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ABSTRACT 

 

The tumour micro-environment (TME) has an essential role in tumour development and 

progression.  Immune cells recruited to the site of the tumour secrete soluble factors such 

as proteinases, growth factors, survival factors and angiogenic factors into the TME.  The 

secretion of these factors is up-regulated via inflammatory mediators secreted by tumour 

cells, resulting in a pro-malignant cycle between the cancer and immune cells.  A greater 

understanding of the molecular mechanisms underpinning these interactions is required, 

as this will assist towards identifying potential new drug targets for cancer and ultimately, 

will aid in the long-term development of targeted and effective treatments for breast 

cancer and MBC. 

 

The activities of certain immune cells, such as tumour associated macrophages, have been 

reasonably well characterised in cancer, however, until recently, less was known 

regarding the role of neutrophils in tumour progression.  The goal of the research 

described in this thesis was to determine whether soluble factors secreted by breast cancer 

cells might alter the phenotype or lifespan of neutrophils.  The latter may allow 

neutrophils sufficient time to participate in activities within the TME that may either help 

or hinder tumour progression, while soluble factors released by the neutrophils might 

influence the invasiveness of breast cancer cells. 

 

To investigate whether soluble factors released by breast cancer cells could delay 

neutrophil apoptosis, neutrophils were cultured in conditioned medium (CM) prepared 

from highly metastatic MDA-MB-231 or poorly metastatic MCF-7 cells.  Flow cytometry 

experiments showed a delay in apoptosis for neutrophils cultured in MDA-MB-231 CM, 

but not MCF-7 CM.  Quantitative RT-PCR was used to measure neutrophil mRNA 

expression of pro- versus anti-apoptosis peptides; neutrophils incubated in MDA-MB-

231 CM, but not MCF-7 CM, demonstrated a significantly higher expression of the anti-

apoptosis peptide BCL2 (A1) and significantly lower expression of the pro-apoptosis 

peptide BAK compared to control.  Western blots showed extensive caspase-8 activation 

for neutrophils cultured in MCF-7 CM, consistent with apoptosis, whilst neutrophils 

cultured in MDA-MB-231 CM showed little activation of caspase-8, indicating low levels 
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of apoptosis.  The soluble factor contained within the MDA-MB-231 CM, responsible for 

the delay in neutrophil apoptosis was found to be heat stable and have a molecular weight 

of between 10-100kDA.  Prostaglandin E2 (PGE2) was identified as a potential candidate 

molecule, as it is a heat stable lipid, and when bound to plasma proteins, fits the molecular 

weight criteria.  In addition, neutrophils cultured with 10µM native or heat treated PGE2 

demonstrated a delay in apoptosis, however, this was to a lesser extent compared to 

neutrophils cultured in MDA-MB-231 CM.  Cycoloxygenase-2 (COX-2), the enzyme 

responsible for PGE2 synthesis, was shown to be expressed in MDA-MB-231 cells but 

not MCF-7 cells, which is in agreement with the results demonstrating a delay in 

apoptosis for neutrophils cultured in MDA-MB-231 CM but not MCF-7 CM.   

 

Freshly isolated human neutrophils, obtained from the peripheral blood of healthy 

volunteers, cultured in MDA-MB-231 or MCF-7 CM for 7hrs were not polarised toward 

a pro or anti-tumour phenotype, as determined via the expression of ICAM-1 and       

MMP-9.  Finally, to investigate whether neutrophils could influence the process of EMT 

and alter the migration of breast cancer cells, neutrophils were indirectly cultured, via 

transwell plates, with MDA-MB-231 or MCF-7 cells.  Neutrophils were not found to 

enhance the migration of the cancer cells, as determined via a wound scratch assay.  

Likewise, neutrophils were not shown to influence the process of EMT in the cancer cells, 

as determined by changes to cell morphology or the expression of EMT Markers.   
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CHAPTER 1 

 

INTRODUCTION & LITERATURE REVIEW 
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1.1 Introduction 

 

The average human being is comprised of at least 37.2 trillion cells (1), each working 

together in an orderly manner, participating in processes essential to life.  In most adult 

tissues, cells are continuously turned over; the cells growing, dividing and dying in 

response to signals from the environment in which they are located (2).  This is a tightly 

controlled process; when cells become old they should die (3), and if cells become 

infected or damaged they should be destroyed, either by cell-autonomous mechanisms or 

by the immune system (4).  Nonetheless, if a cell incurs mutations or epigenetic changes 

to tumour suppressor or proto-oncogenes, it may begin to proliferate uncontrollably and 

form a tumour (5).  Over time the tumour cells may acquire certain biological capabilities; 

these include evasion of growth suppressors, resistance to cell death, replicative 

immortality and avoidance of immune destruction (6).  Consequently, whilst the immune 

system can detect and destroy abnormal cells during the early stages of tumour formation 

(reviewed in 7,8), eventually the tumour cells may evade the immune response, 

prompting unrestrained growth and the development of cancer (9).   

 

Whilst great progress has been made towards the prevention and treatment of cancer, it 

remains one of the leading causes of morbidity and mortality worldwide (10).  An 

estimated 18.1 million new cases and 9.6 million cancer associated deaths occurred 

globally during 2018 (11).  These numbers are projected to rise by approximately 63% 

over the next two decades, with 29.5 million new cases and 16.4 million deaths expected 

per year, by 2040 (12).  This is partly due to the increased size and lifespan of the global 

population (13) and partly due to adverse environmental and lifestyle factors such as 

cigarette smoking, poor diet and air pollution that increase the risk of genetic mutations, 

and consequently, cancer development (14).  Certain cancers are more common than 

others, especially those due to lifestyle factors; for example lung cancer is the most 

common cancer in men, with tobacco use accounting for 87% of (male) lung cancer 

associated deaths (15).  Whilst other cancers (such as colon or breast cancer in women) 

are more common because the cells contained within the tissue undergo more frequent 

cell divisions, thus increasing the chance of mutations (16).    
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A substantial body of research (reviewed in 17,18) from the last 2-3 decades suggests that 

the micro-environment of the tumour may have a pivotal role in tumour development and 

progression.  Large numbers of immune cells are recruited to the site of tumours; the 

inflammatory infiltrate secretes proteinases, growth factors, survival factors and 

angiogenic factors into the microenvironment (reviewed in 6,19,20).  Unfortunately, 

rather than helping the host, these substances can also promote cancer growth, 

angiogenesis, tissue invasion, and ultimately, metastatic dissemination (reviewed in 

6,19,20).  The activities of certain innate immune cells, such as tumour associated 

macrophages or “TAM’s”, have been reasonably well characterised in this process (21–

23) and are now considered to be an important treatment target for oncology, in 

conjunction with chemotherapy and immunotherapy (24).  However, until recently, less 

was known regarding the role of neutrophils in cancer.   

 

For many years, neutrophils were thought to have a negligible role in cancer, primarily 

because they were classically viewed to be short lived, terminally differentiated cells. 

Whilst there was initial interest during the late 80’s and early 90’s, after this point the 

number of published papers regarding neutrophils and cancer gradually declined (25).  

However, somewhat unexpectedly, research from the last decade has shown that 

neutrophils demonstrate a heterogenous phenotype (26) and, within the context of certain 

inflammatory diseases, demonstrate an enhanced lifespan (27).  This, taken in conjunction 

with the knowledge that neutrophils represent a significant proportion of the immune cell 

infiltrate within many tumours (25,28,29), has prompted fresh investigation into their 

potential role in cancer.   

 

To date there is a some evidence that neutrophil lifespan might be enhanced in certain 

cancers, and that cross talk between neutrophils may enhance cancer cell motility and 

invasiveness (30–35).  However, overall, there is conflicting data regarding the role of 

neutrophils in cancer, with both “pro” and “anti-tumour” effects being reported (Section 

1.2.5.5.1 – 1.2.5.5.2).  Research (36,37) suggests that neutrophils may demonstrate an 

altered phenotype in cancer which could explain their dual, opposing functions.  A great 

deal of work is required to characterise the role of neutrophils in cancer, partly because 

their influence appears to depend on the type or stage of tumour development.   
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The purpose of this research was to determine how interactions between cancer cells 

(specifically breast cancer cell lines) and neutrophils might help or hinder tumour 

progression.  Knowledge gained during this process may contribute in the long term, 

towards the development of a targeted treatment for breast cancer. 

 

This project had the following main objectives: 

1. To determine if soluble factors released by breast cancer cell lines could delay 

neutrophil apoptosis, thus allowing the neutrophils more time to participate in 

activities within the tumour microenvironment that could either help or hinder 

cancer progression or metastatic dissemination.  

2. To investigate possible molecular pathways responsible for the delay in neutrophil 

apoptosis and to partially characterise the molecule(s) responsible for this effect. 

3. To determine if soluble factors released by breast cancer cell lines could polarise 

the neutrophils towards a pro or anti-tumour phenotype. 

4. To determine if soluble factors released by neutrophils could alter the phenotype 

of breast cancer cell lines by a) activating or inhibiting the epithelial mesenchymal 

transition or “EMT”, b) altering the expression of growth factors and cytokines 

associated with tumour growth and progression and c) enhancing or inhibiting 

tumour cell migration. 
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1.2 Literature review 

 

1.2.1 Breast cancer background 

 

Breast cancer is the most common cancer in women worldwide, accounting for more than 

a quarter of all female cancer cases, more than double the occurrence of any other cancer 

in women.  Globally, breast cancer was associated with an estimated 2,093,876 new cases 

and 626,679 deaths during 2018 (11).   

 

Risk factors for breast cancer include intrinsic, non-modifiable factors such as having a 

family history of breast cancer or inherited genetic mutations, increased age; with most 

breast cancers being diagnosed after the age of 50, and gender; being female (reviewed 

in 38,39).  To date more than 200 hereditary cancer syndromes (genetic disorders in which 

inherited mutations predispose the affected individual to cancer) have been identified, 

these are believed to account for approximately 5-10% of all cancers worldwide (40).  

Most of these are associated with tumour suppressor genes, such as p53 which codes for 

a protein responsible for regulating the cell cycle and apoptosis (41).  Although germline 

mutations in p53 are associated with early onset breast cancer in women (lifetime risk of 

disease being 49% by age 60 (42)), this condition (referred to as Li Fraumini syndrome) 

is very rare and has only been identified within 500 families globally (43).  Hereditary 

breast-ovarian cancer syndrome is far more common, as germline mutations in the genes 

breast cancer 1 (BRCA1) and breast cancer 2 (BRCA2) have a population incidence of 

between 1/500 – 1/1000 (40).  BRCA1 and BRCA2 are tumour suppressors that encode 

for proteins involved in repairing damaged DNA or destroying cells if the damage cannot 

be repaired. Mutations within these genes are associated with a 70-85% risk of developing 

breast cancer by age 70 in females (40), along with a 44-63% (BRCA1) or 27-31% 

(BRCA2) lifetime risk of ovarian cancer (44,45).  However reproductive factors are also 

critically important, since gonadal hormones such as progesterone and oestrogen may act 

as tumour promoters by increasing the rate of cellular proliferation, thereby driving 

tumour growth (46,47).  Thus, factors that increase exposure to these hormones, such as 

early menarche, late menopause, hormone replacement therapies and oral contraceptives, 

are associated with a moderate increase in breast cancer risk, whilst factors that decrease 
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exposure to these hormones such as parity and breast feeding are associated with a 

moderate decrease in breast cancer risk (38,39,47).  Furthermore, lifestyle factors, such 

as obesity and alcohol consumption, may increase breast cancer risk by raising circulating 

oestrogen levels (38,48,49), whilst exercise may decrease risk by altering oestrogen 

metabolism (50). 

 

1.2.1.1 The anatomy of the female breast and histology of breast cancer 

 

The adult female breast sits above the pectoralis major muscle, held in place by the 

suspensory Ligaments of Cooper which run from the fascia beneath the breast to the 

dermis of the skin.  The breast extends across the rib cage from the sternum (breast bone) 

into the axilla (arm pit) via the Tail of Spence. The glandular tissue of the breast is 

comprised of 15-20 lobes which radiate around the nipple in a petal like fashion. Each 

lobe contains smaller lobules and ducts which produce and transport the milk toward the 

nipple (Figure 1.1).  More than 95% (51,52) of diagnosed breast cancers are termed 

“adenocarcinomas”; these arise from the cells that line the smaller lobules and ducts. 

 

Figure 1.1: Anatomy of the female breast 

Reprinted from OpenStax, 27.2 Anatomy and Physiology of the Female Reproductive System. 

OpenStax CNX. 3 May 2019 http://cnx.org/contents/9cccba49-6490-4e5b-a366-

9991b7dbc56c@9; (Modified) (53). Gratis Reuse. 

http://cnx.org/contents/9cccba49-6490-4e5b-a366-9991b7dbc56c@9
http://cnx.org/contents/9cccba49-6490-4e5b-a366-9991b7dbc56c@9
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Breast tissue is highly vascularised and is supplied by branches of the internal thoracic, 

axillary and intercostal arteries; its venous return occurring primarily via the axillary and 

internal thoracic veins.  A large number of lymphatic vessels traverse alongside these 

blood vessels, draining their lymph into the axillary, parasternal and posterior intercostal 

nodes.  Whilst both the lymphatic and venous blood vessels provide a pathway for 

metastatic dissemination, breast tumours preferentially utilise the lymphatic system 

(54,55) and typically invade the nodes in sequence, starting with the nearest (the sentinel 

node) (56,57) then distal (non-sentinel) nodes followed by the axillary node (55).  

 

Cancers localised to the inside of ducts, referred to as “Ductal Carcinoma in Situ” or 

DCIS” are non-invasive, whereas those that have begun to invade the fatty tissue outside 

of the duct, referred to “Invasive Ductal carcinoma” or “IDC” are considered malignant.  

IDC is the most commonly diagnosed invasive breast cancer (~80% of cases) (58), with 

the majority of IDC cases being classified as “No Special Type” (NST) (59).  Rarer IDC 

subtypes include “tubular carcinoma of the breast”, in which the tumours are comprised 

of tube-like structures (~2-4.4% of cases); “medullary carcinoma of the breast”, in which 

the tumours are soft and fleshy (~1-7% of cases) and “papillary carcinoma of the breast”, 

in which the tumours display finger-like projections (~0.4.-2% of cases) (reviewed in 59).   

Invasive adenocarcinomas that commence inside the lobes, referred to as “Invasive 

Lobular Cancer” (ILC), usually affect women later in life than IDC and represent the 

second most common type of invasive breast cancer (~5-15% of cases) (52).  Although 

rare, breast cancer can occur outside of the ducts and lobes, for example in cells that line 

the blood and lymphatic vessels or within connective tissue (e.g. “Phyllodes tumours”, 

~0.3-0.5% female breast tumours) (60).   

 

1.2.1.2 Breast cancer symptoms, detection and survival rates 

 

The earlier a breast cancer is detected, the better the prognosis. Most cancers are described 

according to their stage (severity); Stage 0 describes cancer in situ, stage I a small cancer 

or tumour that has not invaded deeply into surrounding tissue, Stages II-III refer to larger 

cancers that have spread regionally and may have entered the blood stream and lymph 

glands and stage IV refers to a cancer that has spread to distal sites throughout the body.  



8 
 

In the USA, the five-year relative - survival rate is ~100% for women diagnosed with 

stage 0 or 1 breast cancer compared to ~22% for those diagnosed with metastatic or stage 

IV breast cancer (61).  Although breast cancer begins in non-essential tissue, it 

preferentially metastasises to the bone and vital organs such as the brain, liver and lungs 

(62), disrupting essential biological functions.  Whilst more research is required to 

determine the proportion of women with non-metastatic breast cancer that go on to 

develop metastatic breast cancer (MBC), a recent study from the USA found that three in 

four patients living with MBC were initially diagnosed with stage I-III breast cancer (63). 

 

A significant proportion of breast cancers are detected via either self-examination or 

accidently by a partner or spouse (64).  Early breast cancer symptoms are variable and 

can include a lump in the breast or armpit; thickening, swelling of the breast or dimpling, 

redness and flakiness of the skin; discharge or pain within the nipple area; general breast 

pain and changes in the shape and size of the breast (65).  However, many women do not 

display symptoms, consequently mammograms are used as a screening tool for women 

aged over 40 as these can identify very small tumours (~2mm in size (66)), prior to a 

lump being felt.  Approximately 3000 women and 20 men are diagnosed with breast 

cancer each year in New Zealand, with Maori women (on average) having a 1.4 times 

higher incidence rate than non-Maori women (67); the average ten year survival rate is 

approximately ~80%, however this increases to ~95% if the breast cancer is identified on 

an early screening mammogram (66).   

 

1.2.2 The human immune system and cancer 

 

It has long been recognised that the immune system plays a pivotal role in the control and 

development of cancer, indeed the first indications occurred as early as the 1700’s when 

it was observed that febrile infections in cancer patients were occasionally associated with 

spontaneous tumour remission (68). However, it was not until 1909 that Paul Ehrlich 

specifically suggested that the immune system might prevent abnormal cells from 

developing into tumours (as cited by D.Ribatti, 69), with Sir Frank Macfarlane Burnet 

adding to this hypothesis in 1957, suggesting that tumour cells may possess antigenic 

“potentialities” capable of provoking an immune response (70).  This concept eventually 
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evolved into the theory of “immunosurveillance”; with Burnet proposing that immune 

cells continuously patrol bodily tissues in order to eliminate neoplastic cells, made 

recognisable by their tumour associated antigens (71).  The immune system is now 

recognised as performing three distinct roles in tumour prevention: firstly, it protects the 

body against virus induced tumours by destroying and supressing viral infections (Section 

1.2.2.1); secondly, it eliminates pathogens and resolves inflammation in a timely manner, 

thereby preventing the formation of an inflammatory micro-environment conducive to 

tumour formation (Section 1.2.2.2); and thirdly, it can identify and eliminate aberrantly 

transformed cells before they can form a malignant tumour (reviewed in 7,8). 

 

1.2.2.1 An overview of the human immune system 

 

The human immune system is a network of interacting cells, tissues and organs that 

functions to protect the body against pathogens and infectious disease.  The immune 

system is categorised into two subsystems, innate and adaptive immunity, both of which 

participate in cancer cell recognition and control (72).  Each system contains white blood 

cells (leucocytes) that patrol freely through body fluids and tissues in order to seek out 

and remove cellular debris, damaged or infected cells, invading microorganisms and 

viruses.  Leucocytes (both innate and adaptive) are derived from hematopoietic stem cells 

(HSCs) contained in bone marrow and are categorised according to their structure 

(granulocytes or agranulocytes) or their progenitor cell lineage (myeloid or lymphoid) 

(Figure 1.2).   
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Figure 1.2: Haematopoiesis of myeloid and lymphoid cells  

Multipotent hematopoietic stem cells differentiate into myeloid and lymphoid stem cells in 

response to environmental signals, which in turn differentiate into mature blood cells. Reprinted 

from OpenStax, 3.6 Cellular Differentiation. OpenStax CNX. 3 May 2019 

http://cnx.org/contents/966c32cc-3d6f-4f4e-af4f-ea0c975e825c@8. (Modified), (73). Gratis 

Reuse. 

 

1.2.2.2 Innate immunity 

 

Innate immunity is a host defence mechanism in which cells respond to a pathogen 

immediately, in a generic non-specialised manner (74).  It is comprised of physical 

barriers (e.g. epithelium of the skin), inflammation, soluble factors (referred to as 

complement) and a cellular component; specifically, neutrophils, macrophages, mast cells 

and dendritic cells (collectively known as phagocytes) along with basophils, eosinophils 

and natural killer (NK) cells.  

 

http://cnx.org/contents/966c32cc-3d6f-4f4e-af4f-ea0c975e825c@8
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Phagocytes primarily remove pathogens and dead/dying cells by engulfing them within 

their plasma membrane, destroying them with toxic reactive oxygen compounds 

(superoxide and hypochlorite) and degradative enzymes such as acid hydrolases and 

proteases (75,76). In contrast, basophils and eosinophils destroy pathogens via the release 

of cationic proteins contained within their granules (77), whereas natural killer cells are 

cytotoxic, releasing perforin and granzymes (serene proteases) to trigger apoptosis within 

damaged or infected cells (78). Importantly, natural killer cells (NK cells) are believed to 

have a pivotal role in immunosurveillance (Section 1.2.2.4) during the early stages of 

cancer formation (79)). Leucocytes distinguish between “self” and “non-self” via the 

expression of MHC molecules, yet MHC class 1 molecules are frequently down regulated 

by tumour cells, enabling them to avoid destruction by cytotoxic T Cells (80). However, 

NK cells recognise and destroy cells that lack the expression of these molecules (referred 

to as “missing-self”) on their surface (79). The apoptotic tumour cells are subsequently 

phagocytosed by macrophages and dendritic cells prompting the secretion of 

inflammatory cytokines and the presentation of ingested tumour antigens to adaptive 

immune cells (Section 1.2.2.3) (81,82). 

 

Tissue inflammation is primarily stimulated by the release of inflammatory cytokines, 

eicosanoids and chemokines by macrophages and mast cells that have been activated in 

response to pathogen derived molecular products (e.g. Lipopolysaccharide or “LPS”) or 

endogenous stress signals (such as extracellular ATP) at the site of infection or injury 

(reviewed in 83).  These inflammatory mediators trigger a cascade of effects, including 

the activation of pain receptors (84), vasodilation of blood vessels, and critically, the 

recruitment and activation of additional leucocytes (83).  This inflammatory response is 

tightly regulated, as too little will not resolve the infection or injury, whereas too much 

will cause damage to nearby host cells; an inappropriate response (either to a non-

pathological threat such as pollen or gluten or to the host cells themselves) can lead to 

allergies (85), or tissue destruction and the development of autoimmune diseases (86,87).  

In the context of cancer, acute inflammation frequently heralds the development of 

protective, adaptive immune responses against the early stages of tumour development 

(Sections 1.2.2.3-4) (88).  Chronic inflammation, either from infection, disease or 

lifestyle factors such as obesity may contribute to tumour initiation (by generating 

genotoxic stress – damage to genetic information that results in mutations), tumour 
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promotion (by inducing cellular proliferation) and disease progression (by augmenting 

angiogenesis and tissue invasion) (9,88–91).  

 

1.2.2.3 Adaptive immunity 

 

The adaptive immune system is highly specific in its response towards pathogens or 

pathogen infected cells.  It is comprised of two types of cells, B cells and T cells, which 

(along with NK cells) are collectively referred to as “lymphocytes”.  Newly created B 

cells and T cells circulate the body as immature “naïve” cells until they become activated 

by antigens, B cells directly and T cells indirectly via antigen presenting cells (85).  The 

naïve B & T cells subsequently differentiate into mature “effector cells” or “memory 

cells”; the effector cells directly destroy pathogens, whereas the memory cells provide 

long lasting protection to the host, by mounting a rapid, enhanced response towards any 

subsequent encounters with the same pathogen (85). 

 

Effector B cells (plasma cells) secrete antibodies specific to the original activating antigen 

into blood and lymph, which bind to target antigens and destroy pathogens by neutralising 

them, activating complement and/or marking infected cells for destruction by phagocytes 

(92).  In the context of cancer, B cells may exert an anti-tumour response by secreting 

antibodies specific to tumour antigens (93), or by presenting tumour antigens directly to 

naïve T cells (94). Effector T cells include Killer T cells or CD8+ T cells, Helper or CD4+ 

cells, regulatory or CD4+T reg cells.  CD8+ T cells destroy damaged and infected cells 

by releasing cytotoxins and proteases to trigger apoptosis (95).  Whereas CD4+ T cells 

release cytokines such as IFN-γ and IL-4 that help mediate the immune response (96), for 

example by activating CD8+ T cells or stimulating an increase in antibody production by 

B cells (97). Finally, CD4+ T reg cells function to supress the immune response by a) 

downregulating the activation and proliferation of CD8+ T cells once a pathogen has been 

dealt with and b) triggering the apoptosis of auto-reactive CD8+ T cells thereby 

preventing autoimmune disease (98).  Both CD8+ and CD4+ T cells may play a critical 

role in anti-tumour immunity, as they can recognise  tumour cell antigens and 

subsequently eliminate the tumour cells (99,100).   
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1.2.2.4 Immunosurveillance and immunoediting 

 

Whilst the theory of immunosurveillance is supported by studies that demonstrate a 

significant increased risk of cancer in immunocompromised individuals (101–103), this 

does not explain the incidence of cancer in healthy, immunocompetent individuals.  A 

series of animal studies (reviewed in 104) suggested that tumour development might be 

shaped in response to the immunological environment in which they form.  For example, 

Shankaran et al. (105), demonstrated that whilst lymphocytes and IFN-γ could protect 

against the development of carcinogen-induced sarcomas or spontaneous carcinomas in 

immunodeficient mice, this process might also lead to the positive selection of cancer 

cells capable of evading that particular immune response (105).  It was subsequently 

recognised, that the immune system might play a dual role in cancer, with both host 

protective and tumour promoting actions.  As a consequence, the theory of 

“immunosurveillance” was refined and extended into the concept of “immunoediting”, 

the interplay between tumour cells and the host immune system being made up of three 

stages, elimination, equilibrium and escape (Figure 1.3) (104).  
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Figure 1.3: The process of cellular transformation and immunoediting   

Healthy cells exposed to carcinogens, chronic inflammation or viruses incur genetic mutations 

and undergo neoplastic transformation.  The transformed cells are initially detected and destroyed 

by the immune system, via the recognition of tumour antigens, DNA damage ligands or danger 

signals.  Any surviving cells enter into equilibrium.  Overt growth is initially inhibited by NK and 

CD8+T cells, however this results in the positive selection of traits that enable tumour cell escape. 

Reprinted from Immunity, 21 (2), Dunn G, Old LJ, Schreiber RD, The immunobiology of cancer 

immunosurveillance and immunoediting, Page 138, with permission from Elsevier; (Modified), 

(106).  

 

The elimination phase of immunoediting is similar to the theory of immunosurveillance; 

the innate and adaptive immune system work together to recognise and destroy tumours 

before they become clinically detectable (for mechanisms of action see Sections 1.2.2.2 

and 1.2.2.3) (8,9).  An infiltrate of immune cells can be observed within the stroma of 

most solid tumours (Section 1.2.3); however, the precise mechanisms by which they are 

initially recruited are not yet completely understood.  It has been suggested that NK cells 

may be activated by MHC class 1 chain-related protein A and B (MICA & MICB) stress 

ligands expressed on tumour cells in response to DNA damage, (107), or IFN-γ secreted 

as a “danger signal” by healthy cells in close proximity to the tumour cells (108).  
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Whereas dendritic cells may be activated by high mobility group box one protein 

(HMGB1), released by apoptotic tumour cells (109), thereby prompting the release of 

inflammatory cytokines, recruitment of immune cells and activation of the adaptive 

immune system.  Consequently, the elimination phase of immunoediting is associated 

with the induction of an acute inflammatory response. 

 

The end result of the elimination phase, should it go to completion, is the clinical absence 

of a tumour.  Cancer cells that survive the elimination phase enter into the equilibrium 

phase, in which primarily adaptive immune cells continuously destroy tumour cells, 

preventing overt tumour growth (8,9,104).  Support for this theory has been found in 

mouse tumour models (reviewed in 8). For example, research by Koebel et al. (110) 

demonstrated that CD4+ and CD8+ T cells could restrain carcinogen-induced sarcoma 

growths.  Unfortunately, this process exerts a selective pressure on the genetically 

unstable tumour cells (reviewed in 111), and may lead to the emergence of tumour cell 

variants that can a) escape immune cell recognition, for example by down regulating the 

expression of MHC class 1 molecules (112) and/or b) avoid immune cell effector 

mechanisms by increasing the expression of anti-apoptosis peptides such as “B-cell 

lymphoma-2” or “BCL-2” (113).  As a consequence, the tumour cells become “invisible” 

to the host immune system and thus acquire the capacity for unrestrained growth (9).  

 

However, tumour escape may also result from the creation of an immunosuppressant 

microenvironment.  For example, tumour cells can recruit T reg cells and myeloid- 

derived suppressor cells (MDSCs) to the site of the tumour, both of which can inhibit the 

function of anti-tumour CD8+T cells (9).  Furthermore, tumour cells can secrete 

immunosuppressant factors such as VEGF and TGF-, which act to inhibit dendritic cell 

stimulation of naive CD8+T cells (114), as well as the activation, proliferation and 

differentiation of T cells (115).  Lastly, tumour escape may also be aided by the 

recruitment of inflammatory immune cells to the tumour microenvironment, as these 

engage in cross talk with the cancer cells, prompting the secretion of factors that work to 

promote tumour growth and tissue invasion (Section 1.2.4).   
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1.2.3 The tumour stroma and mechanisms of tumour invasion 

 

Aside from certain hematopoietic cancers, most cancers develop as a solid mass of tissue 

comprised of two interconnected compartments.  The tumour parenchyma contains the 

cancer cells, whereas the tumour stroma is comprised of connective tissue, blood vessels, 

extracellular matrix constituents (as well as their cellular components such as endothelial 

cells, pericytes and fibroblasts respectively) and innate and adaptive immune cells (116).  

For most tumours, including epithelial cancers such as breast cancer, the tumour 

parenchyma is separated from the stroma by a layer of extracellular matrix referred to as 

the basal lamina (116).  In normal (healthy) tissue, the stroma functions to maintain 

epithelial tissue integrity and homeostasis, whereas in cancer the stroma forms a 

progressively reactive micro-environment (Figure 1.4).  

 

Figure 1.4: Tumour stroma during disease progression  

Left: Normal stroma, contains collagen bundles, resting fibroblasts & tissue resident leucocytes 

separated from the epithelium by the basal lamina; Middle: Pre-malignant dysplasia, stroma 

contains increased number of leucocytes, capillaries & activated fibroblasts. Right: Carcinoma, 

reactive stroma contains increased leucocytes, tumour cells invade the basal lamina. Reprinted by 

permission from Springer Nature: Nature/Springer/Palgrave, Nature Reviews Cancer, Friends or 

foes – bipolar effects of the tumour stroma in cancer, Mueller MM, Fusenig NE. Copyright 2004; 

(Modified), (117).  
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Tumour cells invade their surrounding tissue via passive cell movement or active cell 

migration. In terms of passive movement, as the tumour develops it gains an increased 

number of structural components (both parenchymal and stromal) so that the tumour 

begins to stiffen (118). This generates a mechanical force that pushes against the 

surrounding tissue and enables the tumour to grow outwards, displacing normal cells 

(119,120).    

 

In terms of active movement, the tumour cells either migrate collectively, as a multi-

cellular group, or individually as single cells (118,121–124).  The key difference between 

these two processes being that collectively migrating cells retain cell to cell contacts 

(including adherence, tight and gap junctions and desmosomes (122), thus allowing 

whole groups of cells to penetrate the tissue in the form of strands, irregular sheets or 

clusters.  Whereas, in single cell invasion the individual cancer cells invade the 

surrounding tissue independently of each other via either amoeboid or mesenchymal 

migration (possibly shifting between the two) (121–123).   

 

Amoeboid cancer cells are small, approximately 10-30µm (122), with a round-elliptical 

shape that can readily deform to fit through pre-existing gaps and spaces within the 

extracellular matrix (121–123). This type of movement is most frequently seen in 

lymphomas and certain lung cancers (122,125). In contrast, mesenchymal cancer cells are 

larger, approximately 50-200µm (122), with an elongated spindle shaped; mesenchymal 

cancer cells release proteolytic enzymes, such as metalloproteinases and caspases, that 

degrade tissue structures in order to create a path for their migration (121–123). This type 

of movement is primarily seen in connective tissue cancers, such as gliomas, or 

dedifferentiated epithelial cancers (122), as described below.    

 

As previously noted, collective cell migration is characterised by the movement of whole 

cell groups.  Normally seen within epithelial cancers (including breast cancers (126)), 

these structures have two zones, a leading edge in which mesenchymal-like “leader” cells 

secrete proteolytic enzymes that degrade the extracellular matrix to create a microtrack 

within the tissue, and a trailing edge of “following” cells which are pulled along by 

traction movement (127), thereby widening the microtrack into a larger macrotrack 



18 
 

(118,123).  As the tumour progresses, the leader cells located at the invasive front may 

transition from a collective cell migration pattern towards a detached, single cell 

migration pattern (122).  This process, during which the epithelial cells dedifferentiate 

and gain a mesenchymal phenotype, is referred to the epithelial-mesenchymal-transition 

or “EMT”,  (128).  Genes responsible for initiating EMT are classically expressed during 

embryogenesis, organ development and wound repair, however they can also be re-

expressed by cancer cells, and this process is thought to be a critical step towards 

malignancy (128,129), as it provides the cancer cells with enhanced motility, invasiveness 

and increased resistance towards apoptosis (129).  Research suggests soluble factors 

present within the tumour micro-environment, including inflammatory mediators 

secreted by immune cells, may play a key role in activating the EMT process (see Section 

2.9.5.2) (as reviewed by Chockley et al. (130)).  The reversal of EMT, termed the 

mesenchymal-epithelial-transition or “MET”, is associated with decreased migration and 

the acquisition of an epithelial phenotype, as defined by the adoption of apical-basal 

polarity and formation of tight junctions (reviewed by Pei et al. (131)). Subsequently 

whilst EMT is believed to trigger the migration and dissemination of carcinoma cells, 

MET is believed to halt their migration and induce the proliferation of tumour cells at 

distal sites (132).  It is important to note that tumour cells do not oscillate between a full 

EMT or MET state, the process is highly plastic with many intermediary stages in which 

cells display a hybrid phenotype (as reviewed by Nieto et al. (132)).  

 

1.2.4 The tumour microenvironment 

 

The tumour microenvironment (TME) is the cellular environment in which a growing 

tumour exists, and is comprised of proliferating tumour cells, blood vessels, the tumour 

stroma, immune cells, other non-malignant tissue cells and signalling molecules, all of 

which play an important role in tumour development and progression (133,134).  The 

TME is created by the tumour, since tumour cells are predisposed, much like normal cells 

to interact with the cellular and extracellular components of their surrounding tissue, 

hence its structure and composition evolves during tumour progression (133,135)  A 

detailed evaluation of all the interactions that occur between the tumour and the TME is 
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beyond the scope of this review (for reference see (20,136,137) hence, only interactions 

between tumour cells and immune cells will be considered here. 

