
 

 

 

The CCL5-CCR5 Axis in Breast Cancer 

 

 

 

Michael John Sax 

B.Sc. (Bio.) Hons. 

Doctor of Chiropractic 

M. Med. Res. 

 

 

Doctor of Philosophy, School of Medical Science, 

Griffith Health Institute, 

Griffith University 

 

 

 

 

 

 

Submitted in fulfillment of the requirements of the degree of  

Doctor of Philosophy of the School of Medical Science,  

Griffith University 

January 2014 

  



 

 

  



 

 

 

 

 

 

 

There are more things in heaven and earth, Horatio, 

than are dreamt of in our philosophy. 

Hamlet (1.5.167-8)  



 

 

 

 





 

i 

 

Statement of Originality 

I declare that the work contained in this thesis is my own, except where due reference 

is made and has not been previously submitted for any other degree, awarded by 

Griffith University, or any other tertiary institution. 

 

 

 

 

 

 

Michael J. Sax 

January 2014 

  



 

ii 

 

Thesis Contributions 

The majority of the work presented in this thesis was performed either directly by me, 

or under my direction supervision, with the advice of my supervisor. Where others have 

contributed or provided information, they have been acknowledged. 



 

iii 

 

Acknowledgments 

This work was conducted in the Mellick Laboratory, Griffith University and was funded 

by the National Health & Medical Research Council (NHMRC), Cancer Council 

Queensland (CCQ), and the Australia Research Council (ARC). I would especially like 

to thank my supervisor, Dr. Albert S. Mellick, and co-supervisor Dr. Ming Wei for 

providing the support that allowed me to dive deeply into molecular biology. Many 

thanks to past and present members of the Mellick Laboratory:  Dr. Prue Plummer, 

Dr .  R uth Freeman, Ms. Jelena Vider and Mr. Tomoaki Shiratsuchi for your assistance 

in this research and your humour under stress. I would also like to thank the great 

scientists in the School of Medical Science, including Dr. Nigel Morrison, Dr. Steve 

Ralph, Dr. Mark Forwood and Dr. Nigel McMillan and for your total support and ready 

wit. 

 

I would also like to thank Prof. Robyn Anderson (Peter MacCallum Cancer Centre, 

Melbourne) for providing parental breast cancer cell lines; and Ms. Grace Chojnowski 

and Ms. Paula Hall (QIMR) for expertise in FACS. Thanks to the members of the 

Animal Facility, with special mention for the support of Mr. Hamish McMath, Ms. 

Allanah McMath, and Ms. Anna Orthmann. I would also like to thank Dr. Glen Ulett, 

Dr. Cameron Flegg, Dr. Daniel Clarke, Dr. Koicho Ito, Dr. Alex Stephens, Dr. Sam 

Cutler, Dr. James Amalraj and Dr. Katie Powell for their input throughout the years. 

 

Finally, many thanks to my wife and children for lovingly tolerating my long absences 

as I pursued science. 



 

iv 

 

Executive Summary 

Cancer is one of the leading underlying causes of death worldwide. Despite decades of 

research, cancer is predicted to be the leading cause of death by the year 2020. 

Anti-angiogenic therapies that target the key signalling molecule, vascular endothelial 

growth factor (VEGF) have shown promise in the treatment of some solid tumours, 

resulting in increased progression- free survival times in patients. However, there 

are several significant problems with current anti-angiogenic therapies, such as the 

phenomenon of resistance. Tumours can be divided into those that are intrinsically 

nonresponsive to therapy, and those that do respond. However, for those tumours that 

do respond to therapy, an initial positive response (tumour regression) is followed by 

tumour re-vascularisation and rapid relapse. Secondly, anti-angiogenic therapies target 

normal physiological processes, including vascular homeostasis, wound healing and the 

immune system, leading to a range of potentially negative side effects, including death. 

Thus unravelling the biology of angiogenesis and developing new drug targets is a 

priority of current research. 

 

The C-C chemokine receptor 5 (CCR5) has been the subject of extensive research in the 

last few years. This is primarily because of its association with the pathology of disease, 

viral infection, and the immune response. However, while the main ligand for CCR5, 

C-C chemokine ligand 5 (CCL5) is known to be upregulated in malignant breast cancer, 

little has been done to unravel the CCL5-CCR5 axis in breast cancer and its potential 

role as a driver of malignancy. Furthermore, while experimental evidence, including 

data from CCR5 knockout mouse, suggests a role for CCL5-CCR5 in 
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neovascularisation, little has been done to study the potential role of CCL5-CCR5 in 

tumour angiogenesis, as well as implications CCL5-CCR5 signalling may have on 

clinical course in breast cancer. 

 

In this work, we have used genetic ablation of CCR5, bone marrow transplantation and 

RNA inhibition of tumour-produced CCL5 to separate the roles of CCL5 and CCR5 in 

the tumour-stroma and the bone marrow (BM) compartment of the tumour stroma. The 

objective of this study was to determine what role, if any, the CCL5-CCR5 axis played 

in breast tumour growth and angiogenesis. Specific results were identified in three 

major areas, outlined below. 

 

First, when we examined the role of CCR5, we found that breast tumours grown in 

CCR5 knockout (CCR5
-/-

) mice displayed tumour growth and angiogenesis defects and 

resistance to metastatic invasion. Secondly, tumour challenged mice showed a specific 

EPC proliferation defect. However, when BM from CCR5
-/-

 animals was transplanted 

into wild type (WT) mice, normal tumour growth and angiogenesis was rescued. In 

contrast, CCR5
-/-

 mice transplanted with WT BM phenocopied the tumour growth 

defects observed in the whole CCR5
-/-

 animal. This result suggested that the tumour 

growth and angiogenesis defects in the CCR5
-/-

 animal are principally due to the 

non-BM compartment of the tumour-stroma. 

  

Next, we observed that stable suppression of tumour-CCL5 led to distinctive tumour 

growth and angiogenesis defects in vivo; suggesting a paracrine role for CCL5 

signalling. 
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Lastly, we found induction of CCR5 in human and mouse endothelial cells in response 

to tumour conditioned medium. Furthermore, we identified CCR5 expression in tumour 

vasculature in two different breast cancer models in situ. Targeting CCR5 with siRNA 

led to significant wound healing and angiogenesis defects in vitro. 

 

The results of this work suggest that directly targeting CCL5/CCR5 in endothelial cells 

may constitute a novel therapeutic strategy for inhibiting tumour angiogenesis in breast 

cancer. 
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Chapter 1: General Introduction 

The following chapter contains a general introduction, the significance of the proposed 

research and the specific aims. 
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1.1 Significance 

Cancer is a leading cause of death worldwide with the highest rates occurring in the 

developed world, where cancer kills 1 in 4 (Jemal et al., 2010). Cancer costs the world 

economy nearly US$3 trillion dollars annually. Cancer rates in Australia have continued 

to climb over the last three decades, and in 2009; cancer accounted for 30% of all 

registered deaths (AIHW, 2012). Despite decades of intensive research and a range a 

therapeutic interventions, cancer patients have a poor prognosis (Cai et al., 2011). 

Cancer is predicted to soon be the leading cause of death worldwide (Farmer et al., 

2010). However, the impact of cancer goes beyond mortality, as 17% of adults with 

cancer experience severe pain, and a similar number experience high levels of 

psychological distress, factors that also adversely impact all significant others 

(AIHW, 2012). 

 

Globally, breast cancer is the most common form of cancer in women, accounting for 

over 28% of all new cancers diagnosed. Breast cancer is also the second most common 

cause of cancer related mortality (Jemal et al., 2010). In Australia, the number of new 

cases (114 per 100,000 in 2009) has shown a steady increase over time. However, 

population adjusted incidence rates remain steady (AIHW, 2010). Mortality rates have 

declined slightly since 1996 (AIHW, 2010); reflecting better treatment, widespread 

screening and a significant fall in the use of hormone replacement therapy (HRT) 

(Canfell et al., 2008).  
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1.2 Breast Cancer 

1.2.1 Premalignant/Non-malignant Breast tumours 

Breast cancer is a heterogeneous disease with a range of pathologies and a complex 

array of genetic alterations, making clinical management a complex task (Simpson 

et al., 2005). The two most common types of non-malignant breast cancer are ductal 

carcinoma in situ (DCIS) and lobular carcinoma in situ (LCIS). These account for 

between 40-75% of all diagnosed cases (Tavassoli and Devilee, 2003). Several linear 

models of breast cancer progression have been proposed which suggest that both of 

these forms (DCIS & LCIS) may represent early transition stages for linear progression 

to malignant invasive ductal carcinoma in situ (IDC) and invasive lobular carcinoma 

(ILC) (Wellings and Jensen, 1973; Oyama et al., 1999; Oyama et al., 2000; Lerwill, 

2008; Bombonati and Sgroi, 2011).  

 

‘Usual-type’ LCIS and the similar Atypical Lobular Hyperplasia (ALH), are known to 

be indicators for cancer risk, not a cancer itself (Bleicher, 2013). In fact, patients with 

advanced LCIS tend to develop infiltrating ductal carcinoma (IDC), not ILC. In a recent 

study of 285 patients, about 10% of those with LCIS/ALH showed malignancy at 

surgical resection (Lewis et al., 2012). LCIS/ALH cannot be detected with 

mammography, unlike DCIS, which has an 80% detection rate, as DCIS lesions calcify. 

 

DCIS lesions larger than 5cm are associated with a strongly increased risk of 

progression to IDC. In contrast, LCIS tumours: (i) do not form palpable lesions; 

(ii) tend to be multifocal; (iii) are bilateral (25% of cases); and (iv), are often found 

incidentally during unrelated surgery (Holanda et al., 2012; Bleicher, 2013). 
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Mastectomy has historically been the treatment of choice for both DCIS and 

LCIS/ALH. However, current treatment recommendations for DCIS and LCIS have 

shifted to breast-conserving techniques, including surgical resection (lumpectomy), 

radiation therapy and, for estrogen receptor (ER) -positive forms, tamoxifen or other 

hormone-based therapies (Siziopikou et al., 2013). 

1.2.2 Invasive Breast Carcinoma (IBC) 

IDCs and ILCs are invasive breast cancers (IBCs). IDCs are by far the most common 

and represent over 70% of IBCs. Current tumour node metastasis (TNM) classifications 

divide IBCs into stages (I-IV) based on the degree of invasiveness, differentiation with 

surrounding tumour and presence of distal lymph node involvement. Recent advances in 

molecular pathology have further classified these IBCs into different categories. The 

two main subdivisions are Hormone Receptor positive (HR
+
) and Hormone Receptor 

negative (HR
-
). HR

+
 tumors can be further subdivided into two subcategories: 

Luminal A (LUM A) and Luminal B (LUM B). HR
-
 categories can also be divided into 

the Human Epidermal Growth Factor Receptor 2
 
negative (HER2

-
) and triple negative 

(TN) subtypes. Notably, although LUM B, HER2
-
 and TN are the least common, they 

are the most aggressive and the most difficult to treat (Tamimi et al., 2012). A variant of 

the TN form have also been proposed. These are known as basal-like tumours and share 

many features with the TN tumours (Rakha and Ellis, 2009).  

 

Each category of IBC has a different aetiology and thus should not be considered as a 

single group (Tamimi et al., 2012). LUM A responds well and is the most favourable to 

endocrine therapy. LUM A tumours have a 10-year survival rate of 90%. However, 

LUM A shows tumour dormancy and late (past 10 years) recurrence. LUM B is more 
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aggressive and is treated with both endocrine therapy and chemotherapy, although 

treatment may not succeed (Di Leo et al., 2012). The HER2
-  

type is the least responsive 

to tamoxifen and is treated with a combination of chemotherapy and the HER2 receptor 

monoclonal antibody, trastuzumab (Herclon™, Herceptin™, Roche Pharmaceutical) 

(Moja et al., 2012). TN is a highly aggressive form. TN tumours lack HER2 and 

receptors for oestrogen and progesterone, which are the main therapeutic targets used to 

treat other forms of IBC (Rakha and Ellis, 2009).  

 

Because of the revealed complexity of IBCs, deepening our understanding of breast 

cancer is critical for the development of effective therapeutic interventions.  

 

1.3 Anti-angiogenic Therapies 

Angiogenesis supports both primary tumour growth and metastatic spread, the latter 

being the leading cause of patient mortality in solid tumour cancers (Gupta and 

Massagué, 2006; Steeg, 2006). Targeting angiogenesis therefore has the potential to 

significantly improve patient outcome. Given the pivotal role of angiogenesis in tumour 

growth and spread, the focus of recent anti-cancer research has been on targeting 

angiogenesis with a range of drugs aimed at VEGF or its receptors as a means of 

improving patient survival (Baeriswyl and Christofori, 2009).  

 

Although anti-angiogenic drugs were hailed as a cancer breakthrough, time has shown 

them to be of limited clinical benefit in actually prolonging life (Cai et al., 2011). The 

most widely used anti-VEGF drug is bevacizumab (Avastin®, Genentech, Roche), a 

VEGF-neutralizing antibody which was first approved in 2003. Alone, bevacizumab is 
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ineffective in certain cancers or is effective for a very short period of time as a result of 

patient immunity (Ellis and Hicklin, 2008). When combined with traditional 

chemotherapy, bevacizumab provides colorectal cancer patients an average increase in 

survival of five months, and patients with advanced non-small-cell lung cancer an 

average increased survival of 2-3 months (Sandler et al., 2006). Other current FDA 

approved anti-angiogenic drugs include sorafenib (Nexavar®), sunitinib (Sutent®), 

pazopanib (Votrient®), and everolimus (Afinitor®). Sorafenib is approved for kidney 

cancer and hepatocellular carcinoma. Sunitinib and everolimus are approved for both 

kidney cancer and neuroendocrine tumors, and pazopanib is approved for kidney cancer 

(cancer.gov/cancertopics/factsheet/Therapy/angiogenesis-inhibitors).  

 

1.3.1 Resistance to Anti-angiogenic Therapies 

Angiogenesis inhibitors that target the VEGF pathway (e.g., bevacizumab, sorafenib 

and sunitinib) offer transitory clinical benefit due to the phenomenon of resistance. 

Resistance can be intrinsic, whereby the tumour simply fails to respond in any manner 

to therapy, or evasive, an adaptive phenomenon characterized by initial tumour 

shrinkage, but a subsequent increase in tumour growth, invasiveness and spread. In this 

setting, the therapeutic molecular target remains inhibited, but alternative pathways that 

sustain and promote tumour growth are activated. Four distinct mechanisms have been 

proposed to explain evasive resistance (Bergers and Hanahan, 2008). First, tumour cells 

can initiate activation and upregulation of alternative proangiogenic molecules, such as 

fibroblast growth factor (FGF) 1 and 2, VEGF and angiopoietin 1 (Casanovas et al., 

2005; Fernando et al., 2008). Second, factors released by the tumour secondary to 

hypoxia may trigger recruitment of BM-derived cells, including EPCs, negating the 
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need for VEGF signalling and providing the means to reinitiate and continue tumour 

angiogenesis (Ceradini et al., 2004; De Falco et al., 2004; Petit et al., 2007). Third, 

tumour vasculature may be protected by an increase in the quality and quantity of 

pericyte coverage, normally loose and disorganized, ensuring blood supply to the core 

of the tumour. As well, pericytes can provide juxtacrine VEGF signalling to adjacent 

endothelial cells, supporting their survival (Darland et al., 2003; Song et al., 2005). 

Lastly, some tumours respond to anti-angiogenic therapies by becoming increasingly 

invasive of surrounding tissues, growing along blood vessels and co-opting blood 

supply, a process termed perivascular invasion (Rubenstein et al., 2000; Du et al., 

2008). Thus, the benefits of current anti-angiogenic therapies are transient at best 

(Bergers and Hanahan, 2008). 

1.3.2 Bevacizumab  

Bevacizumab is a monoclonal antibody and was the first effective therapy targeting 

VEGF-VEGFR2 signalling approved by the FDA. Phase III trials of bevacizumab plus 

chemotherapy demonstrated modest effectiveness in metastatic breast cancer (Ellis and 

Hicklin, 2008), however, the interpretation of this data has recently become 

controversial. Clinical trials that arrived at positive conclusions mostly used 

progression-free survival (PFS), instead of overall survival (OS), as a measure of drug 

efficacy. In this context, the validity of PFS has been strongly questioned (Roukos 

et al., 2009; Ocaña et al., 2011). PFS is based upon measuring tumour size via magnetic 

resonance imaging (MRI). However, the cancer cell population is heterogeneous, and 

although therapy-sensitive cells die, tumours contain rare cell populations that withstand 

therapy. These cells are undetectable by MRI, but capable of proliferating aggressively 

(Bastiaens, 2009). Furthermore, certain forms of MRI can result in false negatives, 
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seriously skewing the data. Thus, PFS is a surrogate measure of cancer response 

and OS the single most valid measure. In this context, clinical trials using bevacizumab 

fail to show any advantage in OS following bevacizumab treatment (Burstein, 2011).   

 

Furthermore, a small proportion (2.5%) of patients on bevacizumab therapy will 

experience a fatal adverse event, most commonly from haemorrhage, neutropenia with 

lethal infection, gastrointestinal tract perforation, pulmonary embolism and 

cardiovascular accident (Hayes, 2011). There are also a range of other adverse effects, 

including hypertension, cardiac toxicity, thromboembolic events, stroke, enhanced 

chemotherapy toxicity and impaired wound healing resulting in severe bleeding 

(Sandler et al., 2006; Blowers and Hall, 2009). Bevacizumab also doubles the cost of 

one year of chemotherapy to $100,000 USD per patient (Hayes, 2011). As of 

December 2010; after two years of use, bevacizumab for metastatic breast cancer has 

been withdrawn by the US Food and Drug Administration (Ocaña et al., 2011). Whether 

the Therapeutic Goods Administration follows suite is as yet unknown. 

 

Given the given lack of effectiveness of bevacizumab in advanced breast cancer 

patients, clearly there’s a need for improved anti-angiogenic therapies. As prognosis for 

patients with cancer of all forms remains poor (Cai et al., 2011), it is critical that we 

continue to unravel the molecular biology of cancer and develop targeted treatment 

strategies that deal with this tragic illness. The discovery of a new anti-angiogenic 

therapy that results in improved patient outcomes could have dramatic social and 

economic benefits. Novel findings of this research that implicate CCR5 in tumour 

angiogenesis may provide new opportunities to develop anti-angiogenic therapies, as 
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there currently exists a range of drugs developed to treat HIV infection that target 

CCR5. 

 

1.4 Endothelial Progenitor Cells (EPCs) 

There are several BMDCs that have been shown to be important in promoting tumor 

angiogenesis (Nolan et al., 2007; Gao et al., 2008; Gao et al., 2009). These include 

macrophages and cells of the myeloid lineage, pericytes, neutrophils; as well as BM 

derived EPCs. Unlike other cells from the BM that are proangiogenic, EPCs produce 

paracrine factors that promote angiogenesis, as well as lumenally incorporate as 

neovasculature.  EPCs are known to play a role in embryogenesis, and wound healing. 

However, despite mounting evidence showing that EPCs play a role in tumour 

angiogenesis, there remains some controversy about their importance. This is due to: 

(i) a lack of standardized markers for EPCs; (ii) variability in levels of EPCs found in 

the tumour-stroma, and (iii) differences in tumour models and data collection methods 

(Yoder and Ingram, 2009; Timmermans et al., 2009; Richardson and Yoder, 2011). 

Despite this, EPCs remain attractive targets for anticancer/anti-angiogenesis therapies. 

EPCs are phenotypically distinct from recruited vasculature and so specifically targeting 

them may result in therapies that avoid the side effects of current therapies. Developing 

a complete understanding of EPCs in tumour biology remains the focus of current 

tumour vascular research. 

1.5 Chemokines  

BMDCs including EPCs have been found to express a range of growth factors and 

cytokine receptors, including C-C chemokine receptor 5 (CCR5), the high affinity 

receptor for C-C chemokine ligand 5 (CCL5/RANTES Regulated upon Activation, 
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Normal T cell Expressed, and Secreted’). CCR5 is found on cells of the immune system 

as well as endothelial cells of several vascular beds (Hillyer et al., 2003). CCR5 has also 

been found on EPCs (Gao et al., 2008) and recent research notes a role for CCR5 in 

neovascularization (Ambati et al., 2003; Ishida et al., 2012). However, little is known of 

the role of the C-C chemokine receptors in angiogenesis, and several studies using 

different models have reported apparently contradictory findings (Barcelos et al., 2009). 

 

Chemokines, the largest family of chemotactic cytokines, play a primary role in 

controlling leukocyte trafficking and inflammation (Moser and Willimann, 2004). 

Furthermore, chemokines are equally important in embryogenesis, organized cell 

migration, immune surveillance, homeostasis and angiogenesis (Allen et al., 2007; 

Kiefer and Siekmann, 2011). Chemokines are also active in a range of pathologies, 

including cancer. CCL5 is known to be highly expressed in malignant breast carcinoma, 

correlating with progression of the disease (Azenshtein et al., 2002; Soria and 

Ben-Baruch, 2008).  
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1.6 Study Aims and Hypothesis 

Solid tumours grow and spread by producing cytokines and growth factors that promote 

the recruitment of host vasculature and bone marrow (BM) derived proangiogenic cells, 

including EPCs. The small molecule chemokine, CCL5, has recently been associated 

with tumour growth and malignancy in breast cancer. However, the specific role of 

CCL5 and its high affinity receptor CCR5 in tumour vascular biology is less certain.  

 

Hypothesis: The CCL5-CCR5 axis contributes to tumour malignancy by mediating 

angiogenesis. 

 

Aim 1: To determine the role of BM CCR5 in tumour angiogenesis, by uncoupling 

bone marrow-derived from non-bone marrow derived CCR5 positive cells using 

CCR5 null (CCR5
-/-

) mice, and the creation of bone marrow chimaeras through bone 

marrow transplantation (BMT). 

 

Aim 2: To assess the role of tumour produced CCL5 in tumour growth and 

angiogenesis, by creating stable suppression of CCL5 in breast cancer cell lines and 

then growing syngeneic orthotopic breast tumours. 

 

Aim3: To identify and characterize CCR5 expression in endothelium by tumour 

conditioned media studies, small RNA interference (siRNA) and 

immunohistochemistry. 
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Chapter 2: Literature Review 

The following in-depth discussion explores the current literature  

relevant to this research topic. 
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2.1 Epidemiology of Cancer  

Cancer is a large group of diseases that can affect any organ system, characterized by 

abnormal cellular proliferation, subsequent invasion of surrounding tissues and spread 

to distant organs through metastasis. For the majority of solid tumours, metastatic 

spread is the major cause of death.  

2.1.1 Cancer Globally  

Over the last few decades, cancer has been primarily a disease of the western world, 

killing one in four people of northern European descent (Fig. 2.1 & Fig. 2.2). Presently, 

cancer is the second leading cause of death in the developed nations (after 

cardiovascular disease), and even though these countries only account for 15% of the 

world’s population, they carry 40% of the global cancer burden (Bray et al., 2012). 

Cancer costs the world economy nearly US$3 trillion annually. Furthermore, cancer is a 

rapidly emerging cause of death in the rest of the developing world, reflecting global 

“westernization” with increased smoking, physical inactivity and dietary changes 

(Jemal et al., 2011; Bray et al., 2012).  

 

In spite of decades of research and a range of therapeutic interventions, predictive 

modelling suggests that over the next few decades, cancer is poised to become the 

leading cause of morbidity and mortality in all countries of the world regardless of 

socio-economic status (Ferlay et al., 2010; Jemal et al., 2011). Globally, based upon 

available data compiled by the World Health Organization (WHO), the most common 

cancers are lung, breast, colorectal, stomach and prostate (Bray et al., 2012). Lung 

cancer has the highest incidence (i.e., number of new cases per time period), followed 

closely by breast cancer (Fig. 2.3A). Lung cancer also has the highest mortality rates 
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(Fig.2.3C); however, breast cancer has the highest 5-year prevalence rate (Fig. 2.3B). 

Breast cancer also has the highest age-standardized rate, or the rate a population would 

have if it had a standard age structure, given that age has a highly significant effect on 

the risk of cancer (Fig. 2.3D). In Australia, cancer rates have continued to rise over the 

last three decades, although population incidence rates have remained steady 

(AIHW, 2012).  

2.1.2 Breast Cancer Globally 

The latest compiled WHO data set of 2008 found breast cancer the most commonly 

diagnosed female cancer globally, with the exception of India and some African and 

South American countries, where cervical cancer prevailed. In 2008; there were 

1.4 million cases of breast cancer and 459,000 deaths. Incidence rates were highest in 

the developed countries compared to less developed countries (71.7/100,000 and 

29.3/100,000 respectively) (Fig 2.4) (Youlden et al., 2012). Higher incidence in 

developed countries relate to a range of factors that increase risk of breast cancer, 

including fewer children, later pregnancy and lower rates of breast feeding (Porter, 

2008). Obesity, alcohol consumption, use of oral contraceptives/hormone replacement 

therapy (HRT) and lack of physical activity, all features of the western lifestyle, may 

also contribute to the higher incidence in developed countries (Hortobagyi et al., 2005; 

Parkin and Fernández, 2006).  

 

Breast cancer is the leading cause of cancer death in women, representing 23% of all 

invasive cancers in females (Jemal et al., 2011). Since 1996; the incidence rate of breast 

cancer has shown a steady increase although mortality rates have declined slightly. This 

may reflect better treatment, widespread screening and a highly significant fall 
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(e.g., 40% drop from 2001 to 2003 in Australia and even greater drops in the US) in the 

use of HRT (Ravdin et al., 2007; Canfell et al., 2008). Although breast cancer mortality 

rates have decreased over the last twenty years in Australia, the US and other developed 

nations, population adjusted incidence rates remain steady. Furthermore, there has been 

an increase in number of cases, incidence and mortality in most developing countries, 

especially Asia, where economic development brings adoption of more westernized 

lifestyles (Fig. 2.5) (Youlden et al., 2012). The relationship between lifestyle and breast 

cancer risk is further supported by studies of women who migrate from a low risk to a 

high risk country, who then exhibit an increase in their risk of breast cancer (Parkin and 

Fernández, 2006; Porter, 2008). However, it should be noted that the lower incidence 

rates in less developed nations may simply reflect poor diagnosis and cancer data 

collection (Anderson et al., 2011). Finally, the incidence of breast cancer increases with 

age, similar to other solid tumours, with 89% of diagnoses made over age 40 

(Ferlay et al., 2008). 
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Figure 2.1 Incidence rates for all cancers 

 

 

Figure 2.2 Mortality rates for all cancers 
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Figure 2.1 Incidence rates for all cancers  

Incidence rate for all cancers, excluding non-melanoma skin cancer. Note the highest 

incidence in the industrialized world. Estimated age-standardized rate per 100,000, 

(where age-standardized rate is the rate a population would have if it had a standard age 

structure, given that age has a highly significant effect on the risk of cancer). Data for 

both sexes, all ages. 

 

Figure 2.2 Mortality rates for all cancers  

Mortality rate for all cancers, excluding non-melanoma skin cancer. Treatment efficacy 

is believed to drive lower mortality rates in the western world. Estimated 

age-standardized rate per 100,000. Data for both sexes, all ages. 

Figures adapted from http://globocan.iarc.fr/Pages/Maps.aspx 
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Figure 2.3 Global incidence, prevalence and mortality rates for all cancers 
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Figure 2.3 Global incidence, prevalence and mortality rates for all cancers 

A) Global incidence rates of all cancers, both sexes. Lung cancer is most common, 

followed closely by breast cancer.  

B) 5-year prevalence of all cancers, both sexes, with breast cancer showing the highest 

prevalence.  

C) Mortality rates from all cancers, both sexes. Lung cancer is the major killer.  

D) Age-standardized incidence and mortality cancer rates, both sexes.  

Figures adapted from http://globocan.iarc.fr/.  
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Figure 2.4 Global incidence rates for breast cancer 

 

 

Figure 2.5 Global mortality rates for breast cancer 
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Figure 2.4 Global incidence rates for breast cancer 

Estimated age-standardized rates per 100,000, all ages. High rates in the western world 

also reflect better screening. 

 

Figure 2.5 Global mortality rates for breast cancer 

Estimated age-standardised rate per 100,000, all ages. Economics of individual nations 

can affect diagnosis and treatment efficacy. 

Figure adapted from http://globocan.iarc.fr/Pages/Maps.aspx 
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2.2 The Hallmarks of Cancer 

Hanahan and Weinberg (2000) established a conceptual framework to understand 

cancer through what they termed the hallmarks of cancer, namely, (i) sustained 

proliferative signalling, (ii) evasion of growth suppressors, (iii) resistance to cell death, 

(iv) enabling replicative immortality, (v) activation of invasion and metastasis and 

(vi) induction of angiogenesis. These hallmarks were further expanded upon in a recent 

publication by Hanahan and Weinberg (2011) where they describe enabling 

characteristics critical to the acquisition of the hallmark traits, as well as emerging 

hallmark capabilities. 

 

Briefly, Hanahan and Weinberg (2000) describe how normal cells acquire a progressive 

series of the “hallmark” changes on their journey towards the neoplastic state. Secondly, 

they point out the critical observation of the decade:  tumours are not a simple mass of 

proliferating cancer cells, but are composed of a number of distinct cell types recruited 

from the host that create a pro-tumourogenic microenvironment. These non-tumour 

cells play a key role in promoting the acquisition of certain hallmark features by the 

cancer.  

2.2.1 Sustained Proliferative Signalling 

Paramount among the hallmarks is sustained chronic cellular proliferation, in striking 

contrast to normal tissues, where cell division and structural architecture show precise 

regulation. Mechanisms that support unregulated proliferation include:  

(i) Autocrine signalling through the production of growth factors and their 

cognate receptors;  
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(ii) Paracrine (or juxtacrine) signalling to host stromal cells that respond by 

producing growth factors (Bhowmick et al., 2004; Cheng et al., 2008);  

(iii) An increase in the number and/or sensitivity of growth factor receptors on 

the cell surface, creating hyper-responsive cells (Hanahan and 

Weinberg, 2011).  

Normal proliferation can also be deregulated at the level of the negative feedback 

mechanisms that limit proliferative signalling (Cabrita and Christofori, 2008; Wertz and 

Dixit, 2010). An example is seen in the oncoprotein forms of RAS, a family of small 

GTPase’s that are involved in signal transduction from cell surface receptors to 

intracellular pathways. Normal RAS proteins cycle between “on” and “off” 

conformations through the binding of other protein cofactors (guanine nucleotides 

exchange factors (GEFs)) and GTPase activating proteins (GAPs) (Pylayeva-Gupta 

et al., 2011). Normal RAS GTPase activity provides a negative-feedback mechanism 

ensuring that signal transmission is transitory. The oncogenic variants of RAS are 

inactivated by GAPs, causing the formation of a RAS-GTP complex that cannot 

hydrolyse GTP (Scheffzek et al., 1997). This results in chronic up-regulation of 

numerous RAS-dependent downstream effector pathways through loss of the 

negative-feedback mechanism (Pylayeva-Gupta et al., 2011; Hanahan and 

Weinberg, 2011).  

2.2.2 Evasion of Growth Suppressors  

A range of signalling proteins/tumour suppressors genes normally limit cell growth and 

proliferation. Two prototypical tumour suppressors, retinoblastoma protein (RB) and 

tumour protein p53 (p53), operate as a nexus in the synergistic regulation of key 
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pathways directing cells towards either proliferation, or senescence and apoptosis. 

RB integrates numerous signals from both the intracellular and extracellular 

environment and then can direct the cell towards cycling or cell-cycle arrest (Burkhart 

and Sage, 2008). A defective RB pathway can result in persistent cell division (Hanahan 

and Weinberg, 2011). On the other hand, p53 receives signals solely from the 

intracellular environment, halting cell-cycle progression in the presence of genetic 

damage or sub-optimal intracellular conditions, such as hypoxia or low glucose. When 

cell signals indicate overwhelming damage, p53 can initiate apoptosis. Mutations of the 

TP53 gene (which encodes for p53) can result in loss of apoptotic function, and almost 

every type of cancer carry TP53 mutations at rates of between 5-50% (Vousden and 

Lu, 2002; Olivier et al., 2010).  

 

Finally, evasion of growth suppressors also manifests in loss of contact inhibition. 

Normal cells growing in vitro stop proliferating upon reaching confluence. Many cancer 

cell lines lack contact inhibition in vitro, suggesting disruption of an underlying 

mechanism that orders normal cell division and architecture in vivo (Hanahan and 

Weinberg, 2011).  

2.2.3 Resisting Cell Death  

Apoptosis relies upon molecular pathways that detect both intracellular and extracellular 

stresses. For example, DNA damage and imbalances in normal genetic signalling trigger 

the intracellular apoptotic pathways, activating specific proteases (most commonly 

caspases 8 and 9) that digest the cell in a controlled manner that does not activate 

inflammatory processes. In contrast, cancer cells have evolved a variety of mechanisms 

to evade and usurp normal apoptotic pathways, avoiding programmed cell death. 
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The most common mechanism involves mutation of the TP53 gene. As mentioned, 

p53 plays a critical role in assessing whether DNA damage warrants activation of repair 

mechanisms or the apoptotic pathway. An absence of this critical damage sensor from 

the apoptosis-inducing pathway can free to cell to unbridled proliferation. Alternatively, 

tumours may upregulate the expression of survival signals or anti-apoptotic molecules, 

or downregulate pro-apoptotic factors (Hanahan and Weinberg, 2011).  

2.2.4 Enabling Replicative Immortality 

After a certain number of divisions in vitro, normal cells exhibit senescence, or the 

irreversible entry into a viable but non-proliferative state, followed by crisis, where the 

vast majority of the cells die. Rarely, a cell may survive this process and become 

immortalized, a feature of most experimental cell lines and cancer cells. Research 

strongly suggests that telomeres, repetitive nucleotide-protein sequences which protect 

chromosomal ends during cell division, play a key role in this transition (Campbell, 

2012). Normal cells show progressive shortening of the telomeres with each cell 

division, eventually reaching their replicative limit and entering senescence, a state 

viewed as a major barrier to malignant progression (Campisi, 2013). Telomere 

shortening does not occur in cells that express telomerase, a reverse transcriptase that 

can rebuild the telomere sequence, effectively blocking senescence and crises/apoptosis 

(Collins, 2000; Hanahan and Weinberg, 2011). In humans, telomerase positive cells are 

rare and include activated T cells, certain adult stem cells, embryonic stem cells and 

significantly, most cancers (Campisi, 2013).  
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2.2.5 Activating Invasion and Metastasis 

The event sequence of invasion and metastasis has been broken down into a series of 

discrete steps termed the invasion-metastasis cascade. Steps consist of: 

(i) progressive tumour growth; (ii) vascularisation; (iii) local invasion; (iv) cell 

detachment; (v) entry into the microvasculature of blood or lymph system 

(intravasation); (vi) transit and survival in the circulation; (vii) cell arrest; 

(viii) extravasation; (viiii) evasion of host defences; and (ix) subsequent growth of 

a secondary tumour, or colonization. Each of these steps is controlled by specific 

changes in gene and protein expression, and the absence of those changes precludes 

successful colonization (Fidler, 2003).The most well characterized event is the loss by 

carcinoma cells of the cell-to-cell adhesion molecule Epithelial (E)-cadherin. E-cadherin 

is a transmembrane protein that forms adherens junctions between epithelial cells, 

promoting the formation of epithelial sheets with subsequent cellular quiescence. 

Upregulation of  E-cadherin expression has been shown to limit invasion and 

metastasis. Conversely, downregulation or inactivation of E-cadherin is commonly 

observed in human carcinomas (Cavallaro and Christofori, 2004; Berx and Van Roy, 

2009). Furthermore, many aggressive carcinomas show alteration of cell-to-cell and 

cell-to-extracellular matrix adhesion molecules, with cytostatic adhesion molecules 

commonly being downregulated. Conversely, adhesion molecules involved in cell 

migration (such as Neural (N) -cadherin, normally expressed by migrating neurons and 

mesenchymal cells during embryogenesis), are commonly upregulated in invasive 

carcinoma cells (Radice et al., 1997; Cavallaro and Christofori, 2004).  
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2.2.5.1 The Epithelial-Mesenchymal Transition 

The epithelial-mesenchymal transition (EMT) is a process by which cancer cells shed 

epithelial characteristics (cell-cell adhesion, planar and apical-basal polarity, and lack of 

motility) and acquire embryonic traits that foster invasion, dissemination and resistance 

to apoptosis (Klymkowsky and Savagner, 2009; Polyak and Weinberg, 2009; Thiery 

et al., 2009). A suite of embryonically-active transcription factors have been implicated 

as drivers of the EMT, including Snail, Slug, Twist and Zinc finger E-box-binding 

homeobox ZEB1 and 2. These transcription factors have also been identified in a 

number of malignant tumour types, such as head and neck squamous cell carcinomas, 

and some have been shown to trigger of metastasis when experimentally over-expressed 

(Yang and Weinberg, 2008; Schmalhofer et al., 2009; Micalizzi et al., 2010; Taube 

et al., 2010). Other mechanisms that control cell plasticity have also been implicated, 

including epigenetic modification, allowing reversible transition, and regulation at the 

miRNA level (Gao et al, 2012, de Craene et al, 2013, Rokavec, et al, 2014). Although a 

growing body of evidence supports a role for the EMT in metastatic dissemination, the 

mechanism remains controversial, because:  

(i) metastatic foci can develop from a single cancer cell, 

(ii) there is no single unique marker for the EMT in human tumours, 

(iii) the EMT may be transitory and unobservable with existing technology,  

(iv) the EMT may only operate in a tiny percentage of cancer cells in the tumour, 

(v) in many tumours, epithelial cells acquire some mesenchymal traits while 

retaining epithelial characteristics, thus never make the full mesenchymal 
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transition, therefore its clinical relevance has been controversial (Chaffer and 

Weinberg, 2011). 

2.2.6 Inducing Angiogenesis 

Like all tissues, tumours require a blood supply to provide nutrients, waste removal and 

gas exchange. Epithelial tumours, such as those of the breast and colon, initially form 

dormant, harmless, diffusion-dependent tumours (adenomas) of ~1mm
3 

or less.
 
Thus, 

for a tumour to grow beyond the limits of diffusion, access to the host blood supply is 

required, and cancer shows the capacity to induce angiogenesis by a process termed the 

‘angiogenic switch’ (Folkman, 2003; Folkman, 2006). Once the angiogenic switch is 

triggered, normally quiescent vasculature continues to sprout new vessels, providing 

ongoing angiogenic support of a growing neoplasm (Hanahan and Folkman, 1996).  

2.3 Metastasis  

Most deaths from cancer result from the progressive growth of metastases, which are 

resistant to conventional therapies (Fidler, 2003). In a large number of patients, 

metastasis can occur before diagnosis of the primary disease (Klein, 2009). Metastatic 

spread causes 90% of mortality in cancer patients, as opposed to growth of the primary 

tumour (Chaffer and Weinberg, 2011). Between 25% and 50% of breast cancer patients 

develop metastasis, sometimes decades after resection of the primary tumour. The 

average five-year survival rate for patients with metastatic breast cancer is only 

around 25% (Rabbani and Mazar, 2007; Valastyan and Weinberg, 2011). 
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2.3.1 The Process of Metastasis 

Metastasis is a multi-factorial, multi-step process, and the determinants of successful 

metastasis are incompletely understood (Bennewith et al., 2011). Fully vascularised 

rapidly growing tumours are more capable of shedding metastasis. Metastasis can be 

broken down into two broad processes, physical translocation from the primary tumour 

to a distant organ and subsequent colonization with each process consisting of a series 

of sub-steps. Neoplastic cells must break through various extracellular barriers, 

including the extracellular matrix and layers of stromal cells to invade the surrounding 

tissues (Valastyan and Weinberg, 2011). Migrating cancer cells must then enter either 

the microvasculature of the vascular tree or the lymphatic system, through recruiting the 

process of intravasation (Chaffer and Weinberg, 2011).  

 

Cancer cells in the draining lymph nodes are often the first clinical presentation of 

metastatic dissemination. Curiously, the lymph nodes seem to be dead-ends, rather than 

stopping-off points in the chain of metastatic spread (Joyce and Pollard, 2008). Rather, 

the bulk of the spread of malignant cells to distant sites occurs via haematogenous 

dissemination (Hanahan and Weinberg, 2000; Chambers et al., 2002). However, the 

majority of tumour cells that escape the tumour mass either die under the stresses of 

transport in the bloodstream, or fail to establish a metastatic lesion (Gupta and 

Massagué, 2006; Steeg, 2006). Given the large diameter of most carcinoma cells 

(20-30 µm), in comparison to the luminal diameter of capillaries (~8 µm), most 

circulating cancer cells likely lodge in a capillary bed within minutes of intravasation 

(Valastyan and Weinberg, 2011). To form a successful metastasis, cancer cells then 

either undergo intraluminal proliferation and subsequent rupture of the vessel walls, or 

extravasation into the neighbouring parenchyma (Ito et al., 2001; Wong et al., 2002; 
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Sahai, 2007). Yet, most cancer cells have apoptosed within 24 hours of extravasation 

(Luzzi et al., 1998; Kim et al., 2004).   

 

Extravasated cancer cells that are able to survive in this foreign microenvironment are 

believed to exist in three possible states (Chambers et al., 2002). Most commonly, 

cancer cells remain dormant as solitary non-proliferative cells, some of which are later 

cleared by the immune system (Townson and Chambers, 2006). Some cells establish 

micrometastases that do not grow, perhaps due to a balance of pro- and anti-angiogenic 

factors, or alternatively, a balance between proliferation and apoptosis (Indraccolo 

et al., 2006; Naumov et al., 2006). The third state occurs when cancer cells reinitiate 

their proliferative programs, actively grow and form detectable macrometastasis 

(Valastyan and Weinberg, 2011).  

 

Formation of a successful micrometastasis depends upon homing to a suitable target 

tissue. Although circulating cancer cells have the potential to disseminate and lodge 

widely, distinct patterns of metastatic homing have been noted over the last 100 years. 

Two dominant hypotheses attempt to explain these observations: the mechanical 

(or haemodynamic) hypothesis and the seed-and-soil hypothesis (Weiss, 1999; 

Fidler, 2003). 

2.3.2 Metastasis: The Mechanical Hypothesis 

The mechanical hypothesis posits that metastasis is controlled by the anatomic delivery 

systems: movement of neoplastic cells into body cavities, lymphatic drainage and 

venous circulation. For example, the structure of the vascular tree plays a role in 

metastatic predilection. The fact that colorectal carcinoma (CRC) commonly 
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metastasize is to the liver, even though the liver may be a very poor microenvironment 

for CRC cells, suggests the portal venous circulation may provide a steady flow of 

metastatic cells into the liver microvasculature, some of which establish metastasis. 

Likewise, the architecture of the vascular bed in the target tissue may also play a role. 

For example, the sinusoidal capillaries of bone marrow lack supporting mural cells, 

consisting only of a single layer of endothelial cells. Such structural simplicity may 

provide a ‘path of least resistance’ for the diverse cancer types that metastasize to bone, 

such as breast, lung, prostate and gastric cancers (Alix-Panabières et al., 2008). Thus, in 

certain cases, homing may be a passive process contingent upon the vascular structures 

and circulatory patterns.  

2.3.3 Metastasis: The Seed and Soil Hypothesis 

The mechanical/haemodynamic theory does not explain all cases of metastasis, hence 

the seed-and-soil hypothesis, first proposed by Stephen Paget (1889), where seeds, 

though spread widely, only grow in congenial soil. In this case, homing may involve the 

active interplay of neoplastic cells and target tissues based on expression of certain 

signalling molecules and their receptors (Chaffer and Weinberg, 2011). For example, 

lung cancer can metastasize quickly to a number of tissues, whereas breast and prostate 

cancer can take years to metastasize, generally to limited to sites.  

2.3.4 Summary 

Metastasis is a complex and highly inefficient process, requiring the cooperation of both 

non-cancer and cancer cells. Although the probability of successful metastasis is low, 

the consequences are lethal and currently without treatment. Observation in this 

research of decreased metastatic potential in animals lacking CCR5 may be first steps in 

forwarding the research to develop drugs that minimize or prevent metastatic spread. 
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2.4 The Structure of the Vascular System 

The structure of the normal vascular system is hierarchical: arteries, arterioles, 

capillaries, venules and veins. Blood vessels are composed of three primary cell types: 

endothelial cells, vascular smooth muscle cells (VSMC), and pericytes. Each cell type 

assists vascular homeostasis by providing structural support and production of cytokines 

and growth factors. Non-cellular components consist of the extracellular matrix (ECM) 

and the basement membrane. In cancer, each component of the vascular system 

undergoes changes in structure and function.  

2.4.1 Endothelial Cells 

Structurally, normal endothelial cells form a continuous lining of the entire vascular tree 

and exhibit region-specific phenotypic difference reflecting functional demands. 

Endothelial cells are intimately involved in oxygen transport and are able to sense and 

respond to changes in oxygen tension and hypoxia through migration and proliferation 

(Meininger et al., 1988). Being one of the most quiescent of cell types, endothelial cells 

in the adult have turnover times of months or years (Hobson and Denekamp, 1984). 

Endothelial cells form a smooth surface and are interconnected by tight junctional 

molecules such as vascular endothelial cadherin (VE-cadherin) and claudins 

(McDonald and Choyke, 2003; Carmeliet and Jain, 2011a). At the microvascular level, 

endothelial cells occur in three distinct forms: continuous, discontinuous, fenestrated, 

each with different permeability properties (Hallmann et al., 2005). Although 

endothelial cells exhibit tissue specific variation, endothelial function follows a 

common theme: (i) regulating metabolite and gas exchange, (ii) modulating blood flow 

by creating a non-thrombogenic surface, and (iii) controlling passage of immune cells in 

and out of tissue stroma (Dudley, 2012).  
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2.4.2 Vascular Smooth Muscle Cells (VSMC) 

VSMC enfold the endothelial layer, providing vessel stability in larger vessels and 

regulation of vessel diameter via contraction and relaxation. VSMC communicate with 

underlying endothelial cells through both juxtacrine and paracrine signalling 

(Yancopoulos et al., 2000). VSMC respond to signals from endothelial cells in 

regulating vasomotor tone (Aird, 2004). Unlike skeletal or cardiac smooth muscle, 

VSMC exhibit reversible phenotypic plasticity into adulthood, allowing them to adapt 

to environmental cues (Owens, 1995).  

2.4.3 Pericytes 

Pericytes exhibit numerous cytoplasmic projections and a distinct cytoskeleton, and at 

their simplest, provide structural stability by wrapping around endothelial cells 

(Sims, 2000; Armulik et al., 2005). However, pericytes are intimately involved in 

endothelial cell function and communicate directly by physical contact as well as by 

paracrine signalling. Pericyte coverage varies regionally with vessel function, thus 

pericytes may play a role in blood flow regulation at the microcirculatory level. One 

pericyte may contact several endothelial cells, and genetic studies with mice have 

shown pericytes and endothelial cells to be functionally interdependent (Xia et al., 

2004; Garmy-Susini et al., 2005). Highest pericyte coverage exists in the retina and 

blood-brain barrier, and as such, pericytes influence gas and metabolite exchange and 

regulate endothelial cell gene expression at the blood-brain barrier (Armulik et al., 

2010). In addition, pericytes act to: (i) suppress endothelial cell proliferation, 

(ii) regulate endothelial sprouting, (iii) maintain cell survival signals, and (iv), integrate 

communication between endothelial cells (Armulik et al., 2005; Carmeliet and 

Jain, 2011a).  
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2.4.4 The ECM and Basement Membrane 

The ECM plays numerous roles in vascular biology, providing structural support and 

precise regulation of various signalling pathways in neovascularisation (Davis and 

Senger, 2005). The ECM assumes two basic forms: a thin, densely woven basement 

membrane and the underlying loose, fibril-like interstitial matrix (Sorokin, 2010). 

