hypoxia and downstream angiogenic factors 

released by tumor cells disengage pericytes from endothelial cells as the initial step to formation 

of the nascent vascular sprout. Therefore, tumor-associated vessels are largely devoid of pericyte 

cells or demonstrate weak connections between pericytes and endothelial cells, further indicating 

immature vasculature and allowing for continued angiogenesis (158).  

 

1.3.4 Abnormal Vasculature Results in Impaired Treatment Delivery  

The abnormalities of tumor vasculature result in poor tissue perfusion that poses a 

physical barrier to therapy delivery to tumors. Chemotherapy and other injectable therapies must 

be dosed at higher concentrations in order to reach an effective dose at the tumor interface since 

drug is lost through leaky vasculature (160). Further, due to limitations in dosing these highly 

toxic agents, vascular deficiencies also prolong the time requirement for an effective response. 

The vascular architecture also leads to heterogenous fluid flux, increased interstitial fluid 

pressure (IFP), variable solid tumor pressure and hypoxia (161). Of the number of delivery and 

uptake impediments, elevated interstitial pressure is considered to be the most significant barrier 

to therapy access to the tumor (162,163).  
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The etiology of IFP elevation is multifactorial, and involves high vascular permeability, 

and mechanical compression of lymphatic blood vessels (164,165).  Disrupted vascular 

morphology with reduced pericyte coverage is associated by a loss of endothelial cell junction 

integrity and an activated endothelium, resulting in vessels that are leaky and extravasate fluid 

into the tumor environment thereby increasing pressure within the tumor (166,167). Combined 

with solid stress, in which accumulation of cancer cells, stromal cells, and cancer-associated 

fibroblasts (CAFs) create high mechanical pressure within the tumor, IFP leads to a significant 

elevation in intratumoral pressure (168).  This high IFP causes a stasis in flow throughout the 

tumor, which results in tumor hypoxia and acidosis (169). Elevated hypoxia as a consequence of 

high IFP is associated with poor outcome in cancer patients (170). Hypoxia can cause tumors to 

rewire their metabolism from oxidative phosphorylation to aerobic glycolysis, known as the 

Warburg Effect (171). Tumor cells are able to produce ATP at a much more rapid rate through 

glycolysis which fuels rapid proliferation compared to normal cell (172). As another 

consequence of reduced perfusion and flow within the tumor, there is impediment of drug uptake 

and delivery within the tumor tissue (173).  With the elevated IFP, there is an attenuated 

transvascular osmotic pressure difference, resulting in impaired delivery of drugs throughout the 

tumor (174). Even in tumors in which there is vascular heterogeneity, drugs will become 

concentrated in regions that have sufficient blood supply but will have limited migration to areas 

in which IFP is higher and vessel density is decreased (175). Although IFP is often discussed in 

relation to the primary tumor, it is important to note that larger metastatic tumors also 

demonstrate elevated IFP and decreased drug uptake, potentially contributing to the development 

of drug-resistant metastatic disease. While intra-tumoral treatment delivery decreases off-target 

toxicities, it fails to account for metastatic disease and has not led to significant survival benefit 
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compared to systemic administration (159). Clinical use of intra-tumoral drugs is also 

impractical for some tumor subtypes such as ovarian and pancreatic cancers which are 

inaccessible through transdermal injection. In order to prove effective, systemic agents must not 

only navigate from the injection site to the tumor vasculature but must also gain access and 

disperse throughout a tumor, which is often plagued with impediments to this process, posing a 

therapeutic challenge (176). The properties of the tumor microenvironment that pose issues for 

treatment delivery are depicted in Figure 1.2.  

 

 
Figure 1.2: Tumor Hypoxia Activates Tumorigenic Processes: Tumour vasculature has alterned 
morphology, with reduced pericyte coverage. The immature vessels are characterized by blind 
end shunts, tortuous pathway, succulations, decreased luminal size and increased fenestrations. 
Excessively fenestrated vessels allow for fluid extravasation, increased interstitial fluid pressure 
(IFP) and facilitates intravasation and migration of metastatic tumor cells. Elevated IFP and 
disrupted tissue perfusion contributes to areas of acute and chronic hypoxia which can actvated 
numerous pro-tumorigenic processes.  
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1.3.5 Impact of Abnormal Vasculature on Drug Resistance in Solid Tumors 

 Given that a number of cancer treatment strategies rely on the presence of oxygen in 

order to function, it comes as no surprise that dysfunctional vasculature poses issues for 

treatment function. The basis of radiotherapy is generation of reactive oxygen species, which 

then damages tumor cell DNA resulting in cell death (177). This reaction in turn becomes 

permanent when oxygen reacts with the free electron of the free radical (178). In a pioneering 

study, Gray and colleagues demonstrated that presence of oxygen conferred radiation sensitivity 

in tumors. In fact, killing hypoxic tumor cells requires a three-fold higher dose of radiation 

compared to killing normoxic tumor cells (179). This is problematic for treatment success given 

that the dose of radiation cannot be safely increased to compensate for this difference in light of 

limited radiation tolerance of normal tissues. Indeed, normoxic tumors have a higher chance of 

radiotherapy success (180). Likewise, photodynamic therapy (PDT) relies on oxygen to induce 

photo-oxidation and PDT resistance is common in hypoxic tumors (181,182). The role of 

hypoxia in chemoresistance is well-documented and involves increased HIF production in 

response to hypoxia, which enhances the expression of membrane efflux pumps. The most 

common efflux pumps linked to multidrug resistance are the ATP Binding Cassette (ABC) 

family of transporters which reduce intracellular accumulation of chemotherapy to sub-

therapeutic levels (183,184).  Although constantly expressed, HIFs are degraded when there is 

normal oxygen tension, but are stabilized in the presence of hypoxia. In colon cancer cells 

subjected to hypoxia, HIF-1 activation occurred which resulted in overexpression of multidrug 

resistance 1 (MDR1; P-glycoprotein) (124). MDR1 is an ATP-dependent efflux pump that can 

effectively transport chemotherapy drugs out of the cell and is one of the major mechanisms 

involved in chemotherapy failure (185,186). HIF-1 upregulation of MDR1 is also associated with 
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chemoresistance, enriched stem cell population, and aggressive phenotype in triple negative 

breast cancers (187). In colon cancer cells, blocking HIF-1α has been shown to reverse multi-

drug via downregulation of P-glycoprotein (188). In the presence of hypoxia, HIF-1α increases 

the activity of Snail (Zinc-finger protein SNAI1) and Twist, transcription factors that promote 

epithelial-to-mesenchymal transition (EMT) and are associated with resistance to chemotherapy 

(189). Several groups have found that hypoxic tumor cells are less proliferative than their 

normoxic counterparts (180). This becomes problematic given that chemotherapy targets highly 

proliferative cells, thereby selecting for the survival of the more aggressive hypoxic cells. 

Further, Saggar et al. found that chemotherapy repopulates hypoxic cells that contribute to 

treatment failure, possibly due to enhanced nutrient availability following clearance of rapidly 

proliferating cells (190). The link between normoxia and chemotherapeutic success likely 

explains the benefits of hyperbaric oxygen therapy (HBOT) in mitigating the side effects of 

chemotherapeutic agents and improving their effectiveness (191–193). The excess oxygen 

molecules provided by HBOT enhances chemotherapy-induced oxidative stress, thereby 

lowering the therapeutic dose and mitigating side effects (192–194). 

 

1.3.7 Impact of Abnormal Vasculature on Immune-based Therapies 

Immunotherapy has become the 4th pillar of cancer therapeutics, joining surgery, 

chemotherapy and radiation. The fundamental basis of successful immunotherapy to treat 

cancer is positive immunogenicity of the specific tumor subtype, which considers presence of 

tumor associated antigens and effective presentation of these antigens.  Access of immune cells 

to the tumor itself to detect these antigens and allow downstream antigen presentation and 

response is also vital for this treatment strategy. Irregular tumor vessels not only pose issues 
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related to access, but also exacerbate hypoxia which becomes inhibitory for many 

immunotherapeutic strategies.  Hypoxia has been identified as a barrier to the success of 

immunotherapy due to its association with tumor escape from immune detection (194). Through 

stabilization of HIF-1α, hypoxia upregulates chemokines such as C-C Motif Chemokine Ligand 

(CCL) 28, which enhances tumor influx and function of myeloid-derived suppressor cells (195).  

HIF-1α also increases the expression of forkhead box P3 (FoxP3), which is indispensable for the 

development of Tregs (196). Hypoxia also promotes immune evasion by upregulating expression 

of checkpoint molecules such as the programmed death ligand 1 (PD-L1) (197) and involves 

binding of HIF-1 to a hypoxia response element in the PD-L1 proximal reporter (198).  Hypoxia 

is also reported to inhibit the antitumor immune response.  HIF-1α stabilization prevents T-cell 

receptor (TCR)-mediated Ca2+ signaling and prevents CD8+ T cell activation (199). In mice, low 

oxygen availability led to reduction of aggressive cellular activity and correlated with decreased 

pro-inflammatory cytokine production (200). Likewise, areas of tumor hypoxia are associated 

with reduced T lymphocyte proliferation and enhanced apoptosis and are often relatively devoid 

of these cells (201).   

In addition to effects on T lymphocytes, hypoxia also affects the function of natural killer 

(NK) cells.  There is substantial evidence that hypoxia suppresses the cytotoxic effect of NK 

cells in tumors (202). Upregulation of HIF-1α within the tumor can lead to decreased expression 

of the natural killer group 2 member D (NKG2D) receptor on NK and T cells, leading to immune 

evasion and impaired tumor cell killing (202,203). Hypoxia is also known to enhance the uptake 

of regulatory Tcells (Tregs), which lead to activation of transforming growth factor-β (TGF-β), 

further suppressing NK cell function (204). TGF-β is also a key player in the recruitment of 

cancer-associated fibroblasts (CAFs) in solid tumors (205). CAFs are responsible for production 
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of cytokines and generation of fibrous material, which contributes to mechanical barriers to 

immune cell infiltration and function (206). Dendritic cells (DC), the main antigen presenting 

cells, are critical in activating naïve T-cells and generating a specific immune response.  DCs 

exposed to a hypoxic environment have impaired T-cell activation capabilities (204). 

Importantly, high interstitial fluid pressure leads to greater metastatic dissemination of solid 

tumors, and impacts natural lymphatic fluid flow (207) - a potential hindrance for immune cell 

trafficking to sentinel lymph nodes (SLN). 

Oncolytic viruses are naturally-occurring or engineered viruses that selectively replicate 

in tumor cells, leading to replication-dependent cell death (208). Engineered viruses typically 

harbor manipulations in genes to improve safety or restrict replication in cancer cells, or 

insertions such as granulocyte macrophage colony stimulating factor (GMCSF) that make them 

more immunostimulatory (209). With the development of genetic manipulation and availability 

of reverse-genetics systems, viral spread and replication has been enhanced by techniques such 

as modification of fusion proteins, enhancing syncytia formation (210,211). The specificity of 

naturally-occurring viruses arises as a result of down-regulated interferon pathways by tumor 

cells, in an effort to escape immune system detection (208). The first oncolytic virus to be 

approved for human use was marketed in China by Shanghai Sunway Biotech for treatment of 

head and neck cancer (212). The virus is a genetically modified adenovirus, H101 generically 

termed ‘Oncorine’, Which harbors deletion of E1B, a gene which normally binds to P53 tumor 

suppressor to prevent apoptosis (213). As a result, H101 adenovirus selectively replicates in and 

lyses P53-deficient cancer cell (212,213).  
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The main goal of oncolytic virus therapy (OVT) is to kill tumor cells before the host 

adaptive immune system sequesters the virus. A caveat of oncolytic virotherapy is actually 

getting the virus through tumor vasculature, due to the physical barriers of tumor previously 

described and a phenomenon termed vascular shutdown (214). As mentioned, VEGF 

overexpression is rampant in solid tumor cells, and has been observed in EOC and in over 90% 

of pancreatic cancers (215–217). The immunosuppressant activity of VEGF enhances viral entry 

and replication in tumor endothelial cells, leading to endothelial cell lysis and collapse of 

vasculature (216). Irregularities in tumor vessels therefore contribute to limited intra-tumoral 

delivery of subsequent viral doses and immune cells. 

1.3.8 Therapeutic use of Vascular-targeting Agents 

The poor prognosis of treatment strategies in hypoxic tumors has prompted studies into 

identifying oxygenation status of tumors as a way to predict therapy efficacy (218) .  Several 

strategies have been employed to use hypoxia as an advantage to therapy. For instance, hypoxia-

activated prodrugs (HAPs) are enzymatically reduced in low oxygen levels to generate cytotoxic 

species (219) . Other strategies focus on reversing tumor hypoxia, such as enhancing the oxygen 

carrying capacity of plasma through hyperbaric oxygen therapy (220) . Moreover, molecules that 

improve the rate of diffusion of oxygen from red blood cells to the vascular wall (221)  and 

engineered oxygen transport molecules (222)  are yielding promising results as combination 

therapies preclinically (223). Further strategies focus on targeting the source of tumor hypoxia: 

tumor vasculature.  

In 1993, Kim et al. formed murine tumor models of rhabdomyosarcoma, glioblastoma 

and leiomyosarcoma and found that mice treated with VEGF monoclonal antibodies suppressed 

tumor growth (224). Given that the antibodies had no effect on these cells in vitro, this 
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pioneering study demonstrated that blocking the actions of an angiogenic mediator has direct 

effects on tumor growth by manipulating tumor vasculature. Early studies into anti-angiogenic 

agents were designed to induce destruction of the tumor vessels in hopes of starving the tumor. 

Although vascular disruption yields acute anti-tumor effects, this extensively reviewed strategy 

does not translate to long lasting tumor suppression (224,225) . Several anti-angiogenic therapies 

have been approved clinically although their benefit to overall survival has been modest likely 

due to aggressiveness of cancer cells as they adapt to lower oxygen levels in their environment 

(226) . Godet et al. (2019) (227) demonstrated that lung cancer cells exposed to hypoxia in the 

primary tumor environment are six times more likely to become viable circulating cells 

compared to those in normoxic tumor areas (193,228). Hypoxic cells develop a gene signature 

which includes changes in p53 and e-cadherin - ensuring their resistance to oxidative stress and 

fuelling metastasis (229) . Even following re-oxygenation, the cells exhibited “hypoxic memory” 

and maintain this aggressive phenotype (229). High dose anti-angiogenic therapies also have 

undesirable effects such as further reduction of oxygen levels and decreased tumor delivery of 

chemotherapy due to further vessel destruction and greater impairment of tumor perfusion. These 

agents have instead been evaluated in low doses as adjuvants to chemotherapy, for which they 

have garnered success clinically as demonstrated in Table 1.5. Two mutually exclusive theories 

exist to explain the significantly better effect of anti-angiogenic therapies in combination with 

chemotherapy. Klement et al. (2000) proposed that chemotherapy, especially when delivered in 

low doses, preferentially damages endothelial cells and the blockade of VEGF blunts a key 

survival signal for ECs, thereby amplifying the antitumour-cell effects of the cytotoxic agents  

(230,231). This theory is an extension of the idea that tumors can be starved by blocking vascular 

supply, which we now know is not possible due to genetic, metabolic and microenvironmental 
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changes that tumors apply to thrive in response to hypoxia. Therefore, the efficacy of anti-

angiogenic therapy plus chemotherapy has in recent years been attributed to a phenomenon 

known as vascular normalization, proposed by Jain et al. in 2005 (232,233) . The process of 

vascular normalization involves improving overall morphology of vasculature by specifically 

destroying immature vessels while maintaining intact tumor vasculature that resembles normal 

vessels throughout the body. The reduced demand for blood supply brought about by reliable 

circulation reduces HIF-1, thereby re-establishing the balance between pro- and anti-angiogenic 

factors. Immature vessels - those that appear tortuous with expanded lumens, display decreased 

pericyte coverage, and require VEGF for survival – are highly dependent on circulating 

angiogenic factors (234). Their dependence makes them susceptible to anti-angiogenic molecules 

and are therefore pruned in the process of vascular normalization. Similarly, vasculature with 

low pericyte investment is also more susceptive to anti-angiogenic therapy. This is likely as a 

result of paracrine signalling between endothelial cells and pericytes which maintains stability of 

mature vessels (233). 

Anti-angiogenic Drug  FDA 
Approval  

Mechanism  Indication Combination agent  Anti-angiogenic drug 
+ combination agent 
vs. combination 
agent alone (*)  

Ref.  

PFS 
(mts)  

OS (mts)  

Bevacizumab  (Avastin®)  2004  Humanized 
monoclonal 
antibody that 
binds to and 
inhibits the 
activity of 
VEGF-A  

Cervical  Paclitaxel + Cisplatin  9.63 (*6.6
7)  

17.51 (*12.6
8)  

(235) 

Paclitaxel+  
Topotecan  

7.36 (*5.2
9)  

16.20 (*12.6
8)  

(235) 
 

Colorectal 
(metastatic)  

5-Fluorouracil  8.8 (*5.6)  17.9 (*14.6)
  

(236) 

NSCLC  Carboplatin+ Paclitaxel
  

6.2 (*4.5)  12.3 (*10.3)
  

(237)  

Ovarian, Fallopian, 
primary peritoneal  

Carboplatin+ Paclitaxel
  

18.1 (*14.
5)  

36.6 (*28.8)
  

(238) 
  

Renal Cell  Interferon alfa  10.2 (*5.4)
  

23.3 (*21.3)
  

(239,24
0) 

Axitinib  ( Inlyta®)  2012  Tyrosine 
Kinase 
Inhibitor 
(VEGFR-1, 
VEGFR-2, 
VEGFR-3)  

Renal Cell   Pembrolizumab  15.1 (*11.
1)  

  
-  

(241) 
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Cabozantinib(Cometriq ®)
  

2012  Tyrosine 
Kinase 
Inhibitor 
(VEGF, 
MET, AXL)  

Hepatocellular   Placebo  5.2 (*1.9)  10.2 (*8.0)  (242) 

Medullary 
Thyroid  

Placebo  11.2 (*4.0)
  

-  (243) 

Everolimus ( Afinitor®, Z
ortress ®)  

2009  mTOR inhib
itor  

Breast   Exemestane  10.6 (*4.1)
  

-  (244) 

Advanced Kidney  Lenvatinib  14.6 (*7.4)
  

-  (245) 

Pazopanib ( votrient®)  2009  Tyrosine 
Kinase 
Inhibitor 
(VEGFR-1,-
2, -3, 
PDGFR-a, -
b, c-KIT, 
FGFR-1, -3)  

Renal Cell  placebo  9.2 (*4.2)  22.9 (*20.5)
   

(246) 

Soft Tissue 
Sarcoma  

placebo  4.6 (*1.6)  12.5 (*10.7)
  

(247) 

Regorafenib ( Stivarga®)  2012  Tyrosine 
Kinase 
Inhibitor 
(VEGFR-1, -
2, -3, TIE-
2,  PDGRF, 
FGFR, KIT, 
RET, RAF-
1, BRAF)  

Colorectal Cancer  Placebo  -  6.4 (5.0)  (248) 

Gastrointestinal  Placebo  4.8 (*0.9)  -  (249) 

Hepatocellular  Placebo  -  10.6 (*7.8)  (250) 

Sorafenib ( Nexavar®)  2005  Tyrosine 
Kinase 
Inhibitor 
(Raf, PDGF, 
VEGFR-2, -
3,  c-KIT)  

Renal Cell  placebo  5.5 (*2.8)  19.3 (*15.9)
  

(251) 

Hepatocellular   placebo  5.5 (*2.8)  10.7 (*7.9)  (252) 

Advanced thyroid   placebo  10.8 (*5.8)
  

-  (253) 

Sunitinib ( Sutent®)  2006  Tyrosine 
Kinase 
Inhibitor 
(PDGF-a, b, 
VEGFR-1, -
2, -3, KIT, 
FLT-
3,  CSF-1R)  

Pancreatic Neuoen
docrine  

Placebo  12.6 (*5.8)
  

38.6 (*29.1)
  

(254) 

Gastrointestinal 
Stromal  

Placebo  -  18.5 (*8.9)  (249) 

Vandetanib  2011  Tyrosine 
Kinase 
Inhibitor 
(VEGFR-2, 
EGFR, 
RET)  

Meduallary Thyroi
d  

Placebo  30.5  (*19.
2)  

-  (255) 

Ziv-aflibercept  2012  Fusion 
protein 
(two  human 
VEGF 
receptors 
connected by 
Fc domain)  

Colorectal   FOLFIRI chemo 
(Folinic Acid, 
Fluorouracil, irinotecan
)  

6.9 (*4.7)  13.5 (*12.0)
  

(256) 

Ramucirumab  2014  Human 
monoclonal 
antibody 
against 
VEGFR-2  

Gastric  Paclitaxel  -  9.6 (*7.4)  (257) 

NSCLC  Docetaxel  4.5 (*3.0)  10.5 (*9.1)  (258) 

      Colorectal   Placebo  2.8 (*1.6)  8.5 (*7.3)  (259) 

Table 1.5: Clinical success of FDA-approved anti-angiogenic drugs alone and in combination, as measured by 
progression free survival (PFS) and overall survival (OS). 
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1.3.9 Thrombospondin-1 Peptides 

In 1990, the first endogenous protein inhibitor of angiogenesis, a 142,000 Da 

glycoprotein later called Thrombospondin-1, was isolated from human platelets by Jack Lawler 

and colleagues (260,261). Subsequent studies revealed that TSP-1 antagonizes the growth-

promoting effects of serum and b-FGF on endothelial cells and that the protein inhibits 

endothelial cell proliferation (262,263). Today we know that Thrombospondin-1 can have effects 

on angiogenesis by limiting endothelial cell migration and proliferation, decreasing endothelial 

cell survival, increasing apoptosis and blocking VEGF (264,265).  

The local amount of TSP-1 and TSP-2 in the tumor microenvironment is an important 

determinant of tumor growth, prompting development of TSP-based therapeutic compounds for 

the treatment of cancer (Zhang and Lawler, 2007). Due to the size of TSP-1 and its ability to 

interact with numerous receptors, cytokines, growth factors, extracellular matrix components and 

proteases, it can have different - even opposing - biological consequences (266,267). Therefore, 

smaller sequences have been identified within the molecule to garner desired effects. Indeed, 

synthetic peptides based on active sequences of TSP-1 have proven effective in anti-angiogenic 

and anti-cancer functions and have the added benefit of chemical modification for increased 

bioavailability, potency, stability, pharmacodynamics/kinetics and tumor targeting ability (268). 

ABT-510 and ABT-898 are two analogs of the TSP-1 intramolecular sequence TSR-1 which 

have entered clinical trials (Abbott Labs). Unfortunately, despite impressive results preclinically, 

ABT-510 failed to reach primary endpoint in a phase II trial for metastatic melanoma, leading to 

study termination. Similarly, ABT-510 showed little effect in a clinical trial for renal cell 

carcinoma (269). This has led to studies aimed at improving the apoptotic potential of ABT 
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compounds or unveiling of novel TSP-1 based compounds with greater anti-angiogenic and anti-

tumor effects (270).   

A recombinant protein known as 3TSR harbors the majority of the anti-angiogenic effects 

of TSP-1. Normally, the 3TSR region of TSP-1 mediates interactions between TSP-1 and its cell 

surface receptors Cluster of differentiation 36 (CD36) and integrins. After 3TSR binding, Fyn is 

recruited to CD36. Jnk as well as the caspases (-7, -8, -9) are activated, resulting in endothelial 

cell death in un-stabilized vessels (271,272). CD36 activation has also been shown to inhibit 

angiogenesis through disruption of VEGF signaling by recruitment of Src homology 2-

containing protein tyrosine phosphatase (SHP-1) to the VEGF receptor-2 signaling complex and 

inhibiting phosphorylation of VEGFR2 (273). The second TSR sequence containing a RFK 

sequence has also been shown to activate TGF-β with implications being inhibited tumor cell 

proliferation and migration in vitro as well as reduced tumor growth in vivo. 
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THESIS RATIONALE 

 
Systemic therapies face a number of obstacles in the tumor microenvironment, which 

hinder their effectiveness and ultimately lead to resistance in advanced cases. The irregular 

tumor vasculature formed by tumors as a mechanism to supply oxygen and nutrients, ultimately 

leads to faulty perfusion that drives hypoxia - fueling an aggressive tumor phenotype through 

genetic and metabolic changes. Irregular vasculature also poses obstacles for therapy delivery 

through porosity, vascular shutdown and high interstitial fluid pressure which ultimately forces 

high dosing of toxic therapies to achieve an effective therapeutic dose. As novel targeted 

therapies continue to be developed, there is a growing need to consider the obstacles within the 

tumor microenvironment and how these can hinder treatment success. Thrombospondin type-1 

repeats (3TSR) have been shown to enhance chemotherapy delivery by pruning back irregular 

vessels and leaving traditionally ‘normal’ vasculature intact within solid tumors. Further work 

into improving the efficacy and pharmacokinetics of this peptide, investigating mechanistic 

details as well as impacts on the tumor microenvironment pave the way for the use of 3TSR 

alone or as an adjuvant to other cancer therapies in the clinic. 
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THESIS OBJECTIVES 
 

1) Determine the effect of combination 3TSR and NDV therapy on disease regression in an 

orthotopic, syngeneic mouse model of advanced stage epithelial ovarian cancer 

2) Explore the potential for use of 3TSR and NDV therapy in chemoresistant epithelial 

ovarian cancer by elucidating the anti-tumor efficacy on in vitro and in vivo 

chemosensitized models  

3) Investigate the impact of Fc3TSR on other aspects of the tumor microenvironment 

secondary to normalized tumor vasculature 

4) Develop an orthotopic syngeneic murine model of pancreatic ductal adenocarcinoma 

(PDAC) to test the anti-tumor efficacy of Fc3TSR in other solid tumor types 
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CHAPTER TWO 
 
 

 
The Effect Of Combination 3TSR And NDV Therapy On Disease Regression 

In An Orthotopic, Syngeneic Mouse Model Of Advanced Stage Ovarian 
Cancer 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Modified and expanded from peer reviewed publication: 
 
1K. Matuszewska, L.A. Santry, J.P. van Vloten, A. Au Yeung, P.P. Major, J. Lawler, S.K. Wootton, B.W. Bridle 

and J. Petrik (2019). Combining Vascular Normalization with an Oncolytic Virus Enhances 
Immunotherapy in a Preclinical Model of Advanced Stage Ovarian Cancer. Clinical Cancer Research 
25(5): 1624 - 1638. 
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Abstract 
 

Intravenous delivery of oncolytic viruses often leads to tumor vascular shutdown, 

resulting in decreased tumor perfusion and elevated tumor hypoxia. We hypothesized that using 

3TSR to normalize tumor vasculature prior to administration of an oncolytic Newcastle disease 

virus (NDV) would enhance virus delivery and trafficking of immunologic cell subsets to the 

tumor core, resulting in systemically enhanced immunotherapy and regression of advanced-stage 

epithelial ovarian cancer (EOC). 

 Using an orthotopic, syngeneic mouse model of advanced-stage EOC, we pretreated mice 

with 3TSR (4 mg/kg per day) alone or followed by combination with fusogenic NDV(F3aa) (1.0 

× 108 plaque-forming units). Treatment with 3TSR normalized tumor vasculature, enhanced 

blood perfusion of primary EOC tumors, and induced disease regression. Animals treated with 

combination therapy had the greatest reduction in primary tumor mass, ascites accumulation, and 

secondary lesions (50% of mice were completely devoid of peritoneal metastases). Combining 

3TSR + NDV(F3aa) led to enhanced trafficking of immunologic cells into the primary tumor 

core. 