 

Infiltrating immune cells are a key component of the TME.  Whilst the composition varies 

from tumour to tumour, they typically include NK cells, macrophages, MDSCs 

neutrophils, eosinophils, dendritic and mast cells, as well as various subsets of T cells and 

B cells (138,139).  These cells can be found throughout the tumour, specifically, in the 

tumour itself (B cells and T cells within this category are referred to as “tumour 

infiltrating lymphocytes or “TILs”), around the tumour including at the invasive edge or 

within the tumour stroma (139), in varying densities from minor infiltrations to gross 

inflammations (138).  In the past, the presence of infiltrating immune cells was thought 

to reflect a failed attempt of tumour destruction (see Section 1.2.2.4) (6,133). Indeed, a 

number of studies suggest that an increased density of adaptive immune cells (particularly 

CD4+ Th1 helper cells or CD8+ T cells) might be associated with an improved prognosis 

for certain breast cancers (140–143). For example, recent research (142), in which 3371 

breast biopsies were assessed, found that a 10% increase in TIL was associated with a 

significantly longer disease-free survival in both triple negative breast cancer, and HER-

2 breast cancer.  However, it should also be noted increased TILs were found to be an 

adverse prognostic factor within luminal HER-2 negative breast cancer, suggesting these 

cells have a different immunological phenotype to those within triple negative or non-

luminal HER-2 breast cancer (142).   

 

However, for the majority of cancers, the presence of innate immune cells is typically 

associated with tumour progression (22).  As previously noted, (Section 1.2.2.2) chronic 

inflammation is a key driver of malignancy.  However chronic, pro tumour - inflammation 

is present within the micro-environment of most established tumours, even in the absence 

of known infection or inflammatory disease (144,145).  Research suggests that this may 

be caused by mutations within oncogenes such as RAS, MYC and RET, which 

subsequently lead to the constitutive expression of inflammatory mediators, such as 

cytokines, chemokines and prostaglandins by the tumour cells (reviewed in 144). The 

inflammatory mediators recruit and activate immune cells to the site of the tumour, whilst 

those that are already present within the tissue are co-opted by tumour cells via the same 
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mechanism (18).  The immune cells subsequently engage in cross talk with the tumour 

cells, prompting the release of further inflammatory mediators that feedback into the 

disease cycle, as well as soluble factors that promote tumour growth, angiogenesis and 

tissue invasion (Figure 1.5) (6).   
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Figure 1.5: The two pathways of inflammation in cancer and their outcomes   

Activation of either pathway results in the constitutive expression of inflammatory mediators by 

the tumour cells and the subsequent recruitment of innate immune cells.  These engage in cross 

talk with the cancer cells prompting the release of further inflammatory mediators that feedback 

into the disease cycle. Reprinted by permission from Springer Nature: Nature/Springer/Palgrave, 

Nature, Cancer related inflammation, Mantovani A, Allavena P, Sica A, Balkwill F. Copyright 

2008; (Modified), (144).  
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Whilst it is generally true that adaptive and innate immune cells hold opposing roles in 

cancer: protective versus promoting, respectively, the biological reality is more complex 

(22).  Adaptive CD4+T helper cells differentiate into a variety of subtypes depending on 

developmental or environmental cues.  Research suggests that the Th17 subset, 

characterised by the secretion of IL-17, may enhance the expression of VEGF and other 

angiogenic chemokines, thereby promoting angiogenesis and may also induce IL-6 

production in tumour cells thus augmenting the expression of pro-survival genes 

(reviewed in 146,147).  Likewise, certain innate immune cells, specifically macrophages, 

MDSCs and neutrophils, demonstrate a plasticity of phenotype in the tumour micro-

environment and may exert either a pro or anti-tumour phenotype depending on 

environmental signals (Section 1.2.5.3) (6).   

 

1.2.5 Role of neutrophils in cancer 

 

For many years, neutrophils were considered to have a negligible role in cancer.  This is 

largely because they were classically viewed to be short-lived (an estimated half-life ~8 

hours (148)), terminally differentiated effector cells, with their physiological function 

presumed to be limited to the destruction of pathogens and the orchestration of acute 

inflammation (149,150).  However, within the last decade it has become apparent that 

neutrophils demonstrate a high level of plasticity and may alter their phenotype and 

lifespan during both homeostatic and pathological disease conditions (reviewed in 

26,151,152).  These properties, coupled with the knowledge that neutrophils are present 

within the TME, has prompted fresh investigation into their role in tumour progression, 

invasion and metastatic dissemination. 

 

Without doubt, tumour-associated neutrophils or “TANs” represent a significant 

proportion of the immune infiltrate within many cancers, including breast cancer 

(25,28,29); however, there are conflicting data regarding their prognostic value.  A meta-

analysis (153) found a high density of intra-tumoural neutrophils to be significantly 

associated with poorer recurrence-free survival and overall survival for a range of cancers, 

including melanoma, colorectal and cervical cancer.  Data suggested a 66% increased risk 

of death or disease recurrence when high levels of intra-tumoural neutrophils were    
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present (153).  Likewise, neutrophil infiltration was statistically significantly associated 

with increasing tumour size and tumour stage in renal cell carcinoma (154) and to be 

associated with more aggressive (triple negative) breast tumours (29).  In contrast, 

Galdiero et al. (155) found higher TAN density to be associated with improved prognosis 

during stages I-IV of colorectal cancer.  Importantly an interaction was noted between 

TAN density and response to Fluorouracil based chemotherapy, further analysis 

subsequently demonstrating that within stage III patients TAN infiltration was associated 

with a better response to Fluorouracil chemotherapy, whereas it was associated with a 

poorer prognosis in untreated patients (155).   

 

In addition to TANs, many patients with advanced cancers also display an elevated 

number of circulating neutrophils (neutrophilia), typically associated with a poorer 

prognosis (156).  The mechanisms behind this effect are not well understood; however, 

research suggests that both tumour and stromal derived factors such G-CSF, GM-CSF 

and IL-6 may promote granulocyte production (granulopoiesis) and neutrophilia in cancer 

(157,158).  The neutrophil to lymphocyte ratio (NLR) is frequently used as a proxy 

measurement for this phenomenon, again with conflicting results.  A high neutrophil to 

lymphocyte ratio (NLR) is considered be a poor prognostic indicator for many cancers, 

including ovarian and breast cancer  (159–161). Indeed a meta-analysis (162) of 100 

studies (N = 40,599 patients) found an elevated NLR to be associated with adverse overall 

survival (HR = 1.81) across various cancer types and disease stages.  However, others 

have demonstrated either no relationship or one that is cancer-type or stage-dependant; 

for example, a recent meta-analysis (163), found an elevated NLR was not associated 

with worse survival or disease recurrence in localised prostate cancer, whereas the 

opposite effect was found for patients with metastatic prostate cancer.  It is important to 

note that whilst intra-tumoural TANs or a high NLR might be correlated with a poorer 

prognosis for certain cancers, this does not prove that neutrophils are directly involved 

(or not) in the pathogenesis of cancer.  Indeed, it has been suggested that the NLR is a 

reflection of systemic inflammation, potentially explaining why a high NLR is typically 

associated with more advanced cancers (156).   
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1.2.5.1 An overview of neutrophil function 

 

To better understand the mechanisms by which neutrophils exert their effects in cancer, 

it is necessary to briefly review their normal functions within the body.  From an immune 

cell perspective, neutrophils are the first line of defence against invading pathogens (164).  

Neutrophils patrol the circulatory system in a resting state and become activated/primed 

over a series of steps in response to bacterial products, chemokines or cytokines (e.g. 

LPS, IL-8 or IFN-γ) secreted during infection or inflammation (165,166). These 

mediators prompt the rapid migration of neutrophils to the site of injury via chemotaxis, 

whereupon they encounter further activating signals that trigger the destruction of 

microbes through the following mechanisms (165,166):   

i) Phagocytosis (Section 1.2.2.2), during which opsonized microbes are ingested and 

destroyed via respiratory burst or antimicrobial proteins (167). 

ii) Degranulation, in which antimicrobial compounds including myeloperoxidase, 

neutrophil gelatinase-associated lipocalin and proteases such as neutrophil elastase 

are secreted across the plasma membrane or secreted into the phagosome to act upon 

extracellular and intracellular pathogens respectively (165). 

iii) The release of neutrophil extracellular traps (NETs); these are structures comprised 

of chromatin and proteins from the granules, the former capturing and binding to 

pathogens, and the latter eliminating them (168). 

 

Although these mechanisms are effective in removing micro-organisms, the toxic 

products released during degranulation and respiratory burst are also capable of damaging 

host cells.  Consequently, once any pathogens have been dealt with, neutrophils undergo 

rapid apoptosis and are cleared from the tissue by macrophages (165).  A delay in this 

process (Section 1.2.5.2.4), as seen in certain inflammatory diseases, such as rheumatoid 

arthritis (169) or inflammatory bowel disease (170), can result in their toxic contents 

leaking out, damaging the surrounding tissue and potentiating inflammation (171).   

 

In addition to their direct role in antimicrobial defence, neutrophils also regulate the 

activities of other innate and adaptive immune cells (reviewed in 150,165).  Briefly, 

depending on their activation, neutrophils secrete an array of cytokines                       
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(pro/anti-inflammatory and immunoregulatory), chemokines and angiogenic factors 

(150,172).  These initiate an acute inflammatory response and recruit additional immune 

cells, such as monocytes (173) and dendritic cells (174), to the site of infection, where 

they engage in cross talk with neutrophils.  For example neutrophil derived CCL3 was 

demonstrated to recruit dendritic cells (DC), which in turn initiated a protective Th1 

response in a mouse model of Leishmaniasis (a parasitic disease) (175).  In contrast, a 

mouse model of Mycobacterium tuberculosis was shown to delay neutrophil apoptosis, 

thereby limiting antigen uptake and activation of dendritic cells and, subsequently, an 

adaptive CD4+ T cell response (176).  These opposing effects on DC activation may 

prove to be site specific; stimulatory within the tissues and inhibitory within the lymph 

nodes (165).  Neutrophils can also modulate the maturation and function of NK cells 

(177), activating them directly or in cooperation with dendritic cells (178).  Lastly, 

neutrophils may also modulate the activity of B cells and T cells. For example neutrophils 

are a key source of “B Cell Activating Factor (BAFF)” (179) and “A proliferating-

inducing ligand (APRIL)” (180); these are cytokines that regulate the survival and 

proliferation of B cells as well as IL-12, which may have an important role in Th1 cell 

differentiation (165).  

 

1.2.5.2 Neutrophil homeostasis in health and disease 

 

1.2.5.2.1 Neutrophil homeostasis 

 

Neutrophil granulocytes are the most abundant leukocyte found in human blood, 

constituting 40-60% of the total leucocyte population (181).  Approximately 1-2 x 1011 

neutrophils are produced every day from hematopoietic stem cells (166) to form two pools 

of cells in the bone marrow: a mitotic group of granulocytic progenitor cells that are still 

undergoing proliferation and differentiation, and a post-mitotic group of mature, fully 

differentiated cells that are ready to be released into the circulatory system (148).  A key 

regulator of this process, stimulating neutrophil production, proliferation and 

mobilisation, is the cytokine G-CSF (182).  In a healthy person, neutrophil homeostasis 

is tightly controlled; circulating neutrophils undergo constitutive apoptosis and are 
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cleared by phagocytes in the liver, spleen and bone marrow (148) in order to align the 

rate of production with the rate of clearance (183).   

 

1.2.5.2.2 Cell death 

 

There are two major modes of cell death, apoptosis and necrosis (184).  Apoptosis is a 

highly regulated, tightly controlled form of programmed cell death.  It is a vital 

component of many essential physiological processes including cell turn over, immune 

defence, hormone dependant tissue atrophy (as seen in the breast following menstruation, 

pregnancy or lactation), embryonic development and disease or chemical induced cell 

death (reviewed in 3).  Dysregulated apoptosis  is a feature of numerous human diseases; 

indeed, evasion of apoptosis is considered to be the third hallmark of cancer (6).  In the 

context of neutrophils, certain viral infections such as HIV (185) are associated with 

accelerated neutrophil apoptosis and impaired antimicrobial responses, whereas a delay 

in neutrophil apoptosis is frequently seen in inflammatory diseases and often correlates 

with disease severity (Section 1.2.5.2.4).  In contrast, necrosis typically arises from 

external factors such as acute infection or trauma (186).  Although classically portrayed 

as a passive process, research from the last few decades has demonstrated that necrosis 

may also function as a mode of programmed cell death (necroptosis) in response to the 

same death signals that trigger apoptosis (reviewed in 184).  

 

Both apoptotic and necrotic cells demonstrate changes in their morphology.  Apoptotic 

cells condense in size, the cytoskeleton collapses leading to small bulges or protrusions 

(blebbing) in the plasma membrane, and both the nuclear envelope and nuclear DNA 

undergo fragmentation (reviewed in 3,187).  Eventually the cell may fragment, to form 

small apoptotic bodies comprised of an intact plasma membrane and cytoplasmic 

organelles (3).  Apoptotic cells are recognised by phagocytes due to the presence of “eat-

me” markers (“apoptotic cell-associated molecular patterns” or “ACAMPs”(188)) such 

as phosphatidylserine, which translocates from the inner leaflet to the outer layer of the 

plasma membrane during the early stages of apoptosis (189). As a consequence, apoptosis 

is not associated with inflammation, because the plasma membrane remains intact, 

preventing the release of intracellular constituents, and the cells are quickly removed by 
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phagocytes, thereby reducing the risk of secondary necrosis (3,190).  In contrast, necrotic 

cells and their organelles, such as the mitochondria and endoplasmic reticulum, swell in 

size leading to the rapid rupture of their plasma membranes (3,186,191) and is typically 

associated with an inflammatory reaction (184). 

 

1.2.5.2.3 Mechanisms of neutrophil apoptosis 

 

There are two main apoptotic pathways within neutrophils: the extrinsic pathway, 

activated by death receptors located on the plasma membrane and the intrinsic pathway, 

mediated by the mitochondria (Figure 1.6).  A third apoptosis pathways also exists, 

phagocytosis-induced cell death or “PICD”, which is induced in neutrophils following 

the phagocytosis of certain bacteria and is thought to facilitate neutrophil turnover during 

infection (reviewed in 192). However, in each instance apoptosis is mediated by caspase 

cascades (cysteine proteases) that lead to the activation of molecules involved in cell 

death.  Caspase-8 and caspase-9, respectively, are the initiator caspases for the extrinsic 

and intrinsic pathways (183), these in turn activate caspase-3 triggering the cleavage of 

downstream death substrates, chromatin condensation, DNA fragmentation and blebbing 

(193).  Cell survival pathways, responsible for delaying apoptosis, are mediated by 

proteins that inhibit various stages of this caspase cascade (Figure 1.6). 
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Figure 1.6: An overview of the extrinsic, intrinsic and phagocytosis-induced apoptosis 

pathways (PICD) within neutrophils  

The extrinsic pathway is triggered by ligation of death receptors, followed by the activation of 

caspase 8 and caspase 3.  The intrinsic pathway is triggered when the relative abundance of pro-

apoptotic proteins (BAK and BAX) exceeds that of the anti-apoptotic proteins (MCL-1 and    

BCL2(A1)), so that BAX and BAK oligomerise and form pores within the mitochondria, releasing 

cytochrome C and activating caspase-9. The PICD pathway is activated by particles being taken 

up into the phagosome. The resulting NADPH oxidase-derived ROS prompts the release/leakage 

of cathepsin from the azurophilic granules and death receptor independent activation of caspase-

8.   Reprinted from McCracken J and Allen L, 2014; (Modified), (183). Gratis Reuse.  

 

The extrinsic pathway is usually activated by extracellular soluble proteins that bind to 

death receptors located on the surface of neutrophils, such as tumour necrosis factor-α 

(TNF-α), FAS (CD95/APO1) and TNF related apoptosis inducing ligand (TRAIL) 

(194,195). Upon ligation, the receptors oligomerise to form a death-inducing complex 

(DISC) (196,197) which activates Caspase-8 and in turn Capase-3.  However, activation 

of the extrinsic pathway alone is not sufficient to trigger cell death in neutrophils, the 

signal for apoptosis must be amplified by the intrinsic pathway (198).  This process is 

orchestrated by BH3 interacting-domain death agonist (BID) (Figure 1.6).  BID is cleaved 

by Caspase-8, translocates to the mitochondria and enables the oligomerisation of         
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Bcl-2-associated X protein (BAX) and Bcl-2 homologous antagonist/killer (BAK) 

thereby activating the intrinsic apoptosis pathway (199).  To date, it would appear that 

the extrinsic apoptosis pathway does not have a role within constitutive neutrophil 

apoptosis (183).  However, caspase-8 has been found to be activated during constitutive 

apoptosis, via mechanisms that do not involve ligation of the death receptors; for example, 

neutrophils isolated from healthy volunteers demonstrated spontaneous 

dephosphorylation (activation) of caspase-8 in vitro (200). The intrinsic apoptosis 

pathway is activated by non-receptor mediated stimuli; negative signals such as a lack of 

growth factors, hormones or cytokines may trigger the activation of apoptosis whereas 

positive signals such as hypoxia or viral infections may delay apoptosis (3).  A key 

initiating event is “mitochondrial outer membrane permeabilization” or “MOMP” (201); 

this process is induced by activation of BAX and BAK, which prompts their 

oligomerisation and the formation of pores within the mitochondria (202,203).  Proteins, 

such as cytochrome C, that are located within the intermembrane space of the 

mitochondria are subsequently released into the cytosol (203).  The release of cytochrome 

C triggers “apoptotic protease activating actor 1” (APAF1) to oligomerise into a complex, 

which binds to and activates caspase-9 (204).  The process of MOMP is tightly regulated 

by the ratio of pro versus anti apoptosis Bcl-2 proteins.  Mature human neutrophils 

express two Bcl-2 anti-apoptosis proteins, “induced myeloid leukaemia cell 

differentiation protein” (MCL-1) and “Bcl-2-related protein A1” (BCL2(A1) or A1) 

(183); these sequester activated BAX and BAK, thereby preventing damage to the 

mitochondrial membrane and inhibiting apoptosis (183,205).  Interestingly, TNF-α 

appears to have a dual role in regulating neutrophil apoptosis by acting on these two 

proteins; high concentrations of TNF-α are associated with cell death due to caspase-

dependent MCL-1 degradation and low concentrations of TNF-α are associated with cell 

survival due to increased expression of BCL2(A1) (206).  

 

A second group of proteins, the “inhibitor of apoptosis proteins” or “IAPs” regulates both 

the intrinsic and extrinsic pathway, primarily by inhibiting the function of caspases.         

X-linked inhibitor of apoptosis protein (XIAP), is thought to be the most important IAP 

in neutrophils, as it inhibits both procaspase-9 and procaspase-3 activity (207). However, 

IAPs can be inhibited by the Smac(mice)/DIABLO (human) protein (208) and 

Omi/HtrA2 protease (209) which are released from the mitochondria in response to 

https://en.wikipedia.org/wiki/Bcl-2-associated_X_protein
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apoptotic signals.  Likewise XIAP can be cleaved by calpain-1, thereby preventing 

caspase-3 inhibition (210). Calpain-1 has also been found to cleave BAX in spontaneous 

and Fas-receptor mediated neutrophil apoptosis, and is essential for the release of 

cytochrome C and caspase-3 activation (211).  Cyclin-dependant kinases (CDKs), a group 

of proteins typically associated with cell cycle regulation (212) have also been implicated 

in regulating neutrophil apoptosis, since Roscovitine (a CDK inhibitor) was found to 

inhibit neutrophil survival in certain inflammatory diseases (213).  Lastly, “proliferating 

cell nuclear antigen” (PCNA) may also regulate neutrophil survival.  Although 

traditionally associated with nuclear functions, such as DNA synthesis and repair (214), 

PCNA is found within the cytosol of mature human neutrophils (215,216).  Cytosolic 

neutrophil PCNA is constitutively associated with procaspases, and has been shown to 

interfere with the activation of pro-caspase-9; overexpression of PCNA in neutrophil-

differentiated PLB985 myeloid cells was found to enhance their resistance to TNF-α 

induced apoptosis (215,216).   

 

1.2.5.2.4 Neutrophil lifespan in health and disease 

 

The estimated lifespan of circulating neutrophils in humans is somewhat controversial.  

Although classically thought to be short (approximately 8 hours) (148), research by Pillay 

et al. (217) in 2010 challenged this view by calculating lifespan to be 5.4 days.  At sites 

of infection and inflammation, neutrophils display increased longevity.  However, it is 

difficult to broadly quantify this response; as the influence of inflammation on lifespan 

appears to vary both between and within individual diseases (reviewed in 27).  However, 

as an example, the half-life of neutrophils from liver cirrhosis patients was found to be 

15h compared to 7.6h from a healthy control (cited by Tak et al. 27).The delay in 

apoptosis is mediated by a variety of cytokines and bacterial products (including           

GM-CSF, G-CSF, IL-1β, TNF-α, IFN-γ & LPS (218,219); Table 1.1), as well as 

pathogen-associated molecular patterns (PAMPs), damage-associated molecular patterns 

(DAMPs) and environmental factors (220), presumably to ensure the continued presence 

of neutrophils at the site of inflammation and enhancing their anti-microbial actions.  
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Table 1.1: Survival factors associated with delayed neutrophil apoptosis in 

inflammation or cancer 

Abbreviations: DC, dendritic cell; EpC, epithelial cell, EnC, endothelial cell; MF, 

macrophage; PMN, neutrophil; BASO, basophil; EO, eosinophil; MC, mast cell.   

Factor Possible Source 
Molecular Weight or 

Molar mass 

Cytokine/Chemokine   

GCSF (220) EnC, MF (220) ~19.6kDa (221) 

GM-CSF(220) CD4+ T, CD8+ T, Th17 cells,  

NK cells, MF (220) 

~14-35kDA (222) 

IL-1B (220) PMN, MF, DC (220) ~17kDa (223) 

IL-2 (220) Th1 cells (220) ~15.5kDa (224) 

IL-4 (220) Th2, Tc2 cells, EO, 

BASO(220) 

~12-20kDa (225) 

IL-6 (226) 

IL-8 (220) 

MDA-MB-231 Cells (227) 

EpC, MF, PMN (220) 

~21-28 kDa (228) 

~8 kDa (229) 

IL-15 (220) MF, DC(220) ~14-15kDa (230) 

TNF-a (<10 ng/ml) (220) Th1, Th17, CD8+, MF, PMN 

(220) 

~17-26kDa (231) 

Lipid Mediators   

Leukotriene B4 (220) MF, PMN, MC, B cells (220) 336.46g/mol 

Prostaglandin E2 

(232,233) 

Almost every cell of the body 

(234). MDA-MB-231 cells 

(235)  

352.47g/mol 

ECM Component   

Hyaluronic Acid (236) Connective, neural &epithelial 

tissue (including MCF-7 and 

MDA-MB-231 cells (237)) 

50–200 kDa fragments 

associated with delayed 

PMN apoptosis (236) 

Proton Pump   

Peptide of vacuolar 

ATPase 'a2'(35,238) 

MCF-7 & MBA-MB-231 Cells ~20kDa (238) 

DAMPS   

HMGB1 [TLR2/4] (220) Damaged host cells (220) ~25kDa (239) 

S100 [TLR4] (220) Damaged host cells (220) ~10-12kDa (240) 

ATP (220) Damaged host cells (220) 507.18g/mol 

MSU (Uric Acid) (220) Damaged host cells (220) 168.11g/mol 

Environmental    

Hypoxia (220)  NA 

Acidification (220)  NA 

Cell Density (220)  NA 

Nitric Oxide (220) Phagocytes (220) NA 
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However, a dysregulation of this process can result in a sustained inflammatory response 

and tissue damage.  Thus enhanced neutrophil survival, as seen in chronic inflammation, 

may contribute towards the pathogenesis of inflammatory diseases (e.g. sepsis (241) and 

chronic obstructive pulmonary disease (242)), and with autoimmune diseases such as 

rheumatoid arthritis (169).  Moreover, an extension of lifespan may allow the neutrophils 

time to acquire functional changes; for example, neutrophils located within the airways 

of cystic fibrosis patients have been shown to undergo metabolic reprogramming and 

display an altered phenotype (reviewed in 26). 

 

Since chronic inflammation is a hallmark of cancer (6) many of the previously described 

modulators of neutrophil lifespan (218–220) are found within the TME.  For example, 

DAMPS are released by necrotic tumour cells in a wide range of cancers, including breast 

cancer (reviewed in 243).  Likewise, G-CSF levels, which have also been implicated 

within neutrophil expansion (Section 1.2.5.2.1) are higher in breast cancer patients 

compared to controls (244). Therefore, it is conceivable that neutrophils may demonstrate 

enhanced survival in cancer.  This is important because a longer lifespan might allow 

neutrophils to contribute towards the chronic inflammation of the TME, indirectly 

supporting tumour development and progression (Section 1.2.4) and may enable the 

neutrophils to alter their phenotype (Section 1.2.5.3) and/or engage in more complex 

activities within tumour growth and development (Sections 1.2.5.4-5).    

 

To date there is limited experimental evidence regarding the influence of cancer cells on 

neutrophil lifespan, and that which is available is from in vitro studies.  A study by Zhu 

et al. (31) demonstrated that cross talk between cancer derived mesenchymal cells 

(multipotent stem cells that can differentiate into a variety of other cell types) prompted 

gastric cancer progression and increased the lifespan of neutrophils.  In addition, Hor et 

al. (30) demonstrated that cross talk between glioma cells and neutrophils could induce a 

significant delay in neutrophil apoptosis mediated by IL-6 and IL-8; whilst conditioned 

media (media harvested from cultured glioma cells) protected the neutrophils from 

apoptosis the protective effect was far greater when the neutrophils were co-cultured with 

the cancer cells, suggesting cell-cell contact might augment the process (30).  Likewise, 

research by Trellakis et al. (32) demonstrated that head and neck squamous cell 
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carcinoma (HNSCC) conditioned media inhibited neutrophil apoptosis, increased 

neutrophil chemotaxis and induced the release of MMP-9 and CCL4 (an inflammatory 

mediator), with a subsequent study suggesting this effect was mediated by p38-MAPK 

signalling (33).  Furthermore, conditioned media created from hepatocellular, cervical, 

colorectal and gastric cancer cell lines have been shown to delay neutrophil apoptosis by 

increasing the expression of the anti-apoptosis peptide MCL-1  and attenuating the 

expression of the pro-apoptosis peptide BAX  (236).  Moreover, the neutrophils secreted 

large amounts of pro-inflammatory mediators such as TNF-α and enhanced the motility 

of the tumour cells (236); Hyaluronic acid (HA), an ECM component, was found to 

mediate this effect by activating the neutrophils (236).  This is interesting because 

invasive breast cancer cells have been demonstrated to overexpress HA synthase in vitro 

(245), which suggests a delay in neutrophil apoptosis might be seen when neutrophils 

share a microenvironment with certain breast cancers. Research by Ibrahim et al. 

(published as an abstract (34)) found conditioned media from MDA-MB-231 breast 

cancer cells delayed neutrophil apoptosis.  This delay was thought to be partially mediated 

by a tumour secreted peptide, derived from the N-terminal of the a2 isoform of Vacuolar 

ATPase (34).  A subsequent study (published as an abstract (35)), showed that neutrophils 

treated with recombinant a2ND display a significant increase in survival; a2ND was 

found to modulate the intrinsic pathway, via increased expression of anti-apoptosis 

peptides A1 and B-cell lymphoma-extra-large (“Bcl-xL”) and decreased expression of 

pro-apoptosis peptides BAX and Apoptotic protease activating factor 1 (“Apaf-1”), and 

the extrinsic pathway via decreased expression of caspase-3, -6, -7. 

 

The current evidence suggests that neutrophil lifespan may be increased in certain 

cancers, and that enhanced cancer cell-neutrophil cross talk may lead to an increase in 

cancer cell motility and invasiveness.  The mechanisms involved appear to differ 

according to cancer type, since cell-to-cell contact appears to be necessary in some cases 

but not others, suggesting that soluble factors might also be involved.  Currently, the 

limited evidence available suggests that cross talk may occur between MDA-MB-231 

breast cancer cells and neutrophils in vitro.  However, it is not clear if such crosstalk 

occurs between other types of breast cancer cells and neutrophils either in vitro or in vivo.  

Furthermore, whilst recombinant a2ND has been demonstrated to delay neutrophil 

apoptosis, it does not completely account for the enhanced lifespan demonstrated by 
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Ibrahim et al. (34).  This suggests that there are other, yet to be identified, soluble factors 

involved, which may work synergistically to delay neutrophil apoptosis.  This is an 

important question to answer since it may provide opportunities for therapeutic 

intervention in breast cancer.  

 

1.2.5.3 Neutrophil phenotype in cancer 

 

Until recently, neutrophils were considered to be a relatively uniform population of cells, 

with a highly conserved, well defined function (26).  However, emerging data suggests 

that this may not be the case, with neutrophils demonstrating plasticity and the 

development of distinct subsets with diverse functional and phenotypic profiles in 

response to both physiological and pathological conditions (reviewed in 26,152).  

Moreover, there is evidence to suggest that tumour associated neutrophils or “TANs” may 

be polarised towards either anti-tumoural (N1) or pro-tumoural (N2) activities in response 

to environmental signals such as IL-1β (36) and TGF-β (37) respectively.   

 

TGF-β is expressed in many tumours and plays a significant role in tumour progression 

(reviewed in 246).  In their seminal paper, Fridlender et al. (37) demonstrated that 

blocking TGF-β signalling can induce an influx of neutrophils within murine tumours. 

These neutrophils displayed an anti-tumour phenotype (N1) due to their enhanced 

cytotoxicity (via activation of CD8+ T cell response), increased expression of ICAM-1 

(a neutrophil activation marker), higher expression of pro-inflammatory cytokines and 

reduced expression of arginase-1 (an immunosuppressant) (37).  In contrast, TANs from 

control tumours displayed a pro-tumour phenotype (N2), by supressing the CD8+ T cell 

response and upregulating the expression of VEGF, a pro-angiogenic growth factor (37).   

 

In contrast, neutrophils from IFN-β deficient mice displayed a tumour promoting 

phenotype (N2) via increased expression of pro-angiogenic factors such as VEGF and 

MMP-9; in vitro treatment of the TANs with IFN-β reduced their expression of pro-

angiogenic factors back to control levels (36). Importantly, subsequent experiments 

demonstrated delayed apoptosis for TANs in IFN-β deficient mice (247), suggesting that 
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IFN-β may also regulate (by shortening) the lifespan of TANs.  For reference, a simplified 

scheme of neutrophil polarisation as characterised by their differential expression or 

secretion of cytokines, chemokines and effector molecules is shown in Figure 1.7. 

 

Figure 1.7: Neutrophil polarisation in cancer   

As depicted by Piccard et al., 2012 (248), demonstrates how neutrophils might exert both anti and 

pro-tumoural functions within cancer development and progression. N1 (anti-tumoural) 

neutrophils demonstrate enhanced tumour cell cytotoxicity, assist in tumour rejection and anti-

tumoral immune memory, whereas N2 (pro-tumoral) neutrophils enhance angiogenesis, invasion, 

metastasis and the maintenance of immunosuppression. Reprinted from Critical Reviews in 

Oncology/Hematology, 82 (3), Piccard H, Muschel RJ, Opdenakker G.  On the dual roles and 

polarized phenotypes of neutrophils in tumour development and progression, Page 298, with 

permission from Elsevier; (Modified), (248). 

 

In support of the N1/N2 hypothesis of neutrophil polarisation, research has demonstrated 

that TANs exhibit greater cytotoxicity towards tumour cells (via increased secretion of 

TNF-α, NO and H202) during the earlier stages of tumour formation (249).  These 

functions were subsequently down regulated within more established tumours, leading to 

the suggestion that neutrophils may progress from an N1-N2 phenotype as the tumour 

develops (249).  Moreover the cytotoxic TANs isolated from the early tumours were 

primarily located within the tumour periphery, whereas the pro-tumour TANs from 

established tumours had infiltrated the tumour itself (249), correlating with studies that 
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suggest an association between intra-tumoural neutrophils with increasing cancer grade 

and/or a poorer prognosis (Section 1.2.5).  It should be noted that to date, much of this 

research has been carried out in animal models and more research is required to determine 

conclusively if TAN polarisation exists in humans.   

 

Moreover, it is unlikely that N1/N2 TANs represent two distinct classifications of cells; 

it is possible that neutrophils display a linear progression of activation, consequently N1 

neutrophils may simply be more activated than N2 (250).  This theory is supported by 

Fridlender et al. (25), who found that most of the differences in mRNA expression 

between N1 and N2 TANs resulted from altered expression (namely upregulation) of the 

same genes and pathways in N1 TANs compared to N2.  

 

In addition to TANs, circulating peripheral neutrophils also demonstrate an altered 

phenotype in cancer.  Sagiv et al. (251) identified (via density gradient centrifugation) 

three distinct populations of circulating neutrophils from the peripheral blood of human 

lung and breast cancer patients: a high density fraction of neutrophils (HDN), and a low 

density fraction (LDN) of neutrophils and granulocytic MDSCs that progressively 

accumulate throughout tumour development.  The HDN fraction of mature neutrophils 

displayed enhanced cytotoxicity towards cancer cells and possessed an N1-like 

phenotype, whereas the LDN fraction were less inflammatory, were not cytotoxic and 

acquired immunosuppressive functions, thus suggesting an N2 phenotype.  Interestingly, 

the LDN fraction displayed a reduced rate of apoptosis compared to the HDN fraction.  

Moreover a proportion of mature HDNs within late stage tumours were found to 

spontaneously transition into the low density (LDN) subset, possibly by a TGF-β 

dependent mechanism (251).  Ordinarily, in a healthy person, only terminally 

differentiated, mature neutrophils are released from the bone marrow (158).  However, in 

cancer many molecules that control neutrophil mobilisation are upregulated, so that 

immature, undifferentiated neutrophils are released prematurely from the bone marrow 

(158).  Whilst the N1 neutrophils noted by Sagiv et al. (251) displayed a mature fully 

segmented phenotype, the N2 neutrophils contained immature ring shaped and banded 

neutrophils (defined by Sagiv as G-MDSCs or granulocyte-myeloid derived suppressor 

cells), as well as mature fully segmented neutrophils.  Therefore, it is possible that a 
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proportion of LDN neutrophils arise from cancer related neutrophilia.  However an 

alternative hypothesis is that LDNs are activated neutrophils that have undergone 

degranulation, and thus exhibit reduced density (reviewed by Mollinedo, (252) and 

Rosales, (253).  Thus it is possible that the three distinct populations of cells identified by 

Sagiv et al. (251), are in fact all derived from mature human neutrophils, with the 

differential exocytosis of granule contents resulting in a change of phenotype (252). 