The interstitial matrix consists mainly of collagen I and varying amounts of 

collagens III and IV, as well as non-collagenous glycoproteins and proteoglycans. 

The basement membrane (basal lamina) forms a continuous lining of the vascular tree 

beneath the layer of endothelial cells that encases the pericytes.  

 

The basement membrane consists of a supramolecular complex of tightly cross-linked, 

insoluble, thin protein sheets, composed of various isoforms of laminin, collagen 

type IV, fibronectin, nidogens, and perlacan, a heparin sulphate proteoglycan (Hallmann 

et al., 2005; Baluk et al., 2005). The molecular components of these sheets (i) possess 

the remarkable capacity to undergo self-assembly via specific binding sites on cell 

surfaces (Yurchenco et al., 2002; Kalluri, 2003), (ii) are unique to vasculature, and 

(iii), are co-produced by endothelial cells and pericytes at rest (Kalluri, 2003; Carmeliet 

and Jain, 2011a). Although endothelial cells alone are capable of synthesizing these 

molecules, co-culturing endothelial cells and pericytes results in a dramatic increase in 

the deposition of basement membrane components. Furthermore, final assembly of 

basement membrane components depends upon pericyte recruitment and direct 

pericyte-endothelial cell interactions both in 3D in vitro models and in vivo. 

Subsequently, signalling from the basement membrane then stabilizes and promotes 

maturation of nascent endothelial-pericyte tubes (Stratman et al., 2009a; Stratman et al., 

2010; Stratman and Davis, 2012).  
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Notably, different basement membrane components have differing affinities for various 

growth factors (Davis and Senger, 2005; Senger and Davis, 2011). For example, heparin 

sulphate proteoglycans sequester VEGF and FGF (Bashkin et al., 1989; Park et al., 

1993; Kalluri, 2003). As degradation and remodelling of the basement membrane 

occurs in certain pathological conditions, such as cancer, release of proangiogenic 

molecules can provide a positive proangiogenic feedback loop (Iozzo et al., 2009).  

 

The basement membrane is also intimately involved in leukocyte extravasation, a 

critical event in the immune response. Movement through the basement membrane is 

the rate limiting step in extravasation, (Wang et al., 2006; Bartholomäus et al., 2009), 

however, the actual mechanism remained unclear until recently. The work of 

Sixt (2001) and Wang (2006) has shown that T cells and neutrophils appear to 

selectively move through areas of the basement membrane where there are specific 

differences in the composition of laminin isoforms. Current research suggests that 

leukocyte extravasation also involves modification of surface adhesion molecules by 

both endothelial cells and pericytes (Gonzalez et al., 2007; Ayres-Sander et al., 2013). 
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2.5 Features of Tumour Vasculature 

Tumour vasculature possesses all the same components as normal vasculature; however, 

abnormalities exist at every level, from morphology to function. Tumour vasculature 

has lost the normal hierarchically structure, displaying a tortuous morphology with 

chaotic branching, anastomoses and dilatations. Perfusion is compromised, with low 

blood flow, stasis and complete reversal occurring randomly in the tumour (Gillies 

et al., 1999). The severity of the vascular defects varies with the regional 

microenvironments of the tumour. Thus, chronic hypoxia is seen in some areas of the 

tumour, whereas other areas may experience transient acute hypoxia 

(Hansen-Algenstaedt et al., 2000).  

2.5.1 Tumour Endothelial Cells 

Tumour-resident endothelial cells show irregular size and shape, sometimes having long 

cytoplasmic projections that impede blood flow. The normal tight-junction based 

monolayer of endothelium is disrupted, instead exhibiting gaps and fenestrations, with 

cells commonly growing in three or four loose layers (Hashizume et al., 2000). Tumour 

endothelial cells are more motile and show a turnover rate 20 to 20,000 times greater 

than normal endothelial cells, and leave gaps upon dying (Hirst et al., 1982, Hobson and 

Denekamp, 1984, De Bock et al., 2011). Gaps in the endothelial cell monolayer cause 

vessel leakiness, a disturbance that varies with tumour type and location within the 

tumour microenvironment. Gaps also facilitate movement of metastatic cells into 

circulation (Hashizume et al., 2000; Fukumura and Jain, 2007).  
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2.5.2 Tumour Pericytes and Basement Membrane 

Pericytes in tumour vasculature tend to be fewer, irregularly shaped, poorly attached to 

endothelial cells and often grow in multiple layers with paradoxically oriented 

cytoplasmic processes (Baluk et al., 2005; Sennino et al., 2007). The basement 

membrane exhibits loose association with vascular cells, multiple layers and thickness 

irregularities (Baluk et al., 2003; Kalluri, 2003). The molecular structure exhibits less 

cross-linking, thus greater vulnerability to proteolytic remodelling and consequent 

formation/release of angiogenic molecules (Kalluri et al., 1997). Furthermore, 

lymphatic drainage exists only on the outside of the tumour; there is no intra-tumoural 

functional lymphatic system due to increased interstitial pressure (Padera et al., 2002; 

Fukumura and Jain, 2007).  

2.5.3 Summary 

The features of tumour vasculature manifest as one over-arching abnormality: 

interstitial hypertension (IH). IH impairs tumour perfusion, creating a hypoxic, acidic 

microenvironment that drives uncontrolled, ineffective angiogenesis. Secondly, this 

hostile tumour environment thwarts the natural immune response into the service of the 

growing tumour. The end result is the paradoxical situation of uncontrolled yet 

ineffective angiogenesis, facilitating pro-malignant programming of tumour cells, 

fuelling the hypoxic cycle of tumour growth and subsequent metastatic spread (De Bock 

et al., 2011). Clinically, IH impairs drug delivery and reduces the efficacy of 

radiotherapy, as low oxygen levels impair free radical damage (Brown and Wilson, 

2004). 
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2.6  Blood Vessel Formation 

The formation of new blood vessels (neovascularisation) in embryogenesis, normal 

tissue growth and wound healing are tightly regulated cellular and molecular events. 

However, under pathophysiological conditions, such as diabetic retinopathy and tumour 

vascularisation, there exists a disruption of key molecular pathways controlling vessel 

growth, morphology and ultrastructure, resulting in characteristic abnormalities 

(Dudley, 2012). Two canonical mechanisms of vessel formation exist: vasculogenesis 

and angiogenesis (Fig 2.6). Non-canonical mechanisms include vascular mimicry and 

vessel co-option (Carmeliet and Jain, 2011a).  

2.6.1 Vasculogenesis 

Vasculogenesis classically refers to the de novo formation of blood vessels from the 

differentiation of mesodermal precursor cells (Heinke et al., 2012). There are two 

experimentally supported theories of embryonic vasculogenesis: (i) the bipotential 

haemangioblast and (ii) the haemogenic endothelium.  

2.6.1.1 Theories of Embryonic Vasculogenesis 

The first theory involves the formation of a bipotential haemangioblast directly from 

mesoderm, which then forms the early vasculature, as well as the haematopoietic system 

(Choi, 1998; Huber et al., 2004; Vogeli et al., 2006). The second theory posits an 

endothelial cell intermediate that is not derived directly from mesoderm, but which has 

haematopoietic potential. These cells are termed haemogenic endothelium (Jaffredo 

et al., 1998; North et al., 2002; Lancrin et al., 2009). In this model endothelial 

precursors, (angioblasts), fuse to form a primitive capillary plexus, which then 

undergoes angiogenesis (Heinke et al., 2012). Animal studies suggest that the angioblast 

is the source of the majority of endothelial lineages. However, haemangioblasts appear 
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to be active only during early embryogenesis, with the role of haemangioblasts in adult 

life controversial (Vogeli et al., 2006).  

2.6.2 Vasculogenesis in Cancer 

Studies have shown that later in life, vascular precursor cells may include endothelial 

progenitor cells (EPCs), or in tumours, cancer cells themselves (vasculogenic mimicry, 

see below) (Carmeliet and Jain, 2011a). Vasculogenesis can also occur from cells shed 

from blood vessel walls, known as circulating EPCs (CEPs), or from EPCs recruited 

cell from the bone marrow. CEPs and EPCs can collect both in normal and cancerous 

tissues and contribute to de novo blood vessel growth (Carmeliet and Jain, 2000; Ahn, 

2008). Although angiogenesis (recruitment of pre-existing vasculature, see below) was 

initially believed to be the sole form of tumour vascularisation, vasculogenesis has since 

been found to play a significant role (Paulis et al., 2010; Mellick et al., 2010).  
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Figure 2.6 Vasculogenesis and angiogenesis 
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Figure 2.6 Vasculogenesis and angiogenesis 

Top, vasculogenesis, where cells such as bone marrow-derived EPCs or circulating 

EPCs (CEPs) are recruited to the tumour following various molecular signals such as 

growth factors cytokines and chemokines. Cells differentiate into endothelial cells and 

either form new blood vessels de novo, or incorporate into existing vessels, providing 

both structural and paracrine roles in support of further vessel growth. 

 

Bottom, sprouting angiogenesis, where a single endothelial cell is selected, breaks 

through the basement membrane with the release of various proteases, detaches from 

pericytes and becomes a tip cell. Tip cells lead other endothelial cells that then form a 

stalk. Tip cells possess filopodia that sense gradients of various pro-angiogenic 

molecules, such as VEGF, FGF and chemokines, guiding the growing stalk and 

ultimately forming a new blood vessel (Carmeliet and Jain, 2011). Figure adapted from 

Carmeliet and Jain (2011). 
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2.6.3 Vasculogenic Mimicry 

Some aggressive cancers show a remarkable functional plasticity, exhibiting the 

phenomenon of vasculogenic, or vascular mimicry (VM). In this form of 

vasculogenesis, cancer cells express genes associated with angiogenesis and 

vasculogenesis, assuming some phenotypic traits of endothelial cells. VM appears to be 

driven by tumour hypoxia, and tumours displaying VM exhibit a matrix-rich, 

vasculogenic-like network, lined with transendothelial tumour cells (Kirschmann 

et al., 2012).  

 

The earliest description of VM was reported in uveal melanoma by Maniotis (1999), 

who described vascular-like networks of tubular and non-tubular structures, rich in 

collagen, possessing a basement membrane, lined with tumour cells co-expressing 

endothelial markers and containing plasma and red blood cells. Further work has 

demonstrated similar structures in a range of aggressive tumour types, including 

carcinomas, sarcomas, glioblastomas and astrocytomas (Shirakawa et al., 2001; Sood 

et al., 2001; Sood et al., 2002; Sharma et al., 2002). Cancer cells displaying VM show 

phenotypic plasticity similar to embryonic stem cells, expressing key stem cell markers 

(Bissell, 1999; Bittner et al., 2000; Hendrix et al., 2003), however, cancer lack the 

regulatory mechanisms that control growth and differentiation (Hardy et al., 2010). 

Cancer cells displaying VM also exhibit endothelial patterns of gene expression, 

supporting the endothelial phenotype with proteins such as VE-cadherin, (CD144), 

erythropoietin-producing hepatocellular carcinoma-A2 (EPHA-2) and ECM proteins 

(laminin-332, fibronectin and collagen IV and VI). Secondly, there is a downregulation 

of genes that are cancer/epithelial cell-specific (Bittner et al., 2000; Hendrix et al., 

2003). Functionally, the leaky vessels created by VM provide an alternate route for 
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movement of plasma and cells. Channels of VM may also connect to vessels, increasing 

the overall perfusion of the tumour as well as providing a pathway for metastasis. 

Clinically, VM, although rare, relates to poor prognosis, suggesting that it confers an 

advantage in tumour progression (Folberg and Maniotis, 2004; Kirschmann et al., 

2012). In the research presented here, we definitively establish that the EO771 BC 

model lacks VM. 
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2.7 Angiogenesis 

Angiogenesis refers to the formation of new blood vessels from pre-existing vessels and 

often follows from vasculogenesis. Like vasculogenesis, the frequency of angiogenic 

events decreases with maturation of the organism, persisting mainly in wound healing 

and the female reproductive tract (Torry and Torry, 1997). There are two forms of 

angiogenesis: sprouting (Fig 2.6) and intussusceptive.  

2.7.1 Sprouting Angiogenesis 

Sprouting angiogenesis (SA) was first described over 150 years ago and was initially 

the only known form of angiogenesis (Styp‐Rekowska et al., 2011). Hypoxia primarily 

drives SA via VEGF, although a range of proangiogenic molecules have been 

implicated (Carmeliet, 2005; Carmeliet and Jain, 2011b). In SA, vessels sprout through 

proliferation of endothelial cells, degrading the basement membrane and interstitial 

matrix via cell surface anchored proteases. Sprouts invade surrounding tissues as a 

proliferating solid stalk which is guided by a motile “tip cell” possessing numerous 

filopodia that sense gradients of angiogenic molecules (Fig 2.7) (Gerhardt et al., 2003; 

Stratman et al., 2009b). Formation of a functional lumen and integration into existing 

vascular structures follows. Sprouting angiogenesis is slow and dependent upon cell 

proliferation as well the activation of molecular pathways that support tissue invasion 

(Risau, 1997). However, sprouting provides the advantage of being able to cross tissue 

gaps, as in wound healing. In development, sprouting angiogenesis works in concert 

with intussusceptive angiogenesis. 
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Figure 2.7 Sprouting angiogenesis in an EO771 tumour 
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Figure 2.7 Sprouting angiogenesis in an EO771 tumour 

Left panels show monochrome images, right panels show false colour images. 

A, Endothelial cells showing tip cells (solid arrow) and filopodia (dotted arrow). Tip 

cells are following density gradients of pro-angiogenic molecules such as VEGF. 

B, Tip cells link and form bridges (solid white arrows), effectively creating a potential 

vessel lumen (solid yellow arrow). 

C, Multiple disorganized lumens (solid yellow arrow) are beginning to form from 

multiple tip cell growth and bridging.  Note the degree of angiogenic disorganization, a 

feature of tumour angiogenesis. 

30µm tumour sections harvested at day 28 post-implantation, stained with CD31-

Alexa Fluor 647, nuclei counterstained with DAPI. Resolution 20x, from cropped 

images, scale bar 20 µm. 
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2.7.2 Intussusceptive Angiogenesis  

 Intussusceptive angiogenesis (IA), in contrast to SA, is rapid, occurring in hours or 

even minutes, and does not require cell division. As a consequence, IA can dramatically 

increase vascular surface area. IA is characterized by the formation of transvascular 

tissue pillars across the vessel lumen, effectively dividing it (Burri et al., 2004). Pillar 

formation occurs when opposing vessel walls protrude into the lumen and join together, 

leading to the formation of a transverse endothelial bilayer, or pillar. The pillar then 

undergoes perforation and dilatation. This is followed by branching and further 

development, including invasion of fibroblasts and pericytes and subsequent deposition 

of interstitial matrix (Djonov et al., 2003; Burri et al., 2004).  

 

At the capillary level, synchronous multiple pillar formation can result in a dramatic 

increase in vascular surface area, and the formation of rich capillary beds. In venules or 

arterioles, transvascular pillars can create branch points and remodelling of the vascular 

tree (Burri et al., 2004). Unlike sprouting, IA allows continuous blood flow during 

angiogenesis, which drives the expansion of tumour vasculature during the angiogenic 

switch (Hlushchuk et al., 2008; Hlushchuk et al., 2011). IA has been demonstrated in a 

range of cancers, including breast, colon, melanoma, glioma and B-cell non-Hodgkin’s 

lymphoma (Patan et al., 1996; Djonov et al., 2001; Crivellato et al., 2003; Ribatti et al., 

2005). Curiously, no molecule has been identified that drives IA, although shear stress 

has been shown to play a major role (Ribatti and Djonov, 2012).  
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2.8 Vessel Co-option 

Perhaps the earliest description of vessel co-option appeared in 1883:  

“The blood vessels which are seen in sections of tumours may be 

somewhat imperfectly classified as follows: (1) Those belonging to the 

proper tissue of the part into which the neoplasm has infiltrated; and 

(2) those which have arisen anew and belong to the new growth itself.” 

(Abraham, 1883)  

In vessel co-option, neither vasculogenesis nor angiogenesis play a role; instead, the 

growing tumour simply incorporates existing vasculature from the host tissue bed. As 

tumours grow both by expansion and invasion, invading cancer cells can preferentially 

associate with host endothelial cells, growing alongside and incorporating existing 

microvascular structures (Döme et al., 2007). Initial studies suggested that vessel 

co-option only occurs in the initial stages of tumour growth (Holash et al., 1999). 

However, studying malignant melanoma in both human and murine models, 

Döme (2002) found no evidence of tumour-directed vascular invasion, but rather the 

incorporation of the adjacent tumour-stimulated vascular plexus into the tumour. 

Similar non-angiogenic growth was reported in a study of non-small cell lung cancer, 

where incorporation of the alveolar vascular plexus by tumour cells occurred without 

neo-angiogenesis or destruction of the capillaries. (Pezzella et al., 1997).  

 

Notably, tumour regrowth following anti-angiogenic therapy commonly involves IA, as 

well as vessel co-option and the formation of mosaic vessels (Ribatti and Djonov, 

2012). Taken together, these data suggest that vessel co-option may simply be one of a 

number of methods by which certain tumour types obtain access to the host vasculature 

without endothelial cell proliferation/sprouting (Döme et al., 2007).  
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2.9 The Angiogenic Switch 

The angiogenic switch is a complex interplay between tumour cells and host tissues, 

made up of a series of discrete molecular and cellular events independent of any genetic 

mutation associated with tumour formation (Hanahan and Weinberg, 2008; Baeriswyl 

and Christofori, 2009). The angiogenic switch depends upon the balance between pro- 

and anti-angiogenic factors tipping in favour of angiogenesis; as opposed to the 

‘angiogenic balance’ which is the homeostatic state of most tissues (Fig 2.8). 

Triggering of the angiogenic switch drives tumour growth and invasion (Fig 2.9) 

(Bergers and Benjamin, 2003).  

 

Lack of an angiogenic switch is seen in micro-tumours that produce very low levels of 

proangiogenic factors and high levels of anti-angiogenic factors, and thus do not grow 

(Naumov et al., 2009). Indeed, autopsy studies have shown that nearly 40% of women, 

aged from 40-49, have occult microscopic breast cancer, yet only 1.8% have diagnosed 

breast cancer (Nielsen et al., 1987). A similar incidence has been reported in prostate 

and thyroid cancer (Harach et al., 1985, Sánchez-Chapado et al., 2003). Thus, the 

angiogenic switch, tumour progression and patient outcome are closely linked in certain 

tumours. 
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54 

 

 

Figure 2.8 The angiogenic balance 
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Figure 2.8 The angiogenic balance 

Under normal physiological conditions there is a balance between production of 

proangiogenic (red box) and anti-angiogenic (blue box) factors. The angiogenic switch 

is tripped when upregulation of proangiogenic factors, (discussed below), dominates the 

microenvironment. Adapted from Bergers and Benjamin (2003). 
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Figure 2.9 Tumour dissection showing progression of the angiogenic switch 
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Figure 2.9 Tumour dissection showing progression of the angiogenic switch 

Increasing levels of proangiogenic factors drive the angiogenic switch. Fresh dissection 

of tumours formed by Lewis lung carcinoma cells implanted subcutaneously in 

C57/Bl6 mouse (2 x 10
5 

cells).  

Top left, Seven days post-implantation, showing an avascular tumour and the presence 

of an engorged feeder vessel.  

Top right, Day 10 shows increased numbers of vessels feeding the enlarging tumour, 

although the tumour has not undergone the angiogenic switch as of yet.  

Bottom left, Day13 shows a rim of reddening, indicating the beginning of the angiogenic 

switch.  

Bottom right, By Day 16, the tumour is fully angiogenic.  

Scale bar indicates mm. 

  



 

58 

 

2.1 Proangiogenic Factors in Angiogenesis 

Judah Folkman’s publication of ‘The Isolation of a Tumour Factor Responsible for 

Angiogenesis’ (1971) marked the beginning of intense research into the molecular basis 

of angiogenesis. He described a ‘tumour angiogenesis factor’ (TAF) that had the 

capacity to induce neovascularisation, and was the first to suggest the possibility of 

arresting tumour growth by blocking the hypothesized TAF. Since then, research has 

identified over thirty proangiogenic factors (Roskoski, 2007).  

 

The most important proangiogenic factors include: hypoxia inducible factor-1 (HIF-1), 

(VEGF), the angiopoietins, placental growth factor (PlGF), FGF, platelet-derived 

growth factor-1 (PDGF-1), hepatocyte growth factor (HGF) and the interleukin (IL) 

chemokines. Likewise, over 30 anti-angiogenic factors have been identified, including 

thrombospondin-1, angiostatin, endostatin, canstatin and tumstatin. These regulatory 

molecules can play a role in both physiological and pathological angiogenesis 

(Bergers and Benjamin, 2003).  

2.1.1 HIF-1 

Tumour proliferation requires maintenance of oxygen concentration at levels which are 

sufficient to support rapid cell division. Hypoxia, (lowered oxygen) is a classic initiator 

of the angiogenic switch. HIF-1 is the key regulator of molecular and cellular changes 

induced by hypoxia (Wang et al., 1995). HIF-1 consists of two subunits: 

(i) the α-subunit, induced in the cytoplasm by hypoxia and destroyed under normoxia, 

and the constitutively expressed β-subunit, which resides in the nucleus. Upon 

activation, the α-subunit translocates to the nucleus and dimerises with the β-subunit to 

form active HIF-1.  
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The active HIF-1 complex is then capable of binding to the hypoxia response 

element (HRE, 5’-TACGTG-3’) present in the promoter of a multitude of genes 

(Fig. 2.10). HIF binding to HRE initiates DNA transcription, and the expression of 

various proangiogenic genes which facilitate tumour cell survival and growth under 

hypoxic conditions (Wang et al., 1995; Chilov et al., 1999; Semenza 2003). As solid 

tumours are characteristically hypoxic, a feedback loop is established that modifies gene 

expression to support the malignant phenotype (Gordan and Simon, 2007). Many 

studies have shown that blocking HIF-1α expression severely impedes tumour 

progression and vascularisation in teratocarcinomas (Ryan et al., 1998). HIF-1 directly 

activates a number of highly significant proangiogenic molecules. This includes VEGF 

and its receptor VEGFR1, angiopoietin-2 and its receptor (Tie2) and platelet derived 

growth factor (PDGF) (Gordan and Simon, 2007; Otrock et al., 2009).  
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Figure 2.10 The HIF-1 pathway 
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Figure 2.10 The HIF-1 pathway 

HIF-1α is constitutively expressed in the cytoplasm. In the presence of oxygen, 

HIF-1 undergoes ubiquitination followed by proteasomal degradation. Under hypoxia, 

HIF-1α translocates into the nucleus and binds with HIF-1β to form active HIF-1. 

HIF-1 is a transcriptional activator, binding to the hypoxia response element (HRE) 

present in the promoter of numerous genes, thereby initiating production of 

hypoxia-adaptive proteins. Adapted from Krohn et al. (2008).  
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2.1.2 VEGF 

The VEGF signalling pathway is a key regulator of vascular development, 

lymphangiogenesis and both normal and tumour angiogenesis (Adams and Alitalo, 

2007). VEGFs are dimeric glycoproteins that belong to the platelet-derived growth 

factor (PDGF) superfamily of growth factors (Dvorak, 2002). VEGF is produced mainly 

by endothelial, haematopoietic and stromal cells (Cebe-Suarez et al., 2006), and is over-

expressed in wide range of tumours (Davis and Smyth, 1997). VEGF was initially 

believed to be only one molecule; however, further research has shown that there are 

five forms, VEGF-A (VEGF) to VEGF-D, as well as PlGF. Alternative splice variants 

have also been identified for VEGF-A (nine variants), VEGF-B and PlGF. There are 

also three VEGF receptors (VEGFR1-3), (see below). Furthermore, several VEGF 

family members bind to heparin sulphate proteoglycans (HSPS) on the cell membrane 

and ECM, providing a reservoir of sequestered VEGF that is released through 

proteolysis.  

 

Although the hypoxia/HIF-1 mechanism is an established regulator of VEGF 

expression, hypoxia, oxidative stress and numerous growth factors, hormones, and 

oncogenes regulate VEGF expression. These include, but are not limited to, growth 

factors such as EGF, FGF, HGF, PDGF; the interleukins, IL-1a, IL-1b, IL-8, IL15; the 

chemokine CXCL8; the transcription factor Stat3; and the Ras oncogene (Ferrara, 2004; 

Hoeben et al., 2004; Xie et al., 2004; Martin et al., 2009).  
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2.1.2.1 Role of VEGF 

VEGF is involved in both angiogenesis and vasculogenesis. VEGF is also a mitogen 

(growth factor) for vascular endothelial cells. Deletion of the VEGF allele results in 

embryonic lethality (Fong et al., 1995; Ferrara et al., 1996). VEGF also promotes 

motility of endothelial cells and monocytes (Barleon et al., 1996), as well as increasing 

vascular permeability, thus enabling movement of proteins and cells from the vascular 

to the extracellular compartment (Roskoski, 2007). High levels of VEGF and HIF-1α 

have been shown to correlate with more aggressive cancerous lesions (Olsson et al., 

2006; Jensen et al., 2006). VEGF also has autocrine effects on tumour cell function 

such as survival, migration and invasion; as well as paracrine effects on host derived 

stromal cells that contribute to tumour growth and spread (Coussens and Werb, 2002; 

Kerbel, 2008).  

 

VEGF also appears to play a role in vascular morphology. Using adenoviral vectors 

expressing VEGF-A, Nagy et al. (2007) were able to induce structurally 

(and functionally) distinct types of blood vessels in a dose and time dependent manner, 

paralleling the types of blood vessels found in tumours. Similar vessel subtypes were 

also observed during the course of this research (Table 2.1 and Fig 2.11). 
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Figure 2.11 Vessel types in murine EO771 breast cancer tumours 
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Table 2.1 Classification of Angiogenic Blood Vessels   

Type of Vessel Characteristic Features 

Mother Vessel Large, thin-walled hyperpermeable sinusoids with reduced 

blood flow and low pericyte coverage; often engorged with red 

blood cells. 

Capillaries Capillary-like channels. 

Vascular 

Malformations 

Similar to arteriovenous malformations found in other settings; 

serpentine, tangled with an irregular coat of smooth muscles 

and/or fibrous connective tissue. 

Glomeruloid 

Microvascular 

Proliferations 

Poorly organized, tangled, renal glomeruli-like structures, often 

with tiny lumens. 

 

Adapted from Dvorak et al., (2000). 

 

 

 

Figure 2.11 Vessel types in murine EO771 breast cancer tumours 

Fluorescence imaging of EO771 tumour sections immunolabelled with the endothelial 

marker CD31 conjugated to Alexa Fluor 647; nuclei stained with DAPI.  

Left panels, monochrome images of CD31
+
 tumour vasculature.  

Right panels, false colour images, including DAPI.  

A) Mother vessel. B) Capillary-like structures. C) Vascular malformations. 

D) Glomeruloid microvascular proliferations.  

30µm sections, resolution 10x, scale bar indicates 100µm. 
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2.1.3 The VEGF Receptors  

VEGFs signal through three distinct cell surface tyrosine kinase receptors, VEGFR1, 

VEGFR2 and VEGFR3. VEGFR1 (Flt-1) is expressed on vessel ECs, haematopoietic 

stem cells (HSCs), monocytes and macrophages (Ferrara et al., 2003). VEGFR1 is 

needed for the recruitment of HSCs and the migration of macrophages and monocytes. 

VEGFR1 mediates the mitogenic, angiogenic and permeability enhancing features of 

VEGF (Ferrara et al., 2007). VEGFR2 (KDR/Flk-1) is expressed by EPCs and vessel 

wall endothelium and regulates vascular endothelial function. VEGFR3 (Flt-4) is 

restricted to lymphatic endothelial cells and regulates their function (Nilsson et al., 

2010). Mice null for VEGFR1 die in utero with excessive haemangioblast proliferation 

and disorganized vascular structures (Fong et al., 1995).  

 

Tumour cells exert a paracrine influence on angiogenesis via VEGF receptors found on 

endothelial cells (Dvorak et al., 1991). Furthermore, the angiogenic cascade can be 

amplified by monocytes secreting VEGF in the tumour microenvironment, for 

monocytes concomitantly express VEGFR1, promoting further monocyte migration and 

accumulation, thus increased VEGF production (Ferrara, 2004).  

 

In conclusion, the HIF-1/VEGF pathway is a complex signalling network regulating 

both physiological and pathological angiogenesis. Combined with 30 known 

endogenous proangiogenic factors and an equal number of anti-angiogenic factors, there 

are a myriad of opportunities for signal-specific regulation of angiogenesis under both 

normal and pathological conditions (Roskoski, 2007).  
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2.2 Bone Marrow-derived Cells in Tumour Angiogenesis 

For many years, tumour cells themselves were regarded as the sole source of angiogenic 

molecules in tumourigenesis (Ferrara, 2004), however, ample evidence now exists that 

the tumour stroma plays a key role in production of angiogenic cytokines (Coussens and 

Werb, 2002; Orimo and Weinberg, 2006; Lin and Karin, 2007).  

 

Tumours are a complex organization of tumour and host derived cells, including mature 

endothelial cells from surrounding tissue, fat cells, fibroblasts, macrophages, myeloid 

cells, neutrophils, T cells and EPCs (Fig. 2.12). These cells are instrumental in tumour 

growth, immune modulation, establishment of the pre-metastatic niche and tumour 

angiogenesis/vasculogenesis (Kaplan et al., 2007; Shaked and Voest, 2009). A number 

of BMDCs are known to directly (or indirectly) support tumour angiogenesis, these 

include tumour-associated macrophages (TAMs), mesenchymal stem cells (MSCs), 

Tie2
+
 monocytes (TEMs), mast cells, neutrophils, T cells, natural killer (NK) cells, 

pericytes, and EPCs (Gao and Mittal, 2009).  

 

The majority of BMDCs come from the haematopoietic lineage and act perivascularly 

(outside the blood vessel) to support blood vessel growth, by producing proangiogenic 

cytokines, growth factors and matrix remodelling enzymes. Structural roles are played 

by (i) pericytes that physically encircle developing vessels; and by (ii) EPCs that 

directly incorporate into nascent blood vessel walls (Coffelt et al., 2009; De Palma and 

Naldini, 2009).  
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Figure 2.12 The cellular microenvironment of the primary tumour 
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Figure 2.12 The cellular microenvironment of the primary tumour 

Primary tumours display a complex cellular microenvironment consisting of cancer 

cells, endothelial cells and fibroblasts, as well as BMDCs, including tumour associated 

macrophages (TAMs), Tie2 expressing monocytes (TEMs), mesenchymal stem cells 

(MSCs), and endothelial progenitor cells (EPCs). Each of these cells plays a role in 

supporting tumour growth, angiogenesis and spread. Adapted from Joyce and Pollard,  

(2008). 
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2.2.1 EPCs 

(I) EPCs in Development  

In the early developing embryo, mesodermal tissues aggregate to become 

haematopoietic stem cells (HSCs) and EPCs. HSCs and EPCs co-localize into structures 

known as blood islands. In the blood islands, EPCs localize peripherally and form the 

earliest vascular structures around the HSCs, ultimately continuing to differentiate into 

the endothelium of future blood vessels (Choi, 1998). Both HSCs and EPCs display the 

surface markers VEGFR2, Tie2 (angiopoietin receptor 2), stem cell antigen-2 (SCA2) 

and CD34, supporting the hypothesis that they share a common origin, termed the 

haemangioblast (Flamme and Risau, 1992; Weiss and Orkin, 1996; Choi, 1998). In the 

adult, the source of bone marrow EPCs remains unknown, although haemangioblasts 

presumably exist in the bone marrow and/or spleen (Grant et al., 2002; Bailey et al., 

2004; Peault, 2010). 

(II) Role of EPCs  

Until recently, new blood vessel formation in tumours was believed to occur only 

through proliferation of existing endothelial cells (Ribatti, 2007) until the seminal work 

of Asahara et al (1997). Their paper reported the isolation of putative ‘progenitor 

endothelial cells’ from the peripheral blood of adult humans and mice, describing them 

as a group of circulating cells displaying surface proteins found on both HSCs and 

endothelial cells. These markers include the VEGFR2 (see above), CD34 (which is also 

a progenitor marker) and Tie2. They also found these cells had the ability to 

differentiate in vitro into endothelial cells as well as localize and promote vascular 

growth at sites of ischemia in vivo. Since then, EPCs have been shown to be involved in 

processes such as wound healing, atherosclerosis, myocardial ischemia and infarction, 

endogenous endothelial repair and tumour angiogenesis in both mice and humans 
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(Lyden et al., 2001; Garcia-Barros et al., 2003; Minami et al., 2005; Peters et al., 2005; 

Kopp et al., 2006; Duda et al., 2006). 

 

(III) EPCs and Tumour Biology 

EPCs are of immense interest to the scientific community, particularly in the area of 

vascular regeneration where they have been termed the “holy grail” (Hunting et al., 

2005). Unfortunately, the last 15 years of research have not provided a clear definition 

of the precise identity, biological activity and functional significance of EPCs in 

humans, particularly in the areas of tumour growth and vascularisation (Fadini et al., 

2012). One focus of this research is to elucidate the role of the CCL5/CCR5 axis in EPC 

biology. 

 

The role of EPCs in tumour angiogenesis has recently been an area of intense study. 

Initial observations in mice showed that BM-derived circulating endothelial progenitor 

cells (CEPs) contributed to tumour angiogenesis (Lyden et al., 2001; Natori et al., 

2002). Human data was lacking for the presence and importance of EPCs in human 

cancer, mainly because circulating vasculature from the tumour, aka circulating 

endothelial cells (CECs), express many markers that are similar to EPCs. However 

Peters et al (2005) demonstrated conclusively that EPCs were present in human cancer. 

They examined tumour samples from patients who had undergone bone marrow 

transplantation 15 months to 15 years previously and later developed cancer. By 

staining tumour sections with fluorescent X- or Y-chromosome specific probes, 

BM-derived endothelial cells in sex mis-matched recipients were definitively identified 

at levels of 1-12% of total endothelial cells in different tumours. Such small percentages 
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of the total tumour vasculature lead to questioning the importance of EPCs and their 

role in the angiogenic switch. 

 

Nolan (2007) showed EPCs at the tumour periphery in the early stages of the angiogenic 

switch prior to tumour vascularisation, and found this pattern in murine syngeneic 

intradermal lung cancer, lymphoma and orthotopic transgenic breast cancer tumour 

models. To track bone marrow derived cells in situ investigators irradiated mice that 

subsequently underwent BMT with green fluorescent protein (GFP) labelled bone 

marrow cells. After BM reconstitution, mice were tumour challenged. As the tumours 

grew, as much as 25-35% of total tumour vasculature showed incorporated GFP 

positive cells, coinciding with the onset of the angiogenic switch. These high cell 

numbers became rapidly diminished as EPCs were diluted by recruitment of 

surrounding vasculature. This phenomenon explains the low and variable numbers seen 

by Peters et al (2005) in late stage or rebounding human tumours. 

 

Further evidence suggesting EPCs involvement in the angiogenic switch followed 

selective ablation of nascent vasculature and EPCs. Selective ablation was achieved by 

labelling the monoclonal antibody E4G10 with the α-particle emitting isotope 

225
Actinium. E4G10 binds specifically to the immature (monomeric) form of 

VE-cadherin, but not the mature (dimeric) form of VE-cadherin that forms the tight 

junctions of vessel-incorporated endothelial cells. Thus, the radioactive antibody did not 

target mature endothelial tissues (Nolan et al., 2007). Results showed a significant 

reduction in the number of incorporated EPCs and a dramatic reduction in vessel 

density, tumour size and overall survival. Next, Gao and Mittal (2009) demonstrated 

that blocking EPCs mobilization severely inhibits the angiogenesis-mediated 
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progression from micro- to macrometastases in the murine Lewis lung carcinoma (LLC) 

model. This was done by using BMT and targeting the transcription factor Inhibitor of 

DNA binding-1 (Id1), shown to be highly expressed in certain stem cells, cancer cells 

and tumour vasculature. The research team also demonstrated that several 

proangiogenic genes and numerous growth factors were upregulated in tumour EPCs 

(Fig. 2.13). Experiments to date suggest that EPCs may play a structural role by 

incorporating into nascent tumour vasculature, and that EPCs may play a major 

paracrine role in the early tumour, guiding and supporting the emerging vasculature by 

secreting numerous proangiogenic factors. Thus EPCs may be a novel therapeutic target 

in slowing or stopping disease progression (Gao and Mittal, 2009). 
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Figure 2.13 Upregulated growth factors and proangiogenic genes in tumour 

recruited EPCs vs. BM-localized EPCs 
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Figure 2.13 Upregulated growth factors and proangiogenic genes in tumour 

recruited EPCs vs. BM-localized EPCs 

Genome array data showing upregulated proangiogenic genes in tumour recruited 

BM-derived EPCs compared to EPCs harvested from the bone marrow compartment. 

Data shown as fold change in tumour recruited BM-EPCs compared to BM-EPCs from 

resting animals. Data are p<0.05 (Anova). 

Figure based upon array data. Abbreviations, IGFBP, insulin growth factor binding 

protein; BMP, bone morphogenic protein; PDGF; platelet derived growth factor; VEGF, 

vascular endothelial growth factor; HIF, hypoxia inducible factor (Gao et al., 2008). 
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(IV) The EPC Controversy 

There has been significant disagreement in the reported proportions of EPCs 

contributing to tumour stroma and vasculature. Lyden et al. (2001) observed almost 

50% EPC incorporation rate in tumour vessels. Other studies have put it between 5-20% 

(Machein et al., 2003; Ruzinova et al., 2003; Peters et al., 2005; Gao et al., 2008), and 

yet some studies failed to find any EPCs in their tumour model (De Palma et al., 2003; 

De Palma et al., 2005; Purhonen et al., 2008). Such differences have arisen from a lack 

of consensus markers for EPCs, leading to questions regarding which cell types are 

being studied. Although recent work has attempted to phenotype EPCs with a 

comprehensive set of markers, a single definitive surface marker has not been 

discovered (Shaked et al., 2005; Bertolini et al., 2006; Nolan et al., 2007; Gao et al., 

2008). Differences in EPCs proportions can also stem from inconsistencies in tumour 

type and staging between studies. As EPCs are among the earliest cells recruited to the 

tumour site and undergo rapid dilution with non-BM derived endothelial cells as 

vascularisation proceeds, staging is critical (Nolan et al., 2007; Gao et al., 2009). Lastly, 

differences in visualizing incorporated and perivascular EPCs using light microscopy as 

opposed to high resolution imaging platforms has caused different findings.   

 

Some of this controversy may be laid to rest following a seminal paper by Mellick et al. 

(2010). Using targeted ablation of a single marker (Id1) and high resolution imaging, 

they showed that EPCs do in fact form a distinct bone marrow derived lineage and are 

required for the angiogenic switch.  

 

In conclusion, the picture emerging of EPCs biology is that in response to hypoxic 

conditions generated in the early tumour, cytokines and growth factors signal to the BM 
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and recruit EPCs to the tumour periphery. These EPCs migrate to hypoxic regions of the 

tumour, enhancing the production of proangiogenic cytokines and directly incorporating 

into nascent tumour vasculature. As tumours vascularise, the hypoxic conditions reduce 

and EPCs become diluted out or migrate to non-vascularised parts of the growing 

tumour. In this work, we hope to further clarify the role of BM-derived EPCs, 

particularly in terms of CCL5-CCR5 signalling. 

2.2.2 Tumour-associated Macrophages 

EPCs represent a relatively small number of bone marrow derived cells that contribute 

to tumour angiogenesis. By far the best-studied bone marrow-derived tumour infiltrating 

cells are macrophages and cells of the myeloid lineage that play a role in promoting 

angiogenesis. Tumour associated macrophages (TAMs) are a heterogeneous population 

of cells arising from blood-borne monocytes. As with EPCs, they are thought to be 

recruited in response to tumour derived chemokines and growth factors (Wels et al., 

2008). Upon entering the tumour, recruited monocytes differentiate into TAMs 

(Murdoch et al., 2004). TAMs can be a significant component of the tumour, 

compromising up to 50% of the tumour mass, and their percentage correlates with 

tumour progression and metastasis (Kelly et al., 1988, Leek et al., 1994).  

 

TAMs produce the proangiogenic molecules VEGF, interleukin-8, tumour necrosis 

factor-α (TNF-α) and matrix metalloproteinase-9 (MMP-9). Correspondingly, high 

numbers of TAMs often correlate with tumour vascularisation (Coussens et al., 2000; 

Leek et al., 2000; Lewis et al., 2000; Yang et al., 2004; Dirkx, 2006; Lewis and Pollard, 

2006). TAMs also support tumour growth by producing a range of pro-tumour growth 

factors. These include Transforming Growth Factor-β (TGF-β), FGF, Epidermal Growth 
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Factor (EGF), Platelet-Derived Growth Factor (PDGF) and HGF (Pollard, 2004). 

Thus, the secretory and receptor profiles of TAMs highlight their role in many facets of 

tumourigenesis and cancer progression.  

2.2.3 Mesenchymal Stem Cells 

Mesenchymal stem cells (MSCs) are found in many tissues, including bone marrow, and 

represent another heterogeneous subset of stromal cells that have been implicated in 

tumour angiogenesis and growth. Tissue resident MSCs play a role in the maintenance 

and regeneration of connective tissues through engraftment (Studeny et al., 2004; 

Uccelli et al., 2008). During cancer significant numbers of MSCs have been shown to 

be recruited to the site of the primary tumour, where they play a role in invasion, 

metastasis and immunological evasion (Hall et al., 2007; Karnoub et al., 2007; Liu 

et al., 2011).  

2.2.4 Tie2 Expressing Monocytes 

Several studies have shown that Tie2 expressing monocytes, (TEMs), are another 

proangiogenic cell recruited to the tumour from the bone marrow. TEMs express the 

angiopoietin-2 receptor Tie2, a marker also found on endothelial cells, as well as other 

vascular markers resulting in confusion between TEMs and EPCs. Unlike EPCs and 

CECs, TEMs (and TAMs) express the myeloid marker CD11b (an integrin) and do not 

incorporate into the tumour vascular endothelium. TEMs have been found in areas of 

rapid angiogenesis, representing up to 30% of the stromal population. However, they are 

virtually excluded from areas of necrosis. Elimination of TEMs by suicide gene therapy 

severely compromises tumour angiogenesis (De Palma et al., 2007). TEMs are also 

believed to be responsible for the rapid re-vascularisation that occurs following 

radiation therapy in glioma (Kozin et al., 2010). Like EPCs and TAMs, TEMs form a 
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distinct bone marrow-derived lineage and can represent another target for 

anti angiogenic therapy (Lewis et al., 2007).  Besides proangiogenic factors, TEMs also 

produce growth factors and tissue remodelling proteins that may play a paracrine role in 

tumour angiogenesis (De Palma et al., 2007; De Palma and Naldini, 2009). 

2.3 The Chemokines  

2.3.1 Structure and Function 

Chemokines (from chemotactic cytokines) constitute the largest family of cytokines 

with more than 50 members. Chemokines are small, structurally similar protein 

molecules of 70-125 amino acids, with molecular masses between 8-14 kDa. The 

chemokine molecular signature has a minimum of four conserved cysteine residues with 

two disulphide bonds, one between the first and third and another between the second 

and fourth cysteine, stabilizing their characteristic shape (Zlotnik and Yoshie, 2012). 

Although chemokines share a highly conserved tertiary structure, their amino acid 

sequence homology can be quite low (Wells and Proudfoot, 1999). Furthermore, 

chemokine quaternary structure can be quite varied, as many chemokines display the 

phenomenon of oligomerization, forming either dimers or oligomers in solution or upon 

binding to glycosaminoglycans (Johnson et al., 2005). Although accepted that 

chemokines bind to their cognate receptors as monomers to cause chemotaxis in vitro, 

not all chemokines follow this mechanism in vivo. For example, CCL5 (RANTES) 

tends to form large stable oligomers, and engineered non-oligomerizing CCL5 variants 

are unable to induce chemotaxis in vivo compared with wild type oligomers (Proudfoot 

et al., 2003). Interestingly, some chemokines can also hetero-oligomerize, adding a 

further layer of complexity to the chemokine system. For example, hetero-oligomers of 
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CXCL4 (Platelet Factor 4) and CCL5 enhance monocyte arrest on endothelial cells 

compared with CCL5 alone under flow conditions (Von Hundelshausen et al., 2005).  

Chemokines are active in picomolar concentrations, and their most common role is 

inducing gradient-based chemotaxis in leucocytes under immunological challenge, 

resulting in leukocyte accumulation at the chemokine source. Various cell populations, 

including tissue leukocytes, fibroblasts, endothelial cells and epithelial cells, mediate 

chemokine secretion (Balkwill, 2004). Secreted chemokines bind to and accumulate on 

glycosaminoglycans (GAGs) of cell surfaces and extracellular matrix, inhibiting 

diffusion and providing a mechanism for localized chemokine accumulation, as the 

persistence of a soluble gradient under plasma flow is not possible (Nibbs et al., 2003). 

Localized chemokine accumulation creates a haptotactic (adhesion-based) gradient 

under flow conditions, leading to the accurate positioning of leucocytes in immune 

surveillance and inflammation (Salanga and Handel, 2011). Engineered chemokine 

variants of CCL5 and CCL2 that lack GAG binding are unable to induce chemotaxis in 

vivo despite being fully active in vitro. Thus for certain chemokines, GAG binding, like 

oligomerization, are essential aspects of in vivo activity (Proudfoot et al., 2003). 

As well, GAG binding appears to involve oligomerization, and it has been suggested 

that oligomerization increases binding area with GAGs, which may play a role under 

flow conditions, particularly when presenting chemokines to cell surfaces.  

 

Although chemokines a play key role in inflammation, they are equally important in 

organogenesis, development and immune surveillance, providing signals for organized 

cell migration and angiogenesis (Allen et al., 2007; Kiefer and Siekmann, 2011). 

Furthermore, chemokines mediate a wide range of pathologies including autoimmune 

disorders, e.g., multiple sclerosis and rheumatoid arthritis (Sørensen et al., 1999; 
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Haringman et al., 2006), respiratory diseases such as asthma and chronic obstructive 

pulmonary disease (Lukacs, 2001; Traves et al., 2002) and cancer (Allavena et al., 

2011). Notably, almost every cancer cell examined has been found to secrete 

chemokines, suggesting a role in tumour progression (Rollins, 2006).  

2.3.2 Classification of Chemokines 

Chemokines are classified into four subfamilies (C, CC, CXC, and CX3C) based 

upon (1) the number of cysteine residues (C) at the N-terminal cysteine site and (2) the 

number of non-conserved amino acids (X) between these residues (Zlotnik and Yoshie, 

2000). Chemokines have also been functionally classified as either inflammatory 

(mostly C-C chemokines) or homeostatic, although a third group has emerged with 

features of both groups, termed “dual-function chemokines” (see Table 2.2 & Table 2.3 

for an overview) (Moser and Willimann, 2004). Inflammatory chemokines play a key 

role in infection, inflammation and wound healing, promoting leukocyte migration and 

activating cells to launch an immune response. Expression of inflammatory chemokines 

is inducible, generally by inflammatory cytokines, microbial products or trauma, 

ensuring the termination of the immune response at normal resolution of the tissue 

insult (Fernandez and Lolis, 2002). An ongoing, uncontrolled immune response 

eventually results in tissue pathology (Zlotnik and Yoshie, 2000; Christopherson, 2001; 

Mackay, 2001).  