  We have shown, for the first time, that NDV, like other oncolytic viruses, is a potent 

mediator of acute vascular shutdown and that preventing this through vascular normalization can 

promote regression in a preclinical model of advanced-stage ovarian cancer. This challenges the 

current focus on induction of intravascular thrombosis as a requisite for successful oncolytic 

virotherapy. 
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Translational Relevance 

 Ovarian cancer is a disease for which treatment efficacy has not changed appreciably in 

decades. This paper describes a therapeutic approach that could dramatically improve our ability 

to treat women with advanced stage ovarian cancer. We have shown that treatment with the TSP-

1 peptide 3TSR induces tumor regression and promotes vascular normalization. The resultant 

improvement in tumor tissue perfusion and reduced tumor hypoxia decreased the 

immunosuppressive tumor environment and increased oncolytic viral-induced uptake of immune 

cells. 3TSR inhibited the vascular shutdown induced by NDV and combination therapy with 

3TSR and NDV(F3aa) reduced primary tumor growth and metastatic disease compared to 

controls and each treatment as a monotherapy. We anticipate rapid translation of this approach 

into a clinical trial in women with advanced stage ovarian cancer. NDV has a rich history of 

efficacy in gynecologic malignancies and combined with 3TSR offers the opportunity to 

dramatically improve survival from this disease.  

2.1 Introduction  

 Ovarian cancer is the leading cause of death among all malignancies affecting the female 

reproductive tract(274). Known as ‘The Whispering Disease’, ovarian cancer presents with 

vague symptoms such as abdominal pain, swelling and indigestion, and lacks effective screening 

techniques(275). This lack of specific symptomology typically results in diagnosis at late stages, 

when the 5-year survival rate is as low as 26% and clinical treatment strategies have reduced 

efficacy(274). The standard of care for late-stage disease has remained unchanged for decades, 

and involves surgical cytoreduction followed by platinum and taxane-based chemotherapy(276). 
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The high propensity of chemoresistance to these agents reflects the need for innovative therapies 

to reduce the high mortality associated with this silent killer(277).  

 The idea of whether an immune response can be produced against neoplastic cells to 

eliminate cancer has long been contemplated(278). The role of the immune system in 

tumorigenesis was initially suggested based on observations of a greater incidence of cancer in 

immunodeficient mice and the unveiling of tumor-associated antigens (TAAs)(279). In recent 

years, immunotherapy – a group of treatments aimed at enhancing the body’s immune system to 

fight cancer – has emerged as a new pillar of cancer treatment(280). A number of agents, such as 

PD-1- specific monoclonal antibodies to block inhibitory pathways downstream of antigen 

recognition (Keytruda, Merck) or personalized therapeutic vaccines aimed at re-programming 

the immune system against cancer (Sipuleucel-T, Dendreon) have acquired FDA approval in the 

treatment of lung and prostate cancers, respectively(281,282). Although no FDA-approved 

immunotherapy for ovarian cancer exists, research correlating increased progression-free 

survival with greater influx of T cells in tumors of patients with advanced ovarian carcinoma, 

and the emergence of epithelial ovarian cancer (EOC)-associated antigens, reflect the candidacy 

of EOC for immune- based treatments(283,284).  

 The recent approval of a modified herpes virus (T-Vec, Amgen) as a drug for the 

treatment of melanoma has increased interest in the field of oncolytic virotherapy and the 

potential immunostimulatory roles of these agents(285). Oncolytic viruses (OVs) preferentially 

infect and kill tumor cells while leaving normal somatic cells intact(285). In the process, these 

agents also instigate innate immunological cell trafficking in response to viral and cell death- 

associated proteins, resulting in enhanced cross-priming of adaptive immune cells against 
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TAAs(286). Newcastle disease virus (NDV) is an avian paramyxovirus with longstanding benefit 

as an oncolytic agent in animal models(287). NDV has the longest history of clinical trial testing 

of any OV and has demonstrated efficacy against a variety of cancers including advanced 

colorectal(288), breast(289), ovarian(290), and metastatic renal cell(291) cancers with partial or 

complete responses reported in each. NDV has been shown to overcome the immunosuppressive 

tumor microenvironment and can directly lead to the induction of immune responses due to 

increased production of cytokines, especially interferon (IFN)(286). Cleavability of the fusion 

protein of NDV is a major determinant of its virulence, lending potential for the modification of 

this protein to enhance therapeutic efficacy(292).  

 While a number of studies have demonstrated the effectiveness of intratumoral delivery 

of OVs to treat primary tumors, the location of some tumors and/or dissemination of metastases 

makes it an impractical route of delivery(293). Oncolytic viruses can be delivered systemically, 

which allows for virus-mediated lysis of microscopic secondary tumors that cannot be resected 

during cytoreductive surgery. However, a consequence of systemic OV therapy is the initiation 

of vascular shutdown within the tumor following uptake(214,216,294). Initially, this vascular 

shutdown was viewed as a potential benefit of OV therapy, by sequestering virus and therefore 

maximizing direct oncolysis(214,295). However, the maximum impact of OVs is now thought to 

result from their use as cancer vaccines using repeat dosages to induce greater intratumoral 

immunity(198). If OVs induce vascular disruption, uptake of subsequent doses of OV, or 

trafficking of immune cells to the tumor will be significantly impaired. Our approach to 

normalizing the tumor vasculature and preventing the OV-induced vascular shutdown represents 

a paradigm shift in OV tumor therapy.  
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 In order to meet oxygen and nutrient demands, tumors initiate a crude version of the 

process of angiogenesis by secreting factors such as Vascular Endothelial Growth Factor 

(VEGF) in response to hypoxia, oncogenes and loss of tumor suppressor genes(296). The 

resultant vessels are plagued by structural abnormalities such as irregular branching, loss of 

basement membrane integrity, and inadequate or absent perivascular cells, cumulating in 

heterologous flow and increased vessel permeability(297). The inefficiency of these vessels 

hinders delivery of cancer therapies, such as chemotherapy, to the tumor core(298). This limited 

vascular perfusion also selects for hypoxia and acidity in the tumor microenvironment, which 

have been shown to limit drug effectiveness and exacerbate metastasis(299). The current 

therapeutic strategy of “Vascular Normalization” uses molecules that inhibit pro-angiogenic 

factors or upregulate anti- angiogenic factors to restore a proper balance of these signals and 

repair tumor vasculature(300). Blocking VEGF is the most common method to achieve vascular 

normalization and anti-VEGF agents such as Bevacizumab have had clinical success against 

cancer, primarily when combined with chemotherapy(301). However, anti-VEGF therapies have 

been associated with side effects such as gastrointestinal perforation and venous 

thromboembolism(302).  

 Thrombospondin-1 is a naturally occurring inhibitor of angiogenesis found on the cell 

surface and extracellular matrix of various cell types(261). This protein contains three 

homologous thrombospondin type 1 repeat domains (3TSR) that harbor the majority of its anti- 

angiogenic properties through association of the CD36 receptor on endothelial cells, leading to 

inhibition of endothelial cell proliferation and migration(303,304). As an anti-ovarian cancer 

agent, 3TSR also has the added benefit of directly inhibiting tumor cell proliferation and 

migration through TGF-β activation(305). As a small bioactive recombinant peptide, 3TSR has 
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been shown to have significant anti-tumor effects in various models either alone or in 

combination with chemotherapy(304,306). 3TSR potently induces vascular normalization in a 

murine model of advanced stage EOC and enhances tumoral uptake of chemotherapy drugs 

delivered intraperitoneally(306).  

We hypothesized that pre-treatment with 3TSR ahead of NDV delivery would abate the vascular 

shutdown common with oncolytic virus therapy and increase the quantity of viruses and 

immunological cells that infiltrate the tumor, leading to regression of advanced stage EOC.  

2.2 Materials and Methods  

2.2.1 Reagents and Cell Lines  

 Spontaneously transformed murine ovarian surface epithelial cells (ID8, generously 

donated by Drs. K. Roby and P. Terranova, Kansas State University, Manhattan, KS, USA) and 

human progressive ovarian epithelial adenocarcinoma cells (CAOV-3, American Type Culture 

Collection, Manassas, VA, USA) were cultured in Dulbecco’s modified eagle medium (DMEM, 

Gibco) with 10% FBS and 1% antibiotic/antimycotic (ABAM; Gibco). Normal human ovarian 

surface epithelial (NOSE) cells (generously donated by Dr. J. Liu, MD Anderson Cancer Center, 

Houston, TX, USA) were cultured in Dulbecco’s modified eagle medium (DMEM, Gibco) with 

10% FBS, 1% antibiotic/antimycotic (ABAM; Gibco) and 2% L-glutamine. 3TSR was generated 

with recombinant versions of the 3 Type I repeats of Thrombospondin-1 as previously 

described(306).  

2.2.2 Mouse Model  
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 All mice were purchased from Charles River Laboratories (USA) and housed in 

accordance with the Canadian Council on Animal Care and approved by the Animal Care 

Committee at the University of Guelph. Tumors were induced as described previously(307), in 

generation of an orthotopic, syngeneic, immunocompetent mouse model of epithelial ovarian 

cancer. Briefly, ID8 cells (1.0x106 in 6 µL) were injected directly under the left ovarian bursa of 

C57Bl-6 mice using a Hamilton syringe (Fisher Scientific). At 60 days post tumor induction 

(PTI), mice form large ovarian masses, numerous secondary peritoneal lesions and accumulate 

abdominal ascites, which replicates the symptoms of women with stage III (advanced) EOC. 

Mice (n=12-15 per group) were left untreated or treated with either of 3TSR (4 mg/kg, 

intraperitoneal injection, once daily starting at day 60), NDV(F3aa) (1.0x108 plaque-forming 

units (PFU), intravenous injection, one time on day 74), or a combination of both. Mice were 

euthanized 90 days after tumor induction. Immediately, primary tumors were collected, and the 

peritoneum was assessed for metastatic spread using a lesion scoring system that was previously 

reported(307). Briefly, abdomens with no visible secondary tumors were scored a 0, presence of 

one or two secondary lesions scored a 1, three to 10 lesions were scored 2 and >10 lesions 

received a score of 3.  

2.2.3 Production of NDV  

 NDV(F3aa) carrying a transgene encoding full-length enhanced green fluorescent protein 

(GFP) was rescued using plasmids kindly provided by Dr. Peter Palese (Mount Sinai School of 

Medicine, New York, NY, USA) and a recombinant modified vaccinia virus (Ankara strain) 

expressing T7 RNA polymerase and amplified in specific pathogen-free embryonated chicken 

eggs as previously reported(308). NDV(F3aa)-GFP-containing allantoic fluid was harvested and 
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clarified by centrifugation (1500×g). The virus was first filtered using Supracap TM 50 Depth 

Filter Capsules (Pall, Canada), followed by purification and concentration by tangential flow 

filtration using a CentramateTM LV holder (Pall, Canada) and a 100 kDa Omega Screen 

channel- cassette. Next, NDV underwent a sucrose gradient centrifugation using a SW41 rotor at 

120,000×g for 3.5 hrs to remove contaminating chicken host proteins; where the virus was 

collected between the 40-50% sucrose band. Finally, viruses were dialyzed in PBS using a 10 

kDa Slide-A-Lyzer dialysis cassette (ThermoFisher Scientific, Canada) to remove any remaining 

sucrose. Purified viruses were aliquoted and directly frozen (−80°C) until use. Viruses were 

titrated using DF-1 cells by the 50% tissue culture infective dose (TCID50) method and 

calculated using the Spearmann-Karber method(309). For each treatment, virus aliquots were 

taken from the −80°C freezer, thawed on ice, and diluted to the appropriate volume with PBS.  

2.2.4 Cell Viability Assays  

 ID8, CAOV-3 and NOSE cells were seeded in 96-well plates (1 × 104 cells/well). The 

next day cells were infected in triplicate with the indicated viruses at various multiplicities of 

infection (MOI) (0.2–50 PFU/cell). Following a 48-hour incubation, resazurin (resazurin sodium 

salt; Millipore-Sigma, Oakville, ON, Canada) was added to a final concentration of 20 µg/ml. 

After a 4-hour incubation, the fluroescence was read at excitation and emission wavelengths of 

535/25nm and 590/35nm respectively. These assays were repeated in triplicate.  

2.2.5 Cell Growth Curve  

 ID8 (2.5 × 104 cells/well), CAOV-3 (2.5 × 104 cells/well) and NOSE (5 × 104 cells/well) 

cells were seeded into 12-well plates. The next day, cells were infected in triplicate with an MOI 
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of 0.5 or mock infected (1x PBS). Cells were harvested at 24, 48 and 72 hours post-infection 

(p.i.). and counted. Dead cells were excluded by trypan blue staining.  

2.2.6 Apoptosis Assay  

 ID8 (2.5 × 104 cells/well), CAOV-3 (2.5 × 104 cells/well) and NOSE (5 × 104 cells/well) 

cells were seeded into 12-well plates. The next day cells were infected in triplicate with an MOI 

of 0.1 or mock infected (1x PBS). Cells were harvested at 24 hours p.i and stained for AnnexinV 

(ThermoFisher Scientific, USA) and 7-Aminoactinomycin D (7AAD) (ThermoFisher Scientific, 

USA) and analyzed by fluorescence-activated cell sorting (FACS).  

2.2.7 One-Step Viral Growth Curves  

 Cells were infected with NDV(F3aa)-GFP at a MOI of 0.5 in basal DMEM for 1 hour, 

rocking at room temperature. Cells were then washed 2x with PBS and incubated at 37 °C. 

Aliquots (500 µL) were taken in triplicate at 8, 12, 24, and 48 hrs post-infection p.i and titers 

assessed by TCID50 in DF-1 cells.  

2.2.8 IFN Sensitivity Assay  

 ID8 cells were seeded in 96-well plates (1 × 104 cells/well). Cells were pre-treated with 

or without an anti-IFNAR antibody (BioXCell, USA) at a concentration 10 µg/mL. An hour 

later, cells were pre-treated with increasing amounts of recombinant murine IFN-β (eBioscience, 

Canada) ranging from 0-6000pg/mL for 2 hours coupled with or without infection with 

NDV(F3aa)-GFP (MOI=12.5). Viability was assessed after 72 hours using the previously 
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described resazurin assay. Percent live cells were determined by normalization to mock-infected 

controls. This assay was repeated in triplicate.  

2.2.9 IFN-β enzyme-linked Immunosorbent Assay (ELISA)  

 ID8 (2.5 x 104 cells/well), CAOV-3 (2.5 x 104 cells/well) and NOSE (5 x 104 cells/well) 

cells were seeded in a 12 well plate and left to adhere overnight. The next day, cells were 

infected in triplicate at an MOI of 0.5 and supernatant was collected at 12, 24,48 and 72 hours 

p.i. A mock infected control was included and supernatant was collected at 72 hours. 

LumiKineTM Xpress mIFN-β and hIFN-β kits (InvivoGen, USA) were used according to 

manufacturer’s protocols and quantities of mIFN-β and hIFN-β were calculated using a standard 

curve.  

2.2.10 Immunohistochemistry  

 Primary ovarian tumors collected 90 days PTI were fixed in 10% neutral buffered 

formalin overnight, washed with 70% ethanol for 24 hours and transferred to PBS. Tissues were 

embedded in paraffin wax and cut into 5 µm sections using a rotary microtome. Prior to staining, 

tissues were deparaffinized using reagent-grade xylene, and subject to a series of decreasing 

ethanol concentrations for rehydration. Endogenous peroxidase activity was quenched through a 

10-minute incubation period in 3% hydrogen peroxide followed by antigen retrieval using citrate 

buffer with Tween-20. To reduce non-specific binding of antibodies, samples were blocked in 

5% bovine serum albumin (with 0.02% sodium azide) for 10 minutes at room temperature. 

Tumor sections were exposed to the following primary antibodies overnight at 4°C to assess 

infiltration of immunological cell sub-populations: anti-CD68 (1:100, Novus), anti-CD8 (1:200, 
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Novus), anti-CD4 (1:1000, Abcam), anti-NKG2D (1:200, Abcam), anti-Foxp3 (1:1000, Abcam), 

anti-CD138 (1:400, Stemcell) and anti-neutrophil (1:200, Abcam). Biotin-conjugated secondary 

antibodies (1:100; Invitrogen) were added for 2 hours at room temperature, followed by 

treatment with ExtrAvidin (1:50, Sigma-Aldrich) for 1 hour. Tissues were exposed to SigmaFast 

3,3’-Diaminobenzidine (DAB) (Sigma-Aldrich) for visualization of staining and counterstained 

using Carazzi’s hematoxylin. For each slide, areas of greatest positive staining within the tumor 

core were captured (n=8 tumors per experimental group, 3-4 areas of interest per section). 

Histological analysis was performed by manual count of cell nuclei and reported as a percentage 

against total cell nuclei.  

2.2.11 Immunofluorescence - Vascular Normalization  

 Tumors from each of the 4 treatment groups (PBS, 3TSR only, NDV(F3aa) only and 

3TSR+NDV(F3aa) were collected at day 90, embedded in cryo-matrix and flash-frozen. 5 µm 

cryo-sections were mounted on slides. Sections were fixed using reagent-grade acetone and 

stored at -20°C. Frozen sections were washed with PBS and non-specific binding was blocked 

using 5% bovine serum albumin in PBS for 10 minutes. Sections (n=4 tumors per experimental 

group, 3-4 areas of interest per section) were subject to immunofluorescence colocalization in 

which they were simultaneously stained overnight using anti-CD31 (1:50, Abcam) to detect 

vascular endothelial cells and anti-alpha-smooth muscle actin (α-SMA; 1:600, Sigma) to identify 

vascular pericytes. Slides were stained with secondary antibodies against anti-CD31 (Alexa 

Fluor®594nm, red, 1:100) and α-SMA (Alexa Fluor®488nm, green, 1:100) for 1 hour at room 

temperature. Slides were counterstained and cured using Prolong Gold® anti-fade mountant with 

DAPI. Representative images (3-4 per section, 200x magnification) were obtained under both the 
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594 nm and 488nm channels using an inverted fluorescent microscope (Olympus) and 

Metamorph imaging software (Burlingame, CA). These images were overlaid using Metamorph 

and normalized vasculature was reported as the percentage of blood vessels exhibiting CD31 and 

α-SMA double-positive staining in each treatment group.  

2.2.12 Immunofluorescence - Tissue Hypoxia  

 Primary tumors from each treatment group were collected during necropsy at 90 days PTI 

and processed as described for immunohistochemistry. Sequential tumor sections were mounted 

on slides (2 sections per slide) and deparaffinized as described. Endogenous peroxidase activity 

and non-specific binding were blocked using 0.02% sodium borohydride in PBS for 12 minutes 

and 5% bovine serum albumin for 15 minutes, respectively. Sections were subject to 

immunofluorescence colocalization in which they were stained with anti-CD31 (1:50) and anti-α 

-SMA (1:600) simultaneously, at 4°C overnight. Sections were stained with secondary antibodies 

against anti-CD31 (Alexa Fluor®594nm, red, 1:100) and α-SMA (Alexa Fluor®488nm, green, 

1:100) for 1 hour at room temperature. Tissues were once again blocked with 5% bovine serum 

albumin for 5 minutes and exposed to anti-hypoxyprobe-1 antibody (1:25, Hypoxyprobe, 

Burlington, MA) at 4°C overnight. Sections were stained with a secondary antibody against 

hypoxyprobe-1 (Alexa Fluor®594nm, red, 1:150) for 1 hour at room temperature. Slides were 

counterstained and cured using Prolong Gold® anti-fade mounting medium. Representative 

images (N=4 tumors per experimental group, 3-4 areas of interest per section, 200x 

magnification) were obtained for both the CD31/ α-SMA co-localized sections and 

hypoxyprobe-1 stained sections. Sequential sections were overlaid and hypoxia was 

pseudocolored blue using Metamorph software.  
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2.2.13 Western Blot Analysis – Expression of Immunosuppressive Cytokines  

 Tumor tissues were collected at 90d PTI from mice treated with PBS control (n=3) or 

3TSR (4mg/kg/day IP starting at 60d PTI; n=3) and were prepared in RIPA lysis buffer 

containing protease and phosphatase inhibitors and protein concentrations were determined using 

a DC protein assay (Bio-Rad Laboratories, Hercules, CA). Samples (40 µg of total protein) were 

boiled in a denaturing SDS sample buffer and subjected to SDS-PAGE using either 8% or 15% 

resolving gels. Proteins were transferred to polyvinylidene difluoride PVDF membranes (Bio- 

Rad Laboratories, Hercules, CA) and blocked at room temperature for 1 hr in 5% skim milk with 

TBST. Membranes were probed overnight at 4°C for anti-VEGF (1:600 Abcam), anti-CCL22 

(1:600; Abcam), anti-IL-6 (1:1000; Cell Signaling), anti-IL-10 (1:500; Abcam) or anti-TGF-β1 

(1:800; Abcam). Following washes with TBST, membranes were incubated for 1 hr at RT with 

appropriate IgG HRP-linked secondary antibodies (Cell Signaling Technology, Inc., Beverley, 

MA). Antibody expression was visualized with Western Lightning Chemiluminescence Reagent 

Plus (PerkinElmer BioSignal, Inc., Montreal, QC). To ensure equal loading of samples, blots 

were probed GAPDH (1:1000; Cell Signaling) for 1 hr at RT followed by anti-rabbit IgG 

secondary antibody for 1 hr 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 GAPDH.  

2.2.14 Statistical Analysis  

 GraphPad Prism v7 software (Prism v7; GraphPad Software, Inc., La Jolla, CA, USA); 

was used for statistical analysis and graph preparation. Each in vitro treatment group was 

represented by at least 3 biological replicates (repeated in triplicate) in all experiments. Data 
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from the in vitro model was analyzed using a one-way ANOVA and a Tukey’s test was used to 

determine statistical differences among treatment group means. A two-way ANOVA was 

performed for in vivo data and was also followed by a Tukey’s post-hoc test. Differences among 

treatment groups were considered significant if P<0.05. Graphs are presented as means per group 

+/- standard error of the mean (SEM).  

2.3 Results  

2.3.1 Combination Antiangiogenic (3TSR) and Oncolytic Virus (NDV(F3aa)) Therapy 

induces Regression of Advanced Stage Ovarian Cancer, in vivo. 

  In our orthotopic, syngeneic mouse model of EOC, we started treatment with 3TSR at 

60d PTI to replicate the stage of disease progression in which the majority of women are 

diagnosed. Compared to saline controls, mice treated with 3TSR or NDV(F3aa) alone had 

significantly (P<0.01) reduced primary tumor size at endpoint (90 days PTI). Mice undergoing 

combination therapy yielded the greatest reduction in primary disease at endpoint compared to 

saline controls (P<0.0001) as well as either treatment alone (Fig. 2.1. A). Consistent with our 

hypothesis that vascular normalization using 3TSR would abate the vascular shutdown caused by 

an oncolytic virus, primary tumors retrieved from NDV(F3aa)-only treated mice were highly 

blanched and appeared to have reduced vascular perfusion (Fig. 2.1. A, arrow) whereas this was 

not observed in mice treated with 3TSR.  

 The effect of 3TSR and NDV(F3aa) on extent of secondary lesions was also evaluated. 

At necropsy, the peritoneal cavities of mice were examined for visible secondary lesions and 

each mouse was scored according to a grading system previously described (308). All treatments 

resulted in a significant decrease in the number of secondary lesions compared to sham-treated 
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controls (P<0.01). Animals treated with combination therapy had less secondary lesions than all 

other groups tested, and 50% of animals in the 3TSR+NDV(F3aa) group were completely devoid 

of visible secondary lesions at endpoint (Fig. 2.1 B.). Ascites fluid was collected and the volume 

of fluid was measured for each mouse. There was a significant reduction in ascites volume in 

animals treated with both 3TSR and NDV(F3aa) compared to controls (Supplementary Data, 

Fig. A1).  

 

Figure 2.1. Combined vascular normalization and oncolytic virus therapy induce 
significant regression of advanced stage ovarian cancer. Mice were injected with 1x106 ID8 
cells under the ovarian bursa, and tumors were allowed to develop without intervention until 60d 
PTI. At this stage, mice exhibited disease similar to that of women with stage III ovarian cancer, 
and either received 4 mg/kg 3TSR i.p. for 15 days, a one-time i.v. injection of 1.0x108 PFU 
NDV(F3aa) at day 74 PTI or a combination of both. At day 90 PTI mice were sacrificed and 
primary tumors were collected and weighed. A, All treatments significantly (P<0.01) decreased 
primary tumor weight at endpoint, compared to PBS-treated controls. Combination 
3TSR+NDV(F3aa) treatment yielded the largest reduction in primary tumor weight. All animals 
treated with NDV(F3aa) alone, exhibited blanched tumors (arrows) consistent with vascular 
shutdown. B, All treatment groups had significantly reduced (P<0.05) numbers of secondary 
lesions at endpoint compared to controls. 50% of the animals in the 3TSR+NDV(F3aa) 
combination group were completely devoid of secondary tumors at endpoint. Metastatic lesions 
are indicated with arrows. Means +/- SEM are shown. Data represents results from three separate 
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animals trials (N=12-15 per experimental group). Data were analyzed by one-way analysis of 
variance with Tukey’s multiple comparison test; *P<0.05, **P<0.01, ***P<0.0001. 

 

2.3.2 3TSR induces a Potent Vascular Normalization, which is Associated with 

Significantly Reduced Tumor Tissue Hypoxia.  

 We characterized the vascular density and maturity in tumors collected from the various 

treatment groups. CD31 and alpha smooth muscle actin were evaluated in cryosections of 

primary tumors at day 90 days PTI by immunofluorescence microscopy to quantify the extent of 

tumor vascularization and the proportion of mature vessels. Quantification of the total number of 

CD31- and α-SMA-positive blood vessels per field of view revealed a significantly greater 

proportion of pericyte-covered vessels in groups treated with 3TSR (P<0.0001). NDV(F3aa)-

only treated animals presented with primary tumor vessels that had phenotypic loss of structure 

and focal necrosis. Combining NDV(F3aa) with 3TSR yielded luminal, pericyte-covered vessels 

more characteristic of those found in normal capillary beds (Fig. 2.2 A.).  

 We evaluated tumor tissue perfusion with and without 3TSR induced vascular 

normalization. At 90 days PTI, mice were injected with 60 mg/kg weight HypoxyprobeTM-1 i.p. 

2 hours prior to endpoint. HypoxyprobeTM-1 distributes to all tissues, causing formation of thiol 

adducts in cells with an oxygen concentration of less than 14 µM(310,311). 