 

MDSCs are a subpopulation of immature myeloid cells belonging to either granulocytic 

(G-MDSC) or monocytic (MDSC) lineage, characterised by their immunosuppressant 

and tumour promoting activities (254,255).  As per neutrophils, expansion of MDSCs is 

frequently seen in cancer; however, they are rarely found under normal physiological 

conditions (158).  Differentiating between G-MDSCs and neutrophils is difficult; indeed, 

there is controversy as to whether these represent two individual populations of cells, or 

whether they are in fact different phenotypes of the same cell type (reviewed in 

252,256,257).  A recent mRNA transcriptome analysis that compared naïve bone marrow 

neutrophils, TANs and G-MDSCs from tumour bearing mice found the three populations 

to have functionally distinct mRNA profiles, with the naïve neutrophils and G-MDSCs 

being more closely associated to each other than to TANs (258).  This suggests that the 

TANs are not G-MDSC cells that have simply entered into the tumour (258). 

 

To summarise, it would appear that neutrophil phenotype (as compared to homeostatic 

conditions) is altered in cancer and this may in part be dictated by cancer type and stage.  

Overall there is a great deal of work still to be done in this area, since the environmental 

signals responsible for polarising neutrophils and the underlying mechanisms that bring 

about this effect are not well understood.  Nonetheless, it is clear that neutrophils display 

substantial heterogeneity in cancer, even those circulating systemically.  Due to their 

heterogeneity, it is not surprising the role of neutrophils in cancer is controversial with 

both pro and anti-tumour effects being reported (reviewed in  156,164,259–261).  
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1.2.5.4 Neutrophils and tumour initiation 

 

Tumour initiation is thought to commence when a single random cell incurs a genetic 

mutation capable of conferring a growth advantage (262).  The process of tumour cell 

proliferation is expedited if the initial tumour cell is exposed to tumour promoters, such 

as soluble factors released during chronic infection and inflammation (263).  In a 

zebrafish model of HRAS G12V melanoma, neutrophils and macrophages were recruited 

to the site of the transformed cells (and interacted with them) whilst they were still only 

singlet or doublet cells, indicating that neutrophil recruitment may occur very early in 

tumourigenesis (264).  Both neutrophils and macrophages phagocytosed some of the 

healthy (non-apoptotic) cancer cells, suggesting a clearance role of the leukocytes.  

However, short term blocking of the immune cells reduced tumour growth, suggesting 

that the immune cells were also providing some form of tumour promoting factor (264).   

 

An association has also been found between wound-induced inflammation, neutrophil 

recruitment and the proliferation of pre-neoplastic cells (265).  Moreover, several mouse 

models of spontaneous and inflammation-induced cancers (including skin, and benign or 

invasive intestinal carcinomas (266,267)) indicate that neutrophils are recruited to 

premalignant inflamed tissues in response to CXCR2 (IL-8 receptor) ligands such as 

CXCL1, CXCL2 and CXCL5, and that their presence is required for tumour initiation 

and growth.  Whilst it is difficult to investigate the impact of neutrophils on tumour 

initiation/formation in humans, a recent study found nine times more neutrophils in 

gastric intestinal metaplasia samples (pre-malignant) compared to control, with 

neutrophil density being positively correlated with gastric cell proliferation (268).  

 

Neutrophils are thought to act as tumour promoters through the release of reactive oxygen 

species (ROS) or reactive nitrogen species (RNS), although these are typically released 

to kill pathogens (Section 1.2.5.1).  ROS and RNS also cause DNA damage and increase 

the rate of genetic mutations within tumours (269,270).  Neutrophil elastase (NE), a 

protease released during degranulation (Section 1.2.5.1), may also act as a tumour 

promoter, as it has been shown to be taken up by murine and human lung adenocarcinoma 

cells, prompting the degradation of insulin receptor substrate-1 (IRS-1); leading to an 
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increased interaction between PI3K and mitogen platelet derived growth factor receptor 

(PDGFR) which enhanced tumour cell proliferation (271).  Similar results have been 

found in other types of cancer, including a human breast cancer cell line, SKBR-3 

(HER2+/ER-/PR) (272).  Purified NE was found to increase the growth of the SKBR-3 

cells in a dose dependent manner by causing the activation and phosphorylation of 

epidermal growth factor receptor (EGFR), HER2+ and extracellular signal-regulated 

kinases (ERKs) (272).  It has yet to be determined if this effect occurs under physiological 

conditions (i.e. via NE secreted by neutrophils), or in HER2– breast cancers.  

 

1.2.5.5 Neutrophils, tumour growth and disease progression 

 

Research from the last few decades has begun to demonstrate that neutrophils exert either 

a pro or anti-tumour effect in cancer, largely through the secretion of molecules that 

would ordinarily be released by neutrophils under normal physiological conditions, to 

destroy pathogens or modulate inflammation (Section 1.2.5.1) (273).   

 

1.2.5.5.1 Anti-tumour roles of neutrophils in cancer 

 

Research suggests that activated neutrophils may demonstrate direct cytotoxicity towards 

tumour cells by releasing ROS and myeloperoxidase (MPO), during respiratory burst and 

degranulation respectively (274–276).  Although this may appear to contradict their role 

in tumour initiation (Section 1.2.5.4), it appears that small amounts of ROS are genotoxic, 

whereas large amounts of ROS from highly activated neutrophils are cytotoxic (250).  

Whilst this effect was initially demonstrated using murine models, recently neutrophils 

isolated from the blood of certain healthy donors were shown to be cytotoxic towards four 

human cancer cell lines, HeLa (cervical cancer), SKOV-3 (ovarian cancer), Capan-1 

(pancreatic adenocarcinoma) and NSCLC (non-small cell lung carcinoma) (277).  It is 

important to note that only a small subset of donors (2 out of the 27 assayed) demonstrated 

neutrophils with this capability, whereas the others displayed virtually no anti-cancer 

capability.  The ability of the neutrophils to kill cells was cancer cell specific, since they 

demonstrated little or no cytotoxicity towards primary epithelial cells or an immortalised, 

https://en.wikipedia.org/wiki/Extracellular_signal-regulated_kinases
https://en.wikipedia.org/wiki/Extracellular_signal-regulated_kinases
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non-transformed epithelial breast cell line (MCF10A) (277).  Therapies are being 

developed to induce neutrophils to demonstrate cytotoxicity towards cancer cells.  For 

example antibody dependent cell-mediated cytotoxicity (ADCC) is an immunotherapy in 

which tumour cells are labelled with antibodies that also bind to Fc receptors on immune 

cells (278).  Activation of the Fc receptor on neutrophils stimulates the release of ROS 

and other anti-tumour mediators (reviewed in 156,278). Subsequent research has 

demonstrated that neutrophils can function as ADCC effector cells in certain cancers, 

including melanoma (279), non-Hodkinson’s lymphoma (280) and breast cancer (281).  

 

Neutrophils may also stimulate an adaptive immune response within cancer.  Neutrophils 

isolated from early stage lung cancer patients have been shown to display an activated 

phenotype with enhanced ROS expression and upregulated expression of pro-

inflammatory cytokines, which appears to stimulate the proliferation and activation of T 

cells (282),  Furthermore, NE has been implicated in stimulating the adaptive immune 

response in cancer, as uptake of NE by breast cancer cells may i) increase the expression 

of human leucocyte antigen (HLA) class 1, thereby enhancing antigen presentation (283) 

and ii) enhance tumour cell susceptibility towards CD8+ T cell lysis (284). 

 

Neutrophils also demonstrate an anti-tumour effect through the secretion of tumour 

necrosis factor-related apoptosis inducing ligand (TRAIL).  TRAIL was first found to be 

released by neutrophils in response to Mycobacterium bovis Bacillus Calmette-Guérin 

(BCG) (285).  BCG is provided as a treatment, usually very successfully, for bladder 

carcinoma in situ (reviewed in 285).  TRAIL was found to selectively trigger the apoptosis 

of carcinoma cells, without affecting the surrounding healthy cells or tissues (286,287).  

Importantly, the expression/release of TRAIL by neutrophils is also upregulated by IFN-

γ (287) and IFN-α (172); the latter is frequently used as a treatment for haematologic 

cancers (288), and subsequently neutrophil derived TRAIL has been found to trigger the 

apoptosis of myeloid leukaemia cells (172).  Lastly, neutrophil derived matrix-

metalloproteinase 8 may also protect against tumour development, as it was found to 

reduce the number of carcinogen-induced skin cancers in mice (289).   
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1.2.5.5.2 Pro-tumour roles of neutrophils in cancer 

 

Despite the anti-tumour effects described above (Section 1.2.5.5.1) the majority of studies 

demonstrate a pro-tumour role for neutrophils in cancer.  Indeed, neutrophils have been 

implicated in tumour initiation (Section 1.2.5.4), tumour growth, suppression of the 

adaptive immune response, angiogenesis and tissue invasion. 

 

As previously discussed (Section 1.2.5.4), neutrophil derived ROS and NE may act as 

tumour promoters (269–271).  In addition to these, neutrophils secrete a range of growth 

factors, metalloproteinases and cytokines that may also support tumour development.  For 

example, neutrophil derived hepatocyte growth factor (HGF) was found to significantly 

increase the invasive potential of c-met expressing pulmonary adenocarcinoma cells (290) 

and enhanced the metastases of malignant c-met hepatocellular carcinoma cells (291).  

However, HGF may also stimulate the synthesis of inducible nitric oxide synthase (iNOS) 

in neutrophils, enhancing nitric oxide production and cytotoxicity towards cancer cells, 

which suggests some form of negative feedback loop (292).    

 

Furthermore, neutrophil derived matrix-metalloproteinase 9 (MMP-9) was found to 

increase the proliferation of oncogene-induced keratinocytes and enhanced the 

conversion of pre-malignant cells into overt carcinomas; this process was thought to be 

mediated by MMP-9 degradation of the ECM, which may have released tethered growth 

factors (such as TGF-β, see below) into the TME (293).  Likewise MMP-9 was found to 

improve the survival and establishment of lung carcinoma cells, presumably by degrading 

the ECM and either i) releasing soluble factors that directly aid in tumour survival or ii) 

exposing the basement membrane, thereby providing a surface for the tumour cells to 

adhere to (294).  Both NE and MMP-9 have been found to cleave latent TGF-β from the 

tumour stroma (295,296) and therefore may (indirectly) mediate its effects in cancer.  

Importantly, TGF-β is a potent chemoattractant for neutrophils (297) and may also, as 

previously noted, polarise neutrophils towards an N2 pro-tumour phenotype (37). 
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There is evidence to suggest that neutrophils may suppress both innate and adaptive 

immune responses within cancer.  N2 neutrophils have been shown to secrete large 

amounts of arginase 1 (ARG1) (37) which hydrolyses arginine, a key amino acid 

responsible for modulating T cell metabolism and T cell mediated anti-tumour immunity 

(298).  Research suggests that neutrophil derived ARG1 specifically depletes 

extracellular arginine, thereby supressing a range of T cell functions (299).  Moreover, it 

would appear that neutrophil secretion of ARG1 is directly mediated by cytokines such 

as IL-8 (300) which are contained within the tumour microenvironment.  Likewise,          

G-MDSCs were shown to inhibit CD8+ T cell responses in a murine model of 

fibrosarcoma, by exposing the T cells to high concentrations of H202 (301).  N2 TANs 

also secrete CCL17 during tumour development, prompting the recruitment of 

immunosuppressant CD4+ Treg cells to the site of the tumour (302,303).  Lastly, 

neutrophils may inhibit innate NK cell cytotoxicity, thereby preventing tumour cell 

destruction in the initial phases of metastatic colonisation (304). 

 

There is also evidence that neutrophils may have a significant role in tumour angiogenesis 

(reviewed in 305–307).  Briefly, research has demonstrated (308) that tumour infiltrating 

neutrophils are responsible for mediating the angiogenic switch - the point where the 

balance of pro-angiogenic factors exceeds that of anti-angiogenic factors, leading to 

tumour vascularisation (309).  Specifically, neutrophil derived MMP-9 was shown to 

increase the amount of bioavailable VEGF within the TME, thereby driving 

neovascularisation of pre-malignant lesions.  Furthermore, neutrophils in IFN-β deficient 

mice (considered to be an N2 phenotype) expressed elevated levels of VEGF and      

MMP-9 and demonstrated enhanced tumour growth and vascularisation (36).  Neutrophil 

derived MMP-9 promotes tumour vascularisation by cleaving the active form of        

VEGF-A and other angiogenic factors such as fibroblast growth factor (FGF) from the 

ECM, and once released these act upon nearby endothelial cells (306).  TANS are also a 

direct source of angiogenic factors, as neutrophils contain a large amount of VEGF-A in 

their granules that can be rapidly released in response to TNF-α (310).  In addition, 

neutrophils stimulated with G-CSF express prokinecitin-2 or “BV8” (311), a peptide that 

enhances the proliferation of endothelial cells and promotes tumour angiogenesis (312).  

Neutrophils are also a source of cytokines that can indirectly promote angiogenesis: 

research by Queen et al. (313) demonstrated that MDA-MB-231 and T47D breast cancer 
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cells can stimulate the production of Oncostatin M (OSM) in human neutrophils, which 

in turn, induced the release of VEGF from the breast cancer cells and enhanced tumour 

cell detachment and invasiveness.  It is important to note that whilst some studies have 

demonstrated a pro-proliferative effect for OSM in cancer (313,314), others have found 

the opposite, (315), consequently its actions might depend on cancer type. 

 

However, neutrophils have also been shown to secrete or enhance the levels of anti-

angiogenic factors.  For example, NE cleavage of plasminogen produces angiostatin, that 

in turn inhibits VEGF and FGF2 mediated endothelial cell proliferation (316), moreover 

NE has been shown to directly degrade VEGF and FGF2 thereby inhibiting their 

angiogenic activities (317).  It therefore appears that neutrophils have a dual role in 

angiogenesis, with N2 neutrophils in particular being skewed towards a pro-tumour, pro 

angiogenic phenotype.  

 

Neutrophil derived proteases, such as MMP-9, MMP-8, NE and cathepsin G have a key 

role in tissue invasion (reviewed in 318), primarily by degrading the structural 

components of the ECM, thus providing a pathway for the disseminating tumour cells 

(318).  In addition to modulating the ECM, neutrophil derived factors may also enhance 

the migratory capacity of tumour cells by inducing the EMT transition; specifically this 

process increases tumour cell motility and degradation of the ECM/basement membrane, 

thereby promoting tissue invasion (129).  Grosse-Steffan et al. (319) were the first to 

demonstrate this mechanism in 2012.  They found neutrophil infiltration to be strongly 

correlated with the expression of nuclear ꞵ-catenin and ZEB1 (markers of the EMT 

transition) in biopsies of pancreatic ductal adenocarcinomas. Moreover, T3M4 and HuH7 

pancreatic cancer cell lines co-cultured with neutrophils underwent rapid dyshesion and 

demonstrated altered expression of markers of the EMT transition (increased expression 

of TWIST, nuclear ꞵ-catenin and ZEB1, and down regulation of keratins), possibly 

induced by a loss of cell to cell contact, since NE was shown to degrade tumour cell          

E-cadherin (319).  Further research (320) demonstrated an inverse association between 

neutrophil infiltration and E-cadherin expression in lung adenocarcinomas; co-cultures of 

neutrophils isolated from the blood of adenocarcinoma patients with A549 and SPC-A1 

lung adenocarcinoma cell lines induced EMT in the tumour cells via a TGF-β signalling 
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pathway.  Moreover, neutrophils were found to induce EMT in a zebrafish model of 

oncogene induced keratinocytes via CXCR2 signalling (321), recent research by Li et al. 

(322) found tumour associated neutrophils to induce EMT via IL-17a signalling whereas 

neutrophil-like HL60N cells induced EMT in human gastric cancer cells through the 

expression of IL-6, IL-8, IL-1β, and TNFα, which subsequently activated the ERK 

signalling pathway (323).   

 

Whilst there has been recent progress in understanding how neutrophils might 

demonstrate a pro-tumour role in cancer there are still significant gaps in understanding 

how neutrophils influence the EMT transition.  The results of several of the cited studies 

need to be viewed with caution.  Specifically, one group used an immortalised 

“neutrophil-like” cell line “HL-60 (323); whilst HL-60 cells demonstrate many 

characteristics of mature neutrophils (324) their differentiation is somewhat impaired 

(325), consequently these cells do not fully reflect the biological activity of primary 

human neutrophils (325).  Other researchers used a zebrafish model of cancer (321); due 

to their small size, large number of offspring and fast maturation time, zebrafish have 

become an important new cancer model over the last few decades (326).  However whilst 

their tumours largely resemble human cancers on a histological level, they do not 

completely reflect human disease in terms of incidence, onset and tumour spectrum             

(reviewed in 326).  Regardless, neutrophils appear to induce EMT by a number of 

mediators and signalling pathways, thus it is possible that their role in this process is 

dependent upon the phenotype of the neutrophils or tumour type/stage of disease 

progression.  Throughout this project, the role the ability of neutrophils to induce EMT in 

breast cancer cells was unknown, as published studies during that time had only addressed 

this occurrence in lung (320), pancreatic (319) and gastric cancers (322,323).  However, 

during the late stages of thesis preparation, a study was published by Wang et al. (327) 

that found intra-tumoural neutrophils (TINs) to induce EMT in MCF-7 and MDA-MB-

231 cells.  This paper is discussed in Section 6.4.2. 
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1.2.5.5.3 Neutrophils in metastatic dissemination and the formation of metastases 

 

Research from the last few decades suggests that neutrophils may actively support tumour 

cells during every stage of metastatic dissemination.  Specifically, neutrophils may aid 

tumour cells to invade surrounding tissues (Section 1.2.5.5.2), intravasate and survive in 

the circulatory system, lodge within the microvasculature and extravasate at distal sites 

to form secondary tumours (reviewed in 158,305,318,328).  However, whilst there is 

evidence to suggest a pro-metastatic role for neutrophils, this remains controversial, with 

opposing anti-metastatic roles also being demonstrated, even within similar experimental 

models (329,330). 

 

As previously noted, (Section 1.2.5.5.2) neutrophils may support local tissue invasion by 

inducing EMT in tumour cells and degrading the ECM.  For example, neutrophil derived 

proteases may enhance the bioavailability of soluble factors such as TGF-β, a cytokine 

demonstrated to induce EMT in murine breast carcinomas and promote intravasation 

(331).  TGF-β may also promote intravasation by activating the LIM-homeobox gene 2 

(LHX2) which acts to increase the diameter of tumour blood vessels (332).  It would 

appear that neutrophils also indirectly support intravasation through the induction of 

angiogenesis (Section 1.2.5.5.2), for example neutrophil derived MMP-9 enhances 

angiogenesis and intravasation in fibrosarcoma and prostate carcinoma cells (333).  The 

tumour blood vessels are thin and leaky, being comprised of highly disorganised, loosely 

connected endothelial cells (334).  Consequently barrier function is impaired and may 

facilitate intravasation (334,335).   

 

Once tumour cells are in the circulatory system they must survive the shear stress imposed 

by blood flow and avoid detection by immune cells (127,336).  One of the mechanisms 

by which they may achieve this, is through the formation of clusters or aggregates of at 

least 2-3 cells, which are referred to as tumour microemboli, or circulating 

micrometastases (337).  The clusters prevent the tumour cells from undergoing anoikis 

(programmed cell death triggered when cells detach from the ECM (338)), furthermore. 

platelets, which are often associated with clusters, protect the tumour cells from blood 

flow sheer stress and anti-tumour immune responses (339,340).  It is possible that 
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neutrophils may have a role in this process, as cathepsin-G (a neutrophil derived protease) 

was recently shown to induce MCF-7 breast cancer cells to cluster in vitro (341). 

Neutrophils may also enhance the survival of murine intraluminal tumour cells by 

inhibiting the anti-tumour activity of circulating NK cells (304).  

 

Neutrophils may support the arrest and extravasation of tumour cells at secondary sites 

by several mechanisms.  Firstly, neutrophils secrete proteases and cytokines that may 

activate the endothelium and promote tumour cell adhesion.  It has been shown that NE 

promoted the adhesion of pancreatic and colon cancer cell lines to human umbilical vein 

endothelial cells (HUVEC) by increasing the expression of E-selectin (an endothelial cell 

adhesion molecule) on HUVEC (342).  Furthermore, neutrophils may support tumour cell 

extravasation through the secretion of IL-1ꞵ (which activates endothelial cells), MMP-8 

and MMP-9 (304). Other studies have demonstrated that tumour cells co-localise with 

neutrophils at the endothelium of target organs, in order to promote their adhesion.  For 

example, lung carcinoma cells adhere directly on top of neutrophils within the liver 

sinusoids, the carcinoma cells being held in place by neutrophil Mac-1 (CD11b) (343).  

Neutrophils have also been shown to enhance the transendothelial migration of melanoma 

cells by promoting Mac1 (neutrophil)/ICAM-1(melanoma cell) adhesive interactions 

(344).  Huh et al. (345) demonstrated that neutrophils may increase the retention of 

melanoma cells in a murine model of lung metastases by 3- fold, mediated by Mac-1 

(CD18) (neutrophils)/ICAM-1 (melanoma cell) adhesive interactions (346).  Finally, 

there is evidence to suggest that neutrophil derived NETs (Section 1.2.5.1) may enhance 

the adhesion of circulating tumour cells, with circulating lung carcinoma cells being 

trapped within microvascular NETs, thereby enhancing the formation of hepatic 

micrometastases in mice.  Likewise, the formation of NET like structures around 

metastatic murine breast cancer cells have been found to stimulate the invasion and 

migration of the breast cancer cells in vitro (347).. 

 

However, there is also evidence that neutrophils may display anti-metastatic properties. 

Granot et al. (329), found an accumulation of activated neutrophils in a pre-metastatic 

mouse model of breast cancer (4T1).  Referred to as “tumour entrained neutrophils” (329), 

these cells accumulated in the pre-metastatic lung and were activated (entrained) by 
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tumour derived CCL2, prompting the neutrophils to release ROS and acquire a cytotoxic 

phenotype; as a consequence, the tumour entrained neutrophils inhibited metastatic 

seeding.  This anti-metastatic activity was questioned by Coffelt et al. (158), who noted 

a pro-metastatic role for neutrophils in other studies of the same tumour cell line.  It was 

suggested (158) that these contradictory results might, in part, be due to experimental 

timing, with neutrophils being isolated from early stage tumours demonstrating different 

behaviour from those isolated from late stage tumours, or that the cell lines through 

successive culturing had undergone genetic drift so that the same cell line used by 

different laboratories produced divergent cytokines.  However, several of the studies 

(348,349) cited by Coffelt et al. (158) were investigating the prometastatic functions of 

myeloid derived suppressor cells, which as previously discussed (Section 1.2.5.3) have 

been found to have functionally distinct genetic profiles compared to naïve neutrophils 

or TAN.  Therefore, further work needs to be undertaken to determine the role of TANs 

in the development of distal metastases.  

 

1.2.6 Conclusions from the literature 

 

Over the last few decades it has become well recognised that the tumour micro-

environment plays a pivotal role in tumour development and progression.  Whilst 

interactions between certain cells, such as macrophages, and cancer cells have been 

reasonably well characterised, less is known regarding the role of neutrophils.   

 

For a long time, neutrophils were thought to have a negligible role in cancer, mostly due 

to their short lifespan.  However, neutrophils display an extended lifespan in certain 

inflammatory diseases, and there is some evidence that the same process may occur (and 

be associated with adverse outcomes) in cancer; however, the mechanisms and mediators 

behind this effect are not well understood and may in part be dependent upon the type or 

stage of cancer.  To date only limited work has been undertaken regarding the lifespan of 

neutrophils in breast cancer. 
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The overall role of neutrophils in cancer remains controversial with both pro and anti-

tumour effects demonstrated.  It would appear that neutrophil phenotype can be altered 

in cancer, which may again be dependent upon the type or stage of cancer, which may 

explain their opposing roles.  Thus, a great deal of work is required to fully characterise 

this process and determine its impact on tumour development and progression in breast 

cancer. 

 

In recent years it has become clear that the epithelial-mesenchymal transition is a critical 

step towards malignancy.  Whilst there is limited evidence that neutrophils may induce 

this process, some of the models used (such as zebrafish models or a neutrophil-like cell 

line) may not accurately reflect the biological mechanisms found in humans.   
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Chapter 2 

 

Materials and Methods 
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2.1 Materials 

 

2.1.1 General chemicals and reagents 

 

General chemicals and reagents were purchased from Sigma-Aldrich (Auckland, New 

Zealand) unless otherwise stated. 

 

2.1.2 Cell culture reagents 

 

Delbucco’s Modified Eagle Medium (high glucose, pyruvate DMEM) was purchased 

from Thermo Fisher Scientific (Auckland, New Zealand). AIM V serum free medium, 

penicillin, streptomycin and trypsin-EDTA were from Gibco (Thermo Fisher Scientific, 

Auckland, New Zealand). Ciprofloxacin was from Acros Organics (Thermo Fisher 

Scientific, Auckland, New Zealand). Prostaglandin E2 (Prod. No. P049) was from    

Sigma-Aldrich (Auckland, New Zealand). Fetal bovine serum (FBS) was from Moregate 

Biotech (Hamilton, New Zealand).  MCF-7 cells and MDA-MB-231 cells were from the 

American Type Culture Collection (Manassas, Virginia, United States).  Amicon        

Ultra-15 Centrifugal Filters were purchased from Sigma Aldrich (Merk Millipore, 

Darmstadt, Germany).  Corning 12mm transwell plates (Prod. No. 3460) were purchased 

from Invitro Technologies (Auckland, New Zealand). 

 

2.1.3 Neutrophil isolation reagents 

 

Histopaque 1.119 and 1.077 polysucrose density gradient solutions were from Sigma 

Aldrich (Auckland, New Zealand). MicroBeads conjugated to monoclonal mouse anti-

human CD15 antibodies (Cat. No. 130-046-601), MACS LS columns and a MidiMACS 

separator were from Milteny Biotec (Sydney, Australia).  Bovine serum albumin (BSA) 

was purchased from Gibco (Thermo Fisher Scientific, Auckland, New Zealand).  EDTA 
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anticoagulant blood collection tubes were purchased from BD-Vacutainer (Thermo 

Fisher Scientific, Auckland, New Zealand). 

 

2.1.4 RT-PCR reagents 

 

An isolate II RNA mini kit (Cat. No. BIO 52073) was from Bioline (Alexandria, NSW, 

AUS). High Capacity cDNA Reverse Transcription Kits and PowerUp SYBER Green 

Mastermix PCR reagent were from Applied Biosystems (Thermo Fisher Scientific, 

Auckland, New Zealand).  All PCR primers were synthesised by Integrated DNA 

Technologies (Coralville, Iowa, USA). Mycoplasma PCR positive control and internal 

control was provided as a gift from Dr Cord Uphoff (Department of Human and Animal 

Cell Lines, DSMZ, Braunschweig, Germany). Nuclease-free water was from Thermo 

Fisher Scientific (Auckland, New Zealand). A QIAquick® PCR purification kit was from 

Qiagen (Bio-Strategy Ltd, Auckland, New Zealand). 

 

2.1.5 Molecular biology reagents 

  

Amplex red (Cat. No. A22177) and MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) (Cat. No. M6494) reagents, a 1kb DNA molecular weight 

ladder, 2x RNA loading Dye, 6xDNA loading dye and a prestained page-ruler protein 

ladder were from Thermo Fisher Scientific (Auckland, New Zealand). Trypan blue 

solution (0.4%) was from Gibco (Thermo Fisher Scientific, Auckland, New Zealand). A 

flow cytometry dead cell apoptosis kit with Annexin V FITC and PI (Cat.No. V13242), 

and SYBR™ Safe DNA Gel Stain (Cat. No. S33102) were from Invitrogen (Thermo 

Fisher Scientific, Auckland, New Zealand). BD calibrate beads were from BD 

Biosciences (Auckland, New Zealand). DNAse and RNAse free agarose was from Bio-

Rad (Auckland, New Zealand). PVDF membrane, Immobilon P, was from Millipore 

(Sigma-Aldrich, Auckland, New Zealand). Ultrapure water was obtained from a Milli-Q 

system (Merck Millipore, Darmstadt, Germany). 
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2.1.6 Antibodies  

 

Mouse monoclonal antibodies against caspase-8 (clone B.925.8) and against GAPDH 

(Invitrogen, clone ZG003) were from Thermo Fisher Scientific (Auckland, New 

Zealand). A mouse/rabbit Epithelial-Mesenchymal western blot cocktail against 

vimentin, ꞵ-catenin, GAPDH and B-actin (ab157392) was from Abcam (Cambridge, 

United Kingdom).  A horse-radish peroxidase (HRP) conjugated polyclonal anti-mouse 

IgG secondary antibody (Cat. No. A9044) was from Sigma-Aldrich (Auckland, New 

Zealand). 
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2.2 General Methods 

 

2.2.1 Neutrophil isolation 

 

2.2.1.1 Identification and recruitment of study participants 

 

This study was approved as a low risk ethics application by the Massey University 

Southern Ethics Committee (Southern A Application 15/08).  Human neutrophils were 

obtained from the peripheral blood of healthy male and female volunteers.  Participants 

were provided with an information sheet and had the study explained to them verbally, 

before providing written informed consent.  

 

17 subjects (11 females, and 6 males) were selected on the basis of having good general 

health with no known immune system disorders, blood borne contagious diseases or 

disorders of bleeding and/or clotting of the blood. One of the subjects was a habitual 

smoker. The health screening questionnaire provided to participants for this research is 

provided in Appendix A.  

 

2.2.1.2 Blood sampling and processing 

 

Non-fasting venous blood samples were taken by a trained phlebotomist at Massey 

University, Albany, Auckland.  Each sample (approximately 6mL of blood) was obtained 

in a collection tube coated with EDTA anticoagulant.  Blood samples were not pooled but 

were used in matched pairs for experiments; i.e. a participant would donate two blood 

samples, with one used for the MCF-7 assay and the other for the MDA-MB-231 assay.  

 

All blood samples were processed within 15 minutes of collection and treated in 

accordance with the Massey University guidelines for handling unfixed human tissue, 

blood body fluids in research.   
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2.2.1.3 Red blood cell (RBC) lysis 

 

A 10X RBC lysis buffer (1.5M ammonium chloride, 0.1M sodium bicarbonate, 12.7mM 

EDTA) was prepared in ultrapure water and stored at 4ºC for up to six months.  A working 

1 X RBC stock solution was created by adding 10ml of 10X RBC buffer to 90ml of 

µultrapure water and stored at 4ºC for up to six months.  RBC lysis was performed by 

aliquoting 3ml of whole blood into a sterile 50ml conical centrifuge tube, followed by 

42ml of cold 1 x RBC buffer. The tube was gently inverted every 60 secs for ~10min, 

until the liquid was a clear red, then centrifuged in a Heraeus Megafuge 1.0R centrifuge 

(Thermo Fisher Scientific, Auckland New Zealand) (250xg, 5min, 4ºC). The pelleted 

cells were washed with 10ml cold 0.01M PBS (1X), centrifuged (250xg, 5min, 4ºC) and 

then resuspended according to the ensuing experimental protocol. 

 

2.2.1.4 Neutrophil isolation via MACs CD15+ positive selection 

 

Leucocytes (as prepared in Section 2.2.1.3) were resuspended in 80µl of isolation buffer 

(PBS (pH 7.2), 0.5% BSA, 2 mM EDTA), and 20µl CD15 Microbeads per 107 of total 

cells.  The leucocyte preparation was gently inverted, incubated for 15min at 2-8oC, then 

1ml of isolation buffer was added per 107 cells. The sample was centrifuged (300xg,         

10min, at room temperature or “RT”), the supernatant discarded and the pellet 

resuspended in 500µl of isolation buffer per 108 cells.  

 

A MACS LS column was placed within the magnetic field of a MidiMACS separator and 

was rinsed with 3ml of isolation buffer.  The cell sample was applied to the column, then 

the column was washed 3 times with 3ml of buffer to remove any non-labelled cells.  The 

column was removed from the magnetic separator and placed within a fresh 15ml sterile 

polypropylene tube, 5mls of isolation buffer was applied to the column, after which the 

plunger was firmly pushed into the column to flush out the magnetically labelled 

neutrophils. The cells were centrifuged (250xg, 5min, RT), the supernatant discarded and 

the cells washed with PBS (pH 7.4). The purified neutrophils were pelleted (250xg, 5min, 

RT) and then resuspended according to the ensuing experimental protocols. 
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2.2.2 Cancer cell culture 

 

2.2.2.1 General cell culture 

 

MCF-7 and MDA-MB-231 cell lines were routinely cultured in Delbeccos Modified 

Eagle Medium (high glucose, pyruvate DMEM) supplemented with 10% v/v FBS, 

100U/ml penicillin and 100µg/ml streptomycin (“complete medium”). The cell lines were 

maintained at 37ºC with 5% CO2 and were routinely cultured in T 75 flasks. 

 

Unless otherwise stated both cell-lines were passaged when 70% confluent.   The media 

was removed, the cells washed with PBS (pH 7.4), which was subsequently removed 

prior to cells being incubated with 2ml of 0.05% trypsin-EDTA, for 3min at 37ºC. An 

aliquot of media was added to the flask to inactivate the trypsin, the cells were separated 

by pipetting and passaged into flasks at a ratio of ~1:3.  

 

Frozen cell stocks were created from flasks of cells grown to ~90% confluence, the cells 

were washed and dissociated from the flask surface as previously described. The cell 

suspension was removed from the flask, centrifuged (1200rpm, 5min, RT) and the pellet 

resuspended in 1ml of medium supplemented with 10%v/v FBS, 30%v/v dimethyl 

sulphoxide (DMSO). Cells were stored immediately at -80ºC, for long term storage.  Cells 

stocks were recovered by thawing rapidly at 37ºC. The cells were resuspended in 10ml 

of complete medium, then centrifuged (1200rpm, 5min, RT), the medium (containing 

DMSO) removed, and the cells resuspended in fresh complete medium and seeded into 

flasks.  

 

2.2.2.2 Creation of conditioned media (CM) and untreated control media 

 

Cultured cells were grown to approximately 60% confluence; the spent medium was 

removed, and the cells washed with PBS (pH 7.4) before fresh complete medium was 

added.  The conditioned medium was collected 48hours later, filtered through a 0.22µm 
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filter and was stored for ~2hours at 37ºC before being used within experiments     

(Chapters 4-6)). Untreated control medium was also prepared for each conditioned 

medium experiment. A 20ml aliquot of medium was placed in a cell-free T 75 flask and 

incubated at 37ºC with 5% CO2. The untreated medium was collected 48 hours later, 

filtered through a 0.22µm filter was stored for ~2hours at 37ºC before being used within 

experiments. 