 

Homeostatic chemokines are constitutively expressed in tissue-specific sites, regulating 

the basal level of leukocyte movement during immune surveillance. Homeostatic 

chemokines also have roles other than chemotaxis, and are involved in homeostatic 

mechanisms, such as navigation of leukocytes and haematopoietic stem cells during 



 

82 

 

haematopoiesis in the bone marrow and thymus, and developmental localization of 

T and B cells in the lymphatic system. The dual-function chemokines are most active in 

the area of adaptive immunity, dendritic cell development and T cell lymphopoiesis 

(Moser et al., 2004; Allen et al., 2007). 

2.3.3 Chemokine Receptors 

Chemokine receptors are grouped into two major families, CCR and CXCR, reflecting 

their binding with CC and CXC chemokines respectively. Structurally, chemokine 

receptors are hepta-helical, seven-transmembrane-domain G protein-coupled receptors, 

usually of between 340-370 amino acids (Murphy et al., 2000). However, along with the 

classical chemokine receptors exists a third group of chemokine receptors known as 

interoceptors (internalizing receptors), that transport chemokines into nucleated cells. 

Interoceptors are “silent” insofar as they are not linked to G-proteins, and thus lack 

ligand-induced signalling. To date, two interoceptors have been identified, named 

Duffy antigen and D6 (Nibbs et al., 2003). Duffy antigen is expressed on endothelial 

cells, and D6 is found on the endothelial lining of afferent lymphatic vessels  

 

The 50 known chemokines outnumber the 19 known chemokine receptors, resulting in 

receptor promiscuity and chemokine redundancy (Thiele et al., 2011). Homeostatic 

chemokines and dual-function chemokines are unique insofar as they bind to a single 

receptor, whereas inflammatory chemokines bind to multiple receptors and can thus 

target a wider range of cell types (Moser et al., 2004). As some receptors bind to several 

chemokines, and some chemokines can activate a number of receptors, the chemokine 

system at first appears redundant. However, such a conclusion largely reflects in vitro 

observations, as receptor knockout studies show highly specific chemokine effects 
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in vivo (Power, 2003). Furthermore, as chemokines and GAGs display precise 

expression and interactions, chemokine-GAG relationships may provide a further 

refined level of specificity in the requisite temporal and spatial targeting of cells in 

highly complex inflammatory or infective microenvironments. The outcome of this 

specificity is the achievement of robust, precise biological responses (Mantovani, 1999; 

Zlotnik and Yoshie, 2000; Johnson et al., 2005). Lastly, chemokine receptors, like 

chemokines, can also homo- and heterodimerize, as well as form higher order structures 

at the cell surface. Being dynamic structures, chemokine receptor arrays are currently 

difficult to study, but emerging evidence suggests that receptor dimers and oligomers 

play a further role in chemokine regulation (Muñoz et al., 2012).  
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Table 2.2 Overview of Human C-C Chemokine Receptors 

Receptor Chemokine Known Functions Receptor Location 

CCR1 CCL3, CCL5, 

CCL7, CCL8, 

CCL13–16 

monocyte and T-cell migration; 

inflammation; innate and adaptive 

immunity; hypersensitivity 

monocytes, NK 

cells, memory T 

cells, Th1 cells 

CCR2 CCL2, CCL7, 

CCL8, CCL13 

monocyte and T-cell migration; 

inflammation; innate and adaptive 

immunity; Th1 response 

monocytes, pDC, 

memory T cells, 

basophils 

CCR3 CCL5, CCL7, 

CCL11, 

CCL15-16, 

CCL24, 

CCL26 

eosinophil and basophil migration; 

allergic inflammation; Th2 response 

eosinophils, 

basophils 

CCR4 CCL17, 

CCL22 

monocyte and T-cell and migration; 

allergic inflammation; T-reg 

retention; skin homing 

monocytes, Th2 

cells, Treg cells, 

eosinophils, 

basophils, DC  

CCR5 CCL3, CCL4, 

CCL5, CCL8 

Th1 response, inflammation, 

adaptive immunity;, HIV infection 

monocytes, 

Th1 cells, NK cells 

CCR6 CCL20 DC and memory T-cell migration, 

Th17 cells at site of inflammation 

memory T cells, 

B cells, immature 

mDC, Th17 cells, 

neutrophils,  

CCR7 CCL19, 

CCL21 

T cells and DCs homing to 

secondary lymphoid tissue; 

lymphoid development 

Monocytes, naive 

T cells, B cells, 

mature mDC, Th1, 

Th2, and Treg cells 

CCR8 CCL1 T cell trafficking; Th2 response monocytes, Th2 and 

Treg cells 

CCR9 CCL25 T cell homing to gut and thymus 

tolerogenic DCs 

DC, memory 

T cells, thymocytes 

CCR10 CCL27, 

CCL28 

T cell homing to skin and bowel memory T cells, 

Treg cells 
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Table 2.2 Overview of Human C-C Chemokine Receptors 

Shown, receptor type, ligand function and known cell types expressing the receptor.  

Chemokines are classified according to the number of cysteines at the N-terminal site 

and the position of cysteine residues in a tetracysteine motif. In C-C chemokines, the 

conserved cysteine residues are next to each other (Zlotnik and Yoshie, 2012). 

Chemokine receptors that bind inflammatory chemokines are shown in italics, and 

receptors that bind homeostatic chemokines are underlined. Receptors that bind both 

inflammatory and homeostatic chemokines, i.e., dual function chemokines, are shown in 

bold.  

 

Abbreviations: CCL, C-C motif chemokine ligand; CCR, C-C motif chemokine 

receptor; mDC, myeloid dendritic cell; NK, natural killer; pDC, plasmacytoid dendritic 

cell; Th1, T helper 1; Th2, T helper 2; Th17, T helper 17; Treg, regulatory T-cell. Data 

have been collated from Viola and Luster (2008), Heydtmann and Adams (2009) and 

Oo and Adams (2010). 
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Table 2.3 Overview of Human CXC, CXC3C and (X)C Chemokine Receptors 

Receptor Chemokine Known Functions Receptor Location 

CXCR1 CXCL6, 

CXCL7, 

CXCL8 

acute inflammation; neutrophil 

migration; innate immunity;  

monocytes, neutrophils, 

mast cells 

CXCR2 CXCL1-3, 

CXCL5-8 

acute inflammation; neutrophil 

migration; innate immunity; 

angiogenesis 

monocytes, neutrophils, 

mast cells 

CXCR3 CXCL9, 

CXCL10, 

CXCL11 

T cell recruitment; adaptive 

immunity; Th1, Th2, Th17, 

Treg inflammation 

memory T cells, Th1, 

Th2, Treg, NKT cells 

CXCR4 CXCL12 stem cell migration; B-cell 

lymphopoiesis, embryogenesis 

monocytes, neutrophils, 

mDC, pDC, T and 

B cells, NK, NKT, Th1, 

Th2, Th17, stem cells,  

CXCR5 CXCL13 B cell homing in lymphoid 

organs 

B cells 

CXCR6 CXCL16 T cell migration memory T cells, Th1, 

Th17, NK, NKT cells 

CXCR7 CXCL11, 12 Cardiac and neural 

development,  

B and memory B cells, 

T and memory T cells, 

NK cells 

CX3CR1 CX3CR1 T cell and NK cell trafficking 

and adhesion; innate and 

adaptive immunity; Th1 

inflammation 

monocytes, immature 

mDC, Th1, NK cells 

XCR1 XCL1-2 NK cell recruitment NK cells 
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Table 2.3 Overview of Human CXC, CXC3C and (X)C Chemokine Receptors 

Shown, receptors and their ligands, function and leukocyte cell types expressing each 

receptor. In CXC chemokines, the first two conserved cysteine residues are separated by 

an amino acid. CX3C has three amino acids between the two cysteines. The (X)C 

chemokine is lacking the first and third cysteines (Zlotnik and Yoshie, 2012). 

Chemokine receptors that bind inflammatory chemokines are shown in italics, and 

receptors that bind homeostatic chemokines are underlined.  

 

Abbreviations: CXC, C-X-C motif chemokine ligand; CXR, C-X-R motif chemokine 

receptor; NK, natural killer; NKT, natural killer T cells; Th1, T helper 1; Th2, T helper 

2; Th17, T helper 17; Treg, regulatory T cell. Data collated from (Sierro et al., 2007) 

and Thelen and Thelen (2008), Viola and Luster (2008), and Heydtmann and Adams 

(2009) and Oo and Adams (2010) and Berahovich et al. (2010).  
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2.3.4 Chemokine Receptor-Ligand Interactions: Chemotaxis 

The chemokine network is a complex integrated signalling system providing 

multi-factorial control over a range of cellular responses. Chemokine binding triggers 

receptor activation, resulting in receptor internalization and a signalling cascade causing 

cell specific transcription of target genes (Zlotnik and Yoshie, 2000). The preeminent 

function of chemokines upon binding to cells expressing the target receptor is to trigger 

chemotaxis (Kiefer and Siekmann, 2011).  

 

Chemotaxis involves several independent events grouped around three broad themes: 

motility, directional sensing and polarization. Motility is the random extension of 

pseudopodia driven by spontaneous waves of actin polymerization. Various molecular 

mechanisms direct cell motility along a chemokine gradient, a process termed 

directional sensing. Directional sensing involves cellular processes that detect, interpret 

and amplify the gradient. Polarization refers to the translocation of specific proteins to 

the leading (pseudopod) and lagging (uropod) edges of migrating cells, creating 

functionally and morphologically distinct cellular poles. Pseudopodia also show 

increased chemokine sensitivity compared to the sides and rear (Swaney et al., 2010). 

Cells with actin, such as fibroblasts, exhibit sharp leading edge localization of 

contractile proteins such as F-actin, MyoB, and the actin binding proteins Dynacortin, 

Coronin and ABP-120. The uropod shows distinct localization of Myosin-II, Cortexillin 

and PakA (Iglesias and Devreotes, 2008). Polarization results in actin polymerization 

and F-actin formation in the pseudopod and actomyosin contraction in the uropod, 

causing retraction (Raman et al., 2011). Locomotion is thus achieved through the highly 

organized polymerization of actin filaments and formation of gradient-directed 
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structures, leading to cell migration, which in some cell types, can be quite rapid 

(Li et al., 2005; Tanaka et al., 2005).  

2.4 Endothelial Cells, Chemokines and Inflammation  

Endothelial cells play a central role in inflammation. Normal endothelial cells are 

quiescent; however, when activated by various inflammatory conditions can both 

secrete chemokines and express chemokine receptors. Endothelial cells also express a 

glycocalyx, a layer of glycoproteins and proteoglycans lining the luminal surface, which 

immobilizes a range of biologically active molecules, including various growth factors, 

enzymes and chemokines. 

  

The important inflammatory chemokines CCL2, CCL3, CCL5, and CXCL8 bind to 

endothelial cells in vitro primarily by surface glycosaminoglycans, inducing 

oligomerization, increasing cell surface concentration and increasing chemokine effects 

on their high affinity receptors (Hoogewerf et al., 1997). Chemokines displayed on the 

glycocalyx trigger receptor signalling in blood-borne leucocytes. Leukocyte cell 

membrane integrins are activated, causing adhesion to the endothelial surface, 

polarization of the actomyosin cytoskeleton and leukocyte migration down chemokine 

gradients (Rot and von Andrian, 2004). Endothelial cells then manage the extravasation 

(exit from the vasculature) of leucocytes, modulating the inflammatory process.  

 

Most leukocyte extravasation occurs in the post-capillary venule. Without leukocyte 

extravasation, there would be no innate or immune response. Endothelial cell behaviour 

is thus synchronized by chemokine receptor-ligand interactions in the extravasation of 

leucocytes from the vascular lumen to target sites. Given the damage caused by 
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uncontrolled inflammation, leukocyte extravasation is a tightly regulated process and 

endothelial cell-chemokine interactions play a key role (Muller, 2013).  

2.4.1 Leukocyte Extravasation 

Leukocyte extravasation was first described over 200 years ago as involving leukocyte 

rolling, adhesion and transendothelial migration (Du Trochet, 1824). The molecular 

mechanisms of this original three-step leukocyte adhesion cascade are currently being 

unravelled, involving selectins, integrins, chemokines and their receptors. As a result, 

the three-step mechanism of extravasation has been expanded to include slow rolling, 

arrest, adhesion strengthening, intraluminal crawling, paracellular and transcellular 

migration and migration through the basement membrane (Ley et al., 2007).  

(I) Slow Rolling 

Pro-inflammatory stimuli such as IL-1β, IL-17 and TNF-α activate endothelial cells, 

triggering membrane expression of the two most important rolling molecules, 

endothelial (E)-selectin and platelet (P)-selectin (also expressed by activated platelets) 

(Ley et al., 2007; Borregaard, 2010). Endothelial selectins initiate leukocyte capture, 

binding to P-selectin glycoprotein ligand 1 (PSGL1), constitutively expressed by most 

leucocytes (Kansas, 1996; McEver and Cummings, 1997). Transitory bonds between 

selectins on endothelial cells and ligands on rolling leucocytes form and break, creating 

slow rolling along the endothelial surface. Another selectin, leukocyte (L)-selectin is 

constitutively expressed by most leucocytes, creating secondary leukocyte capture and a 

cascading effect. Interestingly, P-selectin and L-selectin mediated cell adhesion involves 

the formation of ‘catch bonds’ that strengthen under the shear stresses of flow (Finger 

et al., 1996; Lawrence et al., 1997). Rolling cells will detach if flow stops, a situation 

that can limit leukocyte rolling in the aberrant flow conditions, such as found in the 
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tumour microenvironment. Rolling augments further leukocyte activation by 

chemokines and other pro-inflammatory molecules expressed on the endothelial 

glycocalyx. These cytokines either arise directly from the endothelial cell, or are 

transcytosed to the luminal surface from activated interstitial cells. Chemokines then 

activate leukocyte G-protein coupled receptors, leading to activation of leukocyte 

integrins (Muller, 2013).  

(II) The Integrins and Slow Rolling 

Integrins are members of a large family of transmembrane heterodimeric proteins, 

consisting of α and β subunits, that function as both receptors and adhesion molecules. 

Various integrins with unique affinities are found on various cell types and tissues, 

including leucocytes and the endothelial luminal surface (Takada et al., 2007) 

(Borregaard, 2010). Integrins possess the unique capacity for both ‘outside-in’ 

signalling (transmitting information about the external environment to the cell), and 

conversely, ‘inside-out signalling’ (responding to signals from within the cell via other 

receptors). Activation of cell membrane receptors, such as G-protein coupled receptors, 

stimulates cytoplasmic events that modulate integrin affinity (Hogg et al., 2011). 

Integrins thus play a dual role, mediating both slow rolling and leukocyte arrest 

(Ley et al., 2007). Defects in integrin (or selectin) molecular structure that prevent 

rolling and adhesion results in a rare group of genetic disorders termed leukocyte 

adhesion deficiency syndromes (LADs). LADS are immunodeficiency diseases 

characterized by recurrent, sometimes life-threatening infections. Modification of 

selectin or integrin structure in experimental models can dramatically slow the immune 

response (Harris et al., 2013). Indeed, without the initial adhesive events that permit 

slow rolling, no cellular emigration from the vascular compartment can occur 

(Sackstein, 2004). 
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(III) Leukocyte Arrest, Firm Adhesion and Intraluminal Crawling 

Leukocyte arrest, firm adhesion and intraluminal crawling occur via adhesion of 

leukocyte integrins to the endothelial surface, initiated by chemokine receptor 

signalling. The leukocyte membrane carries specialized integrins that exist as inactive 

‘clasped’ heterotrimers. Leukocyte integrins are ‘tuneable’ receptors, able to undergo an 

abrupt conformational change when exposed to chemokines expressed on the 

endothelial surface (Alon and Feigelson, 2012). Active endothelial chemokines, known 

as “arrest chemokines” include CCL2, CCL21, CCL25, CXCL1 and CXCL12. Within 

sub-seconds, conformational change switches leukocyte integrins from a low- to a 

high-affinity state.  

 

Leukocyte integrins include three members from the β-2 integrin family: 

(i) CD11a/CD18 (aka Lymphocyte Function-Associated Antigen-1, LFA-1), found on 

all leucocytes, (ii) CD11b/CD18 or αMβ2 (aka Macrophage-1 Antigen, Mac-1), found 

on monocytes, granulocytes, macrophages and NK-cells, and (iii) CD11c/CD18, found 

on monocytes, macrophages, neutrophils, granulocytes, dendritic cells and some T and 

B cells (Ingalls and Golenbock, 1995). There is also one member from the β1 integrin 

family, α4β1 (aka Very Late Antigen-4 or VLA-4), found on lymphocytes, eosinophils, 

monocytes and endothelial cells (Issekutz, 1995; Alon et al., 1995).  

 

In their high affinity state, these integrins bind to endothelial ligands such as 

Intercellular Adhesion Molecule-1 (ICAM-1), Vascular Cell Adhesion Protein-1 

(VCAM-1) and Mucosal Vascular Addressin Cell Adhesion Molecule-1 (MadCAM-1) 

(Springer, 1994). Furthermore, platelets deposit CCL5, CXCL4 and CXCL5 onto 
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inflammation-activated endothelial cells, triggering rapid monocyte arrest via increased 

integrin avidity (von Hundelshausen et al., 2001; Huo et al., 2002). Chemokines thus 

trigger the rapid arrest of rolling leucocytes, mediating their localization prior to 

transmigration (Carman and Springer, 2003; Ley et al., 2007). 

 

Similarly, integrins in the leading edge pseudopodia also exist in a high affinity state. 

Membrane-bound integrins and cytoplasmic actins share a physical linkage that 

provides traction for leukocyte migration. Indeed, some studies have shown that the 

integrin profile of a leukocyte limits its migration to specific tissue microenvironments, 

thus the precise molecular events around extravasation are tissue specific (Vicente-

Manzanares et al., 2009; Borregaard, 2010). Likewise, the profile of endothelial cell 

adhesion molecules is specific to the microenvironment and type of endothelial cell. 

Tumours modify this specificity to support growth and metastasis (Castermans and 

Griffioen, 2007). 

(IV) Transendothelial Migration 

Once firm adhesion is established, leucocytes follow the chemokine gradient by 

crawling on the endothelium, then either passing between endothelial cells (paracellular 

migration), or through the endothelial cell (transcellular migration, a less common 

event). Most leucocytes follow the paracellular route but use opposite molecular 

mechanisms than those involved in rolling, adhesion and crawling. The preceding 

adhesive events utilize heterophilic adhesion, i.e., one molecule on the leukocyte 

binding to a different molecule on the endothelium. Transendothelial migration relies 

upon homophilic adhesion of one molecule on the endothelium to the same molecule on 

the leukocyte, with a range of molecules shown to play a role. Once through the 
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endothelium, there is no return for the leukocyte as it makes its way to the chemokine 

source (Muller, 2013).  

2.4.2 Leukocyte Extravasation and Cancer 

Homeostatic leukocyte extravasation is a tightly controlled multi-step process; however, 

solid tumours interfere with extravasation at various levels, exhibiting complex 

mechanisms that subvert endothelial control over leukocyte trafficking into the stroma. 

Leukocyte-endothelial wall interactions and transendothelial migration are modified, 

selecting for diverse leukocyte populations that aid tumour progression. For example, 

tumours show selective up- and down-regulation of various endothelial adhesive 

molecules, unique to tumour type, which modulates and restricts the profile of the 

leukocyte infiltrate in support of immune evasion/suppression and tumour growth and 

angiogenesis (Castermans and Griffioen, 2007; Hanahan and Weinberg, 2011).  

2.4.3 Tissue-Specific Homing 

Extravasation is described as a multi-step paradigm, whereby cells homing to specific 

tissues must first express the capacity to crawl along the endothelium with enough time 

to sample and interpret the local milieu. Crawling cells must also possess the receptor 

profile specific for the various chemokines present in that particular microenvironment, 

triggering activation-induced upregulation of the membrane integrins and induction of 

firm adherence with subsequent diapedesis. Thus, cell trafficking and tissue specific 

homing depends upon the unique expression profile of the adhesion molecules, 

chemokines and chemokine receptors shared between leucocytes and endothelial cells 

(Sackstein, 2004).  
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2.5 Endothelial Cells, Chemokines and Angiogenesis 

Chemokine receptor ligation, however, can result in other effects beyond chemotaxis 

and leukocyte arrest, including cell survival, differentiation, infiltration, degranulation, 

influences upon the extracellular matrix, invasion, as well as angiogenesis and 

angiostasis, (Luther and Cyster, 2001; Mackay, 2001; Locati et al., 2002; Keophiphath 

et al., 2010). 

 

As endothelial cells express chemokine receptors, they can respond to chemokine 

signalling with either angiogenesis or angiostasis. The CXC chemokines are established 

factors in endothelial cell biology. The CXC chemokines are classified as ELR+ and 

ELR-, based on the presence of a glutamic acid-leucine-arginine sequence (ELR) at 

their N-terminus. All ELR+ CXC chemokines are angiogenic, and all ELR- CXC 

chemokines (with one exception) are angiostatic (Table 2.4). In vitro studies have 

shown that endothelial cells secrete a range of chemokines, including the CXC 

chemokines 1, 8, 9, 10, 11, the CC chemokines 2, 3, 5, 7 and CX3CL1 (Strieter et al., 

1995; Speyer and Ward, 2011), implying that numerous signalling pathways play a role 

in endothelial cell biology. As well, chemokines secreted by stromal cells target 

endothelial cells, inducing angiogenesis/angiostasis and the adhesion of inflammatory 

target cells to endothelium (Carlos et al., 1990; Strieter et al., 1995). As well, tumour-

recruited EPCs exhibit upregulation of a range of proangiogenic chemokines compared 

with endothelial cells (Gao et al., 2008) (Fig. 2.14).  
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Table 2.4 Known Angiogenic and Angiostatic Chemokines and Their Receptors 

Systematic 

Nomenclature 

Old 

Nomenclature 

ELR 

Motif 

Known 

Receptor 

Reference 

Angiogenic  

CXCL1 Gro-α + CXCR2 (Martins-Green et al., 1991) 

CXCL2 Gro-β + CXCR2 (Cao et al., 1995) 

CXCL3 Gro-γ + CXCR2 (Luan et al., 1997) 

CXCL5 ENA-78 + CXCR2 (Arenberg et al., 1998) 

CXCL6 GCP-2 + CXCR1,2 (Ahuja and Murphy, 1996) 

CXCL7 NAP-2 + CXCR2 (Ahuja and Murphy, 1996) 

CXCL8 IL-8 + CXCR1,2 (Koch et al., 1992) 

CXCL12 SDF-1 ─ CXCR4,7 (Nagasawa et al., 1996) 

CCL2 MCP-1 N/A CCR2,4 (Goede et al., 1999b) 

CCL11 Eotaxin N/A CCR3 (Salcedo et al., 2001) 

CCL16 HCC-4/LEC N/A CR11 (Strasly et al., 2004) 

Angiostatic  

CXCL4, 

CXCL4L1 

PF-4, PF-4var ─ CXCR3B (Maione et al., 1990), 

 (Struyf et al., 2004) 

CXCL9 Mig ─ CXCR3B (Romagnani et al., 2001) 

CXCL10 IP-10 ─ CXCR3B (Luster et al., 1995) 

CXCL11 I-TAC ─ CXCR3B,7 (Romagnani et al., 2001) 

CXCL14 BRAK ─ unknown (Shellenberger et al., 2004) 
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Table 2.4 Known Angiogenic and Angiostatic Chemokines and Their Receptors 

 

The CXC chemokines are classified as ELR+ and ELR─, based on the presence of a 

glutamic acid-leucine-arginine sequence (ELR) at their N-terminus. All ELR+ CXC 

chemokines are angiogenic, and all ELR─ CXC chemokines (with one exception) are 

angiostatic. Little is known of the C-C chemokines and their role in angiogenesis. 

Adapted from Kiefer and Siekmann (2011). 
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Figure 2.14 Upregulated chemokines and chemokine receptor genes in tumour 

recruited BM-derived EPCs compared with BM-localized EPCs. 

 

  

0

2

4

6

8

10

12



 

99 

 

Figure 2.14 Upregulated chemokines and chemokine receptor genes in tumour 

recruited BM-derived EPCs compared with BM-localized EPCs. 

Genome array data showing chemokines and chemokine receptor genes in tumour 

recruited BM-derived EPCs compared to EPCs harvested from the bone marrow 

compartment. Data shown as fold change in tumour recruited BM-EPCs compared to 

BM-EPCs from resting animals. Data are p<0.05 (Anova). Bars in red, CCL5 and 

CCR5, highlight molecules of interest in this work. Note significant upregulation of 

CCR5. 

Adapted from Gao et al. (2008).  
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2.5.1 Summary 

Cells express unique chemokine receptor profiles that modulate the environmental 

responses of the cell. Responses include including growth, motility and expression of 

bioactive molecules and angiogenesis. This unique chemokine receptor profile depends 

upon (i) cell lineage, (ii) stage of differentiation, and (iii) microenvironment factors 

such as hypoxia and the concentration of other chemokines/cytokines (Balkwill, 2004). 

Thus, chemokines and discrete structures /combinations of receptors and GAGs regulate 

tissue homeostasis, or, in the case of inflammatory pathologies (including cancer), 

tissue dysfunction. Although the pharmaceutical industry has invested heavily in 

developing drugs that target individual chemokines/receptors, results to date have been 

disappointing. This outcome may suggest that our current in vitro models are unable to 

capture the essence of the dynamic and highly interrelated biology of the chemokine 

system (Wells et al., 2006).  
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2.6 Cancer, Chemokines and Inflammation  

Rudolph Virchow (1865) was the first to suggest a relationship between cancer and 

inflammation after observing leukocytes at the cancer site. He speculated that this 

“lymphoreticular infiltrate” implied that cancer originated at sites of chronic 

inflammation. The idea of a link between cancer and inflammation fell into disfavour 

for the next hundred years; however, strong experimental and epidemiologic evidence 

has accrued linking inflammation and the chemokine system with cancer progression. 

As inflammation can cause cancer and cancer causes inflammation, Mantovani (2008) 

proposed that inflammation is the seventh hallmark of cancer; however, Hanahan and 

Weinberg (2011) suggest inflammation is an enabling characteristic of cancer.  

 

The cancer-inflammation link follows both extrinsic and intrinsic pathways. Extrinsic 

pathways recruit leucocytes and create a targeted inflammatory setting where malignant 

transformation can occur, whereas intrinsic pathways involve activation of oncogenes 

that directly target chemokines and their receptors (Allavena et al., 2011). An 

inflammatory cascade then ensues within the nascent tumour, recruiting inflammatory 

cells and mediators, creating a tumourogenic microenvironment (Fig. 2.15)  
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Figure 2.15 Pathways that link inflammation and cancer. 
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Figure 2.15 Pathways that link inflammation and cancer. 

Cancer and inflammation are linked by two pathways: the extrinsic pathway in the 

intrinsic pathway. The intrinsic pathway is activated by genetic events that trigger 

neoplastic transformation, such as activation of oncogenes, or inactivation of 

tumor-suppressor genes. Such transformed cells secrete inflammatory molecules, 

resulting in the inflammatory microenvironment of tumours in the absence of 

an underlying inflammatory condition, as found in breast carcinomas, for example, with 

high levels of the inflammatory chemokine CCL5. In the extrinsic pathway, 

inflammatory or infectious mediators increase the risk of developing cancer in the 

afflicted tissues.  

 

The extrinsic and intrinsic pathways converge, resulting in the production of 

transcription factors, mainly nuclear factor-kappa beta (NF-κB), signal transducer and 

activator of transcription 3 (STAT3) and HIF-1α, in tumor cells. These transcription 

factors augment production of pro-inflammatory molecules, such as chemokines, 

cytokines and prostaglandins. These factors attract and activate various leukocytes that 

also release pro-inflammatory molecules, which activate the same transcription factors 

in inflammatory cells, stromal cells in tumor cells. An inflammatory cascade develops, 

and a cancer-related inflammatory microenvironment evolves.  Chronic, low-grade 

inflammation has tumour-promoting effects, including abnormal cell proliferation and 

survival, inhibition of adaptive immunity, tumour cell invasion and metastasis and 

angiogenesis.  Adapted from Mantovani et al. (2008). 
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2.6.1 The Extrinsic Cancer-Inflammation Pathway 

The extrinsic pathway is clearly seen in persistent inflammation and inflammation 

secondary to chronic infection, which are linked to 15-20% of cancer deaths globally 

(Balkwill and Mantovani, 2001; Aggarwal et al., 2009). For example, the organs 

targeted by various autoimmune diseases are at increased cancer risk. Autoimmune 

disease also increases the risk of haematological malignancy (Landgren et al., 2011). 

Unresolved infection with a range of pathogens causes chronic inflammation, initiating 

carcinogenesis. Cancer causing infections include the parasite Schistosomiasis 

haematobium (bladder), the bacterium Helicobacter pylori (stomach) and the viruses 

hepatitis B and C (liver), to name a few (Mostafa et al., 1999; Polk and Peek, 2010; 

Levrero et al., 2012). Various environmental factors, such as asbestos or silica dust, also 

mediate carcinogenesis via low-grade chronic inflammation (Dostert et al., 2008). 

Obesity alone culminates in chronic low-grade inflammation and a 1.6 fold increase in 

cancer risk, adding to the global cancer burden (Calle et al., 2003; Gilbert and 

Slingerland, 2013).  

2.6.2 The Intrinsic Cancer-Inflammation Pathway 

Although many cancers evolve under prolonged inflammatory stimuli, cancers that lack 

this genesis possess a richly inflamed, pro-tumourogenic microenvironment created via 

the intrinsic inflammatory pathway (Mantovani et al., 2008). The intrinsic pathway is 

seen, for example, with oncogenic transformation of RAS leading to up-regulation of 

CXCL8, an initiator of tumour inflammation and neovascularisation (Sparmann and 

Bar-Sagi, 2004). Activation of the transcription factor Myc, implicated in many human 

cancers, leads to significant up-regulation of several inflammatory chemokines in 

pancreatic cancer, including CCL2 and CCL5, followed by rapid recruitment of 
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inflammatory and proangiogenic cells (Soucek et al., 2007). Tumour cells bearing 

mutation of the tumour suppressor p53, a hallmark of 50% of human tumours, show up-

regulation of CXCL1, a proangiogenic inflammatory factor (Yan and Chen, 2009). Thus 

oncogenes and mutations that promote neoplasia can also up-regulate pro-inflammatory 

chemokines, supporting the inflammatory cascade and specific aspects of 

tumourigenesis (Allavena et al., 2011).  

2.7 The Tumour Stroma and Inflammation 

Cell migration along the tumour-produced chemokine gradient results in the 

characteristic cellular heterogeneity of nearly all solid tumours, where stromal cells can 

outnumber cancer cells themselves (Balkwill and Mantovani, 2001; Rollins, 2006). 

Tumour stroma consists of a range of non-malignant cells from both the innate and 

adaptive arms of the immune system, as well as connective tissue cells (Dvorak et al., 

2011). This stromal cell population, (also known as the inflammatory infiltrate), varies 

with tumour type, but consist primarily of macrophages, lymphocytes and endothelial 

cells, as well as fibroblasts and adipocytes. (Balkwill and Mantovani, 2001; 

Rollins, 2006; Zhang et al., 2009). Some tumours also feature neutrophils, eosinophils, 

mast cells, natural killer cells, T, and B cells (Negus et al., 1997; Brigati et al., 2002; 

Pollard, 2004).  

 

The inflammatory infiltrate plays a key role in tumour biology by producing a potent 

range of inflammatory mediators, including chemokines, cytokines and enzymes. 

Secretions of the inflammatory infiltrate also influence the immune system, creating an 

environment permissive to tumour growth (Coussens and Werb, 2002; Orimo and 

Weinberg, 2006; Lin and Karin, 2007). Secondly, cancer cells themselves also secrete 
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various chemokines and express chemokine receptors that in many cases are not present 

in the non-malignant cell type (Lazennec and Richmond, 2010; Allavena et al., 2011). 

Together, stromal cells and cancer cells secrete a complex milieu of chemokines that 

supports tumour cell survival, proliferation and migration, as well as modulating the 

evolving profile of the inflammatory infiltrate itself (Balkwill, 2004; Pollard, 2004). 

Thus, tumour-secreted chemokines fuel a complex inflammatory feedback loop, 

creating “a wound that never heals” (Dvorak et al., 1995).  

 

Furthermore, tumour cells express chemokine receptors that induce cancer growth and 

cell migration. To date, 14 chemokines are known to induce chemotaxis in cancer cells, 

a factor which likely plays a role in metastasis (Roussos et al., 2011). For example, 

Müller et al. (2001) first showed that the chemokine receptor profile of human breast 

cancer cells matched the chemokine ligand profile of the most common metastatic sites. 

Further research has validated this observation, i.e., the combined expression of various 

factors is involved in establishing organ-specific metastasis or the pre-metastatic niche 

(Chambers et al., 2002; Brown and Ruoslahti, 2004; Minn et al., 2005). In fact Zlotnik 

(2011) has proposed the concept of ‘chemokine highways’, where cells expressing 

certain receptors migrate to tissues expressing their ligands. Given the fact that most 

cancer deaths occur through metastatic spread, unravelling the highly inter-related 

chemokine network allows the possibility of designing novel therapeutic interventions 

at various levels of cancer progression. 
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2.8 CCL5 in Breast Cancer 

CCL5 is an inflammatory C-C motif chemokine ligand that acts as a monocyte 

chemoattractant, promoting leukocyte infiltration to sites of inflammation. CCL5 is 

produced by a range of cell types, and monocytes and macrophages are a major source 

(Yoshimura et al., 1989; Deshmane et al., 2009). CCL5 induces migration of 

monocytes, macrophages, T-lymphocytes, eosinophils, basophils, dendritic cells and 

NK cells. (Bischoff et al., 1992; Carr et al., 1994; Xu et al., 1996; Gaga et al., 2008). 

CCL5 also plays a role in modulating inflammatory cell activity at the recruitment site 

(Appay et al., 2000; Bandeira-Melo et al., 2001; Cridge et al., 2006; Deshmane et al., 

2009). 

 

CCL5 is highly expressed by breast tumour cells and stromal cells, but rarely in normal 

or benign tissues (Luboshits et al., 1999). CCL5/CCR5 levels are the highest in the 

basal and HER2 subtypes of breast cancer (Velasco-Velázquez et al., 2012).  CCL5 

levels correlate with macrophage infiltration and lymph node metastasis (Luboshits et 

al., 1999). Correspondingly, TAM accumulation correlates with the concentration of 

CCL5 and high levels of CCL5 have been related to poor prognosis (Goede et al., 

1999a; Ueno et al., 2000; Saji et al., 2001;  Soria and Ben-Baruch, 2008). In advanced 

breast carcinoma, high levels of CCL5 have been observed not only at the primary 

tumour, but at metastatic sites, plasma and surrounding tissues (Niwa et al., 2001). Mira 

et al. (2001) reported that over-expression of CCL5 by a non-invasive breast cancer cell 

line resulted in increased invasiveness, suggesting a pro-malignant role for CCL5. 

Tissue-resident and bone marrow-derived stem cells have been shown to produce CCL5 
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in the presence of breast cancer cells, increasing cancer cell invasiveness and metastasis 

(Karnoub et al., 2007; Pinilla et al., 2009).  

 

Research into the role of CCL5 in breast cancer using animal models is somewhat 

contradictory. Work by Adler et al. (2003) showed significantly reduced tumour growth 

using 4T1 cells expressing anti-sense CCL5. However, Jayasinghe et al. (2008), also 

using a 4T1 model, found that tumour-derived CCL5 had no effect on tumour 

progression. However, neither research group implanted cancer cells orthotopically, and 

Jayasinghe et al. (2008) utilized G418 clonal selection of siRNA-transfected cells to 

create a cell line with stable knockdown of CCL5, a technique which may select for 

phenotypic drift. Zhang et al., 2012; showed that CCL5-deficent mice are resistant to 

triple-negative mammary tumour growth, and that tumour-derived CCL5 does not play 

a major role in tumour progression in the 4T1 model, however, they did not look at 

angiogenesis. 

 

As CCL5 expression can be induced by other chemokines, CCL5 can become part of 

numerous positive feedback loops, stimulating further infiltration of inflammatory cells 

and secretion of pro-malignant factors (Ben-Baruch, 2002). For example, CCL5 triggers 

monocyte expression of MMP-9, MMP-19 and the pro-inflammatory Tumour Necrosis 

Factor-alpha (TNF-α). MMP-9 and MMP-19 can degrade the basement membrane and 

ECM, (i) releasing matrix-bound VEGF, stimulating angiogenesis and (ii) creating 

bioactive fragments that promote further monocyte infiltration and influence the activity 

of resident and infiltrating cells (Klier et al., 2001; Azenshtein et al., 2002; Locati et al., 

2002; Robinson et al., 2002; Sorokin et al., 2010).  
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2.8.1 CCL5 in Angiogenesis 

At present, a role for CCL5 in angiogenesis only beginning to emerge. Westerweel et al. 

(2008), using a murine hindlimb ischaemia model, found that CCL5 was required for 

neoangiogenesis following femoral artery ligation. Work of Ishida et al. (2012) 

identified a key role for the CCL5/CCR5 axis in wound healing and BM-derived EPCs. 

Furthermore, Suffee et al. (2012) demonstrated a proangiogenic effect of CCL5 on 

endothelial cells (HUV-EC-Cs) both in vivo and in vitro, including increased sprouting, 

spreading, proliferation and migration, concluding that endothelial cell-produced VEGF 

played at least a partial role in their findings. 

 

However, the above studies stand in contrast to other research, such as the work of 

Cochain et al. (2010) reporting no involvement of the CCL5-CCR5 axis controlling 

post-ischaemic vessel growth in a murine hindlimb ischaemia model. Likewise, 

Barcelos et al. (2009), using sponge-induced inflammatory angiogenesis in mice, 

reported an anti-angiogenic effect of CCL5 that appeared to be mediated via activation 

of CCR5. They also observed that sponge-induced inflammatory angiogenesis 

proceeded normally in CCR5
-/-

 mice, although with reduced levels of inflammatory cell 

influx, and that met-CCL5 (a dominant-negative of CCL5 which antagonizes both 

CCR1 and CCR5) greatly enhanced angiogenesis but caused reduced levels of 

inflammatory cells, having no effect on levels of proangiogenic molecules at the wound 

site.  

 

These contradictory findings may say more about the experimental models studied than 

the underlying biology. For example, the models using hind limb ischemia are 
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specifically evaluating angiogenesis from pre-existing vasculature (Barcelos et al., 

2009). At present, the role of CCL5 in tumour angiogenesis has limited research. 

 

2.8.1.1 CCL5 in Tumour Angiogenesis 

CCL5 is known to play an indirect role in tumour angiogenesis through the recruitment 

of monocytes that differentiate into TAMs, subsequently secreting proangiogenic 

factors, such as VEGF, FGF and platelet-derived endothelial growth factor (PDEGF). 

CCL5 also targets endogenous tumour cell receptors, stimulating the release of 

proangiogenic factors that act directly on endothelial cells (Kiefer and Siekmann, 2011). 

CCL5 also promotes tumour angiogenesis by upregulating the expression of MMPs in 

monocytes, T cells and/or tumour cells (Klier et al., 2001; Azenshtein et al., 2002; 

Adler et al., 2003; Robinson et al., 2003). The extracellular matrix contains inactive 

bound VEGF that is released and activated upon MMP degradation, promoting 

angiogenesis (Dvorak, 2002). Although a direct role for CCL5 and angiogenesis is less 

investigated, there is some evidence to suggest a proangiogenic role (Azenshtein et al., 

2002; Khodarev et al., 2003; Azenshtein et al., 2005).  EPCs express CCR5, as well as 

CCL5, they are likely being recruited to sites of CCL5 production and may exert both 

autocrine and paracrine pro-angiogenic influences via CCL5/CCR5 signalling (Gao 

et al., 2008). Thus, although research to date suggests that CCL5 plays a role in the 

promotion of tumour angiogenesis, precise pathways are yet to be fully elucidated.  

2.9 CC-Chemokine Receptor 5 (CCR5) 

CCR5 is a member of the C-C receptor family and is an inflammatory receptor. 

Members of the CC family share a similar structure, consisting seven hydrophobic 

domains that span the cell membrane, interconnected by hydrophilic intracellular and 
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extracellular loops (Fig. 2.16). CCR5 is the receptor for CCL5 (RANTES), CCL3 

(Macrophage Inflammatory Protein-1α, or MIP-1α) and CCL4 (MIP-1β) in mice, and 

CCL1, 3 and 5 in humans.  CCR5 is perhaps one of the most widely studied chemokine 

receptors because of its role as a co-receptor for macrophage-tropic (M-tropic) HIV-1 

entry (Zhang et al., 2000). Homozygous mutations of the CCR5 gene (ccr5Δ32) affect 

1% of the human population, conferring high resistance to infection with M-tropic HIV-

1 strains (Samson et al., 1996). Studies show that the ccr5Δ32 mutation results in 

trapping of the protein in the endoplasmic reticulum (ER), perhaps secondary to 

aberrant post-translational modification. HIV-1 infection progresses more slowly in 

heterozygotes, as wild type and mutant receptors oligomerize, remaining trapped in the 

ER, reducing membrane expression (Benkirane et al., 1997; Oppermann, 2004).  

 

Manes et al., (2003) suggested that CCR5 activity influences BC progression in a 

p53-dependent manner, noting that disease-free survival was shorter in patients bearing 

the ccr5Δ32 allele, but only if tumours expressed wild-type p53. However, although the 

overall sample size was 547 patients, 74 were ccr5Δ32 heterozygous and only six were 

homozygous. Some studies also indicate reduced susceptibility to cardiovascular disease 

in ccr5Δ32 individuals, although other studies have not found this link. 

 

 In mice, CCR5 is expressed at 3-10% of CD4
+
 and 10-40% of CD8

+
 T cells and at high 

levels on macrophages, dendritic cells and weakly expressed on monocytes, similar to 

humans. However, Natural Killer (NK) cells show much higher expression in mice than 

humans (Mack et al., 2001). Most animal studies using CCR5
-/- 

mice find a defect in 

macrophage recruitment when pathogen-challenged, sometimes helping and sometimes 

exacerbating the condition (Power, 2003).  
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Figure 2.16 Linear diagram of CCR5 
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Figure 2.16 Linear diagram of CCR5 

CCR5 is found on immune cells such as monocytes, macrophages, T cells and NK cells. 

There are seven hydrophobic domains that span the cell membrane, 3 extracellular and 4 

intracellular hydrophilic loops as well as an extracellular N-terminus and intracellular 

C-terminal domain (Lederman et al., 2006). The seven transmembrane domains are 

believed to form a cluster in the lipid bi-layer, similar to other G protein-coupled 

receptors (Palczewski et al., 2000). Chemokine ligands are believed to bind to the 

N-terminus and first and second extracellular loops (Oppermann, 2004). Chemokine 

binding results in a conformational change, activating a G protein bound to the 

intracytoplasmic domain of the receptor. The activated G protein then dissociates and 

triggers a signalling cascade, resulting in cell activation and chemotaxis (Aramori et al., 

1997). Chemokine binding can activate other intracellular pathways independent of G 

protein, including those activated by mitogen-activated protein kinases (Dairaghi et al., 

1998). CCR5 undergoes receptor internalization and is then recycled back to the cell 

surface (Mueller et al., 2004). Figure adapted from Lederman et al., (2006). 
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2.10  The Role of CCR5 in Angiogenesis 

CCR5 is a unique chemokine receptor, insofar as it is found both on cells of the immune 

system and on endothelial cells in several vascular beds (Hillyer et al., 2003). As CCR5 

is implicated in atherosclerosis, early studies examined vessels commonly afflicted, 

finding CCR5 expression in coronary and aortic endothelia, as well as human coronary 

endothelial cells (HCAEC). Endothelial cells derived from human umbilical veins 

(HUVEC) were also found to express CCR5 (Berger et al., 1999; Suffee et al., 2012). 

Coronary artery EC showed strong chemotactic response to CCL3, CCL4 and CCL5 

using tissue and transmigration assay (Berger et al., 1999.) However, Schecter et al. 

(2000) found no evidence of CCR5 expression on coronary arteries but strong 

expression of CCR5 on vascular smooth muscle cells using immunohistochemistry. 

Kanmogne et al. (2000) reported that quiescent human brain endothelial cells lacked 

CCR5 expression, but after 24 hours of TNF-α exposure, showed CCR5 mRNA but no 

detectable surface protein via ELISA. Ambati et al. (2003) demonstrated persistent 

inhibition of corneal neovascularisation after mechanical and chemical denudation of 

the corneal epithelium in CCR5
-/-

 mice.  

 

Research into the role of CCR5 in angiogenesis and cancer has utilized three basic 

approaches: (i) whole animal genetic inactivation through ablation of the CCR5 codon, 

creating a knockout mouse, (ii) targeted CCR5 knockdown via RNA interference and 

(iii), pharmacological inactivation via administration of CCR5 antagonists.  

2.10.1 Research Models Using Genetic Ablation of CCR5 

A number of groups have explored the roles of CCR5 using genetically ablated 

(CCR5
-/-

) mice, including corneal neovascularisation, wound healing and cancer. 
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As mentioned above, Ambati and colleagues (2003) demonstrated sustained inhibition 

of neovascularisation in denuded corneal epithelium in CCR5
-/- 

mice, suggesting a role 

for CCR5 in migration and proliferation of endothelial cells. Inhibition of 

neovascularisation also correlated with reduced levels of VEGF, which they suggested 

may reflect reduced chemotaxis of mature macrophages towards CCL3 (MIP-1α) 

produced by injured corneal stroma.  

 

Ishida et al. (2012) demonstrated a role for the CCL5/CCR5 axis in skin wound healing. 

Excisional wounding of CCR5
-/- 

mice resulted in significant delays in wound healing, 

decreased vessel density and collagen accumulation, but no impairment of macrophage 

recruitment, compared to WT mice. Chimaeric mice generated by transplantation of 

CCR5
-/-

 or WT BM into CCR5
-/-

 and WT recipients showed delayed wound healing and 

smaller neovascular areas, in both WT and CCR5
-/- 

mice transplanted with CCR5
-/-

 BM. 

Labelling WT BM cells with PKH26 (an in vivo membrane label with a half-life of 

100 days) prior to transplantation into lethally irradiated mice revealed significant 

accumulation of PKH26-labelled BM-derived cells at the wound site in both WT and 

CCR5
-/-

 recipients. However, when PKH26-labelled CCR5
-/-

 BM cells were transplanted 

into irradiated WT or CCR5
-/-

 mice, fewer PKH26-labelled CCR5
-/-

 BM cells 

accumulated at the wound site in either host. A significant proportion of 

PKH26-labelled cells at the wound site were CD31 positive, suggesting a possible role 

for CCR5
+
 BM cells in neovascularisation. This study also examined the status of EPCs 

(defined as either c-kit
+ 

and Tie-2
+ 

or CD34
+
 and Flk-1

+
 (VEGFR2

+
) cells) in BM, PB 

and wound sites during wound healing, in WT and CCR5
-/- 

mice. During the course of 

wound healing, EPC numbers were constant in BM of WT and CCR5
-/-

 mice, and 

increased in PB to a similar extent. Surprisingly, EPC numbers were significantly 
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increased in the wound sites of WT, but not CCR5
-/-

 mice, suggesting EPC recruitment 

was CCR5 dependent. As well, EPCs were found to express CCR5, and CCR5
+
 

BM-derived cells incorporated directly into neovasculature. Similar to Ambati et al., 

Ishida et al. also observed decreased gene and protein levels of VEGF at wound sites in 

CCR5
-/-

 mice, however, suggested an EPC, not macrophage, origin for VEGF.  

 

CCR5
-/-

 mice have also been used in cancer studies. In a B16-F10 melanoma model, 

CCR5
-/- 

mice showed a delay in tumour growth compared to WT, although the effect 

was abrogated by increasing the number of cells injected (Ng-Cashin et al., 2003). 