Immunohistochemistry was then performed on primary tumor sections to probe for these hypoxic 

adducts as an indirect measure of vascular blood perfusion. Quantification of staining intensity 

per field of view revealed significantly (P<0.01) decreased hypoxia, resulting from enhanced 

vascular perfusion in primary tumors of all mice treated with 3TSR compared to PBS or 
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NDV(F3aa) alone (Fig. 2.2 B.). Further, we performed immunofluorescence co-localization 

imaging of vascular endothelial cells and vascular pericytes, followed by immunofluorescence 

imaging of HypoxyprobeTM-1 on sequential tumor sections to localize tumor hypoxia in the 

context of vascular maturity. Indeed, vessels within fields of view of low hypoxia had a 

significantly (P<0.01) greater proportion of CD31- and α-SMA-positive vessels compared to 

highly hypoxic tissues (Fig. 2.2. C.). In order to further validate that normalized vasculature 

reduces hypoxia in tumors and increases oxygen diffusion distance, the average distance between 

vessels and the edge of hypoxic regions was measured. The average distance between 

normalized vessels and hypoxic regions was 113.76 µm, whereas this value for non-normalized 

(α-SMA-negative vessels) was 19.10 µm (Fig. 2.2 D.).  
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Figure 2.2. 3TSR pretreatment induces vascular normalization and reduces ovarian tumor 
hypoxia. Primary murine ovarian tumors were collected at day 90 PTI. A, Immunofluorescence 
co-localization of vascular endothelial cells (CD31, red) and vascular pericytes (α-SMA, green) 
was performed on frozen primary ovarian tumor sections from each of the treatment groups 
(PBS, 3TSR-only, NDV(F3aa)-only and 3TSR+NDV(F3aa). Co-localization revealed an 
increased proportion of mature, pericyte-covered blood vessels in tumors of animals pre-treated 
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with 3TSR and phenotypic loss of vessel structure as well as focal necrosis in those treated with 
NDV(F3aa) alone. B, Pre-treatment with 3TSR prior to delivery of NDV(F3aa) significantly 
(P<0.01) decreased the formation of hypoxia-driven adduct formation in primary tumor tissues 
compared to NDV(F3aa) alone. C, Immunofluorescence trilocalization of vascular endothelial 
cells (CD31, red), vascular pericytes (α-SMA, green) and hypoxia (hypoxyprobe, blue) revealed 
that areas of EOC tumors surrounding abnormal vessels are more hypoxic compared to those 
surrounding normalized vessels. D, Trilocalization of vascular endothelial cells (CD31, red), 
pericytes (α-SMA, green) and hypoxia (Hpi, Cyan) also revealed significantly increased oxygen 
gradient distance in normalized vessels compared to those lacking pericyte coverage. Images 
were collected at 100x and 200x magnification. Means +/- SEM are shown. Data represents 
results from N=4 tumors per experimental group and 3 or 4 areas of interest per section. For 
Figures A, B and C, data were analyzed by one-way analysis of variance with Tukey’s multiple 
comparison test. For Figure D, data were analyzed by paired T test (N=20 sections per 
experimental group).*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 

2.3.3 NDV(F3aa) Significantly Reduces the Viability of Ovarian Cancer Cells in vitro, while 

Leaving Normal Cells Intact.  

 The direct oncolytic effects of NDV(F3aa)-GFP, assessed by a decrease in cell viability, 

were investigated in spontaneously transformed murine ovarian cancer cells (ID8) and human 

ovarian adenocarcinoma cells (CAOV-3). Cells were treated with NDV(F3aa)-GFP at increasing 

multiplicities of infection (MOIs) from 0-50 PFU/cell and cytotoxicity was quantified using a 

resazurin cell viability assay. In our in vivo efficacy studies, we never observed signs of 

NDV(F3aa)-induced toxicity in any mice. Therefore, to investigate the safety of NDV(F3aa) in 

greater detail, normal ovarian surface epithelial cells (NOSE), a minimally transformed human 

cell line that survives multiple passages, but does not form tumours in mice, were also included 

in the assay. At each MOI, NOSE cells were the least susceptible to cell death (Fig. 2.3. A.). At 

an MOI of 0.1 only ID8 and CAOV-3 cells showed a drop in viability to 52% and 77% 

(P<0.0001) (Fig. 2.3. B. - 2.3. C.), whereas there was no significant changes at this MOI in the 

NOSE cells (Fig. 2.3. A.). Additionally, the mean 50% effective concentration (EC50) for each 
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of these cell lines was calculated. CAOV-3 which were most susceptible to NDV(F3aa)-GFP-

mediated oncolysis, reached an EC50 with an MOI of 0.12, the ID8 cells required almost a 10-

fold higher amount of virus at an MOI of 1.1, while NOSE cells did not reach an EC50 in this 

assay. Cytotoxicity was confirmed by microscopy, noted by the presence of cytopathic effect, 

floating cells and cell counting using trypan blue exclusion at 24, 48 and 72 hours post-infection 

of NDV at an MOI of 0.5.Cell growth curve results showed a 2-fold decrease in cell numbers in 

ID8 cells (P<0.05) and significant drop in CAOV-3 cells (P<0.01), while no noteable changes 

were seen in NOSE cells (Fig. 2.3 A.). Annexin-V staining of ID8, CAOV-3 and NOSE cells, 

also confirmed significant cell death by apoptosis in CAOV-3 cells treated with NDV (P<0.01) 

(Supplemental Fig. A2).  
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Figure 2.3. NDV(F3aa) has direct oncolytic effects on murine and human ovarian cancer 
cells, but not on normal ovarian surface epithelial cells. A, Normal ovarian surface epithelial 
cells (NOSE), B, Spontaneously transformed murine epithelial ovarian cancer cells (ID8) and C, 
human epithelial ovarian cancer cells (CAOV-3) were seeded in triplicate and treated with serial 
dilutions of NDV(F3aa) for 48 hours. Resazurin was added for an incubation period of 4 hours. 
Percent live cells were determined by normalization to mock-infected controls. Increasing 
multiplicities of infection of NDV(F3aa) resulted in decreased metabolic activity of murine and 
human ovarian cancer cells, but normal ovarian surface epithelial cells were unaffected at the 
MOIs tested (N=3). Means +/- SEM are shown. Data were analyzed by one-way analysis of 
variance with Tukey’s multiple comparison test; **, P<0.01., ****,P<0.0001) and compares 
viability at each MOI to untreated cells (MOI of 0). D, Growth curve of NOSE, ID8 and CAOV- 
3 cells infected and mock infected (1x PBS) at an MOI of 0.5. Cells were harvested at 24, 48 and 
72 hours p.i., and counted, dead cells were excluded by trypan blue (N=3). Means +/- SEM are 
shown. Data were analyzed by paired t-test; *,P<0.05. 

 

2.3.4 Ovarian Cells Support Low Levels of NDV(F3aa)-GFP Viral Protein Expression and 

Replication. 

 To evaluate the onset and duration of viral protein expression, ID8 and CAOV-3 cell 

lines were infected with NDV(F3aa)-GFP at an MOI of 0.5 and expression of the GFP transgene 

was visualized at various time points p.i. There was restricted expression in ID8 cells at all of the 

time points as evidenced by the limited number of GFP positive cells (Fig. 2.4. A.). Conversely 

infection of CAOV-3 cells with NDV(F3aa)-GFP, yielded much higher expression of GFP as 

early as 8 h p.i. (Fig. 2.4. B.). To investigate the extent to which ID8, CAOV-3 and NOSE cell 

lines are able to support NDV(F3aa) replication, and viral spread, we generated a single-step 

viral growth curve. The kinetics of viral replication did not differ between the three cell lines 

(Fig. 2.4. C.).  
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Figure 2.4. Murine ID8 cells have limited viral replication, but maintain sensitivity to 
interferon. A, Immunofluorescence examination of NDV(F3aa)-GFP-infected ID8 cells (MOI 
of 0.5) at various time points p.i. revealed limited expression of the GFP transgene in these cells, 
consisted with low replication. B, For direct comparison, CAOV-3 cells were infected with 
NDV(F3aa)-GFP under the same conditions and revealed a high level of GFP transgene 
expression. C, A one-step viral growth curve was established for NDV(F3aa) in ID8 cells 
infected at an MOI of 0.5 and supernatant was collected and titered using TCID50 after the 
indicated time points p.i.. D, Sensitivity of ID8 cells to exogenous type I interferon was 
demonstrated by pre-treating with and without a type I IFN receptor (IFNAR)-blocking antibody 
for 1 hour, then IFN-β (0-6000 pg/mL) was added for 2 hours, followed by NDV(F3aa)-GFP 
infection at an MOI of 10. E, Representative images of NDV(F3aa)-GFP infected cells with 
(left) only rIFN-β pretreatment or with (right) IFNAR blockade + rIFN-β pretreatment at 48 
hours p.i..F, ID8 cells infected at an MOI of 0.01 and supernatant was collected at 4, 12, 24 and 
48 hours p.i., in addition to a mock infected control group. Means +/- SEM are shown. Data 
represents results from three independent experiments (N=3). Data were analyzed using a 
multiple t test comparing with and without IFNAR blockade results at each time 
point;***,P<0.001., ****, P<0.0001). F, Interferon-β (IFN-β) induction in ID8, CAOV-3 and 
NOSE cells after infection with NDV(F3aa) at an MOI of 0.5. Supernatants were collected at 12, 
24, 48 and 72 hours p.i.. Levels of IFN-β in the supernatant were assessed by murine and human 
IFN-β enzyme-linked immunosorbent assay (N=3). Means +/- SEM are shown. Data was 
analyzed by one-way analysis of variance with Tukey’s multiple comparison test; *, P<0.05. 

2.3.5 Lytic and Replicative Efficacy of NDV(F3aa) in ID8 Cells is Hindered by Sensitivity to 

Interferon. 

 It is well documented that NDV is sensitive to type I IFNs and that defective antiviral 

signaling is one of the mechanisms that contributes to the tumor selective replication of 

NDV(312–315). To examine whether treatment with IFN would render ID8 cells refractory to 

NDV(F3aa) infection, these cells were treated with increasing amounts of recombinant mouse 

(rIFN-β) (0-6000pg/mL) 2 hours prior to infection with NDV(F3aa)-GFP at a MOI of 12.5 and 

cell viability was assessed. To confirm that protection by IFN-β occurs through the IFN receptor, 

a second experiment was conducted where cells were pre-treated with a type I IFN receptor 

(IFNAR)-blocking antibody for 1 hour prior to treatment with rIFN-β and NDV(F3aa). 

Assessment of cell viability after 72 hours revealed that ID8 cells are responsive to IFN-β and 

increased concentrations protected ID8 cells from the cytolytic effects of NDV(F3aa)-GFP (Fig. 
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2.4 D.). Furthermore, this protective effect was ablated in the presence of IFNAR-blocking 

antibodies. To determine whether pre-treatment with rIFN-β also blocks viral protein expression 

and not just cytotoxic effects of NDV(F3aa)-GFP, we evaluated expression of the GFP transgene 

at 48 h p.i. in rIFN-β-treated cells with and without IFNAR blockade. For the rIFN-β -responsive 

ID8 cell lines, pre-treatment with rIFN-β also led to cessation of NDV-mediated transgene 

expression (Fig. 2.4. E.). To assess the extent to which ID8, CAOV-3, and NOSE cells are 

impaired in their ability to produce IFN-β, cells were infected with NDV(F3aa)-GFP at an MOI 

of 0.5 and supernatant was collected 12, 24 48 and 72 hours p.i. and the levels of IFN-β 

measured by ELISA. In transformed CAOV-3 and ID8 cells, production of IFN-β peaked at 24 

hours p.i. releasing 161 pg/mL and 2880 pg/mL, respectively (Fig. 2.4. F.). While ID8 cells were 

able to produce IFN-β in response to NDV(F3aa)-GFP, they did so at a much lower extent than 

the NOSE cells. CAOV-3 cells, produced the lowest amount of IFN-β in response to viral 

infection. At 72 hours p.i., CAOV-3 cell produced 30x less IFN-β than the NOSE cells (P<0.05).  

2.3.6 3TSR-induced Vascular Normalization Enhances Trafficking of Immunological Cells 

into Primary EOC Tumors, Especially when Combined with NDV(F3aa) Treatment.  

 As type I IFNs are potent activators of the immune system, we sought to investigate 

whether the disease regression seen with 3TSR+NDV(F3aa) treatment correlated with tumor-

infiltrating leukocytes. We used immunohistochemical analysis against classical immunological 

cell markers to investigate the relative intratumoral immune cell trafficking between treatment 

groups. Compared to controls, treatment with 3TSR alone significantly (P<0.05) enhanced the 

infiltration of macrophages (Fig. 2.5. A.), natural killer cells (Fig. 2.5. C.) and T-cells (Fig. 2.5 

D./E.) into the tumor core. While NDV(F3aa) treatment alone only improved infiltration of 
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CD8+ leukocytes compared to controls, combining 3TSR+NDV(F3aa) resulted in greater 

intratumoral influx of macrophages, natural killer cells, cytotoxic T-cells and T-helper cells 

compared to either treatment alone (Fig. 2.5.). Combination therapy did not enhance primary 

tumor infiltration of neutrophils (Fig. 2.5. B.) or B cells (Fig. 2.5. F.) compared to single 

treatments.  
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Figure 2.5. Combined vascular normalization and oncolytic virus therapy increase immune 
cell trafficking and tumor uptake. At 90 days post-tumor initiation, primary tumors were 
collected from control mice as well as mice treated with 3TSR, NDV(F3aa) or a combination of 
both. Immunohistochemistry was performed on paraffin-embedded tumor sections by staining 
for markers against A, macrophages (CD68), B, neutrophils (Ly-6C/G), C, natural killer cells 
(NKG2D), D, T-cytotoxic cells (CD8), E, T-helper cells (CD4) and F, B/plasma cells (CD138). 
Treatment with 3TSR enhanced intratumoral infiltration of macrophages, NK cells, cytotoxic T- 
cells and T-helper cells compared to untreated controls. Although NDV(F3aa) treatment alone 
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did not enhance trafficking of leukocytes, it significantly enhanced intratumoral macrophage, 
NK cell and cytotoxic T-cell infiltration in combination with 3TSR. Images were captured at 
200x Magnification. Means +/- SEM are shown. Data represents results from N=8 tumors per 
experimental group and 3 or 4 areas of interest per section. Data were analyzed by one-way 
analysis of variance with Tukey’s multiple comparison test; *P<0.05, **P<0.01, ***P<0.001. 

2.3.7 Effector Immune Cells Induced by 3TSR+NDV(F3aa) Treatment are Active and 

Proliferating in the Tumor Core.  

 Given that leukocytes face a number of obstacles to activation within the tumor 

microenvironment, we wanted to confirm that the increased number of immunological cells 

trafficking to the tumor core as a result of 3TSR+NDV(F3aa) were proliferating or expressed 

markers of activation. We chose to investigate T-cell proliferation and natural killer cell 

function, given the significant influx of these lymphocytes into the tumors of our ID8 mouse 

model following combination treatment (284,316,317). Immunofluorescence co-localization on 

primary tumors revealed a greater proportion of activated NK cells (based on their expression of 

the early activation marker CD69) in tumors of mice treated with NDV(F3aa)(P<0.05), 

compared to controls or mice treated with 3TSR alone (Fig. 2.6. A.). The proportion of activated 

NK cells was significantly (P<0.05) enhanced in primary tumors of mice treated with 

3TSR+NDV(F3aa) (Fig. 2.6 A.). Likewise, immunofluorescence colocalization of CD8+ T-cells 

and the proliferation marker Ki67 confirmed enhanced influx of proliferating CD8+ T-cells in all 

treatment groups compared to controls (Fig. 2.6 B.).  

2.3.8 3TSR Treatment Reduces Intratumoral Levels of Immunosuppressive Cytokines.  

As TSP-1 has been implicated in regulating the tumor microenvironment, we sought to 

determine whether 3TSR treatment may inhibit the immunosuppressive environment in ovarian 

tumors. Tumors from control (PBS) mice or mice treated at 60 days PTI were evaluated for the 
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expression of immunosuppressive cytokines VEGF, CCL22, IL-6, IL-10, and TGF-β1. 3TSR 

treatment resulted in reduced (P<0.05) levels of all of the immunosuppressive cytokines, 

compared to PBS controls (Fig. 2.6. C.).  
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Figure 2.6. Combination therapy results in increased intratumoral immune cell activation 
and 3TSR reduces expression of immunosuppressive cytokines. At 90 days post-tumor 
initiation, primary tumors were collected from control mice as well as mice treated with 3TSR, 
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NDV(F3aa) or a combination of both. Immunofluorescence co-localization was performed by 
probing tumor sections for both a marker of NK cells (NKG2D; red) and the early activation 
marker CD69 (green) simultaneously, as well as a marker for cytotoxic T-cells (CD8; red) and 
proliferation (Ki67; green) simultaneously. A, NDV(F3aa) and combination treatment 
(3TSR+NDV(F3aa) had a higher proportion of activated NK cells compared to PBS Controls or 
3TSR treated mice. B, Treatment with 3TSR alone or in combination with NDV(F3aa) 
demonstrated a higher proportion of actively proliferating CD8+ T-cells compared to saline 
controls. Images were captured at 100x and 400x Magnification. White boxes in the 100x panels 
indicate the area selected for 400x magnification. Means +/- SEM are shown. Data represents 
results from N=4 tumors per experimental group and 3 or 4 areas of interest per section. Data 
were analyzed by one-way analysis of variance with Tukey’s multiple comparison test; *P<0.05, 
P<0.01 C, At 90d post-tumor initiation, primary tumors were collected from PBS controls and 
mice treated with 3TSR. Tumor tissue was subjected to Western Blot analysis of 
immunosuppressive cytokines. 3TSR treatment resulted in decreased protein levels of VEGF, 
CCL22, IL-10, IL-6, and TGF-β. Densitometric analysis was performed on protein lysates from 
n=3 mice/group and data is expressed as a ratio of cytokine expression to GAPDH expression. 
Data were analyzed by one-way analysis of variance with Tukey’s multiple comparison test; 
*P<0.05. 

 

2.4 Discussion  

 In the present study, we show a novel opportunity for combination therapy using 3TSR 

(vascular normalization) and an oncolytic virus to enhance infiltration of leukocytes into primary 

tumors. In our mouse model of advanced EOC, daily treatment with 3TSR in combination with a 

one-time intravenous injection of oncolytic NDV(F3aa) resulted in significant disease regression 

compared to either treatment alone, as evidenced by lower primary tumor size and reduced 

burden of secondary disease (Fig. 2.1). As predicted, 3TSR treatment alone did yield some tumor 

regression in our model, likely as a result of the inhibition of tumor cell proliferation and 

migration through TGF-β  activation via the RFK sequence of 3TSR(318) and direct tumor cell 

apoptosis via signaling through the CD36 receptor(306). Interestingly, 3TSR treatment on its 

own increased the number of tumor-infiltrating leukocytes in primary ovarian tumors. Although 

thrombospondin-1 has been implicated in regulating inflammatory responses(319), its role in 
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tumor immunity has not been studied. This immunogenic effect, combined with its ability to 

induce tumor cell and tumor endothelial cell apoptosis may be responsible for its ability to 

induce regression of advanced stage ovarian cancer as a single agent(306). NDV(F3aa) injection 

alone also resulted in tumor regression, which we predicted was likely due to direct oncolysis of 

tumor cells by the virus. Blanched tumors retrieved from mice treated only with NDV(F3aa), 

insinuated the phenomenon of vascular shutdown in these tumors. OV-induced vascular 

shutdown has been established as a consequence of systemic OV therapy with vaccinia virus (a 

poxvirus) and vesicular stomatitis virus (a rhabdovirus)(214,320). Our results have extended the 

phenomenon of vascular shutdown to a third virus, namely NDV, which is a paramyxovirus. All 

of these viruses are in human clinical trials and, collectively, suggest that vascular shutdown may 

be a relatively common phenomenon among OVs. This OV- induced vascular shutdown is likely 

to lead to reduced tumor perfusion and increased hypoxia, which are often associated with 

negative sequelae such as metastases. Further, vascular shutdown would be expected to inhibit 

recruitment of effector leukocytes into the tumour microenvironment in the hours and days 

following OV-mediated activation of the immune system.  

 Through analysis of tumor vasculature in treated mice, we determined that treatment with 

3TSR induced vascular normalization, as indicated by the presence of luminal, pericyte-covered 

vessels with significantly enhanced perfusion and reduced tumor hypoxia (Fig. 2.2). The 

formation of this normalized vasculature was not hindered by addition of NDV(F3aa) in the 

combination group. Whereas high VEGF expression in the tumor microenvironment mediates 

immunosuppression and sensitizes tumor endothelial cells to oncolytic virus infection(216), the 

reduced VEGF levels brought about by 3TSR intervention may have hindered the ability of 

NDV(F3aa) to infect tumor vessels and deterred vascular shutdown that results following OV 
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therapy(321). We have shown previously that 3TSR can induce potent tumor vascular 

normalization and can enhance uptake of chemotherapy drugs(306). In addition to the anti-

VEGF effects of 3TSR, vascular pruning and tumor regression was induced by direct binding to 

its cell surface receptor CD36, which promotes apoptosis and decreases VEGFR-2 

phosphorylation by increasing the expression of SHP-1(273,306). As such, 3TSR has multimodal 

anti-angiogenic and anti-tumor effects and has significant advantage over other anti-angiogenic 

therapies that only target VEGF ligand or receptor. 3TSR is derived from an endogenous 

glycoprotein and has shown no toxicities. Current work is evaluating the role of Fc3TSR, a 

3TSR fusion protein with a significantly longer half-life in circulation in vivo. These 

characteristics make 3TSR (Fc3TSR) an attractive compound to be tested clinically.  

 Treatment with 3TSR also reduced tumor hypoxia significantly, which could improve the 

efficiency of anti-cancer agents relying on adequate oxygen levels. Hypoxia has been shown to 

contribute to immunosuppression in tumors by favoring immune tolerance through enhanced T- 

regulatory cell differentiation (195,322). The hypoxic conditions of the tumor microenvironment 

have also been implicated in inducing tumor cell resistance to cytotoxic T-cell attack(323) and in 

the suppression of T effector cell function(324). This is relevant considering that in our study, 

NDV(F3aa) OV monotherapy resulted in reduced vascular supply, as evidenced by blanched 

tumors, immature vasculature, and increased expression of the hypoxia marker (Fig. 2.2). By 

enhancing tumor perfusion ahead of oncolytic virus delivery, 3TSR creates a tumor environment 

that is optimized for OV efficacy and creates a hospitable environment for immune cells to 

initiate intratumoral immunity.  
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 In light of the significant tumor inhibition seen in vivo with combination 

3TSR+NDV(F3aa) therapy, we predicted that the tumoricidal effects of NDV(F3aa) were due, in 

part, to direct oncolysis. We sought to investigate the oncolytic potential of NDV(F3aa) in vitro 

using spontaneously transformed murine epithelial ovarian cancer cells (ID8) - the same cell type 

used in the tumor induction in our mouse model(307). Generally speaking, OVs preferentially 

replicate in cancerous cells, while sparing normal tissue, due to cancer-specific defects in IFN 

signaling and other innate antiviral responses(315,325,326). Indeed, our own results further 

demonstrate the ability of an OV to preferentially infect and kill malignant cells, especially in the 

case of human CAOV-3 cells, which cannot produce IFN-β in response to NDV(F3aa) infection 

(Fig. 2.3, 2.4). We determined that NDV(F3aa) is a strong inducer of apoptosis in transformed 

cells, although attempts to titer the virus in tumors was below the limit of detection after 36 

hours (not shown).  

 IFN is critically involved in alerting the cellular immune system to immunogenic mutant 

cells and thus is one of the most well-established impairments in cancer. Defects in this cytokine 

pathway include an inability to produce and secret IFN thereby permitting tumor selective 

replication of NDV(312–315,327). In light of work by others showing that infection of 

transformed cells with NDV(F3aa) is a strong inducer of interferon as a warning signal for 

imminent threat to surrounding uninfected cells(286,315), we predicted that the hindered 

replication of NDV(F3aa) in ID8 cells was likely due to activation of anti-viral mechanisms. 

Indeed, we and others have shown that pre-treatment with recombinant IFN-β can abrogate NDV 

oncolysis and provide complete protection(315,328–330). This suggests that the susceptibility of 

ID8 cells in a monoculture to NDV(F3aa)-mediated lysis is likely due to a partial defect in their 
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production of type I IFNs (Fig. 2.4 D., 2.4 F.), although the cells have retained the potential to 

respond relatively well to IFNs in the extracellular milieu.  

 It is becoming increasingly clear that the tumor-lysing properties of OVs only partially 

contribute to the reduction of tumor burden observed in both preclinical and clinical settings 

(293). In reality, it is the combination of oncolysis and the ability of OVs to initiate systemic 

anti-tumor immunity that contributes to the efficacy of this therapeutic modality. Indeed, both in 

vitro and in vivo we found there to be limited replication of NDV(F3aa)-GFP (Fig. 2.4 C.). 

These results suggest that the immunostimulatory properties of NDV rather than direct oncolysis 

and acute tumor debulking is likely the dominant mechanism of action contributing to efficacy in 

this model. When testing efficacy of NDV(F3aa)-GFP in the ID8 orthotopic syngeneic mouse 

model of epithelial ovarian cancer, we did not detect evidence of infectious viruses (the amount 

of virus present in the tumor was below the limit of detection for this assay) in the tumor at 36 h 

p.i. Based on our in vitro data we would anticipate that viral infection led to stimulation of 

pattern recognition receptors and induction of IFN, which in turn incited an in situ antitumor 

response causing tumor cell death and release of tumor antigens(331,332). The type I IFN 

pathway is emerging as a key player in the induction of anti-tumor immunity, including innate 

immune recognition and activation of adaptive immunity, particularly with respect to activation 

of CD8+ T cell responses (286,333,334), macrophages (335–337), DCs (338) and NK (339) 

cells. These key responses are likely to have contributed to the reduction in primary tumor size 

(Fig. 2.1 A.), ascites fluid production (Supplementary, Fig. A1) and secondary lesion formation 

(Fig. 2.1 B.) observed in this study.  
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 We viewed this sensitivity of NDV(F3aa) to interferon as a benefit for the viral platform, 

given that this sensitivity is likely the reason NDV is limited to causing pathogenesis in avian 

species (340). In confirmation of the high safety profile of NDV(F3aa), we showed that normal 

ovarian surface epithelial cells (NOSE) cells, which are able to produce IFN-β (Fig. 2.4 F.), are 

refractory to viral oncolysis at lower, clinically relevant doses of NDV in vitro (Fig. 2.3 A.). The 

fact that NDV failed to replicate well in ID8 and CAOV-3 cells is interesting in the context of 

the remarkable efficacy that could be achieved with this virus in conjunction with vascular 

normalization. We showed that cell death and viral protein expression was much better in human 

CAOV-3 cells (Fig. 2.3 C., 2.4 A.), and this was likely due to the significant impairment in IFN-

β production (Fig. 2.4 F.) and predict that the efficacy of our novel therapeutic strategy would be 

potentiated in tumours that better support direct viral oncolysis and immune activation. In fact, 

significant therapeutic efficacy of NDV(F3aa) in vivo, despite mediocre NDV(F3aa)-mediated 

cell lysis in vitro, suggested to us that the effects of 3TSR and NDV(F3aa) on disease regression 

in advanced stage EOC might be immune-mediated, rather than predominantly oncolytic. In 

accordance with this idea, we observed enhanced infiltration of macrophages, natural killer cells 

and T-helper cells in the tumor cores of mice treated with 3TSR only, and also enhanced 

cytotoxic T-cell and B-cell infiltration when 3TSR was combined with NDV(F3aa) (Fig. 2.5). 

The ability of 3TSR to increase infiltration of leukocytes could be due to the enhanced perfusion 

with blood-borne cells as a direct result of vascular normalization(341). In addition, VEGF is a 

potent inhibitor of adhesion molecules such as I-CAM-1 and V-CAM-1 on the surface of 

endothelial cells, and leukocytes tend to utilize these molecules for extravasation into the 

tumor(342). Therefore, the significantly improved influx of leukocytes into 3TSR-treated tumors 

may not only reflect greater perfusion but also enhanced diapedesis through tumor vasculature.  
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 The combination of 3TSR and NDV(F3aa) therapy also increased the activation of NK 

cells within primary tumors. This heightened activation may have been due to a direct response 

to the virally infected cells, given that the proportion of activated NK cells was lessened in 

tumors of mice treated with 3TSR or PBS alone. Treatment with NDV(F3aa) also enhanced the 

proliferation of CD8+ T cells recruited to primary tumors. Interestingly, proliferation of 

cytotoxic T cells was also enhanced with 3TSR treatment alone, which appears to be a novel 

consequence of treatment with the TSP-1 type I repeat region. One mechanism by which 3TSR 

may facilitate recruitment and uptake of cytotoxic leukocytes is by reducing the intratumoral 

immunosuppressive environment. Many tumors, including ovarian, are known to upregulate the 

expression of immunosuppressive cytokines in order to inhibit immune cell recruitment and 

destruction of tumor cells(343). 3TSR treatment resulted in decreased expression of potent 

immunosuppressive cytokines such as VEGF, CCL22, IL-10, IL-6, and TGF-β  (Fig. 2.6 C.). 