 

2.2.2.3 Mycoplasma testing 

 

MCF-7 and MDA-MB-231 cell lines were routinely tested for the presence of 

mycoplasma contamination, according to the method of Uphoff and Drexler (350). As a 

precaution, to further mitigate the risk of contamination, MCF-7 and MDA-MB-231 cell 

lines were routinely treated with ciprofloxacin (351). Prior to the creation of frozen cell 

stocks; the cell lines were treated with 10µg/ml ciprofloxacin on alternate days for a 

duration of two weeks (350), and then frozen as previously described (Section 2.2.2.1).  

 

2.2.3 Cell biology techniques  

 

2.2.3.1 May-Grünwald-Giemsa staining of neutrophils 

 

To determine the purity and composition of the isolated cells, the neutrophil preparations 

were subjected to May-Grünwald-Giemsa staining.  A 10µl aliquot of freshly isolated 

neutrophils was placed on a Poly-Prep, poly-lysine coated glass slide, air dried for two 

hours then fixed with 100% methanol. The slides were stained in undiluted May-

Grünwald solution for 3min, then placed in a working solution of May Grünwald diluted 

1:1 with Sørensons buffer pH 7.0 (133mM disodium phosphate: 133mM potassium 

phosphate monobasic) for 5min.  The slides were rinsed in Sørensons buffer for 60 secs, 

stained in Giemsa solution diluted 1:5 with Sørensons buffer for 25min, then gently 

flushed with Millipore ultrapure water. Slides were imaged using an Axiostar plus 

microscope (Zeiss, Oberkochen, Germany). 
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2.2.3.2 Determination of leucocyte populations (cell purity) via flow cytometry 

 

A sample of leucocytes, as prepared via RBC lysis (Section 2.2.1.3) and a sample of 

neutrophils, as isolated via MACs CD15+ positive selection (Section 2.2.1.4) were 

analysed via flow cytometry to quantify their cellular composition. The leucocytes (as 

prepared in Section 2.2.1.3) were resuspended in 10ml of PBS (pH 7.2). The sample was 

split into two 5ml aliquots. These were placed in two separate 15ml sterile polypropylene 

tubes, one of which was centrifuged (250xg, 5min, RT), the supernatant removed, the 

neutrophils isolated MACs CD15+ positive selection (Section 2.2.1.4) and then 

resuspended in 5mls of PBS (pH 7.2). Both samples were run through a BD FACScanto 

II flow cytometer (BD Bioscience, Auckland, New Zealand).  The samples were analysed 

using BD FACSDiva software; the individual populations of cells (granulocytes, 

monocytes and lymphocytes) were identified according to their forward scatter/side 

scatter characteristics.  Each population was gated and the number of events (cells) 

determined.  Sample composition was determined by dividing the number of cells within 

an individual population, by the total number of cells and multiplying by 100 or % 

composition = [1.00 – (Number of cells within a sample ÷ {Number of granulocytes + 

Number of lymphocytes + Number of monocytes})] × 100. 

 

2.2.3.3 Assessment of neutrophil activation and function via the Amplex red 

colorimetric assay 

 

A 10mM stock solution of Amplex Red was prepared in DMSO, and a 1000U/ml stock 

solution of horse radish peroxidase (HRP) was prepared in 0.25M sodium phosphate (pH 

7.4). Stock solutions were divided into single use aliquots and stored at -20ºC.  An 

Amplex red working solution, comprised of 50mM Amplex red and 1U/ml HRP in Krebs 

Ringer Phosphate Glucose (KRPG) buffer (145mM sodium chloride, 5.7mM sodium 

phosphate, 4.86mM potassium chloride, 0.54mM calcium chloride, 1.22mM magnesium 

sulphate and 5mM of glucose, pH 7.35) was prepared immediately prior to each 

experiment.   
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To assess the functional activity of the isolated neutrophils, as determined by their 

response to stimulus, a 40µg/ml stock of phorbol 12-myristate 13-acetate (PMA) was 

prepared in DMSO and was stored in single use aliquots at -20ºC; PMA was diluted to 

60ng/ml in Amplex Red working solution immediately prior to each experiment.  

 

Fresh H202 standards were prepared each day.  A 25mM stock solution of H202 in KRPG 

was prepared, then serially diluted to create seven standards (250, 125, 62.5, 31.25, 15.63, 

7.81 & 3.9 µM) of H202 in KRPG.  A 20µl aliquot of each standard, along with a blank, 

was loaded in quadruplicate into a Griener Bio-one 96 well microplate. 

 

Neutrophils isolated via immunomagnetic positive selection (see Section 2.2.1.4) were 

resuspended in KPRG buffer at a final concentration of 2.5x106cells per ml.  A 20µl 

aliquot of neutrophils in KRPG (5x104 total cells) was loaded into six wells of the 96 well 

microplate described above.  These were split into two groups; the first group were to be 

untreated (control) neutrophils and the second group were to be neutrophils stimulated 

with PMA. 

 

A 100µl aliquot of Amplex Red working solution was added to each of the standards, 

blanks and control cells. A 100µl aliquot of PMA Amplex Red working solution was 

added to the second group of neutrophils in order to stimulate them. The plate was 

protected from sunlight and was incubated for 30min at RT, after which fluorescence was 

measured on a FLUOstar Omega Microplate reader, using wavelengths of 560nm for 

excitation and 590nm for emission.  The plate was incubated for a further 90min at RT, 

and the fluorescence measured again.  MARS Data analysis software (BMG Labtech 96, 

Ortenberg, Germany) was used to analyse the results, with the fluorescence reading 

obtained at 30min being used to create the standard curve and determine the baseline 

activation status of the neutrophils, while the reading obtained at 120min was used to 

determine the functional responses of the neutrophils.  
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2.2.3.4 Assessment of neutrophil lifespan and apoptosis 

 

2.2.3.4.1 Trypan blue exclusion test 

 

Neutrophil viability was determined manually via trypan blue staining according to the 

method of Strober (352).  An 100µl aliquot of neutrophils was added to 50µl of 0.4% 

trypan blue solution and gently mixed. The neutrophils were manually counted on a 

Bright-Line haemocytometer.  Cell viability was determined by dividing the number of 

viable cells (cells excluding trypan blue) by the total number of cells and multiplying by 

100 or % viable cells = [1.00 – (Number of blue cells ÷ Number of total cells)] × 100. 

 

2.2.3.4.2 Flow cytometry neutrophil apoptosis assay 

 

Control medium and MDA-MB-231 CM (day 1) or MCF-7 CM (day 2) was prepared 

prior to commencing each experiment (Section 2.2.2.2).  Neutrophils were isolated from 

whole blood samples via positive selection (Section 2.2.1), resuspended in control 

medium, MDA-MB-231 CM (day 1) or MCF-7 CM (day 2) at a concentration of 3.33x105 

cells/ml, then aliquoted into a 24 well plate to a final volume of 1.5ml.  A sample of 

neutrophils in untreated medium was stimulated with 30ng/ml phorbol 12-myristate 13-

acetate (PMA) and 0.1mM H2O2 as a positive control for apoptosis (353).  The cells were 

incubated at 37ºC with 5% CO2, neutrophil viability was assessed at 0hrs, immediately 

post isolation and at 3, 7, 10 and 24hrs post incubation. Neutrophils were stained with 

Alexa Fluor® 488 Annexin V and propidium iodide according to manufacturer’s 

instructions. The cells were analysed on a BD FACScanto II flow cytometer (BD 

Bioscience, Auckland, New Zealand) measuring fluorescence emission at 530nm (FITC) 

and 670nm (PerCP-Cy5.5).  Compensation controls were set using BD FACSDiva 

software and BD calibrate beads according to the manufacturer’s instructions. 

Compensation controls were confirmed using single-stained (either Annexin V or 

propidium iodide) sample control tubes.  The data was gated and analysed using BD 

FACSDiva software, and exported to Microsoft Excel (2016) software for statistical 

analysis. Three parameters were investigated, the proportion (%) of viable cells as stained 
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FITC-/PI-, the proportion (%) of cells undergoing apoptosis as stained FITC+/PI- and the 

proportion (%) of necrotic cells as stained FITC+/PI+ and FITC-/PI+.  A two-tailed paired 

t test was used to determine the difference in means for each of these parameters, 

comparing neutrophils incubated in untreated media, against those neutrophils incubated 

in either MCF-7 CM or MDA-MB-231 CM. Statistical significance was defined as 

P<0.05. 

 

2.2.3.4.3 Neutrophils cultured in fractionated, conditioned medium, apoptosis assay 

 

Four different sized Amicon Ultra-15 centrifugal filters were used, with molecular weight 

cut offs (MWCO) of 10, 30, 50 and 100kDa. Prior to use, the filters were rinsed with 

12ml of Millipore ultrapure water, then centrifuged (4000xg, 20min, RT) to remove any 

residual traces of glycerine. 

 

Control medium and MDA-MB-231 CM was prepared prior to commencing each 

experiment (Section 2.2.2.2).  On the day of the experiment 12mls of MDA-MB-231 CM 

and 12mls of control medium were aliquoted into separate centrifugal filters.  The filters 

were centrifuged at 4000xg, RT, for 30min (10kDa and 30kDa filters) or 20min (50kDa 

and 100kDa filters).  A 300µl aliquot of retentate and 11.4ml aliquot of filtrate was 

removed from each filtration device; the filtered control medium was used to dilute the 

MDA-MB-231 CM retentate and the filtrate, after which the samples were filtered 

through a 0.22µm filter and stored at 37ºC for approximately 2hrs. 

 

Neutrophils were isolated from whole blood samples via positive selection (Section 2.2.1) 

and were resuspended in the following preparations (i-vi) at a concentration of 3.33x105 

cells/ml: 

i) control medium (negative control),  

ii) unfiltered MDA-MB-231 CM (positive control) 

iii) retentate from MDA-MB-231 CM 

iv) filtrate from MDA-MB-231CM  

v) a mixture of the retentate and filtrate from MDA-MB-231 CM  
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The cells were aliquoted into a 24 well plate to a final volume of 1.5ml and incubated at 

37ºC with 5% CO2.  Neutrophil viability was assessed at 0hrs, immediately post isolation 

and at 7hrs post incubation via flow cytometry using a Dead Cell Apoptosis kit as 

previously described (Section 2.2.3.4.2).    

 

2.2.3.4.4 Heat treated MDA-MB-231 conditioned medium apoptosis assay 

 

Control medium and MDA-MB-231 CM was prepared prior to commencing each 

experiment (Section 2.2.2.2).  A 15ml aliquot of MDA-MB-231 CM was placed into a 

sterile 50ml polypropylene centrifuge tube, heated for 10min at 100ºC and centrifuged 

(1000xg, 5min, RT). The supernatant filtered through a 0.22µm filter and stored at 37ºC 

for approximately 2hrs before use.  Neutrophils were isolated from whole blood samples 

via positive selection (Section 2.2.1).  The cells were resuspended in control medium or 

boiled filtered CM at a concentration of 3.33x105 cells/ml, then aliquoted into a 24 well 

plate to a final volume of 1.5ml.  The cells were incubated at 37ºC with 5% CO2. 

Neutrophil viability was assessed at 0hrs, immediately post isolation and at 7hrs post 

incubation using a Dead Cell Apoptosis kit as previously described (Section 2.2.3.4.2).    

 

2.2.3.4.5 Prostaglandin E2 (PGE2) apoptosis assay 

 

A 10mg/ml stock solution of prostaglandin E2 (PGE2) was prepared in ethanol, the stock 

solutions were divided into single use aliquots and stored at -20ºC.  A 1mM working stock 

solution of PGE2 prepared in 0.1M PBS (10X), and a vehicle control comprised of ethanol 

in 0.1M PBS was prepared immediately prior to each experiment. Control medium and 

MDA-MB-231 CM was also prepared prior to commencing each experiment (Section 

2.2.2.2). 
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Neutrophils were isolated from whole blood samples via positive selection (Section 2.2.1) 

and were resuspended in each of the following preparations (i-vi) at a concentration of 

3.33x105 cells/ml: 

i. Untreated control medium 

ii. 10µM PGE2 in control medium,  

iii. 10µM PGE2 in control medium, heated for 10min at 100ºC, centrifuged (1000xg, 

5min, RT), the supernatant removed and filtered through a 0.22µm filter.   

iv. Control medium supplemented with the vehicle control (ethanol in 0.1M PBS) 

v. MDA-MB-231 CM 

vi. MDA-MB-231 CM, heated for 10min at 100ºC, then centrifuged (1000xg,               

5min, RT), and the supernatant removed and filtered through a 0.22µm filter.  

Each sample was aliquoted into a 24 well plate to a final volume of 1.5ml.  The cells were 

incubated at 37ºC with 5% CO2. Neutrophil viability was assessed at 0hrs immediately 

post isolation and at 7hrs post incubation using a Dead Cell Apoptosis kit as previously 

described (Section 2.2.3.4.2).    

 

2.2.3.5 Tumour cell migration when co-cultured with neutrophils 

 

The effect of neutrophils upon tumour cell migration was determined via wound scratch 

assay, using a modified version of the method by Liang et al. (354).  MCF-7 and MDA-

MB-231 cells were collected by trypsinisation as described for passaging (Section 

2.2.2.1) and the pellet resuspended in complete medium. Each cell line was plated out 

into four wells of a 12 well transwell plate, to assess the effect of neutrophils or medium 

without cells (negative control) upon tumour cell migration in duplicate. The MCF-7 and 

MDA-MB-231 cells were plated out at a concentration of 3x105cells and 2x105cells 

respectively, in a volume of 1.5ml medium supplemented with 10% v/v FBS, 100U/ml 

Penicillin and 100µg/ml Streptomycin. The plates were incubated at 37ºC with 5% CO2 

for 24hrs to create a monolayer.  

 

On the day of the experiment, neutrophils were isolated from whole blood samples via 

positive selection (Section 2.2.1) and were resuspended in DMEM supplemented with 
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10% v/v FBS, 100U/ml Penicillin and 100µg/ml Streptomycin.  Concurrently, a “wound” 

was created in each well of the plates containing MCF-7 and MDA-MB-231 cells, by 

scraping the monolayer in a straight line with a 200µl pipette tip (354). The medium (and 

detached cells) was gently aspirated, the cells washed with 1ml of PBS (pH 7.4), which 

was subsequently removed and replaced with 1.5ml of complete medium. To obtain the 

same field during image acquisition two reference points were made for each well, by 

marking the outer bottom of the well with an ultrafine black marker pen. The plate was 

then placed under a phase contrast inverted microscope (CKX31, Olympus, Auckland, 

New Zealand). For each well the scratch/reference point was placed at the top, centred in 

the middle, of the eye piece field view (microscope), but outside the capture image field 

of the camera. A photo was taken of each well, at each reference point using a colour 

microscope camera (Dino-Eye AM7025X Edge Series 5.0MP, Dino-Lite, Joondalup DC 

Australia); images taken at this point are referred to as time zero. 

 

The neutrophils, 1x105 cells in 500µl of media, were aliquoted into transwell inserts 

placed above the MCF-7 and MDA-MB-231 cells.  For a negative control, 500µl of 

medium without neutrophils was aliquoted into the transwell inserts instead.  The cells 

were incubated at 37ºC with 5% CO2.  At 7, 24 and 30hrs the plates were removed from 

the incubator and the inserts, containing either neutrophils or control medium, were 

placed into sterile 12 well plates.  A photo was then taken of each well, at each reference 

point as previously described. The inserts were then returned to the plate, and the plate 

returned to the incubator.  The experiment was repeated a total of four times.  

 

The images were analysed using ImageJ Software (355).  In order to calculate surface 

area of the wound, the pixels of the image were converted into mm. This was achieved 

by measuring the scale bar located at the bottom of the image, then setting the scale to its 

known distance and unit of length; sample images of this method can be seen in chapter 

6. To reduce the risk of measurement bias, a macro was created in ImageJ to set each 

image to exactly the same scale.  For each image, the wound was traced using the freehand 

selection tool then analysed to determine the surface area of the scratch.  Migration rate 

was expressed as the % of area reduction (wound closure) after 7, 24 and 30hrs incubation 

via the following formula (356) 
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Wound closure % = [
𝐴𝑡_0ℎ − 𝐴𝑡_∆ℎ 

𝐴𝑡_0ℎ
] 𝑋 100 

 

Where At_0h is the area of the wound immediately after scratching (t = 0h), and At_Δh is 

the area of the wound measured h hours after the scratch is performed.  A two tailed paired 

t-test was used to compare the difference in mean % wound closure between MCF-7 or 

MDA-MB-231 cells incubated with neutrophils compared to control. 

 

2.2.3.6 Preparation of samples for sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) 

 

Attached monolayers of cultured cells were washed once with PBS (pH 7.4) and were 

scraped into an appropriate volume of 6 x SDS page sample buffer (7ml 0.5M Tris, pH 

6.8, 40%w/v glycerol, 0.6mM dithiothreitol, 0.18mM Bromophenol Blue, 10% w/v SDS 

made up to 10ml w/H2O), diluted 1:3 with ultrapure water). The cells were lysed via 

vigorous pipetting, then heated at 100ºC for 5min. The samples were cooled for 30min, 

then stored at -18ºC. 

 

2.2.3.7 SDS PAGE 

 

A 10% polyacrylamide gel was prepared by creating a separating mix (5ml H20, 3ml 1.5 

M Tris/pH 8.8, 4ml 30% acrylamide/0.8% bisacrylamide, 5 µl 

tetramethylethylenediamine (TEMED), 50 µl 10% ammonium persulphate) which was 

poured into the gel casting apparatus (BioRad) and overlaid with 100µl of water-saturated 

butanol.  The gel was allowed to set before the water-saturated butanol was drained off. 

The separating gel was overlaid with stacking mix (6.1ml H20, 3ml 2.5 M Tris/pH 8.8, 

2ml 30% Acrylamide/0.8% Bis, 10 µl TEMED, 100 µl 10% Ammonium Persulphate), a 

comb was inserted, and the gel was allowed to set.   



65 
 

The samples were defrosted and immediately loaded onto the gel alongside a prestained 

page-ruler protein ladder (Thermo Fisher Scientific, Auckland, New Zealand). The 

proteins were separated via electrophoresis, at a constant voltage of 180V for 

approximately 45min.  An SDS PAGE glycine buffer (25mM Tris, 180mM Glycine, 

3.5mM SDS made up to 1L w/H20) was used as the running buffer.  

 

2.2.3.8 Coomassie Blue staining of SDS PAGE gels 

 

Gels were stained with Coomassie stain solution (0.25% v/v Coomassie Brilliant Blue R-

250, 50% v/v methanol, 10% v/v glacial acetic acid), for 30min, at RT, with gentle 

agitation on an orbital shaker.  Surplus Coomassie Blue was removed by the application 

of multiple changes of de-staining solution (50% v/v methanol with 10%v/v glacial acetic 

acid) for approximately 2hrs at RT until the background was clear. 

 

2.2.4 Immunological Techniques 

 

2.2.4.1 Western-blotting 

 

2.2.4.1.1 Transfer of proteins separated by SDS PAGE to PVDF 

 

A PVDF membrane (Immobilon P, Millipore) was soaked with methanol, then 

equilibrated in transfer buffer (25mM Tris, 180mM glycine, 0.35mM SDS, 10% v/v 

methanol in 1L H20) for 5min.  The SDS PAGE gel was laid over the PVDF membrane, 

and the proteins in the gel were transferred to the PVDF membrane using a semi-dry 

transfer cell (BioRad, Auckland, New Zealand) at 75 mA per gel or 10V constant voltage 

for 1 hr.   
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2.2.4.1.2 Ponceau S staining of PVDF membrane 

 

PVDF membranes were stained with Ponceau S stain (0.1% w/v Ponceau S in 5% v/v 

acetic acid) for one hr at RT with gentle agitation on an orbital shaker. Surplus stain was 

removed by rinsing the membrane in distilled water.  

 

2.2.4.1.3 Immunostaining of PVDF membrane 

 

After removing any remaining Ponceau S stain (by rinsing with distilled water) the PVDF 

membrane was rinsed with PBS-T0.1 (0.1% v/v Tween-20 in PBS).  Non-specific protein 

binding sites on the western blots were blocked by placing the membrane in 5% (w/v) 

fat-free powdered milk in PBS-T0.1, for 60min, at RT on an orbital shaker.  The membrane 

was washed once with PBS-T0.1, then incubated with primary antibody diluted in 5% 

(w/v) fat-free powdered milk in PBS-T0.1 for 60min, at RT on an orbital shaker then 

overnight at 4ºC. The primary antibody solution (see Sections 2.2.4.2-3 for dilutions) was 

removed and the blot was washed three times with PBS-T0.1 over a period of 45min, after 

which the blot was incubated with HRP-conjugated secondary antibody diluted in 5% 

(w/v) fat-free powdered milk in PBS-T0.1 for 60min, at RT, on an orbital shaker. The blot 

was then washed with PBS-T0.1 three times over a period of 45min, then incubated in 

chemiluminescent developer comprised of 1ml luminol solution (prepared with 200 ml 

0.1M Tris, pH 8.6100 mg sodium luminol), 10µl of enhancer solution (prepared with 10 

ml DMSO, 11 mg Parahydroxycoumaric acid) and 3.1 µl 3% H2O2 for 60 secs, after which 

it was visualised using a ChemidocTM XRS+ Imaging system (BioRad, Auckland, New 

Zealand) in chemiluminescence mode. 

  

2.2.4.1.4 Stripping of PVDF membrane for reprobing 

 

The blot was washed with PBS-T0.1 then incubated in stripping buffer (200mM Glycine, 

3.5mM SDS, 1% v/v Tween-20 made up to 1L w/H20, pH 2.2) for 10min at RT, after 

which the buffer was discarded.  The blot was incubated in stripping buffer for a further 

10min, and the buffer discarded. The blot was then washed with PBS twice over a period 
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of 20min, followed by PBS-T0.1 twice over a period of 10min after which the blot was 

ready for reprobing.  

 

2.2.4.2 Anti-Caspase 8 assay 

 

Control (untreated) media, MDA-MB-231 CM or MCF-7 CM was prepared prior to 

commencing each experiment (Section 2.2.2.2). Three participants provided whole blood 

samples on two non-consecutive days.  Neutrophils were isolated from the blood samples 

via positive selection (Section 2.2.1) and aliquoted into three samples of ~7x106 cells.  

The samples were centrifuged (250xg, 5min, RT) and the supernatant removed.  To 

determine the baseline level of caspase-8 cleavage in neutrophils, one sample was 

immediately prepared for SDS-PAGE (Section 2.2.3.7).  The two remaining samples 

were resuspended in control medium, MDA-MB-231 CM (day 1) or MCF-7 CM (day 2) 

at a concentration of 3.33x105 cells/ml; the samples were aliquoted into the wells of a six 

well plate to a final volume of 4ml and incubated for 7hrs at 37ºC with 5% CO2.   

 

After incubation the medium was removed, the cells washed with 1ml PBS then 

dissociated in 0.05% Trypsin-EDTA, for 3min at 37ºC. An aliquot of media was added 

to each well to inactivate the trypsin and the cells (neutrophils in control medium and 

neutrophils in CM) were transferred into two 15ml sterile polypropylene tubes.  The 

neutrophils were centrifuged (250xg, 5min, RT) and the supernatant discarded. The cells 

washed with 1ml PBS (pH 7.4), centrifuged (250xg, 5min, RT) and the supernatant 

discarded again.  The cells were counted, prepared for SDS-PAGE and stored at -18ºC 

(Section 2.2.3.6).   

 

Between 15-40µl of the samples were loaded onto the gels (Section 2.2.3.7). The volume 

loaded was determined by the number of cells contained within each sample immediately 

prior to preparation for SDS-PAGE; in order to load an equal number of cells across 

individual experiments.  Following separation via SDS-PAGE (Sections 2.2.3.7-8), the 

proteins were transferred to a PVDF membrane (Section 2.2.4.1.1), and the transfer 

confirmed by Ponceau S staining (Section 2.2.4.1.2). The PVDF membrane was 
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immunostained (Section 2.2.4.1.3) with mouse monoclonal caspase-8 primary antibody 

(1:1000) then stripped (Section 2.2.4.1.4) and re-probed with mouse monoclonal anti-

GAPDH (1µg/ml) as a loading control.  The blots were visualised via trans UV using a 

ChemidocTM XRS+ Imaging system (BioRad, Auckland, New Zealand), to capture an 

image of the prestained protein ladder, then via chemiluminescence to visualize the 

western blot. The two images were superimposed using image labTM software (Bio-Rad), 

allowing the presence or absence of full-length caspase (~ 57 kDa) activated caspase-8  

(~ 46.5kDa) and GAPDH (~ 40kDa) to be identified in each sample.    

 

2.2.4.3 EMT western blot assay 

 

Twenty-four hours prior to the experiment MCF-7 and MDA-MB-231 cells were 

collected by trypsinisation as described for passaging (Section 2.2.2.1).  The MCF-7 and 

MDA-MB-231 cells were plated out in 12 well plates at a concentration of 3x105cells and 

2x105cells respectively, in a volume of 1.5ml of complete medium and incubated at 37ºC 

with 5% CO2 for 24hrs.  

 

On the day of the experiment, to determine the baseline proportions of -catenin and 

vimentin, one sample from each cell line was immediately prepared for SDS PAGE 

(Section 2.2.3.7).  The medium was removed, the cells were washed with 1ml PBS then 

dissociated in 0.05% Trypsin-EDTA, for 3min at 37ºC. An aliquot of media was added 

to each well to inactivate the trypsin and the cells (MCF-7 and MDA-MB-231) were 

transferred into two 15ml sterile polypropylene tubes.  The cells were centrifuged (250xg, 

5min, RT) and the supernatant discarded. The cells were washed with 1ml PBS (pH 7.4), 

centrifuged (250xg, 5min, RT) and the supernatant discarded again.  The cells were 

counted, prepared for SDS-PAGE and stored at -18ºC (Section 2.2.3.7).   

 

Neutrophils were isolated via from whole blood samples via positive selection (Section 

2.2.1), resuspended in complete medium and aliquoted (1x105 neutrophils in 500µl of 

media) into transwell inserts placed above the MCF-7 and MDA-MB-231 cells.  For a 

negative control, 500µl of medium without neutrophils was used instead.  The cells were 
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incubated at 37ºC; after 7 and 18hrs of incubation a plate was removed, the inserts 

discarded, the samples harvested and prepared for SDS-page as previously described and 

stored at -18ºC. 

 

The samples were loaded onto the gels (Section 2.2.3.7). Following separation via SDS-

PAGE (Sections 2.2.3.7-8), the proteins were transferred to a PVDF membrane (Section 

2.2.4.1.1), and the transfer confirmed by Ponceau S staining (Section 2.2.4.1.2). The 

PVDF membrane was immunostained (Section 2.2.4.1.3) with an epithelial-

mesenchymal transition (ꞵ-catenin, vimentin) western blot cocktail (1:250) which also 

contained smooth muscle actin and GAPDH for loading control. The blots were 

visualised via trans UV using a ChemidocTM XRS+ Imaging system (BioRad, Auckland, 

New Zealand), to capture an image of the prestained protein ladder, then via 

chemiluminescence to visualise the western blot. The two images were superimposed 

using image labTM software (Bio-Rad), allowing the presence or absence of ꞵ-catenin      

(~ 92 kDa), Vimentin (~ 54kDa), smooth muscle actin (~42kDa) and GAPDH (~ 36kDa) 

to be identified in each sample. 

 

2.2.5 Molecular biology techniques 

 

2.2.5.1 RNA extraction and reverse transcription into cDNA 

 

Total cellular RNA was extracted from MCF-7 cells, MDA-DB-231 cells and human 

neutrophils using the Isolate II RNA Mini Kit, according to manufacturer’s instructions.   

RNA quantity and purity were measured using a Nanodrop 2000 spectrophotometer 

(Thermo Fisher Scientific, Auckland, New Zealand).  RNA integrity was confirmed via 

denaturing gel electrophoresis according to the method of Masek et al. (357). The RNA 

gel was visualised via a ChemidocTM XRS+ Imaging system. First strand cDNA (primed 

by random hexamers) was synthesised using a High Capacity cDNA Reverse 

Transcription Kit according to manufacturer’s instructions. Aliquots of between 0.03-1µg 

RNA were used for each individual reaction. 
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2.2.5.2 qRT-PCR 

 

Lyophilised primers were resuspended in TE buffer (10mM Tris, 0.1mM EDTA) to create 

200µM stock solutions and stored at -18ºC.  Aliquots of the stock primers were diluted in 

nuclease-free water to create a 10µM working stock solution and stored at -18ºC.  

Reaction mixtures were created of 1µl cDNA, 5µl of PowerUp SyberGreen Mastermix 

0.4µl (each) of forward and reverse primer and 3.2µl PCR grade water. A no-template 

control and no-reverse transcriptase control was prepared for each PCR to ensure the 

reaction was free from contamination. PCRs were undertaken in duplicate on a 

StepOne™ Real-Time PCR cycler (Thermo Fisher Scientific, Auckland, New Zealand).  

Unless otherwise specified, for samples with a Ta of < 60ºC the cycling conditions 

comprised of 2min at 50ºC, followed by a denaturation phase of 95ºC for 2min followed 

by 40 amplification cycles at 95ºC for 15 secs, Ta ºC for 15 secs and 60ºC for 1min. For 

samples with a Ta of > 60ºC the cycling conditions were comprised of 2min at 50ºC, 

followed by a denaturation phase of 95ºC for 2min then 40 amplification cycles at 95ºC 

for 15 secs, and 60ºC for 1 min.  In both instances, the instrument was set to perform a 

dissociation step at the end of the PCR experiment comprised of 95ºC for 15 secs, 60ºC 

for 1min and 95ºC for 15 secs. 

 

Results were tabulated using Applied Biosystems StepOne Real-Time software and were 

exported into Microsoft Excel (2016). The delta-delta CT relative quantification method 

described by Livak and Schmittgen (358) was used to determine fold changes in gene 

expression via the following equation: 

 

 2-ΔΔC
T = [(CT gene of interest - CT internal control)] sample A 

-  [(CT gene of interest - CT internal control)] sample B 

 

Where “CT” stands for the “cycle threshold”; the cycle number for which the fluorescence 

produced by the PCR product is first discernible above the background noise and “internal 

control” refers to the reference or “housekeeping” gene used to normalise the data.              
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ꞵ-actin or “ACT-B” was used as the housekeeping gene for PCR experiments undertaken 

with both neutrophils (359) and MCF-7/MDA-MB-231 cancer cells (360).   

 

For each experiment sample A was the treated sample and sample B was the untreated 

control sample (i.e. the calibrator).  A two tailed paired t-test was used to compare the 

difference in means between Δct Sample A (treated sample: CT gene of interest - CT 

internal control) and Δct Sample B (untreated sample: CT gene of interest - CT internal 

control). Bar charts representing fold changes in gene expression are plotted on a log2 

scale using Microsoft Excel (2016).  

 

For primer design and optimisation, please see Appendix B. To confirm the specificity of 

amplification all PCR products were sequenced by Massey Genome Service (Palmerston 

North, New Zealand).  All PCR products were of the expected size and matched their 

targets, for results please see Appendix B. 

 

2.2.5.3 DNA gel electrophoresis 

 

PCR products were separated on the basis of molecular weight on a 1.5% w/v agarose 

gel.  The agarose was melted in 100ml of TAE buffer (0.4M-Tris-acetate, 1mM EDTA), 

containing 10µl of SYBR™ Safe DNA Gel Stain and poured into the gel casting 

apparatus, a comb was inserted to create loading wells, and the gel and was allowed set.   

A 10µl aliquot of each PCR reaction was mixed with 2µl 6X DNA loading dye, these 

were loaded alongside a 3µl aliquot of DNA ladder into the wells of the gel; the samples 

were electrophoresed in an OwlTM EasycastTM B2 mini system (Thermo Fisher Scientific, 

Auckland, New Zealand) in 1X TAE Buffer at 90v for 45min, and visualised via a 

ChemidocTM XRS+ Imaging system.   
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2.2.5.4 Expression of COX-2 in MDA-MB-231 and MCF-7 cells assay 

 

MDA-MB-231 and MCF-7 cells were grown to 70% confluence, the media was removed, 

the cells washed with PBS (pH 7.4), the RNA extracted and reverse transcribed into 

cDNA (Section 2.2.5.1) and RT-PCR undertaken on the single target; COX-2 (for cycling 

conditions see Section 2.2.5.2). The PCR products were separated via DNA gel 

electrophoresis (Section 2.2.5.3) and visualised via a ChemidocTM XRS+ Imaging 

system.   

 

2.2.5.5 Effect of MDA-MB-231 CM and MCF-7 CM on neutrophil phenotype assay  

 

Control medium, MDA-MB-231 CM or MCF-7 CM was prepared prior to commencing 

each experiment (Section 2.2.2.2).  Neutrophils were isolated from blood samples 

obtained from eight participants (provided on two non-consecutive days) via positive 

selection (see Section 2.2.1), the cells were centrifuged (250xg, 5min, RT) and the 

supernatant removed.  The cells were resuspended in untreated medium, MDA-MB-231 

CM (day 1) or MCF-7 CM (day2) at a concentration of 3.33x105 cells/ml.  The samples 

were aliquoted into six well plates to a final volume of 5ml and incubated at 37ºC with 

5% CO2.  After 7hrs of incubation the medium was removed, the cells were washed with 

1ml PBS (pH 7.4) then dissociated in 0.05% Trypsin-EDTA, for 3min at 37ºC.  An aliquot 

of media was added to each well to inactivate the trypsin, after which the samples 

(neutrophils incubated in control media versus conditioned media) were transferred into 

two 15ml sterile polypropylene tubes and centrifuged (250xg, 5min, RT).  The supernatant 

was discarded, the samples washed with 5ml PBS (pH 7.4) and centrifuged (250xg, 5min, 

RT).  The samples were then used to prepare RNA and cDNA (Section 2.2.5.1), after 

which qRT-PCR was undertaken on two targets; ICAM-1 and MMP-9 (Section 2.2.5.2).  
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2.2.5.6. Effect of neutrophils on MDA-MB-231 cell and MCF-7 cell phenotype assay  

 

Twenty-four hours prior to the experiment MCF-7 and MDA-MB-231 cells were 

collected by trypsinisation as described for passaging (Section 3.2.2.1) and the pellet 

resuspended in complete medium. The MCF-7 and MDA-MB-231 cells were plated out 

in 12 well plates at a concentration of 3x105cells and 2x105cells respectively, in a volume 

of 1.5ml of complete medium and were incubated at 37ºC with 5% CO2 for 24hrs.  