Also using a B16-F10 model, van Deventer et al. (2005) observed fewer lung metastasis 

in CCR5
-/- 

mice compared with WT. Likewise, bone marrow chimaeras showed fewer 

metastasis when WT BM was transplanted into CCR5
-/- 

mice than when CCR5
-/- 

BM 

was transplanted into WT mice. Although monocyte/macrophage lineages are believed 

to play a pro-metastatic role, (Bingle et al., 2002; Lewis and Pollard, 2006), adoptive 

transfer of CCR5
+
 leucocytes into CCR5

-/-
 mice failed to promote metastasis. 

Furthermore, CCR5
+
 endothelial cells did not contribute to neovascularisation, as 

implanted alginate beads impregnated with B16-F10 cells showed no difference in 

neovascularisation between WT and CCR5
-/- 

mice. Significantly, transfer of WT CCR5
+
 

pulmonary stromal cells into CCR5
-/- 

mice promoted more metastasis compared with 

transfer of CCR5
- 
stromal cells into CCR5

-/- 
mice, suggesting that CCR5

+ 
stromal cells, 

and not haematopoietic cells, support metastasis.  

2.10.2 Research Models Using Pharmacological Inactivation of CCR5 

The chemokine analogue methionine (Met)-CCL5 (aka Met-RANTES) is a well-studied 

chemokine antagonist in mice, effective in nanomolar concentration in vitro (Proudfoot 
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et al., 1999). The extension of a single methionine at the N-terminus of CCL5 creates a 

potent and selective competitive antagonist of CCL5, significantly decreasing receptor 

internalization and chemotaxis in vitro (Proudfoot et al., 1996; Proudfoot et al., 1999; 

Mack et al., 2001). In humans, Met-CCL5 binds CCL1 and CCL5 with high affinity 

(Proudfoot et al., 1996; Simmons et al., 1997) and CCL3 with moderate affinity (Elsner 

et al., 1997). In mice, Met-CCL5 only binds CCL1 and CCL5 (Chvatchko et al., 2003). 

Met-CCL5 has been shown minimize inflammation-associated tissue damage in a 

number of animal models of disease, including atherosclerosis (Koenen and Weber, 

2010), arthritis (Plater-Zyberk et al., 1997), colitis (Kucuk et al., 2006), and 

periodontitis (Repeke et al., 2011). Met-CCL5 has also been shown to ameliorate 

transplant rejection (Grone et al., 1999; Yun et al., 2004).  

 

Met-CCL5 has been shown to inhibit breast tumour growth in a murine 410.4 model, 

both in growing and in established tumours. 410.4 cells (like the daughter 4T1 cells), 

express CCL5, but not CCR5 nor any other CC receptor, and Met-CCL5 had no effect 

on cell growth in vitro (Robinson et al., 2003). However, daily administration of 

Met-CCL5 to tumour-challenged mice resulted in a highly significant decrease in 

tumour size and number of leucocytes recruited to the tumour, with a marked decrease 

in the percentage of recruited macrophages, compared with controls. However, the 

percentage of CD8
+
 lymphocytes was higher and GR-1

+
 neutrophils were unaffected. 

As the lymphocytes and neutrophils express other receptors and chemokines, (for 

example neutrophils express CXCR2, and 410.4 cells produce CCL2, the ligand), 

Met-CCL5 did not block their chemotaxis. Met-CCL5 treatment resulted in tumours that 

appeared paler and more necrotic, suggesting other possible affects on vasculature. This 

study provided the first evidence that a chemokine antagonist can inhibit tumour 



 

118 

 

growth, as well as direct evidence for the tumour-promoting activity of the leukocyte 

infiltrate (Robinson et al., 2003).  

 

The observed Met-CCL5 inhibition of tumour growth agrees with the work of Velasco-

Velázquez et al. (2012), using the drugs maraviroc (Selzentry®) and vicriviroc 

(SCH-417690), non-competitive allosteric modulators of CCR5 developed to block 

HIV-1 infection. Maraviroc and vicriviroc specifically bind to a hydrophobic pocket in 

the CCR5 receptor, preventing association with the HIV-1 envelope protein gp120, 

effectively blocking viral entry (Klibanov, 2009; Stupple et al., 2010). 

Velasco-Velázquez et al. focussed on the role of CCR5 in pulmonary metastasis in the 

MDA-MB-231 breast cancer model. Data revealed that only a sub-population of 

MDA-MB-231 breast cancer cells (BCCs) were CCR5
+
, however these cells showed 

increased invasiveness in vitro. Maraviroc-mediated CCR5 antagonism reduced cell 

invasiveness in vitro and, using tail vein injections of labelled MDA-MB-231 BCCs 

into NOD/SCID mice, maraviroc effectively reduced the number and size of pulmonary 

metastasis in vivo, with lungs showing an 8-fold decrease in the number of CCR5
+
 cells. 

Maraviroc treatment of mice with established pulmonary metastasis had no effect on 

growth of metastatic lesions. Injecting eGFP
+
 labelled MDA-MB-231 BCCs into 

immunocompromised mice pre-treated (5 days) with maraviroc revealed a 

40% decrease in cells homing to the lungs 24 hours post-injection, suggesting the 

anti-metastatic effect stems from a reduction in the movement of cancer cells out of 

circulation into target tissues.  

 

However, this experiment comes with the caveat regarding the use of NOD/SCID mice, 

which have significant defects in their immune response. In general, use of 
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immunocompromised mice assumes that cancer is simply a disease of a homogeneous 

group of aberrant cells. However, cancer is more accurately defined as an “organ 

system,” with distinct neoplastic and supportive host stromal components, many derived 

from the immune system, that intimately support cancer progression (Sharpless and 

DePinho, 2006). Thus, using NOD/SCID mice in chemokine studies may skew 

experimental results. 

2.10.3 Research Models Using RNA Interference 

Karnoub et al. (2007) performed an extensive study of the role of bone marrow-derived 

mesenchymal stem cells (MSC) in the CCL5-CCR5 axis using MDA-MB-231 BCCs. 

BCC/MSC co-culture increased MSC production of CCL5 60-fold greater that BCCs 

alone. Next, they showed that subcutaneous injection of MDA-MB-231 BCCs admixed 

with MSCs into nude mice resulted in a 7-fold increase in the number of lung metastasis 

as well as metastasis to other organs, including mammary tissue, compared with 

MDA-MB-231 BCCs alone. Over-expression of CCL5 in MDA-MB-231 BCCs did not 

affect cell growth in vitro or tumour kinetics, however increased the metastatic potential 

of tumours 5-fold. Likewise, CCL5-overexpressing WI-38 fibroblasts admixed with 

MDA-MB-231 BCCs and implanted subcutaneously resulted in increased metastasis. 

No evidence of a CCL5-induced epithelial-to-mesenchymal transition (a possible reason 

for increased metastasis) was detected. Further exploring steps in the invasion-

metastasis cascade, they injected CCL5 over-expressing MDA-MB-231 BCCs 

intravenously and found increased colonization of lungs compared to WT cells. They 

concluded that CCL5 is responsible for most, if not all of the MSC-induced metastasis 

of MDA-MB-231 BCCs. Next, they demonstrated MBA-MB-231 BCC expressed 

CCR5, unlike MSCs, and that shRNAi targeting CCR5 in MDA-MB-231 BCCs or 
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intraperitoneal injection of anti-CCL5 antibody blocked metastasis in SCID mice. They 

concluded that cancer cell motility and/or extravasation is the key metastatic step 

affected by CCL5/CCR5 inhibition in the MDA-MB-231 model. However, they noted 

that CCL5 does not seem to play a role in MSC-induced metastasis of MCF7/RAS or 

HMLER BCCs, suggesting that cancers differ in the molecular mechanisms that 

promote metastasis.  
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Chapter 3: Methodological Background 

 

The following presents an outline of theoretical aspects of selected  

materials and methods used in this research. 

  



 

122 
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3.1 Cell Lines and Mouse Tumour Models 

3.1.1 Murine Endothelial Cell Line 

The murine endothelial cell line used in this research, mouse high endothelial venule 

cells, (mHEVc), were originally isolated from the lymph nodes of BALB/c mice by 

Cook-Mills et al. (1996). High endothelial venules are specialized post-capillary vessels 

that play a role in lymphocyte homing to different lymphoid compartments through 

specific lymphocyte adhesion and subsequent extravasation (Sackstein, 2004). Although 

mHEVc have lost PECAM-1 (CD31) and VE-cadherin expression, both traditional 

markers of endothelial cells, cells retain Vascular Cell Adhesion Protein-1 (VCAM-1, 

CD106) expression, a mediator of adhesion of lymphocytes, monocytes, basophils and 

eosinophils to vascular endothelium (Barreiro et al., 2002). MHEVc also possess the 

capacity to form tube structures in 3-D culture, thus are useful in tube formation assays 

(Tudor et al., 2000; Nolan et al., 2007). 

3.1.2 Human Endothelial Cell Line  

The human endothelial cell line used in this work is an established cell line derived 

from primary HUVEC (human umbilical vein endothelial cells,) termed HUV-EC-C™, 

(ATCC® CRL-1730), which are a primary culture passaged 1-3 times. HUVEC were 

first successfully isolated and cultured by Jaffe et al. (1973) from freshly obtained full-

term umbilical cords via collagenase digestion of the umbilical vein interior. Unlike the 

normally quiescent endothelium found in other areas of the vascular tree, HUVEC 

display a high mitotic index (Gimbrone et al., 1974). HUVEC possess two unique 

endothelial markers: the Weibel-Palade body (storage granules for von-Willebrand 

factor and P-selectins) and factor VIII, a blood clotting protein lacking in haemophilia 

(Toole et al., 1983, Wagner, 1993).  
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Early researchers had difficulty culturing HUVEC, attaining only 3-5 doublings under 

established tissue culture conditions (i.e., 10-20% foetal calf serum in various media). 

The addition of common growth factors, (alone or in combination) such as epidermal 

growth factor (EGF) fibroblast growth factor (FGF) insulin-like growth factors (IGF-I 

and IGF-II), platelet-derived growth factor (PDGF), thrombin, insulin or transferrin did 

not change the proliferative capacity. However Maciag et al. (1981) found that the 

addition of endothelial cell growth factor (ECGF, derived from bovine brain, 

hypothalamus and pituitary), combined with a human fibronectin-coated growth 

surface, promoted growth and proliferative capacity of up to 20 doublings, illustrating 

the unique growth requirements of HUVEC (Maciag et al., 1981). In this research, 

HUV-EC-C were grown in specific endothelial media (Lonza EGM™-2 BulletKit™) on 

1% bovine gelatine coated flasks. HUVEC find application in the study of various 

aspects of vascular biology, including wound healing, angiogenesis, arteriosclerosis and 

tubule formation (Kirkpatrick et al., 1999).  

3.1.3 Murine Breast Cancer Cell Lines 

The 4T1 cell line originates from the 410.4 cell line, originally isolated from a single, 

spontaneously arising mammary tumour in a BALB/cfC3H mouse by Miller et al. 

(1982). The 4T1 model provides an excellent system for BC research, stemming from 

well characterized oncological and immunological features. The 4T1 model represents 

human stage IV cancer and is a TNBC (Miller et al., 1982) and has a number of features 

that make it useful to this project. For example, 4T1 cancer cells are easily 

transplantable into the mammary fat pad by injection, thus the tumour grows in its true 

(orthotopic) site. Unlike other cancer cell lines, 4T1 cells are highly haematogenously 

metastatic and the progressive spread to lymph nodes and other organs is very similar to 
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human mammary cancer (Pulaski and Ostrand‐Rosenberg, 2001). As well, the gene 

expression profile of the 4T1 cell line is well characterized, and 4T1 cells express a 

number of chemokine ligands including CCL5, thus may parallel the increase in CCL5 

expression seen in human breast cancer. As well, the 4T1 model is syngeneic for 

BALB/c mice and thus avoids problems associated with using human tumour cell lines 

in immunocompromised mice (Kurt et al., 2001; Eckhardt et al., 2005). Lastly, the 4T1 

model has been shown to be highly useful in tumour imaging and studying angiogenesis 

(Pulaski and Ostrand‐Rosenberg, 2001). 

 

The EO771 cell line was also derived from a spontaneous murine mammary medullary 

adenocarcinoma (Dunham, 1953). As EO771 cells originated in a C57Bl/6 mouse they 

were syngeneic for all transgenic mice used in this work. Although not as well studied 

as the 4T1 cell line, (cf. 14 results for EO771 vs. 906 results for 4T1 on PubMed since 

1940), EO771 and 4T1 tumour growth rates were similar in our hands. However, we 

observed that the EO771 cell line was not as metastatic as the 4T1 line, particularly in 

terms of lung metastases. The EO771 model may be a more representative model for 

human breast cancer than the 4T1 model, as growing tumours were found to form 

glandular structures, more closely approximating structures seen in human breast 

carcinoma. 

3.1.4 The Murine CCR5
-/- 

Model 

The murine CCR5
-/-

 model (previous strain name B6.129P2-Ccr5
tm1Kuz

/J) was 

developed by Kuziel et al. (2003) to study the role of CCR5 in atherogenesis in 

apoE knockout mice. The entire coding exon of CCR5 was deleted and replaced with a 

cassette containing a neomycin resistance gene. The single CCR5 coding exon occurs 
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on a 9.0 kbp Xba1 restriction fragment. A targeting vector was created by inserting the 

CCR5 coding exon into the unique Xba1 site of pBluescript, then replacing the exon 

with a neomycin-resistant cassette in the opposite transcriptional orientation. Next, a 

PGK-thymidine kinase cassette was cloned into the pBluescript vector, the vector 

linearized and then electroporated into the embryonic stem (ES) cell line E14TG2A, 

derived from the mouse strain 129/Ola. After 24 hours recovery, correctly targeted 

ES cells were selected for by the addition of G418 (Geneticin) and ganciclovir. 

Surviving ES colonies were expanded and tested for absence of the CCR5 coding 

region. ES cells null for CCR5 were selected and injected into C57/BL6J blastocysts 

and implanted to obtain chimaeric animals. Back-crossing the chimaeric animals 

resulted in the production of mice homozygous null for CCR5 (Kuziel et al., 2003). 

At birth, mice are viable, fertile, appear phenotypically normal and age normally 

(http://jaxmice.jax.org/strain/005427.html) (Power, 2003). 

3.1.5 Creation of Stable Cell Lines 

All stable cell lines used in this research were created by the retroviral delivery of genes 

of interest. Retroviral vectors offer three desirable traits to deliver genetic material into 

target cells. Retroviral vectors deliver integration of genetic material into the host 

genome (transduction), providing long-term gene expression. Secondly, retroviral 

vectors can transport large payloads, up to 10 kb. Finally, they do not code for virulent 

or immunogenic proteins, thus minimizing the risk that transduced cells will be attacked 

by the host immune system in vivo (Salmon and Trono, 2007). Early gene delivery 

methods commonly used vectors derived from oncoretroviruses such as murine 

leukaemia virus (MLV); however such vectors are only able to transduce dividing cells. 
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The creation of lentiviral vectors based on the HIV-1 virus opened the door to the 

transduction of both non-dividing and dividing cells (Naldini et al., 1996b).  

 

Virus-based gene delivery depends on two components: (i) the packaging elements, 

such as structural proteins and enzymes required to assemble an infections particle, and 

(ii) the vector carrying the genetic material. As HIV-1 is highly virulent, removal of 

genes coding for virulence factors (Vpr, Vif, Vpu and Nef (Fig 3.1) and replacement of 

genes coding for envelope proteins with those from another virus (Vesicular Stomatitis 

Virus, VSV-G) dramatically increased bio-safety, while conserving the ability to 

transduce non-dividing cells. A further benefit is the lack the immunogenic viral 

proteins that can trigger a cellular immune response (Naldini et al., 1996b, Zufferey et 

al., 1997). Zufferey et al. (1998) further modified the vector by deleting the U3 region 

(the promoter for producing vector RNA) from the 5’ long terminal repeat (LTR) 

resulting in self-inactivating vectors (SIN), minimizing the risk of producing 

replication-competent recombinants. Current lentiviral transduction systems use three 

(or four) vectors, spreading viral sequences over independent components, thus 

minimizing the chance that recombination events can occur that re-create a replication-

competent virus (Salmon and Trono, 2007).  

 

Knockdown of CCL5 expression was achieved via short hairpin RNA interference 

(shRNAi), using LV delivery of a vector carrying DNA coding for double-stranded 

RNA containing a tight loop known as a short hairpin (shRNA). Once transcribed, the 

shRNA undergoes processing by a series of endoribonucleases, Drosha, Dicer and 

Argonaute respectively. Short interfering RNA (siRNA) is the end product of this 

enzymatic processing. SiRNA then binds with a group of proteins known as the 
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RNA-induced silencing complex (RISC). RISC destroys messenger RNA (mRNA) 

complimentary to the bound siRNA sequence, allowing specific targeting of protein 

expression, in this case, CCL5.  

 

 

 

 

Figure 3.1 The HIV-1 genome and the derivation of the three-vector system 
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Figure 3.1 The HIV-1 genome and the derivation of the three-vector system 

A) The components of the HIV-1 genome. Vpr codes for Viral Protein R, which 

regulates nuclear import of the HIV-1 pre-integration complex required for virus 

replication in non-dividing cells (Bukrinsky and Adzhubei, 1999). Vpu codes for Viral 

Protein Unique which degrades CD4 in the endoplasmic reticulum and enhances virion 

release (Schubert et al., 1996). Nef, (negative regulatory factor) is a virulence factor that 

activates T cells and helps establish a persistent state of infection (Jere et al., 2010). 

Tat (Trans-Activator of Transcription), dramatically enhances viral transcription 

(Debaisieux et al., 2012). Rev (Regulator of Expression of Virion Proteins), facilitates 

export of fragments of HIV mRNA containing a Rev Response Element (rre) from the 

nucleus to the cytoplasm. Both proteins are key regulators important for viral expression 

(Malim et al., 1989). Gag codes for Gag polyprotein and env codes for the glycoprotein 

GP120, both structural proteins involved in enhancing the packaging process and 

efficient transcription. Pol encodes for viral enzymes involved in synthesizing viral 

cDNA and guiding the integration of viral into cellular DNA (Stevenson, 2002). 

LTR, or long terminal repeats, contain all required signals for gene expression.  

B), C) and D) show genes on the different plasmids of the three-vector system used to 

generate lentivirus. This three-vector system deletes six of the nine genes that confer 

virulence without loss of gene transfer capacity.  

B) The envelope proteins of HIV-1 are replaced with the G-protein from the vesicular 

stomatitis virus via the plasmid pVSV-G, (a process termed pseudotyping). Substitution 

with VSV-G coat protein directs the tropism of the virus towards a receptor expressed 

on all mammalian cells.  



 

130 

 

C) The plasmid psPAX2 contains all elements required for packaging of viral particles. 

D) The transfer plasmid (pZEO) carrying the gene of interest, (in our case, shRNA and 

eGFP or mCherry) (Salmon and Trono, 2007).  

3.1.5.1 Creation of Lentiviral Particles 

Creation of lentiviral particles utilized calcium phosphate co-transfection of human 

embryonic kidney 293T (HEK293T) producer cells with the three lentiviral vectors 

psPAX2 (rre/rev), pVSV-G, and a transfer vector (pZEO-GFP-CCL5shRNA or 

PGK mCherry™). After 48 hours of lentiviral production, conditioned medium 

containing lentiviral particles was harvested and filtered through a 70µM syringe-driven 

filter (Millipore). HEK293T cells were infected with serially diluted conditioned 

medium. After 48 hours, FACS analysis of infected HEK293T cells was carried out on 

GFP or mCherry™ expression and MOI (multiplicity of infection) calculated, based on 

the premise that one lentiviral particle infects one HEK293T cell. In general, the highest 

MOI’s resulted in the highest transduction efficiency, as reported by other researchers 

(Zhang et al., 2004). Viral media was then used to infect various cancer cell lines, and 

cells sorted on GFP or mCherry™ signal to create the various stably transduced cell 

lines used in this research.  
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3.2 Fluorescence  

Fluorescence microscopy, like fluorescence activated cell sorting (FACS, discussed 

below), depends upon the fluorescence of specific molecules in the structure of interest. 

Fluorescence occurs when molecules first absorb the incident light, undergoing 

alterations in electronic, vibrational and rotational states, moving from the normal 

ground state (S0) to an excited state (S1 or S2), sometimes with the shift of π electrons 

into a higher orbital. Within nanoseconds, this extra energy is released via vibrational 

relaxation and/or movement of electrons to lower orbitals and concomitant emission of 

quanta of light, typically of a longer wavelength than the incident light (Fig. 3.2). This 

difference between excited and emitted wavelengths is the key feature that makes 

fluorescence such a potent tool. By selectively filtering the light, complete blockage of 

the exciting wavelengths and passage of the emitted wavelengths is achieved, detecting 

via fluorescence the objects of interest (Lichtman and Conchello, 2005). 
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Figure 3.2 Basic physics of fluorescence 
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Figure 3.2 Basic physics of fluorescence 

Top, a Jablonski diagram. A Jablonski diagram represents energy states of a molecule, 

in this case, the common fluorochrome fluorescein isothiocyanate (FITC). 

S0 corresponds to ground state levels (0-3), where FITC is not excited by light. 

S1 and S2 indicate levels of excited states, where an electron is shifted into a higher 

orbital by a photon.  

Below, the absorption and emission spectra of FITC correlated with the Jablonski 

diagram. The vertical dotted lines align the FITC spectra with the absorbed and emitted 

photons (coloured up and down arrows, respectively). Arrow colour corresponds to 

wavelengths. Thus, emitted photons create fluorescence at those wavelengths. 

For example, the purple arrow at the left represents the wavelength of an ultraviolet 

photon that can cause FITC to shift to an S2 state. The orange arrow at the right 

indicates photon emission at the longest wavelength, from the lowest energy state of 

S1 to the highest state of S2. Note that in the region of spectral overlap (i.e., area of 

overlap between the absorption and emission spectra), photons can be absorbed when 

FITC is not at the lowest vibrational level. Also note the similar shape of absorption and 

emission spectra, reflecting the parallel transitions between S0 and S1 vibrational states. 

Adapted from Lichtman and Conchello (2005). 
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3.2.1 Immunohistochemistry and Fluorescence Microscopy 

Immunohistochemistry (IHC) is one of the primary methods to investigate the 

distribution of molecules of interest in tissue preparations. IHC provides sensitivity and 

versatility, and is widely used in microscopic imaging of tissue and cell architecture. 

Like FACS, IHC relies upon the specifically targeted affinity of antibodies for their 

epitope (Fritschy, 2008). However, the method also requires preservation of cellular 

components in as native a state as possible. Thus, IHC carries certain pitfalls that can 

influence the reliability of experimental data that have been minimized in this research.  

(I) Specimen Collection and Fixation 

Specimen collection and fixation forms the basis of all further steps and must be done as 

quickly as possible after death. Quick termination of all metabolic and enzymatic 

activities preserves tissue architecture and the antigen profile (Fischer et al., 2008). 

Immediate cardiac gross specimen perfusion consisting of an initial flush with 

phosphate buffer followed by perfusion with freshly prepared 4% paraformaldehyde 

removes autofluorescent red blood cells, and provides quick fixation to well 

vascularised tissues (Renshaw, 2007). Aldehyde fixatives are considered robust, 

providing a balance between preservation of tissue morphology and 

immunolocalization, while minimizing antigen masking (Von Wasielewski et al., 1994). 

However, whole tumours, with their poorly formed vasculature, benefit from immersion 

fixation at 4°C for 16-24 hours, depending on tumour size, as over-fixation can create 

antigen destruction and fixation artifacts such as increased non-specific background 

signal, whereas under-fixation can lead to poor preservation of architecture and/or 

antigens of interest (Fischer et al., 2008).  
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Care must be taken in preparation and use of aldehyde fixatives, as they form 

autofluorescent polymers with poor tissue penetration with age. Fresh preparation 

ensures the monomeric form, facilitating rapid tissue penetration and less background 

(Nguyen et al., 2010). Aldehyde groups initiate cross-linking between lysine molecules 

on the exterior of protein molecules, forming an insoluble protein network that traps 

non-protein molecules. Cells are thus thrust into stasis closely resembling the in vivo 

architecture. However, aldehyde fixation cross links cell membrane proteins and tissue 

sections require later permeabilization steps to permit access of labelling molecules 

(Schmid et al., 1991). Secondly, aldehyde fixation increases tissue hydrophobicity and 

unbound aldehydes increase non-specific antibody binding, requiring appropriate 

washes and blocking prior to staining (Renshaw, 2007).  

(II) Cryopreservation 

Following fixation, tissues are frozen, offering higher levels of antigen preservation 

than paraffin embedding and the capacity to use multivariate immunofluorescence 

labelling (Renshaw, 2007). However, ice crystal formation can disrupt tissue 

morphology. Immersion of fixed tissues in 30% w/v sucrose at 4° for 48 hours, (or until 

tissues sink) provides excellent cryoprotection by osmotically displacing water prior to 

freezing. As well, sucrose does not penetrate the cell, and is easily rinsed from tissues 

during subsequent staining steps (Rodrigues et al., 2008). Cryoprotection is further 

aided by subsequent immersion for another 6 hours in a solution of 50% O.C.T. 

(Optimal Cutting Temperature media) in 30% sucrose, a method which also makes 

cryosectioning easier and cleaner (Ishii et al., 1990). Lastly, tissue immersion in moulds 

containing pure O.C.T. on ice for 30 minutes clears air bubbles and permits tissue 

positioning, prior to freezing on a bed of dry ice. Storage of O.C.T.-embedded tissue at     

-80 C provides long-term preservation of the antigen profile. 
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(III) Tissue Sectioning  

Optimal cryosectioning temperatures vary with tissue fat content, and higher fat content 

requires colder temperatures, thus frozen tissue blocks require temperature equilibration 

prior to sectioning (Buckman et al., 1999). Tissue sections are cut at 30µm, allowing 

deep Z-stacks to be carried out and entire cells to be visualized. Tissue sections were 

then collected on poly-L-lysine coated slides and air dried such that sections remained 

adherent during subsequent rehydration, blocking and labelling steps.  

(IV) Tissue Permeabilization and Clearing 

Dried sections first undergo rehydration in PBS, which also removes O.C.T., sucrose 

and unbound aldehydes. As formaldehyde fixation cross-links membrane proteins, 

sections require permeabilization to detect intracellular antigens. Permeabilization 

creates pores in cellular membranes, allowing antibody access to intracellular and 

nuclear target sites. Triton X-100 (TX100) and Tween 20 and are both non-ionic 

detergents that permeabilize tissues by creating pores for entry of labelled antibodies 

(Jamur and Oliver, 2010). Detergents also clear tissue by dissolving opaque lipids and 

limit tissue autofluorescence, factors that restrict high-resolution imaging. However, 

excessive exposure to detergents can extract proteins, leading to false negatives (Jamur 

and Oliver, 2010). Thus, tissues were immersed in a permeabilizing and blocking buffer 

consisting of 5% foetal calf serum, 1:300 Fc block (CD16/CD32) in 0.025% TX100 in 

PBS overnight. Calf serum and Fc block minimize non-specific antibody binding. 

Although antibodies bind preferentially to specific epitopes, they may partially bind to 

reactive sites on non-specific proteins that share similarity to the cognate binding site on 

the target antigen. Blocking prior to antibody labelling minimizes non-specific binding 

by occupying these reactive sites (Ramos-Vara, 2005).  
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(V) Fluorescent Immunolabelling 

Once tissues were permeabilized and blocked, immunofluorescent labelling was carried 

out. Antibodies primary conjugated to Alexa Fluor® dyes dissolved in a 0.025% TX100 

solution were left on tissue sections overnight. Next, a series of rinses in 

0.05% Tween 20 in PBS removes residual and non-specifically bound antibody. 

The fluorescent dye DAPI in 0.1% TX100 was used to counterstain the nucleus. DAPI 

(4',6-diamidino-2-phenylindole) binds strongly to the minor grove of A-T rich 

sequences of DNA, absorbs in the UV and emits in the blue, allowing the concurrent 

visualization of DNA with various cell markers in multi-colour fluorescence imaging 

(Kapuscinski, 1995) 

(VI) Tissue Mounting 

The light scattering properties of the tissue compromises high-resolution imaging of 

tissue sections. The use of tissue permeabilizing/clearing protocols and appropriate 

mounting media offsets this limitation by enabling better penetration of fluorochrome-

conjugated antibodies and mounting media. The use of a mounting media with a similar 

refractive index to the immersion oil further reduces optical aberrations (Nguyen et al., 

2010). As fluorochromes lose signal intensity upon light exposure, the use of a 

mounting media that contains anti-photobleaching agents, such as Prolong Gold® 

(Invitrogen) allow multi-colour imaging of multiple areas of one tissue section without 

signal degradation. 

(VII) Image Capture 

All specimens were imaged on an Axio Imager M2 epifluoroscence microscope 

equipped with the AxioCam MR3 digital camera and the HXP 120 metal halide light 

source (all Carl Zeiss Vision GmbH, Germany). Metal halide light sources, as opposed 

to xenon, offer higher, more intense spectral peaks, and when combined with specific 
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filter sets and fluorochromes, deliver brighter light to the specimen in those peaks 

(Spring, 1997). High quality objectives play a critical role in imaging, particularly in 

epifluorescent microscopy, as light passes both ways through the objective, illuminating 

the specimen to cause fluorescence and collecting the image. Objectives consisted of a 

PlanApochromat 10X/0.80, a PlanApochromat 20X/0.80, an EC PlanNeoFluar 

40X/0.75 and a PlanApochromat 63X/1.40 oil-immersion objective. The number after 

magnification is the numerical aperture (NA), a value more important than 

magnification. The value of NA determines both resolving power and light efficiency of 

the objective, and a large NA indicates greater illumination and light collecting 

capacity. ‘Plan’ lenses provide flat field imaging across the entire section, and 

Apochromatic lenses offer perfect alignment between red, green and blue in one sample 

plane, allowing accurate antigen co-localization (Lichtman and Conchello, 2005). Filter 

sets consisted of 49 DAPI (365nm excitation, 445/50 nm emission), 44 FITC 

(470/40 nm excitation, 530/50 nm emission), 43 HE DsRed (550/25nm excitation, 

605/70nm emission) and 50 Cy5 (640/30 nm excitation, 690/50 nm emission). This 

configuration allowed imaging in four discreet channels, using three labelled antibodies 

and DAPI as a nuclear counter-stain. Multi-channel two- and three-dimensional image 

capture and analysis was performed by Axio Vision software Rel. 4.8 (Zeiss).  

 

In summary, this research applied a number of methods in immunohistochemistry and 

fluorescent imaging to optimize preservation of tissue morphology and antigen profile. 

Our data illustrate high conservation of cellular structure and resolution of cellular 

associations between target antigens. 



 

139 

 

3.3 Flow Cytometry 

Flow cytometry is a powerful technology with two broad applications, one in separating 

mixed cell populations into viable pure populations (sorting), and the other in multi-

parametric analysis of individual cells on a cell-by cell basis (Perfetto et al., 2004). 

Flow cytometry, as the name implies, measures properties of individual cells in a 

controlled fluid stream. The stream of individual cells flows through a point of 

measurement where multiple laser beams focus, interrogating each cell. The earliest 

fluorescence activated flow cytometers (or fluorescence activated cell sorters, FACS), 

developed in the 1960’s, measured three parameters: fluorescence and two scattered 

light signals. However, the utility of this technology has driven the creation of systems 

capable of measuring 32 parameters in greater than 200,000 events per second (Picot et 

al., 2012). Numerous fluorochromes spanning the spectrum have been developed, 

allowing more precise wavelength separation and use of multiple cell markers. 

3.3.1 Basic Principles 

Flow cytometers consist of three basic parts: first, the fluidic system that carries the 

cells, second, the excitation source and optics which consists of lasers with various 

wavelengths and specific filters and detectors, and third, the electronics that digitize the 

signals (Picot et al., 2012). The fluidic system injects suspended cells under high 

pressure through a small orifice as a narrow stream into a surrounding fluid sheath, 

creating a laminar flow of cells. As the concentric sheath fluid is of a smaller volume 

than the injected volume, a phenomenon termed hydrodynamic focussing occurs, 

resulting in the injected cells lining up along the axis of flow, allowing individual cells 

to pass the point of interrogation (Fig 3.3) (Ke et al., 2001). Multiple lasers focus at the 

point of interrogation, exciting the passing cells, which then emit both scattered and 
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fluorescent light. Scattered light emission occurs at two different angles, termed forward 

scatter, occurring along the laser path and indicating cell size; and side scatter, 

occurring at 90° to the laser path, correlating with cellular inner complexity, such as 

granularity. Emission of fluorescent light arises from intrinsic cell properties 

(autofluorescence) or from the excitation of fluorochrome-tagged markers, commonly 

antibodies. Fluorescent light is emitted at cell and fluorochrome-dependent 

wavelengths, and fed through a series of filters to photomultiplier tubes for photon 

detection, amplification, conversion to electric signals and digital storage (Raveche 

et al., 2010). By using cell-specific antibodies conjugated to fluorochromes emitting at 

specific wavelengths, accurate cell phenotypes can be derived. This signal information 

can then be stored for later analysis, or used in real-time sorting of mixed cell 

populations (Ke et al., 2001).  

3.3.2 Spectral Overlap and Compensation 

All fluorochromes emit light over a range of specific wavelengths. As polychromatic 

flow cytometry utilizes multiple fluorochromes, spectral overlap occurs when 

fluorochromes share overlapping emission wavelengths in the same detection channel. 

For example, using a 488nm laser with the fluorochromes FITC (fluorescein 

isothiocyanate, emission 450nm - 650nm) and PE (R-phycoerythrin, emission 

530nm - 660nm), spectral overlap occurs between 530nm and 650nm (Fig. 3.4). When 

the detection channel is in this range, false positives result. A process termed spectral 

compensation is applied to correct spectral overlap, whereby a percentage of the signal 

from one fluorochrome is subtracted from the other, allowing accurate assignment of 

the fluorochrome to the appropriate channel. Spectral compensation is calculated 

automatically by the software or manually by the operator.  
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Figure 3.3 Hydrodynamic focussing and fluorescence activated cell sorting 
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Figure 3.3 Hydrodynamic focussing and fluorescence activated cell sorting 

A fundamental principle of flow cytometry is the capacity to collect data from 

individual cells or particles. In order to for the detection system to interrogate each cell, 

the sample, a random cell suspension, must be ordered into a single stream of particles. 

The fluidic system relies on the principle of hydrodynamic focusing to create the single 

stream. Essentially, the sample is injected through a small orifice (~70 microns) into the 

more rapidly moving, pressurized sheath fluid. This alters the velocity of the sample 

stream such that the flow velocity is rapid in the centre and zero at the edges, resulting 

in cells moving in single file. Without hydrodynamic focusing, it would not be possible 

to analyze one cell at a time. Hydrodynamic focussing eliminates errors associated with 

traditional cell counters such as coincidence and cellular stress changes. Hydrodynamic 

focussing provides a highly accurate cell counts over a range of cell concentrations 

(Ke et al., 2001; Raveche et al., 2010). 
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Figure 3.4 Spectral overlap and the need for compensation 
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Figure 3.4 Spectral overlap and the need for compensation 

Illustration showing spectral overlap between the fluorochromes FITC (emission 

between 450nm - 650nm) and PE (R-phycoerythrin, emission between 530nm - 660nm) 

using a 488nm laser and a 575/26nm bandpass (BP) filter. The area of spectral overlap 

occurs between 530nm and 650nm (dotted lines). The bandpass filter, which is the 

detection channel, is centred at 575nm, ± 13nm, and false positives result in this area of 

the spectral overlap, necessitating compensation.  

Image adapted from bdbiosciences.com/research/multicolor/spectrum/viewer. 
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3.3.3 Cell Sorting 

Cell sorting allows collection of purified, viable cells from a heterogeneous cell 

population. After upstream laser interrogation of fluorescently labelled cells, the sample 

stream is divided into droplets carrying a single cell by a piezoelectric crystal vibrating 

at a specific frequency. Droplets bearing cells of interest are then positively or 

negatively charged, and pass through an electric field between two deflection plates, 

then are directed into collection tubes. Contemporary cell sorters can sort up to six 

distinct cell populations simultaneously (Picot et al., 2012). According to the 

manufacturer, the MoFlo®XDP (Beckman Coulter Instruments, Indianapolis, IN) used 

in this research can provide 4-way sorting of up to 100,000 events per second. However, 

much slower sorting rates were always used, (20,000 events per second), as lower speed 

ensures more accurate sorting. 

3.3.4 Fluorochrome Panel Selection and Application 

Some basic guidelines were followed in designing all FACS experiments. The degree of 

compensation is minimized by selecting a panel of fluorochromes that have well 

separated emission peaks, and by titrating the quantity of antibody used in staining. 

Choosing the brightest fluorochrome for markers with the lowest or unknown 

expression and vice-versa ensured good separation between positive and negative cell 

populations. Furthermore, staining protocols included unstained controls, single colour 

controls and fluorescence-minus-one (FMO) control. Single colour controls are aliquots 

of sample stained with only one colour. Staining aliquots of the sample with all of the 

fluorochromes except one creates a panel of FMO controls. FMO controls allow 

evaluation of signal spillover into other channels and discarding of antibody-antibody 

interactions in data analysis, providing robust data (Perfetto et al., 2004).  
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Both FACS and epifluorescent microscopy utilize a fluorescent signal for detection of 

cell markers. Cell markers can consist of proteins produced by the cell following genetic 

modification by lentiviral transduction, (such as GFP or mCherry as used in this 

research), or fluorescently labelled antibodies bound to cell-born target sites. Most 

fluorescently labelled antibodies used in this research were conjugated in-house, 

providing a complete versatility in preparing antibody panels using the bright and highly 

stable Alexa-Fluor® dyes to create multi-channel high-resolution images and robust 

FACS data. As well, directly labelled primary antibodies produce less background 

fluorescence and less non-specific binding than secondary antibodies. For example, 

tumour tissues tended to have the highest degree of autofluorescent signal in the 488 

channel. By conjugating the endothelial marker CD31 to Alexa Fluor 647, 

high-resolution imaging of endothelial structure could be attained with little 

autofluorescent background, as would occur in the 488 channel. Tissue morphology was 

also used as a determinant in antibody panel expression. For example, in co-expression 

studies where cell markers differ significantly in their degree of expression, combining 

a low-expressing cell marker, such as CCR5, conjugated to Alexa 647, with CD31 

conjugated to Alexa Fluor 488, discrimination of signal based upon vascular 

morphology in the 488 channel is attained, even in an autofluorescent background.  

3.4 Creation of Bone Marrow Radiation Chimeras 

Bone marrow chimaeras (or radiation chimaeras) were prepared by lethally irradiating 

mice, then injecting them with stem cells harvested from bone marrow of donor mice, 

effectively replacing the stem cell populations with donor cells. Although BMT is 

widely used in clinical settings for haematological disorders, the molecular mechanisms 

governing stem cell homing in BMT are incompletely understood (Nabors et al., 2013).  
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Irradiation exerts different effects on different tissues; for example, MRI studies of bone 

marrow reveal hypocellularity with haemorrhage and sinusoidal dilatation during the 

following few hours or days (Tong et al., 1998). In haematopoietic tissues, cell death 

results from reproductive failure of stem cells, which undergo apoptosis before or after 

attempted mitosis, whereas circulating lymphocytes simply apoptose. Blockage of 

apoptotic proteins such as caspase protects against radiation damage (Han et al., 2006; 

Stewart et al., 2012). Irradiated animals are thus ablated of haematopoietic and 

mesenchymal stem cells as well as common myeloid and lymphoid progenitors.  

 

Transplantation via tail vein injection replaces ablated populations and relies upon the 

remarkable plasticity and homing capacities of these populations. Indeed, several groups 

have successfully reconstituted a lethally irradiated mouse long-term with a single stem 

cell (Osawa et al., 1996; Wagers et al., 2002; Matsuzaki et al., 2004). Haematopoietic 

stem cells (HSC) express the cytokine receptor c-kit (CD117, stem cell growth factor 

receptor (SCFR)) in their membrane and home to the foetal liver and yolk sac during 

development, both of which express mRNA encoding for stem cell factor (SCF), the 

ligand for c-kit (Kunisada et al., 1998). Research suggests that membrane-bound SCF 

mediates migration of HSC and other stem-like cells to their target organs (Matsui et al., 

1990). Mice lacking SCF fail to maintain bone marrow HSC (Wilson and Trumpp, 

2006). Likewise, β1-integrin-deficient HSC fail to home to the bone-marrow following 

transplantation (Potocnik et al., 2000), thus unique cell markers play and their ligands 

play a role in homing.  

 

Work of Chapel et al. (2003) demonstrated homing of GFP-labelled mesenchymal stem 

cells (MSC) to bone marrow, skin, gut, spleen and muscle of lethally irradiated 
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macaques. HSC and MSC are now believed to form a close physical association in the 

so-called ‘stem-cell niche’ of the bone marrow, with MSC playing a role in HSC 

maintenance and response to microenvironment and distant cues (Méndez-Ferrer et al., 

2010).  Endothelial cell E- and P-selectin have also been implicated in stem cell 

homing. Work of Nabors et al. (2013) showed significantly reduced homing in mice 

homozygous null for both E- and P-selectin following BMT, however, mice null for 

either E- or P-selectin showed normal stem cell homing.  Thus, E- and P-selectin share 

overlapping roles, and in their absence, stem cell homing is significantly compromised. 

At present, studies suggest that HSC homing and subsequent expansion depends on a 

variety of signalling molecules, the appropriate cells and cell-specific markers and the 

nature of the ECM (Wilson and Trumpp, 2006).   
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Chapter 4: CCR5 in Tumour Growth and Angiogenesis 
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4.1 Introduction 

Solid tumours grow and spread by producing proangiogenic cytokines that promote the 

activation and recruitment of surrounding host ECs, as well as BM-derived cells such as 

EPCs, to trigger the angiogenic switch (Folkman, 2002). Recent work has suggested of 

a role for CCR5 in EC biology. For instance, it has been shown that EC and EPC 

biology in wound healing is CCR5 dependent (Ambati et al., 2003; Ishida et al., 2012); 

while studies that block CCR5 signalling show effects on the primary tumour 

suggestive of vascular targeting (Robinson et al., 2003). Gao et al. (2008) has also 

recently shown that CCR5 is upregulated in tumour EPCs, and that blocking EPC 

mobilization from the BM causes an inhibition of tumour growth. Taken together, these 

data indicate that CCR5 signalling may play a role in tumour angiogenesis, however, 

extensive study is lacking. Secondly, the complex signalling pathways active in the 

tumour microenvironment make it difficult to identify the roles of individual molecular 

species. 

  

The aims of this study were to uncouple the role of bone marrow and non-bone marrow 

derived cells expressing CCR5 in breast tumour growth and angiogenesis. Using genetic 

ablation, we revealed significant tumour growth and angiogenesis defects in CCR5
-/-

 

mice. Then, using BMT, we demonstrated that the tumour growth and vascular effects 

observed in the CCR5
-/-

 mice were not primarily due to the BM-compartment of the 

tumour-stroma, but rather, reflected defects in CCR5 signal transduction in the host 

tissues. Finally, using a tail vein injection model of metastatic spread, we showed that 

CCR5
-/-

 mice are more resistant to metastatic colonization and death. 
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4.2 Materials and Methods 

Materials and methods unique to this chapter are outlined here. Detailed materials and 

methods common to all chapters are presented in Appendices B and C.  

4.2.1 Cell Lines and Growth Conditions 

The E0771 mammary carcinoma cell line was provided by A/Prof Robin Anderson 

(Peter MacCallum Cancer Centre, Melbourne, Australia). Cells were maintained in 

RPMI 1640 with 10% Fetal Calf Serum (FCS, Invitrogen, Carlsbad, CA) and 1% 

penicillin-streptomycin (P/S).  HEK 293T cells were obtained from ATCC and grown in 

DMEM, with 10% FCS, sodium pyruvate (1mM) and 1% P/S. All cell lines were grown 

at 37° C in a 5% CO2 humidified incubator. 

4.2.2 Creation of Stable Fluorescently Labelled Breast Cancer Cell Lines 

EO771 cells expressing the monomeric form of the red fluorescent protein (RFP), 

mCherry were created through the stable transduction of a retroviral construct 

containing the mCherry gene, driven by a 500bp region of the murine phosphoglycerate 

kinase (PGK) promoter (Campbell et al., 2002).   

 

Lentivirus (LV) particles pseudotyped with the vesicular stomatitis G protein (VSVG) 

were generated by calcium phosphate co-transfection of PGK-mCherry and the three 

packaging constructs, psPAX2 (REV/RRE) and pVSV-G into HEK 293T cells, as 

described (Naldini et al., 1996b). Viral titer was determined by Fluorescence-Activated 

Cell Sorting (FACS) analysis of LV-infected HEK293T cells. LV transductions of 

cancer cell lines were performed in the presence of Polybrene® (Sigma-Aldrich, 

Milwaukee, WI). MCherry expressing cells were assessed for their similarity in growth 

and pathology to the parental line.  
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4.2.3 Transgenic Mice 

Mice homozygous null for CCR1 (B6.129S4-Ccr1
tm1Gao

)
 

or CCR5 (B6.129P2-

Ccr5
tm1Kuz

/J) were provided by N. Morrison (Griffith University, Australia; originally 

sourced from the Jackson Laboratory, Bar Harbor, MN) (Kuziel et al., 2003; Gao et al., 

1997). Both CCR1
-/-

 and CCR5
-/-

 mice were re-derived by crossing heterozygous 

animals. A multiplex primer strategy using a CCR
null

 and WT specific primer sets were 

used to differentiate CCR
null

, CCR
het 

, and CCR
WT

 mice:  

(i) CCR1 WT (180bp: forward: 5’-GAGTTCACTCACCGTACCTGTAGC-3’ & 

reverse: 5’-TTTGACCTTCTTCTCACTGGGTCTTC-3’); and 

(ii) CCR1 Mut (150bp: forward: 5’-GACCGCTATCAGGACATAGCGT-3’ & reverse: 

5’-AGCTGCCGAAGGTACTTCCAG-3’); and  

(iii) CCR5 WT (203bp: forward: 5’-CAGGCAACAGAGACTCTTGG-3’ & reverse: 

5’-TCATGTTCTCCTGTGGATCG-3’) and  

(iv) CCR5 Mut (280bp: forward: 5’-CTTGGGTGGAGAGGCTATTC-3’ & reverse: 

5’-AGGTGAGATGACAGGAGATC-3’). 

4.2.4 BMT and Tumour Growth Studies  

BMT was conducted using previously published protocols (Mellick et al., 2010). In this 

study, 1×10
7 

total
 
WT, CCR1

-/-
, or CCR5

-/- 
BM cells were injected into the tail veins of 

lethally irradiated (11 Gray) WT C57BL/6, CCR1
-/-

, and/or CCR5
-/-

 recipients. Mice 

were used in tumour growth studies following reconstitution (8 weeks). Unless 

otherwise stated all mice used in tumour studies were injected with 2 x 10
5 

EO771 

breast cancer cells, orthotopically into the mammary fat pad. Tumour size was measured 

three times per week with digital calipers using standard methods, and tumour volume 

calculated using the following equation: 
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(short axis)
2 

× (long axis)
 
× 0.5236 (Tomayko and Reynolds, 1989). Tumour weight 

data were not collected. For the metastasis model, 2x10
5
 cells were injected into the tail 

veins of and mice euthanized according to the health scores of Griffith University Ethics 

Committee, or at the end of the experiment (day 60). 