TSP- 1 has been shown to have a direct anti-inflammatory effect, inhibiting expression of 

cytokines such as VEGF and IL-6. Also, vascular normalization and decreased tumor hypoxia 

inhibits immunosuppression within the tumor microenvironment and results in tumor 

immunostimulation (201). By reducing the immunosuppressive environment, 3TSR treatment 

may act to facilitate immune cell recruitment by NDV(F3aa) and enhanced tumor uptake of these 

cells via vascular normalization. Given the high propensity of chemoresistance in advanced stage 

ovarian cancer, combined 3TSR and NDV(F3aa) therapy may have important clinical 

implications by increasing immunogenic cell death and inhibiting the immunosuppressive tumor 

environment to re-sensitize chemoresistant ovarian cancer cells(344). Our ability to enhance 

uptake and activation of leukocytes and increase the CD8+/regulatory T-cell ratio could reduce 

the chemoresistance seen in advanced stage ovarian cancer.  
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 The data presented here further establishes the ability of 3TSR to induce vascular 

normalization and facilitate delivery of anti-cancer agents to solid tumors. We have used an 

immunocompetent murine mouse model of EOC which has similarities to human ovarian cancer 

and relevance to guide clinical development of human therapies. In this study, we have shown 

that 3TSR improves the trafficking of leukocytes into EOC primary tumors, and causes 

significant disease regression of advanced stage EOC when combined with an oncolytic virus. 

We have also extended previous findings that NDV(F3aa) is a useful immunotherapeutic agent, 

given its broad safety margin and potent immunostimulatory effects. Clinical benefit has been 

observed by several investigators and our studies have shown efficacy in advanced metastatic 

disease including patients with chemotherapy resistant ovarian carcinoma(290). The combined 

ability of 3TSR and NDV(F3aa) to target multiple aspects of the tumor microenvironment makes 

this therapeutic approach attractive for the treatment of advanced stage ovarian cancer, which 

typically overcomes single-agent therapy and becomes chemoresistant. There are no current 

effective strategies for overcoming chemoresistant disease and novel combination therapies are 

needed. This study provides proof-of-principle that vascular normalization can potentiate OV- 

based immunotherapy for the treatment of both primary and metastatic EOC. Further, it 

challenges the common hypothesis in the field of oncolytic virotherapy that vascular shutdown is 

a requisite or desired consequence for effective treatment of cancers. Importantly, this 

therapeutic approach has excellent translational potential since it is based on an oncolytic virus 

platform that has an extremely long history of testing in human patients(345) combined with a 

polypeptide that is highly amenable to cost-effective manufacturing under Good Manufacturing 

Practice conditions.  
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Abstract 

 
 

Epithelial Ovarian Cancer (EOC) is the leading cause of death among all gynaecological 

malignancies. The current standard of care for advanced disease involves taxane and platinum-

based chemotherapies, often leading to chemoresistance in patients with EOC. Resistance 

necessitates the subsequent use of more targeted agents to combat persistent disease. Oncolytic 

viruses (OVs) specifically target transformed cells, leaving normal body cells unharmed. The 

challenge of using OVs as monotherapeutic agents is systemic antiviral immunity and the 

irregular tumour vessels that impair viral doses and tumour perfusion of immune cells.  

Using a clinically relevant mouse model of advanced EOC, our lab has shown that treating mice 

with the three type-1 repeat domains (3TSR) of Thrombospondin-1 to normalize vasculature 

prior to administration of oncolytic Newcastle disease virus (NDV(F3aa)), reduces vascular 

shutdown, improves tumor oxygenation and enhances tumour perfusion of immune cells. Our 

recent data suggests that treating our advanced-stage EOC mouse model with combination 

metronomic chemotherapy prior to NDV(F3aa) administration confers a significant benefit 

compared to either treatment alone. This treatment regimen further debulked primary tumors by 

normalizing tumour vasculature with 3TSR prior to CTx+NDV(F3aa). We are now interested in 

whether prior treatment with chemotherapy can sensitize ovarian cancer cells to NDV-mediated 

oncolysis. Our data provides pre-clinical rationale to explore combining vascular normalization 

and OV therapy as a treatment strategy for women who have previously undergone 

chemotherapy. 

 

3.1 Introduction 
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 Chemoresistance to standard of care continues to pose a major problem in the 

management of epithelial ovarian cancer. The standard first line treatment of the disease involves 

surgical resection followed by paclitaxel and carboplatin chemotherapy. While most patients 

exhibit an initial response, some patients eventually become refractory (346). Recurrence occurs 

in 25% of patients with early-stage disease and 80% with advanced disease (347). Most of these 

patients relapse due to chemoresistance, which causes over 90% of all ovarian cancer deaths 

(348). 

 The main contributor to chemoresistance is tumor heterogeneity. In EOC this 

heterogeneity not only refers to interpatient differences due to histological subtype and genetics, 

but is also prevalent within an individual tumor in light of interactions with the specialized 

microenvironment. Just like in evolution, clones with non-purposeful mutations die while cells of 

better fitness for the environment tend to survive (349). Therapeutic interventions such as 

chemotherapy form a unique milieu and environment which pressures development of resistant 

variants. For instance, a subtype of mesenchymal stromal cells termed Cancer Associated 

Fibroblasts (CAFs) secrete CCL2 and CCL5 which promote IL-6 production in adjacent ovarian 

cancer cells (350). IL-6 in turn promotes multi-drug resistance by activating Janus kinases 

(JAK)/signal transducer and activator of transcription 3 (STAT3), phosphatidylinositol-3 kinase 

(PI3K)/ protein kinase B (Akt), and Mitogen-activated protein kinase (Ras-MAPK) pathways 

(351,352). These pathways change expression of genes related to proliferation, survival and cell 

cycle regulation. IL-6 is also known to regulate drug transporter expression in cancer cells, 

which limits the functionality of chemotherapy (353).    

Combination treatments are based on integration of multi-modal anti-cancer agents which 

target several elements of tumors or their environment in order to maximize control of tumor 
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heterogeneity. Although tumors may become resistant to chemotherapies, studies show that 

previous treatment with chemotherapy may actually synergize with immune based therapeutics 

(354). Tumor debulking properties of chemotherapeutic agents not only reduce tumor size which 

contributes to better vascular and lymphatic flow through decreased interstitial fluid pressure 

(IFP), but debulking also results in release of tumor associated antigens within the cell which 

would otherwise be undetectable (355). This is important for cancers such as ovarian cancer 

which have a low mutation load and therefore low neo antigen production (356). Various 

chemotherapeutic agents can also induce immunogenic cell death (ICD) – a type of cell death 

which drives production of danger associated molecular patterns (DAMPs). DAMPs trigger an 

inflammatory response in contrast to immunologically silent apoptosis (357). Topoisomerase 

inhibitor drugs such as Mitoxantrone are well known to induce DAMP production and are 

frequently used as positive controls in studies searching for novel ICD inducers (357). In 

combination with the anti-CTLA-4 antibody Ipilumamab, carboplatin and paclitaxel induced a 

greater PFS than chemotherapy alone (358). Chemotherapy not only contributes to 

immunotherapy by releasing immunogenic ligands from dying cells, but has also been shown to 

downregulate immunosuppressive factors such as T-regulatory cells (T-regs). Paclitaxel has been 

shown to specifically downregulate T-regs in blood samples from patients undergoing 

chemotherapy, while leaving other effector immune cells unaffected. Low T-regs in tumors is a 

positive predictor of therapy success and survival (359,360). Chemotherapies have also been 

known to turn “cold” tumors into “hot” tumors, meaning that they enhance Tumor infiltrating 

lymphocyte populations thereby improving patient ‘immunoscore’– an important predictor of 

recurrence (361). Studies have also shown that treatment with almost all standard 
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chemotherapeutics upregulate a receptor on tumor cells known as B7-H6, which enhances 

sensitivity to NK mediated lysis (362). 

 A promising approach to treating ovarian cancer is with the use of oncolytic viruses 

(OVs)(283,284). These agents selectively replicate in and kill malignant cells due to inherent 

defects in anti-viral signaling pathways (285). OVs not only kill tumor cells by direct oncolysis 

but are a novel form of immunotherapy by acting as endogenous cancer vaccines through 

generation of memory T-cells (363). Recent evidence has shown that chemotherapy enhances 

viral oncolysis (364,365). In addition, immune cells have been known to reverse 

chemoresistance in ovarian cancer (344), validating that women who have been treated with, and 

are unresponsive to, chemotherapy should be excellent candidates for oncolytic virotherapy.  

 We aim to utilize our technique in normalizing the vasculature prior to Oncolytic virus 

delivery to reduce vascular shutdown in order to assess the anti-tumor impact of this combination 

therapy on chemosensitized ovarian cancer cells. This study could merit Fc3TSR and oncolytic 

viruses as a novel combination for patients previously treated, or resistant to, chemotherapy.   

 
3.2 Methods 

3.2.1 Cell Lines and Cultures 

Spontaneously transformed murine ovarian surface epithelial ID8 cells (generously 

donated by Drs. K. Roby and P. Terranova, Kansas State University, Manhattan, KS, USA) were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 2% L-glutamine and 1% antibiotic/antimycotic (ABAM; Gibco, Grand Island, NY, 

USA) and used for subsequent in vitro and in vivo experiments.  ID8-R cells (generously donated 

by Dr. Danuta Kozbor, Roswell Park Comprehensive Cancer Center, Buffalo, NY, USA) were 

cultured in RPMI-1640 media supplemented with 10% FBS, 2% L-glutamine, 1% ABAM and 



	 	 	

	 83	

0.5 ng/ml PTX plus 0.5 mg/ml carboplatin. 28-2 aggressive ascites-derived cells (obtained as 

previously described: (366) were cultured in DMEM supplemented with 10% FBS, 2% L-

glutamine and 1% antibiotic/anti-mycotic. Cell cultures were maintained on 100 mm cell culture 

plates (Corning Inc, Corning, NY) by passaging cells once they reached 70-80% confluency.  

 
3.2.2 Mouse Model  
 
 All mice were purchased from the Charles River Laboratories and housed in accordance 

with the Canadian Council on Animal Care and approved by the Animal Care Committee at the 

University of Guelph. Tumors were induced as described previously (307), in generation of an 

orthotopic, syngeneic, immunocompetent mouse model of EOC. Briefly, ID8 cells (1.0 × 106 in 6 

µL PBS) were injected directly under the left ovarian bursa of C57Bl-6 mice using a Hamilton 

syringe (Fisher Scientific). At 60 days after tumor induction (PTI), mice form large ovarian 

masses, numerous secondary peritoneal lesions, and accumulate abdominal ascites, which 

replicates the symptoms of women with stage III (advanced) EOC. Mice (n = 10 per group) were 

left untreated, were treated with TSR (4 mg/kg, daily), treated with metronomic chemotherapy 

(carboplatin 2mg/kg plus paclitaxel 1mg per kg four times per week) or treated with relevant 

combinations of these agents (Fig. 3.1). Half of this cohort (n=40) was subject to endpoint tumor 

analysis at 90 days post treatment along with paracentesis periodically, while the other half 

(n=40) underwent survival analysis (no paracentesis). Endpoint criteria for survival study 

included any clinical signs of the following: weight loss of more than 10%, body condition score 

of 2 (367), lethargy accompanied by dull sunken eyes, abnormal posture or lesions interfering 

with mobility and signs of abdominal pain. Mice were euthanized by cervical dislocation in 

endpoint study. Ovarian masses were immediately collected for tissue analysis. 
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Figure 3.1: Treatment regimen in the addition of chemotherapy to the 3TSR+NDV(F3aa) 
combination therapy in an orthotopic, syngeneic mouse model of EOC. 
 
 
3.2.3 Ascites Cell Culture 
 

 In a separate cohort, mice bearing ID8 ovarian tumors were monitored and left untreated, 

treated with chemotherapy or 3TSR as indicated (Fig. 3.1). Ascites fluid was collected at 80 days 

post tumor induction using a 25-gauge needle to the peritoneal cavity. This is a procedure created 

in collaboration with the Central Animal Facility (CAF – Guelph) and designated SOP for ascites 

monitoring and intervention under AUP #4668. Ascites fluid was immediately transferred to a 

heparinized tube to prevent clotting. Red blood cells were removed using Ammonium-chloride-

potassium (ACK) lysing buffer and cells were pelleted by centrifugation at 500x G for 5 minutes 

at 4 degrees Celsius. Cell pellets were then resuspended in DMEM supplemented with 10% FBS, 

2% L-glutamine and 1% ABAM. Cells were plated in 4cm tissue culture dishes and incubated at 

37 degrees Celsius and 5% CO2. Cells were grown until 80-90% confluency and then expanded 

to 10cm dishes and subsequently frozen. All experiments using ascites cells were conducted with 

cells below or equal to passage 6. 
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3.2.4. In Vitro Virus Expression 

Ascites cells collected from PBS-, 3TSR- or CTx-treated mice were seeded on sterile coverslips 

placed in the wells of a 24-well plate. Cells (15,000 per coverslip) were allowed to attach for 6 

hours in full-serum DMEM media and challenged with corresponding NDV(F3aa)-gfp 

multiplicities of infection (MOI – 0, 0.1, 1 or 10) according to initial cell count. Following 24-

hours of incubation, wells were washed with PBS and cells were fixed using 4% 

paraformaldehyde in PBS for 10 minutes. Paraformaldehyde (PFA) was removed and cells were 

washed twice with 1xPBS, followed by blocking with 5% BSA in PBS at 4oC overnight. Cells 

were labelled with the primary antibody (1:500, anti-gfp, Abcam, USA) for two hours at room 

temperature. Following two more washing steps, cells were blocked with 5% BSA in PBS for 30 

minutes at room temperature. BSA was removed and cells were incubated with fluorescently 

labeled secondary antibody (1:1000, AlexaFluor 488 anti-IgG, Invitrogen, California USA). 

Cells were washed twice with 1xPBS and affixed onto microscope slides (ThermoFisher 

Scientific, Massachusetts, USA) using an anti-fade mountant containing DAPI nuclear 

counterstain (ThermoFisher Scientific, Massachusettes, USA). Slides were dried for two hours at 

room temperature and imaged using the Olympus Fluoview FV1200 laser scanning microscope. 

Images (4 per well, each quadrant) were taken using a fluorescent microscope (488nm) at 200x 

magnification. The number of fluorescently positive cells was determined and recorded as a 

percentage to total DAPI positive cells in the frame. 

3.2.5 Flow Cytometric Analysis of Immune Response 
 
 Flow cytometry was performed on primary tumor tissue of mice 90 days post-tumor 

induction after treatments presented (Fig. 3.1). Tumors were excised and placed in PBS on ice 
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for immediate processing. To calculate absolute cell numbers, weights of tumors collected from 

each mouse were recorded for subsequent analysis. Tumors were cut into small pieces (5mm 

diameter). Each sample was transferred to a gentleMACS C tube containing 5mL HBSS. The 

gentleMACS Dissociator (Miltenyi Biotec.) was used as per setting for tumour-infiltrating 

lymphocytes (TILs) from mouse B16 melanomas. Samples were resuspended and cell 

suspension was applied to a cell strainer (70um mesh) and placed on a 50mL conical tube. 

Strainer was washed with 5mL HBSS. HBSS was then added to the conical tube to a total 

volume of 50mL and centrifuged (500 G for 10 mins). Supernatant was aspirated. Cells were 

resuspended again in HBSS to a final volume of 50mL, centrifuged and supernatant was 

aspirated. Samples were vortexed and transferred to 96 well round bottom plates in equal 

volumes (to ensure ability to calculate absolute numbers of cells at the analysis stage). Surface 

and intracellular staining was performed on samples. Briefly, 50 uL of Fc Block solution 

(BioLegend, Cat#101320) was added to each well, mixed and incubated for 15 mins at 4 degrees 

Celsius. 150 uL FACS buffer was added per well. Plate was centrifuged at 700 G for 5 mins. 

Supernatant was poured off and plate was blotted on a paper towel. Surface staining antibodies 

were added at the following dilutions in FACS buffer: anti-CD16/CD32 (1:200, eBioscience 

#14-016186), anti-CD45.2 PE-Cy7 (1:200,  BD Pharmingen # 560696), anti-CD3 BV421(1:200, 

BD Horizon; # 562600), anti-CD4 FITC (1:200, ebioscience; #11-0043-85), anti-CD8 BV510 

(1:200, BD Horizon; # 563068), anti-CD25 APC (1:200, eBiosciences; # 17-0251-82), anti-

CD279 (PD-1) (1:200, eBiosciences; # 46-9985-82) and anti-FoxP3 PE (1:200, BD Pharmingen; 

# 560414) were mixed and incubated for 20 mins at 4 degrees Celsius in the dark. 150uL of PBS 

was added following incubation and plate was centrifuged and supernatant removed. Plate was 

washed again with PBS. efluor780 Fixable Viability Dye in PBS (100uL) (1:1000 eBioscience; 
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Cat# 65-0865-14) was added and incubated for 30 mins at 4 degrees Celsius. Cells were washed 

with 100uL PBS following incubation. 200uL of fixation/permeabilization working solution (1x, 

BioLegend #421402) and incubated at 4 degrees Celsius in the dark for 30 mins. Plate was 

washed twice with buffer. 50uL of anti-cytokines (anti-FoxP3 PE) was added per well (1:200 in 

diluted permeabilization buffer). Samples were mixed by pipetting and incubated for 20 mins at 

4 degrees Celsius. Cells were washed twice with permeabilization buffer, resuspended in 200uL 

FACS buffer and run on the BD FACS Canto flow cytometry system. Data is represented as a 

proportion of each cell type to total lymphocytes in the tumor. 

 
3.2.6 WST-1 Cell Viability Assay 
 
 The water-soluble tetrazolium salt (WST-1) assay is a cell proliferation assay (metabolic) 

based on the cleavage of the tetrazolium salt WST-1 to formazan by cellular mitochondrial 

dehydrogenases. Formazan produces a color change in the media of viable cells which can be 

detected through absorbance on a standard plate reader (368). The larger the number of viable 

cells, the higher the activity of the mitochondrial dehydrogenases, and in turn the greater the 

amount of formazan dye formed (368). ID8 or ID8-R cells were seeded at a density of 2000 

cells/well in triplicated and allowed to grow overnight. Cells were serum-starved for 6 hours and 

treated for 24 hours in serum reduced conditions (2%). Following treatment, cells were incubated 

with treatment media containing WST-1 reagent (Roche Applied Science, Laval, QC) at a 1:10 

dilution for one 4 hours. Absorbance was quantified at 450nm with 630nm correction. Half-

maximal inhibitory concentration curves were fit by nonlinear regression. 

3.2.7 Data Analysis 
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 All data collected is expressed as a mean ± the standard error of the mean. Means, 

standard errors of the means and statistical analyses were calculated using GraphPad Prism 6.0 

statistical software (GraphPad Software Inc., La Jolla, CA, USA). One-way ANOVA was 

performed on all in vivo data, followed by Tukey’s post-hoc analysis. Data was analyzed relative 

to untreated controls for each experiment. Differences between means were considered 

significant when p<0.05. For survival analysis, GraphPad Prism was used to generate Kaplan-

Meier Curves showing percentage survival of each treatment group over 150 days post-tumor 

induction. The log rank (Mantel-Cox) test was used to determine significant differences in 

survival between groups. 

 
3.3 Results 
 
3.3.1 Pre-treating Mice with Metronomic Chemotherapy Enhances in vivo Efficacy in an 

Orthotopic Syngeneic Mouse Model of EOC, Especially when Combined with 3TSR 

 In order to test treatment efficacy in our orthotopic syngeneic mouse model of ovarian 

cancer, ID8 tumors were induced and mice were allowed to progress until day 60 at which point 

they were left untreated (n=20) or treated with 3TSR (n=20, 4mg/kg daily). At day 74 PTI, n=5 

mice treated with and without 3TSR were subject to NDV(F3aa) (1.0x108 PFU) or 8 cycles of 

chemotherapy (Carboplatin (2mg/kg) + Paclitaxel (1mg/kg) until 90 days PTI. At day 90 

endpoint, tumor weights were taken and secondary disease scores were obtained as previously 

mentioned (369). Ascites was removed throughout the study. In terms of primary disease, all 

treatments or combinations caused a significant reduction in primary tumor weight compared to 

PBS (P<0.05) except for chemotherapy alone (Fig. 3.2. A.). Primary tumor weight saw the 

greatest reduction in the 3TSR only or with CTx, CTx+NDV(F3aa) combination and 

3TSR+CTx+NDV(F3aa) combination. There was no significant difference in primary tumor 
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weight between the four best performing treatments or combinations. Notably, addition of 

chemotherapy enhanced the tumoricidal effect of NDV(F3aa). Likewise, data pertaining to 

secondary disease characteristics shows that all treatments significantly decreased burden of 

metastasis compared to untreated controls except CTx alone and NDV(F3aa) alone (Fig. 3.2. B.). 

Notably, the addition of the chemotherapy regimen improved the lytic effect of NDV(F3aa) on 

metastatic disease, and the addition of 3TSR further improved this outcome (P<0.001). The 

highest performing treatments for targeting secondary disease were combinations that included 

3TSR.    
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Figure 3.2: Adding metronomic chemotherapy to NDV(F3aa) causes EOC disease 
regression and improves survival in an orthotopic, syngeneic mouse model of advanced 
stage epithelial ovarian cancer. At advanced stage disease, mice were subject to 3TSR 
(4mg/kg) daily and/or 8 cycles of chemotherapy (2mg/kg carboplatin, 1mg/kg paclitaxel) and/or 
a one-time tail vein injection of NDV(F3aa). Treating mice with chemotherapy prior to 
NDV(F3aa) resulted in increased efficacy in terms of debulking A) primary disease and B) 
secondary lesions, particularly when treatments were combined with 3TSR. *(P<0.05), 
**(P<0.01), ***(P<0.001), ****(P<0.0001), ns=not significant. 
 
 
3.2.2 Adding Metronomic Chemotherapy to 3TSR+NDV(F3aa) Combination Therapy 

Improves Survival in an Orthotopic, Syngeneic Mouse Model of EOC. 

 Mice were treated with the regimen in Figure 3.1 and subject to survival analysis. 

Endpoint was determined according to AUP#3760 at the Animal Isolation Facility at the 

University of Guelph. No lone treatment strategies improved survival compared to untreated 

controls. Compared to control mice, mice treated with chemotherapy ahead of NDV(F3aa) had 

significantly improved survival, and this was also noted when 3TSR was added to this regimen 

(P<0.01) (Fig. 3.3). As seen in previous studies, this study also showed that pretreating mice 

with 3TSR ahead of metronomic chemotherapy conferred a significant survival advantage 

(P<0.05). Notably, while mice treated with NDV(F3aa) monotherapy had no significant survival 

advantage over untreated controls, the addition of chemotherapy to this regimen improved 

percent survival (P<0.01). Likewise, addition of metronomic chemotherapy improved the 

survival advantage of mice treated with 3TSR+NDV(F3aa) (P<0.01) (Fig. 3.3). While 

pretreating with 3TSR did not improve the survival advantage of mice treated with 

CTx+NDV(F3aa), 40% of 3TSR+CTx+NDV(F3aa) treated mice remained at study endpoint 

(150 days), while only 20% remained in the CTx+NDV(F3aa) group (Fig. 3.3) 
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Figure 3.3: Adding chemotherapy to NDV(F3aa) in vivo improved survival in an 
orthotopic, syngeneic mouse model of advanced EOC. At advanced stage disease, mice (n=4 
per group) were subject to 3TSR (4mg/kg) daily and/or 8 cycles of chemotherapy (2mg/kg 
carboplatin, 1mg/kg paclitaxel) and/or a one-time tail vein injection of NDV(F3aa). Notably, 
treating mice with chemotherapy prior to NDV(F3aa) resulted in increased survival, especially 
when combined with 3TSR *(P<0.05), **(P<0.01), ***(P<0.001), ****(P<0.0001), ns=not 
significant. 
 
 

3.2.3 Both Chemotherapy and 3TSR Sensitize Ascites Cells to Infection by NDV(F3aa) and 

Enhance NDV(F3aa)-mediated Lysis 

 Despite therapies under study, mice continued to accumulate ascites fluid as a result of 

disease progression. In accordance with the treatment timeline indicated in Figure 3.1, ascites 

was collected from treated mice (3TSR or metronomic chemotherapy) at day 80 PTI through 
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intraperitoneal drainage. Samples were processed and primary ascites cell lines were derived. 

Each of these cell lines was used up to a passage number of 6 for all in vitro experiments. Ascites 

Cells (1.0x104) were seeded in 6-well plates in triplicate and subjected to challenge by 

NDV(F3aa) at varying multiplicities of infection (0.1, 1, 10 MOI). CTx ascites cells were 

significantly more susceptible to NDV(F3aa) infection at all MOIs compared to ascites cells 

from untreated mice (Fig. 3.4 A-C.). Interestingly, at the mid-MOI (1 PFU/cell) of NDV(F3aa), 

Fc3TSR sensitized ascites tumor cells were also more susceptible to NDV(F3aa) infection 

compared to untreated controls (Fig. 3.4 B.) To investigate whether improvements in 

NDV(F3aa) infection translated to improved lytic effects of the virus in the sensitized cells, the 

primary cell lines were seeded in 96-well plates (n=3) and subject to NDV(F3aa) at various 

MOIs (0.01, 0.1, 1, 10, 100) in a WST-1 Cell Viability assay. Following 24 hours of infection, 

NDV(F3aa) led to cell death of 50% of the cell population (EC50) following an MOI of 68 (Fig. 

3.5 B. i).  The EC50 of NDV(F3aa) in Fc3TSR treated ascites cells was 5.72 MOI (Fig. 3.5. B ii) 

and the IC50 of NDV(F3aa) in CTx treated ascites cells was 1.37 MOI (Fig. 3.5. B iii).  

 



	 	 	

	 93	

Figure 3.4: Primary ascites cells from Fc3TSR-treated and CTx-treated mice are more 
susceptible to NDV(F3aa)-GFP expression compared to PBS controls. Ascites cells from the 
indicated treatment groups were collected and primary cells lines were established. Cells were 
treated with A) NDV(F3aa)-gfp MOI=0.1, B) NDV(F3aa)-gfp MOI=1 and C) NDV(F3aa)-gfp 
MOI=10 and NDV(F3aa)-GFP was imaged at 200x magnification. At the 10 MOI dose, 
NDV(F3aa)-GFP expression was significantly higher (P<0.05) in Fc3TSR treated cells compared 
to controls. In all viral concentrations tested, expression of NDV(F3aa)-GFP was significantly 
higher (P<0.01) for CTx treated cells compared to controls. *(P<0.05), **(P<0.01), 
***(P<0.001). 
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Figure 3.5: Primary ascites cells from 3TSR-treated and CTx-treated mice are more 
susceptible to NDV(F3aa)-mediated cell death compared to PBS control ascites cells. 
Ascites cells from the indicated treatment groups were collected and primary cell lines were 
established. Cells were treated with NDV(F3aa) at the following multiplicities of infection 
(MOI): [0.1, 1, 10, 100].  A WST-1 Metabolic Cell Viability Assay was run using each ascites 
cell line in triplicate to calculate EC50. The following EC50 values were obtained: A) The EC50 
of NDV(F3aa) in PBS control ascites cells was 68.0 MOI B) The EC50 of NDV(F3aa) in Fc-
3TSR treated ascites cells was 5.72 MOI and C) The EC50 of NDV(F3aa) in CTx treated ascites 
cells was 1.37 MOI. 
 