Neutrophils were isolated via positive selection (Section 2.4.1), resuspended in complete 

medium and aliquoted (1x105 neutrophils in 500µl of media) into transwell inserts placed 

above the MCF-7 and MDA-MB-231 cells.  For a negative control, 500µl of medium 

without neutrophils was used instead.  The cells were incubated at 37ºC; after 7hrs the 

plate was removed, the inserts discarded and the cells washed with PBS (pH 7.4).  The 

samples were used to prepare RNA and cDNA (Section 2.2.5.1), after which qRT-PCR 

was undertaken on the eleven targets; IL-6, IL-8, VEGF-A, TGF-ꞵ, ꞵ-catenin, Fibronectin 

E-Cadherin, Vimentin, ZEB22, SNAIL and SLUG (Section 2.2.5.2).  
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CHAPTER 3  

 

OPTIMISATION OF NEUTROPHIL ISOLATION 

PROCEDURE AND CULTURE CONDITIONS 
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3.1 Introduction  

 

A convenient, reliable source of neutrophils was required in order to meet the objectives 

of this research.  Human neutrophils are typically sourced from donated whole blood 

samples; thus, an efficient and reproducible isolation method was required.  The method 

needed to produce a preparation of pure, minimally activated neutrophils of high viability.  

Since neutrophils are very easily activated during ex-vivo manipulation, each stage of the 

isolation process and the ensuing experimental conditions needed to be carefully 

considered.  

 

There are several different methods available for isolating human neutrophils from whole 

blood.  These include density gradient centrifugation, in which cells are separated 

according to their buoyant density (361–363); immunomagnetic separation, in which 

antibodies coated on magnetic beads bind to cell specific surface antigens to allow their 

separation on magnetic columns (364) and flow cytometric cell sorting (365).  Whilst 

immunomagnetic separation and flow cytometric sorting both produce highly pure 

populations of cells, the antibody technique has a limited yield (366) and both methods 

require costly, specialised equipment (364,365).  In contrast, density gradient 

centrifugation is relatively inexpensive and is usually associated with a higher yield of 

cells (367); consequently this method is the preferred choice of many researchers and was 

initially selected for use in this project.  However, density gradient centrifugation is 

technically more difficult to perform than immunomagnetic separation or flow cytometric 

cell sorting, and is usually associated with a lower purity of isolated cells; typically ~95% 

(368) as compared to >99% for neutrophils isolated by immunomagnetic selection (367).   

 

The optimal experimental culture conditions for neutrophils also needed to be identified, 

in terms of both the culture medium used and the addition of supplementary factors such 

as fetal bovine serum (FBS). FBS contains a variety of growth factors and small 

molecules such as amino acids, lipids and hormones (369) that enable cultured cells to 

survive, grow and divide; however, these molecules may also stimulate the neutrophils 

during experiments. Moreover, factors known to extend neutrophil survival or alter their 

phenotype, such as GM-CSF, G-CSF (218), or TGF-ꞵ (37) may be present in FBS 
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(370,371) which may act as a confounding factor when assessing neutrophil lifespan or 

phenotype. 

 

3.2 Isolation of neutrophils via density gradient centrifugation 

 

3.2.1 Histopaque density gradient centrifugation 

 

Whole blood samples were obtained from healthy volunteers (Sections 2.2.1.1-2).  

Neutrophil isolation was performed via density gradient centrifugation, using Histopaque 

(polysucrose) 1.119 and 1.077 (Sigma Aldrich, Auckland, New Zealand) as reported by 

Freitas et al. (362).  Briefly, a 3ml aliquot of Histopaque 1.077 was carefully layered on 

top of 3ml of Histopaque 1.119 in a 15ml sterile polypropylene tube (Greiner Bio-One, 

Kremsmünster, Austria). Six ml of whole blood was layered over the Histopaque 

solutions and centrifuged (700xg, 30min, RT), in a Heraeus Megafuge 1.0R centrifuge 

(Thermo Fisher Scientific, Auckland New Zealand) with the brake off.  According to the 

manufacturer’s protocol (372), this should have resulted in the erythrocytes sedimenting 

to the bottom of the tube, leaving a granulocyte layer at the 1.077/1.119 interface and 

lymphocytes/mononuclear cells at the upper plasma/1.077 interface (Figure 3.1). 

 

Although a well-defined layer of lymphocytes was typically achieved, clear separation of 

granulocyte cells was never observed. Instead, they remained as a cloudy suspension 

beneath the lymphocyte band (Figure 3.2)  
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Figure 3.1: Schematic representation of leucocyte separation expected via Histopaque 

1.077/1.119 density gradient centrifugation  

Schematic diagram based on the manufacturers protocol (372). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Leucocyte separation achieved using Histopaque 1.119/1.077 

Leucocytes separated via Histopaque 1.119/1.077 density gradient according to manufacturer’s 

instructions, centrifuged at 700xg, 30min, RT.    
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3.2.2 Optimisation of leucocyte separation via density gradient centrifugation 

 

Attempts to improve the separation of the leucocytes by density gradient separation, were 

made by systematically trialling the manufacturer’s (Sigma Aldrich) trouble shooting 

suggestions (373). 

 

The following steps were undertaken:  

I. The blood sample was cooled to room temperature for 30 - 45min before use and 

the Histopaque was warmed to room temperature prior to layering, as the 

separation procedure is proposed to be optimal when both blood and Histopaque 

are between 18-20ºC.   

II. The Histopaque was examined to ensure the layering had been performed 

correctly as indicated by a sharp demarcation line between the boundaries of the 

two solutions; if this was absent/swirling was present the Histopaque was 

discarded.  

III. The gradient solution was used immediately after its preparation, to prevent the 

two layers from diffusing into each other.  

IV. The samples were centrifuged immediately after the blood was layered to prevent 

the Histopaque solutions from being tinted red by the red blood cells.  

 

None of these factors resulted in a discernible granulocyte band.   

 

3.2.3 Investigation of the influence of centrifugation speed and time upon 

leucocyte separation by density gradient centrifugation 

 

Published papers suggest a range of centrifugation speeds and times for density gradient 

separation (890xg, 30min (362), 600xg, 15min (374) , 800xg, 50min (375), 400xg 30min 

(376)).  An experiment was undertaken to determine whether altering the relative 

centrifugal force (RCF) or duration of centrifugation might improve the leucocyte 

separation. 
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Whole blood samples were layered over a 1119/1077 Histopaque gradient solution as 

previously described.  The samples were centrifuged at RT at either 700xg or 900xg for 

30, 45 or 60min. A discernible granulocyte band was achieved at the 1.077/1.119 interface 

at 700xg for 60min (lowest speed) (Figure 3.3) and at 900xg for 30min (shortest time).  

These samples were selected for further investigation and are referred to as sample A 

(700xg for 60min) and sample B (900xg for 30min) respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Leucocyte separation achieved using Histopaque 1.119/1.077 

Leucocytes separated via Histopaque 1.119/1.077 density gradient according to manufacturer’s 

instructions, centrifuged at 700xg, 60min, RT.    

 

The plasma, monocytes, lymphocytes and density gradient material above the 1077/1119 

interface of both samples were removed using a sterile plastic Pasteur pipette and 

discarded.  Neutrophils were retrieved from the 1077/1119 interface and were transferred 

to a fresh 15ml centrifuge tube.  The cells were washed with 10ml of PBS and centrifuged 

(250xg, 10min, RT).  The supernatant was discarded, and the cell pellet gently 

resuspended in 100µl PBS and the cells washed a further two times with 10ml of PBS.  

After the final wash, the cell pellet was resuspended in 1ml of PBS.  Cell yield and 

viability was evaluated by trypan blue exclusion (Section 2.2.3.4.1), and cell purity was 

assessed by May-Grünwald-Giemsa staining (Section 2.2.3.1) and microscopy. 
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Neutrophil yield was greatest for sample A (Table 3.1) and was similar to the yield 

reported by Freitas et al. (1.7×106±1.5×105 cells/ml blood)(362).  However, neutrophil 

viability was greatest for sample B (Table 3.1).  Since neutrophil lifespan is very short 

(an estimated circulating half-life of 6-8 hours (148)), this may be a function of the lower 

centrifugation time of sample B compared to sample A.  Overall neutrophil viability was 

found to be considerably less than reported by either Freitas et al. at >98% (362) or 

Marchi et al. at ~85% (377).  

 

Table 3.1: Isolation of neutrophils via Histopaque 1.077/1.119. The effect of 

centrifugation speed and time on neutrophil yield and viability 

Sample 
Total Number of Cells  

(x106) 

Total Number of Cells 

per ml of Blood  

(x106) 

Viability  

% 

    

Sample A 

700xg 

60min 12.4 ± 1.0 2.1 ± 0.2 52.1 ± 2.9 

    

Sample B  

900xg 

30min 9.2 ± 0.7 1.5 ± 1.1 58.6 ± 9.6 

    

Comparison of neutrophil yield and viability obtained from sample A, spun at 700xg for 60min 

and sample B spun at 900xg for 30min.  Both blood samples were obtained from a single donor, 

provided on the same day.  Neutrophil viability was determined manually via the trypan blue 

exclusion test. Cell counts were undertaken in duplicate, values are expressed as mean ± sd.  

 

May-Grünwald-Giemsa staining indicated that both samples (A and B) were heavily 

contaminated with lymphocytes, as can be seen in Figure 3.4.  This is similar to work by 

Marchi et al. (377), who found murine neutrophils separated from peripheral blood via a 

Histopaque 1.119/1.077 density gradient had a purity of only 63.8%.  However, the purity 

was very low when compared to results achieved by other researchers separating human 

blood that used alternative density gradient methods such as Percoll: ~ 87% purity (377) 

or Ficoll: ~ 96.2% purity (367). 
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This low purity posed a significant problem for the project, as any results achieved would 

have been based upon a mixed population of cells rather than a pure sample of 

neutrophils.  Subsequently it was decided to change the isolation procedure to magnetic 

bead separation as research suggests (367,368) this method provides the best result in 

terms of cell purity.   

 

 

Figure 3.4: Neutrophils isolated via 1.119/1.077 density gradient demonstrate low purity 

Cells obtained from the granulocyte layer of the Histopaque 1.119/1.077 gradient preparation, 

centrifuged at 900xg for 30min.  Cells were fixed on poly-lysine slides and subjected to May-

Grünwald-Giemsa staining.  Images were captured using a 100X objective with an Axiostar 

plus microscope (Zeiss, Oberkochen, Germany).  

 

3.3 Isolation of neutrophils via immunomagnetic magnetic bead separation 

 

A positive isolation procedure using a MACS CD15 kit (Miltenyi Biotec, Cologne, 

Germany), was selected for use, with the microbeads being bound to CD15 antibodies 

and therefore recognising neutrophils and eosinophils. Since eosinophils represent 

between 1-4% of white blood cells (compared to 40-60% for neutrophils) contamination 
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from this source was likely to be minimal.  Indeed, research in which CD15+ positive 

selection of neutrophils was compared against a density gradient isolation method, found 

the contamination of eosinophils (as a % of total leucocytes) to be 0% for CD15 beads 

and 6% for the density gradient method (378).  However, even if small numbers (<5%) 

of contaminating leucocytes are present in the sample, research suggests that they will 

contribute very little to the overall transcriptome profile or the number of differentially 

expressed genes for cytokine stimulated neutrophils (368). The alternative option, 

negative selection, depletes all cell types aside from those of interest.  Whilst negative 

selection ensures the isolated cells do not carry bead-bound antibodies, and is thus less 

likely to activate the neutrophils, this method is significantly more expensive and was 

financially beyond the scope of this project.  

 

3.3.1 Positive selection of neutrophils via MACs CD15 beads 

 

Venous blood samples were collected as described previously (Section 2.2.1.2)  An 

ammonium chloride buffer was used for RBC lysis (Section 2.2.1.3), as this method does 

not influence the integrity or activation of isolated neutrophils (379).  Neutrophils were 

isolated from the leucocyte preparation by positive selection using CD15 MACS beads 

according to the manufacturer’s instructions (Section 2.2.1.4).  Cell yield and viability 

was evaluated by trypan blue exclusion (Section 2.2.3.4.1).  Cell purity was assessed 

immediately following RBC cell lysis and compared to neutrophils isolated by CD15+ 

positive selection via May-Grünwald-Giemsa staining (Section 2.2.3.1) and microscopy 

and re-confirmed via flow cytometry (Section 2.2.3.2) 

 

The venous blood samples, immediately following RBC lysis contained a mixed 

population of cells (Figure 3.5).   
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Figure 3.5: Assessment of cell purity immediately following RBC lysis 

An ammonium chloride cell lysis buffer was used on venous blood samples to induce RBC lysis.  

The leucocytes were fixed on poly-lysine slides and subjected to May-Grünwald-Giemsa staining.  

Cells types are labelled as A) lymphocytes, B) eosinophils, C) neutrophils and D) monocytes. 

Images were captured using a using a 100X objective with an Axiostar plus microscope (Zeiss, 

Oberkochen, Germany).  

 

These included lymphocytes (A), identified by their round nucleus and narrow rim of 

cytoplasm, eosinophils (B) identified by their two well defined lobes of equal size and 

pink stained granules, neutrophils (C) identified by their hyper-segmented nuclei (>2 

lobes), monocytes (D) identified by their peanut shaped nucleus bound with a wide rim 

of cytoplasm.  Basophils, large cells with poorly defined lobes and a granular appearance 

could not be identified amongst the cells shown in Figure 3.6.  Their absence is not 

unexpected as basophils are the rarest of the granulocytes, representing less than 1% of 

circulating peripheral blood leucocytes.  In contrast, histological staining of neutrophils 

isolated via CD15+ positive selection indicated a homogeneous sample of cells         

(Figure 3.6).  
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Figure 3.6: Neutrophils isolated by CD15+ immunomagnetic bead separation 

Neutrophils were isolated by CD15+ immunomagnetic separation following RBC lysis.  The cells 

were fixed on poly-lysine slides and subjected to May-Grünwald-Giemsa staining.  Cell types are 

labelled as E) possible band cell.  Images were captured using a 100X objective with an Axiostar 

plus microscope (Zeiss, Oberkochen, Germany).  

 

Using the criteria previously described, no lymphocytes, monocytes, eosinophils or 

basophils were identified.  The sample appears to contain only neutrophils, although 

based on its curved nucleus, one cell (E) is a band cell (one stage prior to the fully mature 

neutrophil) (Figure 3.6). Cell purity was further confirmed by flow cytometry.  

Leucocytes analysed immediately following RBC lysis (Sample A) comprised of 56.5% 

granulocytes, 10.4% monocytes and 33.1% lymphocytes (Figure 3.7, Sample A), whereas 

neutrophils isolated via CD15+ bead positive selection (Sample B) were comprised of 

99.6% granulocytes, 0.1% monocytes and 0.3% lymphocytes (Figure 3.7, Sample B). 

 

 

 

 

 

E 
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Figure 3.7: Leucocytes analysed by flow cytometry following RBC lysis (Sample A) 

compared to neutrophils isolated via MACs CD15+ positive selection (Sample B) 

Side scatter area (SSC-A) versus forward scatter area (FSC-A) density plots of light scatter 

obtained for leucocytes following RBC lysis compared to neutrophils isolated by positive 

selection.  Each dot is representative of an individual particle or cell that has passed through the 

flow cytometer.  Gates have been applied to each cell population, P1 (red) being granulocytes, P2 

(green) being lymphocytes and P3 (blue) being monocytes.  

 

Unfortunately, positive selection methods have one limitation: the microbeads cannot be 

removed from the cells after they have been isolated  Since neutrophils are very easily 

activated, this has led to concern that the microbeads may inadvertently alter the 

phenotype of neutrophils in vitro or ex vivo (366).  Activated neutrophils secrete reactive 

oxygen species such as hydrogen peroxide (H2O2) and superoxide (O2
-) to destroy 

pathogens within the body.  Therefore, these compounds can be measured to determine 

the activation status of the freshly isolated granulocytes. 

 

 

 

 

    Sample A                                                                     Sample B 
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3.3.2 Functional analysis of neutrophils isolated by CD15+ positive selection 

 

A hydrogen peroxide assay (380,381) was undertaken to determine the activation status 

and functional responses of neutrophils isolated by positive selection.  The assay was 

optimised using the horseradish peroxidase (HRP) substrate, 10-acetyl-3,7-

dihydroxyphenoxazine (Amplex Red).  Amplex red is colourless and non-fluorescent, 

however, in the presence of HRP it reacts with H2O2 in a 1:1 stoichiometry to produce 

resorufin, a highly fluorescent oxidation product with an excitation maximum of 563nm 

and emission maximum at 587nm (380).   

 

The H2O2 assay was undertaken according to the method of Mohanty et al. (381), (Section 

2.2.3.3).  An H2O2 standard curve was prepared (Figure 3.8), and used to calculate the 

amount of H2O2 produced by unstimulated neutrophils and neutrophils stimulated with 

PMA as a positive control for 120min (Figure 3.9). 

Figure 3.8: Amplex Red assay, H2O2 standard curve 

A 25mM stock solution of H202 in Krebs Ringer Phosphate Glucose (KRPG) buffer was prepared, 

then serially diluted in the same buffer to create seven H202 standards (3.9, 7.81, 15.63, 31.25, 

62.5, 125, 250 µM). A 100µl aliquot of Amplex Red working solution was added to each of the 

standards (50mM Amplex red and 1U/ml HRP in KRPG).  The standards were incubated for 

30min at RT, then the fluorescence measured on a FLUOstar Omega Microplate reader, using 

wavelengths of 560nm for excitation and 590nm for emission. 
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Figure 3.9: Secretion of H2O2 by neutrophils as calculated from H2O2 standard curve 

Freshly isolated neutrophils were incubated in either amplex red solution (unstimulated) or 

amplex red solution with 50ug/ml PMA (stimulated).  Flourescence was measured on a FLUOstar 

Omega Microplate reader after 30min (baseline reading) and 120min of incubation.  H2O2 

secretion was calculated from a standard curve prepared on the same plate. Values are expressed 

as mean ± S.E. (N=4). 

 

Secretion of H2O2 by 5x104 unstimulated neutrophils after 30min was 0.72µM. ± 0.12 

(Figure 3.9).  This suggests that spontaneous ROS production was minimal and that the 

neutrophils were not activated by the isolation procedure.  Secretion of H2O2 by unstimulated 

neutrophils after 120min was 5.31µM. ± 0.88; the slight increase in  H2O2, as compared to 

30min of incubation, possibly due to the neutrophils adhering to the plastic plates and becoming 

mildly activated (382,383). 

 

In contrast secretion of H2O2 by neutrophils stimulated with 50ng/ml PMA after 30 and 

120min of incubation were 3.94 µM ± 1.26 and 19.94 µM ± 4.11 (Figure 3.9) 

respectively, the substantial increase in ROS production after 120min suggests the 

functional activity of the neutrophils was not affected by the isolation processes.   
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These results are in accordance with published research (378), which reported that the 

expression of CD11b (a cellular activation marker) after CD15+ MACS separation was 

not significantly different from neutrophils in whole blood samples.  In contrast, 

neutrophils obtained from density gradient centrifugation demonstrated a significantly 

higher expression of CD11b (378).  Other research (367) found no difference in 

spontaneous ROS production, the % of phagocytosing cells or the expression of the 

neutrophil activation marker L-selectin when comparing neutrophils isolated via two 

density gradient methods against CD15+ MACs positive selection.  Indeed, the CD15+ 

MACs neutrophils demonstrated significantly greater ROS production upon stimulation 

with GM-CSF compared to the density gradient methods, suggesting a lower activation 

status post-isolation for these cells (367). However, Zhou et al. (367) did demonstrate a 

significant increase in the expression of two toll like receptors, TLR2 and TLR4 in CD15+ 

MACs neutrophils; these receptors primarily bind to products secreted from bacteria or 

fungi in order to activate the innate immune response.  Therefore, positive selection 

methods may influence neutrophil activity involving these two receptors.   

 

3.4 Optimisation of neutrophil culture conditions 

 

3.4.1 The impact of culturing conditions on neutrophil adherence 

 

Many of the experiments described in this thesis required neutrophils to be cultured in 

plastic flasks or plates, after which they needed to be removed in sufficient quantities for 

use in tests or assays.  Unfortunately mature human neutrophils cultured in PBS or serum 

free medium readily adhere to plastic surfaces (382,383), including tissue culture plates, 

which may preclude their removal, activate the neutrophils and initiate respiratory burst 

(382). Therefore, an experiment was undertaken to determine the optimal culturing 

conditions for neutrophils, to prevent neutrophil adherence.  

 

Neutrophils were isolated as previously described (Section 2.2.1) and resuspended in 

either AIM V; a serum free cell culture medium specifically designed for immune cells, 

DMEM (high glucose, pyruvate) supplemented with 10% (v/v) FBS or DMEM (high 
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glucose, pyruvate) without FBS.  Neutrophils were plated into six well plates 

(7.5x105cells in 3ml of medium per well) and incubated at 37ºC, 5% CO2.   

 

Attempts were made to harvest the cells after 2, 20, 26 and 44h incubation using the 

following procedure: the medium was removed from the well and the cells washed with 

2ml of PBS (pH 7.4).  The cells were incubated with 0.02% Trypsin-EDTA, for 

approximately 5min at 37ºC to allow them to dissociate.  Unfortunately, neutrophils 

incubated in both AIM V media and DMEM without FBS adhered very tightly to the 

surface of the wells and could not be removed under these conditions without a cell 

scraper.  The experiment was repeated twice more with the same results. 

 

In an attempt to improve the dissociation, the cells were incubated with either 0.02%, 

0.03% or 0.05% Trypsin-EDTA for 5, 10, 15 or 20min, at 37ºC.  The effect of temperature 

on cell dissociation was also assessed by comparing dissociation at 2ºC to 37ºC.  It was 

found that the neutrophils could only be removed in quantities deemed sufficient for 

further experiments when cultured in DMEM with 10% (v/v) FBS and dissociated in 

0.05% Trypsin-EDTA for 10min at 37 ºC.  Consequently, neutrophils were cultured in 

DMEM with 10% v/v FBS unless stated otherwise.   

 

3.4.2 The effect of heat inactivated FBS compared to non-heat inactivated FBS on 

neutrophil viability 

 

Historically, many protocols required serum products such as FBS to be heated prior to 

use in order to destroy heat labile components, such as the complement system for 

immunoassays, or to reduce the risk of pathogen contamination.  Due to improvements 

in the collection and processing of serum many of these reasons for heat inactivation are 

no longer valid (384).  Moreover FBS contains only a few components of the complement 

system, and at much lower concentrations than that of adult or new born calf serum (385).  

Since heat inactivation may also degrade important biomolecules such as essential 

vitamin, amino acids and growth factors contained in the serum, this process is no longer 

required for most cell culture applications.  However, since there is evidence to suggest 
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that certain complement fragments may delay neutrophil apoptosis in vitro (386) an assay 

was undertaken to compare the effects of culturing neutrophils with heat inactivated FBS 

against non-heat inactivated FBS on neutrophil lifespan. 

 

Heat inactivated serum was prepared by incubating an aliquot of FBS for 30min at 56ºC.  

The FBS was cooled to room temperature, then directly added to DMEM (high glucose, 

pyruvate) at a concentration of 10% FBS (v/v) DMEM and stored at 4ºC. Neutrophils 

were isolated as previously described (Section 2.2.1.4) and resuspended (1x106 cells/ml) 

in either DMEM (high glucose, pyruvate) supplemented with 10% (v/v) non-heat 

inactivated FBS or DMEM (high glucose, pyruvate DMEM) supplemented (v/v) with 

10% heat inactivated FBS.  Neutrophils were seeded into a 96 well plate (2x105 cells/well) 

and cultured for 3, 5, 9, 20, 28 and 45hrs, after which the medium was removed from the 

wells and the cells washed with 100µl of PBS (pH 7.4).  The cells were incubated with 

0.05% Trypsin-EDTA, for approximately 5min at 37ºC to allow them to dissociate; 

viability was then assessed by trypan blue staining (Section 2.2.3.4.1).   

 

No difference in viability was found between heat inactivated and non-heat inactivated 

FBS at any of the time points (Figure 3.10).  Therefore, for convenience, non-heat 

inactivated FBS was used for the remainder of the experiments. 
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Figure 3.10: Effect of heat inactivated FBS compared to non-heat inactivated FBS on 

neutrophil viability 

Neutrophils were incubated in medium containing either 10% heat inactivated FBS or 10% non-

heat inactivated FBS.  The cells were harvested after 3, 5, 9, 20, 28 and 45hrs and viability were 

assessed by trypan blue staining.  Values are expressed as mean ± S.E. (N=2-4).  
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CHAPTER 4 

 

THE EFFECT OF CANCER-CELL-CONDITIONED 

MEDIUM ON NEUTROPHIL LIFESPAN  
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4.1 Introduction 

 

For many years neutrophils were classically viewed as short-lived effector cells, with an 

estimated half-life of approximately 8 hours (148).  However, recent studies have 

challenged this view (217).  At sites of infection and inflammation neutrophils display 

enhanced longevity (27), prompting a sustained inflammatory response that may 

contribute towards the pathogenesis of inflammatory disease (169,241,242).  Since 

chronic inflammation is a hallmark of cancer (6), it is conceivable that neutrophils might 

also have an increased lifespan in cancer.  This is important because it may allow the 

neutrophils to contribute towards the inflammation within the tumour microenvironment 

(TME) and/or allow the neutrophils time to acquire functional changes that may assist 

with tumour development and progression.  Whilst there is limited evidence that certain 

cancers may enhance neutrophil lifespan in vitro (30,31,236,387), it is not clear if such a 

relationship exists between breast cancer cells and neutrophils.   

 

To resolve the question of whether soluble factors secreted by breast cancer cells alter 

neutrophil lifespan, a series of experiments were carried out in which neutrophils were 

incubated in cancer-cell-conditioned medium (CM), containing all of the factors secreted 

by the cancer cells.  Two human breast cancer lines were chosen for use in these 

experiments, MDA-MB-231 and MCF-7, both of which were established from pleural 

infusions of metastatic breast adenocarcinomas (388,389).  These cell lines were selected 

because they reflect the features of cancer cells in vivo (390) and more importantly, 

because they are functionally distinct from each other and demonstrate very different 

phenotypes, thus enabling us to compare and contrast the influence of their individual 

phenotypes on neutrophil biology/activity.  The MDA-MB-231 cell-line is a highly 

aggressive, highly invasive, poorly differentiated, triple negative breast cancer cell line 

(ER-PR-HER2-) and displays markers of the EMT transition, whereas the MCF-7 cell 

line is less aggressive, non-invasive (ER+PR+ HER2-) and does not display markers of 

EMT (391,392).   
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4.2 Determination of the effect of cancer cell conditioned medium (CM) on 

neutrophil viability 

 

4.2.1 Assessment of neutrophil viability via trypan blue staining 

 

To determine if cancer cell conditioned medium could alter neutrophil lifespan, 

neutrophils were isolated by positive selection (Section 2.2.1) and resuspended in either 

control medium, MCF-7 CM or MDA-MB-231 CM (Section 2.2.2.2) and their viability 

over a 26-hr period assessed via trypan blue exclusion (Section 2.2.3.4.1).  This initial 

data set, although small, suggested a trend towards increased survival for neutrophils 

cultured in MCF-7 CM and MDA-MB-231 CM compared to control medium (see Figure 

4.1).   
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Figure 4.1: Preliminary data indicating that neutrophils incubated in MCF-7 conditioned 

medium (CM) and MDA-MM-231 CM demonstrate a trend towards increased survival 

compared to control medium 

Neutrophils were incubated in control medium, undiluted MCF-7 conditioned medium (MCF-7 

CM) or undiluted MDA-MB-231 conditioned medium (MDA-MB-231 CM) at a concentration of 

3.33x105 cells/ml and incubated at 37ºC.  Neutrophil viability was assessed after 3, 6, 20 and 

26hrs of incubation by trypan blue exclusion (N=2). 

 

4.2.2 Assessment of neutrophil viability by fluorescein isothiocyanate (FITC) 

labelled Annexin V and propidium iodide (PI) fluorescence staining 

 

To confirm whether cancer-cell CM could alter neutrophil life span, neutrophils were 

isolated by positive selection (Section 2.2.1) and resuspended in either control medium, 

MCF-7 CM or MDA-MB-231 CM (Section 2.2.2.2) and their viability assessed over a 24 

hr period by fluorescein isothiocyanate (FITC) labelled Annexin V and propidium iodide 

(PI) fluorescence staining (Section 2.2.3.4.2). 

 

The results of the dead cell apoptosis assay (Table 4.1) show that compared to the control, 

neutrophils incubated in MDA-MB-231 CM had a significantly higher proportion of 

viable cells (P=0.043, P<0.001 and P=0.005 respectively), and a significantly lower 

proportion of apoptotic cells (P=0.044, P <0.001 and P=0.005 respectively) after 3, 7 and 

10hrs of incubation.  Since the preparation time for the experiment, from blood sampling 
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to incubating the plates, was ~2.5-3h, these results suggest that approximately half of the 

neutrophils cultured in MDA-MB-231 CM remained viable (non–apoptotic) 13hrs after 

they were removed from the circulatory system.  In contrast neutrophils incubated in 

MCF-7 CM demonstrated a significantly lower proportion of apoptotic cells compared to 

control medium at 3hrs (P=0.033), however this result should be viewed with caution as 

samples from only two subjects were able to be assayed at this time point.  An example 

of the flow cytometry profiles produced for neutrophils immediately after isolation, and 

after 7hrs of incubation in control medium, MDA-MB-231 CM and MCF-7 CM is shown 

in Figure 4.2. This shows that the majority of cells (>98%) were viable (non-apoptotic) 

immediately post isolation.  After 7hrs of incubation the majority of neutrophils in control 

medium and MCF-7 CM were apoptotic, whereas the majority of neutrophils in MDA-

MB-231 CM remained viable.  These data (Table 4.1) suggest that some form of soluble 

factor secreted by MDA-MB-231 cells, but not MCF-7 cells, might delay neutrophil 

apoptosis after 7 or 10hrs of incubation in CM.  Since the difference in viability (MDA-

MB-232 CM versus control) was most significant at 7hrs (P<0.001) this incubation time 

was used for all further experiments.  It is important to note that the prolongation of 

lifespan for neutrophils cultured in MDA-MB-231 CM was fairly short lived (10hrs).  

Indeed after 24 hours of incubation the proportion of apoptotic neutrophils cultured in 

MDA-MB-231 CM was close to that of control levels.  It is possible that the soluble factor 

responsible for the delay in apoptosis had either been used up or degraded.  Alternatively, 

the neutrophils may have reached the point of “no return”, with their lifespan unable to 

be extended any further. 
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Table 4.1: Proportion of viable, apoptotic and necrotic neutrophils when cultured in MCF-7 or MDA-MB-231 conditioned medium (CM) 

                        

      

% Viable  

(FITC-/PI-)   

% Apoptotic  

(FITC+/PI-)   

% Necrotic 

(FITC+/PI+ & FITC-/PI+)   

                        

Cell line 
Hrs in 

medium 
N Control CM P. Value Control CM P. Value Control CM P. Value 

                       

MCF-7 

0 4 98.1 ± 0.8     0.5 ± 0.0     1.5 ± 0.8     

3 2 85.0 ± 5.2 88.0 ± 4.9 0.075 14.6 ± 5.1 11.7 ± 4.9 0.033* 0.4 ± 0.2 0.4 ± 0.1 1.000 

7 4 34.9 ± 15.2 40.4 ± 15.5 0.389 64.0 ±15.5 59.2 ±15.5 0.455 1.2 ± 0.4 0.4 ± 0.1 0.174 

10 4 10.2 ± 4.0 10.3 ± 2.1 0.983 88.0 ± 4.2 88.5 ± 2.3 0.912 1.6 ± 0.4 1.2 ± 0.4 0.421 

24 3 0.8 ± 0.3 0.5 ± 0.1 0.272 90.9 ± 2.3 84.5 ± 6.6 0.496 8.2 ± 2.5 14.9 ± 6.5 0.487 

                        
                       

MDA-MB-231 

0 4 98.7 ± 0.2     0.68 ± 0.2     0.6 ± 0.1     

3 4 67.8 ± 3.0 89.6 ± 5.6 0.043* 31.2 ± 3.1 10.1 ± 5.5 0.044* 1.0 ± 0.6 0.3 ± 0.1 0.351 

7 4 11.7 ± 4.1 79.3 ± 5.4 0.000*** 87.4 ± 4.3 20.4 ± 5.3 0.000*** 1.0 ± 0.3 0.3 ± 0.1 0.045* 

10 4 6.6 ± 2.6 56.7 ± 9.1 0.005** 91.2 ± 3.0 42.9 ± 9.2 0.005** 2.3 ± 0.6 0.4 ± 0.1 0.048* 

24 3 0.7 ± 0.1 11.2 ± 4.6 0.149 84.4 ± 2.0 75.1 ± 3.5 0.171 14.8 ± 2.0 13.7 ± 1.9 0.071 

                        

Neutrophils were cultured in control medium, MCF-7 conditioned medium (CM) or MDA-MB-231 conditioned medium (CM), at a concentration of 3.33x105 

cells/ml and incubated at 37ºC. Neutrophil viability was assessed after 3, 7, 10 and 24hrs of incubation (hrs in medium) via flow cytometry using a Dead Cell 

Apoptosis kit with Annexin V FITC and PI. Viable cells were identified as FITC-/PI-, Apoptotic as FITC+/PI- and necrotic as FITC+/PI+ and FITC-/PI+.  