4.2.5 Immunofluorescent Analysis of Tissues 

Mice were sacrificed and subjected to whole animal perfusion with 

4% paraformaldehyde (PFA) if destined for immunohistochemistry, otherwise left 

unperfused for FACS analysis. Selected tissues were cryopreserved in O.C.T. (Tissue-

Tek, Elkhart, IN), and prepared as 30μm thick sections. Peripheral blood (PB) was 

collected from the tail vein in anti-coagulant buffer (PBS, 5mM EDTA), and BM was 

flushed from the femur and tibia into PBS. PB and BM mononuclear cells (PBMNCs 

and BMMNCs) were isolated by gradient centrifugation using Histopaque 1077 (Sigma 

Aldrich), and immunolabelled immediately for FACS analysis. Cells were also 

cytospun (Cytocentrifuge Universal 320 Hettich, Leipzig, Germany) onto positively 

charged Superfrost Plus Slides (Menzel-Glaser, Braunschweig, Germany), fixed in 

4% PFA and frozen under O.C.T. for later immunolabelling and imaging. For FACS 

analysis, tumour tissue was collagenase treated (Collagenase H&D, Roche Diagnostics), 

37°C, 40min) and filtered through a 70µm cell strainer (BD Biosciences).  

 

Unless otherwise stated, all tissues were stained with Alexa Fluor
®
 (Invitrogen), or 

Phycoerythrin (PE) conjugated primary antibodies, with the nuclear counter stain, 

4',6-diamidino-2-phenylindole (DAPI). Rat or hamster anti-mouse primary antibodies: 

CD31/PECAM-1
 

(clone MEC13.3), VE-cadherin/CD144 (clone 11D4.1), CD11b 

(clone M1/70), VEGFR2/Flk1 (clone avas12α1), CCR5/CD195 (clone C34-3448) and 
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c-kit/CD117 (clone 2B8) and GR-1 (clone RB6-8C5), were obtained from 

BD Pharmingen™ (Franklin Lakes, NJ). GFP and mCherry were detected by their own 

fluorescence signal.  

 

Images were obtained using the Zeiss AxioImager M2 epifluorescent microscope 

(Software AxioVision Version 4.8, Carl Zeiss, Aalen, Germany), with a resolution of 

0.275-0.35μm, as described (Nolan et al., 2007). For FACS, cell suspensions were 

filtered (70μm), pre-blocked with Fc block CD16/CD32 (BD Pharmingen) and 

incubated with primary conjugated monoclonal antibodies, as above. A rat monoclonal 

antimouse TER-119 (clone TER-119) antibody (BD Biosciences) was used as an 

erythroid marker (Kina et al., 2000). Isotype, fluorescence-minus-one (FMO), and 

unstained controls were all used for determining appropriate gates, voltages, and 

compensation (Perfetto et al., 2004), using the BD Fortessa LSRII flow cytometer 

(BD Biosciences). Multivariate FACS analysis was conducted using FACS Diva 

software (BD Biosciences). (Beckman Coulter). Cell sorts were performed using the 

MoFlow™ XDP high-speed cell sorter (Beckman Coulter), and cells sorted into growth 

media.  

4.2.6 Vascular Scoring 

For vascular scoring (branch point analysis & analysis of vascular area), tumours were 

harvested, fixed, sectioned (30μM) and stained with Alexa Fluor-conjugated CD31 and 

counterstained with DAPI. Images of the entire tumour perimeter were obtained on 

Zeiss M2 epifluorescence microscope and analysed using AxioVision software Rel. 4.8. 

Vascular scoring was carried out using ImageJ software (v1.44, NIH, Maryland). 

Images were imported into ImageJ, and the total vascular area calculated as a 
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percentage of total tumour area. Branch point counts were carried out in ImageJ by 

superimposing a grid on the image and tallying each bifurcation point. Data was 

analysed with the Unpaired t-test. Values were averaged across at least 10 images from 

2 sections (300µm apart) from each tumour. 

4.2.7 Data and Statistical Analysis 

Statistical analysis was performed using GraphPad Prism™ (version 3.0, GraphPad, La 

Jolla, CA). One-way MANOVA (α=0.05) was used to compare differences in tumour 

growth. For comparison of the different cell populations, Unpaired t-tests were used 

(α=0.05). Unpaired t-test analysis was also applied to vascular scoring data. Unless 

otherwise stated, all data are presented as mean ± standard error of the mean (S.E.M.). 

4.3 Results 

Ablation of CCR5 results in angiogenesis inhibition, as well as impaired tumour 

growth. To determine whether CCR5 is required for tumour growth and angiogenesis, 

EO771 murine cancer cells (EO771) were orthotopically injected into the mammary fat 

pads of CCR1
-/-

 or CCR5
-/-

 mice, and results compared with tumours grown in WT 

animals. Notably, EO771 cells grown in CCR5
-/-

 mice showed significantly reduced 

tumour growth (P<0.0001) (Fig. 4.1A & Table 4.1). Further analysis revealed 

significant angiogenesis defects at the beginning of the angiogenic switch (day 14) in 

tumours grown in CCR5
-/-

 mice, including significantly reduced branching (P<0.0001), 

decreased vascular area (P=0.0273), and a significant reduction in the numbers of 

tumour ECs (P=0.0002) (Fig. 4.1B-D & Table 4.2-4.4). Similar results were observed 

for late tumours (Day 28) harvested from CCR5
-/-

 mice (Fig. 4.2A-C). Furthermore, an 

approximately 30% reduction in circulating ECs (CECs) was also detected in EO771 
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tumour-implanted CCR5
-/-

 animals, although this was not significant (P=0.1874), 

(Fig. 4.3A & Table 4.6).  

Tumour-associated EPCs were significantly (P=0.0042) higher in CCR5
-/-

 mice at 

Day 28. This late increase in EPCs may reflect the delay in tumour growth, thus a delay 

in the onset of the angiogenic switch (Fig. 4.3A & Table 4.7). No specific tumour 

growth defects were observed in CCR1
-/-

 mice, although the tumour vascular 

architecture diverged from WT, being generally larger (greater amount of vascular 

area), with a significantly (P=0.006) higher number of branches (Fig. 4.2A & B), and 

significantly (P=0.008) fewer ECs, at Day 14 (Table 4.4).  

 

Next, we compared levels of EPCs in the BM and PB (CEPs) in CCR5
-/-

 and WT mice 

bearing EO771 tumours at day 14, the onset of the angiogenic switch. Notably, while 

the known expansion of BM-EPCs at the onset of the angiogenic switch (Nolan et al., 

2007) was observed in WT animals (P=0.0125), expansion was suppressed in the BM of 

CCR5
-/-

 mice, (Fig.4.1E & Table 4.5). Furthermore, we observed lower levels of CEPs 

in the PB of CCR5
-/-

 animals at day 28 (Table 4.8). Analysis of BM and PB showed 

significantly higher constitutive levels of BM EPCs, myeloid progenitors (MPs), and 

neutrophil progenitors (NPs) in both CCR1
-/-

 and CCR5
-/-

 mice (Fig.4.3B-D & 

Table 4.9-4.14). This finding is perhaps a feature of developmental compensation 

secondary to genetic ablation of CCR1 or CCR5, and was independent of tumour 

challenge. 

 

Ablation of CCR5 affects metastatic progression. To determine whether the 

increased levels of metastasis-linked cell types, such as GR1
+ 

CD11b
+
 NPs in CCR5

-/-

animals affected the propensity of breast cancer cells to establish lesions in the lungs 
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(Gao et al., 2012; Catena et al., 2013), mCherry labelled EO771 cells were injected into 

the tail-vein of CCR5
-/- 

and WT
 

mice, and metastatic progression compared. In 

agreement with the impaired tumour growth phenotype previously observed, 

CCR5
-/- 

mice injected with EO771 cells displayed increased survival compared with 

WT animals (P=0.022) (Fig 4.4A & Table 4.15). CCR5
-/-

 mice also had a higher 

number of visible lung lesions at death (Fig 4.4B & Table 4.16). However, microscopic 

examination of mCherry
+
 lung lesions in CCR5

-/-
 mice found them to be less 

vascularised and less invasive in comparison to lesions from WT mice (Fig. 4.5A). 

These results indicated that the tumor stroma has a significant role in the tumour growth 

and vascular phenotype observed in CCR5
-/-

 mice. Furthermore, the vascular and EPC 

proliferation defects observed in CCR5
-/-

 mice indicate a specific role for CCR5 in EPC 

tumor biology 

 

BM-derived CCR5 is not required for tumour growth and angiogenesis. Previous 

work using nucleotide array analysis showed that CCR5, CCL5 and other chemokine 

receptors/ligands are upregulated in EPCs (Fig. 2.13) (Gao et al., 2008). To determine 

the extent to which tumour growth and angiogenesis effects observed in the CCR5
-/-

 

mice were due to defects in EPC biology, BM from CCR1
-/-

 and CCR5
-/-

 mice was 

transplanted into lethally irradiated WT animals. BM from WT mice was also 

transplanted into lethally irradiated CCR1
-/-

 and CCR5
-/-

 mice. Following reconstitution, 

mice were orthotopically implanted with EO771 cells (Fig. 4.7A & B). Notably, tumour 

growth in WT mice transplanted with either CCR1
-/- 

BM (WT: CCR1
-/-

) or with CCR5
-/- 

BM (WT: CCR5
-/-

), was not significantly different from tumours grown either in WT 

animals or WT animals transplanted with WT BM (WT: WT). However, EO771 

tumours implanted in CCR5
-/- 

mice transplanted with WT BM (CCR5
-/-

: WT) showed 
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significantly reduced tumour growth, compared with WT: CCR1
-/-

, WT: CCR5
-/-

, and 

WT: WT animals (P<0.0001) (Fig.4.6A & Table 4.17).  

 

Immunofluorescent microscopic analysis of tumours showed a significant reduction in 

vessel branching (P<0.0001), and vascular area (P=0.0061) in tumours grown in 

CCR5
-/-

: WT compared with WT: CCR5
-/-

 mice (Fig. 4.6B, Table 4.18 & 4.19). 

Furthermore, tumour ECs exhibited a ~50% reduction in CCR5
-/-

: WT mice (compared 

with WT: CCR5
-/-

 mice) as well as a >85% (P<0.0001) reduction in the number of ECs 

in tumours from CCR5
-/-

: WT mice, compared with controls (Fig.4.7C & Table 4.20). 

In support of the similar tumour growth patterns in WT: CCR
null  

BMT and WT animals, 

there was no significant difference in levels of tumour EPCs or CCR5
+ 

EPCs in BMT 

mice, compared with WT: WT BMT tumours (Fig.4.7D &Table 4.21). Analysis of the 

BM and PB revealed a restoration of EPC expansion and CEP levels in WT: CCR5
-/-

 

BMT animals under tumour challenge (Fig.4.6C). Likewise, post-reconstitution levels 

of BM EPCs, MPs, and/or NPs in control, WT: CCR
-/- 

or CCR
-/-

: WT BMT animals 

showed no significant difference (Fig. 4.7E & F, see also Table 4.22-4.24).  
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Figure 4.1 Effect of CCR5 ablation on tumour growth and angiogenesis at day 14 
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Figure 4.1 Effect of CCR5 ablation on tumour growth and angiogenesis at day 14 

A, Growth of EO771 breast cancer cells in CCR1
-/-

 and CCR5
-/-

, compared with WT 

animals, showing decrease tumour growth in CCR5
-/-

 mice. Data analysed by 

MANOVA. Mean ± S.E.M; 
**

P<0.01; α=0.05. B, top Left, graph shows decreased 

vascular branching in CCR5
-/- 

mice with EO771 early (Day14) tumours grown in 

CCR5
-/-

, compared with WT animals; represented as mean number of branch 

points/field ± S.E.M, top Right, decreased vascular density of EO771 tumours (Day14) 

grown in CCR5
-/- 

mice, compared with those grown in WT mice; represented as mean 

CD31
+ 

vasculature as a percentage of tumour area ± S.E.M, n=50 sections for WT and 

CCR1-/- tumours; n= 20 for CCR5-/- tumours. C, FACS analysis of EO771 tumours 

(Day 14), showing reduced number of CD31
+ 

(CD11b
-
) ECs in CCR5

-/-
 tumours 

compared with tumours grown in WT mice. Data represented as mean number of ECs 

per 10
5 

total tumour cells sorted ± S.E.M. N=3x10
6
 cells counted for each sample.  

D, photomicrographs of CD31 immunolabelling of EO771 tumours (Day 14), showing 

significantly less branching in tumours implanted in CCR5
-/-

 mice, compared with those 

grown in WT mice. Nuclei were visualized by DAPI. Resolution, 10x. Scale Bar, 

200μM. E, FACS analysis showing expansion of VEGFR2
+ 

c-kit
+
 (CD11b

-
) EPCs in 

the BM at the start of the angiogenic switch (Day 14), in WT tumours (P=0.0125), 

compared with no observed expansion of EPCs in the BM of tumour challenged CCR5
-/-

mice. Also shown, no significant difference in level of BM-derived, CD11b
+
 c-kit

+
 

myeloid progenitors (MPs), and GR-1
+ 

c-kit
+
 neutrophil progenitors (NPs) in tumour 

challenged vs. non tumour challenged mice. Data is represented as mean number 

of cells per 10
5 

BMMNCs ± S.E.M (n=5 per group, 3x10
6
 cells counted for each 

sample.). For C & E, data was analysed by Unpaired t-test (
*
P<0.05, 

**
P<0.01; α=0.05). 

All data derived from n=5 unchallenged WT controls, n=10 tumour challenged WT 
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mice, as well as 5 unchallenged and 7 tumour challenged CCR1
-/-

 and CCR5
-/- 

mice per 

group. 

 

 

Table 4.1 EO771 Tumour Growth in CCR1/5 KO mice 

Day WT CCR5
-/-

 CCR1
-/-

 

6 10.36±3.04
†
 12.69±3.51 11.51±3.02 

8 16.15±4.5 19.12±5.32 17.96±5.59 

10 31.3±7.01 36.37±2.98 41.67±11.10 

12 46.54±10.68 39.65±6.32 73.91±13.69 

14 61.77±14.34 42.93±9.66 106.16±16.27 

16 111.18±20.22 48.05±17.94 137.26±16.07 

18 160.60±26.10 53.17±26.22 168.35±15.87 

20 273.06±63.87 51.94±25.53 261.42±17.55 

22 416.89±83.37 64.84±36.51 368.38±29.08 

24 637.64±138.07 65.90±38.24 553.11±45.45 

26 784.98±101.82 67.60±40.05 1019.91±97.73 

 †
Mean volume (mm) ± S.E.M. 

**
Pvalue<0.01, by MANOVA (α = 0.05). 

 

Table 4.2 Branch Point Data 

Day WT CCR5
-/-

 Pvalue CCR1
-/-

 Pvalue 

14 86.0±12.09† 21.29±5.86 <0.0001
**

 - - 

28 109.5±14.50 28.26±2.66 <0.0001
**

 70.6±7.52 0.0006
**

 

†
Mean branch point/field ± S.E.M. 

**
Pvalue<0.01, by Unpaired t test (α = 0.05, one tailed.) 

 

Table 4.3 Percent Vascular Area  

Day WT CCR5
-/-

 Pvalue CCR1
-/-

 Pvalue 

14 7.07±1.12%
†
 5.51±0.56% 0.0273

*
 - - 

28 6.73±0.36% 7.57±0.71% 0.1823 

 
7.67±0.79% 0.1095 

 
†
Mean % vascular area corrected for tumour area ± S.E.M. 

*
Pvalue<0.05, by Unpaired t test (α = 0.05, one 

tailed,) 
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Table 4.4 Tumour ECs 

Day WT CCR1
-/-

 Pvalue CCR5
-/-

 Pvalue 

14 0.3224±0.0378%
†
 

 

 

0.0430±0.0092% 

 

 

0.0008
**

 0.0525±0.0083% 

 

 

0.0002
**

 

28 0.0079±0.0022% 0.0076±0.0022% 0.4690 0.0215%±0.0001% 0.0014
**

 

†
Mean % of total tumour cells ± S.E.M. 

**
Pvalue<0.01, by Unpaired t test (α = 0.05, one tailed). 

 

 

Table 4.5 BM EPC Analysis: Tumour vs. Non-Tumour 

Day WT + Tumour Pvalue CCR5
-/-

 + Tumour Pvalue 

14 0.08±0.01%
†
 0.15±0.01% 0.0125

*
 0.09±0.01% 0.11±0.01% 0.0478

*
 

28 0.16±0.05% 0.09±0.01% 0.1072
#
 0.39±0.07% 0.51±0.06% 0.0773

#
 

†
Mean % of total BMMNC ± S.E.M. 

#
0.05<Pvalue<0.15, 

*
Pvalue<0.05, by Unpaired t test (α = 0.05, one 

tailed). 
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Figure 4.2. Effect of CCR5
 
ablation

 
on tumour growth and angiogenesis at day 28 
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Figure 4.2. Effect of CCR5 ablation
 
on tumour growth and angiogenesis at day 28 

A, Left, Volume of EO771 tumors harvested (Day 28), represented as mean ± S.E.M 

showing. Right, morphology of EO771 tumours implanted into WT, CCR1
-/-

 and 

CCR5
-/-

 mice, harvested on Day 14 and Day 28, respectively. Scale Bar, 5mm.  

B, Left, Branch point analysis of EO771 tumours grown in WT, CCR1
-/-

, and CCR5
-/-

 

mice, harvested at Day 28, showing more vascular branching in WT tumours. Data 

represented as mean number of branch points/field ± S.E.M. Right, no difference in 

vascular density of EO771 tumours grown in WT, CCR1
-/-

 and CCR5
-/-

 mice, harvested 

at Day 28. Data is represented as mean vascular area as a percentage of tumour area ± 

S.E.M. N=minimum 50 sections for WT and CCR1
-/-

 mice, n=26 sections for CCR5
-/-

 

mice. 

C, photomicrograph of CD31
+
 (red) immunolabelling of tumours implanted in WT, 

CCR1
-/- 

and CCR5
-/-

 mice, harvested at Day 28. Nuclei
 

visualized by DAPI. 

Scale bar, 200μM.  For A & B, data was analyzed by Unpaired t-test 

(
**

Pvalue<0.01, α=0.05). All data derived from n= 3 unchallenged WT controls, 3 tumour 

challenged WT mice, as well as 3 unchallenged and 7 tumour challenged CCR1
-/-

 and 

CCR5
-/- 

mice per group.  
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Figure 4.3 FACS analysis of tumours, peripheral blood and bone marrow, day 28 
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Figure 4.3 FACS analysis of tumours, peripheral blood and bone marrow, day 28  

A, Left, FACS analysis of PB in animals implanted with EO771 BCCs, showing 

decreased levels of CD31
+
 (CD11b

-
)
 
CECs in CCR5

-/-
, compared with WT. Data is 

represented as mean number of ECs per 10
5 

PBMNCs ± S.E.M.  

Right, FACS analysis of tumours harvested from WT and CCR5
-/- 

mice, and showing 

tumour recruited VE-cadherin
+ 

c-kit
+ 

(CD11b
-
) EPCs; represented as mean number 

per 10
5 

total
 
tumour

 
cells ± S.E.M.  

B, C & D, FACS analysis of BM and PB, from CCR1
-/-

, CCR5
-/-

 and WT animals, 

showing levels of EPCs (B), CD11b
+ 

c-kit
+
 MPs (C) and GR1

+
 c-kit

+
 NPs (D). Data is 

represented as mean number of cells per 10
5 

BMMNCs (or PBMNCs) ± S.E.M.  

For A-D, all data collected on day 22 and was analyzed by Unpaired t-test 

(
#
0.05<Pvalue<0.15, 

**
Pvalue<0.01, 

*
Pvalue<0.05; α=0.05). All data derived from n=3 

unchallenged WT controls, 3 tumour challenged WT mice, as well as 3 unchallenged 

and 7 tumour challenged CCR1
-/-

 and CCR5
-/- 

mice per group. N=3x10
6
 total cells 

counted per each sample. 
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Table 4.6 CECs  

Day WT CCR1
-/-

 Pvalue CCR5
-/-

 Pvalue 

14 0.1444±0.0483%
†
 0.1608±0.1238% 0.4401 0.2479±0.0867% 0.1874

#
 

28 0.47±0.14% 0.25±0.23% 0.2687 0.28±0.09% 0.1425
#
 

†
Mean CECs as a % of PBMNCs ± S.E.M. 

#
0.05<Pvalue<0.15, by Unpaired t test (α=0.05, one tailed). 

 

 

Table 4.7 Tumour EPCs  

Day WT CCR1
-/-

 Pvalue CCR5
-/-

 Pvalue 

14 0.0145±0.0077% 0.0282±0.0105% 0.0773
#
 0.0101±0.0025% 0.4069 

28 0.0071±0.0021% 0.0324±0.0118% 0.0395* 0.0176±0.0001% 0.0042
**

 

†
Mean % of total tumour cells ± S.E.M. 

#
0.05<Pvalue<0.15, 

*
Pvalue<0.05, 

**
Pvalue<0.01, by Unpaired t test 

(α=0.05, one tailed. 

 

 

Table 4.8 CEP Analysis: Tumour vs. Non-Tumour 

Day

y 
WT + Tumour Pvalue CCR5

-/-
 + Tumour Pvalue 

14 0.080±0.013

% 

0.070±0.009

% 
0.2706 0.080±0.011

% 

0.080±0.011

% 

0.442

5 28 0.040±0.002

% 

0.020±0.006

% 

0.0077
*

*
 

0.030±0.004

% 

0.040±0.011

% 

0.269

9 †
Mean % of total PBMNCs ± S.E.M. 

**
Pvalue<0.01, by Unpaired t test (α=0.05, one tailed.)  

 

Day 14 data derived from n=5 unchallenged WT controls,10 tumour challenged WT mice, as well as 5 unchallenged 

and 7 tumour challenged CCR1-/- and CCR5-/- mice per group. 

Day 28 data derived from n= 3 unchallenged WT controls, 3 tumour challenged WT mice, as well as 3 unchallenged 

and 7 tumour challenged CCR1-/- and CCR5-/- mice per group. N=3x106 total cells counted per each sample. 

 

 



 

 

 

1
7
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Table 4.5 Genotype Comparison of BM EPCs 

Day WT CCR1
-/-

 Pvalue CCR5
-/-

 Pvalue 
WT + 

Tumour 

CCR1
-/- 

+ 

Tumour 
Pvalue 

CCR5
-/- 

+ 

Tumour 
Pvalue 

14 0.08±0.01% N/A N/A 0.09±0.01% 0.1380
#
 0.15±0.01% 0.12±0.02% 0.1167

#
 0.11±0.01% 0.0327

*
 

28 0.16±0.05% 0.42±0.11% 0.0412* 0.39±0.07% 0.0230
*
 0.09±0.01% 0.39±0.11% 0.0171

*
 0.51±0.06% 0.0002

**
 

†Mean % of total BMMNC ± S.E.M. #0.05<Pvalue<0.15, *Pvalue<0.05, **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed). 

 

Table 4.6 Genotype Comparison of CEPs 

Day WT CCR1
-/-

 Pvalue CCR5
-/-

 Pvalue 
WT + 

Tumour 

CCR1
-/- 

+ 

Tumour 
Pvalue 

CCR5
-/- 

+ 

Tumour 
Pvalue 

14 0.080±0.010% - - 0.080±0.011% 0.4297 0.070±0.010% 0.080±0.013% 0.3843 0.080±0.011% 0.3954 

28 0.040±0.002% 0.030±0.012% 0.2909 0.030±0.004% 0.0263
*
 0.020±0.006% 0.050±0.013% 0.0768

#
 0.040±0.011% 0.1086

#
 

†Mean % of total PBMNCs ± S.E.M. #0.05<Pvalue<0.15, *Pvalue<0.05, **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed). 

 

Table 4.7 Genotype Comparison of BM Myeloid Progenitors 

Day WT CCR1
-/-

 Pvalue CCR5
-/-

 Pvalue WT CCR1
-/- 

+ 

Tumour 
Pvalue CCR5

-/- 
+ 

Tumour 
Pvalue 

14 0.53±0.03% - - 0.75±0.00% 0.0019
**

 0.57±0.04% 0.61±0.11% 0.3110 0.77±0.09% 0.0596
#
 

28 2.96±0.76% 5.02±1.22% 0.1134
#
 6.13±0.47% 0.0118

*
 2.53±0.16% 6.61±0.80% 0.0549 6.13±0.47% 0.0062

**
 

†Mean % of total BMMNCs ± S.E.M. #0.05<Pvalue<0.15, *Pvalue<0.05, **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed).  

Day 14 data derived from n=5 unchallenged WT controls,10 tumour challenged WT mice, as well as 5 unchallenged and 7 tumour challenged CCR1-/- and CCR5-/- mice per group. 

Day 28 data derived from n= 3 unchallenged WT controls, 3 tumour challenged WT mice, as well as 3 unchallenged and 7 tumour challenged CCR1-/- and CCR5-/- mice per group.  

N=3x106 total cells counted per each sample. 
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Table 4.8 Genotype Comparison of Circulating Myeloid Progenitors 

Day WT CCR1
-/-

 Pvalue CCR5
-/-

 Pvalue 
WT+ 

Tumour 

CCR1
-/- 

+ 

Tumour 
Pvalue 

CCR5
-/- 

+ 

Tumour 
Pvalue 

14 0.015±0.003% - - 0.0343±0.009% 0.0615
#
 0.030±0.006% 0.022±0.000% 0.1828 0.051±0.020% 0.1949 

28 0.012±0.007% 0.006±0.003% 0.1506 0.0131±0.008% 0.4444 0.009±0.005% 0.007±0.003% 0.2511 0.011±0.004% 0.3245 

†Mean % of total PBMNCs ± S.E.M. #0.05<Pvalue<0.15, by Unpaired t test (α=0.05, one tailed). 

 

Table 4.9 Genotype Comparison of BM Neutrophil Progenitors 

Day WT CCR1
-/-

 Pvalue CCR5
-/-

 Pvalue WT + Tumour CCR1
-/- 

+ Tumour Pvalue CCR5
-/ -

+ Tumour Pvalue 

14 0.15±0.02%
†
 - - 0.24±0.05% 0.0860

#
 0.16±0.01% 0.17±0.03% 0.2252 0.23±0.02 0.0294

*
 

28 0.69±0.18% 1.10±0.26% 0.1308
#
 1.14±0.08% 0.0426

*
 0.87±0.34% 1.06±0.28% 0.3848 1.14±0.08% 0.1102

#
 

†Mean % of total BMMNCs ± S.E.M. #0.05<Pvalue<0.15, *Pvalue<0.05, by Unpaired t test (α=0.05, one tailed). 

 

Table 4.10 Genotype Comparison of Circulating Neutrophil Progenitors 

Day WT 
CCR1

-

/-
 

Pvalue CCR5
-/-

 Pvalue WT+ Tumour 
CCR1

-/- 
+ 

Tumour 
Pvalue 

CCR5
-/- 

+ 

Tumour 
Pvalue 

14 0.0013±0.0006%
†
 - - 0.0021±0.0006% 0.1606 0.0035±0.0007% 0.0010±0.0001% 0.0208* 0.0085±0.0043% 0.1781

#
 

28 0.0022±0.0013% - - 0.0016±0.0009% 0.3378 0.0037±0.0022% 0.0017±0.0006% 0.1165 0.0010±0.0004% 0.0267* 
†Mean % of total PBMNCs ± S.E.M. #0.05<Pvalue<0.15, *Pvalue<0.05, by Unpaired t test (α=0.05, one tailed). 

Day 14 data derived from n=5 unchallenged WT controls,10 tumour challenged WT mice, as well as 5 unchallenged and 7 tumour challenged CCR1-/- and CCR5-/- mice per group. Day 28 data 

derived from n= 3 unchallenged WT controls, 3 tumour challenged WT mice, as well as 3 unchallenged and 7 tumour challenged CCR1-/- and CCR5-/- mice per group. N=3x106 total cells 

counted per each sample.
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Figure 4.4 CCR5
-/-

 mice show increased survival in a metastatic model. 
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Figure 4.4 CCR5-
/- 

mice show increased survival in a metastatic model. 

A, Survival data of CCR5
-/-

 and WT mice tail vein injected with 10
5
 EO771 cells (n=7) 

showing significantly increased survival in CCR5
-/- 

mice. Data analysed by 

Kaplan-Meier analysis (*Pvalue<0.05, α=0.05).  

B, Left, lungs from WT and CCR5
-/-

 mice implanted with EO771 tumours, as well as 

unchallenged WT control lungs; note more lesions in CCR5
-/-

 mice. Right, CCR5
-/-

 mice 

showed a higher number of lesions in the lungs.  

C, Left, morphological representation of haemorrhagic (α) and non-haemorrhagic (β) 

lesions in WT mouse. Right, No significant difference in lesion type by gross 

morphology was observed between CCR5
-/-

 and WT animals. For B and C, data was 

analysed by Unpaired t-test (*Pvalue<0.05; α=0.05).  

All data derived from n=2 unchallenged WT controls, 8 tail vein injected WT mice, as 

well as 2 unchallenged and 5 tail vein injected CCR5
-/- 

mice and one unchallenged and 

3 tail vein injected CCR1
-/- 

mice.  



 

      

1
7
6
 

 

Table 4.11 Survival of WT vs. CCR5
-/- 

mice 

Variable 

Mean Median 

Estimate S.E.M. 
95% Confidence 

Estimate Std. Error 
Lower Bound Upper Bound 

Bound WT 26.875 2.310 22.347 31.403 27.000 4.950 

CCR5
-/-

 40.667 5.435 30.014 51.319 37.000 6.736 

Overall 32.786 3.206 26.502 39.069 28.000 3.742 

 

 

 Chi-Square df Sig. 

Log Rank (Mantel-Cox) 5.234 1 0.022
*
 

*Pvalue<0.05 Comparison of median survival by Chi-square 5.234. 95% confidence. 

 

Table 4.12 Number of Lung Lesions WT vs. CCR5
-/-

 mice 

 

 

 

 

 

 

Mean Number of Metastases/Lung±S.E.M. *Pvalue<0.05, **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed). 

All above data derived from n=2 unchallenged WT controls, 8 tail vein injected WT mice, as well as 2 unchallenged and 5 tail vein injected CCR5-/- mice 

and one unchallenged and 3 tail vein injected CCR1-/- mice. 

 WT CCR1
-/-

 Pvalue CCR5
-/-

 Pvalue 

Haematological 10.00±2.46 25.00±6.00 0.0094
**

 12.00±4.02 0.3359 

Nonhaematological 7.36±1.19 22.00±3.00 <0.0001
**

 14.67±2.49 0.0037
**

 

Total 33.29±5.77 47.00±3.00 0.0002
**

 53.33±10.33 0.0370
*
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Figure 4.5 Imaging of lung lesions from EO771 mCherry tail vein injected mice 
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Figure 4.5 Imaging of lung lesions from EO771 mCherry tail vein injected mice  

A, Immunofluorescence imaging of lungs from CCR5
-/- 

(upper panels)
 
and WT (lower 

panels) mice tail vein injected with mCherry labelled EO771 cells (green). Significantly 

less CD31
+
 vasculature (red) in lesions from CCR5

-/-
 mice was observed. Also shown, 

inset (square) representative region below each panel. Resolution 20x. Scale Bar, 

200μM. Nuclei were visualized by DAPI. All tissue preparation by Michael Sax. 

Immunolabelling and imaging performed by Dr. Ruth Freeman.  Image analysis and 

formatting for publication by Michael Sax. 

B, Lung lobe from WT mice tail vein-injected with PGK-mCherry
+
 EO771 tumour 

cells, showing distribution of lesions (red). Tiled image, resolution 20x, Scale Bar, 

500μM. 
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Figure 4.6 Impaired tumour growth and angiogenesis in CCR5
-/- 

mice despite 

WT BMT. 
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Figure 4.6 Impaired tumour growth and angiogenesis in CCR5-
/- 

mice despite 

WT BMT. 

A, Growth of EO771 cells in WT mice, transplanted with: CCR1
-/-

 and CCR5
-/-

 BM, 

(recipient: donor; WT: CCR1
-/-

 & WT: CCR5
-/-

), as well as CCR5
-/-

 mice transplanted 

with WT BM (CCR5
-/-

: WT), and WT mice transplanted with WT BM (WT: WT), 

showing decreased tumour growth in CCR5
-/-

: WT. Data represented as mean tumour 

volume ± S.E.M (n=6), and analysed by MANOVA (**Pvalue<0.01; α=0.05).  

B, Upper left, branch point analysis of EO771 tumours grown in WT: CCR5
-/-

, 

CCR5
-/-

: WT BMT mice compared with tumours grown in WT: WT BMT animals, 

showing decreased vascular branching in CCR5
-/-

: WT BMT mice. Data represented as 

mean number of branch points/field ± S.E.M (n≥30 sections from 6 tumours per group). 

Bottom left, vascular density of EO771 tumours grown in WT: CCR5
-/-

 BMT and 

CCR5
-/-

: WT BMT mice, compared with tumours grown in WT: WT BMT animals, 

showing decreased vascular density in CCR5
-/-

: WT mice. Data represented as mean 

CD31+ vasculature area, as a percentage of total tumour area ± S.E.M., n≥30 sections 

from 6 tumours per group.) Right, photomicrograph of CD31+ (red) fluorescence 

immunolabelling of tumour sections from EO771 tumours, grown in WT: CCR5
-/-

, 

CCR5
-/- 

: WT and CCR1
-/-

 : WT animals. Nuclei stained with DAPI. Resolution, 10x. 

Scale Bar, 200μM. C, FACS analysis of BM and PB from WT: CCR5
-/-

 BMT animals, 

showing expansion of BM VEGFR2+ c-kit+ (CD11b-) EPCs (Left), as well as an 

increase in circulating endothelial progenitors (CEPs) in the PB (Right), after tumour 

challenge. Data represented as mean number of EPCs/CEPs per 

10
5
 BMMNCs/PBMNCs) ± S.E.M., N= 3x10

6
 cells counted per sample. For B & C, 

data was analysed by Unpaired t-test (*Pvalue<0.05, **Pvalue<0.01; α=0.05). N=3 each 
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WT, CCR5
-/-

 and CCR1
-/-

 non-challenged mice; 7 WT, CCR5
-/-

 and CCR1
-/-

 KO–BM 

recipient mice, and 6 CCR5
-/-

 WT-BM recipient mice, all tumour challenged. 

 

Table 4.13 Tumour Growth in BMT Animals 

Day WT:WT WT:CCR1
-/-

 WT:CCR5
-/-

 CCR5
-/-

:WT
‡
 CCR5

-/-
:WT

‡
 

6 9.87±1.33 8.88±1.26 7.41±2.10 0.00±0.00 0.76±0.54 

8 18.50±2.29 15.03±1.66 10.62±2.29 2.85±0.90 2.45±1.73 

10 31.58±3.13 26.38±3.25 22.24±4.01 9.38±2.96 6.92±5.06 

12 44.66±3.97 37.73±4.84 33.86±5.73 14.52±4.59 13.27±8.75 

14 68.64±5.66 52.89±6.745 53.91±8.71 19.66±6.22 19.84±11.58 

16 103.60±8.165 85.92±8.89 92.38±14.16 26.41±8.35 24.67±14.55 

18 125.10±9.83 110.94±10.51 118.20±17.29 36.60±11.57 31.61±18.99 

20 169.77±10.29 161.71±20.12 152.68±19.55 48.14±15.22 44.66±24.51 

22 235.64±14.88 182.27±20.28 204.04±27.65 59.69±18.88 55.87±30.24 

24 371.29±25.35 269.00±27.77 322.95±34.28 73.54±23.26 - 

† Mean volume (mm3)±S.E.M. **Pvalue<0.01, by MANOVA (α=0.05); ‡2nd repeat r2=0.8733 by Pearson’s correlation (**P 

value<0.0001). 

  

Table 4.14 Branch Point Data 

WT:WT Pvalue WT:CCR5
-/-

 Pvalue WT:CCR1
-/-

 Pvalue CCR5
-/-

:WT Pvalue 

2.72±0.23
†
 - 1.97±0.15 0.0066

**
 1.96±0.18 0.0072

**
 1.63±0.11 <0.0001

**
 

†Mean branch point/field±S.E.M. Pvalue<0.01**, by Unpaired t test (α=0.05, one tailed). 

 

Table 4.15 Percent Vascular Area 

WT:WT Pvalue WT:CCR5
-/-

 Pvalue WT:CCR1
-/-

 Pvalue CCR5
-/-

:WT Pvalue 

3.36±0.11
†
 - 4.88±0.16 <0.0001

**
 2.66±0.15 <0.0001

**
 3.01±0.13 0.0061

**
 

†Mean % vascular area corrected for tumour area±S.E.M. **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed). 

 

N= 3 each WT, CCR5
-/-

 and CCR1
-/-

 non-challenged mice; 7 WT, CCR5
-/-

 and CCR1
-/-

 KO–BM recipient 

mice, and 6 CCR5
-/-

 WT-BM recipient mice, all tumour challenged. 
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Figure 4.7 Vascular effects and BM reconstitution in BMT mice 
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Figure 4.7 Vascular effects and BM reconstitution in BMT mice 

A, Schematic representation of the generation of WT (recipient): CCR
-/-

 (or WT, donor) 

BMT mice. WT mice were irradiated (11 Gray) and transplanted with either CCR1
-/-

, 

CCR5
-/-

 or WT total BM. B, Schematic representation of the generation of CCR5
-/
: WT 

BMT mice. In this instance, CCR5
-/- 

mice were irradiated (11 Gray) and transplanted 

with WT total BM. Following reconstitution BMT animals were implanted with E0771 

(2 x 10
5
) cells and tumour growth measured.  

C and D, Results of FACS analysis of EO771 tumours grown in CCR5
-/-

: WT, WT: 

CCR5
-/-

 and WT: WT BMT animals: 

C, levels of CD31
+
 CD11b

-
 ECs, as well as CCR5

+
 CD31

+
 CD11b

-
 ECs. Data 

represented as mean number of ECs per 10
5 

cells ± S.E.M.  

D, Notably, no significant reduction in levels of VE-cadherin
+
 (CD11b

-
) EPCs, or 

CCR5
+
 VE-cadherin

+
 (CD11b

-
) EPCs were detected in tumours implanted in 

CCR5
-/-

: WT, WT: CCR5
-/-

 and WT: WT BMT animals, compared with controls. Data 

represented as mean number of EPCs per 10
5 

cells ± S.E.M.  

E, Results of FACS analysis of BM, isolated from WT: CCR1
-/-

, WT: CCR5
-/-

, and 

WT: WT BMT animals, as well as WT mice, showing no significant difference in levels 

of EPCs (VEGFR2
+
, CD11b

-
, c-kit

+
), MPs (CD11b

+
 c-kit

+
),

 
and/or NPs (GR-1

+
 c-kit

+
). 

Data represented as mean number of cells per 10
5 

BMMNCs (or c-kit
+
 cells) ± S.E.M.  

F, Results of FACS analysis of BM, isolated from CCR1
-/-

: WT, CCR5
-/-

: WT and 

WT: WT BMT animals, showing no significant difference was observed in levels of 

MPs,
 
or NPs. Data represented as mean number of cells per 10

5 
BMMNCs ± S.E.M.  

For C-F, data was analysed by Unpaired t-test (
#
0.05<Pvalue<0.15, 

*
Pvalue<0.05, 

**
Pvalue<0.01; α=0.05). N= 3 each WT, CCR5

-/-
 and CCR1

-/-
 non-challenged mice; 7 
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WT, CCR5
-/-

 and CCR1
-/-

 KO–BM recipient mice, and 6 CCR5
-/-

 WT-BM recipient 

mice, all tumour challenged, with 3x10
6
 cells counted per sample.  
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Table 4.16 CCR5
+
 Tumour ECs 

 Number per 10
5
 ECs Pvalue 

WT:WT 1948.05±97.40† - 

CCR1:WT 1750.36±87.52 0.0296
*
 

CCR5:WT (1)
‡
 240.42±12.02 <0.0001

**
 

CCR5:WT (2)
 ‡

 232.39±11.62 <0.0001
**

 

†Mean number per 105 endothelial cells (ECs)±S.E.M. *Pvalue<0.05, **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed);  
‡Experiment 1 & Experiment 2. 

 

Table 4.17 CCR5
+
 BM EPCs Analysis 

 WT:WT CCR1
-/-

:WT Pvalue CCR5
-/-

:WT Pvalue 

Total 0.0542±0.0101%
†
 0.0422±0.0030% 0.1221

#
 0.0741±0.0067% 0.0619

#
 

CCR5
+
 0.0372±0.0082% 0.0318±0.0025% 0.2561 0.0520±0.0064% 0.0929

#
 

†Mean % c-kit+ cells±S.E.M. #0.05<Pvalue<0.15, by Unpaired t test (α=0.05, one tailed). 

 

Table 4.18 BM EPC Analysis 

 WT:WT WT:CCR1
-/-

 Pvalue WT:CCR5
-/-

 Pvalue WT Pvalue 

 0.954±0.083%
†
 

 

 

0.851±0.092% 

 

 

0.2246 0.755±0.138% 

 

 

0.1427
#
 1.574±0.296% 

 

 

0.0716
#
 

+tumour 0.964±0.328% 

 

 

1.118±0.282% 

 

 

0.3632 1.369±0.197% 

 

 

0.1547
#
 - - 

†Mean % c-kit+ cells±S.E.M. #0.05<Pvalue<0.15, by Unpaired t test (α=0.05, one tailed). 

 

Table 4.19 BM Myeloid Progenitor Analysis 

 WT:WT WT:CCR1
-/-

 Pvalue WT:CCR5
-/-

 Pvalue WT Pvalue 

 4.62±0.39%
†
 5.81±0.59% 0.0844

#
 4.58±0.32% 0.4729 4.23±0.79% 0.3374 

+tumour 4.36±0.27% 

 

 

5.10±0.47% 0.0972
#
 3.93±0.25% 0.1415

#
 - - 

†Mean % BMMNCs±S.E.M. #0.05<Pvalue<0.15, by Unpaired t test (α=0.05, one tailed). 

 

Table 4.20 BM Neutrophil Analysis 

 WT:WT WT:CCR1
-/-

 Pvalue WT:CCR5
-/-

 Pvalue WT Pvalue 

 0.84±0.08%
†
 1.02±0.13% 0.1457

#
 0.91±0.11% 0.3021 0.79±0.18% 0.4002 

+tumour 0.74±0.09% 0.96±0.18% 0.1523
#
 0.73±0.07% 0.4707 - - 

†Mean % BMMNCs±S.E.M. #0.05<Pvalue<0.15, by Unpaired t test (α=0.05, one tailed).  

N= 3 each WT, CCR5-/- and CCR1-/- non challenged mice; 7 WT, CCR5-/- and CCR1-/- KO–BM recipient mice, and 6 

CCR5-/- WT-BM recipient mice, all tumour challenged, 3x106 cells counted per sample.  
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4.4 Discussion 

CCR5 is one of two high affinity receptors for CCL5. While the contribution of CCR5 

to breast cancer metastasis has been reported (Velasco-Velázquez et al., 2012), the 

challenge of uncoupling tumour and host CCR5 signal transduction has impaired 

attempts to obtain a deeper understanding of the biological significance of the 

CCL5/CCR5 axis in angiogenesis and tumour progression. Furthermore, while CCL5 

has been associated with malignant breast cancer (Luboshits et al., 1999; Niwa et al., 

2001; Azenshtein et al., 2002; Karnoub et al. 2007), no direct link has been made 

between the known role of CCR5 in vascular biology (Ambati et al., 2003; Ishida et al., 

2012) and the significance of CCR5 to tumour angiogenesis and progression in vivo. 

 

In this study, using mice homozygous null for CCR1 or CCR5, the two key high affinity 

receptors for CCL5, we  showed for the first time that CCR5 specifically is required for 

(i) breast tumour growth, (ii) angiogenesis, and (iii) metastasis. Using an orthotopic 

model, tumours implanted in CCR5
-/-

 mice failed to grow, or began to regress (Fig. 4.1 

and Fig. 4.2). Tumours exhibited specific defects in tumour vascular architecture 

(density/branching) at the beginning of the angiogenic switch and at end-stage, as well 

as reduced numbers of tumour ECs. This correlates with previous findings implicating 

CCR5 in wound healing (Ishida et al., 2012) and neovascularisation (Ambati et al., 

2003). Furthermore, we also showed that CCR5 is required for establishment and 

vascularization of metastasis, using a tail vein injection model and assessing lesions in 

the lungs (Fig. 4.3), in agreement with recent work using CCR5
-/-

 mice (van Deventer 

et al., 2003) and CCR5 inhibitors (maraviroc/vicriviroc, developed to treat HIV-1 

infection) (Velasco-Velázquez et al., 2012).  
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CCR5 ablation also inhibited normal BM EPC expansion at the beginning of the 

angiogenic switch, a phenomenon known to inhibit tumour growth (Gao et al., 2008). 

Given the lack of normal EPC expansion, we next asked, what is the role of CCR5 in 

BM EPCs under tumour challenge? To answer this question, bone marrow chimaeras 

were created, transplanting CCR
null

 BM into WT animals, and vice versa. Only CCR5
-/- 

recipient mice, regardless of donor, phenocopied the results seen in untransplanted 

CCR5
-/- 

mice. This suggested that CCR5-expressing non-BM cells were the driver of 

tumour growth and angiogenesis. Furthermore, tumours in CCR5
-/-

: WT
 
mice showed a 

50% reduction in EC numbers compared to WT recipient mice, suggesting that most 

ECs were host, not BM-derived. Likewise, the highly significant reduction in tumour 

CCR5
+ 

ECs in CCR5
-/-

: WT mice indicated that the BM is not the primary source of 

CCR5
+
 ECs. In further support of this observation, lack of a difference in the numbers 

of tumour-recruited EPCs in each BM chimaera suggests that BM-EPCs are not 

responding chemotactically via CCR5. Lastly, CCR5
-/-

 mice exhibited resistance to 

metastatic progression and vascularisation. Although more lesions were present at death 

than WT animals, CCR5
-/-

 mice lived significantly longer. This may reflect inhibition of 

recruitment of host cells that support establishment, growth and angiogenesis of 

metastatic lesions. For example, Tan et al. (2009), suggest that the CCL5-CCR5 axis 

plays a role in the accumulation of  T cells, macrophages, granulocytes and fibroblasts 

at metastatic sites, with smaller accumulations observed in CCR5
-/-

 mice. The 

combination of a longer growth time frame and reduced accumulation of other pro-

tumourogenic cells may explain the smaller yet more numerous metastases we observed 

in the CCR5
-/- 

background. Likewise, van Deventer et al. (2005), identified CCR5 on 

pulmonary stromal cells as key facilitators of metastasis in a melanoma model, as in 

their absence, metastasis were smaller and fewer. 
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Together, these results suggest that the non-bone marrow derived, as opposed to bone 

marrow derived, tumour stromal cells play a role in the tumour growth and vascular 

phenotype observed in CCR5
-/-

 mice. Secondly, the tumour growth and major vascular 

effects observed in CCR5
-/-

 mice are not due to lack of BM-EPC CCR5, but instead 

may, at least in part, be explained by lack of CCR5 in EC in the pre-existing 

vasculature. Furthermore, in CCR5
-/-

 mice the vascular and EPC proliferation defects 

combined with no significant difference in BM levels of MPs/NPs between tumour 

challenged and non-tumour challenged  animals suggests a specific, albeit indirect, role 

for CCR5 in EPC tumour biology.  
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Chapter 5: CCL5 in Tumour Growth and Angiogenesis 
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5.1 Introduction  

Chemokines are involved in the regulation of immune, inflammatory and angiogenic 

responses. Although the CXC family of chemokines are accepted mediators of 

angiostasis and angiogenesis, the members of the CC chemokine family are also 

emerging as modulators of angiogenesis (Salcedo et al., 2001; Strasly et al., 2004; 

Hwang et al., 2005).  