	 	 	

	 95	

3.2.4 Tumors of Mice Treated with Combination Therapy have Lower Levels of 

Immunosuppressive Cytokines and a Lower FoxP3+CD4+: CD8+ T–cell Ratio 

 In light of the ability of CTx and 3TSR to chemosensitize cells to oncolytic virus 

infection, we sought whether the in vivo benefits were in part due to downregulation of myeloid-

derived suppressor cells or transiently induced lymphopenia leading to homeostatically 

upregulated lymphocytes, as shown with other forms of chemotherapy and anti-tumor agents. 

We therefore looked at the PD-1 status of these cells (an indicator of T-cell exhaustion – often in 

response to significant viral infection) and quantities of tumor-infiltrating suppressor cells (T-

Regs). Tumors at day 90 PTI were disassociated and subject to flow cytometric analysis. All 

combination therapies consisting of an oncolytic virus and either or both of 3TSR and CTx has 

significantly greater CD8+ T-cell infiltration compared to non-treated mice (Fig. 3.6. A.) These 

T cells were also less exhausted (more functional) as indicated by PD-1 status (Fig. 3.6. C.). The 

infiltration of CD4+ cells and their PD-1 status did not significantly differ between treatment 

groups (Fig. 3.6. B & D). However, the number of CD4+ T-Reg cells expressing FoxP3+ CD4+ 

was lower in the combination therapies consisting of an oncolytic virus and either or both of 

3TSR and CTx, as well as in the 3TSR+chemotherapy group (Fig. 3.6. E.), indicating that the 

tumor microenvironment in these mice is immunologically active. Since the ratio of FoxP3+ T-

cells: CD8+ T-cells is a known predictor of therapeutic success, we look at this ratio in all 

treatments under study. This ratio was decreased in 3 of our combination therapies 

(CTx+NDV(F3aa), 3TSR+NDV(F3aa) and 3TSR+CTx+NDV(F3aa)) compared to untreated 

controls (Fig. 3.6. F.)– a positive predictor of ovarian cancer prognosis and candidacy for 

immunotherapy. 
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Figure 3.6: The microenvironment of tumors treated with combination therapy is more 
hospitable to immunotherapeutic success compared to single treatments and controls. 
Primary advanced stage tumors (90 days PTI) left untreated or treated with 3TSR, 
carboplatin+Paclitaxel, NDV(F3aa) or a combination of treatments were dissociated and flow 
cytometry was performed on lymphocytes to determine quantities of A) CD8+ effector T-cells 
B) CD4+ T cells C) PD-1 status of CD8+ T cells D) PD-1 status of CD4+ T cells E) CD4+ T 
regulatory cells and F) ratio of immune suppressor to effector cell types as a positive predictor of 
treatment success. *(P<0.05), **P<(0.01), ***(P<0.001), ****(P<0.0001) 
 

3.2.5 NDV(F3aa) has Greater Lytic Activity in Chemotherapy-treated Chemoresistance 

Cells (ID8-R) compared to Native ID8s 

 In light of the above evidence suggesting that chemosensitized cells are more 

susceptible to NDV(F3aa) infection and lysis, we aimed to investigate whether this infectivity 

extends to tumor cells that have become resistant to carboplatin and paclitaxel chemotherapy 

using an ID8 cell line previously determined to be resistant to the two chemotherapeutic agents 

(ID8-R) (370). Indeed, NDV(F3aa) was shown to have enhanced anti-tumor efficacy in 
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chemoresistant ID8 cells compared to the original ID8 cell line as determined using a WST-1 

cell viability assay and EC50 analysis. 

 

 

Figure 3.7: Chemoresistant spontaneously transformed murine epithelial ovarian cancer 
cells (ID8-R) are more susceptible to NDV(F3aa)-mediated cell death than native ID8 cells. 
Cells were treated with NDV(F3aa) at the following multiplicities of infection (MOI): [0.1, 1, 10, 
100].  A WST-1 Metabolic Cell Viability Assay was run using each ascites cell line in triplicate 
to calculate EC50.  
 
 
3.4 Discussion 
  

We have previously shown that vascular normalization through 3TSR enhanced the 

infiltration of oncolytic viruses (NDV(F3aa)) and led to greater anti-tumor efficacy by 

preventing vascular shutdown common with these agents (369). Although the 2019 study 

demonstrated that the combination therapy was beneficial in advanced stage tumors with no prior 

treatment, the reality is that most women diagnosed with ovarian cancer undergo chemotherapy-

based treatments (typically paclitaxel+carboplatin) to treat disease immediately following 

diagnosis. One-third of women with advanced ovarian cancer also develop malignant ascites 

which is treated indirectly, using platinum-based chemotherapy against the underlying disease. 

In chemo-resistant disease, women face paracentesis or ‘abdominal tap’, to reduce accumulation 

of ascites. In this study, we therefor sought to create a more clinically relevant orthotopic, 

syngeneic mouse model of advanced-stage disease by incorporated periodic paracentesis in the 
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treatment regimen and focus on how chemosensitization impacts both naïve ID8 tumors and 

malignant ascites. 

Multi-modal combination therapies involving 3TSR-mediated vascular normalization 

combined with oncolytic virotherapy, may be a therapeutic option for patients who have been 

previously treated with chemotherapy and become resistant. In our model, primary tumors and 

secondary disease were not significantly debulked when treated with a standard regimen of 

platinum and taxol-based chemotherapy. Since previous studies in our lab (Russell, 2016) had 

shown in vitro ID8 susceptibility to these agents, cells in our model of advanced disease may 

have acquired some resistance to chemotherapy in vivo. Treatment with 3TSR or combination 

therapies, namely 3TSR+NDV(F3aa), CTx+NDV(F3aa), 3TSR+CTx and 

3TSR+CTx+NDV(F3aa) significantly debulked primary tumors compared to PBS, CTx or 

NDV(F3aa) alone. These trends in efficacy were also noted when testing treatment efficacy on 

metastatic disease although combination treatments with 3TSR did outperform 

CTx+NDV(F3aa), likely due to issues pertaining to viral induced vascular collapse hindering 

efficacy of the virus, as previously shown (369). Notably, in a survival study performed without 

paracentesis, mice treated with NDV(F3aa) monotherapy had no significant survival advantage 

over untreated controls. However, the addition of chemotherapy to this regimen improved 

survival. Likewise, addition of metronomic chemotherapy improved the survival advantage of 

mice treated with 3TSR+NDV(F3aa). This is an indication that sensitizing cells with 

chemotherapy may leads to greater success in oncolytic virotherapy. While pretreating with 

3TSR did not improve the survival advantage of mice treated with CTx+NDV(F3aa), 40% of 

3TSR+CTx+NDV(F3aa) treated mice remained at study endpoint (150 days), while only 20% 

remained in the CTx+NDV(F3aa) group. Since paracentesis was not performed in these mice, it 
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is likely that 3TSR did not confer a significant benefit in decreasing ascites accumulation. 

Whether addition of 3TSR to CTx+NDV(F3aa) therapy adds a significant survival benefit to 

animals undergoing paracentesis is a future direction of this study. 

In light of significant improvement of NDV(F3aa) to debulk primary and secondary 

disease when combined with either 3TSR or CTx, we investigated whether malignant ascites in 

mice treated with either therapy is more susceptible to NDV(F3aa) infection and lysis. The 

premise of this is that certain chemotherapy drugs have been shown to improve outcomes of 

immunotherapies through debulking tumors for release of TAAs, causing lymphopenia and 

resulting homeostatically upregulated anti-tumor lymphocytes, directly stimulating TLRs and 

lowering immunosuppressive cells (such as T-Regs). In addition, chemosensitized cancer cells 

have been found to respond variably to alternative treatments which emphasizes the importance 

of testing novel therapeutic agents for resistant disease in models previously treated with current 

standard of care. Indeed, ascites cells removed from 3TSR or CTx mice and cultured in vitro had 

greater NDV(F3aa) infectivity compared to PBS control ascites and infectivity was MOI-

dependent. Likewise, these cells were also more susceptible to NDV(F3aa)-mediated lysis. 

NDV(F3aa) infects target cells through association between Hemagglutinin Neuramidase (HN) 

receptor on the surface of the virus and sialic acid binding sites on tumor cells (371). To our 

knowledge, this is the first study to demonstrate chemosensitization of cancer cells for 

NDV(F3aa) infection in vitro. Since chemotherapy has been shown to enhance the expression of 

sialyltransferases and downregulate sialidases in cancer cells, this leads to accumulation of 

hypersialylated structures on tumor cells (372). ID8 cells may therefore express a greater number 

of receptors for the virus, which would also explain the MOI-dependent efficacy seen in our 

study. Similarly, the ID8-R cell line in our study, which has previously been exposed to 
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carboplatin and paclitaxel and become resistant, demonstrated greater susceptibility to 

NDV(F3aa) lysis compared to the native ID8 cell line. Ours is not the first study to demonstrate 

variable susceptibility of chemo-resistant cancer cell lines to oncolytic virus infection in vitro, 

(373) suggesting that further research is needed to determine the unique mechanism involved in 

order to improve OV efficacy. 

 In order to investigate the potential impact of the immune microenvironment on 

combination therapy, we sought to perform flow cytometry to gauge levels of effector and 

suppressor cell populations in the tumor at the time of the 90-day necropsies. The ratio of 

Treg+CD8+ T cells, which is a significant predictor of positive prognosis in ovarian cancer 

(141), was decreased in all combination therapies (3TSR+NDV(F3aa), CTx+NDV(F3aa) and 

3TSR+CTx+NDV(F3aa)) compared to single treatments and untreated controls. This is an 

exciting finding given that immunotherapies which enhance the intratumor presence of CD8+ T 

cells and downregulate T Regulatory cells may be useful in improving outcomes in ovarian 

cancer. Further, Interaction between PDL-1 (on tumor cells) and PD-1 (on immune cells) 

downregulates T-cell proliferation and survival which in turn suppresses the immune system and 

develops peripheral immune tolerance in cancer patients (374). The increase in CD8+ T cell 

infiltration and decrease in PD-1+ marker on CD8+ immune cells in our combination treatment 

groups is an ideal signature for positive immunotherapy as the T-cells are more functional/ less 

suppressed. Not only are the CD8+ T-cells more functional in these groups, but the reduction in 

CD4+ T regulatory cells removes a barrier which would otherwise dampen the immune response. 

Oncolytic virus success relies on a balance between anti-viral pathways that eliminate the virus 

and pro-immune pathways that recognize TAAs from the virus-infected tumor cells (375).  
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Overall, with this study we extend previous work highlighting the improved anti-tumor 

efficacy of NDV(F3aa) when combined with the anti-angiogenic molecule 3TSR by 

demonstrating potential use of this combination therapy in patients previous treated or 

undergoing treatment with carboplatin and paclitaxel chemotherapy. This 3 prong treatment 

regimen did not yield any adverse effects in mice – in fact, chemotherapy proved to enhance the 

lytic activity of the oncolytic virus in our studies. Given the wide use of chemotherapy drugs 

such as paclitaxel and carboplatin for cancer therapy, it is becoming increasingly necessary to 

understand the interactions of novel therapeutics with chemotherapy. Such studies may also 

highlight which novel therapies are predicted to work in patients with chemoresistant disease, 

since chemosensitized cells tend to respond variably to alternate treatment strategies. 
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CHAPTER FOUR 
 

The Downstream Impact Of Fc3TSR On Other Aspects Of The Tumor 
Microenvironment Secondary To Normalized Tumor Vasculature 
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Abstract 

 Tumor vasculature is structurally abnormal, with anatomical deformities, reduced 

pericyte coverage and low tissue perfusion. As a result of this vascular dysfunction, tumors are 

often hypoxic, which is associated with an aggressive tumor phenotype, and reduced delivery of 

therapeutic compounds to the tumor. We have previously shown that a peptide containing the 

thrombospondin-1 type I repeats (3TSR) specifically targets tumor vessels and induces vascular 

normalization in an orthotopic, syngeneic mouse model of epithelial ovarian cancer (EOC). By 

pruning irregular tumor vessels, 3TSR enhances delivery of chemotherapies and 

immunotherapies to the tumor core. In addition, 3TSR directly inhibits EOC tumor cell 

proliferation and migration. However, due to its small size, 3TSR is rapidly cleared from 

circulation. Here, we introduce a construct with the 3TSR peptide fused to the C-terminus of 

each of the two heavy chains of the Fc region of human IgG1 (Fc3TSR). Previously, our lab has 

shown that Fc3TSR significantly decreased the viability and proliferative potential of EOC cells 

and endothelial cells in vitro compared to native 3TSR. We now aim to demonstrate mechanisms 

which may explain the superior efficacy of Fc3TSR compared to native 3TSR. High-resolution 

imaging demonstrates enhanced clustering of the CD36 receptor in cells treated with Fc3TSR 

which is associated with enhanced downstream effector signaling and greater in vitro and in vivo 

cellular responses. In vivo, Fc3TSR was present significantly longer in circulation than 3TSR. 

Further, we reveal novel anti-tumorigenic effects of this molecule on the tumor 

microenvironment including enhanced immunogenicity, decreased interstitial fluid pressure and 

improved drainage to inguinal (sentinel) lymph nodes. The development of stable Fc3TSR 

facilitates its translational potential and future clinical development as a therapy in the treatment 

of advanced stage ovarian cancer.     
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4.1 Introduction 

Epithelial ovarian cancer (EOC) is the most common and the most lethal gynecological 

malignancy, characterized by late detection and low five-year survival rates.  Over the past 30 

years, the five-year survival rate has seen only modest improvement as current treatments have 

limited efficacy and are prone to resistance (376). As with other solid tumors, progression of 

disease is dependent on the process of angiogenesis for nutrient delivery and waste removal. The 

process of angiogenesis is closely regulated by a balance between stimulatory and inhibitory 

angiogenic factors. Thrombospondin (TSP)-1 is an endogenous matricellular glycoprotein with 

natural anti-angiogenic effects (261). TSP-1 is a 450 kDa homotrimeric glycoprotein with six 

distinct types of modular domains (377) giving the protein multiple functions. TSP-1 regulates a 

multitude of processes, such as angiogenesis, cell proliferation, apoptosis, adhesion, migration, 

and immunity (378–380). While native TSP-1 exerts several functions that inhibit cancer 

progression, its large size and multiple biological activities pose considerable challenges to its 

development as a therapeutic compound. While some regions of TSP-1 inhibit angiogenesis, the 

N-terminal domain reportedly has pro-angiogenic activity (381). Thus, fragments of TSP-1, with 

smaller size and more defined function, could be important inhibitors of tumorigenesis. The anti-

angiogenic functions of TSP-1 that are mediated by the membrane protein CD36 have been 

predominantly localized to the three type 1 thrombospondin repeat (3TSR) region (271,355).  In 

addition to its anti-angiogenic effects on endothelial cells, 3TSR has also been shown to directly 

induce apoptosis in ovarian cancer cells through a CD36-dependent mechanism (382). In vivo, 

3TSR has potent anti-tumor efficacy in a host of preclinical models of cancers including 

pancreatic (304,383), liver and lung (384), glioblastoma (382) and ovarian (306,369). An 

important function of 3TSR is its ability to specifically target tumor vasculature, resulting in 
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pruning and normalization. By reducing tumor hypoxia and enhancing perfusion through 

vascular normalization, 3TSR has increased the uptake and efficacy of chemotherapy drugs 

(306) and oncolytic viruses and immune cells (369) in preclinical models of advanced stage 

ovarian cancer. However, due to its small size of approximately 18 kDa, 3TSR is susceptible to 

rapid clearance from circulation, necessitating daily injections to maintain biological activity. To 

overcome this deficiency, a construct with one 3TSR peptide fused to the C-terminus of each of 

the two heavy chains of the Fc region of human IgG1 was generated (385). Therapeutic agents 

that are modified to include a Fc domain have demonstrated improved pharmacokinetic 

properties, due to recycling by the neonatal Fc receptor (FcRn) in circulation, which plays a 

central role in slowing IgG catabolism (386). IgG-based therapeutics also allow for safe and 

scalable purification procedures, making them ideal for clinical use (387,388). As seen in other 

angiogenesis inhibitors such as Aflibercept (Zaltrap®, Regeneron Pharmaceuticals), addition of 

an Fc domain increases the half-life of the protein in circulation from hours to weeks (389,390). 

When the anti-angiogenic protein endostatin was linked to an Fc domain, it demonstrated 

biphasic activity, allowing for dosing up to 100-fold lower than for endostatin not linked to Fc 

(391). The concept of multivalency is frequently found physiologically. With multivalency, 

multiple ligands on a single construct bind to multiple receptors on another construct, which 

enhances binding avidity and localizes signaling components (392,393). Dimeric protein 

interactions have been shown to enhance receptor clustering, the grouping of membrane 

receptors into nano structures that are imperative for the activation of several signaling pathways 

(392). Given that CD36 receptor clustering is crucial for optimal downstream effector Fyn 

activation, we hypothesized that engineering a single Fc fusion protein with two 3TSRs in 

dimeric configuration may promote clustering of CD36.  
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In addition to the vascular normalizing and direct anti-tumor effects of Fc3TSR, we 

sought to explore other changes in the tumor microenvironment that were as a result of Fc3TSR 

treatment secondary to improved vascular patency. A major obstacle in ovarian cancer is the idea 

that ovarian tumors are “cold” (394) meaning that they lack significant T-cell presence and are 

believed to be resistant to immune-based therapies. One way suggested to combat this resistance 

is by encouraging immunogenic cell death (ICD) – a form of cell death characterized by 

expression of damage associated molecular patterns (DAMPs) (395). DAMPs are typically 

intracellular factors, although they obtain immunostimulatory features through surface 

expression on dead or dying cells (395). These surface molecules are recognized by Antigen 

Presenting Cells (APCs), neutrophils, mast cells, natural killer (NK) cells and eosinophils (396). 

These cells release cytokines capable of recruiting cells of the adaptive immune system, 

ultimately triggering anti-tumor response (395). Previous work suggested that 3TSR potentiates 

activation of T-cells (369), although mechanistic details are poorly understood. We therefore 

sought to investigate whether Fc3TSR triggers immunogenic cell death in ovarian cancer cells in 

addition to the direct apoptosis previously shown (306). In addition, given that thrombospondin-

1 has been shown to upregulate levels of cell adhesion molecules complementary to its other 

vascular modulating effects (397), we also studied whether Fc3TSR impacts transvascular 

trafficking of immune cells through modulation of cellular adhesion molecule, Intercellular 

Adhesion Molecule (ICAM)-1.  

While the abnormalities of tumor vasculature result in poor tissue perfusion, posing a 

physical barrier to the delivery of therapeutics, inefficient vessels also pose several impediments 

related to fluid dynamics in the tumor microenvironment. These also limit treatment delivery and 

efficacy. Elevated interstitial pressure (IFP) is considered the most significant barrier to therapy 



	 	 	

	 107	

access to the tumor (162,398). The etiology of IFP elevation is multifactorial and involves high 

vascular permeability and mechanical compression of lymphatic and blood vessels (164,165). 

Disrupted vascular morphology with reduced pericyte coverage is associated with a loss of 

endothelial cell junction integrity and an activated endothelium, resulting in vessels that are 

leaky and extravasate fluid into the tumor environment, thereby increasing pressure within the 

tumor (166,167). Combined with solid stress, in which accumulation of cancer cells, stromal 

cells, cancer-associated fibroblasts (CAFs), and their associated extracellular matrix create high 

mechanical pressure within the tumor, abnormal vessels and lymphatics lead to a significant 

elevation in intratumoral pressure (168). This high IFP poses an impediment of drug uptake and 

delivery within the tumor tissue (173). The elevated IFP leads to a transvascular osmotic 

pressure difference, resulting in impaired delivery of drugs throughout the tumor (174). Even in 

tumors in which there is vascular heterogeneity, drugs will become concentrated in regions that 

have sufficient blood supply but will have limited migration to areas in which IFP is higher and 

vessel density is decreased (175). We therefore sought to investigate whether the vascular 

modulating effects of Fc3TSR extend to lowering interstitial fluid pressure in the tumor for 

improved therapy delivery. Introducing a novel molecule with improved stability, avidity and 

delivery of 3TSR and investigating its potential modulatory effects in multiple facets of the 

tumor microenvironment would lead to a potent compound for clinical trials and substantiate 

regulatory approval.  

 

4.2 Methods 
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4.2.1 Expression of Fc3TSR 

 3TSR was generated as described previously (383). The DNA encoding Fc3TSR was 

codon-optimized for expression in HEK (Human Embryonic Kidney) 293 cells and cloned into 

transient expression vector pTT5 (Novoprolabs). Transient transfection was performed using the 

ExpiFectamine™ 293 Transfection Kit in Expi293™ Expression Medium (ThermoFisher). 

Recombinant Fc3TSR was purified from the cell culture supernatant by protein A 

chromatography.  

4.2.2 Mouse Model  

All mice were purchased from the Charles River Laboratories and housed in accordance with the 

Canadian Council on Animal Care and approved by the Animal Care Committee at the 

University of Guelph. Tumors were induced as described previously (307), in generation of an 

orthotopic, syngeneic, immunocompetent mouse model of EOC. Briefly, ID8 cells (1.0 × 106 in 6 

µL PBS) were injected directly under the left ovarian bursa of C57Bl-6 mice using a Hamilton 

syringe (Fisher Scientific). At 60 days after tumor induction (PTI), mice form large ovarian 

masses, numerous secondary peritoneal lesions, and accumulate abdominal ascites, which 

replicates the symptoms of women with stage III (advanced) EOC. Mice (n = 5 per group) were 

left untreated or treated with Fc3TSR (0.158 mg/kg, once weekly for 2 weeks). Mice were 

subject to tumor interstitial fluid pressure (IFP) measurements at 74 days after tumor induction 

(Fig 4.1).  
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Figure 4.1: Schematic timeline for interstitial fluid pressure measurements in an orthotopic, 
syngeneic mouse model of advanced ovarian cancer. 
 

4.2.3 Cell Lines and Cultures 

Spontaneously transformed murine ovarian surface epithelial ID8 cells (generously 

donated by Drs. K. Roby and P. Terranova, Kansas State University, Manhattan, KS, USA) were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS), 2% L-glutamine and 1% antibiotic/antimycotic (ABAM; Gibco, Grand Island, NY, 

USA) and used for subsequent in vitro and in vivo experiments. Similarly, murine microvascular 

endothelial cells (mEC; American Type Culture Collection, Manassas, VA, USA) were cultured 

in DMEM supplemented with 10% FBS, 2% L-glutamine and 1% ABAM for in vitro 

experimentation. Cell cultures were maintained on 100 mm cell culture plates (Corning Inc, 

Corning, NY) by passaging cells once they reached 70-80% confluency.  

 

4.2.4 Receptor Clustering 

 1.0x104 ID8 cells were cultured on 24 mm glass coverslips (Fisher Scientific) until 80% 

confluent and left untreated (n=4 slips) or were treated with 100nM of 3TSR or Fc3TSR (n=4). 
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In accordance with the assumption that a constant number of cell membrane receptors must be 

present between treatment groups to meet conditions for image correlation spectroscopy (ICS) 

analysis (399), cells were treated for 30 minutes (Fig. 4.3 A.). Following completion of 

incubation time, cells were washed twice with 1xPBS and fixed using 4% paraformaldehyde in 

PBS for 10 minutes. Paraformaldehyde (PFA) was removed and cells were washed twice with 

1xPBS, followed by blocking with 5% BSA in PBS at 4oC overnight. Cells were labelled with 

the primary antibody (1:500, anti-CD36, Novus Biologicals, Colorado USA) for two hours at 

room temperature. Following two more washing steps, cells were blocked with 5% BSA in PBS 

for 30 minutes at room temperature. BSA was removed and cells were incubated with 

fluorescently labeled secondary antibody (1:1000, AlexaFluor 488 anti-IgG, Invitrogen, 

California USA). Cells were washed twice with 1xPBS and affixed onto microscope slides 

(ThermoFisher Scientific, Massachusetts, USA) using an anti-fade mountant containing DAPI 

nuclear counterstain (ThermoFisher Scientific, Massachusettes, USA). Slides were dried for two 

hours at room temperature and imaged using the Olympus Fluoview FV1200 laser scanning 

microscope. The apical membrane of cells was captured using a 60x objective under oil 

emersion, allowing for a pixel size of 0.062 µm/pixel and using a 200 µs/Pixel scan speed to 

allow for optimal resolution. Olympus Image Binary (OIB) images (n=12 cells per treatment 

group) were obtained and analyzed using the FIJI Plug-in of ImageJ software (National Institutes 

of Health, Maryland USA) following ICS as described (Parslow, 2018).  

 

4.2.5 In vitro Immunofluorescence 

For downstream effector colocalization, 1.0 × 104 ID8 cells were cultured on 24 mm glass 

coverslips (Fisher Scientific) until 80% confluent and left untreated (n = 4 slips) or were treated 
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with 100 nM of 3TSR or Fc3TSR (n = 4) for various time points ranging from 10 min to 45 min 

of treatment. Following treatment incubations, cells were fixed with 10% neutral buffered 

formalin for 1 h, rinsed with PBS and permeabilized with 0.2% (v/v) Triton X 100 (Sigma-

Aldrich Canada Ltd., Oakville, ON) for 5 min. Cells were blocked with 5% BSA in PBS and 

incubated overnight at 4 °C with either i) anti-CD36 (1:500, Novus Biologicals, Colorado USA) 

and anti-Fyn (1:1000, Santa Cruz Biotechnology Inc., Texas USA) or ii) anti-Fyn (1:1000, Santa 

Cruz Biotechnology Inc., Texas USA) and anti-JNK 1,2,3 (1:1000, Abcam, Massachusetts 

USA). Following two more washing steps, cells were incubated with species specific Alexa-

Fluor fluorescently labeled secondary antibodies (1:500 dilution; Life Technologies Inc., 

Burlington, ON). Cells were washed twice with PBS and affixed onto microscope slides 

(ThermoFisher Scientific, Massachusetts, USA) using an anti-fade mountant containing DAPI 

nuclear counterstain (ThermoFisher Scientific, Massachusettes, USA). Slides were dried 

overnight at room temperature and imaged using an Olympus inverted epifluorescence 

microscope and Metamorph integrated morphometry software (Molecular Devices, Sunnyvale, 

CA).  

 

4.2.6 Immunohistochemistry  

 Immunohistochemistry was performed on tumor tissues to determine the expression I-

CAM-1 and CD45. At 90 days post-tumor cell injection, following four weeks of treatment with 

equal 0.158 mg/kg Fc3TSR, ovarian tumor tissue was collected from the mice and fixed in 

formalin. Sections 5 mM thick were cut from fixed tumors and mounted onto slides. Following 

deparaffinization, tissues were rehydrated, and endogenous peroxidase activity was blocked by 

incubating slides in 1% hydrogen peroxide for 10 minutes at room temperature. Antigen retrieval 
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was accomplished in a heat-mediated antigen retrieval system using 10 mmol/L citrate buffer at 

90°C for 12 minutes. Sections were then blocked in 5% BSA in PBS for 10 minutes at room 

temperature and incubated with anti-I-CAM-1 (1:500 dilution; Abcam, Massachusetts USA) or 

anti-CD45 (1:1000 dilution; Abcam, Massachusetts USA) primary antibodies diluted in 1% BSA 

in PBS overnight at 4°C in a humidified chamber.  

 Slides were then incubated with species specific biotinylated secondary antibody (1:100 

dilution; Sigma-Aldrich Canada Ltd.) diluted into 1% BSA in PBS for two hours at room 

temperature in a humidified chamber. Extravidin-peroxidase (Sigma-Aldrich Canada Ltd.) was 

used at a 1:50 dilution in 1% BSA in PBS and incubated on the tissue sections for one hour at 

room temperature. Visualization of antigens was accomplished by incubating tissue sections with 

3,3’-diaminobenzidine (DAB) (Sigma-Aldrich Canada Ltd.) for five minutes. Carazzi’s 

hematoxylin was used to counterstain the tissues and coverslips (Leica Microsystems, Concord, 

ON) were mounted onto each slide with Cytoseal-XYL (ThermoFisher Scientific, Nepean, ON). 