Values are expressed as means ±SEM.  Statistical significance was determined by Student’s paired t-test. *, P≤0.05; ** P≤0.01; ***, P ≤0.001. 
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Figure 4.2: Representative dot plots showing proportions of viable, apoptotic and necrotic neutrophils when cultured in MCF-7 or MDA-MB-231 

conditioned medium (CM) 

Neutrophils were cultured in control medium, MCF-7 CM or MDA-MB-231 CM. Neutrophil viability was assessed immediately post isolation and after 7hrs  

of incubation via flow cytometry using a Dead Cell Apoptosis kit with Annexin VFITC and PI.  Viable cells are defined as FITC-/PI-(green), Apoptotic cells 

are defined as FITC+/PI-(red), Necrotic cells are defined as FITC+/PI+ and FITC-/PI+ (blue).     
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4.3 Neutrophil apoptosis pathways 

 

4.3.1 The effect of cancer cell conditioned medium (CM) on caspase–8 activation 

in neutrophils  

 

To determine which apoptotic pathways were affected by the conditioned medium a series 

of experiments were carried out in which neutrophils were incubated in control medium, 

MDA-MB-231 CM or MCF-7 CM, after which the proportion of caspase–8 cleavage 

(activation) was determined by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) and western blotting (Section 2.2.4.2).  Full length caspase-

8 and cleaved (activated) caspase-8 were quantified in each lane via computerised image 

analysis (Image labTM software, Bio-Rad laboratories Inc, Grand Junction, CO, USA).  

Multiple band are to be expected on the blot, as at least eight isoforms of caspase - 8 are 

known to exist, caspase-8a (~55 kDa) and caspase- 8b (~54kDa) are both present in most 

normal human tissues (393). 

 

Western blotting of extracts prepared from freshly isolated neutrophils (time zero) and 

from neutrophils cultured for 7hrs with MDA-MB-231 CM showed a major band at ~ 57 

kDa (Figure 4.3, A), which corresponds to full length caspase-8.  In contrast, extracts 

prepared from neutrophils incubated for 7hrs in control medium or MCF-7 CM showed 

a major band at ~ 46.5kDa which corresponds to cleaved caspase-8 (Figure 4.3, B) with 

little or none of the intact caspase-8 remaining.       
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Figure 4.3: Relative proportions of full length and cleaved caspase-8 in freshly isolated 

neutrophils, compared to neutrophils incubated for 7hrs in control medium, MDA-MB-231 

CM (A) and MCF-7 CM (B) 

Cell lysates of freshly isolated neutrophils and neutrophils cultured in control medium, MDA-

MB-231 conditioned medium (CM) or MCF-7 conditioned medium (CM) for 7hrs were subjected 

to SDS-PAGE (10% polyacrylamide gels) and western blotted with anti-caspase-8 (diluted 

1:1000) (N=3).  Full length caspase-8 is detected at ~57kDa, and cleaved caspase-8 at ~46.5kDa. 

 

The results of the caspase-8 assay, obtained by quantifying the proportion of active or 

inactive caspase-8 in each lane of the western blot, (Figure 4.4) show that neutrophils 

incubated in control medium for 7hrs demonstrated a significantly higher proportion of 

caspase-8 cleavage compared to freshly isolated neutrophils, P <0.001 for the MCF-7 

assay and P=0.006 for the MDA-MB-231 assay.  Furthermore, neutrophils incubated in 

control medium or MCF-7 CM demonstrated a significantly higher proportion of caspase-

8 cleavage (93.8% and 90.4% respectively) compared to MDA-MB-231 (5.9%), P = 

0.007 and P = 0.008. These results suggest that some form of soluble factor secreted by 

MDA-MB-231 cells but not MCF-7 cells modulates caspase-8 cleavage in neutrophils 

after 7hrs of incubation.  
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Figure 4.4: Proportion of cleaved caspase-8 in neutrophils incubated in control medium, 

MDA-MB-231 conditioned medium (CM) or MCF-7 CM for 7hrs, quantified via western 

blot computerised image analysis 

Neutrophils were cultured in control medium, MCF-7 conditioned medium (CM) or MDA-MB-

231 CM for 7hrs.  The samples were subjected to SDS-PAGE and western blotting.  Blots were 

probed with anti-caspase-8 (1:1000). A band analysis, to determine the % of full length versus 

cleaved caspase within each lane was undertaken using Image LabTM software.  Values are means 

± SEM. (N=3).  Statistical significance, comparing the % cleaved caspase for neutrophils cultured 

in MDA-MB-231 CM, against neutrophils cultured in control medium or MCF-7 CM was 

determined by Student’s paired t-test. **, P≤0.01.
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4.3.2 Expression of FAS, MCL, BAX, BCL2(A1), BAK 

 

To resolve the question of whether the intrinsic or extrinsic pathways might be regulating 

the delay in neutrophil apoptosis, quantitative RT-PCR (qRT-PCR) was used to measure 

the expression of two anti-apoptosis proteins, MCL-1 and BCL2(A1), two pro-apoptosis 

proteins, BAX and BAK in the intrinsic pathway, and the extrinsic pathway component, 

FAS, for neutrophils cultured in MCF-7 CM, MDA-MB-231 CM or control medium for 

7hrs  (Section 2.2.5.5).   

 

Results from the qRT-PCR assay for  neutrophils cultured in MDA-MB-231 CM showed 

a significant increase in the relative mRNA expression of the anti-apoptosis peptide 

BCL2(A1) (P= 0.004) and a significant decrease in the relative mRNA expression of the 

pro-apoptosis peptide BAK (P=0.021) compared to control (Figure 4.5, A & C), however 

no difference was noted in the expression of MCL (P=0.299) or BAX (P=0.199), (Figure 

4.5, B & D).  In contrast, neutrophils cultured in MCF-7 CM for 7hrs showed no 

difference in the relative expression of BCL2(A1) (P=0.762) MCL (P=0.191), BAK 

(P=0.231) or BAX (P=0.318) compared to control (Figure 4.5, A-D).  With regards to the 

extrinsic apoptosis pathway, neutrophils cultured in both MDA-MB-231 CM and MCF-

7 CM demonstrated a trend towards decreased expression of FAS compared to the control 

(P=0.066 and P=0.085, respectively), (Figure 4.6). 
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Figure 4.5: Relative expression of BCL2 homologue mRNA in neutrophils cultured in   

MCF-7 conditioned medium (CM) or MDA-MB-231 CM compared to control 

Relative mRNA expression of anti-apoptosis peptides BCL2(A1) (A) and MCL (B) and pro-

apoptosis peptides BAK (C) and BAX (D).  Freshly isolated human neutrophils were cultured in 

control medium, MCF-7 CM or MDA-MB-231 CM at a concentration of 3.33x105 cells/ml, for 

7hrs.  RNA was isolated from the samples, cDNA prepared and gene expression measured using 

qRT-PCR.  ꞵ-actin was used as the housekeeping gene. Values are means ± SEM of Log (2-

ΔΔCT) (N=8 participants).  Statistical significance, comparing ΔCT of neutrophils in CM versus 

ΔCT neutrophils in control medium via Student’s paired t-test.*, P ≤0.05, **, P≤0.01. 
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Figure 4.6: Relative expression of FAS receptor mRNA in neutrophils cultured in            

MCF-7 CM or MDA-MB-231 CM compared to control 

Freshly isolated human neutrophils were cultured in control medium MCF-7 CM or MDA-MB-

231 CM at a concentration of 3.33x105 cells/ml, for 7hrs.  RNA was isolated from the samples, 

cDNA prepared and FAS gene expression measured using qRT-PCR.  ꞵ-actin was used as the 

housekeeping gene. Values are means ±SEM of Log (2-ΔΔCT). (N=8).  Statistical significance, 

comparing ΔCT of neutrophils in CM versus ΔCT neutrophils in control medium via Student’s 

paired t-test.  

 

These results suggest that some form of soluble factor secreted by MDA-MB-231 cells 

and not MCF-7 cells increased the expression of the anti-apoptosis peptide BCL2(A1) 

and decreased the expression of the pro-apoptosis peptide BAK in neutrophils after 7hrs 

of incubation in CM, leading to an increased lifespan.   
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4.4 Discussion 

 

4.4.1 Neutrophils cultured in MDA-MB-231 cell conditioned medium (CM) 

demonstrate a delay in apoptosis 

 

A preliminary experiment suggested a trend towards delayed apoptosis for neutrophils 

cultured in both MCF-7 and MDA-MB-231CM. In this initial experiment viability (%) 

was assessed via the trypan blue exclusion method (352) (Figure 4.1). Whilst this is one 

of the most common techniques used to determine cell viability (394), the dye has been 

found to overestimate viability when compared to fluorescence methods (395,396). 

Subsequently for all remaining experiments, viability (%) was assessed by flow 

cytometry using fluorescein isothiocyanate (FITC) labelled Annexin V and propidium 

iodide (PI) fluorescence staining (397).  This assay has an advantage over the trypan blue 

exclusion method, in that it can discriminate between apoptotic (FITC+/PI-) and necrotic 

cells (FITC+/PI+ and FITC-/PI+). Results from the dead cell apoptosis assay (Section 

4.2.2) subsequently demonstrated a significant delay in apoptosis for neutrophils cultured 

in MDA-MB-231 CM, and not MCF-7 CM after 7 or 10hrs of incubation (Table 4.1). It 

is of course possible that the soluble factor(s) contained within MDA-MB-231 CM that 

are responsible for the delay in neutrophil apoptosis are also produced by MCF-7 cells, 

albeit at a concentration too low to effectively delay neutrophil apoptosis under these 

experimental conditions. However, overall these results are in accordance with those 

presented by Ibrahim et al. (34), who reported enhanced survival of neutrophils cultured 

in MDA-MB-231 CM, and with those presented by Trellakis et al. (32) and Wu et al.(236) 

who found enhanced survival for neutrophils cultured in conditioned medium prepared 

from head and neck squamous cell carcinomas and hepatocellular, cervical, colorectal 

and gastric cancer cell lines respectively.  
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4.4.2 Neutrophils cultured in MDA-MB-231 cell conditioned medium (CM) 

demonstrate a decreased caspase-8 cleavage compared to control 

 

Results from the capase-8 assay obtained by quantifying the proportion of active or 

inactive caspase-8 in each lane of the western blots, showed that neutrophils cultured in 

MDA-MB-231 CM, and not MCF-7 CM, demonstrate a significantly lower proportion of 

caspase-8 activation compared to control.  This is important because caspase-8 plays a 

pivotal role in mediating neutrophil apoptosis.  As previously indicated (Section 

1.2.5.2.3) caspase-8 regulates extrinsic apoptosis via caspase-3, either directly by 

cleaving caspase-3 (398), or indirectly, by activating the intrinsic mitochondrial pathway 

via BH3 interacting-domain death agonist (BID) (196,197).  However, there is conflicting 

evidence as to whether caspase-8 may also have a role in regulating constitutive 

neutrophil apoptosis, caspase-8 has been found to be spontaneously activated in 

peripheral neutrophils isolated from healthy volunteers, as demonstrated by increased 

caspase-8 catalytic activity and increased pro-caspase-8 cleavage (200).  The neutrophils 

were shown to be constitutively apoptotic, and inhibition of caspase-8 using IETD-CHO 

(a reversible tetrapeptide inhibitor) induced a dose dependant delay in apoptosis (200).  

However, other researchers (399) found that neutrophils exposed to a broad spectrum 

caspase-8 inhibitor (zVAD-fmk) did not demonstrate a reduction in constitutive 

apoptosis.  Given that only neutrophils cultured in MDA-MB231 CM showed a 

significant delay in apoptosis, and that this was associated with a significantly lower 

proportion of caspase-8 cleavage (activation), it is possible that the delay in apoptosis was 

at least partly mediated via altered caspase-8 signalling, either directly via inhibition of 

the extrinsic apoptosis pathway or indirectly through reduced activation of BID.  

Furthermore, these results may corroborate an abstract published by Ibrahim et al. (35), 

who found that neutrophils treated with a2 isoform V-ATPase (a2NTD) (a cleaved 

peptide expressed on the surface of invasive breast cancer cells (238)) demonstrate 

delayed apoptosis, with both the intrinsic (via decreased gene expression and activity of 

caspase-3,-6,-7) and extrinsic (via decreased gene expression and activity of caspase-8) 

apoptosis pathways being modulated.   
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4.4.3 Neutrophil expression of intrinsic and extrinsic apoptosis regulating 

peptides 

 

The intrinsic apoptosis pathway in neutrophils is primarily regulated by B cell lymphoma 

(Bcl)-2 proteins, the relative ratios of which (pro-apoptosis versus anti-apoptosis 

peptides) determine the overall permeability of the mitochondrial membrane (183). 

Neutrophil expression of two anti-apoptosis peptides Bcl-2-related protein A1 

(BCL2(A1)) and induced myeloid leukaemia cell differentiation protein (MCL-1) and 

two pro-apoptosis peptides, Bcl-2-associated X protein (BAX), Bcl-2 homologous 

antagonist killer (BAK) were investigated via qRT-PCR, as detectable levels of all four 

peptides have been identified previously in freshly isolated neutrophils (400–402).  

BCL2(A1) and BAK both belong to the BCL2 protein family; BCL2 proteins regulate the 

intrinsic apoptosis pathway via the release of cytochrome c from mitochondria (Section 

1.2.5.2.3).  Specifically, BH3 proteins (such as BID) activate BAK and BAX which in 

turn mediate cytochrome C release by forming pores in the mitochondrial membrane 

(referred to as mitochondrial membrane permeabilisation or “MOMP”), whereas the anti-

apoptosis BCL2 proteins such as BCL2(A1) and MCL sequester and inhibit the activating 

BH3 proteins and the pore formers BAK and BAX (403,404).  However the anti-apoptosis 

proteins themselves are also subject to sequestration and inhibition via sensitising BH3 

proteins such as BAD and NOXA (403), consequently it is the sum of all of these 

interactions that will determine if BAK or BAX are able to mediate cytochrome C release.  

Given that only neutrophils cultured in MDA-MB-231 CM demonstrated a significant 

delay in apoptosis, and that this was associated with a significantly higher expression of 

the anti-apoptosis BCL2(A1) and a significantly lower expression of anti-apoptosis BAK, 

it is possible the delay in apoptosis was partly mediated via reduced pore formation 

(MOMP), either directly due to the reduced concentration of BAK or indirectly via 

increased BCL2(A1) associated sequestration of activating BH3 proteins and pore 

forming BAK and BAX.  This hypothesis could be investigated further via a cytochrome 

C release assay; should neutrophils cultured in MDA-MB-231 CM demonstrate reduced 

cytochrome C release this could indicate a reduction in MOMP permeability.  These 

results may partially corroborate the abstract published by Ibrahim et al. (35), who found 

that neutrophils treated with a2 isoform V-ATPase (a2NTD) demonstrate delayed 

apoptosis via increased expression of the anti-apoptosis peptides BCL2(A1) and B-cell 
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lymphoma-extra-large (Bcl-xL) and decreased expression of the pro-apoptotic factors; 

BAX and Apoptotic protease activating factor 1 (APAF-1). 

 

In contrast the extrinsic pathway, activated by cell death receptors, is thought to have little 

or no role in constitutive neutrophil apoptosis (194,405).  However FAS (CD95/APO1) 

receptor mediated apoptosis, is thought to be important during inflammation (406,407) 

and was therefore explored in these experiments.  Although there was a trend towards 

reduced expression of FAS receptor in neutrophils cultured in MDA-MD-231 CM 

compared to control, it was not significant.  This does not necessarily exclude the extrinsic 

apoptosis pathway from further study, as several other cell death receptors such as 

TRAIL-R1 and TRAIL-R2 have been identified on neutrophils, however, much like the 

FAS receptor they do not appear to regulate constitutive neutrophil apoptosis and may 

only be important during inflammation (194). 
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CHAPTER 5 

 

CHARACTERISATION OF SOLUBLE FACTORS IN         

MDA-MB-231 CONDITIONED MEDIUM RESPONSIBLE 

FOR DELAYED NEUTROPHIL APOPTOSIS 
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5.1 Introduction 

 

Results from the experiments in the preceding chapter, strongly suggest that some form 

of soluble factor(s) secreted by MDA-MB-231 cells, and not MCF-7 cells, is capable of 

delaying neutrophil apoptosis by more than seven hours.  Over the last few decades a 

number of soluble factors have been implicated in delayed neutrophil apoptosis (reviewed 

in 218,220) several of which, including IL-6 & IL-8 (30), hyaluronic acid (HA) (236) and 

an N-terminal peptide from the a2 isoform of vacuolar ATPase (a2NTD) (35) have been 

associated with delayed neutrophil apoptosis in various cancers, and in vitro experiments 

with cancer cell lines, including MDA-MB-231 breast cancer cells (34) (Table 1.1, 

Section 1.2.5.2.4).  This latter study in accordance with the results presented in the 

previous chapter, demonstrated enhanced survival of neutrophils cultured in MDA-MB-

231 CM.  Ibrahim et al. (34,35) reported that neutrophils stimulated with recombinant 

a2NTD showed enhanced survival; however, this was to a lesser extent compared to 

neutrophils cultured in MDA-MB-231 CM (34), leading the authors to suggest that 

a2NTD is only partly responsible for the delay in apoptosis.  However, as both studies 

(34,35) have only been published as abstracts this prevents a full examination of the 

methods undertaken and results achieved.  However, Ibrahim et al. have published papers 

demonstrating the ability of a2ND to modulate neutrophil function (238) and promote 

neutrophil migration (408) in vitro.  High concentrations of recombinant a2NTD (from 

200-500ng/ml) were used in all of the experiments which may not be comparable to the 

amount secreted by breast cancer cells.  Overall, this suggests that the identity and 

mechanisms of action of the soluble factor(s) responsible for enhanced neutrophil lifespan 

in MDA-MB-231 CM have yet to be fully established.  In order to resolve this gap in 

understanding, an attempt was made to characterise the basic properties of the soluble 

factor(s) responsible for enhanced neutrophil lifespan in MDA-MB-231 CM, including 

molecular weight and heat stability. 
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5.2 The effect of molecular weight fractionated MDA-MB-231 conditioned 

medium (CM) on neutrophil viability 

 

To determine the approximate molecular weight of the soluble factor responsible for the 

delay in neutrophil apoptosis, normal control medium and MDA-MB-231 conditioned 

medium was fractionated by centrifugation using 10kDa, 30kDa, 50kDa and 100kDa 

molecular weight cut off (MWCO) filters (Section 2.2.3.4.3).  These filters were selected 

as many of the mediators known to delay neutrophil apoptosis are proteins or lipids with 

molecular weights that range from 8-200kDa (Table 1.1, Section 1.2.5.2.4).  Neutrophils 

were cultured in each of the molecular weight fractions for 7hrs, after which viability was 

assessed using a Dead Cell Apoptosis kit with Annexin V FITC and PI (Section 2.2.3.4.2.)   

 

The results of the neutrophil viability assay using size fractionated MDA-MB-231 CM 

are shown in Figure 5.1.  As per previous experiments (Section 4.2.2) neutrophils 

incubated in unfiltered MDA-MB-231 CM for 7hrs demonstrated a greater proportion of 

viable cells compared to control (89.6% ± 2.4 versus 12.9% ± 2.4, P≤0.001).  Importantly, 

neutrophils incubated in a mixture of MDA-MB-231 filtrate and retentate recombined 

demonstrated a similar proportion of viable cells to those incubated in unfiltered MDA-

MB-231 CM (84.5% ± 5.6 versus 89.6% ± 2.4, P = 0.279); thus indicating that the soluble 

factor(s) responsible for delayed apoptosis were unaffected by the filtration process. 
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Figure 5.1: Effect of MW fractionation of MDA-MB-231 conditioned medium (CM) on 

neutrophil viability 

Control medium and MDA-MB-231 CM was prepared prior to commencing each experiment and 

were fractionated by centrifugation using either 10kDa, 30kDa, 50kDa or 100kDa molecular 

weight cut off (MWCO) filters.  Neutrophils were cultured in i) control medium (negative 

control), ii) unfiltered MDA-MB-231 CM (positive control), iii) retentate from MDA-MB-231 

CM, iv) filtrate from MDA-MB-231CM v) a mixture of the retentate and filtrate from MDA-MB-

231 CM, at a concentration of 3.33x105 cells/ml and incubated at 37ºC.  Neutrophil viability was 

assessed after 7hrs of incubation via flow cytometry using a Dead Cell Apoptosis kit with Annexin 

V FITC and PI.  Viable cells were identified as FITC-/PI-, Apoptotic as FITC+/PI- and necrotic 

as FITC+/PI+ and FITC-/PI+.   
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Since the proportion of viable cells appeared to be somewhat lower for neutrophils 

incubated in the 10kDa and 30kDa filtrate (21.8% and 31.8% respectively) compared to 

the retentate (73.5% and 81.4%), this initially suggested that the soluble factor(s) could 

have a molecular weight ≥30kDa.  Likewise, since the proportion of viable cells seemed 

to be slightly lower for neutrophils incubated in the 100kDa retentate compared to the 

filtrate (62.2% versus 86.5%), this suggested that a proportion of the soluble factor(s) 

could have a molecular weight ≤100kDa.   

 

In an attempt to confirm these results, the 30kDa and 100kDa filter experiments were 

repeated utilising freshly prepared CM.  The 100kDa filter experiment demonstrated a 

similar result as before (Figure 5.1), with neutrophils incubated in retentate showing a 

lower proportion of viable cells (47.9%) compared to those incubated in the filtrate 

(79.6%).  However, the 30kDa filter experiment produced conflicting results (Figure 5.2), 

as similar proportions of viable cells were found in the retentate and filtrate (92.3% versus 

89%, respectively).   
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Figure 5.2: Repeat experiment examining the effect of MW fractionation on MDA-MB 231 

conditioned medium (CM) on neutrophil viability 

Control medium and MDA-MB-231 CM was prepared prior to commencing each experiment and 

was fractionated by centrifugation using either 30kDa or 100kDa molecular weight cut off 

(MWCO) filters. Neutrophils were cultured in i) control medium (negative control), ii) unfiltered 

MDA-MB-231 CM (positive control), iii) retentate from MDA-MB-231 CM, iv) filtrate from 

MDA-MB-231CM v) a mixture of the retentate and filtrate from MDA-MB-231 CM at a 

concentration of 3.33x105 cells/ml and incubated at 37ºC.  Neutrophil viability was assessed after 

7hrs of incubation via flow cytometry using a Dead Cell Apoptosis kit with Annexin V FITC and 

PI.  Viable cells were identified as FITC-/PI-, Apoptotic as FITC+/PI- and necrotic as FITC+/PI+ 

and FITC-/PI+.   

 

This variation in results is perhaps not surprising given the complexity in the range of 

compounds secreted by cancer cells, the variation in their sizes and the potential for batch 

to batch variation in the composition of the CM.  For example, MDA-MB-231 cells are 

known to secrete a variety of substances associated with delayed neutrophil apoptosis 

including GM-CSF (409), IL-6 & IL-8 (227), a2ND (238) HA (237) and Prostaglandin 
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E2 (PGE2) (410) and these compounds range in molecular weight from 0.3kDa to 200kDa 

(Table 1.1, Section 1.2.5.2.4).  In addition, some of these substances, demonstrate a range 

of molecular weights depending upon their degree of glycosylation or fragmentation.  For 

example, HA fragments can vary from just a few disaccharides in length to more than 

700kDa (411).  Consequently, the conflicting results generated from the 30kDa filters 

might simply have been due to the differential secretion and processing of these soluble 

factors, by the MDA-MB-231 cells, in the different batches of culture media produced.   

 

Results shown here (Figure 5.1 and Figure 5.2) suggest that the soluble factor(s) 

responsible for the delay in neutrophil apoptosis have a molecular weight of at least 

10kDa; two of the soluble factors known to be secreted by MDA-MB-231 cells, as 

identified in the literature, IL-6 (21-28kDa depending upon post translational processing) 

(228) and a2ND (~20kDa) (238) fit this criterion.  A further soluble factor PGE2, does 

not immediately fit the criteria as the individual molecules are very small (~352.5 Da).  

However, due to their hydrophobic nature, PGE2 molecules are likely to form micelles or 

bind to proteins contained in FBS.  For example, a study in which low to moderate 

concentrations of PGE2 were added to human plasma demonstrated 73% binding of PGE2 

to plasma proteins, with 42% binding specifically to human serum albumin (412).  This 

is important because bovine serum albumin constitutes 60-67% of the total protein found 

in FBS (413), and has a molecular weight of ~66kDa (414).  Thus, PGE2 is also a possible 

candidate for the soluble factor, as when bound to bovine serum albumin it would be 

present in the retentate obtained from the 50kDa filters and the filtrate obtained from the 

100kDa filters, both of which were associated with enhanced neutrophil lifespan.  

Moreover, another important consideration is that the results from the previous chapter 

demonstrated a significant delay in neutrophil apoptosis after 7hrs of incubation in MDA-

MB-231 CM, but not MCF-7 CM.  This suggests that the soluble factor is either not 

secreted, or is only secreted at comparatively low levels by MCF-7 cells.  Information in 

the literature indicates that PGE2 (410) fits the criteria of being secreted by MDA-MB-

231 cells, but not (or only in low amounts) by MCF-7 cells, which supports the hypothesis 

that PGE2.could be at least partly responsible for the delay in neutrophil apoptosis. 
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5.3 The effect of heat-treated MDA-MB-231 conditioned medium (CM) on 

neutrophil viability 

 

To further characterise the soluble factor responsible for the delay in apoptosis, an 

experiment was designed to determine whether the soluble factor was most likely to be a 

protein or a lipid. Whilst a number of methods can be used to separate and extract 

macromolecules from biological samples; such as the depletion of lipids from serum via 

solvent based chromatography (415), these are time consuming and challenging to 

undertake. Therefore, to address this question in the simplest manner, neutrophils were 

cultured in heat treated MDA-MB-231 CM (Section 2.2.3.4.4), as heat treatment should 

denature the proteins contained in the CM thereby preventing their function.  

 

The results from the heat treatment assay (Table 5.3) show that neutrophils incubated for 

7hrs in heat treated CM, as per neutrophils incubated in non-heat-treated CM (Section 4.2 

& Section 5.2) demonstrated a greater proportion of viable cells compared to those 

incubated in control media.  

 

Table 5.1: Effect of heat-treated MDA-MB-231 conditioned medium (CM) on 

neutrophil viability  

Sample 
Viable   

% 

Apoptotic 

% 

Necrotic 

% 

Control  15.3 83.8 0.8 

Heat-treated filtered CM 79.7 18.4 1.95 

Control medium and MDA-MB-231 CM were prepared prior to commencing each experiment.  

An aliquot of MDA-MB-231 CM was heated for 10min at 100ºC, then centrifuged (1000xg, 5min, 

RT), the supernatant was filtered through a 0.22µm filter and stored at 37ºC for approximately 

2hrs before use.  Neutrophils were cultured in control medium or heat treated, filtered CM at a 

concentration of 3.33x105 cells/ml and incubated at 37ºC.  Neutrophil viability was assessed after 

7hrs of incubation via flow cytometry using a Dead Cell Apoptosis kit with Annexin V FITC and 

PI.  Viable cells were identified as FITC-/PI-, Apoptotic as FITC+/PI- and necrotic as FITC+/PI+ 

and FITC-/PI+. (N=2). 
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This is a significant result, as it suggests that at least one of the soluble factors(s) 

responsible for enhanced neutrophil lifespan in MDA-MB-231 CM is heat stable.  Most 

proteins are usually denatured following heat treatment, irreversibly losing their structure 

and function (416), consequently the results from this experiment suggest that one of the 

soluble factor(s) is not a protein.  This is important because of the candidate molecules, 

PGE2 is a heat stable lipid; with one study finding commercially available PGE2 retained 

its biological activity even after boiling for 2hrs at 100ºC (417).  However, it is possible 

that a small peptide, with little structure, might be heat stable, and hence may contribute 

to the enhancement of neutrophil lifespan.  Nonetheless, the results from the preceding 

section suggest that the molecule has a molecular weight of at least 10-30kDa, and as 

described previously (Section 5.2), PGE2 would meet this criteria when bound to bovine 

serum albumin (~66kDa (414)). 

 

5.4 The effect of heat-treated PGE2 on neutrophil viability  

 

As discussed in the preceding sections, based on its molecular weight when bound to 

serum proteins, differential secretion by MDA-MB-231 cells compared to MCF-7 cells 

(410) and heat stability (417), PGE2 is a candidate for the soluble factor responsible for 

enhanced neutrophil lifespan.  However, whilst other studies have indicated that PGE2 is 

associated with enhanced neutrophil lifespan (232,233) it is not known if PGE2 exerts the 

same effect when it has been heat treated.  Consequently, an experiment was undertaken 

to determine if heat treated PGE2 could enhance neutrophil lifespan (Section 2.2.3.4.5). 

 

As in previous experiments, neutrophils incubated in either MDA-MB-CM (v) or heat-

treated MDA-MB-CM (vi) demonstrated a significantly greater proportion of viable cells 

compared to those incubated in control medium (P ≤0.001 and P ≤0.001 respectively) 

(Figure 5.1).  Likewise, neutrophils incubated in 10M PGE2 control (ii) and 10M PGE2 

control, heated (iii) also demonstrated a significantly greater proportion of viable cells 

compared to those incubated in control medium (P = 0.031 and P ≤0.001) (Figure 5.3).  

No difference in viability was demonstrated for cells incubated in the vehicle control 

(control medium supplemented with ethanol in 0.1M PBS) (iv) compared to control 

medium (P=0.846).  
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Figure 5.3: Proportion of viable neutrophils when cultured in control medium, control 

medium with PGE2, heat-treated control medium with PGE2, MDA-MB-231 conditioned 

medium (CM) or heat-treated MDA-MB-231 CM for 7hrs 

Neutrophils were cultured in i) Control medium ii) 10µM PGE2 Control iii) 10µM PGE2 Control, 

Heated, iv) Control with vehicle control, v) MDA-MB-231 CM and vi) MDA-MB-231 CM, 

heated, at a concentration of 3.33x105 cells/ml and incubated at 37ºC for 7hrs.  Neutrophil 

viability was determined via flow cytometry using a Dead Cell Apoptosis kit with Annexin V 

FITC and PI.  Viable cells were identified as FITC-/PI-, Apoptotic as FITC+/PI- and necrotic as 

FITC+/PI+ and FITC-/PI+. Values are mean ± SEM of 4 (N=4).  Statistical significance was 

determined by Student’s paired t test. *, P≤0.05, ***, P≤0.001. 

 

These results confirm that PGE2 has a modulatory effect on neutrophil lifespan, albeit to 

a lesser extent compared to that of MDA-MB-231 CM.  However, more significantly, 

they show that heat treated PGE2, retains the same level of biological activity as native 

PGE2.  This is important because heat treated MDA-MB-CM retains the same biological 

activity as untreated CM.  Taken together these results continue to support the hypothesis 

that PGE2 is a candidate for the soluble factor responsible for the delay in apoptosis.  

Nonetheless, it is important to note that whilst this research has focussed on characterising 

a single candidate molecule it is possible that other, yet to be identified, molecules may 
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also be involved. From these experiments alone, it is impossible to determine what 

proportion of this effect (the delay in neutrophil apoptosis) might be attributed to PGE2 

compared to any other molecules involved.  

 

5.5 Expression of COX-2 in MDA-MB-231 and MCF-7 cells 

 

One of the important findings from this study was that neutrophils incubated in          

MDA-MB-231 CM for 7hrs demonstrated a significant delay in apoptosis, however, the 

same effect was not observed in neutrophils incubated in MCF-7 CM.  An early study by 

Schrey et al. (410), which investigated PGE2 production in seven breast cancer cell lines, 

was unable to detect PGE2 production in MCF-7 cells and only demonstrated constitutive 

cyclo-oxygenase (COX-2) activity in MDA-MB-231 cells.  This is important because 

COX-2 is required for the first step of PGE2 synthesis (see discussion Section 5.6.3).  To 

verify these results, an experiment was undertaken to determine the expression of        

COX-2 in MDA-MB-231 and MCF-7 cells under normal growth conditions by RT-PCR 

(Section 2.2.5.4).   

 

Results from the COX-2 RT-PCR assay show that only the MDA-MB-231 cells and not 

the MCF-7 cells demonstrate a discernible PCR product of the correct size (144b.p.) on 

the agarose gel (Figure 5.4).  This suggests that only MDA-MB-231 cells and not       

MCF-7 cells were expressing the COX-2 gene. 
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Figure 5.4: Expression of COX-2 in MDA-MB-231 cells versus MCF-7 cells 

MCF-7 cells and MDA_MB-231 cells were grown to 70% confluence, RNA was extracted using 

an Isolate II RNA Mini Kit (Bioline, Alexandria, NSW, AUS) and reverse transcribed into cDNA 

using a High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Auckland, 

New Zealand) according to manufacturer’s instructions.  PCRs were undertaken on a StepOne™ 

Real-Time PCR cycler (Thermo Fisher Scientific, Auckland, New Zealand). ꞵ-actin was used as 

the housekeeping gene and acted as a positive control. PCR products were separated via DNA gel 

electrophoresis and visualised via a ChemidocTM XRS+ Imaging system.  A 1kb DNA ladder 

(Thermo Fisher Scientific, Auckland, New Zealand) is found in lane 1 and PCR products for 

COX-2 mRNA in MDA MD-231 and MCF-7 cells are found in lanes 2 and 3 respectively. (N=6). 
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5.6 Discussion 

 

This chapter has documented a body of work that attempts to characterise the soluble 

factor(s) contained in MDA-MB-231 CM responsible for delayed neutrophil apoptosis.  

 

5.6.1 Molecular weight and biological class of the candidate molecule 

 

The aim of the first experiment was to identify the approximate molecular weight of the 

soluble factor(s) responsible for delayed apoptosis.  Overall the results achieved in 

Section 5.2 suggest that the soluble factor(s) responsible for the delay in neutrophil 

apoptosis have a molecular weight of at least 10kDa, and less than 100kDa.  A search of 

the literature identified three molecules known to be secreted by MDA-MB-231 cells that 

have been associated with delayed neutrophil apoptosis and fit this molecular weight 

criteria; IL-6 (30) and a2ND (238) (both proteins) and PGE2  (a lipid) when bound to 

serum proteins (414).  However, there could be other molecules, yet to be identified by 

research that also meet these criteria.  The next aim (Section 5.3) was to determine the 

biological class of the candidate molecule(s); a goal achieved by culturing neutrophils in 

heat treated MDA-MB-231 CM.  Results showed (Section 5.3, Table 5.3) that at least one 

of the soluble factors(s) responsible for delayed apoptosis is heat stable, which suggests 

the molecule is not a protein.  This data contrasts with the work of Ibrahim et al. (34) who 

suggest that a peptide (a2ND) cleaved from the a2 isoform of vacuolar ATPase (a2V-

ATPase) and secreted by MDA-MB-231 cells might be partially responsible for enhanced 

neutrophil lifespan; a2V-ATPase has been shown to be overexpressed in certain cancers, 

including ovarian (418) and breast cancers (238) and a recombinant version of its peptide, 

a2ND, has been found to have an immunomodulatory, pro-inflammatory effect on 

neutrophils (238) and monocytes (419).  The data presented in this thesis also contrasts 

with the work of Hor et al. (30) who found two peptides, IL-6 and IL-8, secreted by 

Glioma cells were able to induce a significant delay in apoptosis.  To conclusively rule 

out the possibility that a heat stable peptide was responsible for the delay in apoptosis an 

experiment should be carried out in which neutrophils are cultured in heat treated CM 

that has been depleted of lipids.  However, the difficulty with such experiments is that the 

reagents used during the extraction process (such as organic solvents and detergents 
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(415)) can be quite toxic and may have an adverse effect on neutrophil function thereby 

affecting the results achieved. 