 

The chemokine (C-C motif) ligand 5 (CCL5; aka RANTES) is an 8kDa peptide that is 

known to be involved in several chronic inflammatory conditions. Mouse CCL5 shares 

an 85% homology with human CCL5 (Schall et al., 1992). CCL5 is upregulated in 

malignant breast tumours compared with those in clinical remission. Plasma CCL5 

levels correlate with disease stage, and higher CCL5 levels correlate with advanced 

stages (Luboshits et al., 1999; Azenshtein et al., 2002; Niwa et al., 2001). High levels 

of CCL5 have been related to poor prognosis (Goede et al., 1999a; Ueno et al., 2000; 

Saji et al., 2001; Soria and Ben-Baruch, 2008) and have been observed at the primary 

tumour, metastatic sites, plasma and surrounding tissues (Niwa et al., 2001).  

 

CCL5 is one of a number of chemotactic cytokines that interact with C-C chemokine 

receptors (CCR), specifically CCR1 and CCR5 (Balkwill, 2004). Although a direct 

proangiogenic a role for CCL5 has been suggested (Westerweel et al., 2008; Suffee 

et al., 2011; Ishida et al., 2012), there are only a few studies in the area and none that 

have looked at CCL5 and tumour vascularisation itself.   
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Research into the role of CCL5 in breast cancer using mouse mammary tumour models 

is somewhat contradictory. Mira et al. (2001) reported that over-expression of CCL5 by 

a non-invasive breast cancer cell line resulted in increased invasiveness, suggesting a 

pro-malignant role for CCL5. Work by Adler et al. (2003) showed significantly reduced 

tumour growth using 4T1 cells expressing anti-sense CCL5.However, Jayasinghe et al. 

(2008) reported that tumour-derived CCL5 had no effect on tumour progression in a 

4T1 model. However, they utilized G418 clonal selection of CCL5 siRNA- and 

shRNA-transfected cells to create cell lines with stable knockdown of CCL5. Their data 

using siRNA showed a reduction in tumour growth following CCL5 knockdown. 

However, using a shRNA, they failed to find a difference in tumor growth. The use of 

clonal selection, a technique which the authors felt may explain some of their 

inconsistent findings, may have inadvertently selected for phenotypic drift, skewing 

their data.  Zhang et al., (2012) reported that CCL5-deficient mice are resistant to triple-

negative mammary tumour growth, and that tumour-derived CCL5 does not play a 

major role in tumour progression in the 4T1 model, however, they did not look at 

angiogenesis.  

  

In the previous chapter we demonstrated a role for host-derived CCR5-expressing cells 

in tumour growth and angiogenesis. The aims of this phase of the research were to 

understand the role of CCL5, the main high-affinity ligand for CCR5, in tumour growth 

and angiogenesis. Here, using a 4T1 and EO771 orthotopic syngeneic model, we show 

that tumour-produced CCL5 is required for tumour growth and angiogenesis, 

influencing neovascularisation and BM-derived cells, including specific defects in EPC 

mobilisation, in response to tumour challenge. 
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5.2 Materials and Methods 

Detailed materials and methods not discussed in the following are presented in 

Appendices A, B and C. Cell lines and growth conditions, vascular scoring and 

lentivirus (LV) particle production are as described in Chapter 4. Eight week old female 

C57/Bl6 and Balb/C mice were obtained from ARC and maintained according to 

conditions approved by the Griffith University Ethics Committee. 

5.2.1 Creation of Stable CCL5 shRNAi Breast Cancer Cell Lines  

EO771 and 4T1 cell lines expressing short hairpin RNAi (shRNAi) were created 

through stable transduction of a lentiviral construct containing GFP, and either 

shRNAs (Ω) targeting CCL5, or firefly luciferase as a non-specific (NS) control. Four 

different seed sequences targeting murine CCL5 (CCL5Ω I-IV) were designed using the 

RNAi Codex (codex.cshl.edu) and cloned into the XhoI/EcoRI site of pZEO-GFP, 

flanked by a miR-30 based sequence, with eGFP in a single cistron, driven by the 

EFlong promoter as described (Kumar et al., 2003). Seed sequences were:  

CCL5Ω(I): 5’-TGCTGTTGACAGTGAGCGCGAGAAGAAGTGGGTTCAAGAATA

GTGAAGCCACAGATGTATTCTTGAACCCACTTCTTCTCTTGCCTACTGCCTC

GGA-3’ 

CCL5Ω(II): 5’-TGCTGTTGACAGTGAGCGACCAAGAAATCAGCATTTCATTTAGTGA

AGCCACAGATGTAAATGAAATGCTGATTTCTTGGGTGCCTACTGCCTCGGA-3’; 

CCL5Ω(III): 5’-TGCTGTTGACAGTGAGCGAGGTTCAAGAATACATCAACTATAGTG

AAGCCACAGATGTATAGTTGATGTATTCTTGAACCCTGCCTACTGCCTCGGA--3’; 

CCL5Ω(IV): 5’-TGCTGTTGACAGTGAGCGCCGTGCCCACGTCAAGGAGTATTAGTG

AAGCCACAGATGTAATACTCCTTGACGTGGGCACGATGCCTACTGCCTCGGA-3’. 



 

196 

 

5.2.2 Protein Analysis 

Enzyme linked immunosorbent assay (ELISA) was used to quantitatively assess protein 

levels following CCL5 shRNAi transduction. ELISA followed the DY478 DuoSet
®
 

protocol (R&D Systems, Minneapolis, MN) (Smeets et al., 2013). Microtitre plates 

were coated with CCL5-specific capture antibody overnight, washed three times, and 

blocked (Phosphate Buffered Saline/PBS, 1% Bovine Serum Albumin/BSA, 1h). 

Detection antibody was goat anti-mouse CCL5 (R&D Systems). A standard curve was 

prepared using CCL5 protein by serial dilution. The colorimetric density of each well 

was measured (450nm). Duplicate assays were performed and results presented as the 

mean protein concentration (pg/ml): either secreted, or membrane bound. 

5.2.3 RT-Q-PCR Analysis  

Q-PCR analysis using SYBR Green I detection (Rose’Meyer et al., 2003), using the 

Rotor-Gene Q 2plex (Qiagen, Germantown, MD). Primers for CCL5:                   

forward: 5’-TACCCATGAAGATCTCTGCAGCT-3’ and,                                    

reverse: 5’-CTGCTGGTGTAGAAATACTCCT-3’.  

Levels of mRNA were normalized to 18s RNA:                                                     

forward: 5’-CTTAGAGGGACAAGTGGCG-3’ and,                                               

reverse: 5’-ACGCTGAGCCAGTCAGTGTA-3’.               

5.2.4 Immunofluorescence Analysis of Tissues 

Anti-mouse Ki-67 conjugated to eFlour 570 (clone SolA15) was purchased from 

eBiosciences (San Diego, Ca) (Lalor et al., 1987). Other materials and method were as 

previously described in Chapter 4. 
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5.2.5 Cell Growth Assays  

To assess the effects of CCL5 knockdown on cell growth in vitro we assayed cell 

proliferation based on cell number. Cells were seeded at 2×10
4
 per well in six well 

plates. Cells were counted every 24 hours using a cell counter (Tali
®
 Image Cytometer, 

Invitrogen). Viability was assessed using SYTOX
® 

Green live/dead cell stain 

(Invitrogen, Carlsbad, CA). 

5.2.6 Data and Statistical Analysis 

Statistical analysis was performed using GraphPad Prism™ (version 3.0, GraphPad, La 

Jolla, CA). Quantitative differences in expression by Q-PCR are represented as 

Log2(Fold) values (or ΔΔCT), and significance was determined through comparison of 

the difference in the two of ΔCT values (one for each matched test and control groups), 

using the Unpaired t-test (α=0.05) (25). Other statistical analysis was as described in 

Chapter 4. Unless otherwise stated, all data are presented as mean ± standard error of 

the mean (S.E.M.). 

5.3 Results 

Knockdown of CCL5 does not affect tumour cell growth in vitro To assess the role 

of tumour produced CCL5 in BM-mediated angiogenesis and tumour angiogenesis, we 

stably transduced EO771 and 4T1 breast cancer cells with retroviral constructs 

containing shRNA targeting murine CCL5 (CCL5Ω), or a nonspecific seed sequence 

(NSΩ). The LV construct was miR-30 based, with eGFP driven by the EFlong promoter 

(LV-EFlong-eGFP-Ω). Cells were also transduced with a construct containing mCherry 

(LV-PGK-mCherry) and sorted on their own signal. Prior to tumour growth studies, 

cells were monitored in vitro for transduction efficiency with FACS and imaging 

(Fig. 5.1A-C). Furthermore, stably transduced shRNAi CCL5 cell lines were screened 
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for effective knockdown of CCL5 mRNA and protein (Fig. 5.2A-B & Table 5.1-5.3). 

The cell line with the most effective seed sequence (seed sequence II) was then used for 

in vitro and in vivo studies. Cells were also tested for stability of both mCherry and GFP 

signal in vitro and in vivo (Fig. 5.2C-E and Table 5.4). Cell growth studies in vitro 

showed that  LV-EFlong-CCL5Ω(II) transduced 4T1 and EO771 cells had no significant 

difference during the exponential phase of growth,  compared to controls (Fig. 5.3A-B 

& Table 5.5-Table 5.7). Furthermore, no difference in Ki67 staining was detected in 

vitro (data not shown), or in vivo, between LV-EFlong-CCL5Ω(II) transduced cells and 

controls (Fig. 5.3C). 

 

Tumour produced CCL5 is required for tumour growth and angiogenesis. To 

determine effects of tumour CCL5 suppression on tumour growth, EO771 cells 

transduced with LV-EFlong-CCL5Ω(II) and LV-EFlong-NSΩ, were orthotopically 

implanted into C57Bl/6 mice. Notably, suppression of CCL5 led to significantly 

impaired tumour growth (P<0.001) (Fig. 5.4A & Table 5.8), as well as vascular effects, 

including a reduction in vascular density (P=0.0019), and number of tumour ECs 

(P=0.0285) (Fig. 5.4B & Table 5.9-5.10). When EO771: EFlong-CCL5Ω(II) tumours 

were analysed, we detected a significant reduction in the numbers of tumour-recruited 

EPCs (P=0.0239), but no significant difference in the levels of tumour-recruited MPs 

and NPs (Fig 5.5A & Table 5.10). 

 

Notably, BM of mice implanted with EO771:EFlong-CCL5Ω(II) tumours showed 

no significant difference in the levels of EPCs, MPs and/or NPs (Fig.5.5B &  

Table 5.11), however, PB analysis  showed lower levels of CEPs (P=0.0330) 

(Fig. 5.5C & Table 5.12). Lower circulating CEPs in the PB contrasts with the 
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significantly higher levels of all other c-kit
+
 BM-derived progenitors (P=0.0399) in the 

PB of mice implanted with EO771:EFlong-CCL5Ω(II) tumours, including MPs 

(P=0.0337) and NPs (P=0.0113) (Fig. 5.5C & Table 5.12). Strikingly, similar reduced 

tumour growth and impaired EPC mobilisation was observed in Balb/C mice 

orthotopically implanted with 4T1 cells transduced with LV-EFlong-CCL5Ω(II), 

compared with controls (Fig 5.6A-C, Fig.5.7A-C & Tables 5.14-5.19). Furthermore, 

4T1 cells transduced with CCL5Ω(III), the second most effective short hairpin in terms 

of CCL5 suppression, also showed reduced tumour growth when orthotopically 

implanted in Balb/C mice (Fig. 5.8, Table 5.20). 
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Figure 5.1 Lentiviral transduction of EO771 and 4T1 BC cells 
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Fig. 5.1 Lentiviral transduction of EO771 and 4T1 cells 

A, Upper Left, Schematic of LV constructs used to generate stable EO771 cells 

expressing CCL5Ω, showing self-inactivating (SIN) LTRs, as well as eGFP and 

shRNAi, driven by the EFlong promoter.  

Upper Right, Schematic of LV construct used to generate stable EO771 cells expressing 

mCherry driven by the PGK promoter, showing self-inactivating (SIN) LTRs, as well as 

eGFP and shRNAi.  

B, fluorescence microscopy of EO771 cells stably transduced with                               

LV:EFlong-eGFP-Ω, as well as LV:PGK-mCherry constructs (white arrow; 

EO771:PGK-mCherry:EFlong-eGFP-Ω) in culture showing expression of GFP and 

mCherry.; but no expression in EO771 WT cells. Resolution 63x. Scale Bar, 50μM. 

Right, FACS histogram of EO771:EFlong-eGFP-Ω and EO771 cells, showing expression 

in the GFP channel.  

C, fluorescence microscopy of 4T1 cells stably transduced with LV:EFlong-eGFP-Ω 

(white arrow; 4T1:EFlong-eGFP-Ω) in culture, showing expression of GFP. 

Resolution, 63x. Scale Bar, 20μM. Also shown, fluorescence microscopy of 4T1 WT 

cells, and (right) FACS histogram of 4T1: EFlong-eGFP-Ω and 4T1 cells, in 

the GFP channel.  

For B & C, nuclei were visualized by DAPI. 
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Figure 5.2 Assessment of efficacy and stability of CCL5 short hairpins 
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Figure 5.2 Assessment of efficacy and stability of CCL5 short hairpins 

A, Left, ELISA analysis of 4T1 BCCs (serum and lysate) transduced with seed 

sequences I-IV, compared with 4T1 BCCs transduced with LV: EFlong-eGFP-NSΩ 

control. Shown, significant reduction in CCL5 protein in media and lysate obtained 

from 4T1:EFlong-eGFP-CCR5Ω cells, with the greatest reduction in cells containing 

seed sequence II {4T1:EFlong-eGFP-CCL5Ω(II)}. Data represented as mean 

pg/mg ± S.E.M (n=3). Right, results of Q-PCR analysis showing ~300% reduction of 

CCL5 mRNA levels in 4T1:EFlong-eGFP-CCR5Ω(II), and a lower (but significant) 

reduction (~50%) in 4T1:EFlong-eGFP-CCR5Ω(III) cells, compared with 

4T1:EFlong-eGFP-NSΩ control. Data represented as mean percentage reduction in 

mRNA ± S.E.M. B, ELISA showing significant reduction in CCL5 protein in media and 

lysate levels from EO771 cells containing seed sequence II 

{EO771:EFlong-eGFP-CCR5Ω(II)}, compared with EO771:EFlong-eGFP-NSΩ 

control. Data represented as mean pg/μg ± S.E.M (n=3, repeats in triplicate). 

C, percentage of eGFP+ and/or mCherry+ (RFP), EO771:PGK-mCherry, 

EFlong-eGFP-NSΩ and/or EO771:EFlong-eGFP-CCL5Ω cells, after 24 and 96 hours 

showing no significant reduction in cell number. Data represented as mean number of 

GFP/RFP+ cells as a percentage of the total number of cells ± S.E.M., n=1x10
4
 cells per 

sample. For A-C, data analysed by Unpaired t-test (*P<0.05, **P<0.01; α=0.05). D, 

Fluorescence photomicrograph of EO771:EFlong-eGFP tumour showing eGFP
+
 cells 

(inset), and no eGFP
+
 cells in the EO771 WT tumour. E. Fluorescence photomicrograph 

of 4T1:EFlong-eGFP tumour showing eGFP
+
 cells (inset), and no eGFP

+
 cells in the 

4T1 WT tumour. For D & E, Resolution, 10x. Scale Bar, 100μM and nuclei were 

visualized by DAPI. ELISA and eGFP/RFP assays performed by Jelena Vider and 

Tomoaki Shiratsuchi, data analysed and formatted for publication by Michael Sax. 
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Table 5.1 Q-PCR Short Hairpin Screening CCL5 mRNA 

 Average (∆CT) ∆∆CT Pvalue Fold 

NSΩ 7.40±0.03 

0.13 

 

- - - 

CCL5Ω (I)
‡
 10.18±0.24 1.3 0.0001

**
 2.46↑ 

CCL5Ω (II)  8.97±0.0.05 -1.49 0.0007
**

 2.81↓ 

CCL5Ω (III)  8.74±0.12 -0.27 0.0287
*
 1.21↓ 

CCL5Ω (IV)  8.78±0.14 -0.04 0.2433 1.03↓ 

*Pvalue<0.05, **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed, n=4, three repeats).
  

‡Seed sequences 1-5, by RNAi codex . 

 

 

Table 5.2 ELISA: 4T1 Cells 

 Media Pvalue Lysate Pvalue 

4T1 NSΩ 238.15±5.92† - 179.67±8.67 - 

4T1 WT 432.17±27.22 0.0011
**

 337.04±13.55 0.0003
**

 

4T1 CCL5Ω (I) 123.27±0.86 <0.0001
**

 188.78±3.79 0.1950 

4T1 CCL5Ω (II) 90.65±2.60 <0.0001
**

 115.88±10.28 0.0045
**

 

4T1 CCL5Ω (III) 119.91±1.70 <0.0001
**

 157.58±9.22 0.0780
#
 

4T1 CCL5Ω (IV) 147.96±2.12 <0.0001
**

 215.30±10.36 0.0289
**

 

†
Mean (pg/mg Protein)±S.E.M. #0.05<Pvalue<0.15, Pvalue<0.01**, by Unpaired t test (α=0.05, one tailed, n=3, three repeats). 

 

 

Table 5.3 ELISA: EO771 Cells 

 Media Pvalue Lysate Pvalue 

EO771 NSΩ 146.13±7.91† - 420.41±5.58 - 

EO771 WT 81.98±2.96 0.0008
**

 200.16±3.17 <0.0001
**

 

EO771 CCL5Ω (II) 48.40±0.55 0.0001
**

 116.83±0.98 <0.0001
**

 

†
Mean (pg/mg Protein)±S.E.M. **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed, n=3, three repeats). 
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Table 5.4  LV Stability Measured by RFP/mCherry & GFP Signal 

Hours Post Seeding EO771 RFP signal GFP signal 

24h 

PGK-mCherry 87.00†±1.00%
‡
 - 

EFlong-GFPCCL5Ω - 74.00±1.00% 

EFlong-GFPNSΩ - 78.00±3.00% 

48h 

PGK-mCherry 94.50±0.50% - 

EFlong-GFP-CCL5Ω - 76.50±5.50% 

EFlong-GFP-NSΩ - 80.50±1.50% 

72h 

PGK-mCherry 96.00±1.00% - 

EFlong-GFP-CCL5Ω - 75.00±2.00% 

EFlong-GFP-NSΩ - 77.00±2.00% 

96h 

PGK-mCherry 95.50±1.50% - 

EFlong-GFP-CCL5Ω - 73.50±0.50% 

EFlong-GFP-NSΩ - 80.00±1.00% 

†
RFP/GFP+ cells as a % total±S.E.M. **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed, all counts performed in triplicate, 1x104 

cells counted per sample). 
 ‡No significant difference b/n 24 & 96hs. 
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Figure 5.3 Growth analysis of LV-Ω transduced EO771 and 4T1 cells 
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Figure 5.3 Growth analysis of LV-Ω transduced EO771 and 4T1 cells 

A, Cell growth analysis in vitro comparing EO771:EFlong-eGFP-CCL5Ω(II) cells and 

EO771:PGK-mCherry:EFlong-eGFP-CCL5Ω(II) with EO771:EFlong-eGFP-NSΩ control 

cells. Transduced constructs were stable with no significant difference detected in the 

percentage of GFP
+
 or mCherry

+
 cells in EO771:mCherry, EO771:eGFP-CCL5Ω(2) or 

EO771:eGFP-NSΩ cells after 24 and 96 hours of growth. Data is represented as mean 

number of GFP/RFP
+
 cells as a percentage of the total number of cells±SEM. B, Cell 

growth analysis in vitro comparing 4T1:EFlong-eGFP-CCL5Ω(II) with 4T1:EFlong-

eGFP-NSΩ control cells. Transduced 4T1 cells show no significant difference in growth 

rate, compared to matched NSΩ controls.  For A & B, data represented as mean number 

of cells, corrected for viability ± S.E.M. Data analysed by Unpaired t-test (
**

Pvalue<0.01; 

α=0.05). All counts performed in triplicate, n=1x10
4
 cells counted per sample).  

C, No difference in Ki67 staining was observed between 

EO771:EFlong-eGFP-CCL5Ω(II) (left) and EO771:EFlong-eGFP-NSΩ control (right) 

tumours grown orthotopically. Shown, representative region as inset. Nuclei visualized 

by DAPI. Resolution, 20x. Scale Bar, 100μM.  

Proliferation assays performed by Tomoaki Shiratsuchi, data analysed by Michael Sax. 

 



 

 

2
0
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Table 5.5 Cell Growth Assay EO771 EFlong-eGFP-Ω Transduced Cells 

Hours post seeding 24h 48h 72h 96h 120h 

WT 24.96×104±2.76×104† 80.055×104±5.805×104 153.63×104±9.45×104 209.79×104±0.27×104 164.43×104±2.97×104 

EFlong-eGFP-Ω NSΩ 28.62×104±8.82×104 77.085×104±0.95×104 154.44×104±13.50×104 149.31×104±24.84×104 75.87×104±15.39×104 

EFlong-eGFP-CCL5Ω  13.26×104±2.64×104 81.81×104±6.48×104 170.64×104±7.29×104 310.50×104±5.40×104 214.79×104±2.565×104 

†Mean cell number±S.E.M. **Pvalue<0.01, by MANOVA (α=0.05).All counts performed in triplicate, 1x104 cells counted per sample. 

 

Table 5.6 Cell Growth Assay: EO771 PGK-mCherry Transduced Cells 

Hours post seeding 24h 48h 72h 96h 120h 

WT 14.1×104±0.18×104 39.15×104±7.56×104 121.84×104±0.01×104 139.995×104±0.14×104 288.9×104±±0.01×104 

EFlong-eGFP-Ω NSΩ 12.384×104±2.26×104 37.53×104±0.81×104 81.27×104±3.78×104 118.665×104±3.38×104 133.65×104±13.77×104 

EFlong-eGFP-CCL5Ω  11.742×104±1.22×104 38.88×104±0.54×104 101.655×104±2.57×104 132.705×104±5.00×104 231.39×104±5.13×104 

†Mean cell number±S.E.M. **Pvalue<0.01, by MANOVA (α=0.05). All counts performed in triplicate, 1x104 cells counted per sample. 

 

Table 5.7 Cell Growth Assay: 4T1 EFlong-eGFP-Ω Transduced Cells 

Hours post seeding 24h 48h 72h 96h 120h 

WT 5.46×105±1.53×104 9.62×105±4.69×104 2.09×106±8.78×104 3.65×106±3.50×105 1.12×107±4.49×105 

EFlong-eGFP-Ω NSΩ 1.07×106±6.44×104 1.21×106±2.25×104 2.88×106±2.55×105 5.24×106±5.92×104 1.46×106±1.15×106 

EFlong-eGFP-CCL5Ω  9.64×105±1.27×105 1.22×106±6.33×104 2.95×106±7.45×104 5.76×106±2.25×105 1.53×107±7.76×105 

†Mean cell number±S.E.M. **Pvalue<0.01, by MANOVA (α=0.05). All counts performed in triplicate, 1x104 cells counted per sample. 
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Figure 5.4 Effect of CCL5 knockdown in EO771 BC model 
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Figure 5.4 Effect of CCL5 knockdown in EO771 BC model 

A, Tumor-CCL5 is required for tumor growth and vascularisation. Shown, significant 

reduction in growth of EO771:EFlong-eGFP-CCL5Ω(II) cells grown orthotopically in WT 

mice, compared with EO771:NSΩ tumours. Data analysed by MANOVA (α=0.05, 

**
Pvalue<0.01, n = 6 mice in each group). Also shown, tumour morphology at day 26 (inset). 

Scale Bar, 10mm.  

B, Left, shown no significant difference (α=0.05) in branching in 

EO771:EFlong-eGFP-CCL5Ω(II) tumours, compared with EO771:EFlong-eGFP-NSΩ 

tumours. Data is represented as mean branch points/cell ± S.E.M. Centre, shown significant 

reduction in vascular density in EO771:EFlong-eGFP-CCL5Ω(II) tumours, compared with 

EO771:EFlong-eGFP-NSΩ tumours. Data is represented as mean area/field, corrected for 

tumour area ± S.E.M (n=30 image fields per group, 5 random images from each tumour).  

Right, FACS analysis showing a significant reduction of CD31
+
 (CD11b

-
)
 

ECs in 

EO771:EFlong-eGFP-CCL5Ω(II) compared with EO771:NSΩ tumours. Data is represented 

as mean number per 10
5 

tumour
 
cells ± S.E.M., n=3x10

6
 cells per sample.  

C, CD31
+
 (red) immunolabelling of EO771:CCL5Ω(II) and EO771:NSΩ tumours.  

Nuclei visualized by DAPI. Resolution, 10x. Scale Bar, 200μM. For B, data was analysed 

by Unpaired t-test (
*
Pvalue<0.05, 

**
Pvalue<0.01; α=0.05).   

.  
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Table 5.8 Tumour Growth Following CCL5 KD in EO771 Cells 

Day EO771: CCL5Ω EO771: NSΩ 

6 4.46±2.89 15.33±8.37 

8 10.87±4.07 27.42±12.91 

10 26.59±9.35 48.75±24.91 

12 39.08±11.53 94.16±50.92 

14 79.66±21.65 149.74±65.17 

16 105.46±29.02 224.21±116.25 

18 180.47±52.10 320.78±118.75 

20 218.51±56.70 539.94±251.04 

22 251.96±64.78 626.88±230.59 

24 438.76±98.78 884.93±308.55 

26 535.94±92.30 1209.51±279.61 

† Mean volume (mm3)±S.E.M. **Pvalue<0.01, by MANOVA (α=0.05).  
‡2nd repeat r2=0.8733, Pearson’s (Pvalue<0.0001). n = 6 mice in each group 

 

 

 

Table 5.99 Vascular Branch Points  

 NSΩ CCL5Ω Pvalue WT Pvalue 

EO771 19.62±3.95 21.95±3.31 0.3439 13.92±2.16 0.1171 

†Mean Branch Points±S.E.M. **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed, n=49 CCL5Ω(II) and 20 NSΩ image fields divided 
randomly from 6 tumours). 

 

 

 

Table 5.10 Vascular Density: Percent Vascular Area 

 NSΩ CCL5Ω Pvalue WT Pvalue 

EO771 2.20±0.17% 1.28±0.13% 0.0019
**

 2.82±0.22% 0.0796 

†Mean % vascular area corrected for Tumour area±S.E.M. *Pvalue<0.05, **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed, n=49 

CCL5Ω(II) and 20 NSΩ image fields divided randomly from 6 tumours). 
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Figure 5.5 FACS analysis of progenitors in tumour, PB and BM in the EO771 model 
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Figure 5.5 FACS analysis of progenitors in tumour, PB and BM in the EO771 model 

A-C, FACS analysis PB, BM and tumours from animals implanted with EO771:CCL5Ω 

tumours, compared with EO771:NSΩ tumours, showing a reduction in c-kit
+ 

VEGFR2
+
 

CD11b
-
 CEPs in the PB, and a reduction of EPCs mobilized to tumours, but not numbers of 

BM EPCs. Data is represented as either mean number per 10
5 

c-kit
+
 BMMNCs, PBMNCs, 

or tumour cells ± S.E.M (n=6 mice per group, 3x10
6
 cells counted in each sample). 

B &C, FACS analysis of PB, BM and tumour cells, showing (B),different levels of CD11b
+ 

c-kit
+
 myeloid progenitors (MPs), and (C), GR-1

+ 
c-kit

+
 neutrophil progenitors (NPs).  Data 

was analysed by Unpaired t-test (
*
Pvalue<0.05, 

**
Pvalue<0.01; α=0.05, n = 6 mice in each 

group, 3x10
6 

cells counted for each sample).  

 .  
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Table 5.10 Tumour Cell Analysis 

 EO771:NSΩ EO771:CCL5Ω Pvalue EO771 Pvalue 

Tumour ECs 21.43±2.59%
†
 13.74±1.92% 0.0285

*
 19.49±3.22% 0.3253 

Tumour EPCs 3.12±0.44% 1.83±0.23% 0.0239
*
 2.13±0.48% 0.0851 

Tumour MPs 29.81±3.83% 28.22±5.58% 0.4078 22.75±4.16% 0.1237 

Tumour NPs 19.57±3.16% 18.30±5.19% 0.4165 12.16±5.44% 0.0586 

†Mean % Total cells±S.E.M. *Pvalue<0.05, by Unpaired t test (α=0.05, one tailed, n = 6 mice in each group, 3x106 cells counted per 

sample). 

 

Table 5.11 BM Analysis 

 EO771:NSΩ EO771:CCL5Ω Pvalue EO771 Pvalue No Tumour Pvalue 

EPCs 0.34±0.06%
†
 0.36±0.07%

†
 0.4303 0.42±0.04%

†
 0.1515 0.45±0.04%

†
 0.1902 

BM-MPs 2.97±0.18%
‡
 2.65±0.082%

‡
 0.0645

#
 2.36±0.12%

‡
 0.0079

**
 2.02±0.23%

‡
 0.0216

*
 

BM-NPs 1.25±0.09%
‡
 1.22±0.06%

‡
 0.3653 1.03±0.06%

‡
 0.0303

*
 0.88±0.13%

‡
 0.0488

*
 

BM-c-kit
+
 6.23±0.38%

‡
 5.41±0.20%

‡
 0.0417

*
 4.88±0.13%

‡
 0.0034

**
 4.79±0.32%

‡
 0.0491

*
 

†Mean % of c-kit+ cells±S.E.M. ‡Mean % BMMNCs±S.E.M. #0.05<Pvalue<0.15, *Pvalue<0.05, **Pvalue<0.01, by Unpaired t-test (α=0.05, one 

tailed, n = 6 mice in each group, 3x106 cells counted). 

 

Table 5.12 PB Analysis 

 EO771:NSΩ EO771:CCL5Ω Pvalue EO771 Pvalue No Tumour Pvalue 

CEPs 3.07±1.18%
†
 0.60±0.147%

†
 0.0330

*
 3.15±1.66%

†
 0.4853 0.83±0.16%

†
 0.2491 

PB-MPs 0.31±0.05%
‡
 0.59±0.12%

‡
 0.0337

*
 0.47±0.07%

‡
 0.0442

*
 0.43±0.05%

‡
 0.1522 

PB-NPs 0.09±0.01%
‡
 0.22±0.04%

‡
 0.0113

*
 0.13±0.03%

‡
 0.1932 0.20±0.01%

‡
 0.0032

**
 

PB-c-kit
+
 0.55±0.08%

‡
 1.49±0.48%

‡
 0.0399

*
 0.86±0.10%

‡
 0.0156

*
 0.68±0.08%

‡
 0.2118 

† Mean % of c-kit+ cells±S.E.M. ‡Mean % PBMNCs±S.E.M. *Pvalue<0.05, **Pvalue<0.01, by Unpaired t-test (α=0.05, one tailed, n = 6 mice 

in each group, 3x106 cells counted). 
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Figure 5.6 Effect of CCL5 knockdown in the 4T1 BC model 
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Figure 5.6 Effect of CCL5 knockdown in the 4T1 BC model 

A, Left, growth of 4T1:EFlong-eGFP-CCL5Ω(II), compared with 4T1:EFlong-eGFP-NSΩ 

and 4T1 WT tumours (Mean ± S.E.M, n=14). Shown, significant reduction in growth of 

4T1:EFlong-eGFP-CCL5Ω(II), compared with controls. Data represented as mean 

volume ± S.E.M. Data analysed by MANOVA (
**

P<0.01; α=0.05, n = 6 mice in each 

group). Also shown, (right) gross morphology of 4T1:EFlong-eGFP-CCL5Ω(II), 

4T1:EFlong-eGFP-NSΩ and 4T1 WT tumours at harvest. Scale Bar, 10mm.  

B, Left, Small but significant increase in vascular area in 4T1:EFlong-eGFP-CCL5Ω(II) 

tumours, compared with 4T1:EFlong-eGFP-NSΩ control tumours (
*
P=0.0456; α=0.05, n=63 

CCL5Ω(II) and 52 NSΩ field images, divided randomly from 6 tumours). Centre, small but 

significant increase in vascular branching in 4T1:EFlong-eGFP-CCL5Ω(II) tumours, 

compared with 4T1:eGFP-EFlong-NSΩ control tumours (
*
P=0.0091; α=0.05,  n=63 

CCL5Ω(II) sections and 52 NSΩ sections). Right, FACS analysis showing significant 

reduction in number of CD31
+
 (CD11b

-
) tumour ECs in 4T1:EFlong-eGFP-CCL5Ω(II) 

tumours, compared with 4T1:EFlong-eGFP-NSΩ tumours (P=0.0285; α=0.05, 3x10
6
 cells 

counted per sample). For B, data represented as mean vascular area as a percentage of 

tumour area, number of branch points/area, or as number of cells per 10
5
 total tumour cells 

± S.E.M, respectively. Data was analysed by Unpaired t-test (
*
P<0.05, 

**
P<0.01; α=0.05). 

C, CD31
+
 (red) immunolabelling of 4T11:EFlong-eGFP-CCL5Ω(II) tumours, compared with 

4T1:EFlong-eGFP-NSΩ tumours. Nuclei visualized by DAPI. Resolution, 10x. Scale Bar, 

200μM.  
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Table 5.13 Tumour Growth Following CCL5Ω(II) KD in 4T1 Mice 

Day 4T1: WT 4T1: CCL5Ω (II) 4T1: NSΩ 

6 11.30±1.95
†
 9.22±1.47 14.21±1.78 

8 22.86±2.57 29.22±3.16 29.58±3.34 

10 62.81±7.63 38.06±3.76 52.15±4.41 

12 76.10±7.76 30.81±3.42 68.29±7.11 

14 126.89±13.89 31.94±2.91 90.91±10.83 

16 179.83±17.78 37.53±4.31 107.21±14.33 

18 261.49±31.38 52.00±6.56 195.82±21.45 

20 365.37±47.54 75.91±9.79 276.64±28.25 

22 493.45±61.69 135.90±25.11 399.78±42.46 

24 618.22±81.09 210.23±30.04 499.85±53.40 

26 852.60±112.02 328.44±46.56 670.04±71.48 

28 1073.78±142.80 511.40±71.46 875.19±90.04 

†Mean volume (mm3)±S.E.M. **Pvalue<0.01, by MANOVA (α=0.05);  
‡2nd repeat r2=0.8733, Pearson’s (P<0.0001). n = 6 mice in each group 

 

 

Table 5.15 Vascular Density: Percent Vascular Area 

 NSΩ CCL5Ω Pvalue WT Pvalue 

4T1 9.21±0.52%
†
 10.68±0.66% 0.0456

*
 8.64±0.57% 0.2903 

Mean % vascular area corrected for Tumour area±S.E.M. *Pvalue<0.05, **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed, n=63 

CCL5Ω(II) and 52 NSΩ image fields divided randomly from 6 tumours). 

 

 

Table 5.16 Vascular Branch Points  

 NSΩ CCL5Ω Pvalue WT Pvalue 

4T1 10.94±1.19
†
 14.98±1.06 0.0091

**
 14.42±2.05 0.0938 

†Mean Branch Points±S.E.M. **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed, n=63 CCL5Ω(II) and 52 NSΩ image fields divided 

randomly from 6 tumours). 
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Figure 5.7 FACS analysis of progenitors in tumour, PB and BM in the 4T1 model 



 

223 

 

Figure 5.7 FACS analysis of progenitors in tumour, PB and BM in the 4T1 model 

A-C, FACS analysis of progenitor populations in tumour (A), BM (B) and PB (C) from 

animals implanted with 4T1:EFlong-eGFP-CCL5Ω(II) BC cells, compared with 

4T1:EFlong-eGFP-NSΩ BC cells. 

Left column, shown, levels of EPCs/CEPs (VEGFR2
+
 c-kit

+
) in tumour, BM and PB. 

Centre column, shown, MPs (CD11b
+
 c-kit

+
) in tumour, BM and PB.  

Right column, shown, NPs (GR-1
+
 c-kit

+
). Lower levels of EPCs, MPs and NPs 

were detected in 4T1:EFlong-eGFP-CCL5Ω(II) tumours, compared with 

4T1:EFlong-eGFP-NSΩ tumours. Similarly, reduced levels of CEPs and MPs were also 

detected in the PB of mice transplanted with 4T1:EFlong-eGFP-CCL5Ω(II) tumours, 

compared with 4T1:EFlong-eGFP-NSΩ controls. Data represented as either mean number 

per 10
5 

c-kit
+
 BMMNCs, PBMNCs, or tumour cells ± S.E.M. Data was analysed by 

Unpaired t test (
*
Pvalue<0.05, 

**
Pvalue<0.01; α=0.05, n = 6 mice in each group, 3x10

6
 cells 

counted for each sample). 
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Table 5.147 Tumour EC and EPC Analysis 

 4T1:NSΩ 4T1:CCL5Ω Pvalue 4T1 Pvalue 

Tumour ECs 50.87±3.51% 17.46±3.58% <0.0001
**

 6.98±0.60% <0.0001
**

 

Tumour EPCs 18.74±1.87% 1.13±0.37% <0.0001
**

 0.81±0.34% <0.0001
**

 

Tumour MPs 24.52±2.70% 2.80±1.04% <0.0001
**

 2.70±0.79% <0.0001
**

 

Tumour NPs 11.73±1.93% 0.70±0.22% 0.0002
**

 0.44±0.13% <0.0001
**

 

Mean % Total Cells±S.E.M. **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed, n = 6 mice in each group, 3x106 cells counted for each 
sample). 

 

 

Table 5.18 PB Analysis 

 4T1:NSΩ 4T1:CCL5Ω Pvalue 4T1 Pvalue 

CEPs 13.86±1.16%† 11.34±1.76%† 0.1269
#
 17.00±5.02%† 0.2297 

PB-MPs 17.25±1.68%‡ 12.74±0.93%‡ 0.0333
*
 14.73±1.77%‡ 0.1846

#
 

PB-NPs 3.85±1.16%‡ 5.14±1.12%‡ 0.2295 7.84±3.09%‡ 0.0975
#
 

PB-c-kit
+
 46.98±1.68%‡ 37.20±8.44%‡ 0.1337

#
 35.01±2.69%‡ 0.0166

*
 

†Mean % of c-kit+ cells±S.E.M. ‡Mean % PBMNCs±S.E.M. #0.05<Pvalue<0.15, *Pvalue<0.05, by Unpaired t test (α=0.05, one tailed, n = 6 

mice in each group, 3x106 cells counted for each sample).  

 

 

Table 5.19 BM Analysis 

 4T1:NSΩ 4T1:CCL5Ω Pvalue 4T1 Pvalue No Tumour Pvalue 

EPCs 13.67±0.76%
†
 12.96±0.82%

†
 0.2803 15.98±1.93%

†
 0.1506 26.88±0.80%

†
 <0.0001

**
 

BM-

MPs 
13.58±1.42% 16.47±1.24% 0.0870

#
 14.97±1.56% 0.2805 13.43±0.16% 0.4793 

BM-

NPs 
7.80±1.34% 10.32±1.33% 0.1148

#
 7.74±1.24% 0.4885 8.42±1.29% 0.4129 

BM-c-

kit
+
 

33.06±1.28% 35.33±1.82% 0.1719 35.00±1.47% 0.1910 39.82±1.93% 0.0226 

†Mean % of c-kit+ cells±S.E.M. ‡Mean % BMMNCs±S.E.M. #0.05<Pvalue<0.15, Pvalue<0.01**, by Unpaired t test (α=0.05, one tailed, 
n = 6 mice in each group, 3x106 cells counted for each sample ). 
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Figure 5.8 Growth of 4T1:CCL5Ω(III) tumours compared with NS control  

 

 

Table 5.20 Tumour Growth Following CCL5Ω(III)  KD in 4T1 Mice 

Day 4T1: CCL5Ω (III) 4T1: NSΩ 

6 5.74±2.61 6.71±2.01 

8 9.92±4.58 13.86±4.90 

10 15.75±7.53 21.49±7.58 

12 24.73±11.61 32.84±10.36 

14 35.23±16.36 44.95±11.40 

16 52.71±23.09 68.06±13.84 

18 73.41±30.82 101.29±16.45 

20 114.89±42.38 187.61±37.60 

22 175.49±53.38 299.72±60.72 

†Mean volume (mm3)±S.E.M. **Pvalue<0.01, by MANOVA (α=0.05, n = 6 mice in each group ).  
‡2nd repeat r2=0.8733, Pearson’s (Pvalue<0.0001) 
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Figure 5.8 Growth of 4T1:CCL5Ω(III) tumours compared with NS control 

A, Growth of 4T1:EFlong-eGFP-CCL5Ω(III)(seed sequence III), compared with 4T1:EFlong-

eGFP-NSΩ tumours (Mean ± S.E.M, n=14). Shown, significant reduction in growth of 

4T1:EFlong-CCL5Ω(III) tumours, compared with controls. Data represented as mean 

volume ± S.E.M. Data analysed by MANOVA (
*
P<0.05; α=0.05, n = 6 mice in each 

group).  
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5.4 Discussion 

CCL5 is an inflammatory chemokine that promotes migration of monocytes, macrophages, 

T-lymphocytes, eosinophils, basophils, dendritic cells and NK cells to sites of inflammation 

(Bischoff et al., 1992; Carr et al., 1994; Xu et al., 1996; Gaga et al., 2008). CCL5 is highly 

expressed by breast tumour cells and stromal cells, but rarely in normal or benign tissues 

(Luboshits et al., 1999). CCL5 levels are the highest in the basal and HER2 subtypes of 

breast cancer (Velasco-Velázquez et al., 2012).  

 

First, to determine if CCL5 played a role in tumor cell growth through autocrine or 

paracrine signalling, LV-delivery of CCL5-specific shRNA was used to create stable 

suppression of CCL5 in 4T1 & EO771 murine BC cell lines. We found no effect on tumour 

cell proliferation in vitro, in agreement with the work of Adler et al. (2003). This suggests 

that CCL5 lacks any direct autocrine or paracrine role in the  proliferation of 4T1 and 

EO771 cells, and thus plays other roles in tumour progression.  

 

Next, we asked what role CCL5 may play in tumour growth. Research into the role of 

CCL5 in breast cancer using mouse mammary 4T1 tumour models is contradictory. Mira 

et al. (2001) suggested a pro-malignant role for CCL5. Adler et al. (2003) showed 

significantly reduced tumour growth using 4T1 cells expressing anti-sense CCL5. 

However, Jayasinghe et al. (2008) reported that tumour-derived CCL5 had no effect on 

tumour progression using shRNA, but did show reduced tumour growth with siRNA. 

Zhang et al., (2012) reported that CCL5-deficient mice are resistant to triple-negative 
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mammary tumour growth, however, that tumour-derived CCL5 does not play a major role 

in tumour progression. Research into the role of CCL5 in the EO771 model is nonexistent.  

 

Using stable and specific suppression of CCL5 in two different immunocompetent breast 

tumour models (4T1 & EO771), as well as two differnet shRNA seed sequences (II and III) 

we have shown that tumour cell produced CCL5 leads to a reduction in tumour growth 

(Fig.5.4,  5.6 & 5.8). This agrees with the work of Adler et al. (2003), and the siRNA (but 

not the shRNA) work of Jayasinghe et al. (2008). BM-associated angiogenesis defects were 

also observed, notably lower levels of tumour EPCs in both tumour models, supporting a 

role for tumour-produced CCL5 in EPC mobilization and homing. Thus, tumour-produced 

CCL5 plays a role in initiation of the BM component of the angiogenic switch.  Tumour 

ECs were also reduced in both models, which may stem from fewer mobilized EPCs, as 

well as diminshed numbers of non-BM CD31
+
 CD11b

-
 angiogenic cells, further supporting 

a pro-angiogenic role in tumour progression. However, the two models differed in terms of 

vascular density, branch point formation and tumour-recruitment of NPs and MPs. The 

reasons for this are speculative and may relect other unique temporal, cellular and 

molecular features of each tumour model. CCL5 expression is induced by other 

chemokines, and CCL5 is part of numerous positive feedback loops that can stimulate 

further infiltration of inflammatory cells and secretion of pro-malignant factors (Klier et al., 

2001; Ben-Baruch, 2002; Deshmane et al., 2009; Sorokin et al., 2010). Blocking tumour-

produced CCL5 may result in a range of inter-related influences. Notably, CCL5 triggers 

monocyte expression of MMP-9, MMP-19 and the pro-inflammatory Tumour Necrosis 

Factor-alpha (TNF-α). MMP-9 and MMP-19 can degrade the basement membrane and 
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ECM, releasing matrix-bound VEGF, and creating bioactive fragments that promote further 

monocyte infiltration and influence the activity of resident and infiltrating cells (Azenshtein 

et al., 2002; Locati et al., 2002; Robinson et al., 2002; Cridge et al., 2006; Deshmane 

et al., 2009).   

 

Given that CCL5 was originally identified as a product of activated T cells, constitutively 

expression by cancer cells (such as 4T1 and EO771) seems paradoxical (Schall et al., 1988; 

John et al., 2003). Indeed, instead of enhancing an immune response, CCL5 has been 

linked to compromised generation and chemotaxis of tumor-specific T cells and increased 

tumour growth rate (Niwa et al., 2001; Adler et al., 2003). We have further clarified the 

role of CCL5 in tumour progression, finding that CCL5 plays a significant role in tumour 

growth, EPC and EC recruitment and angiogenesis. 
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Chapter 6: CCR5 is Required for Tumour Endothelial Cell 

Biology 
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6.1 Introduction 

Tumours are an inflammatory milieu, and the interplay of angiogenesis and inflammation is 

achieved by the ability of endothelial cells and leukocytes to respond to chemokines. The 

results of the previous work suggest that tumour growth defects in CCR5
-/-

 mice may be 

due in part to lack of CCR5 in surrounding host vasculature, and not due to lack of CCR5 

in BM-derived cells; and that CCL5 may play role in paracrine signalling to 

non BM-derived pre-existing ECs. This hypothesis was supported by BMT with WT and 

CCR5
-/-

 animals as well as through specific stable inhibition of CCL5 in two different 

murine BC model. Although previous studies have suggested that CCR5 is required for 

EC function (Ambati et al., 2003; Ishida et al., 2012); technical limitations have made it 

difficult to identify CCR5
+
 tumour ECs. In this chapter we have used advanced methods in 

specific inhibition of CCR5, multivariate fluorescence immunolabelling and cancer cell 

pre-conditioned medium studies to show that: (i) ECs express CCR5 in vitro and in vivo; 

(ii) suppression of CCR5 by siRNA leads to specific vascular effects in both mouse and 

human endothelial cells, and (iii), that CCR5 is expressed by BM-derived cells, including 

tumour associated EPCs. 

6.2 Materials and Methods 

Detailed materials and methods not discussed in the following are presented in 

Appendices B and C. Creation of stable fluorescently labelled cell lines are as described in 

Chapter 4. 
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6.2.1 Cell Lines and Growth Conditions  

RAW 264.7 cells (mouse leukaemic monocyte macrophages) were obtained from ATCC 

and grown in DMEM, with 10% FCS, sodium pyruvate (1mM) and 1% P/S. Murine Lewis 

Lung Carcinoma cells (LLCs)/D122 were provided by L. Eisenbach (Wiesman Institute of 

Science, Rehovot, Israel), and maintained in RPMI 1640 with 10% FCS and 1% P/S. 

Human umbilical vein ECs (HUV-EC-Cs™, CRL-1730) were obtained from ATCC, grown 

on 0.1% gelatin (Sigma-Aldrich), and maintained in EGM-2MV BulletKit™ media (Lonza, 

Valais, Switzerland). Murine ECs (mHEVc) were provided by J. Cook-Mills (University of 

Cincinnati, Cincinnati, OH) and maintained in RPMI 1640 with 10% FCS and 1% P/S 

(Cook-Mills et al., 1996). All other cell lines were grown as previously described in 

Chapter 4. For in vitro experiments, HUV-EC-Cs and mHEVc cells were grown to 70-80% 

sub-confluence in 6 and 24 well plates. All cell lines were grown at 37° C in a 

5% CO2 humidified incubator. 