Negative controls were sectioned and incubated with secondary antibody only. Imaging was 

performed using a brightfield Nikon Eclipse E600 microscope and a QImaging camera. 

QCapture image software was used to create images. Quantification of cytoplasmic staining for 

I-CAM-1 and CD45 was performed using Aperio ImageScope 12.1 software (Leica Biosystems). 

Positive staining was calculated as a percentage of positive DAB-staining pixels to total pixels 

for each image. A minimum of three fields of view were used for image analysis for each 

experimental replicate.  

 

4.2.7 Immunofluorescence for lymphatics 

 Immunofluorescence was performed on primary tumors to detected lymphatic vessels. At 
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90 days post-tumor cell injection, following four weeks of treatment with 0.158 mg/kg Fc3TSR, 

ovarian tumor tissue was collected from the mice and fixed in formalin. Sections 5 mM thick 

were cut from fixed tumors and mounted onto slides. Following deparaffinization, endogenous 

phosphatase activity was blocked using 0.2% Sodium borohydride in 1x PBS for 20 minutes. 

Slides were washed twice for 2 minutes in 1x PBS and blocked in 5% Bovine Serum Albumin 

(in PBS) for 30 minutes. Podoplanin antibody (1:1000 dilution, Abcam) in 1% BSA was added 

and slides were incubated in humidified chamber at 4°C overnight. The next day, slides were 

washed twice for 2 minutes in 1x PBS and incubated in secondary Alexafluor 488 conjugated 

antibody against Syrian hamster (1:100 dilution) in 1% BSA for 1 hour. Slides were washed 

again and coverslips were mounted using ProLong Gold antifade mountant with DAPI 

(ThermoFisher Scientific, Massachusettes, USA). Images were captured using an Olympus BX-

61 Episcope inverted epifluoresence microscope and Metamorph integrated morphometry 

software (Molecular Devices, Sunnyvale, CA). 

 

4.2.8 Immunofluorescence on lymph nodes  

 Sentinel Inguinal lymph nodes (SLN) were obtained from mice 74 days post tumor 

induction following 2 weeks of treatment with Fc3TSR (0.158mg/kg per week). Lymph node 

tissue was collected from the mice and fixed in formalin. Sections 5 mM thick were cut from 

fixed lymph nodes and mounted onto slides. Following deparaffinization, endogenous 

phosphatase activity was blocked using 0.2% Sodium borohydride in 1x PBS for 20 minutes. 

Slides were washed twice for 2 minutes in 1x PBS and blocked in 5% Bovine Serum Albumin 

(in PBS) for 30 minutes. Antibodies against CD3 (1:500, Abcam) CD138 (Stemcell, 1:200) and 

CD11c (Abcam, 1:1000) in 1% BSA were added and slides were incubated in humidified 
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chamber at 4°C overnight. The next day, slides were washed twice for 2 minutes in 1x PBS and 

incubated in species-specific fluorescently conjugated secondary antibodies (Alexafluor, 

Invitrogen) in 1% BSA for 1 hour.  Slides were washed again and coverslips were mounted using 

ProLong Gold antifade mountant with DAPI (ThermoFisher Scientific, Massachusettes, USA). 

Images were captured using Olympus Fluoview FV1200 laser scanning microscope at 10x 

magnification for representative images to capture whole lymph node. Quantification of nuclear 

staining for each immune subset was performed by capturing 200x images using an Olympus 

BX-61 Episcope inverted epifluoresence microscope and Metamorph integrated morphometry 

software (Molecular Devices, Sunnyvale, CA). Manual counts of immune cells were calculated 

as a percentage of positive DAPI stained nuclei for each image. A minimum of n=4 lymph nodes 

per treatment group and three fields of view per lymph node was used for image analysis. 

 

4.2.9 Western Blots  

ID8 cells were cultured in serum-free medium with 3TSR or Fc3TSR or vehicle control 

as previously described for timepoints ranging from 10 minutes to 24 hours. Following treatment 

(10 nM or 100 nM as indicated), cells were lysed in radioimmunoprecipitation assay buffer 

containing a protease inhibitor cocktail. Protein concentrations were determined using a Bio-Rad 

DC Protein Assay kit (Bio-Rad, Mississauga, ON).     

All western blots were performed using a Bio-Rad wet-transfer western blot apparatus. 

Twenty or forty µg of protein was denatured and reduced before being separated on a gradient by 

SDS-PAGE. Amersham Hybond ECL nitrocellulose blotting membranes (GE Healthcare Bio-

Sciences Corp., Piscataway, NJ, USA) were used for protein transfer, and membranes were then 

blocked in 5% (w/v) skim milk or BSA in Tris-buffered saline plus 0.1% tween 20 (TBST) for 
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one hour. Membranes were probed overnight at 4°C with anti-VEGF (1:500 dilution, Abcam, 

Massachusetts USA), anti-phospho-VEGFR-2/Flk-1 (1:1000 dilution; Millipore Canada Ltd., 

Etobicoke, ON), anti-VEGF receptor 2 (1:1000 dilution; Cell Signaling Technology, Danvers, 

MA), anti-phospho-Jnk (1:1,000 dilution; Abcam, Massachusetts USA), anti-Jnk 1,2,3. (1:2000 

dilution, Abcam, Massachusetts USA), anti-Fyn (1:2,000 dilution, Santa Cruz Biotechnology 

Inc., Texas USA), anti-phospho-Fyn (1:1000 dilution, Abcam, Massachusetts USA), anti-CD36 

(1:2000, Novus Biologicals, Colorado USA) or anti-B-actin or GAPDH (1:5,000 dilution; Cell 

Signaling Technology, Massachusetts USA) primary antibodies. Membranes were then washed 

with TBST and incubated with horseradish peroxidase-linked secondary antibodies (Cell 

Signaling Technology, Massachusetts USA) for one hour at room temperature. Membranes were 

washed with TBST and proteins of interest were detected with Clarity Western ECL Substrate 

(Bio-Rad, Mississauga ON) and imaged using a BioRad Gel Doc. Densitometry analysis was 

performed using the tools in ImageLab software (Bio-Rad) and reported as relative densitometric 

units relative to B-actin, GAPDH or stain-free protein.   

 

4.2.10 Flow Cytometry 

 ID8 cells were plated at a density of 35,000 cells/well in 200uL in a 96 well U-bottom 

plate. Indicated treatment concentrations (10nM Fc3TSR or 2.5uM mitoxantrone or untreated) 

were added and incubated for a range of time points specified (1h, 2h, 4h, 12h, 24h). Following 

treatment, cells were centrifuged at 700xG for 5 minutes and supernatant was poured off. Plate 

was blotted and 100uL of 10mM EDTA-PBS was added to each well to dissociate cells without 

removing surface markers.  Wells were resuspended in 100uL media, centrifuged at 700xG for 5 

minutes, supernatant was poured off and plate was blotted. 50uL of Fc block solution (0.25ul FC 
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Ab + 49.75ul FACS buffer) was added per well, mixed and incubated for 15 minutes at 4°C. 

150ul FACS buffer/well was added followed by centrifugation. Supernatant was poured off and 

plate was blotted. 50ul of master mix containing surface staining primary antibodies was added 

(Anti-calreticulin 647, Abcam 196159 rabbit, 1:50 dilution + 7AAD 1:10 dilution). Plate was 

incubated for 20 minutes at 4°C. 150uL FACS buffer/well was added. Plate was centrifuged, 

supernatant was poured off and plate was blotted. Cells were resuspended using 200ul FACS 

buffer per well and run on a BD FACS Canto clinical flow cytometry system following 

compensation controls.  

 

4.2.11 Assessment of Ovarian Tumor Interstitial Fluid Pressure and Cardiac Functions   

At 74 days PTI, following 2 weeks of treatment with Fc3TSR (0.158mg/kg weekly) mice 

were anesthetized with an isoflurane/oxygen mix (2.5%:100%) and body temperature maintained 

at 37.5°C.  Once animals reached a surgical plane of anesthesia (no response to toe pinch), an 

incision was made along the midline of the abdomen. A 19G needle was inserted into the ovarian 

tumor and a 1.2Fr pressure catheter (Transonic Scisense Inc., London, ON, CA) was guided 

through the lumen of the needle into the tumor to record interstitial fluid pressure.  Zero pressure 

was obtained before and after recording interstitial fluid pressure by placing the catheter in room 

temperature saline.  A pressure catheter was also secured to the right carotid artery using a 7-0 

suture and vet bond. Pressure signals were sampled at a rate of 2kHz and analysis performed 

with LabScribe v4 software (iWorx LabScribe v4, Dover, NH, US). Pressure measurements were 

collected from 3 areas within the tumor and averaged (n=5 mice per group).  

 

4.2.12 Data Analysis 
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 All data collected is expressed as a mean ± the standard error of the mean. In vitro 

experiments contained three replicates, and in vivo experiments used five or six animals per 

group. Means, standard errors of the means and statistical analyses were calculated using 

GraphPad Prism 6.0c statistical software (GraphPad Software Inc., La Jolla, CA, USA). One-

way ANOVA was performed on all in vivo data, followed by Tukey’s post-hoc analysis. Data 

was analyzed relative to untreated controls for each experiment. Differences between means 

were considered significant when p<0.05.  

 

4.3 Results 

4.3.1 Recombinant Fc3TSR Has a Long Serum Half-life in Mice  

3TSR was expressed as a Fc3TSR fusion protein composed of the Fc domain of human 

IgG1 fused to the N-terminus of 3TSR via a flexible (Gly4Ser)4 linker. The monomeric Fc3TSR 

polypeptide has a molecular weight of 46 kDa based on its amino acid sequence and migrated 

with an apparent molecular weight of approximately 51 kDa on Sodium Dodecyl Sulfate 

Polyacrylamide Gel Elecrophoresis (SDS-PAGE) under reducing conditions; under non-reducing 

conditions, it ran as a homodimer (Fig. 4.2 A.). The pharmacokinetics of Fc3TSR was 

determined in C57BL/6 mice injected intravenously with 1 mg/kg or 10 mg/kg of Fc3TSR (n=6 

mice/group). The concentrations of Fc3TSR in the plasma at different time points were 

determined by human IgG enzyme-linked immunosorbent assay (ELISA). The concentration of 

Fc3TSR in the plasma was found to be dose-proportional and the plasma concentrations declined 

according to a half-life of approximately five days (Fig. 4.2. B). Therefore, it is anticipated that 

near-optimal levels of Fc3TSR can be sustained in circulation for at least one week in humans 
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following a single dose. Furthermore, an anti-human Fc western blot showed that Fc3TSR 

remained intact in circulation throughout the time-course of 10 days (Fig. 4.2. C.). 

 

Figure 4.2: Recombinant Fc3TSR has a longer serum half-life compared to native 3TSR. A. 
Analysis of recombinant Fc3TSR by SDS-PAGE under reducing and non-reducing conditions. 
B. Pharmacokinetics of Fc3TSR in mice. Mice were injected i.v. at 1 mg/kg or 10 mg/kg of 
Fc3TSR and plasma samples were collected at the indicated time points. The concentrations of 
Fc3TSR in the plasma samples were determined by human IgG ELISA. C. Western blot analysis 
of Pharmacokinetic (PK) samples to show integrity of molecule in mice.  Based on ELISA data 
in B, PK samples containing 0.2 mg Fc3TSR were loaded directly per lane for the 1-7 hr time 
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points, and PK samples containing 0.2 mg were purified by Protein A Sepharose before loading 
for the 24-240 hour time points (Lanes 1 and 2 for the 1 hr timepoint; lanes 3 and 4, 7 hr; lanes 5 
and 6, 24 hr; lanes 7 and 8, 48 hr; lanes 9 and 10, 72 hr; lanes 11 and 12, 120 hr; lanes 13 and 14, 
168 hr; and lanes 15 and 16, 240 hr). Detection was by anti-human Fc-HRP.  
 

4.3.2 Fc3TSR Enhances CD36 Receptor Clustering and Regulates Ovarian Cancer Cell 

Apoptosis and Proliferation Through CD36-Dependent Mechanisms 

In order to investigate whether the enhanced anti-tumor activity of Fc-3TSR compared to 

3TSR noted in previous studies was due to enhanced Fc3TSR clustering, the role of CD36 

clustering in mediating the improved effects of Fc3TSR was evaluated using high resolution 

confocal imaging and Image Correlation Spectroscopy (ICS). In order to follow conditions for 

Image Correlation Spectroscopy (ICS), CD36 protein expression levels in ID8 cells at acute 

treatment timepoints were tested to select a timepoint with consistent CD36 expression across 

treatments (30 minutes) (Fig. 4.3. A.). To determine whether the more potent downstream 

effector activation of Fc3TSR compared to 3TSR was as a result of enhanced CD36 receptor 

clustering following Fc3TSR treatment, ICS was performed. ICS revealed significantly increased 

aggregation of CD36 on the apical membrane of ID8 cells treated with Fc3TSR compared to 

untreated cells (p<0.0001) and cells treated with equal concentrations of native 3TSR (p<0.001) 

(Fig. 4.3. B. i.). CD36 aggregation on the apical membrane of mEC cells treated with 3TSR or 

Fc3TSR was not statistically significant compared to untreated controls (Fig. 4.3. B. ii). 
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Figure 4.3: Fc3TSR Induces Enhanced CD36 Receptor Clustering Compared to Native 
3TSR in ID8 Cells. A. Western blotting of treated ID8 cell protein (100nM with Fc-3TSR or 
3TSR) was performed to determine the timepoint at CD36 was expressed consistently between 
treatment groups to satisfy conditions for Image Correlation Spectroscopy. B. After 30 minutes 
of treatment with either PBS (1x), 3TSR (100nM) or Fc3TSR (100nM), i) ID8 cells or ii) mEC 
cells were fixed with PFA and subject to CD36 immunofluorescent staining. Confocal images 
were obtained at 60x oil (high resolution) and subject to Image Correlation Spectroscopy to 
identify clustering of the CD36 receptor. Both 3TSR and Fc3TSR induce receptor clustering in 
ID8 cell lines. Fc3TSR induced significantly greater clustering in ID8s and was the only agent 
under study to induce clustering CD36 on mEC cells. For all bar graphs, * denotes statistical 
significance *(P<0.05), ***(P<0.001). 
 
4.3.3 3TSR and Fc3TSR Acutely Induce Expression of CD36 Signaling Molecules 
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In order to assess activation of the CD36 receptor, downstream expression and 

phosphorylation of proto-oncogene tyrosine-protein kinase Fyn (Fyn) and c-Jun NH(2) terminal 

kinase (JNK) was investigated. ID8 cells were left untreated or treated with 3TSR or Fc3TSR to 

induce CD36 clustering. Western blot analysis of total protein revealed an increase in expression 

of phosphorylated Fyn in Fc3TSR-treated cells compared to untreated cells (p<0.01) or cells 

treated with an equimolar concentration of 3TSR (p<0.05) following 15 minutes of treatment 

(Fig. 4.4. A.). Levels of phosphorylated Jnk were significantly increased in cells treated for 15 

minutes with 3TSR or Fc3TSR compared to untreated cells. Concentrations of inactive FYN and 

JNK protein remained relatively unchanged compared to untreated controls but spiked at 24 

hours post-treatment (p<0.05), when phosphorylated counterparts decreased (Fig. 4.4. A.). 

Expression of VEGF was significantly decreased at 30 minutes post-treatment with 3TSR 

(p<0.05) and Fc3TSR (p<0.01) compared to untreated controls. Levels of VEGF continued to 

decline up to 24 hours post-treatment (Fig. 4.4. A.). Similarly, expression of VEGFR2 was 

significantly decreased at 30 minutes post-treatment for both 3TSR (p<0.0001) and Fc3TSR 

(p<0.0001) compared to untreated cells (Fig. 4.4. A.). Immunofluorescence of CD36/Fyn 

revealed colocalization of these downstream factors as early as 10 minutes after treatment with 

3TSR or Fc3TSR (Fig. 4.4. B.). Immunofluorescent staining of FYN/Jnk 1,2,3 revealed 

colocalization and nuclear localization of these effectors at acute timepoints following clustering 

events (Fig. 4.4. B.). The anticipated role of CD36 receptor clustering is graphically described in 

Fig. 4.5.  
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Figure 4.4: Fc3TSR Enhances Expression of Factors Downstream of CD36 in ID8 Cells. A. 
Total protein was collected from murine ID8 ovarian cancer cells left untreated or treated with 
100 nM of 3TSR or Fc3TSR for a range of acute timepoints surrounding receptor clustering 
events. Samples were subject to western blot analysis using antibodies against downstream 
factors vital for CD36 effector functions, as indicated. Expression was calculated relative to 
protein from untreated cells (p<0.05). B. Immunofluorescence colocalization was performed on 
ID8 cells treated with 100 nM of 3TSR or Fc3TSR at various timepoints using markers against i) 
Fyn (red) and CD36 (green) and ii) Fyn (red) and Jnk 1,2,3 (green) to confirm localization. 
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Figure 4.5: Schematic model for the multi-modal mechanisms of 3TSR and Fc3TSR in 
Epithelial Ovarian Cancer. A. The Fc domain facilitates the in vitro manufacturing process, 
producing high yields of protein in mammalian cells. B. Fc3TSR includes contact sites for the 
Neonatal Fc Receptor (FcRn), a systemic receptor known to delay lysosomal degradation, 
allowing for enhanced protein half-life in circulation. C. The Transforming Growth Factor Beta 
(TGF-β) activation sequence has been shown to inhibit angiogenesis and ovarian tumor growth. 
D. Binding of surface-expressed CD36 has anti-angiogenic effects on endothelial cells and has 
been shown to induce apoptosis in ovarian cancer cells. E. The 7-mer active sequence inhibits 
microvascular endothelial cell motility toward Vascular Endothelial Growth Factor (VEGF) and 
Basic Fibroblast Growth Factor (FGF-2). F. Sequence inhibits FGF-2-induced angiogenesis. G. 
Sequence inhibits FGF-2- and VEGF-induced angiogenesis. H. Obligatory dimeric configuration 
of two 3TSR peptides promotes nanoclustering of CD36 on the target cell membrane, leading to 
better apoptotic and anti-angiogenic efficacy. 
 

4.3.4 Fc3TSR Induces immune-stimulating effects in vivo 
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 Previous studies have shown a potential immunomodulatory role for 3TSR, where the 

number of activated intra-tumoral T-cells was enhanced in mice treated with 3TSR compared to 

controls (369). To confirm previous findings, immunohistochemistry against CD45, lymphocyte 

common antigen, was used on tumors from untreated and Fc3TSR treated mice. Analysis 

revealed significantly enhanced levels of CD45 in tumors of mice treated with Fc3TSR, an 

indication of high T-cell infiltration (Fig. 4.6. A). In order to assess whether Fc-3TSR enhanced 

the transmigratory potential of endothelial cells, I-CAM-1 expression between treatment groups 

was investigated. Immunohistochemistry revealed significantly enhanced expression of I-CAM-1 

in the primary tumors of mice treated with Fc-3TSR compared to untreated controls (p<0.05) 

(Fig. 4.6. B.). Since Fc-3TSR is a potent inducer of cell death, we also investigated the potential 

that the peptide triggers immunogenic cell death (ICD), which in turn would confer trafficking 

and activation of immunological cells to the tumor. ID8 cells were treated with 10nM of Fc-

3TSR in vitro. Flow cytometry revealed a spike in the levels of calreticulin, a potent damage 

associated molecular pattern (DAMP), on the surface of cells treated with 10nM of Fc3TSR at 2 

hours (p<0.001) (Fig. 4.6. C.). This rise in calreticulin was comparable to that of cells treated 

with 2.5uM of mitoxantrone for the same duration, which is a known inducer of ICD (positive 

control).  
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Figure 4.6: Fc3TSR Enhances Immune Cell Trafficking and Increases Markers of 
Leukocyte Transmigration. A. Primary Tumors (n=5 per group) were Immunohistochemically 
stained with an antibody against Common Leukocyte Marker (CD45). Images (n=4 per tumor) 
were taken at 200x magnification and cytoplasmic staining was analyzed using Aperio 
ImageScope Software (12.1) for % positive stained tissue *(P<0.05). B. Primary tumors (n=5 per 
group) were immunohistochemically stained with an antibody against ICAM-1 to visualize 
expression of leucocyte adhesion molecules on vasculature within the tumor. Images (n=4) per 
tumor were taken at 200x magnification and analyzed using Aperio ImageScope Software (12.1) 
*(P<0.05). C. ID8 cells were treated with 10nM Fc3TSR (n=4) or 2.5uM Mitoxantrone (n=4), 
which is a positive control for DAMPs, for a range of time points (0 to 24 hours). Flow 
cytometry was performed to quantify surface expression of the Damage Associated Molecular 
Pattern (DAMP) Calreticulin, as a positive indicator of Immunogenic Cell Death (ICD) 
*(P<0.05), ***(P<0.001), ****(P<0.0001), ns=not significant.  
 

4.3.5 Fc3TSR Lowers Interstitial Fluid Pressure in Advanced Ovarian Tumors 

 To further elucidate the effects of Fc3TSR on the solid tumor microenvironment, we 

pursued whether the enhanced intratumoral immune cell and chemotherapy delivery induced by 
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Fc3TSR could be in part due to enhanced fluid dynamics within the solid tumor. Tumors of live 

anesthetized mice left untreated (n=5) or treated with Fc3TSR (n=5) were subject to interstitial 

fluid pressure measurements using a 1.2Fr pressure catheter guided through a 19G needle (Fig. 

4.7. A.). Pressure measurements were collected from 3 separate regions within the tumor of each 

mouse and averaged. Representative outputs from single mice are shown in Fig. 4.7. B. The 

average pressures of 5 mice in each treatment group was calculated and showed that Fc3TSR 

significantly reduces the IFP within solid tumors using this method (Fig. 4.7. D.). The reduced 

interstitial fluid pressure also influenced lymphatic vessels, which appeared enhanced in number 

and patency through immunofluorescence of the lymphatic marker, podoplanin-1(Fig. 4.7. C.). 
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Figure 4.7: Fc3TSR Lowers Interstitial Fluid Pressure in Advanced Primary Ovarian 
Tumors. A. Mice (n=5 per group) were anaesthetized and body temperature was maintained at 
37.5 degrees Celcius. An incision was made along the midline of the abdomen and 19G needle 
was inserted into 3 points (n=3) within the primary tumor. B. A Pressure catheter was carefully 
guided through the 19G needle and a representative output of measurements from one mouse is 
shown. C. Primary tumor immunofluorescence staining of CD31 (endothelial cells, red) and 
Podoplanin (lymphatics, green) demonstrates patent lymphatics within primary tumors following 
treatment. D. The average pressure of mice treated with PBS (n=5) or Fc3TSR (n=5) is shown. 
*(P<0.05) 
 

4.3.6 Fc3TSR Enhances Immune Trafficking to Sentinel Lymph Nodes 

Lymph nodes are an essential site of contact of antigen presenting cells and T- cells. 

Enhanced trafficking of immunological cells from the tumor to the sentinel lymph node (SLN) 

therefore increases the probability of tumor antigen presentation and subsequent T-cell activation 

and proliferation. In order to test whether the lowered interstitial fluid pressure and improved 

fluid dynamics induced by Fc3TSR also enhance immune cell influx into the SLN, inguinal 

lymph nodes were micro-dissected and probed with primary antibodies against dendritic cells 

(green), B cells (blue) and T-cells (red) followed by species specific fluorescent secondary 

antibodies (green, blue and red, respectively). Immunofluorescence revealed significantly 

enhanced (p<0.05) quantities of each of these immune cell subsets into the SLN (Fig. 4.8.).  
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Figure 4.8: Fc3TSR Enhances Immune Trafficking to Sentinel Lymph Nodes. Ressected and 
micro-dissected inguinal lymph nodes from PBS (n=5) or Fc3TSR (n=5) treated mice were 
subject to immunofluorescence colocalization for markers against Dendritic cells (cd11c, 488nm, 
green), B cells (Syndecan-1, blue) and T-cells (CD3, red). Representative high resolution 
confocal images were taken at 100x magnification to shown entire lymph node. Images for 
analysis (n=4 per lymph node) were taken at 200x. Positive nuclei were counted by an individual 
blinded to each group and are represented as a proportion to total nuclei (DAPI). *(P<0.05) 
 

 
4.4 Discussion 
 

Recombinant anti-angiogenic proteins offer a potent therapeutic opportunity, given their 

specificity of reaction, high efficacy, and reduced undesirable side-effects compared to 

conventional cytotoxic chemotherapy (400). However, the clinical utility of these recombinant 

proteins is challenged by several roadblocks including short half-life in circulation (401) and 

rapid destabilization (402). To overcome these limitations, we have engineered recombinant 

3TSR molecules linked to an immunoglobulin heavy-chain Fc fragment which increases the half-

life in circulation significantly from approximately 14 hours to five days in mice. From a clinical 

perspective, this enhanced stability in circulation would likely allow for weekly administrations 

rather than requiring daily injections. Previous work has shown that Fc3TSR reduced ovarian 
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tumor volume and metastatic disease to a greater extent than native 3TSR in vivo (Matuszewska 

et al., submitted 2021).   

TSP-1 binds its cell surface receptor CD36 in the 3TSR region of the protein (265,403). 

Upon activation of CD36, the Src-family kinase Fyn is activated, which leads to increased 

activation of caspase-3 and apoptosis (271,404). 3TSR is able to retain this activity of TSP-1 by 

recruiting Fyn to CD36 (405). Although the mechanisms of CD36 expression and protein 

synthesis are understudied, upregulation of CD36 phosphorylation correlates with high levels of 

CD36 gene transcription and protein synthesis. Other groups (406) have proposed that beyond 

basal levels of CD36,phosphorylation of CD36 in response to a stimulus (in our case, 3TSR or 

Fc3TSR) only occurs on newly synthesized protein. Phosphorylation of CD36 has been shown to 

be blocked by inhibiting CD36 protein synthesis. This may contribute to the enhanced expression 

of CD36 seen following 3TSR/Fc3TSR treatment. There is evidence of enhanced downstream 

signaling of CD36 following ligand-induced compaction and aggregation of this receptor (392). 

In this study, we compliment previous studies showing that the dimeric configuration of Fc3TSR 

enables enhanced activity in vitro compared to native 3TSR by demonstrating that this is due to 

greater clustering of CD36. Multiple 3TSR ligands in our Fc fusion protein induced CD36 to 

form nanoclusters, enhancing ligand-receptor interactions and downstream signaling in ID8 cells 

(see schematic diagram of Fc3TSR functions, Fig. 4.5). We demonstrate that CD36/Fyn 

colocalization is evident 10 minutes after treatment with 3TSR or Fc3TSR. Further, the 

expression of pFyn is significantly enhanced after 15 minutes of treatment of Fc3TSR compared 

to untreated cells and an equimolar concentration of 3TSR. Interestingly, we found that there was 

a spike in CD36 expression in ID8 cells following acute treatment (15 minutes) with either 3TSR 

or Fc3TSR. Loss of function studies have shown that CD36 overexpression is vital to initiate a 
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senescent state in a variety of mammalian cells (407). A handful of chemotherapeutic agents 

have been shown to exploit cellular senescence to suppress tumorigenesis (408). This data lends 

merit to investigating Fc3TSR as a potential senescence stimulus, further emphasizing its multi-

modal potential. It is likely that the greater anti-angiogenic and anti-tumor effects seen following 

Fc3TSR treatment in vivo were due to clustering and enhanced Fyn activation in endothelial and 

tumor cells, in addition to the increased efficacy associated with prolonged half-life in 

circulation. The increased expression of Fas ligand is thought to mediate the induction of 

endothelial cell apoptosis (404). In this study we did not observe increased Fas ligand expression 

in a murine microvascular endothelial cell line. Since the initial studies were performed with 

primary endothelial cells, it is possible that the endothelial cell line used in the present study has 

lost this response. By contrast, the ID8 cell line did have increased expression of Fas ligand after 

treatment with 3TSR or Fc3TSR.   