 

5.6.2 Heat-treated PGE2 modulates neutrophil lifespan 

 

The results of the heat-treated PGE2 assay confirmed that PGE2, and more critically heat-

treated PGE2, has a modulatory effect upon neutrophil lifespan.  It is important to note 

that the delay in apoptosis was less for neutrophils cultured in CM containing PGE2 

compared to MDA-MB-231 CM. Due to time constraints a dose response relationship 

test was not undertaken for neutrophils incubated with PGE2.  Consequently, for the 

experiment described in Section 5.4, neutrophils were incubated in control medium 

supplemented with 10µM of PGE2, as this concentration has been shown to be associated 

with delayed apoptosis in other studies (232). The concentration of PGE2 reported to be 

present in breast cancer tissue varies considerably. One study of 78 patients with benign 

and malignant tumours identified two groups of malignant tissues the first (high PGE2) 

demonstrated a mean tissue concentration of PGE2 55.4pg/ml (range 25.3-101.9pg/ml), 

the second group (low PGE2) demonstrated a mean tissue concentration of 10.7pg/ml 

(range 6.7-16.7pg/ml) (420).  In contrast, another study found the concentration of PGE2 

in nipple aspirates of breast cancer patients to be ~10.7ng/ml ± 12 (421).  In both 

instances, the concentration of PGE2 reported was considerably lower than concentration 

of PGE2 used in this study.  Whilst other researchers have measured PGE2 concentrations 

in MDA-MB-231 CM (235,410) the conditions and cell concentrations are too disparate 

from the current study for any meaningful comparisons to be made. However, the 

concentration of PGE2 in MDA-MB-231 or MCF-7 CM was not measured in this study. 

 

5.6.3 COX-2 is expressed in MDA-MB-231 cells 

 

Prostaglandins are members of the eicosanoid family and are primarily synthesised from 

the eicosanoid precursor, arachidonic acid (AA).  The first step of prostaglandin synthesis 

occurs when AA is presented to the enzyme cyclooxygenase to form an intermediate 

product prostaglandin H2 (PGH2) (422).  PGH2 is subsequently metabolised by 
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downstream enzymes to produce a final prostaglandin or leukotriene product; with the 

enzyme PGE2 synthase being responsible for the terminal step of PGE2 synthesis (423).  

Whilst two isoforms of cyclooxygenase are known to exist, COX-2 is the most important 

source of prostaglandin formation in inflammatory and proliferative diseases such as 

cancer (424).  Consequently, to confirm the activity of cyclooxygenase in MDA-MB-231 

cells, and by inference PGE2 production, an experiment was undertaken to examine the 

expression of COX-2 in MDA-MB-231 and MCF-7 cells.  Results from the COX-2 assay 

demonstrated COX-2 expression only in the MDA-MB-231 cells, which is in accordance 

with the results demonstrated by Schrey et al. (410).  However, these results do not 

conclusively prove that PGE2 was secreted by the MDA-MB-231 cells, since the 

concentration of PGE2 in MDA-MB-231 CM was not measured.   

 

5.6.4 PGE2 as a candidate for the soluble factor responsible for delayed neutrophil 

apoptosis  

 

Taken together, the data contained in this chapter points towards the possibility that PGE2 

is at least one of the candidate(s) molecules responsible for the delay in neutrophil 

apoptosis; as when bound to plasma proteins it fits the approximate molecular weight 

identified in Section 5.2, it is a heat stable lipid and not a protein (Section 5.3), neutrophils 

incubated in control medium supplemented with PGE2 (in native form or heat-treated) 

demonstrate delayed apoptosis (Section 5.4) and COX-2 expression (the enzyme required 

for the first step of PGE2 synthesis) was detected in MDA-MB-231 cells and not MCF-7 

cells (Section 5.5).  However, these results are preliminary, and do not conclusively prove 

that PGE2 is the soluble factor present in MDA-MB-231 CM responsible for delaying 

neutrophil apoptosis.   

 

To further investigate if neutrophil apoptosis is regulated by MDA-MB-231 cell derived 

PGE2, the next logical step would be to measure the concentration of PGE2 in MDA-MB-

231 CM and MCF-7 CM.  There are a number of techniques that could facilitate this goal, 

such as enzyme‐linked immunosorbent assay (ELISA) or high-performance liquid 

chromatography (HPLC) (425).  If PGE2 is only found in MDA-MB-231 CM and not 

MCF-7 CM, this would validate the results of the COX-2 RT-PCR assay (Section 5.5).  
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That being the case, neutrophils should then be cultured in heat treated CM prepared from 

MDA-MB-231 cells that have been treated with a selective COX-2 inhibitor drug such as 

Celecoxib or MDA-MB-231 cells that have had the COX-2 gene silenced; if the CM is 

unable to delay neutrophil apoptosis this would suggest that at least one of the eicosanoids 

produced by COX-2, is likely responsible for delaying neutrophil apoptosis.  Due to the 

time and financial constraints on this project, the focus was placed on PGE2 as there was 

evidence in the literature that PGE2 was produced by MDA-MB-231 cells (410) and it has 

been shown to be a heat stable lipid (417).  However, research suggests that two other 

metabolites of PGH2; 11-deoxy prostaglandin E1 (11-deoxyPGE1), and prostaglandin F2 

(PGF2) may also delay neutrophil apoptosis, albeit to a lesser extent than PGE2 (426) and 

should also be investigated in future research.  

 

To definitively determine if PGE2 is responsible, at least partially, for the delay in 

apoptosis the final step would be to culture neutrophils in heat treated CM prepared from 

MDA-MB-231 cells that have had the PGE2 synthase gene silenced.  If the conditioned 

media is unable to delay neutrophil apoptosis this would suggest that PGE2 is the soluble 

factor responsible for delayed apoptosis, whereas if the CM is only able to partially delay 

apoptosis (compared to control) this would suggest other, yet to be identified molecules, 

in addition to PGE2 are involved.  That being the case, an attempt could be made to 

identify any additional soluble factors by identifying all of the compounds present in 

MCF-7 and MDA-MB-231 CM via either gas chromatography – mass spectroscopy (GC/ 

MS) or liquid chromatography – mass spectroscopy (LC/MS).  The composition of the 

two samples could then be compared to identify any differences between the two, any 

lipids that are present in MDA-MB-231 CM but are not present (or present only in low 

amounts) in MCF-7 CM would then be investigated as to their ability to delay neutrophil 

apoptosis. 

 

In conclusion, these experiments indicate that PGE2 may be partly responsible for the 

delay in neutrophil apoptosis.  However, it is important to note that there are likely to be 

other, yet to be identified compounds, in the conditioned medium which may be 

contributing to the observed delay in apoptosis.  These compounds may work 

https://www.sciencedirect.com/topics/medicine-and-dentistry/celecoxib
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synergistically, along with PGE2, such that their cumulative effect is greater than that 

demonstrated by a single molecule, such as PGE2, alone.  
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CHAPTER 6  

 

PHENOTYPIC INTERACTIONS BETWEEN 

NEUTROPHILS AND MCF-7 AND MDA-MB-231 

BREAST CANCER CELL LINES  

 



127 
 

6.1 Introduction 

 

During the last decade research has shown (reviewed in 26,151,152) that neutrophils can 

alter their phenotype in response to physiological and pathological conditions including 

cancer (Section 1.2.5.3).  Due to their apparent heterogeneity, both pro and anti-tumour 

functions of neutrophils have been reported (Sections 1.2.5.5.1-2).  The work discussed 

in Chapters 4 and 5 showed that neutrophils cultured in MDA-MB-231 conditioned 

medium for 7hrs (CM) display a significant delay in neutrophil apoptosis.  This is 

important because an increase in lifespan may allow the neutrophils time to acquire 

changes in phenotype that can either enhance or hinder tumour progression.   

 

There is evidence (reviewed in 248,427) that neutrophils may be polarised towards either 

an “N1” (anti-tumour) or an “N2” (pro-tumour) phenotype in cancer, characterised by 

changes in morphology and gene expression.  For example, N1 neutrophils are proposed 

to show increased expression of intercellular adhesion molecule 1 (ICAM-1) and 

decreased expression of matrix metallopeptidase 9 (MMP-9), with decreased expression 

of ICAM-1 and increased expression of MMP-9, proposed for N2 TANs (reviewed in 

248).  Research suggests that this polarisation (“N1” versus “N2”) is brought about by 

environmental signals such as IL-1β (36) and TGF-β (37) respectively. However, the 

underlying mechanisms that bring about this effect are not well understood. Furthermore, 

it is possible the phenotype of neutrophils in cancer may, in part, be dictated by cancer 

type, and stage.   Subsequently there remain significant gaps in understanding how cancer 

cells alter neutrophil phenotype, and in turn, how neutrophils might influence tumour 

progression particularly with regards to the epithelial mesenchymal transition or “EMT” 

(Section 1.2.5.5.2).  Whilst there is limited in vitro evidence that neutrophil derived 

factors such as TGF- β (320) and neutrophil elastase (319) may promote EMT in certain 

cancer cells (pulmonary adenocarcinoma and pancreatic ductal adenocarcinoma 

respectively), until very recently (327), less was known regarding the role of neutrophils 

in breast cancer EMT.  This is/was an important question to answer because EMT is 

thought to be a critical mechanism by which epithelial cancer cells gain an invasive 

phenotype (428).    
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Thus, in order to fill some of the gaps in the literature the aim of this research was to 

determine whether culturing neutrophils in conditioned medium (CM) prepared from 

specific types of breast cancer cells, in this instance poorly invasive MCF-7 cells versus 

highly invasive MDA-MB-231 cells, might alter the phenotype of the neutrophils.  An 

additional aim of this research was to determine whether neutrophils indirectly co-

cultured with MCF-7 and MDA-MB-231 cells via segregated transwell plates could 

induce EMT in “epithelial-like” MCF-7 cells and/or enhance or reverse the process of 

EMT in “mesenchymal-like” MDA-MB-231 cells. 

 

6.2 The effect of cancer cell conditioned medium (CM) on neutrophil 

phenotype 

 

To determine whether cancer cell CM could alter neutrophil phenotype, qRT-PCR was 

used to measure the expression of intracellular adhesion molecule 1 (ICAM-1) and matrix 

metallopeptidase 9 (MMP-9) for neutrophils cultured in MCF-7 CM, MDA-MB-231 CM 

or control medium for 7hrs (Section 2.2.5.5).   

 

Results from the qRT-PCR assay for neutrophils cultured in MDA-MB-231 CM (Figure 

6.1, A-B) showed a trend towards an increase in the relative expression of ICAM-1 

(P=0.052) compared to control, however no difference was noted in the expression of 

MMP-9 (P=0.783).  In contrast, neutrophils cultured in MCF-7 CM showed no difference 

in the relative expression of ICAM-1 (P=0.107) or MMP-9 (P=0.344) compared to control 

(Figure 6.1, A-B). 
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Figure 6.1: Relative expression of ICAM-1 (A) and MMP-9 (B) mRNA in neutrophils 

cultured in MCF-7 or MDA-MB-231 conditioned medium (CM) compared to control 

Freshly isolated human neutrophils were cultured in control medium, MCF-7 CM or MDA-MB-

231 CM at a concentration of 3.33x105 cells/ml, for 7hrs.  RNA was isolated from the samples, 

cDNA prepared and gene expression measured using qRT-PCR. ꞵ-actin was used as the 

housekeeping gene. Values are means ± SEM of Log (2-ΔΔCT); (N=8 participants).  Statistical 

significance, comparing ΔCT of neutrophils in CM versus ΔCT neutrophils in control medium, 

was carried out via Student’s paired t-test.  

 

These results suggest that soluble factors secreted by MDA-MB-231 cells or MCF-7 cells 

do not alter the expression of ICAM-1 or MMP-9 mRNA in human neutrophils.  

However, a number of additional “N1” versus “N2” polarisation markers have been 

proposed (as reviewed in 233), (Section 1.2.5.3), and should be reviewed in future 

research.  A full exploration of all the proposed polarisation markers was beyond the 

scope of this thesis. 
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6.3 Neutrophils and the EMT transition 

 

6.3.1 The effect of neutrophils on the expression of -catenin and vimentin 

 

To determine if neutrophils could influence the process of EMT, a series of three 

experiments were carried out in which MCF-7 cells and MDA-MB-231 cells were 

indirectly cultured, using segregated transwell plates, with neutrophils or control medium. 

In each instance the cancer cells were seeded into the bottom wells of the transwell plate 

and the neutrophils (or control medium) were seeded into the inserts above.  This ensured 

that the neutrophils and cancer cells were segregated from each other to prevent physical 

contact, whilst allowing interactions to occur between any soluble factors secreted by the 

two cell types.   

 

Under normal growth conditions, MCF-7 cells demonstrate an epithelial-like phenotype 

and express cell-to-cell adhesion molecules such as E-Cadherin, whereas MDA-MB-231 

cells demonstrate a mesenchymal phenotype and express markers of EMT such as 

vimentin.  The expression of −catenin; which is typically more abundant in epithelial 

cells, and a mesenchymal marker; vimentin, was determined after 7 and 18hrs of 

incubation via sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

and western blotting (Section 2.2.4.3).  The 7 hr time point was selected for consistency 

with previous experiments (Chapters 4 and 5), which found a substantial proportion of 

neutrophils to be non-apoptotic after 7hrs of incubation in MDA-MB-231 CM and may 

therefore, potentially, still be releasing soluble factors capable of influencing EMT; it is 

not known whether such factors would be released by apoptotic neutrophils.  It was also 

unclear how long it may take for the soluble factors to influence the process of EMT in 

the cancer cells, consequently the 18hr time point was selected to assess any slower acting 

or delayed effects upon EMT. 
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Western blotting of extracts prepared from MCF-7 cells at time zero, 7hrs and 18hrs 

showed major bands at ~92kDA, ~ 42kDa and ~36kDa (Figure 6.2) corresponding to -

catenin, smooth muscle actin and GAPDH respectively.  No vimentin was detected in any 

of the MCF-7 cell extracts (treated or control).  

 

 

Figure 6.2: Expression of -catenin, smooth muscle actin and GAPDH in MCF-7 cells 

cultured with neutrophils or control medium 

Cell lysates of freshly harvested MCF-7 cells (time zero) and MCF-7 cells indirectly cultured 

with neutrophils or control medium in segregated transwell plates for 7 and 18hrs, were subjected 

to SDS-PAGE (10% polyacrylamide gels) and western blotted with epithelial-mesenchymal 

transition western blot cocktail (anti- catenin, vimentin; diluted 1:250), (N=3)  -catenin was 

detected at A) ~ 92 kDa), Vimentin at B) ~ 54kDa), smooth muscle actin at C) ~42kDa and 

GAPDH at D) ~ 36kDa.  Cell lysates of freshly harvested MDA-MB-231 cells were included as 

a positive control for vimentin (E).   
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In contrast western blotting of extracts prepared from MDA-MB-231 cells (treated and 

control) at time zero, 7hrs and 18hrs detected major bands at ~92kDA, ~54kDa, ~ 42kDa 

and ~36kDa (Figure 6.3) corresponding to -catenin, vimentin, smooth muscle actin and 

GAPDH respectively.  Unfortunately, the western blots were of insufficient quality to 

allow an accurate densitometry analysis to be performed. 

 

 

Figure 6.3: Expression of -catenin, vimentin, smooth muscle actin and GAPDH in        

MDA-MB-231 cells cultured with neutrophils or control medium 

Cell lysates of freshly harvested MDA-MB-231 cells (time zero) and MDA-MB-231 cells 

indirectly cultured with neutrophils or control medium in segregated transwell plates for 7 and 

18hrs were subjected to SDS-PAGE (10% polyacrylamide gels) and western blotted with 

epithelial-mesenchymal transition western blot cocktail (anti- catenin, vimentin; diluted 1:250), 

(N=3)  -catenin was detected at A) ~ 92 kDa), Vimentin at B) ~ 54kDa), smooth muscle actin at 

C) ~42kDa and GAPDH at D) ~ 36kDa.  Cell lysates of freshly harvested MCF-7 cells were 

included as a negative control for vimentin (E). 
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The results shown here suggest that neutrophils do not induce the expression of vimentin 

or inhibit the expression of -catenin in MCF-7 cells after 7 or 18hrs of incubation.  

Likewise, neutrophils do not appear to inhibit the expression of either vimentin or -

catenin in MDA-MB-231 cells.  However, it is possible that an increase or decrease in 

the expression of these proteins occurred in the cell lysates, but at a level of change which 

was undetectable on the western blot.  Subsequently, qRT-PCR was undertaken on both 

of these targets as this method is more sensitive than western blotting and can be used to 

quantify gene transcription (429). 

 

6.3.2 qRT-PCR analysis of E-Cadherin, -catenin, Fibronectin, SNAIL, SLUG, 

Vimentin and ZEB2 expression 

 

To confirm and further investigate whether neutrophils might influence the process of 

EMT, qRT-PCR was used to measure the relative expression of -catenin, one epithelial 

marker: E-Cadherin; and five mesenchymal markers: fibronectin, Snail family 

transcriptional repressor 2 (SLUG), Snail family transcriptional repressor 1 (SNAIL), 

vimentin and Zinc Finger E-Box Binding Homeobox 2 (ZEB2) for MCF-7 and MDA-

MB-231 cells via segregated co-culture with neutrophils or control medium for 7 hrs 

(Section 2.2.5.6).   

 

qRT-PCR analysis showed no expression of the mesenchymal makers vimentin or Zeb2 

for MCF-7 cells incubated with control medium or cultured with neutrophils (data not 

shown).  MCF-7 cells cultured with neutrophils showed no difference in the relative 

expression of E-cadherin (P=0.530) or -catenin (P=0.209) compared to control (Figure 

6.4).  Low levels of three mesenchymal markers; fibronectin, SLUG and SNAIL were 

identified in the MCF-7 cells; however, MCF-7 cells cultured with neutrophils 

demonstrated no difference in the relative expression of these targets compared to control 

(P=0.991, P=0.680 and P=0.093 respectively). 
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Figure 6.4: Relative expression of EMT markers in MCF-7 cells cultured with neutrophils 

compared to control medium 

Relative mRNA expression of -catenin, one epithelial marker: E-Cadherin and three 

mesenchymal markers: fibronectin, SLUG and SNAIL in MCF-7 cells cultured, via segregated 

co-culture, with neutrophils or control medium for 7hrs.  RNA was isolated from the samples, 

cDNA prepared and gene expression measured using qRT-PCR.  ꞵ-actin was used as the 

housekeeping gene. Values are means ± SE of Log (2-ΔΔCT); (N=6 participants).  Statistical 

significance, comparing ΔCT MCF-7 cells + neutrophils versus ΔCT MCF-7 cells + control 

medium was carried out using the Student’s paired t-test.  

 

qRT-PCR analysis showed no expression of the epithelial marker E-Cadherin for      

MDA-MB-231 cells incubated with control medium or cultured with neutrophils.  All 

five mesenchymal markers: fibronectin, SNAIL, SLUG, vimentin and ZEB2 were 

expressed in the MDA-MB-231 cells.  No difference was noted in the relative expression 

of -catenin (P=0.105), fibronectin (P=0.486), SLUG (P=0.117), SNAIL (P = 0.867) or 

ZEB2 (P=0.312) for MDA-MB-231 cells cultured with neutrophils compared to control 

(Figure 6.5).  A significant decrease was demonstrated in the relative expression of 

vimentin (P=0.001) for MDA-MB-231 cells cultured in neutrophils compared to control 

(see Figure 6.5, however the fold change (2-ΔΔ CT) was relatively small at only 0.93.  Given 

that no difference was noted in the relative expression of any of the other markers of 
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EMT, this suggests that whilst the decrease in vimentin expression was statistically 

significant, it may not be of biological significance.  

 

Figure 6.5: Relative expression of EMT markers in MDA-MB-231 cells cultured with 

neutrophils compared to control medium 

Relative expression of -catenin and five mesenchymal markers: fibronectin, SLUG, SNAIL, 

vimentin and Zeb2 in MDA-MB-231 cells cultured, via segregated co-culture, with neutrophils 

or control medium for 7hrs.  RNA was isolated from the samples, cDNA prepared and gene 

expression measured using qRT-PCR.  Values are means ± SE of Log (2-ΔΔCT); (N=5-6 

participants).  Statistical significance, comparing ΔCT MDA-MB-231 cells with neutrophils 

versus ΔCT MDA-MB-231 cells with control medium was carried out using the Student’s paired 

t-test. ***, P≤0.001 

 

The results shown for the MCF-7 cell qRT-PCR assay corroborate those demonstrated 

for the MCF-7 cell western blot assay (Section 6.3.1) which demonstrated no expression 

of vimentin for MCF-7 cells cultured with either neutrophils or control medium.  In 

contrast, whilst the results of the MDA-MB-231 cell western blot assay (Section 6.3.1) 

clearly demonstrate the expression of vimentin for MDA-MB-231 cells cultured with 

both neutrophils and control medium, results from the qRT-PCR assay showed a 
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significant decrease in expression of vimentin for the MDA-MB-231 cells cultured with 

neutrophils compared to incubated with control medium. 

 

6.4. qRT-PCR of IL-6, IL-8, TGF-  and VEGF-A 

 

To investigate whether neutrophils might alter the expression of growth factors or 

cytokines associated with tumour development and or/progression, qRT-PCR was used 

to measure the expression of IL-6, IL-8, TGF-  and VEGF-A for MCF-7 and MDA-MB-

231 cells via segregated co-culture with neutrophils or control medium for 7hrs (Section 

2.2.5.6).  Il-6 and Il-8 were selected as both cytokines have been shown to demonstrate 

multiple tumour promoting effects including enhanced proliferation, differentiation and 

survival of cancer cells (reviewed in 430,431), TGF-ꞵ  was selected due to its important 

signalling role in EMT (reviewed in 432) and VEGF-A because it is a key mediator of 

angiogenesis in cancer (reviewed in 433). 

 

qRT-PCR analysis  of MCF-7 cells showed no difference in the relative expression of    

IL-6 (P=0.257), IL-8 (P=0.279), TGF- (P=0.105) or VEGF-A (P=0.167) for MCF-7 

cultured with neutrophils compared to control (Figure 6.6, A-D).  Likewise,                 

MDA-MB-231 cells cultured with neutrophils demonstrated no difference in the relative 

expression of IL-6 (P=0.142), IL-8 (P=0.437), TGF- (P=0.177) or VEGF-A (P=0.977) 

compared to control (Figure 6.6, A-D). 
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Figure 6.6: Relative expression of inflammatory cytokines and growth factor mRNA in 

MCF-7 and MDA-MB-231 cells cultured with neutrophils compared to control medium 

Relative mRNA expression of IL-6, IL-8, TGF- and VEGF-A in MCF-7 cells and MDA-MB-

231 cells cultured, via segregated co-culture, with neutrophils or control medium for 7hrs.  RNA 

was isolated from the samples; cDNA was prepared and gene expression measured using qRT-

PCR.  ꞵ-actin was used as the housekeeping gene Values are means ±SE of Log (2-ΔΔCT) (N=6 

participants).  Statistical significance, comparing ΔCT of MCF-7 cells with neutrophils (+N) 

versus ΔCT MCF-7 cells with control medium and ΔCT of MDA-MB-231 cells with neutrophils 

(+N) versus ΔCT MDA-MB-231 cells with control medium was carried out using the Student’s 

paired t-test.  
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6.5 The effect of neutrophils on MCF-7 and MDA-MB-231 cell migration 

 

The effect of neutrophils on MCF-7 and MDA-MB-231 cell migration was investigated 

using a modified version of the wound scratch assay described by Laing et al. (354) 

(Section 2.2.3.5.1).  MCF-7 and MDA-MB-231 cells were plated into 12 well plates for 

24hrs to create a monolayer, after which a “wound” or “scratch”  was created in each well 

of the plates by scraping the monolayer in a straight line with a sterile 200µl pipette tip 

(354).  Neutrophils or control medium were aliquoted into transwell inserts above the 

cells and the plates incubated at 37ºC with 5% CO2.  After 0, 7, 24 and 30hrs of incubation 

the wound was photographed at specific points along the scratch, in order to assess the 

migration of the cells into the wound or “wound closure”.  The surface area of the wound, 

at each of these points, was analysed using image J software (355) (Figures 6.7 & 6.8).  

Wound closure at 7, 24 and 30hrs, was expressed as a % compared to time zero.   
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Figure 6.7:  Wound created in MDA-MB-231 cells at 0hrs and wound closure due to cell 

migration after 7, 24 and 30hrs of incubation  

MDA-MB-231 cells were incubated for 24hrs to create a monolayer, after which a scratch or 

“wound” was created in the monolayer with a sterile 200µl pipette tip.  At time zero (A); 

immediately prior to adding the neutrophils or control medium, and after 7 (B), 24 (C) and 30hrs 

(D) of incubation the wound was visualised using a phase contrast inverted microscope (CKX31, 

Olympus, Auckland, New Zealand) at 40X magnification and a photo taken using a colour camera 

(Dino-Eye AM7025X Edge Series 5.0MP, Dino-Lite, Joondalup DC Australia).  The surface area 

of the wound was analysed at specific points along the scratch using image J software.  The scale 

on the lower left of the image was used to convert the pixels of the image into mm in order to 

calculate the surface area of the wound; the outline of the wound, as used to determine surface 

area, is highlighted in yellow. 
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Figure 6.8:  Wound created in MCF-7 cells at 0hrs and wound closure due to cell migration 

after 7, 24 and 30hrs of incubation 

MCF-7 cells were incubated for 24hrs to create a monolayer, after which a scratch or “wound” 

was created in the monolayer with a sterile 200µl pipette tip.  At time zero (A); immediately prior 

to adding the neutrophils or control medium, and after 7 (B), 24 (C) and 30hrs (D) of incubation 

the wound was visualised using a phase contrast inverted microscope (CKX31, Olympus, 

Auckland, New Zealand) at 40X magnification and a photo taken using a colour camera (Dino-

Eye AM7025X Edge Series 5.0MP, Dino-Lite, Joondalup DC Australia).  The surface area of the 

wound was analysed at specific points along the scratch using image J software.  The scale on the 

lower left of the image was used to convert the pixels of the image into mm in order to calculate 

the surface area of the wound; the outline of the wound, as used to determine surface area, is 

highlighted in yellow. 
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6.5.1 Reproducibility (precision) of wound scratch assay 

 

The repeatability (precision) of the surface area measurements was determined by a single 

person analysing the surface area of wound, at a single reference point 10 times, on the 

same day.  Results shown (Table 6.1) suggest this method of analysis has a high level of 

repeatability as the co-efficient of variance in each instance was <5%. 

 

Table 6.1:  Repeatability of wound surface area measurements for wound created at 0hrs 

and wound closure due to cell migration at 7, 24 and 30hrs of incubation 

  Time Point 

  T0 At 7hrs At 24hrs At 30hrs 

MDA-MB-231 Cells 

Surface area (mm2) 13.94 12.46 10.37 9.69 

St. Dev 0.19 0.34 0.22 0.29 

% CV 1.34 2.75 2.10 3.01 

MCF-7 Cells 

Surface area (mm2) 14.62 11.09 4.70 3.48 

St. Dev 0.30 0.17 0.13 0.16 

% CV 2.07 1.53 2.72 4.46 

An aliquot of 3x105 MCF-7 cells and 2x105 MDA-MB-231 cells were incubated for 24hrs to create 

a monolayer, after which a “wound” was created in the monolayer with a 200µl pipette tip.  The 

cells were indirectly incubated with 1x105 neutrophils via segregated transwell plates. At time 0 

and after 7, 24 and 30hrs the wound was visualised under a phase contrast inverted microscope 

(CKX31, Olympus, Auckland, New Zealand) at 100X magnification and a photo taken using a 

colour camera (Dino-Eye AM7025X Edge Series 5.0MP, Dino-Lite, Joondalup DC Australia). 

The wound was analysed at a single reference point, x10 to check for precision, using image J 

Software. 
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6.5.2 Effect of neutrophil presence on wound scratch assay 

 

Having established the reproducibility of the measurement system at a single reference 

point under controlled conditions, the surface area of wound was then assessed in the 

presence or absence of neutrophils over time.   

 

Results for the wound scratch assay of MCF-7 cells cultured with neutrophils showed no 

difference in % wound closure after 7, 24 or 30hrs of incubation compared to control 

(P=0.374, P=0.787 and P=0.736 respectively), Figure 6.9. 
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Figure 6.9: % Wound closure for MCF-7 cells indirectly co-cultured with neutrophils or 

control medium 

A modified version of a wound scratch assay was undertaken in which MCF-7 cells were 

indirectly co-cultured with neutrophils or control medium for 7, 24 and 30hrs.  The wound was 

visualised under a phase contrast inverted microscope (CKX31, Olympus, Auckland, New 

Zealand) at 40X magnification, photos were taken with a colour camera (Dino-Eye AM7025X 

Edge Series 5.0MP, Dino-Lite, Joondalup DC Australia).  The surface area of the wound, at each 

reference point, was determined via image J software.  Wound closure at 7, 24 and 30hrs are 

expressed as a % compared to time zero. The images shown are representative of four independent 

experiments, two - four replicates were undertaken for each experiment.  Values are means ± 

SEM. Statistical significance was determined by Student’s paired t test. 
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Likewise, MDA-MB-231 cells cultured with neutrophils showed no difference in % 

wound closure after 7, 24 or 30hrs of incubation compared to control (P=0.690, P=0.866 

and P=0.649 respectively), Figure 6.10. 

 

Figure 6.10: % Wound closure by MDA-MB-231 cells indirectly co-cultured with 

neutrophils or control medium 

A modified version of a wound scratch assay was undertaken in which MDA-MB-231 cells were 

indirectly co-cultured with neutrophils or control medium for 7, 24 and 30hrs.  The wound was 

visualised under a phase contrast inverted microscope (CKX31, Olympus, Auckland, New 

Zealand) at 40X magnification, photos were taken with a colour camera (Dino-Eye AM7025X 

Edge Series 5.0MP, Dino-Lite, Joondalup DC Australia).  The surface area of the wound, at each 

reference point, was determined via image J software.  Wound closure at 7, 24 and 30hrs are 

expressed as a % compared to time zero. The images shown are representative of four independent 

experiments, four replicates were undertaken for each experiment. Values are means ± SEM. 

Statistical significance was determined by Student’s paired t test. 
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6.6 The effect of neutrophils upon MCF-7 and MDA-MB-231 cell morphology 

 

Results from the qRT-PCR assay (Section 6.3.2) suggest that neutrophils may decrease 

the expression of vimentin in MDA-MB-231 cells.  As there is evidence that the level of 

vimentin expression within a cell correlates to mesenchymal cell shape (434), the wound 

scratch assay (Section 2.2.3.5.1) was also used to investigate the effect of neutrophils on 

the morphology of MCF-7 and MDA-MB-231 cells.  Research  suggests reviewed in 

(129) that mesenchymal carcinoma cells are typically found at the invasive, migrating 

front of tumours.  Therefore, migrating cells located immediately adjacent to the wound 

created in the MCF-7 and MDA-MB-231 cells were photographed and examined for any 

changes in morphology. 

 

Results for the MCF-7 morphology assay show that MCF-7 cells indirectly co-cultured 

with either control medium or neutrophils (Figure 6.11) both demonstrate the classic 

“cobble-stone” appearance and strong cell to cell adhesion characteristic of epithelial 

cells (129) with no obvious difference in morphology at any of the time points or over 

time.  Likewise results for the MDA-MB-231 morphology assay show that MDA-MB-

231 cells cultured with either control medium or neutrophils (Figure 6.12) both 

demonstrate an elongated spindle shaped morphology with pronounced scattering (129) 

with no obvious difference in morphology at any of the time points or overtime.  
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Figure 6.11: Phase contrast image of MCF-7 cells indirectly co-cultured with control 

medium or neutrophils at time 0 and after 7, 24 and 30hrs of incubation  

MCF-7 cells (3x105cells) were plated out into 12 well plates.  After 24hrs a wound was created 

in each well and control medium or neutrophils (1x105 cells) were placed above the MCF-7 cells 

in transwell inserts.  The plates were incubated at 37ºC for a total of 30hrs.  The plates were 

visualised under a phase contrast inverted microscope (CKX31, Olympus, Auckland, New 

Zealand) at 100X magnification.  Photographs were taken at the same location in each well at 

time 0 (A), 7hrs (B), 24hrs (C) and 30hrs (D) using a colour camera (Dino-Eye AM7025X Edge 

Series 5.0MP, Dino-Lite, Joondalup DC Australia).  The images shown are representative of four 

independent experiments, four replicates were undertaken for each experiment.  
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Figure 6.12:  Phase contrast image of MDA-MB-231 cells indirectly co-cultured with control 

medium or neutrophils at time 0 and after 7, 24 and 30hrs of incubation 

MDA-MB-231 cells (2x105cells) were plated out into 12 well plates.  After 24hrs a wound was 

created in each well and control medium or neutrophils (1x105 cells) were placed above the MDA-

MB-231 cells in transwell inserts.  The plates were incubated at 37ºC for a total of 30hrs.  The 

plates were visualised under a phase contrast inverted microscope (CKX31, Olympus, 

Auckland, New Zealand) at 100X magnification.  Photographs were taken at the same 

location in each well at time 0 (A), 7hrs (B), 24hrs (C) and 30hrs using a colour camera (Dino-

Eye AM7025X Edge Series 5.0MP, Dino-Lite, Joondalup DC Australia). The images shown are 

representative of four independent experiments, four replicates were undertaken for each 

experiment. 
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These results suggest that under these experimental conditions, neutrophils do not alter 

the morphology of MCF-7 or MDA-MB-231 cancer cells.  This suggests that neutrophils 

do not induce EMT in MCF-7 cells or its reversal – “Mesenchymal-epithelial-transition” 

or “MET” in MDA-MB-231 cells.  Whilst the results from Section 6.3.2 indicate that co-

culture with neutrophils may decrease the expression of vimentin in MDA-MB-231 cells, 

no discernible change in their morphology was observed.  However, a limitation of this 

assay was that the cells were only analysed at specific points along the scratch.  As the 

entire scratch boundary was not observed it is possible that neutrophils demonstrated a 

change in morphology elsewhere on the plate.  As EMT is a key mechanism by which 

cancer cells acquire an invasive, migratory phenotype, taken together the results from the 

EMT western blot (Section 6.3.1) and qRT-PCR assay (Section 6.3.2) correlate with the 

data obtained from the wound scratch assay, which found no difference in the % wound 

closure for MCF-7 and MDA-MB-231 cells indirectly co-cultured with neutrophils 

compared to control (428). 