6.2.2 LLC Tumour Model  

LLC tumours were created by implanting 1 x 10
6 

LLC cells intradermally in 

C67BL/6 mice. All other methods were as described in the Appendices and Chapter 4. 

6.2.3 Tumour-conditioned Medium Studies 

6-well plates containing appropriate complete medium were inoculated with 7.0 x 10
4 

mHEVcs. After 24 hours, complete medium was replaced with serum-free medium and 

cells grown another 24 hours. Conditioned medium was created by concurrently growing 

4T1, EO771, LLC and mHEVc to 75% confluence for 48 hours in appropriate complete 

medium, with medium then harvested, centrifuged at 400 X G for 2 minutes and filtered 
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through a .45µm syringe-driven filter (Millipore). Medium was then removed from plated 

endothelial cells, cells rinsed in PBS and fresh conditioned medium added, using 100% 

mHEVc conditioned medium as a control, and 25% tumour conditioned medium mixed 

with 75% mHEVc conditioned medium as test. Cells were allowed to grow for 24 hours. 

The same procedure was followed for HUVEC-EC-Cs, except conditioned medium was 

derived from HUVEC-EC-Cs and MDA-MB-231 human BC cells. Cells then underwent 

RNA extraction with Trizol (Sigma-Aldrich) following manufacturers protocol, and whole 

cell lysates were also collected for Western blot. Cells were maintained on ice for both 

procedures. 

 

6.2.4 Western Blots 

Whole cell lysates were prepared by removing medium and rinsing cells twice  in 1ml of 

ice-cold wash buffer (PBS, 2mM EDTA and 1:2000 Protease Inhibitor (Cat #539134, 

Millipore)). One ml PBS was then added, cells scraped, suspended and centrifuged at 

400xG at 4°C for 3 minutes. Supernatant was removed and cells suspended in RIPA buffer 

with 1:200 Protease Inhibitor and frozen at -20°C for later analysis by Western blot. 

Western blots were developed overnight with anti-CCL5 and/or anti-CCR5 antibody 

(at 1/1000). The primary antibody was detected with horseradish peroxidase (HRP) 

anti-mouse IgG at 1/2,000 (PerkinElmer, Massachusetts, MA). Blots were developed with 

WestPico Supersignal (Pierce Biosciences, Rockford, IL) and chemiluminescence recorded 

using the ChemiDoc XRS system (Bio-Rad). Anti-alpha tubulin antibody was used at 

1/1,000 dilution as reference. 
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6.2.5 Q-PCR Analysis  

Q-PCR analysis of CCR5 expression was performed with SYBR Green I detection using 

the Rotor-Gene Q 2plex (Qiagen, Germantown, MD). Primers for murine CCR5:  

forward: 5’-CTGGACTCCCTACAACATTG-3’ and, 

reverse: 5’-ACACTGAGAGATAACTCCGG-3’.  

Primers for human CCR5: forward: 5’-CTGGGCTCCCTACAACATTG-3’ and,  

reverse: 5’-TGCAGGTGACAGAGACTCTTG-3’. Levels of mRNA were normalized to 

18S RNA: forward: 5’-CTTAGAGGGACAAGTGGCG-3’ and, reverse: 

5’-ACGCTGAGCCAGTCAGTGTA-3’. 

6.2.6 Immunofluorescent Analysis of Tissues 

Adherent cell lines were grown on cover slips pre-coated with poly-L-lysine 

(Sigma-Aldrich). All other procedures were as previously described in Chapters 4 and 5. 

Rat or hamster anti-mouse primary antibodies were: VE-cadherin/CD144 (clone 11D4.1), 

CCR5/CD195 (clone C34-3448), CD61/Integrinβ3 (clone 2C9.G2), Alexa Fluor® 647 

conjugated CCR1 (clone 53504) obtained from BD Pharmingen™ (Franklin Lakes, NJ). 

For staining of human CCR5, we also used mouse monoclonal anti-CCR5 (D-6) from 

Santa Cruz Biotechnology (Santa Cruz, CA), which is cross reactive for mouse and human 

CCR5. All other methods were as previously described in Chapter 4. 

6.2.7 Tubule Formation and Motility Assays 

Cells were transfected with siRNAs using previously published methods (Plummer et al., 

2013). Pooled siRNA targeting mouse and human CCR5 (siGENOME SMARTpool), as 

well as siGLO Cyanine 3 (CY3) labelled RISC-Free Control siRNA, were obtained from 
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Thermo Scientific (Waltham, MA.). Cells were transfected in suspension with 

0.04pmol/μl siRNA, using siPORT NeoFX Transfection Agent (Ambion, Carlsbad, CA). 

To assess the effects of siRNA suppression on tube formation, transfected cells were grown 

on BD Matrigel™ Basement Membrane Matrix (BD Biosciences). Tube formation was 

visualized; tube number and lengths from randomly selected fields were analysed using 

ImageJ Software. For the motility assay, a scratch (wound) was made across a cell 

monolayer using a sterile tip. The cleared area was visualized, recorded, and the closing 

wound area measured using ImageJ. The cell migration distance, relative to migration rate 

was determined using the equation:  

(distance at 0h – distance at 24h)/ (distance at 0h) x 100%. 

6.2.8 Data and Statistical Analysis 

 Statistical analysis was performed using GraphPad Prism™ (version 3.0, GraphPad, 

La Jolla, CA). Unpaired t test analysis was applied to data collected from tube formation 

and wound healing assays. Unless otherwise stated, all data are presented as 

mean ± standard error of the mean (S.E.M.). 

6.3 Results 

CCR5 is required for tumour EC biology. We first demonstrated CCR5 expression on 

murine and human endothelial cells in vitro (Fig. 6.1A). Recent publications have implied 

a role for CCR5 in EPC biology in angiogenesis (Ambati et al., 2003; Ishida et al., 2012). 

We have shown that BM and tumour EPCs express CCR5 (Fig.6.2B, C & Fig.6.3A-C), 

in agreement with previous research (Gao et al., 2008). To determine whether CCR5 had a 

role in EPC biology in breast tumour angiogenesis, we conducted BMT experiments and 
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showed that specific EPC mobilisation defects seen in the CCR5
-/- 

mouse could be 

replicated in CCR5
-/-

 mice transplanted with WT BM (i.e., CCR5
+
 EPCs). This suggested 

that while EPCs express CCR5, EPC CCR5-mediated signalling does not play a major role 

in the proliferation and mobilization of BM-EPCs. There was however, a clear angiogenesis 

defect attributed to host-CCR5 expressing cells, suggesting a role for CCR5 in tumour EC 

biology.  

 

The tumour microenvironment affects EC CCR5 expression. To determine whether the 

tumour could influence EC CCR5 expression, we treated both human and mouse ECs with 

pre-conditioned medium from EO771, 4T1 murine and MDA-MB-231 human breast 

tumour cells. We also treated ECs with medium from the highly angiogenic mouse lung 

carcinoma line (LLC). In each instance, CCR5 mRNA was significantly upregulated by at 

least two-fold in mouse and human ECs, compared to medium preconditioned by ECs 

(Fig. 6.1B, Table 6.1 & Table 6.2).  

 

CCR5 is expressed on tumour endothelium. EO771 tumours were sectioned and 

examined by immunofluorescent microscopy, and we identified a small population of 

CCR5
+ 

ECs (Fig. 6.1C & Fig. 6.4B). We also identified CCR5
+ 

tumour ECs within 

tumours derived from 4T1 cells (Fig. 6.4C), and LLCs (Fig. 6.5A). Between 2-20% of 

tumour ECs showed CCR5 expression, depending on tumour type and stage (Fig. 6.4C).  
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CCR5
+
 ECs represent a distinct population of tumour ECs. As EO771 cells and LLCs 

also constitutively express CCR5 (Fig. 6.5B), there was a chance that CCR5
+
 ECs 

identified could be the result of vascular mimicry (Kirschmann et al., 2012), or 

contaminating tumour cells. Therefore, we next orthotopically implanted mCherry labelled 

EO771 cells, and repeated the experiment. Following IHC analysis we found that not only 

do CCR5
+
 ECs represent a distinct population of ECs in the tumour (~2-8%, depending on 

size) (Fig.6.6 A-C), but that these ECs could be further subdivided into CD31
low

 as well as 

CD31
high

 expressers (Fig. 6.7A). Notably, CCR5
+
 CD31

+
 mononuclear cells were identified 

in the lungs (Fig 6.7B). CCR5
+
 ECs were not detected in normal (lung or dermal) 

vasculature via immunofluorescent microscopy (data not shown). 

 

CCR5 plays a key role in EC biology. To determine whether CCR5 regulation of EC 

biology plays a role in angiogenesis, we used siRNA to suppress CCR5 and examined the 

effect on CCR5 levels and function in human and murine ECs in vitro. We used 

Cy3-conjugated anti-siRNA to confirm efficient transfection of murine and human ECs; as 

well as Q-PCR to test knockdown of human and murine CCR5 mRNA (Fig. 6.9A, B &  

Table 6.5). Notably, suppression of CCR5 led to significantly reduced EC tube length, 

compared with controls (~10-30% reduction), but significantly more tubes (~10-25% 

increase; Fig. 6.8A-D & Table 6.3 & 6.4). Interestingly, human and murine ECs 

transfected with siRNA for CCR5 also showed increased migration/proliferation in wound 

healing/scratch test assays (10-20% reduction); (Fig. 6.9C-E, see also Table 6.3 &Table 

6.4).  
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Figure 6.1 CCR5 expression in endothelial cell biology 
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Figure 6.1 CCR5 expression in endothelial cell biology 

A, Immunofluorescent photomicrograph showing CCR5 expression in Left, murine 

(mHEVc) and Right, human (HUV-EC-C) ECs in culture, showing varying levels of CCR5 

expression. Resolution, 63x. Scale Bar, 20μM.  

B, Q-PCR showing significant induction of CCR5 mRNA in mouse (Left) and human 

(Right) ECs, in response to tumour conditioned medium from murine (EO771, 4T1 & 

LLC), as well as human (MDA-MB-231) tumour cells, compared with medium pre-

conditioned by ECs. Data represented as mean Log2(fold) ± S.E.M (n=4 per group, 

3 repeats).  

C, Immunofluorescent microscopy showing CD31
+
 CCR5

+
 ECs in EO771 breast tumours 

in situ (α & β). Also shown, region of interest as inset. Resolution, 63x. Scale Bar, 50μM. 

For A & B, Nuclei were visualized with DAPI. 

D, Results of FACS analysis showing percentage of CD31
+
 (CD11b

-
) CCR5

+ 
ECs as mean 

percentage of total tumour CD31
+
 (CD11b

-
) ECs from EO771 breast tumours ± S.E.M. 

N=3x10
6
 cells per sample counted.  
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Table 6.1 CCR5 mRNA Levels:  

Tumour Conditioned Medium: Induction of Murine ECs 

 Log2(Fold) Pvalue 

LLC ↑2.44±0.12
†
 <0.0001

**
 

EO771 ↑2. 44±0.09 <0.0001
**

 

4T1 ↑2.96±0.18 0.0007
**

 

†Mean Fold±S.E.M. **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed, n = 4, 3 repeats). 

 

 

 

 

Table 6.2 CCR5 mRNA Levels:  

Tumour Conditioned Medium: Induction of Human ECs 

 Log2(Fold) Pvalue 

LLC ↑3.73±0.12
†
 <0.0001

**
 

MDA-MB-231 ↑1.94±0.16 <0.0001
**

 

4T1 ↑2.42±0.17 <0.0001
**

 

†Mean Fold±S.E.M. **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed, n = 4, 3 repeats). 
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Figure 6.2 CCR5 expression on EPCs. 
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Figure 6.2 CCR5 expression on EPCs 

A, Q-PCR analysis of mRNA levels, showing increased expression of CCR1 and CCR5 in 

tumour EPCs, compared with BM EPCs from non-tumour challenged animals. 

Data represented as mean Log2(Fold) ± S.E.M. Data analysed by Unpaired t-test (
*
P<0.05; 

α=0.05). Figure adapted from Gao et al., (2008). 

B, shown, negative staining control of BMMNCs for each channel during multivariate 

immunofluorescent microscopic analysis.  

C, Immunofluorescent microscopy of cytospun BMMNCs, showing expression of CCR5 in 

VE-cadherin
+ 

BM EPCs. 40x Resolution. Scale Bar, 100μM. CCR5
+
 VE-cadherin

+
 EPC as 

inset.  

D, Immunofluorescent microscopy of tumour sections, showing expression of CCR5 in 

VE-cadherin
+ 

BM EPCs. 20x Resolution. Scale Bar, 200μM. CCR5
+
 VE-cadherin

+
 EPC as 

inset.  
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Figure 6.3 CCR5 and CCR1 expression on EPCs 
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Figure 6.3 CCR5 and CCR1 expression on EPCs 

A, Immunofluorescent microscopy of cytospun BMMNCs, showing expression of CCR5 in 

VEGFR2
+ 

c-kit
+
 EPCs. Scale Bar, 50μM. Resolution 63x. CCR5

+
 VEGFR2

+ 
c-kit

+
 EPC 

shown as inset. 

B, Immunofluorescent microscopy of EO771 tumour showing expression of CCR5 in VE-

cadherin
+
 tumour

 
EPCs.

 
Nuclei

 
visualized by DAPI. Scale Bar, 50μM. Resolution 20x. 

CCR5
+
 VE-cadherin

+ 
tumour EPC as inset. 

C, Immunofluorescent microscopy of EO771 tumour showing expression of CCR5 in 

CD31
low 

tumour
 
EPCs. Scale Bar, 50μM. Resolution 63x. Representative CCR5

+ 
CD31

low
 

tumour EPC as inset. D, Immunofluorescence microscopy of cytospun BMMNCs, showing 

expression of CCR1 in VEGFR2
+ 

c-kit
+
 EPCs. Scale Bar, 50μM. Resolution, 63x. 

CCR5
+
 VEGFR2

+ 
c-kit

+
 EPC as inset. For A-D, nuclei were visualized by DAPI.  

All tissue preparation performed by Michael Sax. For panels B & C, immunolabelling and 

microscopic imaging performed by Dr. Ruth Freeman with image analysis and formatting 

for publication by Michal Sax. 
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Figure 6.4 CCR5 expression on vasculature of EO771 and 4T1 tumours 
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Figure 6.4 CCR5 expression on vasculature of EO771 and 4T1 tumours
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A, Validation of CCR5 antibody by IHC on activated mouse MPs (RAW 264.7 cells). 

Upper, Immunofluorescent microscopy of antibody applied to lipopolysaccharide-activated 

mouse macrophage RAW 264.7 cells (Upper Left), compared with unactivated cells, 

showing higher CCR5 expression in activated cells (Upper Right).  

Lower, FACS analysis showing increase in CCR5 protein following RAW cell activation. 

Data represented as mean number of CCR5
+ 

RAW cells per 10
5
 total cells ± S.E.M. 

B, Immunofluorescent microscopy of EO771 tumours (α & β) showing CD31
+
 tumour 

vascular CCR5 expression. Also shown, regions of interest as inset.  

Resolution, 63x. Scale Bar, 100μM. 

C, Upper, Immunofluorescent microscopy of 4T1 tumour (α & β) showing CD31
+
 tumour 

vascular CCR5 expression. Also shown, regions of interest as inset.  

Resolution, 63x. Scale Bar, 100μM.  

Lower, High resolution (63x) transverse immunofluorescent MIP Z-stack image of 4T1 

tumour CD31
+
 EC showing cytoplasmic CCR5 expression.  

Right, Results of FACS analysis showing percentage of CD31
+
 (CD11b

-
) CCR5

+ 
ECs as 

mean percentage of total tumour CD31
+
 (CD11b

-
) ECs from 4T1 breast tumours ± S.E.M.  

For A & C, data was analysed by Unpaired t-test (
*
P<0.05, 

**
P<0.01; α=0.05, n=10

6
 cells 

counted per sample). 
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Figure 6.5 CCR5 expression on tumour endothelium and EO771 BC cells 
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Figure 6.5 CCR5 expression on tumour endothelium and EO771 BC cells  

A, High resolution (63x) immunofluorescent microscopy of LLC tumour with CD31
+
 

CCR5
+
 tumour vasculature (Upper), and CD31

+
 CD61/Integrin β3

+
 tumour vasculature 

(Lower). Scale bar, 20µM.  

B, High resolution immunofluorescent microscopy of EO771 and 4T1 breast cancer and 

LLC cells in culture, examining expression of CCR5. Note little or no constitutive 

expression of CCR5 in 4T1 cells. Resolution, 63x. Scale Bar, 20μM. Nuclei were 

visualized by DAPI.  

C, Western blot analysis of EO771 tumour cells and murine ECs (mHEVc) showing CCR5 

protein expression (46kDa). Western blot carried out by Jelena Vider with all cell lysates 

collected and prepared by Michael Sax, data analysed and formatted for publication by 

Michael Sax. 
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Figure 6.6 Analysing EO771 tumours for vascular mimicry 
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Figure 6.6 Analyzing EO771 tumours for vascular mimicry 

A, Immunofluorescent microscopy of EO771:PGK-mCherry-labelled tumours grown 

orthotopically showing separation of CD31
+
 mCherry-tumour vascular from mCherry

+
 

tumour cells. Lower, shown regions of interest as inset. 

Resolution 63x. Scale Bar, 100μM. 

 B, Immunofluorescent microscopy of EO771:PGK-mCherry-labelled tumours grown 

orthotopically, showing separation of CCR5+ cells from CD31
+
 and mCherry

+
 tumour 

cells. Also shown, regions of interest as inset for each channel.  

Resolution 63x. Scale Bar, 100μM.  

C, Immunofluorescent microscopy of EO771:PGK-mCherry-labelled tumours grown 

orthotopically, showing separation of CD31
+
 CCR5

+
 tumour vasculature from mCherry

+
 

tumour cells. Also shown, regions of interest as inset for each channel.  

Resolution, 63x. Scale Bar, 100μM. 
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Figure 6.7 CCR5 expression on a rare population of CD31
+ 

cells 
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Figure 6.7 CCR5 expression on a rare population of CD31
+
 cells 

A, Representative scatter plot showing analysis of CCR5
+
 CD31

+
 tumour ECs from EO771 

tumours, following exclusion for Ter119, mCherry and CD11b, respectively. CCR5
+
 

CD11b
-
 Ter119

-
 mCherry

-
 cells could be further divided into CD31

high
, CD31

low
 (EPCs) and 

CD31
- 
populations. (N=3x10

6
 cells counted per 5 tumours) 

B, Immunofluorescent microscopy of lungs of mice implanted with EO771:PGK-mCherry-

labeled cells, showing a rare population of CD31
+ 

CCR5
+
 mononuclear cells. Also shown, 

regions of interest as inset for each channel.  

Resolution, 63x. Scale Bar, 20 μM. For, B, nuclei were visualized by DAPI. 
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Figure 6.8 SiRNA suppression of CCR5 and endothelial tube formation 
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Figure 6.8 SiRNA suppression of CCR5 and endothelial tube formation 

 

A & B, Results of siRNA suppression of CCR5 on the function of (A), human and 

(B) murine  ECs grown on Matrigel™, showing significantly increased tube number (top), 

and significantly reduced tube length (bottom) in both human and murine ECs transfected 

with siRNA targeting CCR5, compared with Cy3-labeled siGLO RISC-Free scrambled 

(SC) and transfection only (TC) controls. Data represented as either mean tube number 

and/or length (µM) ± S.E.M. For A and B, data was analysed by Unpaired t-test 

(
*
Pvalue<0.05, 

**
Pvalue<0.01; α=0.05).  

C & D, Representative wide-field images of CCR5 siRNA treated human (C) and murine 

(D) ECs grown on Matrigel™, as well as scrambled control (SC) and transfection reagent 

control (TC). Arrows indicate measurement of tube length. Resolution, 10x. Scale Bar, 

200μm. Data collected from three wells per time point, consisting of counts of all tubes in 

two wide-field images per well. Tube length was then analysed from twenty random tubes 

per each image for each time point.  

Experimental work performed by Dr. Prue Plummer under the supervision of Michael Sax.  

Data analysis and formatting for publication performed by Michael Sax.
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Table 6.3 Tube Number and Length: Mouse ECs: CCR5 siRNA 

 16h 20h 24h 

Tube Number No Pvalue No Pvalue No Pvalue 

CCR5 siRNA 59.83±2.87
†
 - 55.00±1.98 - 53.50±1.09 - 

Transfect Control 45.50±1.45 0.0031
**

 42.83±2.02 0.0008
**

 44.67±1.17 0.0001
**

 

Scrambled 

Control 

43.67±4.15 0.0200
*
 40.00±1.84 0.0001

**
 33.33±0.80 <0.0001

**
 

Tube Length μM Pvalue μM Pvalue μM Pvalue 

CCR5 siRNA 356.33±2.19
‡
  - 358.00±1.15 - 333.33±1.20 - 

Transfect Control 393.00±1.53 <0.0001
**

 422.33±0.88 <0.0001
**

 383.33±0.88 <0.0001
**

 

Scrambled 

Control 

392.33±1.20 <0.0001
**

 425.00±1.00 <0.0001
**

 386.67±0.67 <0.0001
**

 

†
Mean Number of Tubes±S.E.M.

 ‡
Mean Tube Length (μM)±S.E.M. *Pvalue<0.05, **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed). 

 

 

 
 

Table 6.4 Tube Number and Length Human ECs: CCR5 siRNA 

 12h 18h 24h 

Tube Number No Pvalue No Pvalue No Pvalue 

CCR5 iRNA 54.83±1.92
†
 - 32.17±1.14 - 26.83±1.85 - 

Transfection Control 35.00±1.77 <0.0001
**

 24.50±1.18 0.0004
**

 21.33±2.50 0.0537
#
 

Scrambled Control 34.83±1.45 <0.0001
**

 24.33±0.95 0.0002
**

 23.17±1.78 0.0918
#
 

Tube Length μM Pvalue μM Pvalue μM Pvalue 

CCR5 siRNA 247.67±0.88
‡
 - 285.67±1.20 - 333.33±1.20 - 

Transfect Control 319.67±0.88 <0.0001
**

 322.67±1.20 <0.0001
**

 383.33±0.88 <0.0001
**

 

Scrambled Control 318.33±1.20 <0.0001
**

 325.67±1.20 <0.0001
**

 386.67±0.67 <0.0001
**

 

†
Mean Number of Tubes±S.E.M.

 ‡
Mean Tube Length (μM)±S.E.M. #Pvalue<0.15>0.05, **Pvalue<0.01, by Unpaired t test (α=0.05, one 

tailed). 
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Figure 6.9 SiRNA suppression of CCR5 and endothelial wound healing 
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Figure 6.9 SiRNA suppression of CCR5 and endothelial wound healing 

A, Representative wide-field image of murine endothelial cells (mHEVc) (arrow), 

transfected with Cy3 Labelled siGLO RISC-Free Control siRNA (Cy3, arrow), with region 

of interest as inset. Resolution 10x. Scale Bar, 100μm.  

B, Q-PCR analysis showing reduction of mRNA for CCR5 in murine ECs following 

transfection with siRNA targeting murine CCR5, compared with scrambled control 

transfected ECs (SC). Data represented as mean Log2(Fold) ± S.E.M. Experiment 

performed in triplicate, three repeats. 

C & D, Results of wound healing assay (scratch test) showing increased migration and/or 

proliferation (zone coverage) in C, murine (mHEVc,) and D, human (HUV-EC-C) ECs 

treated with siRNA targeting CCR5, compared with TC and SC controls. Representative 

wide-field images at two different time points (0h & 14h for murine ECs & 0h & 8h for 

human ECs). Resolution, 10x, Scale bar, 100µM. Data collected from six wells with four 

wounds per well measured per time point, thus 24 data points total per time point. 

E, Quantitative image analysis of left, murine, and right, human endothelial cells, 

represented as mean % migration rate ± S.E.M.  

For B-D Data was analysed by Unpaired t-test (
*
Pvalue<0.05, 

**
Pvalue<0.01; α=0.05).  

Experimental work performed by Dr. Prue Plummer under the supervision of Michael Sax.  

Data analysis and formatting for publication by Michael Sax. 
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Table 6.5 Murine CCR5 mRNA Levels After siRNA KD 

 ∆CT Log2(Fold) Pvalue 

CCR5 siRNA 23.91±0.04 - - 

Control siRNA 21.22±0.31 ↓2.69±0.04
†
 0.0004

**
 

†Mean Fold±S.E.M. **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed. Experiment performed in triplicate, three repeats).  

 

Table 6.3 Wound Healing: Murine ECs 

 8h 10h 12h 14h 

 % Migration Pvalue 
% 

Migration 
Pvalue 

% 

Migratio

n 

Pvalue 

% 

Migr

ation 

Pvalue 

siRNA CCR5 14.72±1.23
†
 - 

18.98±1.3

8 
- 

24.19±1.5

3 
- 

28.92

±1.58 
- 

Transfect 

control 
8.70±1.05 

0.0003
*

*
 

11.73±1.1

8 
0.0001

**
 

16.26±1.3

4 
0.0002

**
 

19.98

±1.45 
<0.0001

**
 

Scrambled 

control  
8.53±0.97 

0.0001
*

*
 

12.12±1.1

5 
0.0002

**
 

16.00±1.1

9 
<0.0001

**
 

20.05

±1.15 
<0.0001

**
 

†Mean % area±S.E.M. **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed. Data collected from six wells with four wounds per well measured per time point). 

 

Table 6.4 Wound Healing: Human ECs 

 4h 6h 8h 

 % Migration
†
 Pvalue % Migration Pvalue % Migration Pvalue 

siRNA CCR5 27.66±3.04 - 55.99±4.28 - 3.04±4.10 - 

Transfect control 13.96±2.20 0.0004
**

 30.19±2.81 <0.0001
**

 2.20±3.23 <0.0001
**

 

Scrambled control 13.84±1.88 0.0002
**

 29.67±2.86 <0.0001
**

 1.88±4.40 <0.0001
**

 

†Mean % area±S.E.M. **Pvalue<0.01, by Unpaired t test (α=0.05, one tailed. Data collected from six wells with four wounds per well measured per time point).
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6.4 Discussion  

In this chapter, we first validated our CCR5 antibody utilizing lipopolysaccharide-

activated murine macrophages (RAW 264.7), known to express high levels of CCR5 

(unpublished data, Dr. C. Flegg). Next, we demonstrated CCR5 expression in both 

murine and human ECs in vitro, using immunofluorescent microscopy. MHEVc 

exhibited a very strong, granular, cytoplasmic distribution of CCR5 (see Fig 6.1A). 

HUVEC-EC-Cs, in contrast, showed very low levels of CCR5, diffusely spread through 

the cytoplasm. These findings are in agreement with the confocal imaging of Bergers 

et al. (1999). Hillyer et al. (2003), in a comprehensive study of chemokine 

ligand/receptor expression in various types of endothelial cells, found autocrine 

signalling to be common and proposed that tissue-specific migration of leucocytes is 

partially regulated by anatomical variation in EC chemokine ligand/receptor expression. 

Given the difference in the anatomical origin of mHEVcs and HUVEC-EC-Cs (cervical 

lymph node vs. umbilical vein) and the inflammatory role of CCL5, our observation of 

CCR5 distribution agrees with that proposal.  

 

Next, expanding upon the EPC gene array data of Gao et al. (2008) (Fig. 2.14), we then 

demonstrated CCR5 expression on both BM and tumour EPCs. However, in light of 

impaired tumour growth in CCR5
-/-

 mice, combined with the lack of phenotypic rescue 

when transplanting WT BM into CCR5
-/- 

mice, a significant proportion of tumour EPCs 

are likely not BM-derived. This observation supports the work of Kidd et al. (2012), 

using BMT between GFP and RFP-expressing mice, reporting that over 90% of CD31
+
 

tumour ECs were of non-BM origin in an ovarian tumour model.  Furthermore, using an 

EO771 model transplanted with GFP
+
 adipose tissue, they demonstrated that around 
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18% of  ECs were adipose derived. Our research adds to the growing clarification of the 

currently poorly understood composition and origin of the cellular components of 

various tumours. 

 

Using immunofluorescent imaging, we demonstrated that EO771, 4T1 and LLC 

tumours all possessed a small population of CD31
+
 CCR5

+
 ECs, suggesting a currently 

undefined role for CCR5 in tumour EC biology. FACS analysis showed that there were 

both high and low expressers of CD31 in the CCR5
+
 CD11b

-
 population, the percentage 

of which varied with strain, stage and tumour type. This may indicate two distinct 

populations of CCR5
+ 

CD31
+
 CD11b

-
cells being recruited to the tumour site, or 

temporal/spatial changes in receptor expression of a single population upon tumour 

engraftment. Given that breast and lung tumour-conditioned medium studies showed 

significant upregulation of CCR5 mRNA in both mouse and human ECs, tumour 

induction of EC CCR5 is highly likely. As CCR5 receptor expression sensitizes these 

cells to tumour- and EC-produced CCL5, and pharmaceutical blockage of CCR5 

inhibits tumour growth (Robinson et al., 2003; Velasco-Velazquez et al., 2012) this 

CCR5
+
 EC population may play a significant role in paracrine signalling pathways that 

augment tumour growth and angiogenesis. Clarification of the origin and role of these 

newly discovered cell types would require further research. 

 

Next, we showed that in vitro siRNA suppression of both mouse and human EC CCR5 

leads to significant effects on specific EC functions. First, we observed increased tube 

numbers but decreased tube length in both EC types. CCR5 suppression limits autocrine 

and paracrine CCL3, 4 and 5 signalling.  As cells are either proliferating or 

differentiating (Pardee, 1989), one or more of these chemokines may normally inhibit 
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EC proliferation. Specific blockage of this signalling pathway may increase the number 

of ECs, thus more tubes. Alternatively, CCL3, 4 and 5 may play a role in differentiation, 

influencing the chemotactically-driven pathways that govern directional prioritization of 

tube formation. Thus, increased numbers of tubes may suggest some loss of control of 

this homing specificity, resulting in increased numbers of random tubes. Suffee et al. 

(2012), reported CCL5 production by HUVEC-EC-Cs, and increased tube length with 

increased CCL5 concentration in vitro, supporting our observation.  However, they 

reported that in vivo, CCL5 increased tube numbers. This difference may simply reflect 

the different experimental conditions, as well as the fact that increasing CCL5 

concentration is not the same as suppressing CCR5 function. For example, CCL5 

binding to CCR1 and 3 may exert other unique effects. Further work would be required 

to clarify this question.  

 

EC CCR5 suppression also increased the rate of wound healing in the scratch test assay. 

Again, if CCL3, 4 or 5 have an inhibitory effect on EC proliferation, this finding may 

reflect increased cell proliferation. Interestingly, Suffee et al., (2012) reported that 

increased CCL5 concentration in vitro also increased EC migration. Again, receptor 

promiscuity complicates chemokine research, and it is unknown whether CCR3 and 4 

play a role in their findings.  

 

Our observation of a unique population of tumour-recruited CD31
+
 CCR5

+
 cells and 

that suppression of CCR5 in ECs leads to impairment of key pro-angiogenic EC 

functions has not been previously reported. Current preliminary data indicates similar 

findings using the CCR5 antagonist and HIV drug, maraviroc. As a range of CCR5 

antagonists have been developed to treat HIV infection, research into pharmaceutical 
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blockade of CCR5 could be readily implemented, and CCR5 may provide a new 

therapeutic target strategy in treatment of breast cancer.  
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Chapter 7: General Discussion and Future Work 
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7.1 General Discussion 

Cancer has become an increasingly significant cause of morbidity and mortality 

globally, as improvements in socioeconomics and health care extend human life span. 

Breast cancer is the major cause of cancer mortality in women. Although the last 

50 years has seen a revolution in molecular biology and an ever deepening 

understanding of cancer, the translation into successful treatment has been limited to a 

few malignancies, and overall, the prognosis for patients diagnosed with cancer is poor 

(Cai et al., 2011). Targeting the angiogenic switch has become an accepted paradigm in 

cancer treatment; however, drug resistance is a major problem facing current cancer 

therapies. Anti-angiogenic therapies, although groundbreaking science, suffer from 

transitory patient benefit, as tumours develop evasive resistance, as well as acquire 

increased invasiveness (Bergers and Hanahan, 2008). Proposed drivers of evasive 

resistance include recruitment of BM-derived cells such as EPCs, known to promote the 

angiogenic switch, and increased expression of proangiogenic tumour-derived cytokine 

and growth factors, resulting in increased tumour cell invasiveness as well as an 

aggressive angiogenic response (Paez-Ribes et al., 2009). Given the limited benefits of 

anti-angiogenic therapies, developing new drug targets and targeting strategies for 

cancer is imperative.  

 

Chemokines and their receptors have emerged as significant factors in malignancy. As 

the chemokine CCL5 is known to be upregulated in malignant breast carcinoma 

(Azenshtein, et al., 2002) and EPCs express CCR5 (Gao et al., 2008), research 

presented in this thesis tested the hypothesis that the CCL5-CCR5 axis contributes to 

tumour malignancy by mediating angiogenesis.  To test this hypothesis, the following 
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aims were accomplished: (i) determine the role of bone-marrow-derived 

CCR5-expressing cells in tumour angiogenesis and metastasis; (ii) assess the role of 

tumour-produced CCL5 in tumour growth and angiogenesis; (iii), to identify CCR5 and 

its role in endothelial cells.  Although the CCL5-CCR5 axis has been implicated in 

wound healing and neovascularization (Ambati et al., 2003; Ishida et al., 2012), little 

research has been done in the area of tumour angiogenesis. 

 

(i) The role of bone-marrow-derived CCR5 expressing cells in tumour 

angiogenesis and metastasis 

These aims were achieved by uncoupling the roles of CCR5-expressing bone marrow 

and non-bone marrow derived cells in breast tumour growth and angiogenesis, using 

genetic ablation and bone marrow transplantation. We validated CCR5 expression by 

BM-derived cells, including tumour associated EPCs. CCR5
-/-

 mice showed significant 

tumour growth and angiogenesis defects. Next, using BMT between CCR5
-/-

, CCR1
-/-

 

and WT mice, we demonstrated for the first time a tumour growth and vascular 

phenotype associated with CCR5 suppression that was primarily linked with the non-

BM compartment of the tumour stroma.  

 

CCR5
-/-

 mice exhibited a highly significant reduction in tumour growth, defects in 

normal tumour angiogenesis and impaired metastatic invasion.  Chemotactically 

responsive CCR5
+
 cells include macrophages, monocytes, NK and T cells (Mack et al., 

2001), and with the exception of NK cells, are all known as potential pro-tumourogenic 

members of the immune system that form part of the leukocyte infiltrate 

(Grivennikov et al., 2010). Significantly reduced tumour growth in CCR5
-/- 

mice 
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underscores the importance of chemokine signalling in recruiting host cells that form 

the tumour stroma, promoting tumour growth and angiogenesis (Ben-Baruch, 2012).  

 

Next, we revealed the primary source of tumour recruited CCR5
+
 cells by uncoupling 

CCR5-expressing BM-derived from non-BM derived cells, via BMT. The surprising 

finding was that only CCR5
-/-

 mice transplanted with WT BM showed similar results as 

seen in untransplanted CCR5
-/-

 mice, with other transplants showing a WT phenotype. 

These results suggest that while there is some defect attributed to CCR5
-/-

 BM and 

CCR5
-/-

 EPCs, (in agreement with work of Ishida et al. (2010), that demonstrated  a role 

for CCR5
+
 EPCs in wound healing), our results suggest that the tumour growth 

phenotype observed in the CCR5
-/-

 mice was primarily due to the non-BM compartment 

of the tumour stroma. 

 

EPCs promote the angiogenic switch by producing proangiogenic paracrine factors and 

directly incorporating into the lumen of recruited tumour neovessels (Nolan et al., 2007; 

Gao et al., 2008). Blocking EPC recruitment has been shown to delay the angiogenic 

switch and impair tumour growth and spread (Bertolini et al., 2006; Shaked et al., 

2006). Notably, we also identified a BM-EPC proliferation defect during the angiogenic 

switch in tumour challenged CCR5
-/-

 mice (Fig 4.1E), a result that was independent of 

tumour size, suggesting a disruption of normal EPC signalling pathways.  This result 

contrasted with the generally higher levels of myeloid progenitors in CCR1
-/-

 and 

CCR5
-/-

 animals, suggesting that increased BM progenitor numbers may be a unique 

developmental compensation of CCR
-/-

 mice.  
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Notably, these results indicate that direct CCR5 signal transduction by BM-EPCs plays 

a limited role in chemotaxis, with EPC recruitment likely occurring via other 

receptors/ligands, such as CCR1. Secondly, direct CCR5-signalling in other 

BM-derived cells also played little role in chemotaxis of stromal cells to the tumour, 

and most direct CCR5-mediated chemotaxis occurred in non-BM cells. However, this 

does not rule out the possibility that CCR5 expressing cells, when activated, provide 

secondary paracrine signals to neighbouring cells, resulting in their acquisition of 

chemotactic responsiveness to other tumour-produced signals. Karnoub et al., (2008) 

reported a similar phenomenon, finding tumour-recruited mesenchymal stem cells 

(MSCs) underwent a 60-fold upregulation of CCL5 production, thus providing a locally 

acting paracrine cue, which then induced metastasis of normally weakly metastatic BC 

cells from the primary tumour.  Therefore, cellular constitutive expression of 

genes/proteins is only part of the communication network in tumour progression. 

Involved cells may also exhibit unique and transient gene/protein expression 

responsiveness to the various tumour signals that form part of an evolving malignancy.  

 

CCR5
-/-

 mice also showed resistance to metastatic invasion and vascularisation. 

Metastatic lesions in CCR5
-/-

 mice were also less vascularized than those observed in 

WT mice, another possible factor limiting metastatic invasion and prolonging life. 

Delayed tumour growth and metastasis in CCR5
-/-

 mice has been shown in other 

models, notably melanoma (van Deventer et al., 2005). However, van Deventer and 

colleagues observed fewer obvious lung metastases in CCR5
-/-

 mice. This difference 

may have arisen because they sacrificed mice for metastases counts 14 and 28 days 

post-injection, whereas we performed counts at end stage or the end of the experiment 

(up to day 60). As well, melanoma represents cells of neural crest origin, whereas our 



 

275 

 

tumour models utilized cancer cells of epithelial origin, and these cell lines may differ 

in their metastatic properties under each experimental condition. Alternatively, the 

difference in our data might suggest a difference in the mechanisms of growth at 

secondary sites with breast cancer cells needing to undergo a mesenchymal to epithelial 

transition (MET) to grow to observable sizes. Interestingly, van Deventer and 

colleagues performed adoptive transfers of CCR5
+
 B cells, alveolar macrophages and 

dendritic cells, none of which had any effect on promoting metastasis. However, 

transfer of CCR5
+
 pulmonary-derived stromal cells to CCR5

-/-
 mice prior to cancer cell 

injection significantly enhanced pulmonary metastasis, compared to CCR5
-/-

 mice 

receiving CCR5
-/-

 pulmonary stromal cells prior to injection. Thus, factors unique to 

pulmonary stromal cells, expressed following CCR5 signal transduction, were a 

determinant of metastatic invasion and colonization in their model. These unique but 

uncharacterized factors may play a role in various steps of the metastatic cascade, 

including cell migration, extravasation, survival, growth, immune evasion and 

angiogenesis. Similar biological signalling may also be active in the EO771 BC model 

of this study.  

 

(ii) The role of tumour-produced CCL5 in tumour growth and angiogenesis 

While the contribution of CCL5/CCR5 to malignancy and metastasis has been reported 

(Azenshtein et al., 2002; Velasco-Velázquez et al., 2012), the challenge of uncoupling 

tumour and stroma has impaired attempts to obtain a deeper understanding of the 

biological significance of CCL5/CCR5 signalling to tumour progression. We used LV 

delivery of shRNA targeting CCL5 to create stable knockdown in the 4T1 and EO771 

cell lines. In vitro, suppression of CCL5 caused resistance to cell density-induced 

contact inhibition and enhanced cell growth at high confluence, suggesting CCL5 has an 
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autocrine role in regulating cancer cell differentiation/growth. These results echo similar 

findings of Stormes et al., 2005; reporting that inhibition of tumour-produced CCL5 

inhibited metastasis, and Karnoub et al., (2007)  who reported that CCL5 production by 

MSCs in the tumour stroma drove metastasis.  

 

Next, using two syngeneic orthotopic breast cancer models (4T1 and EO771), in 

immunocompetent mice, we examined the role of tumour-produced CCL5 in tumour 

growth and angiogenesis. CCL5 suppression was shown to reduce tumour growth and 

cause vascular defects, suggesting a paracrine role in tumour progression. We 

hypothesized that this may stem from reduced chemotactic recruitment of 

CCL5-responsive leucocytes, and/or from paracrine signalling to other stromal cells. 

FACS analysis was carried out on EO771: EFlong-CCL5Ω(II) tumours to examine the 

effects of tumour-produced CCL5 on tumour-recruited stromal cells. Data revealed 

decreased numbers of tumour EPCs and ECs, yet no significant difference in levels of 

tumour-recruited MPs and NPs,  compared with the NSΩ seed sequence. This indicates 

that CCL5 exerts a specific effect on EPC and EC recruitment. In light of the previous 

CCR5
-/-

 data, EPC chemotaxis is therefore not mediated by CCR5, but perhaps by 

CCR1 or CCR3, other receptors for CCL5 (Gao et al., 2008). ECs, however, do appear 

to be influenced by CCL5 signalling, suggesting CCR5-mediated chemotaxis and/or 

proliferation, in agreement with Suffee et al., (2012). Furthermore, CCL5 suppression 

did not effect numbers of tumour-recruited MPs and NPS, suggesting MPs and NPs are 

responding via non-CCL5 chemotactic signalling pathways. Notably, the EPC 

mobilization defect under CCL5 suppression was supported by comparative analysis of 

the BM and  PB, where EO771: EFlong-CCL5Ω(II) implanted animals showed no 

significant difference in BM  EPCs, MPs or NPs, yet PB showed lower levels of CEPs. 
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In contrast, other BM-derived circulating progenitor cells in EO771: EFlong-CCL5Ω(II) 

implanted animals actually increased, indicating a precise role for tumour-produced 

CCL5 in EPC mobilization from the BM.  

 

Strikingly, similar tumour growth and restricted EPC mobilisation was observed in mice 

orthotopically implanted with 4T1 cells transduced with LV-EFlong-CCL5Ω(II), 

compared with controls. A specific effect on ECs following CCL5 suppression has been 

shown by other researchers. Notably, the specific CCL5 antagonist, Met-CCL5, was 

found to inhibit breast tumour growth in established tumours (Robinson et. al., 2003). 

Met-CCL5 treatment resulted in tumours that appeared more necrotic and paler, 

suggesting possible affects on vasculature. These results together suggest that 

tumour-CCL5, in an immune competent, orthotopic, syngeneic mouse model, acts in a 

paracrine way to promote tumour growth and angiogenesis.  

 

Karnoub et al., (2007) reported that CCL5 produced by tumour-recruited MSCs can 

induce pro-metastatic changes in CCR5
+
 breast cancer cells through paracrine 

signalling. The observed effects of suppression of CCL5 in vivo, and the influence of 

CCR5 ablation, support a paracrine role for tumour-CCL5 signalling to non-tumour 

cells, including CCR5
+
 non-BM derived ECs. However, a population of CCR5

+
 ECs, 

which are non-BM derived and may respond to tumour-CCL5 signalling, have proven 

difficult to detect. The next phase of the research focussed on identifying those cells. 

 

(iii) Identify CCR5 and its role in endothelial cells. 

Using immunofluorescent labelling and high-resolution imaging, we have successfully 

demonstrated the expression of CCR5 in both murine and human endothelial cells 
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in vitro and in vivo, as well as provided immunohistochemical evidence to support 

research that identified CCR5 on EPCs, as first shown by Gao et al., (2008) using 

nucleotide arrays. We have also demonstrated CCR5 mRNA induction (at least two 

fold), in both mouse and human ECs, by conditioned media from two murine (4T1 and 

EO771) and one human (MDA-MB-231) BC cell line, as well as by LLCs, in vitro 

(Fig. 6.1B). Thus, the factor(s) that upregulate CCR5 expression in ECs are expressed 

by a range of cancer cell types and cross species lines.  

 

We have also shown that in vitro siRNA suppression of endothelial CCR5 leads to 

specific affects on tube formation and cell migration, key pro-angiogenic EC functions 

(see Fig. 6.8 & 6.9). Firstly, this indicates that CCR5-transduced autocrine signalling 

plays a role in endothelial cell biology, thus CCR5-paracrine/juxtacrine signalling that 

occurs in the tumour microenvironment affects endothelial cell function, likely in a pro-

tumourogenic fashion. Secondly, key genes/proteins activated in chemokine-mediated 

cell motility, directional sensing and polarization are downstream of CCR5 signal 

transduction in endothelial cells, making EC-CCR5 a promising therapeutic target. 

Notably, specific CCR5 suppression in ECs, leading to impaired angiogenic function, 

has not previously been reported.  

 

At present, the components and functional status of the leukocyte infiltrate in breast 

cancer is poorly characterized (Ruffell et al., 2012). The advent of new and better 

antibodies, as well as advances in FACs and image analysis, is allowing us to 

subcategorize different populations of cells that are important to tumour biology. We 

have shown that CCR5 is induced by tumour-produced cytokines and is important for 

EC biology. Most importantly, FACS analysis of tumours revealed a rare group of 
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CCR5
+ 

non BM-derived
 
CD31

+
 endothelial cells, the percentage of which varied with 

strain, stage and tumour type, which may explain the paracrine role that CCL5 plays in 

tumour growth in vivo. The low frequency expression of endothelial CCR5 in situ 

suggests expression is transient and driven by dynamic environmental factors.  

 

In conclusion, we have shown CCR5 expression on EPCs in vivo and on ECs in vitro 

and in vivo, CCR5 mRNA upregulation in ECs in tumour conditioned media studies, 

and that CCR5 suppression in vitro leads to significant effects on EC biology and 

tumour angiogenesis. Anti-cancer therapies targeting either of these CCR5 locales may 

not only prevent malignant progression mediated by the EMT, but may also 

significantly delay tumour growth by inhibiting the angiogenic switch in primary 

tumours and metastases. Taken together, these results underscore the importance of 

CCR5 in tumour angiogenesis, and provide a novel target for future anti-angiogenic 

strategies.   

7.2 Future Work 

This thesis has reached the conclusion that CCR5 on tumour ECs may be a potential 

therapeutic target.  At present, little is known of the role of CCR5 in human breast 

cancer progression. Velasco-Velazquez et al. (2012), using the anti-HIV drugs and 

CCR5 antagonists maraviroc (Selzentry®) and vicriviroc (SCH 417690), have shown a 

reduction in pulmonary metastases in an animal model of breast cancer. Robinson et al., 

(2003) demonstrated an inhibition of tumour growth using the CCR5 antagonist 

met-CCL5, however, did not explore the angiogenic component of the experiments. 

Based on data revealed in this research, future work could include: 
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(i) Analysis of human breast cancer samples using fluorescence 

immunolabelling to detect and co-localize CCR5 with CD31
+ 

endothelial 

cells. Dr. Robin Anderson (Peter MacCallum Cancer Centre) has recently 

provided human BC tissue samples to discover if similar CCR5 expression 

on ECs exists in human breast tumours, and unpublished findings indicated 

high levels on HER2 tumours. 

(ii) Targeted delivery of CCR5-siRNA to tumour endothelium in vivo. 