To elucidate potential mechanisms related to the immunogenicity of 3TSR found 

previously (369) we sought whether Fc3TSR plays a role in enhancing expression of adhesion 

molecules, thereby improving immune diapedesis. Previous studies have shown that the 

interactions between TSP-1 and CD47 on endothelial cells enhance expression of I-CAM-1 in 

response to TNF-a (397). In microvessels, the expression of these molecules is vital for 

leukocyte recruitment and inflammatory response (409). Indeed, we found that Fc3TSR 

enhances ICAM-1 expression in mouse tumors compared to controls in our present study. Since 

the recombinant protein Fc-3TSR no longer retains the CD47 binding peptide at its C-terminus, 

alternate mechanisms are at play. Previous studies have shown that 3TSR treatment upregulates 

key genes involved in inflammation, including TNF alpha (410). The upregulation of TNF alpha 

in response to 3TSR may explain enhanced I-CAM-1 expression in our model. Enhanced 
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adhesion and diapedesis of immune cells may also explain the significantly enhanced tumoricidal 

properties in vivo, when CD47-3TSR was expressed in AAV compared to 3TSR alone. These 

data were previously shown in collaboration with our group (411).  

3TSR induces cell death through CD36-mediated apoptosis and is surmised to induce 

cellular senescence (408). We explored whether Fc3TSR has the potential to induce 

immunogenic cell death by inducing DAMP trafficking to the surface of ID8 cells compared to a 

known inducer of ICD - the chemotherapy mitoxantrone.  We saw significantly elevated levels 

of calreticulin on the surface of live ID8 cells compared to untreated controls at a level 

comparable to that of mitoxantrone treatment (2.5uM) for the same duration. These data 

demonstrate the ability of Fc3TSR to induce calreticulin-mediated immunogenic cell death, 

which may further explain the enhanced inflammation of tumors following 3TSR treatment 

(369). To reach the gold standard for establishing agents that induce cell death, the ability for 

Fc3TSR to induce expression of other DAMPs (I.e. Heat Shock Protein (HSP), HMGB1, ATP) 

should be tested (412). 

When the subcutaneous tissue of an animal is exposed, fluid does not seep out due to the 

negative pressure of the interstitial fluid (413). In tumors however, a combination of properties 

including abnormal vasculature the mass of the tumor tissue obstructing lymphatic patency leads 

to enhanced interstitial fluid pressure. As the most significant barrier to drug delivery, we 

examined whether the changes in microenvironment brought about by Fc3TSR extended to 

lowering interstitial fluid pressure in tumors. Indeed, tumor pressure measurements via 

Transonic pressure catheter revealed significantly decreased pressure in tumors of Fc3TSR 

treated mice compared to tumor bearing controls. The change in pressure and reduced tumor size 

brought about by Fc3TSR likely enhanced drainage to the sentinel inguinal lymph node, as 
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indicated by enhanced immune infiltration of these nodes in mice treated with Fc3TSR. Presence 

of B cells specifically in the sentinel lymph node is an important predictor of treatment success 

(414).  

To our surprise, simultaneous tracking of cardiac pressure and rate during IFP 

measurements revealed evidence of positively altered cardiac function in mice treated with 

Fc3TSR compared to untreated tumor bearing controls (not shown). Recent reports name 

cardiovascular illness the second most common cause of death in cancer (415). In advanced 

cancers, these cardiac pathologies may be as a result of muscle wasting extending to the cardiac 

muscle, which further disrupts the structure and function of electrical cells and conduction 

system pathways of the heart (415). Cancer therapies with cardioprotective function have not 

been elucidated (416–418). This remains an important future direction in our study and 

illuminates a novel use for our orthotopic, syngeneic mouse model of ovarian cancer (419). 

Subsequent studies should be performed to uncover the mechanisms behind Fc3TSR in 

preventing or repairing cancer induced cardiac illness. 
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5.1 Introduction 
 

Pancreatic Ductal Adenocarcinoma (PDAC) is a rapidly deteriorating disease with a 5-

year survival rate of about 8.5% (96).  It is relatively low in incidence as the 11th most common 

form of cancer worldwide but is the 4th leading cause of cancer-related death, claiming over 

430,000 lives per year (96). This disparity is due to relatively non-specific symptoms that lead to 

late detection, prompting some to refer to pancreatic cancer as a “silent killer”. Treatment 

options for PDAC are rather limited and chemotherapy, radiation or a combination of the two 

remains the main option for patients (420). Although multi-drug regimens lead to slightly better 

outcomes overall, they are limited to patients with good performance status, which leaves limited 

treatment options for those with advanced disease,  often forcing patients to resort to palliative 

care (421). The only potentially curative option currently is surgical resection. Unfortunately, at 

the time of diagnosis, only 20% of patients have a surgically resectable tumor (422) due to late 

detection where angioinvasion is observed and the cancer is deemed unresectable. The 

significant tumour heterogeneity in PDAC and significant metabolic and genetic remodelling 

allow PDAC cells to survive under harsh conditions and fuel chemoresistance mechanisms 

(421). This demonstrates a need for innovative therapies targeting advanced disease.  

Given the high mutational burden of pancreatic cancer, a number of targeted therapies 

have been developed. Most pancreatic tumors exhibit mutations in RAS, Cyclin-dependent 

kinase inhibitor 2 (CDKN2), Tumor protein 53 (TP53), Mothers against decapentaplegic 

homolog 4 (SMAD4/SPC4), BRCA2 and many others. While other tumor subtypes have 

significantly benefited from targeted therapies, the complex stromal interactions involved in 

pancreatic cancer progression caused a failure to show clinical benefit of these agents compared 

to standard treatment (421). The most significant clinical benefit was seen with targeting the 
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epidermal growth factor receptor (EGFR) in combination with gemcitabine, which still showed a 

modest improvement of 2 weeks in patient survival (104).  

Pancreatic tumors are hypovascularized and exhibit high levels of hypoxia. The main 

pathological feature of the disease – excess presence of fibrosis, termed desmoplasia – further 

generates excessive interstitial fluid pressure within the primary tumor (423). Drug delivery is 

therefore a significant barrier in PDAC treatment as high interstitial fluid pressure limits therapy 

uptake. While docetaxel and paclitaxel had been considered for treatment, their poor solubility 

and unsatisfactory delivery muted their effectiveness. Intratumoral delivery through albumin-

bound paclitaxel significantly improved the response of these therapies (424), realizing the 

importance of targeting therapy delivery to tumors to improve treatment efficacy and avoid 

adverse effects that could be perceived as treatment failure (421). Another option to enhance 

treatment delivery would be to improve treatment delivery through vascular normalization, rather 

than exacerbate hypoxia and open the door for compensatory mechanisms such as vessel co-

option, vascular mimicry and vasculogenesis that is noted with typical anti-angiogenic therapies 

in PDAC (425). 

Fc3TSR is a fusion peptide of the three type-1 repeat (3TSR) domain of thrombospondin-

1. This anti-angiogenic peptide has been shown to prune back irregular tumor vasculature while 

leaving normal vessels intact through a process known as vascular normalization. This led to 

enhanced delivery of chemotherapy, oncolytic viruses and immune cells in a model of advanced 

stage epithelial ovarian cancer (306,369). Fc3TSR also has direct tumoricidal functions through 

CD36-mediated apoptosis and demonstrates significant disease regression and enhanced survival 

in mouse models of advanced epithelial ovarian cancer (306). The excellent safety profile of the 

protein in mice and canines [unpublished] and multi-modal effects (Matuszewska, accepted 
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2021) makes it an attractive candidate in the treatment of other advanced cancers with exhausted 

treatment options. 

 Here, we generate an orthotopic, syngeneic murine model of advanced pancreatic ductal 

adenocarcinoma. We then test whether Fc3TSR has the potential to induce anti-tumor effects in 

this model through the CD36 receptor, as previously found in EOC (306). This study may 

potentiate the use of Fc3TSR is other advanced cancers with limited treatment options. 

 

5.2 Methods 

5.2.1 Cell lines and Cultures  

Two clinically relevant PDAC cell lines from the C57BL6 genetic background were 

obtained. These cells are isolated from solid tumor arising from a Cre-lox C57BL/6 mouse with a 

conditional point mutation in the transformation related protein 53 gene (TP53R172H) and a 

point mutation in the KRAS gene (KRASG12D). Both cell lines were cultured in 100mm cell 

culture plates (Corning Inc, Corning, NY) at 37°C in a humidified incubator with 5% CO2 and 

subcultured at 70-80% confluency. KPC cells were grown in RPMI 1640 media with 1% 

nonessential amino acids (Wisent Inc.) supplemented with 10% FBS, 1% L-glutamine, 1% 

sodium pyruvate and 1% ABAM for in vitro and in vivo experimentation. PDA 4662-7 cells 

were grown in Dulbecco’s Modified Eagle Medium (DMEM) high glucose, supplemented with 

10% FBS, 2% L-Glutamine and 1% antibiotic/antimycotic (ABAM) for use in vitro and in vivo. 

 

5.2.2 Resazurin Cell Viability Assay 

 ID8 (3.0x103 cells per well), KPC (3.0x103 cells per well) and PDA-4662-7 (2.0x103 

cells per well) were seeding in 96-well plates. The next day, full serum media was removed and 
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cells were serum-starved for 6 hours. Serum-free media was removed and cells were treated in a 

volume of 90uL with various concentrations of Fc3TSR in 2% FBS media (0.1nM, 1nM, 10nM, 

100nM or 1000nM) or media control in triplicate. Following 21 hour incubation, resazurin 

sodium salt (Millipore-sigma) was added to a final concentration of 20ug/mL for 3 hours. At the 

24 hour timepoint, the fluorescence was read at excitation and emission wavelength of 535/25nm 

and 590/35nm respectively. These assays were repeated in triplicate. The mean of baseline 

media-only reads were subtracted from data means. Data was presented as percent viability 

compared to untreated cells (in reduced serum media). 

 

5.2.3 Mouse models 

 All mice were purchased from the Charles River Laboratories and housed in accordance 

with the Canadian Council on Animal Care and approved by the Animal Care Committee at the 

University of Guelph. In generation of an orthotopic, syngeneic, immunocompetent mouse 

model of EOC, KPC or PDA-4662-7 cells (5.0x105 in 4uL) were injected into the tail of the 

pancreas of C57Bl-6 mice using a Hamilton syringe (Fisher Scientific). At 14 days PTI, mice 

presented with palpable tumor nodules. At this time, weekly Intraperitoneal injections of 

Fc3TSR (n=5 per model, 0.158mg/kg) were given using a standard insulin syringe. Controls 

were deemed to have reached endpoint at 28 days PTI due to expanding neoplastic mass of the 

pancreas, leading to weight loss of more than 10%, body condition score of 2 (Ullman-Cullere, 

1999), lethargy accompanied by dull sunken eyes, abnormal posture or lesions interfering with 

mobility and signs of abdominal pain. Mice were euthanized by cervical dislocation. Pancreata 

were immediately collected for tissue analysis.  
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5.2.4 Histology and Immunohistochemistry - Mouse 

 Primary tumors collected 28 days PTI were fixed in 10% neutral buffered formalin 

overnight, washed with 70% ethanol for 24 hours, and transferred to PBS. Tissues were 

processed using an automated processor through ethanol dehydration, clearing with xylene and 

embedding in paraffin wax. Tissues were embedded in blocks and cut into 5-µm sections using a 

rotary microtome. Tissue sections were mounted on charged slides (Superfrost Plus; Fisher 

Scientific) and baked at 37 degrees celsius. Prior to staining, tissues were deparaffinized using 

reagent-grade xylene and subjected to a series of decreasing ethanol concentrations for 

rehydration. Standard hematoxyllin and eosin staining was performed to assess tumor 

morphology. For immunohistochemistry, endogenous peroxidase activity was quenched through 

a 10-minute incubation period in 3% hydrogen peroxide followed by antigen retrieval using 

citrate buffer with Tween-20. To reduce nonspecific binding of antibodies, samples were blocked 

in 5% bovine serum albumin (with 0.02% sodium azide) for 30 minutes at room temperature. 

Tumor sections were exposed to an antibody against CD36 receptor (1:500, Novus Biologics) 

overnight at 4°C to assess expression. After washing, species-specific biotin-conjugated 

secondary antibodies (1:100; Invitrogen) were added for 2 hours at room temperature, followed 

by treatment with ExtrAvidin (1:50, Sigma-Aldrich) for 1 hour. Tissues were exposed to 

SigmaFast 3,3′-diaminobenzidine (DAB; Sigma-Aldrich) for visualization of staining and 

counterstained using Carazzi's hematoxylin followed by coverslip mounting with Cytoseal-XYL 

(ThermoFisher Scientific, Napean, ON). Negative controls were sectioned and incubated with 

secondary antibody only. Imaging was performed blinded to treatment groups using a brightfield 

Nikon Eclipse E600 microscope and a QImaging camera and QCapture image software was 

used. Quantification of cytoplasmic staining for CD36 was performed using Aperio ImageScope 
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12.1 software (Leica Biosystems). Positive staining was calculated as a percentage of positive 

DAB-staining pixels to total pixels for each image. A minimum of three fields of view (greatest 

positive staining) was used for image analysis for each experimental replicate.  

5.2.5 Immunohistochemistry – Human Tissue Microarray  

 The pancreatic adenocarcinoma tissue microarray with paraffin-embedded normal tissue, 

containing 58 cases (core samples) of duct adenocarcinoma and 10 adjacent normal pancreas 

tissue was purchased from US BioMax (PA805b). The slide was kept at room temperature for 1 

hour and subsequently heated at 60 degrees celsius for 30  mins in a horizontal position. Slide 

was deparaffinized by immersing in xylene 2x10 mins, 100% ethanol for 5 mins, 70% ethanol 

for 5 mins and then dried flat at room temperature. The slide was rinsed in PBS twice for 3 mins 

and endogenous peroxidase activity was blocked by immersing in 3% hydrogen peroxide (in 

1xPBS) for 10 mins. Slide was rinsed and antigen retrieval was perfomed by heating the slide in 

0.01M sodium citrate buffer (pH 6.0) to about 95 degrees celsius for 15 mins. The slide was 

rinsed and blocked using 5% BSA for 25 mins at room temperature. Primary antibody against 

CD36 receptor (1:500, Novus Biologics) in antibody diluting fluid was added to the slide for 1 

hour at room temperature in a humidified chamber. After washing, species-specific biotin-

conjugated secondary antibodies (1:100; Invitrogen) were added for 2 hours at room 

temperature, followed by treatment with ExtrAvidin (1:50, Sigma-Aldrich) for 1 hour. Slide was 

exposed to SigmaFast 3,3′-diaminobenzidine (DAB; Sigma-Aldrich) for visualization of staining 

and counterstained using Carazzi's hematoxylin followed by coverslip mounting with Cytoseal-

XYL (ThermoFisher Scientific, Napean, ON). Imaging was performed using a brightfield Nikon 

Eclipse E600 microscope and a QImaging camera and QCapture image software. 
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5.2.6 Statistical Analysis 

 GraphPad Prism v7 software (Prism v7; GraphPad Software, Inc.) was used for statistical 

analysis and graph preparation. Each in vivo treatment group was represented by at least 3 

biological replicates (repeated in triplicate) in all experiments. Data from the in vitro model were 

analyzed using a one-way ANOVA, and a Tukey test was used to determine statistical 

differences among treatment group means. A two-way ANOVA was performed for in vivo data 

and was also followed by a Tukey post hoc test. Differences among treatment groups were 

considered significant if P < 0.05. Graphs are presented as means per group ± SEM. 

 

5.3 Results 

5.3.1 Murine PDAC Cells Express CD36 in vitro and are Susceptible to Fc3TSR Induced 

Cell Death  

 Murine PDAC cell lines were subject to protein extraction and western blotting to 

confirm CD36 expression as the primary receptor required for Fc3TSR function (Fig. 5.1. A.). In 

order to gauge whether Fc3TSR has a similar effect on direct pancreatic cell death as it did with 

ovarian cancer in previous studies (369), a metabolic cell viability assay was used to detect 

proportions of metabolically active cancer cells following Fc3TSR challenge. KPC cells, ID8 

cells and PDA-4662-7 cells were seeded in a 96 well plate at densities that were previously 

determined to allow for 70-80% confluency at treatment the next day (3000 cells per well). Cells 

were serum starved and were treated with increasing concentrations of Fc3TSR (0.1nM, 1nM, 

10nM, 100nM, 1000nM) for 24 hours. The cells were allowed to incubate with resazurin, a blue 

dye which is irreversibly reduced by enzymes in live cells to generate a red-fluorescent product, 

resorufin (426). Fluorescent reads indicated greatest presence of resorufin in untreated cells, 
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indicative of cell viability. Fc3TSR treatment led to significantly less resorufin detected in both 

KPC (Fig. 5.1. B.i) and PDA-4662-7 (Fig. 5.1. B.ii), an indirect indicator of cell death (426).  

 

Figure 5.1: Murine Pancreatic Ductal Cells (PDAC) express CD36 and are susceptible to 
Fc3TSR-mediated cell death in vitro.  A. Western blotting of treated KPC and PDA-4662-7 
cell protein was performed to confirm CD36 expression B. A resazurin assay was performed, 
demonstrating that both i) KPC and ii) PDA-4662-7 cells were susceptible to Fc3TSR mediated 
direct cell death in a dose-dependent manner following 24 hours of treatment with increasing 
concentrations (0.1nM, 1nM, 10nM, 100nM, 1000nM) of Fc3TSR.  For all bar graphs, * denotes 
statistical significance *(P<0.05) 
 

5.3.2 Tumors of an Orthotopic, Syngeneic Mouse Model of Pancreatic Ductal 

Adenocarcinoma Exhibit many of the Histological Characteristics known to PDAC 
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 In order to test the utility of Fc3TSR in vivo, we generated a murine model of pancreatic 

ductal adenocarcinoma using a similar surgical method implemented by our lab to generate an 

orthotopic, syngeneic mouse model of advanced epithelial ovarian cancer (307). Briefly, 1.0x105 

KPC or PDA-4662-7 cells in PBS were injected into the tail of the pancreas of C57bl-6 mice via 

a mid-dorsal incision (Fig. 5.2. A.).  In characterizing disease progression, mice exhibited large 

pancreatic tumors and trace ascites at 14 days. By 28 days, control mice exhibited signs of 

morbidity and the experiment was terminated.  At 28 days post tumor induction, primary tumors 

were collected and fixed. H&E staining was performed to evaluate histological features and 

trademark cells commonly visualized in PDAC (Fig. 5.2. B.) 

 

Figure 5.2: Generation of an immunocompetent, orthotopic, syngeneic mouse model of 
PDAC.  A. Generation of a murine model of PDAC where 5.0x105 KPC or PDA-4662-7 cells 
are injected into the tail of the pancreas and whole pancreas was imp B. Primary tumor histology 
of a murine KPC and PDA models of PDAC. Tumor is visualized invading pancreas in both 
models, which is accompanied by isolated areas of of pancreatitis (‘P’). Images taken at 200x 
magnification.  
 

5.3.3 Fc3TSR Reduces Primary Disease Burden in an Orthotopic, Syngeneic Mouse Model 

of PDAC 
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 Using our orthotopic, syngeneic mouse model of PDAC, we aimed to test whether 

Fc3TSR reduces disease burden through measurement of primary tumor weight. Mice were 

surgically implanted with either KPC (n=10) or PDA-4662-7 (n=10) cells in the tail of the 

pancreas and allowed to progress 14 days. At this stage, large palpable tumors were often visible 

under the skin (retroperitoneally) and mice were hunched with moderate issues in mobility.  5 

mice per cell line were injected intraperitoneally with 0.158mg/kg Fc3TSR in PBS, once a week 

for two weeks. The cohort of mice was euthanized at 28 days PTI due to the onset of morbidity 

in the controls as previously noted. KPC mice treated with 2 rounds of Fc3TSR exhibited 

significantly (p<0.01) reduced primary tumor mass compared to PBS controls (Fig. 5.3). While 

PDA mice treated with Fc3TSR had slightly reduced tumors in comparison to the controls, this 

reduction was not significant. 

 

 

Figure 5.3: Fc-3TSR induced primary tumor regression in an orthotopic, syngeneic mouse 
model of PDAC.  Mice were challenged with either KPC cells or PDA-4662-7 cells (5.0x105) 
surgically injected into the tail of the pancreas and treated intraperitoneally with Fc-3TSR for 
two weeks (0.158mg/kg weekly). Tumors were weighed and photographed at 28 days post tumor 
injection. Fc3TSR treatment induced significant reduction in primary tumor burden in the KPC 
model of PDAC. *Denotes statistical significance *(P<0.05).   
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5.3.4 PDAC Tumors Express CD36 and are Susceptible to Fc3TSR-mediated Cell Death in 

vivo 

 In order to test whether the changes in tumor size in vivo were as a result of CD36 

signaling by Fc3TSR, the expression of CD36 in vivo was studied. Immunohistochemistry 

against CD36 was performed on fixed tumor tissue (28 days PTI) and revealed that both KPC 

and PDA-4662-7 tumors express CD36 in vivo. Control KPC tumors expressed significantly 

higher levels of CD36 compared to PDA-4662-7 (p<0.05) and this was consistent in tumors 

treated with Fc-3TSR (Fig. 5.4. A.). Accordingly, immunohistochemistry revealed that KPC 

tumors treated with Fc3TSR expressed significantly greater levels of pro-apoptotic Cleaved 

Caspase-3 compared to untreated KPC tumors (p<0.01)(Fig. 5.4. B.). Cleaved caspase-3 

expression in PDA-4662-7 tumors treated with Fc3TSR did not significantly differ from 

controls.  

 

5.2.5 Human PDAC Tumor Samples Express CD36  

 Given the potent anti-tumor activity of Fc3TSR in mouse models of PDAC, we sought 

whether human-derived PDAC tumors express CD36 and would thus yield translational potential 

of this therapeutic approach. Targeted Immunohistochemistry of a tissue microarray consisting 

of normal human pancreatic tissue and PDAC samples at various stages of progression (Stage I, 

Stage 2, Stage 3) confirmed expression of CD36 in human disease (Fig. 5.4. C.).  
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Figure 5.4: Fc3TSR induces PDAC tumor cell death in vivo and is a candidate anti-tumor 
agent for human PDAC.  A. Primary tumors of mice 28 days PTI of KPC cells express 
significantly greater levels of CD36 compared to PDA-4662-7 tumors (5.4. A.) and B. are more 
susceptible to Fc-3TSR mediated expression of cleaved caspase-3. C. Human PDAC Microarray 
reveals expression of the CD36 at all stages of tumor progression, confirming the candidacy of 
Fc-3TSR in human PDAC.  *Denotes statistical significance *(P<0.05), **(P<0.01), 
***(P<0.001), ****(P<0.0001).   
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5.4 Discussion 

In comparison to heterotopic allografts, orthotopic syngeneic immunocompetent mouse 

models offer several advantages for testing preclinical therapies in vivo. Given that the tumors 

arise in the same tissue area where they would establish naturally, tumors are introduced to the 

typical tumor microenvironment, which contributes to their growth, invasion and immune 

escape. Replication of the tumor microenvironment also facilitates development of tumor 

heterogeneity, which is a key tumor escape mechanism. Orthotopic, syngeneic models also have 

predictable growth kinetics and grow faster than heterotopic allografts (427), thereby allowing 

timely studies of advanced disease. As noted in the present study and in our previous studies 

utilizing an orthotopic, syngeneic model of EOC, these models better recapitulate signs and 

symptoms of disease progression. This is important when considering how other organs and 

physiological pathways affect survival – as is the case where cancer induced muscle wasting 

impacts cardiac function in a number of malignancies (415).  

 Given that Fc3TSR not only exerts direct tumoricidal effects on cancer cells but also 

works to manipulate the abnormal microenvironment of tumors, we needed to establish an 

orthotopic syngeneic models of pancreatic cancer in order to test candidacy of Fc3TSR as a 

therapy for this disease. Indeed, surgically implanting relevant pancreatic cell lines into the 

pancreas of a mouse of the same background led to successful seeding and development of large 

primary tumors. As noted in our study, these tumors recapitulated common morphological and 

histological features of PDAC in the general population. The rapid progression of the disease (14 

days PTI to large primary tumors and 28 days to established endpoints) yields a model that 

mimics the devastatingly rapid progression and staging of pancreatic cancer, while also enabling 

timely research outputs. 
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CD36, a surface receptor on tumor and endothelial cells to which Fc3TSR binds and 

leads to apoptosis in these cells, was confirmed to be expressed on the surface of an array of 

human pancreatic tumor samples. In addition, CD36 was indeed expressed on KPC cells in vitro 

and on tumor samples from KPC and PDA-4662-7 injected mice in vivo. Since CD36 is shown 

to be vital for Fc3TSR function (Matuszewska, 2021, submitted), the presence of the receptor in 

our mouse models and on the microarray suggests that PDAC is a candidate tumor subtype for 

Fc3TSR therapy. In our PDAC mouse model, we saw significantly reduced tumor burden in the 

KPC model following Fc3TSR treatment, although this was not the case for PDA-4662-7. In 

order to confirm and expand on this finding, we looked at expression of cleaved-caspase-3 – an 

apoptotic factor activated as a result of CD36 signaling. Upon activation of CD36, the Src-family 

kinase Fyn is activated, which leads to increased activation of caspase-3 and apoptosis (271,404). 

Cleaved capase-3 expression was significantly enhanced in KPC tumors, while this was not the 

case for PDA-4662-7 tumors. This may be as a result of the significantly enhanced CD36 

receptor expression on the KPC tumors compared to PDA-4662-7, leading to greater receptor 

activation, clustering and resultant apoptosis.  

Fc3TSR has shown significant disease regression in a model of advanced stage ovarian 

cancer, particularly when combined with other agents (306,369)(Matuszewska, submitted, 2021). 

The advanced nature of PDAC and similarities of the two diseases in terms of anatomical 

location within the peritoneum, low rate of survival, lack of specific early symptomology leading 

to late diagnosis, lack of biomarkers and unchanged standard of care in decades has prompted us 

to pursue investigating the effect of Fc3TSR on PDAC. Future directions will include delving 

further into pre-clinically testing Fc3TSR in the treatment of PDAC. While this study 

demonstrated direct tumoricidal potential of Fc3TSR on PDAC in vitro and in vivo, future 
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studies will consider the modulatory effects of Fc3TSR on the PDAC microenvironment. Given 

that PDAC tumors are characterized by intense desmoplasia which promotes rapid angiogenesis 

and heterogenous vascular density (428), the vascular and immune-modulating effects of 

Fc3TSR are currently being investigated.   
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6.1 Discussion  

The present thesis attempts to address several obstacles to treatment success facing 

patients diagnosed with solid tumors at the advanced stage. Although Epithelial Ovarian Cancer 

and Pancreatic Ductal Adenocarcinoma are drastically different diseases based on clinical 

presentation and pathogenesis, both 1) lack of specific biomarkers for early diagnosis (47,96), 2) 

are elusive diseases with a lack of specific symptomology (422,429), 3) are diagnosed at 

advanced stages when 5-year survival rate is extremely low (80,429), 4) have not experienced a 

significant change to first-line standard of care in decades, 5) are prone to therapy resistance and 

disease recurrence due to heterogeneity (101,347), 6) are considered immunologically ‘cold’ and 

most are unforgiving when it comes to immunotherapy (430,431), 7) need novel, innovative and 

multi-modal therapies to improve late-stage survival.     

Chemotherapeutic agents have garnered success in all subtypes of cancer and saved 

millions of lives since nitrogen mustard became the first licensed chemotherapeutic agent for use 

in lymphoma in the 1940s (432). However, the reality of cancer is that it is not a simple 

outgrowth of cells as historically thought, but rather a complex system with the ability to adapt to 

its environment and evade treatments in ways that still elude scientists today. Not only that, but 

tumors exhibit extensive heterogeneity – not only between patients, but also among cells within 

the same tumor and between primary and metastatic cells (433). Therefore, improving survival 

statistics of the most advanced forms of this disease requires an understanding of specific 

attributes of that tumor and its microenvironment to select a treatment regimen with high 

likelihood of success (personalized therapy) and target as many attributes of that tumor to 

prevent escape mechanisms (multi-modal or combination therapies). 
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The use of anti-angiogenic agents, or inhibitors of angiogenesis, in cancer date back to 

1971 when Dr. Judah Folkman published his hypothesis in the New England Journal of 

Medicine, indicating that tumor growth is angiogenesis-dependent and tumors release a 

diffusible factor to recruit vessels for their own growth (121). This diffusible factor became 

known as Vascular Permeability Factor (VPF) and later VEGF (155,434,435), and was followed 

by discovery of a monoclonal antibody to inhibit it in hopes of starving tumors (224,436). While 

the aim of these initial agents was to break down tumor vessels to prevent tumors from acquiring 

oxygen and nutrients, the reality was that these vessels were already broken and inefficient to 

begin with. The haphazard formation of tumor vessels in tumors due to uncontrolled release of 

angiogenic factors leads to lack of perfusion, leakage of fluid into body cavities and impaired 

fluid dynamics like high interstitial fluid pressure (437). Lending to their previously mentioned 

adaptability, tumors learn to thrive under hypoxic environments by adjusting their metabolism 

(437). Attempting to break down vessels using anti-angiogenic therapies poses two main issues: 

1) angiogenesis is fueled by angiogenic factors with redundant functions – success in blocking 

all of them is unlikely (110,111), 2) increased hypoxia leads to downstream effects which 

ultimately promote tumor survival as reviewed (437). On the other hand, a functional vascular 

system from site of injection to target tumor cell is indispensable for proper intravenous delivery 

of anti-cancer drugs. Therefore, in favor of changing the paradigm, vascular normalization 

became the new goal of anti-angiogenic therapy (438). Unfortunately, in solid tumors such as 

ovarian and pancreatic cancer, the success of intravenous therapies is discouraged by vessels 

with irregular morphology due to their rapid and incomplete formation.  

 To date, clinically approved anti-angiogenic molecules are based on blocking VEGF or 

its receptors. The redundancy of pro-angiogenic molecules (Table 1.4) leaves room for 
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resistance to these therapies. 3TSR has a unique mechanism of action through downstream 

effects of the CD36 receptor (306). 3TSR also impacts tumor cell proliferation and migration 

through TGF-β activation via the RFK sequence of 3TSR (318). By causing tumor debulking 

through apoptosis, which is unlike currently approved anti-angiogenic therapies, 3TSR targets 

tumor cells directly and also contributes to exposure of TAAs for recognition by the immune 

system and relieves pressure on tumor vessels that are being occluded by the growing tumor 

mass. Being based off the first naturally-occurring anti-angiogenic molecule discovered 

(Thrombospondin-1), murine and canine (not shown) pre-clinical models have not incurred any 

adverse effects, which is often the case with hypertension, thrombosis and intestinal perforation 

in bevacizumab-based therapies (439–441). In addition, in all settings, the use of bevacizumab 

alone or in combination with chemotherapy led to improved disease control in ovarian cancer, 

but had no significant effect on overall survival (442). These findings highlight the need for 

exploration of other novel combinations for vascular-targeted therapies in ovarian cancer. 

As immunotherapy is the fourth pillar of cancer therapeutics, one of the obstacles facing 

the field will be how to make these medicines more effective and produce consistent results in 

patients, given that response to most agents is currently variable among patients and tumor 

subtypes (443). Tumor heterogeneity is contributing to this variable success, although it is also a 

major obstacle itself (444). Tumor heterogeneity leads to destruction of some cells within 

tumors, while unsusceptible cells go unharmed and result in resistant or recurrence. To prevent 

the selection of resistance clones, treating cancer with multi-modal agents or a combination of 

carefully selected medicines is likely the best option in targeting heterogenous tumors (445). 

However, to complicate things further, tumors between patients are also heterogenous when 

considering the TME – a complex system of countless cell types likened to an organ system 
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(446). This highlights the importance of the tumor microenvironment when designing novel 

therapies, particularly when it comes to the overarching impact of tumor vessel morphology and 

the cascade of tumor-supporting downstream effects (hypoxia, IFP, ascites, cardiac dysfunction) 

that hinder standard treatment efficacy. This is perhaps the most important lesson from this thesis 

work. Below are significant takeaways from each chapter and future directions to consider. 

6.1.1 Chapter 2   

 This chapter highlights the remarkable ability of oncolytic viruses to hijack tumor cells 

specifically, leading to direct lytic effects or function as immunotherapy by releasing TAAs. 

However, it also challenges the current thought pertaining to whether vascular shutdown is a 

positive attribute of oncolytic virotherapy (214). Since oncolytic viruses infect cells with 

downregulated anti-viral pathways, the excessive VEGF and other immunosuppressive cytokines 

within the tumor microenvironment not only allow OVs to preferentially infect tumor cells, but 

also the endothelial cells which are central to the tumor. This causes vascular shutdown, resulting 

in limited vascular perfusion and hypoxia. While this technique may initially lead to anti-tumor 

efficacy, years of research into anti-angiogenic therapies have proven that tumors are unlikely to 

be starved (226) and in most cases will adapt to environmental changes, leading to therapy 

resistance. This technique also does not address the other beneficial impact of OV therapy, which 

is the ability of OVs to release TAAs following infection and lysis. Occluding vessels through 

vascular shutdown isolates the tumor and prevents entry of subsequent viruses or effector 

immune cells capable of providing systemic immunity (286)(189). Using an orthotopic, 

syngeneic, immunocompetent mouse model of advanced stage ovarian cancer, we demonstrated 

that pre-treating mice with 3TSR ahead of oncolytic Newcastle Disease Virus (NDV(F3aa) led to 

greater vascular perfusion through vascular normalization followed by a reduction in hypoxia. 
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Since hypoxia exacerbates tumorigenesis in a number of ways as previously reviewed (437), the 

ability of vascular normalization to significantly decrease hypoxia despite presence of an 

oncolytic virus was a significant finding in this study. In addition, re-oxygenation of tumors is a 

positive aspect for the viral platform, given that hypoxia can hamper cell-mediated effector 

immunity by impeding function of these cells and contribute to immune tolerance by 

upregulation of immune suppressors (447,448). Mice treated with combination therapy 

(3TSR+NDV(F3aa) had smaller primary tumors and reduced secondary lesions at endpoint (90 

days PTI). In addition, mice treated with 3TSR had increased intratumoral recruitment and 

activation of immune cells (most notably, CD8+ and NK cells which are highly involved in anti-

tumor immunity). Future directions of this study should explore whether vascular normalizing 

therapies can synergize with other oncolytic viruses as well, or whether the present study yields 

findings unique to NDV. We showed for the first time that 3TSR prevents vascular shutdown 

caused by an oncolytic virus. This study paves the way for multi-modal combinations of anti-

angiogenic and immunotherapies as a novel treatment strategy for advanced cancer. 

6.1.2 Chapter 3   

  While results from the previous study explore a potential combination therapy for use in 

patients with advanced disease, our orthotopic, syngeneic, immunocompetent mouse model of 

advanced stage ovarian cancer does not address several aspects of the disease profile in advanced 

EOC. Firstly, women with ovarian cancer often become resistant to the primary standard of care, 

which is a combination of paclitaxel and carboplatin chemotherapy (347). Since there is a lack of 

second-line therapies for advanced ovarian cancer, the need really lies in finding therapies for 

chemoresistant disease. Secondly, women with advanced stage EOC typically undergo 

paracentesis to remove ascites fluid that has accumulated in the abdomen due to leaky 
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vasculature and faulty fluid dynamics at the tumor level. The presence of ascites fuels ovarian 

cancer metastasis as free-floating cancer cells that have dislodged from the primary tumor use 

the flow of fluid to attach and seed on organs within the peritoneum (449). These free-floating 

malignant cells therefore represent an interesting point of study as targeting them would 

theoretically prevent metastasis in ovarian cancer. To make our model more clinically relevant, 

we implemented ascites aspirations periodically. In addition, we formed cell lines of malignant 

ascites derived from mice treated with a standard regimen of carboplatin+paclitaxel 

chemotherapy or 3TSR or left untreated, in order to investigate whether NDV(F3aa) infection 

and replication is at all affected by prior exposure to these therapies and whether NDV(F3aa) has 

anti-tumor efficacy at this stage of metastasis. Indeed, NDV(F3aa) was shown to preferentially 

infect malignant ascites of mice treated with 3TSR or chemotherapy in vitro compared to 

untreated ascites. In addition, the lytic effect of NDV(F3aa) was improved in treated ascites, as 

determined by a cell death assay performed on ascites cells at various MOIs of NDV(F3aa). 

Indeed, certain chemotherapy drugs have been shown to enhance oncolytic virotherapy in vivo 

due to cytotoxicity-mediated generation of TAAs and transient immunosuppression which 

prevents anti-viral immunity. To our knowledge however, this is the first study to demonstrate 

that ascites cells can be themselves chemosensitized to NDV infection. 

 It is interesting to note that in our in vivo studies, chemotherapy alone did not yield a 

significant benefit in anti-tumor efficacy in either primary and secondary disease and very little 

benefit in survival compared to untreated mice. This speaks to the importance of multi-modal 

treatments and combination therapies to debulk heterogenous tumors. When chemotherapy was 

combined with other treatments, there were enhanced anti-tumor effects in primary and 

secondary tumors. Interestingly, CTx+NDV(F3aa) treatment had the lowest performance among 
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combination therapies in terms of debulking tumors but was equivalent to 

3TSR+CTx+NDV(F3aa) as the top performing group in survival. We hypothesize that 

CTx+NDV(F3aa) led to vascular shutdown at the primary tumor, leading to deficiencies in 

subsequent intratumoral immune effector cell trafficking – thereby leading to sub-par results in 

tumor debulking. However, due to enhanced sensitization of ascites cells to NDV(F3aa) therapy 

brought about by chemotherapy in this regimen, the ascites was likely less cellular, leading to a 

reduced number of metastatic nodules to seed and reduced burden of disease. Since our scoring 

system for secondary lesions has historically recorded the number of lesions on a narrow scale 

(abdomens with no visible secondary tumors were scored a 0, presence of one or two secondary 

lesions scored a 1, three to 10 lesions were scored 2, and >10 lesions received a score of 3) (307) 

future studies should look to expand this scoring system. A novel scoring system that 

distinguishes size and number of metastatic lesions would be useful for determine extent of 

metastasis. This study also used flow cytometry to determine immune populations in the primary 

tumors of treated mice. Flow cytometry revealed a decreased FoxP3+ Treg: CD8+Tcell ratio in 

combination treatments under study, a sign of immunotherapeutic success in ovarian cancer. 

We postulated that since patients previously treated with chemotherapy likely have 

chemosensitized tumors due to exposure, perhaps NDV will have enhanced efficacy in 

chemoresistant cells. Indeed, using ID8-R cells, we demonstrated that NDV(F3aa) induces 

greater levels of cell death in chemoresistant cells as compared to the native ID8 line. While we 

did attempt a pilot study to develop a mouse model of advanced stage disease to test response of 

NDV(F3aa) in vivo, implanting ID8-R cells under the ovarian bursa resulted in ascites 

accumulation within just 7 days and progression was inconsistent between animals (data not 

shown), ultimately leading to study termination.  
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This study is an extension of our previous work showcasing the benefits of utilizing 

vascular normalization ahead of an oncolytic virus to improve intratumoral virus delivery. The 

present study indicates that 3TSR may have direct effects on sensitizing tumor cells for 

NDV(F3aa) infection. Further research is necessary to understand the mechanism behind 

chemosensitizing roles of these agents. In addition, future directions should consider utilizing 

advanced in vivo models of chemoresistance, such as patient derived xenografts (PDX) in order 

to determine whether NDV(F3aa) exhibits enhanced efficacy in targeting tumors with acquired 

resistance to cytotoxic chemotherapy. 

 6.1.3 Chapter 4 

            3TSR is a safe, multi-modal peptide with proven efficacy in normalizing tumor 

vasculature in a number of cancer subtypes. However, the clinical utility of recombinant proteins 

is compromised by short half-life in circulation and rapid destabilization (401,402). The short 

half-life of 3TSR (~14 hours) and small size (18kDa) necessitates intraperitoneal injection once 

daily (450). This is unappealing from a clinical perspective due to factors such as patient 

compliance and ease of use, which must be considered when preparing a molecule for clinical 

trials and hopefully product launch in the future. We therefore sought to extend previous work in 

the Petrik Lab (Ten Kortenaar, 2016, Thesis) comparing efficacy between 3TSR and Fc3TSR - a 

construct with one 3TSR peptide fused to the C-terminus of each of the two heavy chains of the 

Fc region of human IgG1 (385). In other angiogenesis inhibitors such as Aflibercept (Zaltrap®, 

Regeneron Pharmaceuticals), addition of an Fc domain increases the half-life of the protein in 

circulation from hours to weeks (389,390). Indeed, we show that Fc3TSR has a long serum half-

life of 7 days, allowing weekly injections of the compound rather than daily. Previous work has 

shown that Fc3TSR enhances cell death in ID8 cells to a greater extent than equimolar 
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concentrations of 3TSR. Fc3TSR also reduced ovarian tumor volume and metastatic disease to a 

greater extent than native 3TSR in vivo (450).  Here, we demonstrated that the dimeric 

configuration of Fc3TSR enables enhanced activity in vitro compared to native 3TSR through 

greater clustering of CD36. Multiple 3TSR ligands in our Fc fusion protein induced CD36 to 

form nanoclusters, enhancing ligand-receptor interactions and downstream signaling in ID8 cells 

and MEC cells. In chapter 1, 3TSR was shown to enhance activation of T cells in primary 

tumors. These data hint that there may underlying immunostimulatory properties of 3TSR that 

have not yet been elucidated. In this study, we demonstrate that Fc3TSR induces ecto-

calreticulin expression, a marker of immunogenic cell death. In addition, Fc3TSR was shown to 

significantly enhance I-CAM-1 expression, suggesting that the peptide may improve diapedesis 

in addition to greater immune cell trafficking through vascular normalization. The most notable 

finding from this study is the ability of Fc3TSR to reduce interstitial fluid pressure within the 

solid tumor core. High interstitial fluid pressure has been named an invincible barrier to drug 

delivery (398,451). By lowering interstitial fluid pressure, Fc3TSR was able to improve drainage 

of immune cells into the sentinel lymph node. The sentinel or draining lymph node represents a 

vital site for cell-cell interactions where antigen presenting cells activate T-cells and B-cells 

according to antigens detected at the tumor site (452,453). Therefore, Fc3TSR mediated decrease 

in interstitial fluid pressure not only improves immune cell access to the tumor, but also 

indirectly improved activation of effector cells thought improved contact with APCs – a vital 

process for cancer immunotherapy. Through a serendipitous finding, Fc3TSR may improve 

aspects of cardiac function in tumor bearing mice (not shown). This provides opportunity for 

future investigation of use of Fc3TSR in cardiac patients, or in cancer when likelihood of cardiac 

dysfunction as a comorbidity is high. 
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6.1.4 Chapter 5  

 This study provides the groundwork for investigating the use of Fc3TSR in additional 

tumor subtypes. We obtained two murine pancreatic ductal adenocarcinoma cell lines and 

generated an orthotopic syngeneic mouse model of pancreatic ductal adenocarcinoma utilizing 

the same surgical technique as in our ovarian model. In vitro, these cells expressed CD36 as a 

requirement for Fc3TSR-mediated function. Susceptibility to Fc3TSR mediated apoptosis was 

confirmed using a metabolic resazurin-based cell death assay. After implantation of KPC or PDA 

cells in the tail of the pancreas of C57Bl-6 mice, large primary tumors were formed rapidly. 

Mice were treated intraperitoneally with Fc3TSR and demonstrated a significant decrease in 

tumor mass compared to untreated mice. Tissue microarray staining revealed expression of the 

CD36 receptor in human samples of metastatic and primary PDAC, indicating that Fc3TSR may 

in fact be a candidate in treatment strategies for pancreatic cancer. Future studies should 

investigate the effects of Fc3TSR on vasculature and oxygenation status of PDAC mice to 

hopefully extend the use of Fc3TSR to other tumor types. 

6.2 Final Thoughts and Future Directions 

When investigating therapies for complex diseases such as advanced cancer, several 

considerations must be made at the pre-clinical stage to optimize clinical development. A good 

target must prove efficacious, safe, meet clinical and commercial needs and be ‘druggable’ 

(454).  Efficacy relies on proving that the target has substantial anti-tumor effects in primary and 

metastatic disease and improves survival. Ideally, efficacy of the target should be measurably 

greater than the current standard of care for the disease of interest. When measuring efficacy, it is 

also important to use appropriate translational animal models to provoke a meaningful transition 
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to human medicine. Given that pre-clinical efficacy doesn’t always translate to efficacy in 

humans (455), the field is moving towards testing therapies on patient-derived xenografts and 

other humanized models, to prevent clinical failure. The target must also demonstrate significant 

safety in animals such as mice or rats. Showcasing the safety of the target in higher mammals – 

research canines or primates – would streamline the regulatory approval process.  Promising 

targets could also be candidates for companion animal clinical trials, which serve as a bridge 

between data obtained in laboratory animals and human trials. As a bonus, companion animal 

clinical trials could also elicit the target for veterinary medicine in promotion of One Health 

(456,457). Agents must also meet a clinical need, which becomes important for recruitment in 

clinical trials. In Canada, this is also important for drug reimbursement. The agent must also be 

‘druggable’, or have a biological target known to bind with high affinity. In addition, pre-clinical 

considerations also include design of the drug for efficient production in scaling up.   

Overall, we demonstrate that Fc3TSR is an excellent drug candidate for clinical trials in 

advanced cancers. While currently approved anti-angiogenic therapies such as monoclonal 

VEGF antibodies and Tyrosine Kinase Inhibitors typically target a single pathway, Fc3TSR has 

multi-modal functionality. Fc3TSR not only sequesters VEGF, but also induces direct apoptosis 

of cancer cells through CD36 signaling, promotes apoptosis of endothelial cells by decreasing 

pro-survival factors and activates TGF-β via KRFK motif in the second type-1 repeat which 

causes context-dependent antitumor activities (318,458). Vascular-targeting agents, such as 

bevacizumab (a monoclonal antibody against VEGF) have been explored alone and in 

combination with chemotherapy in several cancers, leading to improved disease control (442). 

Unfortunately, these agents do not have a significant effect on cure rate or overall survival, 

which highlights an opportunity to explore novel anti-angiogenic partners with multi-modal 
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capabilities such as Fc3TSR (459). While our studies were conducted using an 

immunocompetent, orthotopic, syngeneic mouse models of Epithelial Ovarian cancer and 

pancreatic ductal adenocarcinoma, future studies should be performed on humanized models 

with patient-derived xenografts to even more closely resemble human disease.  

Since Fc3TSR is based off an endogenous, naturally occurring molecule, we did not see 

any adverse effects or evidence of toxicity in mice within our studies. Thrombospondin-1 based 

peptides have been shown to be well-tolerated in humans (460). In addition, we have recently 

completed a healthy canine safety trial with Fc3TSR, with early evidence demonstrating that the 

3 canines under study had no known side effects or alterations to vital system function. Next 

steps include a companion animal trial investigating the effect of Fc3TSR on canine soft tissue 

sarcoma, bridging the gap from pre-clinical to human cancer trials. As emphasized throughout 

this thesis, treatment for ovarian and pancreatic cancers have not changed appreciably in decades 

and the survival rates have also remained low. The clinical need for a compound with the ability 

to reanimate vascular perfusion and enhance the delivery of chemotherapy and immunotherapy 

in multiple cancer subtypes is clear. In addition, given that the ‘druggable target’ CD36 has been 

identified in a number of solid tumor types, the potential of Fc3TSR for use in other cancers, and 

with other intravenous therapies facing challenges with delivery, is highly likely. In terms of 

production and manufacturing for use in trials and hopefully patients, IgG-based therapeutics 

also allow for safe and scalable purification procedures, making them ideal for clinical use 

(389,461). Throughout the present studies, we have identified several properties of Fc3TSR that 

were previously unknown. Although several studies are needed to confirm candidacy for clinical 

trials, the current thesis highlights the multi-modal aspects of Fc3TSR and elucidates several 
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directions for future investigation in hopes of further characterizing this drug so that it may one 

day benefit cancer patients.  
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APPENDIX 
 

Primary Antibody 
Target  Source Catalogue # Dilution  

    alpha-SMA Sigma Sc32251 [1:600] Immunofluorescence (tissues) 

Beta-actin  
Cell 
Signaling Cs4967 [1:5000] Western 

Calreticulin (647) Abcam 196159 [1:50] Flow Cytometry 

CCL-22 Abcam 124768 [1:600] Western 
CD11c Abcam Ab33483 [1:1000] Immunofluorescence (tissues) 

CD138 Stemcell 60035 [1:200] Immunofluorescence (tissues) 

CD16/CD32  
eBioScien
ces 14-016186 [1:200] Flow Cytometry 

CD25 APC  
eBioScien
ces 17-0251-82 [1:200] Flow Cytometry 

CD279 (PD-1)  
eBioScien
ces 46-9985-82 [1:200] Flow Cytometry 

CD3 Abcam Ab16669 [1:500] Immunofluorescence (tissues) 

CD3 BV421 
BD 
Horizon  562600 [1:200] Flow Cytometry 

CD31 Abcam Ab28364 [1:50] Immunofluorescence (tissues) 

CD36 Novus NB400-144 

[1:500] Immunofluorescence 
(Coverslips)  
[1:2000] Western                                  
[1:500] Immunohistochemistry 

CD4 Abcam Ab183685 [1:1000] Immunohistochemistry 

CD4 FITC  
eBioScien
ces 11-0043-85 [1:200] Flow Cytometry 

CD45 Abcam Ab10558 [1:1000] Immunohistochemistry 

CD45.2 PE-Cy7  

BD 
Pharminge
n 560696 [1:200] Flow Cytometry 

CD69 Abcam Ab25190 [1:200] Immunofluorescence (tissues) 
CD8 Novus NBP2-12183 [1:200] Immunohistochemistry 

CD8 BV510  
BD 
Horizon  563068 [1:200] Flow Cytometry 

FoxP3 Abcam Ab54501 [1:1000] Immunohistochemistry 

FoxP3 PE  

BD 
Pharminge
n 560414 [1:200] Flow Cytometry 

Fyn  
SantaCruz 
Biotechnol Sc434 

[1:2000] Western                                
[1:1000] Immunofluorescence 
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ogy (coverslips) 

GAPDH 
Cell 
Signaling Cs2118 [1:5000] Western 

GFP Invitrogen A10262 
[1:500] Immunofluorescence 
(Coverslips) 

Hsp-90  Abcam Ab203126 
[1:500] immunofluorescence 
(coverslips) 

Hypoxyprobe-1 
Hypoxypr
obe Hp1-1000 

[1:25] Immunofluorescence (tissues)          
[1:25] Immunohistochemistry  

I-CAM-1 Abcam Ab119871 [1:500] Immunohistochemistry 
IL-10  Abcam Ab34843 [1:500] Western 

IL-6 
Cell 
Signaling Cs9954 [1:1000] Western 

Jnk1,2,3.  Abcam Ab179461 

[1:2000] Western                                
[1:1000] Immunofluorescence 
(coverslips) 

Ki67 Abcam Ab15580 [1:200] Immunofluorescence (tissues) 
Macrophage CD68 Novus NBP1-74570 [1:100] Immunohistochemistry 

Neutrophil Abcam Ab2557 [1:200] Immunohistochemistry 

NKG2D Abcam Ab203353 [1:200] Immunohistochemistry 
Phospho-Fyn  Abcam Ab182661 [1:1000] Western  
Phospho-Jnk  Abcam Ab124956 [1:1000] Western 
Podoplanin  Abcam Ab11936 [1:1000] Immunofluorescence (tissues) 
TGF-β1  Abcam Ab92486 [1:800] Western 
VEGF Abcam Ab46154 [1:500] Western 

VEGF receptor 2  
Cell 
Signaling  Cs2479 [1:1000] Western  

	 	 	 	Table A.1 Complete list of Antibodies (all chapters) 
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Figure A.1 Combination therapy results in decreased ascites fluid volume. At euthanasia, 
ascites fluid was aspirated from the abdomen of control and treated mice and the volume was 
quantified. Combined treatment with 3TSR and NDV(F3aa) resulted in a significant reduction in 
ascites volume compared to controls or other treatment groups. Means+/- SEM are shown. Data 
represents results from N=12 animals per experimental group. Data were analyzed by one-way 
analysis of variance with Tukey's multiple comparison test; *P<0.05. 
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Figure A2. ID8, CAOV-3 and NOSE cells were infected or mock infected (1x PBS) at an MOI 
of 0.1. Infected and uninfected cells were collected 24 hours later and stained for Annexin V a 
marker for early apoptosis and 7-Aminoactinomycin D (7AAD) a marker for dead cells (N=3). 
A, The cytogram of the four quadrants was used to distinguish normal (Annexin V−/7AAD+), 
early apoptotic (Annexin V+/7AAD−), late apoptotic (Annexin V+/7AAD+), and necrotic cells 
(Annexin V−/7AAD+). B, The sum of early and late apoptosis was presented as total apoptosis. 
Means +/- SEM are shown. Data were analyzed by 2way analysis of variance with Sidak’s 
multiple comparison test; **,P<0.01 (N=3). 
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Figure A3. ID8 cells were treated with PBS or 3TSR or Fc3TSR at various time points (10 min, 
15 min, 30 min, 45 min, 5 hours and 24 hours) and protein was obtained (n=4 protein samples 
per treatment group). Western blots were performed to quantify JNK protein expression and 
normalized to stain free blot. Representative blots and analyses are shown in Figure 4.4. 
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Figure A4: ID8 cells were treated with PBS or 3TSR or Fc3TSR at various time points (10 min, 
15 min, 30 min, 45 min, 5 hours and 24 hours) and protein was obtained (n=4 protein samples 
per treatment group). Western blots were performed to quantify pJNK protein expression and 
normalized to stain free blot. Representative blots and analyses are shown in Figure 4.4. 
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Figure A5. ID8 cells were treated with PBS or 3TSR or Fc3TSR at various time points (10 min, 
15 min, 30 min, 45 min, 5 hours and 24 hours) and protein was obtained (n=4 protein samples 
per treatment group). Western blots were performed to quantify VEGF protein expression and 
normalized to stain free blot. Representaive blots and analyses are shown in Figure 4.4. 
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Figure A6. ID8 cells were treated with PBS or 3TSR or Fc3TSR at various time points (10 min, 
15 min, 30 min, 45 min, 5 hours and 24 hours) and protein was obtained (n=4 protein samples 
per treatment group). Western blots were performed to quantify VEGFR-2 protein expression 
and normalized to stain free blot. Representaive blots and analyses are shown in Figure 4.4. 
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Figure 6 Blots 
 
 
 
 
 
 
 
 



	 	 	

	 198	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Petrik, Jim  Supplemental Data 

Figure 5 Blots 
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Figure A7. ID8 cells were treated with PBS or 3TSR or Fc3TSR at various time points (10 min, 
15 min, 30 min, 45 min, 5 hours and 24 hours) and protein was obtained (n=4 protein samples 
per treatment group). Western blots were performed to quantify FYN and pFYN protein 
expression and normalized to stain free blot. Representaive blots and analyses are shown in 
Figure 4.4. 
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