Preliminary work in our laboratory has shown that the short peptide 

arginine-glycine-aspartic acid (RGD), known to target endothelial tissue, can 

be modified to specifically target αυβ3 integrin-expressing tumour ECs 

(Plummer et al., 2012) and deliver siRNA via liposomes. Current work is 

aimed at developing molecules that specifically target EPCs with liposomal 

delivery of siRNA. With these tools, each locale of CCR5 expression could 

be targeted independently, and research would specifically address the 

cell-specific role of CCR5 during the angiogenic switch, as well as in tumour 

endothelium during growth and angiogenesis in a pre-clinical animal model.  

(iii) Tumour conditioned media (TCM) studies showed significant upregulation 

of CCR5 mRNA in both mouse and human ECs, using medium from 4T1 

and EO771 murine BCCs and MDA-MB-231 human BCCs. However, we 

did not identify the specific factors that stimulated CCR5 upregulation by 

TCM. Specific assay of cytokines, chemokines and other possible growth 

factors in TCM may reveal other pro-angiogenic factors released by cancer 

cells into the tumour microenvironment that offer other therapeutic targets.  

(iv) Test the effect of other CCR5 antagonists, such as maraviroc, in vitro and 

in vivo, on EC function and tumour angiogenesis. Early unpublished data 
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emerging from our lab is shows that maraviroc has similar effects as siRNA 

suppression of CCR5 on EC tube formation and wound healing. In vivo 

experiments are currently planned, including assessing metastasis. 

(v) Using LV-transduced cells with suppression in the highly metastatic 4T1 

model, investigate to what extent metastasis is influenced by cancer cell 

CCL5 production. 

 

One exciting observation that emerged during the course of this research was the 

finding that the CCR5 and CCR1 transgenic mice exhibited increased numbers of 

bone marrow progenitors.  Chemokines are classically noted for their role in 

chemotaxis, homeostasis and immune surveillance. However, our data suggests that 

chemokines may also play a role in BM progenitor differentiation, a potentially 

novel observation that, if validated, would expand the roles of chemokines into 

another area of biological significance. To test the role of CCR1/ CCR5 in BM 

progenitor repopulation, an experiment using serial transplantation of BM could be 

carried out in WT and knockout animals. After a certain number of BM transplants, 

a clear shift in population profiles would emerge in each group if CCR1/5 plays a 

role in regulating BM progenitor population dynamics. 
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 Appendix: Methods and Materials 

The following is a detailed overview of methods used in the course of this research, as well 

as a summary of materials commonly used in experimental work. 
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Appendix A: Research Overview 

This research investigated the role of the CCR5-CCL5 axis in breast cancer. The research 

was conducted in four parts.  

The first part of the research focused on the stable transduction of two breast cancer cell 

lines with vectors expressing (i) mCherry and (ii) short hairpin RNA targeting CCL5 and 

luciferase (LUC, a non-specific control) with eGFP co-expression. The methods consisted 

of: 

1) Maxi-preparation and purification of lentiviral vectors pVSV-G and psPAX2, and 

lentiviral constructs pZEO-GFP, pGK-mCherry™ and pwpt-LUC. 

2) Design and PCR amplification of four short hairpin oligonucleotides seed sequences 

targeting CCL5. 

3) Restriction digests and gel purification of pZEO-GFP followed by ligation of CCL5 

short hairpins (CCL5Ω) into cut site. 

4) Restriction digestion of pwpt-LUC and gel purification of LUC short hairpin 

followed by ligation into pZEO-GFP to create pZEO-GFP-LUCΩ (for creation of a 

non-specific control cell line). 

5) Bacterial transformation, cloning, mini-preparation, DNA purification and 

sequencing of each pZEO-GFP short hairpin. 

6) Midi-preparation and DNA purification of clones correctly expressing the CCL5 

and LUC short hairpins. 

7) Transfection of HEK 293T cells using a three vector lentiviral system (pVSV-G, 

psPAX2, and the lentiviral backbone of the four pZEO-GFP-CCL5Ω clones, pZEO-

GFP-LUCΩ or pGK-mCherry ™. 
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8) Harvest medium containing lentiviral particles and infect 4T1 and EO771 breast 

cancer cells. 

9) Sorts cells on eGFP or mCherry expression. 

The second part of the research focused on the role of CCL5 expression by cancer cells 

in vitro and in vivo on tumour growth and angiogenesis. Methodology consisted of the 

following: 

1) Assess the degree of CCL5 knockdown with ELISA and RT-Q-PCR in each of the 

four pZEO-GFP- CCL5Ω transduced cell lines. The cell line with the highest 

amount of CCL5 knockdown was selected for use in tumour challenge 

2) Orthotopically and syngeneically inject female BALB/c mice (4T1 cells) and female 

C57/Bl6 (EO771 cells) mice with pZEO-eGFP CCL5 Ω transduced cells. Measure 

tumour growth for four weeks. 

3) Harvest blood, bone marrow, lungs and tumour tissues. Perform multivariate FACS 

analysis of blood, bone marrow and tumour tissue. Analyse  lungs and tumour 

tissues with fluorescent immunolabelling and high-resolution microscopy 

The third part of the research focused on the role of CCR5 expression in host tissues on 

tumour growth and angiogenesis. Methodology consisted of the following: 

1) Tumour challenge transgenic mice that were homozygous null for CCR5 (CCR5
-/-

), 

using CCR1
-/-

 and WT animals as controls. 

2) Measure tumour growth over 28 days. Collect blood and tumour tissue at the 14 day 

mark for FACS analysis 

3) Collect blood, bone marrow tumour tissue and lungs at 28 days. Analyse blood, 

bone marrow and tumour tissue with multicolour FACS analysis. Analyse cytospun 
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bone marrow, tumour tissue and lungs with fluorescent immunolabelling and high-

resolution microscopy.  

The fourth part of the research was to separate the role of CCR5-expressing BM-derived 

cells from CCR5 expressing non-BM derived cells in tumour growth and angiogenesis. 

Methodology consisted of the following: 

1)  Lethally irradiate WT mice and transplant with bone marrow derived from CCR5
-/-

, 

CCR1
-/-

 or WT mice. 

2) After bone marrow reconstitution, tumour challenge and measure tumour growth 

over 28 days. 

3) Collect blood, bone marrow tumour tissue and lungs at day 28. Analyse blood, bone 

marrow and tumour tissue with multicolour FACS analysis. Analyse cytospun bone 

marrow, tumour tissue and lungs with fluorescence immunolabelling. 

4) Perform the flip experiment of the above: lethally irradiate CCR5
-/-

, CCR1
-/-

 and 

WT mice and transplant with WT bone marrow. 

The final part of the research examined the role CCR5 in endothelial cell function in 

tumour growth and angiogenesis. Methodology involved the following: 

1)  Assess CCR5 expression in mouse and human endothelial cells in response to 

tumour-conditioned media.  

2) Using siRNA targeting endothelial cell CCR5, perform wound-healing assays and 

tube formation assays in both mouse and human endothelial cell lines.  
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Appendix B: Methods Common to the Research 

B.1 Small Scale Preparation of Plasmid DNA 

DNA minipreps served to extract plasmid DNA from single cultured transformed colonies 

as part of the cloning experiments. A single bacterial colony was removed from previously 

inoculated plates and added 5 ml of low salt Luria broth in a 14 ml polypropylene tube and 

cultured overnight at 30° C under agitation (220 RPM). The following day, 3 ml was 

removed, transferred to 1.5 ml microcentrifuge tubes and bacteria harvested via 

centrifugation at 6000 RPM for 4 minutes. (The remainder of culture was used to create 

glycerol stocks by the addition of 10% glycerol, mixing and immediate storage at -80° C.)  

The supernatant was removed with a pipette and discarded. The pellet fully resuspended in 

250 µl of Solution I (glucose, Tris, EDTA or GET buffer). Following re-suspension, cells 

were lysed by the addition of 250 µl of freshly prepared Solution II (0.2 N NaOH, 1% 

SDS), mixed by inverting five times and incubated on ice 5 minutes. Proteins were 

precipitated by adding 200 µl of Solution III (5M potassium acetate, pH 5.5), mixed by 

inversion, incubated on ice for 5 minutes then centrifuged at 13,000 RPM for 5 minutes. 

The supernatant was carefully removed, transferred to a fresh tube and 400 µl of 

chloroform added, followed by 30 seconds with shaking. Phases were then separated by 

spinning at 6000 RPM for 1 minute and the aqueous phase removed and transferred to a 

clean tube. 0.6 volumes of isopropanol was added, mixed by inversion, and centrifuged at 

13,000 RPM for 10 minutes. The supernatant was carefully removed from the DNA pellet 

washed of salts by the addition of 1 ml of 70% ethanol followed by centrifugation at 13,000 

RPM for 5 minutes. The supernatant was carefully removed and the pellet allowed to air 

dry prior to the addition of 50 µl of ultra-pure water combined with RNAse A (20 µg/ml). 
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B.2 Large Scale Preparation of Plasmid DNA 

Large scale preparation of plasmid DNA was carried out to produce large quantities of 

ultra-pure plasmid DNA for subsequent use the in the generation of lentiviral particles. The 

protocol used for harvesting plasmid DNA was an upscale version of the DNA miniprep 

method, with minor variations. Volumes below are for 100 ml and 500 ml, in brackets, 

respectively. Briefly, a starter culture was prepared by taking a small scraping of frozen 

glycerol stocks containing the desired plasmid, adding to 5 ml of low salt Luria broth (with 

100 µg/ml of ampicillin) in a 14 ml polypropylene tube and incubating under agitation 

(220 RPM) at 30° C. The next day, the starter culture was added to 100 ml (500 ml) of 

Luria broth in a 500 ml (2 l) flask and incubated a further 18 hours at 30°C under agitation. 

Culture was then centrifuged at 3000 X G for 15 minutes, the supernatant discarded and the 

pellet resuspended in 4 ml (20 ml) of Solution I, then added to 4 ml (20 ml) of Solution II 

and mixed by inversion. Following 5 to 10 minutes of incubation at room temperature, 3 ml 

(15 ml) of ice cold Solution III was added, mixed by swirling several times and incubated 

on ice for 10 minutes until the liquid phase cleared. The mixture was then centrifuged 5000 

X G for 15 minutes and the supernatant decanted through cheesecloth. Add 0.6 volumes of 

isopropanol, mix well and centrifuge at 12,000 X G for 15 minutes. Decant all of the 

supernatant, and invert the centrifuge tube to allow all the supernatant to drain away. Wash 

the DNA with the addition of 4 ml (10 ml) of 70% ethanol to the DNA pellet and spin at 

5000 X G for 1 minute. Decant the ethanol and allow the pellet to air dry. Dissolve the 

pellet in 1 ml of pure water with RNase A (20 µg/ml). Incubate 1 hour at 37° C. Transfer 

500 µl of the DNA solution to an Amicon-50 column (Millipore) and centrifuged at 

10,000 X G for 5 minutes. Monitor the flow, adding the remaining DNA solution and 
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respin until 200 µl of DNA solution remains in the column. Transfer the inverted column to 

a fresh tube, and spin at 800 X G for 3 minutes to collect the purified DNA. Quantify and 

test purity via spectrophotometry and agarose gel electrophoresis; store at -20° C. 

B.3 DNA Sequencing 

DNA sequencing was utilized to verify the successful ligation of the shRNA seed 

sequences (CCL5Ω and LUCΩ) into the lentiviral construct pZEO-GFP. The principle of 

dye-terminator sequencing was utilized, whereby four fluorescently labeled 

dideoxynucleotides, one for each base, act as chain terminators during DNA polymerase 

catalyzed primary elongation, producing all possible chain links, each fluorescently labeled 

with a precise tag. Sequencing reactions were carried out using the BigDye® Terminator 

V1.1 reagent (Applied Biosystems). Reactions utilized 3.2 pmoles of primer, 100 to 200 ng 

of pure DNA template, 4 µl of BigDye® Terminator V1.1 reagent and ultra-pure water up 

to 20 µl total volume. The mixture was mixed by pipetting, then placed in a Biorad iCycler 

under the following conditions: cycle 1: 2 minutes at 95° C (1X), cycle 2: 30 seconds at 95° 

C , 30 seconds at 55° C and 1 minute at 60° C (30X) and cycle 3: 5 minutes at 72° C (1X).  

DNA was then precipitated by combining 2 µl of 3M sodium acetate pH 5.2 and 2 µl of 

125mM EDTA pH 8.0 in a microcentrifuge tube, adding the sample, vortexing briefly, then 

adding 50 µl of 100% ethanol, vortexing and zip spinning. The sample was incubated at 

room temperature for 15 minutes and then centrifuged at 13,000 RPM for 20 minutes. The 

supernatant was discarded, the DNA pellet washed with 250 µl of 70% ethanol and 

centrifuged at 13,000 RPM for 15 minutes. The supernatant was carefully pipetted away, 

and the DNA pellets air dried. Samples were then sent to the Griffith University DNA 
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Sequencing Facility (GUDSF) where they were analyzed on an Applied Biosystems 

3130xL Genetic Analyzer.  

B.4 Polymerase Chain Reaction (PCR) 

PCR was used for multiple purposes including the amplification of shRNA seed sequences, 

testing primers/cycling conditions, amplification of full length cDNA and genotyping. All 

PCRs followed the same general protocol. PCRs were carried out in 20 µl reactions and 

consisted of 2.5 x 10
-7 

M of each primer, 20ng-100ng of the DNA template, 1.2 x 10
-5 

M
 

Deoxynucleotide Solution Mix (dNTPs, NEB), consisting of an equimolar solution of 

dATP, dCTP, dGTP and dTTP (NEB), 1X ThermoPol™ Reaction Buffer (NEB), 0.5 units 

Taq DNA Polymerase (NEB) and ultra-pure water to a total volume of 20 µl. The general 

thermal cycler conditions were: cycle 1: 5 minutes @ 95° C (1X), cycle 2: 30 seconds at 

95° C, 30 seconds at 59° C and 30 seconds at 72° C (35X), cycle 3: 5 minutes at 72° C. All 

PCR reactions were carried out in Bio-Rad Thermal iCycler PCR Machines. To remove 

dNTPs and other PCR contaminants, DNA was purified with either the Wizard® SV Gel 

and PCR Clean up System (Promega) or run through an Amicon-50 filter (Millipore) 

according to manufacturer’s instructions. For example, the CCL5 short hairpins required a 

Xho1- EcoR1 digest prior to ligation. As the presence of PCR contaminants can interfere 

with restriction digestion, they must be removed.  

 

B.5 Agarose Gel Electrophoresis 

Agarose gel electrophoresis was used to visualize and assess PCR amplified DNA, native 

and restriction enzyme cleaved plasmid DNA and to purify amplified and plasmid DNA 

fragments for downstream cloning applications. The percentage of agarose used in the gels 
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varied between 0.8% for 10,000 base pair fragments to as high as 2% for 100 base pair 

fragments. Gels were based on TAE buffer (Tris base, acetic acid and EDTA) and contain 

0.2 mg/ml ethidium bromide. Briefly, molecular grade agarose was briefly boiled in TAE 

buffer, cooled to approximately 60° C and poured into a gel tray with an appropriate sized 

comb. Once cooled, gels were submerged in TAE buffer in an electrophoresis gel tank, 

comb removed and DNA ladder and DNA samples loaded along with the loading dye to 

allow visualization of movement of the DNA through the gel. An electrical potential of 10 

volts per centimeter of gel was then applied to resolve the loaded DNA. Once the DNA had 

migrated the desired distance, gels were removed from the tanks and DNA imaged under 

UV light in a transilluminator.  

B.6 Restriction Enzyme Digestion 

Restriction enzymes were routinely used for cloning purposes. Amplified shRNA seed 

sequences and the lentiviral construct pZEO-GFP underwent double digest with Xho1 and 

EcoR1 (NEB #R0146s, #R0101S) prior to ligation. A typical reaction was carried out in 20 

to 150 µl volumes, depending on the amount of DNA to be digested, and contained the 

appropriate 1X reaction buffer (NEB), 1X bovine serum albumin (Gibco) and 5 units of 

each enzyme per microgram of DNA in ultra pure water to the appropriate volume. The 

mixture was vortexed briefly, zip spun and incubated at 37° C for 2 to 3 hours, followed by 

inactivation of the enzymes by incubating at 65° C for 20 minutes. Vector DNA underwent 

a subsequent treatment with Antarctic Phosphatase (NEB, #M0289S) to remove the 

5’ phosphate from the digested ends, preventing re-circularization. Briefly, for 5 µg of a 

previously digested DNA, a reaction mixture consisting of 1X Antarctic Phosphatase buffer 

and 5 units of Antarctic Phosphatase was incubated for 15 minutes at 37° C, followed by 
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heat inactivation for 5 minutes at 65° C. Both short hairpin insert and lentiviral vector 

backbone were assessed for purity and concentration via gel electrophoresis and 

spectrophotometry on the NanoDrop 1000 (Thermo Scientific), with an A260/280 ratio of 

1.8 and an A260/230 ratio between 2.0 and 2.2 as ideal. DNA was used immediately for 

ligation or stored at -20° C for later use. 

B.7 DNA Ligation 

DNA ligation was used to create lentiviral vectors containing shRNA targeting CCL5 and 

luciferase (LUC, a nonspecific control). All DNA ligations were carried out using T4 DNA 

Ligase (NEB #M02025). The molar ratio between vector (approximately 8000 base pairs) 

and insert (approximately 100 base pairs) with 3:1, with reactions containing 250 ng of 

vector and approximately 1 ng of insert per ligation reaction. Reaction components 

consisted of vector/insert DNA, 1X reaction buffer (NEB #B02025), 1X bovine serum 

albumin (Gibco), 200 units of T4 DNA Ligase and ultra pure water to a total volume of 10 

µl. First, vector and insert were mixed together and heated to 65°C to break any secondary 

DNA structure, then quenched on ice. A master mix containing T4 DNA Ligase was then 

added, mixed by pipetting, and then incubated one to two hours at room temperature prior 

to use in transformation procedures.  

B.8 Creation of Transformation-competent E.coli 

100 ml of Luria broth (LB) was inoculated with E.coli HB101
rec-

 (recombinase-) and 

cultured overnight at 37° C under agitation (220 RPM). 100 ml of Psi broth was inoculated 

with one ml of this culture and incubated 2 hours at 37° C under agitation (220 RPM). Cell 

concentration was monitored until absorbance at 600 nm reached 0.48, measured in a 

Bionate 3 spectrophotometer (Thermo Spectronic, USA), approximately 4 hours. The 
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culture was placed on ice for 15 minutes and centrifuged (Sigma 3K-15) at 3000xG for 5 

minutes at 4°C. The supernatant was discarded, 20 ml of TfbI added and the pellet 

resuspended and placed on ice for 15 minutes. The suspension was centrifuged using the 

previous parameters and the supernatant discarded. The pellet was resuspended in 2 ml of 

TfbII, divided into 50 µl aliquots and frozen at -80° C.  

B.9 Transformation of E. coli: Heat Shock Method 

An aliquot of transformation competent E.coli HB101
rec- 

was thawed on ice. Five 

microlitres of plasmid DNA from the ligation reaction was added to a microcentrifuge tube, 

and the aliquot of E.coli gently added without mixing then incubated on ice for 20 minutes. 

Controls consisted of undigested vector alone and digested vector alone. The mixture was 

heat shocked by immersing in a 42° C water bath for 60 seconds, then quenched on ice for 

one minute. One ml of LB was added without mixing, then incubated for 90 minutes at 

30°C under agitation (220RPM). Bacteria were then pelleted in a microcentrifuge at 6000 

RPM for one minute and 850 µl of supernatant removed. The pellet was gently resuspended 

and spread on pre-warmed LB plates (with 100 mcg/ml ampicillin). Plates were incubated 

overnight at 30°C, with colonies picked for further culturing at between 12 and 16 hours. 

B.10 Creation of Lentiviral Vectors  

Four different seed sequence oligomers targeting murine CCL5 (I-IV) were designed using 

the RNAi Codex (codex.cshl.edu) and purchased from GeneWorks (Adelaide, SA).  

Seed sequences were:  

CCL5Ω (I): 5’-GAGAAGAAGTGGGTTCAAGAA-3’; 

CCL5Ω (II): 5’-CGACCAAGAAATCAGCATTTCATT-3’; 

CCL5Ω (III): 5’-GGTTCAAGAATACATCAACTA-3’; 
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CCL5Ω (IV): 5’-CGTGCCCACGTCAAGGAGTAT-3’. 

 

Following PCR amplification with Taq DNA polymerase (NEB, #M0273S), PCR products 

were gel purified with the Wizard Gel Purification Kit (Promega, Madison, WA). Next, 

oligomers underwent restriction digest with Xho1 and EcoR1 to create the correct binding 

sites for the pZeo-GFP vector.  The lentiviral backbone (pZeo-GFP) also underwent 

Xho1/EcoR1 digestion (to release a previously cloned fragment) and gel purification, 

followed by treatment with Antarctic Phosphatase (NEB, #M0289S) to remove the 

5’ phosphate group, thus preventing vector re-circularization. The shRNAi was then ligated 

with T4 ligase (NEB, #M0202S) into the the XhoI/EcoRI site of pZEO-GFP flanked by a 

miR-30 based sequence, with eGFP in a single cistron, driven by the EFlong promoter as 

described (Kumar et al., 2003). Products were then used for transformation of 

E.coli Hb101
-
. Resultant transformed cells were incubated overnight with shaking at 30°C 

(to minimize recombinase activity) in low salt Luria broth under ampicillin selection. 

Cultures then underwent mini-preparation and the purified DNA run on 0.8% agarose gel 

against a Lambda HindIII ladder for quantification, then further confirmed on the Nanodrop 

1000 (Thermo-Fisher) and purity further assessed with the A260/280 ratio. Big Dye® 

Terminator (Applied Biosystems) sequencing reaction then followed using the 

recommended protocol and the results sent to Griffith University DNA sequencing facility. 

Correct clones then underwent midi-preparation with the purified DNA stored at -20°C and 

earmarked for lentiviral production. The two other components of the three-vector system, 

psPAX2 and pVSV-G, were used to transform E.coli Hb101
-
. Following overnight 

incubation in low salt Luria broth under ampicillin selection, cultures were expanded to a 
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total volume of one litre followed by subsequent maxipreps. Purified plasmid DNA was 

then used in the correct molar ratios as part of the three-vector system.  

B.11 Creation of Lentiviral Particles and Cell Transduction 

Lentiviral particles were then created using the three-vector system, consisting of the 

plasmids pVSV-G, psPAX2, and pZEO-GFP carrying the four CCL5 shRNA seed 

sequences, pZEO-GFP-CCL5Ω (I-IV). All vectors originated from the Trono Lab, 

Switzerland, except PGK-mCherry, provided by Dr. A. Mellick.  

 

Lentiviral particles were produced by co-transfecting HEK293T producer cells with the 

three vectors. Briefly, HEK293T cells were grown to 70% confluence in 10 cm plates. 

Media was changed 2 hours prior to transfection. For each plate, 5 µg of pVSV-G, 15 µg of 

psPAX2 and 20 µg of cloning plasmid were mixed with sufficient ultra-pure water to create 

a total volume of 250 µl. Two hundred and fifty µl of 0.5 M CaCl2 was added to a separate 

polystyrene tube, followed by the addition of the plasmid mixture, then the drip-wise 

addition of Hepes-buffered saline (HeBS 2X) while bubbling air into the mixture. After 

30 minutes incubation, the mixture was gently added to plates of HEK293T cells and the 

cells returned to the incubator for 24 hours. After 24 hours the medium was changed. At 

48 hours, the medium containing lentiviral particles was harvested and filtered through a 

syringe-driven 70µM filter (Millipore) and fresh media added to cells. A second harvest of 

lentiviral particles was carried out in 24 hours. Multiplicity of infection (MOI) was 

quantitated by infecting HEK293T cells with serial dilutions of viral medium, (based upon 

the premise that one lentiviral particle will infect one HEK293T cell) and counting 

GFP-labelled cells by FACS analysis 48 hours post-infection.  
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Harvested medium containing lentiviral particles was then used to transduce 4T1 and 

EO771 cell lines, as well as other cell lines as required, using 1 µg/ml Polybrene® (Sigma 

Aldrich, St. Louis, MO) to increase infection. Medium was left on the cells for 24 hours, 

and then changed. Both transfection and transduction efficiency was evaluated with 

fluorescence imaging. Once a high level of transduction was achieved, GFP positive cells 

were sorted on a MoFlo™ XDP cell sorter (Beckman Coulter,) and frozen down until 

required.  

B.12 Cell Lines and Growth Conditions 

4T1, MDA-MB-231 and HEK293T cells were grown in high glucose DMEM containing 

10% foetal calf serum (FCS, Invitrogen, Carlsbad, CA), 1% penicillin-streptomycin 

(Sigma-Aldrich), sodium pyruvate (1mM) and l-glutamine (1mM). EO771, LLC, 

RAW 267.4, and mHEVc were grown in RPMI 1640 medium with 10% foetal calf serum 

and 1% penicillin-streptomycin. HUV-EC-Cs were cultured in flasks pre-coated with 

0.1% bovine gelatine (Sigma-Aldrich), and maintained in EGM-2MV BulletKit™ media 

(Lonza, Valais, Switzerland), supplemented with 2% FCS, human epidermal growth factor 

(hEGF, 5.0ng/ml), VEGF (0.5 ng/ml), human FGF-B (hFGF-B, 10ng/ml), recombinant 

human long R3 insulin-like growth factor-1 (R
3
-IGF-1, 20 ng/ml), FGF 1 (10 ng/ml) 

ascorbic acid, heparin, and GA-1000 (Gentamicin, Amphotericin-B). All cells (except 

RAW 264.7 and HUV-EC-C) were passaged using 0.05% trypsin 0.5 mM EDTA in PBS 

pH 7.4. RAW 264.7 cells were dissociated via scraping to avoid activation by trypsin. 

HUV-EC-C were dissociated with 0.01% trypsin in PBS pH 7.4. All cell lines were 

cultured in a 5% CO2 humidified atmosphere at 37°C. Cell numbers were either calculated 

manually using a haemocytometer and Trypan blue exclusion staining, or counted with the 
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Muse Cell Counter (Millipore). All cell lines were regularly tested for mycoplasma 

contamination via DAPI staining and q-PCR.  

B.12 Cryopreservation of Cell Lines 

For cryopreservation, dissociated cells were centrifuged at 400xG, residual media removed 

and the cell pellet resuspended in 500 µl of ice cold FCS containing 10% (v/v) dimethyl 

sulphoxide (DMSO) and aliquoted into a 1.0 ml cryovial (Sigma Aldrich). The cell 

suspension was maintained on ice for 5 minutes to allow DMSO to permeabilize the cell 

membrane, placed in a pre-cooled 0° C Mr. Frosty (Thermo Scientific) and immediately 

into -80° C freezer. For long-term storage, frozen cells were transferred to gas phase 

nitrogen. To resuscitate frozen cell lines, cryovials were thawed at 37°C and the cell 

suspension quickly transferred to a T25 flask containing pre-warmed, pH equilibrated 

medium. Cells were allowed to attach for up to 12 hours, depending on the cell line, then 

medium changed to remove residual DMSO and excess FCS. 

B.13 Orthotopic Injections and Tumour Growth Curves 

The day prior to injection, the third nipples on each mouse were marked and all hair shaved 

from the area. The next day, BC cells were trypsinized, rinsed twice in PBS to remove any 

residual medium and counted using a haemocytometer or the Muse Cell Counter 

(Millipore). 2.0 x 10
5 

cells were suspended in 50 µl of PBS and injected with a 26 gauge 

needle into the mammary fat pads adjacent to the third nipples. Successful injections 

resulted in the formation of a small blister and subsequent growth of an orthotopic tumour. 

Procedures were performed under general anaesthetic using the Stinger (Advanced 

Anaesthesia Specialists) and 4% isoflurane (Bomac, Australia). Tumour length and width 

were measured every second day with digital calipers (Mitutoyo, Tokyo). Tumour volumes 
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were calculated with the equation (short axis) x .5236(long axis)
2
 (Nolan et al., 2007) and 

graphically plotted with Microsoft Excel 2007. 

B.14 Creation of Radiation Bone Marrow Chimeras 

Three types of radiation bone marrow chimaeras were created in this research: WT animals 

transplanted with knockout bone marrow, knockout animals transplanted with WT bone 

marrow and WT animals transplanted with WT bone marrow. Bone marrow chimaeras 

were created by lethally irradiating recipient mice and injecting them with bone marrow-

derived haematopoietic progenitor cells harvested from donor mice. Recipient mice were a 

minimum of eight weeks old and were subject to 11 Gray (1100 Rads) of radiation in two 

divided doses. Both femurs and tibiae were harvested from donor mice under sterile 

conditions. Bones were cleaned, epiphyses carefully trimmed and bone marrow flushed into 

ice cold serum-free DMEM with a 24 gauge needle. Cells were filtered through a 70 µm 

cell strainer (BD Falcon) and centrifuged at 400 X G for 2 minutes. The cell pellet was then 

washed, resuspended in PBS and cell counts performed. Cells were resuspended at a 

concentration of 1 x 10
8 

cells per milliliter in PBS. Irradiated recipient to animals received 

1 x 10
7 

bone marrow-derived cells (100 µl) via tail vein injection with a 26 gauge needle 

within two hours of the last dose of radiation. Following eight weeks of reconstitution, 

animals were tumour challenged. 

B.15 Harvesting Animal Tissues  

Early (day 14 post-injection) and/or late (day 28 post-injection) tissues were collected. 

Mice were sacrificed by cervical dislocation at end-stage. For CEP analysis in peripheral 

blood, tail vein or cardiac bleeds were carried out and blood collected in anti-coagulant 

buffer (PBS, 5mM EDTA). For BM-EPC analysis, femurs and tibiae were collected into ice 
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cold PBS, cleaned of flesh, epiphyses carefully trimmed away and BM flushed with ice 

cold PBS using a 23 gauge needle. Peripheral blood mononuclear cells (PBMNCs) and 

BM mononuclear cells (BMMNCs) were isolated by density gradient centrifugation using 

Histopaque 1077 (Sigma) according to manufacturer’s instructions and then either cytospun 

(500 X G for 5 minutes) onto SuperFrost slides (Menzel-Gläser, Braunschweig, Germany) 

or fluorescently immunolabelled for FACS analysis. For FACS analysis, blood, bone 

marrow and tumour tissues were collected without perfusing the mouse. Tumours were 

digested in a solution of collagenase H and D (Roche Diagnostics) for 40 minutes at 37° C 

and filtered through a 70 µm cell strainer (BD Falcon).  

 

 To harvest tissues for microscopy, mice were perfused through the left ventricle, first with 

40 ml of Sorensen’s phosphate buffer (SPB) (pH 7.4) followed by 40 ml of 

4% paraformaldehyde in SPB at a flow rate of three ml per minute. Successful perfusion 

resulted in rigidity of the carcass. Tumours and all organs were harvested, fixed 24 hours in 

4% paraformaldehyde in PBS at 4° C with rocking, then transferred to 30% w/v sucrose in 

PBS for another 24-48 hours until tissues sank. Tissues were then cryo-embedded in O.C.T 

(Tissue-Tek), frozen on dry ice and stored at -80° C. Tissues were cryo-sectioned on a 

Leica 1860 cryostat (Leica Biosystems, Nussloch GmbH) to 30 µm on poly-L-lysine coated 

SuperFrost slides (Menzel-Gläser) and stored at -80° C or stained using immunofluorescent 

labelling with conjugated primary monoclonal antibodies (see below) and DAPI as a 

nuclear counterstain (Invitrogen). Imaging was carried out on a Zeiss AxioImager M2 and 

images analysed using the AxioVisionLE (Version Zeiss 4.8) and ImageJ 1.47g 

(imagej.nih.gov.ij) software packages.  
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For immunofluorescence imaging of suspensions of blood, bone marrow and tumour 

derived cell populations, approximately 5 x10
4 

cells were suspended in 200μl of PBS. Cells 

were then pipetted into a cytofunnel and cytospun at 800 rpm for 5 minutes (Cytocentrifuge 

Universal 320 Hettich, Leipzig, Germany) onto positively charged SuperFrost Slides 

(Menzel-Glaser). A hydrophobic barrier was placed around the cells. Cells were either 

allowed to air dry for 30 minutes then fixed in 4% paraformaldehyde for 5 minutes 

followed by three 5 minute PBS rinses. Cells were then covered in a drop of O.C.T (Tissue-

Tek) and frozen at -80°C. Fluorescent immunolabelling and imaging followed as described. 

B.16 FACS Analysis 

Single-cell suspensions of tumour, peripheral blood mononuclear cells (PBMNCs) and 

bone marrow mononuclear cells (BMMNCs) were pre-blocked with 5% calf serum and 

1:300 Fc block (CD 16/CD 32, BD Pharmingen) for 30 minutes then divided into aliquots 

for unstained controls, single colour controls, fluorescence-minus-one controls (FMOs) and 

samples, and labeled using an antibody dilution of 0.5:100. Cells were then incubated in the 

dark for 30 minutes at room temperature with the appropriate combinations of primary 

Alexa-Fluor™ conjugated antibodies).   Next, cells were washed twice in 1 ml PBS with 

centrifugation, then the pellet resuspended in either 400 µl of PBS if sorting immediately, 

or 2% paraformaldehyde if sorting the following day. Multivariate FACS analysis was then 

carried out on an LSR Fortessa (BD Bioscience) using unstained controls, single colour 

controls and FMOs to set appropriate gates, voltages and compensation (Perfetto et al., 

2004).Compensation and analysis were performed using the FACSDiva software v6.1.2 

(Becton Dickenson). 
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B.17 Antibody Conjugation 

Most antibodies were primary conjugated in-house to various Alexa-Fluor™ succinimydyl 

ester dyes (Invitrogen) permitting unique combinations for multivariate FACS and 

immunofluorescence imaging. Bulk Alexa-Fluor dyes required aliquoting into usable 

quantities. 1 mg bulk dye was suspended in 500µl anhydrous DMSO and aliquoted into five 

µl (10μg) and desiccated in a Speed Vac (Thermo Scientific). Dyes were stored in dark and 

tightly sealed at -20°C. Antibodies were concentrated to 1 mg/ml in a final volume of 100 

µl by centrifugation at 10,000 X G for 5 minutes through an Amicon-50 column 

(Millipore), inverting the column into a collection tube and centrifuging at 800 X G for 2 

minutes. Eluate was used to adjust final volume to 100 µl if needed. Final concentration of 

antibody was verified via spectrophotometry on a NanoDrop 1000 (Thermo Scientific). 

Next, 7 µl of 1M sodium bicarbonate was added to antibody, mixed by pipetting once, then 

immediately added to the dye pellet, mixed and incubated in the dark with intermittent 

mixing for 1-2 hours while the conjugation reaction occurred. Next, Biospin P30 Tris Gel 

Column (Biorad) were pre-equilibrated by running three 500µl aliquots PBS (pH 7.4) 

through, centrifuging at 1100 X G for 2 minutes and discarding the eluate. Conjugated 

antibody was then separated from unincorporated dyes by centrifugation through 

equilibrated Biospin P30 columns at 1100 X G for 10 minutes, collecting the eluate 

containing purified conjugated antibody.  

B.18 Degree of Labelling (DOL) 

 DOL was calculated via spectrophotometry, finding the maximum absorption (Amax) and 

absorption at 280 nm (A280), and applying the following formula:  
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DOL = Amax / (Extinction Coefficient*((A280-(Amax*Correction Factor)) / IgG 

Extinction Coefficient). 

 

Each fluorochrome has a unique extinction coefficient and correction factor that is applied. 

IgG extinction coefficient is a standard value. DOLs between 3 and 6 were deemed suitable 

for FACS and between 15 and 18 for microscopy. Conjugated antibodies were stored at 

4° C.  
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Appendix C: Materials 

C.1 Oligonucleotides  

All oligonucleotides used in DNA sequencing and PCR reactions were purchased from 

GeneWorks (Adelaide) unless otherwise indicated. Table C.1, lists oligonucleotide 

sequences to create short hairpins, designed with the RNAi Codex (codex.cshl.edu). Table 

C.2 lists primer sequences used in DNA sequencing, genotyping, PCR amplification and 

quantitative real-time PCR. All sequences were purchased from Geneworks (Adelaide,SA), 

except for the murine CCR5 primers, which were purchased from Sigma-Aldrich. 

Table C.1 Short Hairpin Oligonucleotide Seed Sequences for CCL5. 

Number Accession # Sequence 

CCL5(I) HP_536594 TGCTGTTGACAGTGAGCGCGAGAAGAAGTGGG

TTCAAGAATAGTGAAGCCACAGATGTATTCTTG

AACCCACTTCTTCTCTTGCCTACTGCCTCGGA 

CCL5 (II) HP_283879 TGCTGTTGACAGTGAGCGACCAAGAAATCAGCATTT

CATTTAGTGAAGCCACAGATGTAAATGAAATGCTGA

TTTCTTGGGTGCCTACTGCCTCGGA 

CCL5(III) HP_292081 TGCTGTTGACAGTGAGCGAGGTTCAAGAATACATCA

ACTATAGTGAAGCCACAGATGTATAGTTGATGTATT

CTTGAACCCTGCCTACTGCCTCGGA 

CCL5(IV) HP_295668 TGCTGTTGACAGTGAGCGCCGTGCCCACGTCAAGGA

GTATTAGTGAAGCCACAGATGTAATACTCCTTGACG

TGGGCACGATGCCTACTGCCTCGGA 
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Table C.2 Primer Sequences 

Oligonucleotide  Amplicon Size Sequence 

5’-miR30 

Xho1forward primer  

N/A 

 

5’-CAG AAG GCT CGA GAA GGT ATA TTG 

CTG TTG ACA GTG AGC G -3’ 

3’-miR30 

EcoR1forward 

primer 

3’-CTA AAG TAG CCC CTT GAA TTC CGA 

GGC AGT AGG CA-5’ 

CCL5 Forward 

Primer 

170bp 5’-TAC CAT GAA GAT CTC TGC AGC T-3’ 

CCL5 Reverse 

Primer 

5’-CTG CTG GTG TAG AAA TAC TCC T-3’ 

CCR5 WT Forward 

Primer (murine) 

203bp 5’-CAG GCA ACA GAG ACT CTT GG-3’ 

CCR5 WT Reverse 

Primer (murine) 

5’-TCA TGT TCT CCT GTG GAT CG-3’ 

CCR5 Knockout 

Forward Primer 

280bp 5’-CTT GGG TGG AGA GGC TAT TC-3’ 

CCR5 Knockout 

Reverse Primer 

5’-AGG TGA GAT GAC AGG AGA TC-3’ 

CCR1 WT Forward 

Primer 

180bp 5’-GAG TTC ACT CAC CGT ACC TGT 

AGC-3’ 

CCR1 WT Reverse 

Primer 

5’-TTT GAC CTT CTT CTC ACT GGG TCT 

TC-3’ 

CCR1 Knockout 

Forward Primer 

500bp 5’-GAC CGC TAT CAG GAC ATA GCG T-3’ 

CCR1 Knockout 

Reverse Primers 

5’-CAG CTG CCG AAG GTA CTT CCA G-3’ 

CCR5 Forward 

Primer (human) 

116bp 5’-CTG GGC TCC CTA CAA CAT TG-3’ 

CCR5 Reverse 

Primer (human) 

5’-TGCAGGTGACAGAGACTCTTG-3’ 
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C.2 λHind III Ladder:    

20µL λDNA, 10µl 10X Buffer 2, 6 µl Hind III enzyme (all NEB), 64 µl pure H20. Incubate 

at 37°C for 2 hours. Heat inactivate at 65°C for 15 minutes. Store at -20°C. As some 

fragments bind to each other, heat the λHind III ladder to 55°C for 5 minutes, then cool on 

ice prior to use. 

C.3 Fluorochromes 

The following fluorochromes (with the exception of the nuclear counter-stain DAPI) were 

used in creation of specifically labelled primary conjugated antibodies. Resulting 

combinations served as fluorescent probes for both FACS analysis and 

immunohistochemistry. All fluorochromes were purchased from Invitrogen (Carlsbad, 

California). 

Pacific Orange ™ Succinimidyl Ester (#P30253) 

Pacific Blue™ Succinimidyl Ester (#P310163) 

Alexa Fluor® 488 Carboxylic Acid, Succinimidyl Ester (#A20000) 

Alexa Fluor® 568 Carboxylic Acid, Succinimidyl Ester (#A20003) 

Alexa Fluor® 647 Carboxylic Acid, Succinimidyl Ester (#A20006) 

Alexa Fluor® 750 Carboxylic Acid, Succinimidyl Ester (#A20011) 

DAPI (4’, 6-diamidino-2-phenylindole hydrochloride) (#D1306) 

C.4 Primary Unconjugated Antibodies  

Unless otherwise indicated, rat anti-mouse antibodies were all obtained from 

BD Pharmingen™ (Franklin Lakes, NJ) and used for all murine work. Unconjugated 

antibodies were conjugated in-house. 

CD31/PECAM-1 (clone MEC13.3) 
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VE-cadherin/CD144 (clone 11D4.1)  

CD11b (clone M1/70)  

VEGFR2/Flk1 (clone avas12a1) 

CCR5/CKR195 (clone C34-3448): murine 

TER119 (clone TER119)  

GR-1 (clone RB6-8C5) 

CKR-5 (cloneD-6) (Santa Cruz, CA) murine and human CCR5 

CD61/Integrinβ3 (clone 2C9.G2) 

Isotype Control Antibodies: IgG2a, IgG2b, IgG2c (BD Pharmingen) 

C.6 Commercially Conjugated Antibodies  

Phycoerythrin (PE) conjugated c-kit (CD117) (clone 2B8) (BD Pharmingen™) 

Alexa Fluor® 647 conjugated CCR1 (clone 53504) (BD Pharmingen™) 

Ki67-eFlour 570 (clone SolA15) (eBiosciences, San Diego, Ca) 

C.7 Reagents 

Ampicillin (Sigma-Aldrich) 50mg/ml suspended in 70% ethanol 

Bovine Serum Albumin (Gibco®) 

UltraPure™ 0.5M EDTA, pH 8.0 (Invitrogen) 

Penicillin/Streptomycin (Sigma-Aldrich) 

2.5% Trypsin (Gibco®) 

Trypan Blue (Sigma-Aldrich) 

RNase A (20 mg/mL) (Invitrogen) 
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C.7 Buffers and Solutions  

Alkaline Lysis Solution I (GTE Buffer):   

50mM glucose, 25mM Tris-Cl (pH8.0), 10mM EDTA (pH 8.0). Store at 4°C. Add 

RNase A (Invitrogen) to a final concentration of 100µg/ml prior to use. 

Alkaline Lysis Solution II:   

0.2 N NaOH, 1% w/v sodium dodecyl sulfate. Prepare fresh. 

Alkaline Lysis Solution III:   

60 ml of 5M potassium acetate (CH3COOK), 11.5 ml glacial acetic acid, 28.5 ml pure H2O. 

Store at 4°C. 

Agarose Gel Loading Dye (6X): 

 0.09% (w/v) bromophenol blue, 0.09% (w/v), 60% (v/v) glycerol, 60 mM EDTA, 1M Tris 

(pH 8.0). 

0.5 M EDTA Solution 

To prepare EDTA at 0.5 M (pH 8.0), add 186.1 g of disodium EDTA•2H2O to 800 ml of 

H2O. Stir vigorously on a magnetic stirrer. Adjust the pH to 8.0 with NaOH (~20 g of 

NaOH pellets) and bring total volume to 1 litre. (The disodium salt of EDTA will not go 

into solution until the pH of the solution is adjusted to ~8.0 by the addition of NaOH). Store 

at room temperature. 

50x Tris-acetate EDTA (TAE) Buffer:  

Dissolve 242 g Tris Base (MW=121.1), 57.1 ml Glacial Acetic Acid, 100 ml, 0.5 M EDTA 

pH 8.0 in 800 ml H2O. Adjust final volume to one litre. Store at room temperature.  
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Cell Lysis Buffer (for Western Blots):  

50 mM Tris (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1% Triton X- 

100 (v/v). Add protease inhibitor (Carbiotech) 1:200 prior to use. 

HEPES-buffered Saline (HeBS 2X):   

280mM NaCl, 50mM HEPES, 1.5mM Na2HPO4. Adjust precisely to pH 7.0. Filter sterilize 

through .22µm filter. Store in aliquots at -20°C. 

Mouse Tail Digestion Buffer (for Genotyping):   

5 mM EDTA, pH 8.0, 200 mM NaCl, 100 mM Tris, pH 8.0, 0.2% sodium dodecyl sulphate 

(SDS), 0.4 mg proteinase K (Invitrogen) per ml digestion buffer. 

Phosphate Buffered Saline (PBS):  

137 mM NaCl, 10 mM Na2HPO4 ● 2 H2O, 2.7 mM KCl, 2 mM KH2PO4 (pH 7.4). 

Autoclave, store sealed at room temperature. 

 Sorenson’s Phosphate Buffer (SPB): 

 Solution A: 0.2M dibasic sodium phosphate. Solution B: 0.2M monobasic sodium 

phosphate. For pH 7.2, mix 36ml of Solution A with 14ml of Solution B. Bring to a total 

volume of 100ml. Check pH and adjust accordingly. 

Blocking Buffer for FACS and Immunohistochemistry:   

5% FCS, 1:300 Fc block (CD16/CD32, BD Pharmingen), in PBS pH 7.2.  

Sorting Buffer for FACS:   

1% FCS, 5mM EDTA in PBS pH 7.2. 
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4% Paraformaldehyde:  

Pre-heat 85ml of purified water to 60°C on hot plate with magnetic stirrer. Add 4 g of 

paraformaldehyde powder, mixing and slowly adding a few drops of 0.1N NaOH until 

powder fully dissolved. Do not let temperature exceed 65°C.  Bring total volume to 90ml 

and add 10 ml of 10X PBS. Aliquot and store at -20°. 

10X Low Salt Luria-Bertani (LB) Media:  

Dissolve 100 g Bacto™-Tryptone (BD Biosciences), 50 g Bacto™ Yeast Extract (BD 

Biosciences) and 50 g NaCl in 900 ml H2O. Adjust the pH to 7.0 with approximately 0.2 ml 

of 10M NaOH. Bring the final volume to 1 litre with H2O. Sterilize by autoclaving. Dilute 

1:10 under sterile conditions prior to use. For LB plates, add 15 g of agar to 1X LB, 

autoclave; add selection antibiotic upon cooling to 48°C and pour into Petri plates. Cool 

under sterile conditions with lid ajar to minimise condensation. 

Psi Broth  

Dissolve 0.5g Bacto™ Yeast Extract, 2.0 g Bacto™-Tryptone, 0.5 g MgSO4 in 90 ml water. 

Adjust the pH to 7.6 with NaOH, bring to a final volume of 100ml and sterilize by 

autoclaving. 

TfbI  

Dissolve 0.588g CH3CO2K (potassium acetate), 2.42g RbCl, 0.294g CaCl2, 

2.0g MnCl2
.
4H2O and 30 ml glycerol in 190 ml water. Adjust pH to 5.8 with dilute acetic 

acid and bring final volume to 200 ml. Sterilize by autoclaving. 
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TfbII 

Dissolve 0.21 g MOPS (3-(N-morpholino) propanesulfonic acid), 1.1g CaCl2, 0.121g 

RbCl, and 15 ml glycerol in 90 ml of water. Adjust pH to 6.5 with dilute NaOH and bring 

total volume to 100 ml. Sterilize by autoclaving. 

C.9 Enzymes and Kits 

T4 ligase, Antarctic Phosphatase, Xho1, EcoR1, Taq polymerase and Deoxynucleotide 

Solution Mix were all purchased from NEB (Ipswich, MA). Murine Maloney  Leukaemia 

Virus (M-MLV) reverse transcriptase, RNasin, DNase  and the Wizard Gel Kit were 

purchased from  Promega (Madison, WA). High Pure Plasmid Isolation Kit (minipreps) 

was purchased from Roche Applied Science (Australia).  
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