 

6.7 Discussion 

 

6.7.1 Influence of cancer cell conditioned medium on neutrophil phenotype 

 

Although a number of “N1” versus “N2” polarisation markers have been proposed (as 

reviewed in Section 1.2.5.3), only two markers, ICAM-1 and MMP-9, were selected for 

this preliminary investigation regarding the influence of MCF-7 and MDA-MB-231 CM 

on neutrophil phenotype.  Whilst ICAM-1 is generally absent or expressed at very low 

levels on circulating human neutrophils (435), elevated levels have been demonstrated on 

peripheral neutrophils in certain inflammatory conditions (436,437).  In the context of 

cancer, in vitro research (302,438) has shown that N1 or “anti-tumour” neutrophils 

demonstrate significantly higher levels of ICAM-1 and enhanced tumour cytotoxicity 

compared to N2 or “pro-tumour” neutrophils.  However, it is pertinent to note that a recent 

study (439), in which intratumoural gastric cancer neutrophils demonstrated a prolonged 

lifespan and high levels of ICAM-1( similar to the neutrophils cultured in MDA-MB-231 
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CM in this study), were in fact associated with disease progression and reduced patient 

survival as opposed to an anti-tumour response. 

 

To date, the majority of the published in vitro research suggests that freshly isolated 

neutrophils cultured in cancer cell conditioned medium, or malignant pleural effusions 

and ascites (fluid build-up surrounding the organs of the abdomen) acquire an 

immunosuppressant or pro-tumour phenotype (236,440–442).  Whilst it is tempting to 

speculate that neutrophils cultured in MDA-MB-231 CM may have been polarised, if 

only slightly, towards an “N1” phenotype, further research assessing additional 

polarisation markers is required.  For example N1 TANs are also proposed to demonstrate 

increased expression of TNFα and decreased expression of VEGF, with decreased 

expression of TNFα and increased expression of VEGF proposed for N2 TANs (reviewed 

in 248).  Likewise, assays should be undertaken to determine if neutrophils cultured with 

MCF-7 or MDA-MB-231 cells demonstrate tumour cell cytotoxicity.  An attempt was 

made to determine the influence of neutrophils on the cellular proliferation of MCF-7 and 

MDA-MB-231 cells using the MTT assay (443); however, in each instance the washing 

process caused cells to be lost, making the data inaccurate and unusable.   

 

6.4.2 The effect of neutrophils on cancer cell phenotype 

 

Neutrophils indirectly co-cultured with MCF-7 cells did not alter the expression of key 

growth factors or cytokines associated with cancer progression (VEGF, TGF-, IL-6 or 

IL-8) in MCF-7 cells.  Moreover, they were not found to induce EMT or alter the 

migration of MCF-7 cells.  Likewise, neutrophils indirectly co-cultured with MDA-MB-

21 cells did not alter the migration or the expression of key growth factors or cytokines 

(VEGF, TGF-, IL-6 or IL-8) in MDA-MB-231-cells.  However, results from the qRT-

PCR assay (Section 6.3.2) suggest that MDA-MB-231 cells cultured with neutrophils 

demonstrate a decrease in the relative expression of vimentin mRNA compared to control.  

Vimentin is an intermediate filament generally found in non-epithelial, mesenchymal 

cells (444) and is a key marker for EMT (129,445).  Vimentin expression is thought to be 

regulated by growth factors such as TGF- (432) and (as identified for MDA-MB-231 
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cells (446)), transcription factors such as ZEB2.  Although no difference was noted in the 

expression of ZEB2 or TGF- for MDA-MB-231 cells cultured with neutrophils, other 

regulators of vimentin, such as hypoxia inducible factor 1 (HIF-1) and ZBP‐89 are 

thought to exist (447,448) and should be investigated in future research.  Moreover, given 

that MDA-MB-231 cells did not appear to alter their morphology when cultured with 

neutrophils, experiments should be undertaken to determine if the decrease in vimentin 

mRNA expression translates into a functional difference in vimentin protein 

concentration; as the quantity of mRNA present does not always directly correlate to the 

final amount of a functional protein (reviewed in 449).  It should be noted that the 

morphology assay was somewhat subjective, however alternative methods of EMT 

quantification such as Atomic Force Microscopy (450) were beyond the scope of this 

project 

 

Overall the results of this study suggest that soluble factors secreted by peripheral 

neutrophils obtained from healthy volunteers, do not influence EMT in MCF-7 cells and 

may only have a minor, yet to be substantiated effect on EMT in MDA-MB-231 cells.  

This data is in agreement with very recent research (327) published whilst this thesis was 

being written.  Wang et al. (327) demonstrated that tumour infiltrating neutrophils (TINs) 

isolated from invasive ductal carcinoma samples from patients with stage 1-111 primary 

breast carcinomas, but not peripheral neutrophils isolated from the same patients, 

significantly increased the migration and proliferation of MCF-7 and MDA-MB-231 

cells.  Moreover MCF-7 cells cultured with the conditioned media of TINs, but not the 

conditioned media of the peripheral neutrophils, underwent EMT, as demonstrated by 

changes in cellular morphology (cells became elongated and stretched), decreased 

expression of the epithelial marker E-Cadherin and increased expression of the 

mesenchymal marker vimentin (327).  The results from this study, taken in conjunction 

with the findings of Wang et al. (327) suggest that soluble factors secreted by peripheral 

neutrophils do not alter the phenotype of breast cancer cells.  Future research should 

determine if there is an association between the type or stage of breast cancer and the 

ability of TINs to induce EMT, as research by Mishalian et al. (249) suggests that TANs 

may acquire their pro-tumour phenotype over time with tumour progression. 

 



151 
 

In contrast to the results described in this chapter, research has demonstrated that 

peripheral neutrophils can induce EMT in other cancer cell types.  For example Hu et al. 

(320) found that neutrophils derived from the venous blood of lung adenocarcinoma 

patients both directly and indirectly co-cultured with A549 and SPC-A1 lung 

adenocarcinoma lines could induce EMT; the concentration of TGF- was significantly 

increased in the supernatant for neutrophils co-cultured with both cell lines, moreover 

there was increased nuclear localisation of Smad4 which suggests the TGF-β/Smad 

signalling pathway was required to induce EMT.  Likewise Grosse-Steffan et al. (319), 

showed that freshly isolated neutrophils from healthy volunteers directly co-cultured with 

T3M4 and HuH7 pancreatic cancer cells could induce EMT, in this instance via 

neutrophil derived neutrophil elastase which was found to cleave E-Cadherin in 

monolayers of T3M4 and HuH7 cells.  Whilst these results may differ from the current 

study due to the different cancer cell types used, it is also possible that the difference may, 

at least in part, be influenced by the different experimental conditions used.  For example 

Grosse-Steffan et al. (319), directly co-cultured neutrophils with the cancer cells, thus it 

is possible that cell-cell contact signalling mechanisms were required to induce EMT in 

the pancreatic cancer cells. 

 

A limitation of the work described in this chapter is that, in each instance, neutrophils 

were indirectly co-cultured with the cancer cells.  This is important because, as described 

above, other researchers (319), have shown that peripheral neutrophils from healthy 

volunteers can induce EMT  when directly co-cultured with T3M4 and HuH7 pancreatic 

cancer cells. Likewise recent work by Rodriguez et al.  (451) demonstrated that freshly 

isolated peripheral human neutrophils from healthy volunteers could increase the 

migration and invasion of MCF-7 cells, when the neutrophils and MCF-7 cells were co-

injected into zebrafish embryos.  The neutrophils co-migrated with the cancer cells and 

promoted intravasation which suggests that cell-cell contact was required for this process;  

however it should be noted that the migration of MDA-MB-231 cells was not affected by 

the presence of neutrophils, prompting speculation that this mechanism may only be of 

importance in low grade cancers (451).  Therefore, future research should include 

experiments in which neutrophils are directly co-cultured with breast cancer cells to 

determine if neutrophils enhance the invasiveness, or induce EMT, within breast cancer 

cells via mechanisms that require cell-cell contact.  And, finally, it must be acknowledged 
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that cancer cells may indirectly influence neutrophil behaviour via an intermediary cell, 

such as macrophages.  The microenvironment of the tumour (TME) is complex and 

includes many cell types, not just cancer cells and neutrophils, thus a multi-cellular 

coculture investigating interaction between cancer cells, neutrophils and other cells 

known to inhibit the TME may provide additional information. 

 

In conclusion the influence of neutrophils on EMT in cancer cells appears to be extremely 

complex, and likely to be specific to cancer type, as in each of the published studies a 

different cytokine or growth factor was shown to induce EMT(319,320,322,323,327).  

Furthermore, for some of the published studies only TINs were able to induce EMT 

(320,327), whereas for others (unlike in this project) neutrophils derived from healthy 

volunteers were able to activate EMT in the cancer cells (319).   
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7.1 General Discussion 

 

Over the last few decades it has become clear that the microenvironment of the tumour 

plays a pivotal role in tumour development and progression.  Whilst interactions between 

certain immune cells, such as macrophages, and cancer cells have been reasonably well 

characterised, until recently, less was known regarding the role of neutrophils in cancer.  

To date, there is still a great deal of work to be done at the cellular and molecular level in 

order to elucidate the role of neutrophils within the tumour micro-environment.  

Consequently, the purpose of this research was to determine how interactions between 

breast cancer cells and neutrophils might influence tumour progression.  This project will 

add to the current body of work investigating the mechanisms and molecular pathways 

underpinning tumour development and metastatic dissemination.  Long term, such 

knowledge will contribute to the identification of potential new drug targets for cancer 

and ultimately, the development of targeted treatments for breast cancer and MBC.   

 

To meet the objectives of this research (Section 1.1), a convenient, reliable source of 

neutrophils needed to be found. Chapter 3 described the optimisation of the neutrophil 

isolation procedure and culture conditions; this work was critical to the experiments 

described in subsequent chapters. Neutrophils are notoriously difficult to work with, 

primarily because they have short lifespans and are terminally differentiated cells that 

have lost the ability to divide, which prevents their growth in tissue culture (165).  Whilst 

methods are being developed to mass-produce neutrophils in vitro or ex vivo from human 

embryonic or haemopoietic stem cells for clinical therapeutic purposes, these techniques 

are time consuming and complex (452,453).  Consequently, for in vitro work, neutrophils 

are commonly isolated from the peripheral blood of healthy volunteers.  However, they 

are hard to isolate from whole blood samples in a quiescent (resting) state as mechanical 

perturbations can induce their activation (454).  The experiments described in Chapter 3 

demonstrated that neutrophils isolated by positive selection using immunomagnetic beads 

produced a highly pure population of cells, and examination of H2O2 secretion found 

spontaneous ROS production to be minimal suggesting the neutrophils were not activated 

by the isolation procedure, which is in accordance with other research (367,378).     
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The influence of cancer cell conditioned medium on neutrophil apoptosis and 

investigation of the possible molecular pathways responsible 

 

The work described in Chapter 4 demonstrated that some form of soluble factor secreted 

by MDA-MB-231 cells, but not MCF-7 cells, delayed neutrophil apoptosis after 7 or       

10hrs of incubation in conditioned medium. Consistent with this delay in apoptosis the 

work described in Chapter 4 demonstrated that neutrophils cultured in MDA-MB 231 CM 

and not MCF-7 CM showed a decrease in the activation of caspase-8 as well as increased 

expression of the anti-apoptosis peptide BCL2 (A1) and decreased expression of BAK.  

This indicates that the delay in apoptosis is at least partly mediated via altered caspase-8 

signalling (extrinsic pathway) and reduced mitochondrial membrane permeabilization 

(intrinsic apoptosis pathway).  

 

Characterisation of the soluble factor responsible for the delay in neutrophil apoptosis 

 

Chapter 5 described the partial characterisation of the soluble factor(s) responsible for 

delayed neutrophil apoptosis in MDA-MB-231 CM.  The molecular weight of the soluble 

factor was found to be greater than 10kDa and less than 100kDa.  Three candidate 

molecules were identified according to this criterion; PGE2  (a lipid) when bound to serum 

proteins (412), IL-6 (30) and a2ND (238) (both proteins).  The soluble factor was shown 

to be heat stable, which led to the hypothesis that the candidate molecule was a lipid.  

Consistent with this, neutrophils cultured with native or heat treated PGE2 demonstrated 

delayed apoptosis.  Furthermore, COX-2 expression was found only in MDA-MB-231 

cells and not MCF-7 cells, which is in agreement with the results that neutrophils cultured 

in MDA-MB-231 CM but not MCF-7 CM showed delayed apoptosis (Chapter 4).  Taken 

together these data indicate that MDA-MB-231 cell-derived PGE2 could be responsible 

for the observed delay in neutrophil apoptosis.  

 

These results are novel, as to the author’s knowledge no papers have reported the potential 

role of PGE2 on delayed neutrophil apoptosis in cancer.  Interestingly however, research 

does exist suggesting that COX-2 and PGE2 are associated with resistance to apoptosis 

by cancer cells themselves (reviewed in 455,456).  As previously noted, (Section 5.6.3), 
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COX-2 catalyses the initial conversion of arachidonic acid into prostaglandin G2, which 

is subsequently converted into PGE2 by PGE2 synthase.  COX-2 is overexpressed in many 

types of cancers, including breast cancer, with the expression of COX-2 shown to be 

increased in 63-85% of premalignant breast cancers (as cited by Regulski et al. 438).  In 

addition to the inhibition of cancer cell apoptosis, COX-2 expression is associated with 

the proliferation, angiogenesis, invasion and metastatic dissemination of cancer cells 

(reviewed in 455,456).  As a consequence, COX-2 is a target for anti-cancer therapies, 

and research suggests (reviewed in 456,457) that selective COX-2 inhibitor drugs, such 

as Celecoxib, could assist in the management of breast cancer.  The work described in 

Chapter 5 (Section 5.4) clearly demonstrates the modulatory effect of PGE2 on neutrophil 

lifespan.  Thus, it is possible that neutrophils recruited to the site of COX-2 expressing 

tumours may demonstrate a delay in apoptosis that is at least partly mediated by PGE2.  

If found to be correct, this discovery has important implications.  Should COX-2 inhibitor 

drugs be provided as an adjuvant therapy for breast cancer they could also, incidentally, 

inhibit the effect of PGE2 on neutrophil lifespan, thus reducing or limiting any adverse 

effects attributed to neutrophils in cancer. 

 

The influence of cancer cell conditioned medium on neutrophil phenotype 

 

The work described in Chapter 6 found that neutrophils cultured in MDA-MB-231 CM 

showed a trend towards increased expression of ICAM-1, which indicates they were 

mildly activated.  No difference was noted in the expression of MMP-9 for neutrophils 

cultured in MDA-MB-231 or MCF-7 CM, which suggests they were not polarised, under 

the experimental conditions used, towards a pro-tumour phenotype.  This suggests that 

soluble factors released by breast cancer cells do not alter the phenotype of neutrophils 

obtained from the peripheral blood of healthy volunteers. 

 

The influence of neutrophils on cancer cell phenotype 

 

Additional experiments in Chapter 6 showed that neutrophils, indirectly co-cultured with 

MCF-7 or MDA-MB-231 cells, did not alter the expression of IL-6, IL-8, TGF-ꞵ or 

VEGF-A in either cell line.  Likewise, neutrophils indirectly co-cultured with MCF-7 or 

https://www.sciencedirect.com/topics/medicine-and-dentistry/celecoxib
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MDA-MB-231 cells did not influence the EMT in either cell line, as determined by the 

absence of change to cellular morphology, the presence or absence of vimentin or ꞵ-

catenin on western blots and expression of E-cadherin, ꞵ-catenin, fibronectin, Snail 

family transcriptional repressor 2 (SLUG), Snail family transcriptional repressor 1 

(SNAIL) and Zinc Finger E-Box Binding Homeobox 2 (ZEB2).  However, the expression 

of one EMT marker, vimentin, was found to be decreased in MDA-MB-231 cells 

indirectly co-cultured with neutrophils; given that no difference was noted in the relative 

expression of any of the other markers of EMT and no changes were demonstrated in 

cellular morphology, this suggests that whilst the decrease in vimentin expression was 

statistically significant, it may not be of biological significance.  

 

Lastly, neutrophils indirectly co-cultured with MDA-MB-231 cells and MCF-7 cells were 

not found to influence the invasiveness of either cell line.  These observations suggest 

that soluble factors released by neutrophils obtained from the peripheral blood of healthy 

volunteers do not influence EMT or alter the invasiveness of aggressive, triple negative 

(ER-PR-HER2-) breast cancer cells or less aggressive non-invasive (ER+ PR+HER2-) 

breast cancer cells. 

 

The significance of delayed neutrophil apoptosis upon neutrophil phenotype and cancer 

progression. 

 

The first objective of this project was to determine whether soluble factors released by 

breast cancer cells could delay neutrophil apoptosis, as an increase in longevity might 

allow neutrophils sufficient time to alter their phenotype or participate in activities that 

could either help or hinder tumour progression.  Taken together the results from 

experiments in Chapters 4 & 5 suggest that soluble factors secreted by certain types of 

breast cancers may delay neutrophil apoptosis.  However, whilst MDA-MB-231 CM was 

found to delay neutrophil apoptosis, this did not coincide with a significant alteration in 

neutrophil phenotype.  Indeed, the work described in Chapter 6 suggests that neutrophils 

cultured in MDA-MB-231 CM only demonstrate a trend towards increased ICAM-1 

expression, which suggests that they were only mildly activated.  As previously discussed 

(Section 1.2.5) neutrophil mobilisation is upregulated in cancer, so that immature, 
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undifferentiated neutrophils are released prematurely from the bone marrow (158).  It is 

possible that these immature neutrophils are more readily polarised in the tumour micro-

environment.  In this context, where neutrophils have been shown to develop a pro-

tumour phenotype in parallel with tumour progression (249), a delay in apoptosis may 

enhance tumour growth and development.  However, the neutrophils used in this project 

were obtained from the peripheral blood of healthy volunteers, therefore it is possible that 

these cells which would have been mature terminally differentiated neutrophils, were less 

able to be polarised by the breast cancer cells towards either an “N1” (anti-tumour) or 

“N2” (pro-tumour) phenotype.  Likewise, co-cultures of neutrophils with MDA-MB-231 

or MCF-7 cells were not found to enhance the invasiveness or influence the process of 

EMT for either cell line, which suggests that under these experimental conditions, the 

delay in apoptosis neither helped nor hindered tumour progression.   

 

This project has clearly demonstrated that soluble factors released by certain types of 

breast cancer cells can delay neutrophil apoptosis.  In addition, this project has also 

identified some of the underlying molecular mechanisms responsible for this delay in 

neutrophil apoptosis (Section 4.3).  In recent years research has demonstrated both pro 

and anti-tumour roles of neutrophils in cancer (reviewed in Section 1.2.5.5); 

consequently, a delay in apoptosis, as demonstrated in this project, may allow the 

neutrophils additional time to participate in activities that either help or hinder tumour 

progression.  Thus, targeted treatments that are capable of preventing delayed apoptosis 

in pro-tumour neutrophils, may prove beneficial for the management of breast cancer.  

Lastly, this research also identified PGE2 as at least one of the likely mechanistic factor(s) 

responsible for the observed delay in neutrophil apoptosis and thus highlighted a novel 

target for the development of new cancer therapies. 
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7.2 Future Research 

 

The research described in this thesis could be developed in several key directions.  

 

As discussed in Chapter 5, additional work is required to characterise the soluble factor(s) 

responsible for the delay in neutrophil apoptosis.  To this end, a series of experiments 

should be undertaken to conclusively determine whether PGE2 is at least partially 

responsible for the delay in neutrophil apoptosis.  Firstly, as discussed in Section 5.6.4, 

the concentration of PGE2 contained in MDA-MB-231 CM and MCF-7 CM should be 

measured (via ELISA or HPLC (425)). Secondly, an experiment should be undertaken to 

determine if neutrophils cultured in medium from PGE2 synthase gene silenced MDA-

MB-231 cells demonstrate delayed apoptosis.  Failure to delay apoptosis would indicate 

the importance of PGE2 in enhanced neutrophil lifespan in certain types of breast cancers. 

 

A further area of study could be to examine the effect of selective COX-2 inhibitors, such 

as those currently used in cancer therapy, on neutrophil lifespan.  For example, 

neutrophils could be cultured in CM prepared from MDA-MB-231 cells treated with a 

COX-2 inhibitor such as Celecoxib.  If the CM was unable to delay neutrophil apoptosis, 

this would suggest a novel beneficial effect for COX-2 inhibitor drugs when used for 

cancer treatment.  This work could be extended to both in vivo and ex vivo models; by 

investigating the lifespan of tumour associated neutrophils (TANs) in a COX-2 murine 

model of breast cancer treated with Celecoxib compared to control, or by investigating 

the lifespan of TANs dissected from human breast tumours obtained from patients treated 

with Celecoxib compared to those who were not treated with selective COX-2 inhibitors.  

Furthermore, this work could also be extended to rheumatoid arthritis since this condition 

is associated with a delay in neutrophil apoptosis (458), or to other inflammatory 

conditions for which prostaglandins have been shown to contribute towards the 

pathogenesis of disease (459) and for which Celecoxib is currently provided as a 

treatment option (460). 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/celecoxib
https://www.sciencedirect.com/topics/medicine-and-dentistry/celecoxib
https://www.sciencedirect.com/topics/medicine-and-dentistry/celecoxib
https://www.sciencedirect.com/topics/medicine-and-dentistry/celecoxib
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The question of whether soluble factors released by breast cancer cells might alter 

neutrophil phenotype also requires further investigation.  Results from Chapter 6 showed 

that neutrophils cultured in MDA-MB-231 or MCF-7 cell CM did not demonstrate a 

significant alteration in phenotype, however this work was limited in that it only 

addressed two polarisation markers (ICAM-1 and MMP-9).  As discussed in Section 

1.2.5.3, “N1” versus “N2” neutrophils are characterised by the differential expression or 

secretion of a wide range of cytokines, chemokines and effector molecules.  It is possible 

that the exact phenotype of N1 versus N2 neutrophils is variable, as the microenvironment 

of a tumour (and the soluble factors it contains) will vary according to tumour type, stage 

and the presence or absence of other cells.  Therefore, the expression of additional “N1 

versus N2” polarisation markers for neutrophils cultured in MDA-MB-231 or MCF-7 cell 

CM should be investigated by qRT-PCR.  As discussed above, it is possible that mature, 

freshly isolated neutrophils obtained from the peripheral blood of healthy volunteers (as 

used in this research) are less able to be polarised than tumour associated neutrophils 

which are believed, as a result of being released from the bone marrow early, to complete 

their maturation process within the tumour micro-environment.  To test this hypothesis 

an experiment could be undertaken to compare the expression of “N1” versus “N2” 

polarisation markers in freshly isolated peripheral murine neutrophils versus immature 

neutrophils obtained from the bone marrow of the same mice, following culture in the 

conditioned medium prepared from a murine breast cancer cell line. 

 

It would also be important to determine whether neutrophils are able to enhance the 

invasiveness of breast cancer cells via direct cell to cell contact mechanisms.  This is 

relevant because the work described in Chapter 6 and that of Wang et al. (327) used a 

non-contact method to investigate the influence of neutrophils on EMT. To fulfil this aim 

the majority of the experiments described in Chapter 6, apart from the wound scratch 

assay, could be replicated.  However, in this instance the neutrophils would be directly 

cultured with the cancer cells, then removed via positive selection to allow the relevant 

protein and mRNA EMT targets to be investigated in the MDA-MB-231 and MCF-7 

cells.  If the neutrophils were found to enhance or hinder the invasiveness of either cell 

line, this would indicate that cell to cell contact mechanisms are required to facilitate the 

process.  
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7.3 Conclusion 

 

The work in this thesis has successfully met the first three research objectives of this 

project (Section 1.1) by demonstrating the ability of MDA-MB-231 CM to alter the 

lifespan and phenotype of peripheral blood neutrophils obtained from the venous blood 

of healthy volunteers and by investigating the potential molecular pathways and soluble 

factors involved.  In particular, this work showed that soluble factors released by certain 

types of cancer cells can delay neutrophil apoptosis by modulating both the extrinsic and 

intrinsic apoptosis pathways.  This work also met the fourth research objective (Section 

1.1) of this project by demonstrating  that peripheral neutrophils indirectly co-cultured 

with either MCF-7 cells or MDA-MB-231 cells do not alter the invasiveness or influence 

the process of EMT in MCF-7 or MDA-MB-231 cells, which substantiates the recent 

work of Wang et al. (327).  Lastly this work has identified a novel candidate molecule, 

PGE2 that may be at least partially responsible for delayed neutrophil apoptosis in certain 

breast cancers.  This new and valuable data is important because COX-2 inhibitor drugs 

such as Celecoxib are currently being trialled as adjuvant treatments for the management 

of breast cancer.  Future work should therefore investigate whether administration of 

Celecoxib could also, incidentally, inhibit the effect of PGE2 upon neutrophil lifespan, 

and as a consequence, limit or prevent the adverse activities of pro-tumour neutrophils in 

breast cancer.  

 

 

 

 

 

 

  

https://www.sciencedirect.com/topics/medicine-and-dentistry/celecoxib
https://www.sciencedirect.com/topics/medicine-and-dentistry/celecoxib
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Primer design 

 

A vast number of validated primer sequences are available in the literature or from primer 

databases such as PrimerBank (461),  however oligonucleotides that are synthesised from 

these sequences still require optimisation when used in a laboratory for the first time. As 

a consequence, it was decided to design the majority primers required for this project in 

house, since it took little extra time and ensured that the sequences were specific to the 

target gene of interest.  Furthermore it also ensured that the sequences were designed 

according to specific parameters (such as an annealing temperature of ~60 ºC) so that 

multiple assays could be run concurrently using the same cycling conditions (462).  

Sequences of the individual genes of interest were obtained from GenBank 

(https://www.ncbi.nlm.nih.gov/genbank) (463).  Primers were designed using Primer-

Blast software (464); all primers were designed to span exon-exon boundaries or be 

separated by an intron >1000BP to mitigate the risk of genomic DNA amplification (465).  

Candidate primers were analysed for potential hairpin structures and/or primer dimers by 

NetPrimer analysis software (http://www.premierbiosoft.com/netprimer).  To confirm the 

specificity of amplification all PCR products were sequenced by Massey Genome Service 

(Palmerston North, New Zealand).  
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Primer Sequences 

Target Ref Seq Location 

amplicon 

size Forward primer 5-3 Reverse primer 5-3 

IL-8 NM_000584.3 4q13.3 89BP ACTCCAAACCTTTCCACCCC CTTTACAATAATTTCTGTGTTGGCG 

VEGF-A  NM_001025366.2 6p21.1 110BP TTCAAGCCATCCTGTGTGCC ATCCGCATAATCTGCATGGTG 

TGF-B1 NM_000660.6 19q13.2 122BP TACAGCAACAATTCCTGGCG  ATTTCCCCTCCACGGCTCAA 

IL-6 NM_001318095.1 7p15.3 89BP TGGCAGAAAACAACCTGAACC  TTTCACCAGGCAAGTCTCCTCAT 

MMP-9 NM_004994.2 20q13.12 82BP GGCAGCTGGCAGAGGAATAC GGCCCCAGAGATTTCGACTC 

ICAM1 NM_000201 

19p13.3-

p13.2 204BP CTTCGTGTCCTGTATGGCCC ACAGAGGTAGGTGCCCTCAA 

COX 2 NM_000963.3 1q31.1 144BP TCCCTTGGGTGTCAAAGGTAAAA  AACTGATGCGTGAAGTGCTG 

ꞵ-Catenin NM_001904.3 3p22.1 150BP GGAGCTAAAATGGCAGTGCG AGCCAGTATGATGAGCTTGC 

SNAIL NM_005985.3 20q13.13 116BP CCAGTGCCTCGACCACTATG CTGCTGGAAGGTAAACTCTGGA 

SLUG NM_003068.4 8q11.21 106BP TCGGACCCACACATTACCTTG AAAAGGCTTCTCCCCCGTGT 

ZEB2 NM_001171653.1 2q22.3 125BP CAAGTACCGCCACGAGAAGA TTTGGTGCTGATCTGTCCCTG 

Vimentin NM_003380.4 10p13 105BP CGGGAGAAATTGCAGGAGGA AAGGTCAAGACGTGCCAGAG 

E-Cadherin NM_001317184.1 16q22.1 308BP TTTGACGCCGAGAGCTACAC CCAGAAACGGAGGCCTGATG 

Fibronectin XM_005246404.1 2q35 83BP AGCCGAGGTTTTAACTGCGA CCCACTCGGTAAGTGTTCCC 

BCL2(A1) NM_004049.3  15q25.1 116BP AAATTGCCCCGGATGTGGAT TACAAAGCCATTTTCCCAGCC 

BAX NM_001291428.1 19q13.33 103BP TCGCCCTTTTCTACTTTGCCA CGGAGGAAGTCCAATGTCCA 

BAK NM_001188.3 6p21.31 124BP CACAGAGGAGGTTTTCCGCA CATGGTGCTGCTAGGTTGC 

FAS NM_000043.4 10q24.1 288 BP GGCTTTTCGTGAGCTCGTCT GTAAGAACCAGAGGTAGGAGGG 

MCL-1 NM_001197320.1 1q21.2 121 BP CCAGTGCCTCGACCACTATG CGAAGCATGCCTTGGAA 

ꞵ-Actin (359) NM_001101.4 7p22.1 104 BP CACTCTTCCAGCCTTCCTTC GTACAGGTCTTTGCGGATGT 

 

https://www.ncbi.nlm.nih.gov/nuccore/NM_000584.3
https://www.ncbi.nlm.nih.gov/nuccore/NM_001025366.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_000660.6
https://www.ncbi.nlm.nih.gov/nuccore/NM_001318095.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_004994.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_000963.3
https://www.ncbi.nlm.nih.gov/nuccore/NM_001904.3
https://www.ncbi.nlm.nih.gov/nuccore/NM_005985.3
https://www.ncbi.nlm.nih.gov/nuccore/NM_003068.4
https://www.ncbi.nlm.nih.gov/nuccore/NM_001171653.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_003380.4
https://www.ncbi.nlm.nih.gov/nuccore/NM_001317184.1
https://www.ncbi.nlm.nih.gov/nuccore/XM_005246404.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_004049.3
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=325652050
https://www.ncbi.nlm.nih.gov/nuccore/NM_001197320.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_001101.4
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PCR products are of correct size 

 

L-R:   

 

A) BAK, 124 BP; B) BAX, 103 BP; C) MCL, 121 BP; D) BCL2(A1), 116 BP,                     

E) ICAM-1, 204 BP; F) N/A; G) FAS, 288 BP; H) MMP-9, 82 BP; I) IL-8, 89 BP;                

J) IL-6, 89 BP; K) VEGF-A, 110 BP, L) TGF-ꞵ, 122 BP, M) E-Cadherin, 308 BP,  

N) Fibronectin, 83 BP, O) ꞵ-Catenin, 150 BP, P) SNAIL, 116 BP, Q) SLUG 106 BP. 

 

 

 

 

L-R:   

 

R) Vimentin, 105 BP; S) ꞵ-Actin, 104BP; T) N/A; U) COX-2, 144 BP (for a clearer gel 

image of this PCR product see Section 5.5) 
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Sequencing results: 

 

BAK: 

GGAGGCTGAAGGGGTGGCTGCCCCTGCCGACCCAGAGATGGTCACCTTACCTCTGCAACCTAGCAGCA

CCATGA 

BAX:  

AACCATCATGGGCTGGACATTGGACTTCCTCCG 

MCL:  

CTGGAGACCTTACGACGGGTTGGGGATGGCGTGCAGCGCAACCACGAGACGGCCTTCCAAGGATGCT

TCG 

BCL2(A1): 

GAGAATGGATAAGGCAAAACGGAGGCTGGGAAAATGGCTTTGTAA 

ICAM-1: 

CCAGAAAATTCCCAGCAGACTCCAATGTGCCAGGCTTGGGGGAACCCATTGCCCGAGCTCAAGTGTCT

AAAGGATGGCACTTTCCCACTGCCCATCGGGGAATCAGTGACTGTCACTCGAGATCTTGAGGGCACCTA

CCTCTGT 

FAS: 

CGGTTTACGAGTGACTTGGCTGGAGCCTCAGGGGCGGGCACTGGCACGGAACACACCCTGAGGCCAG

CCCTGGCTGCCCAGGCGGAGCTGCCTCTTCTCCCGCGGGTTGGTGGACCCGCTCAGTACGGAGTTGGG

GRAGCTCTTTCACTTCGGAGGATTGCTCAACAACCATGCTGGGCATCTGGACCCTCCTACCTCTGGTTCT

TAC 

MMP-9: 

TCGGGTGGCAGAGATGCGTGGAGAGTCGAAATCTCTGGGGCC 

IL-8:  

GATTGAGAGTGGACCACACTGCGCCAACACAGAAATTATTGTAAAGA 

IL-6: 

CCAATCTGGATTCAATGAGGAGACTTGCCTGGTGAAAA 

VEGFA: 

TGCATGACGAGGGCCTGGAGTGTGTGCCCACTGAGGAGTCCAACATCACCATGCAGATTATGCGGAT 
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TGF-ꞵ: 

GAGTGGTTATCTTTTGATGTCACCGGAGTTGTGCGGCAGTGGTTGAGCCGTGGAGGGGAAAT 

E-Cadherin: 

CTATTTTTCCCTCGACACCCGATTCAAAGTGGGCACAGATGGTGTGATTACAGTCAAAAGGCCTCTACG

GTTTCATAACCCACAGATCCATTTCTTGGTCTACGCCTGGGACTCCACCTACAGAAAGTTTTCCACCAAA

GTCACGCTGAATACAGTGGGGCACCACCACCGCCCCCCGCCCCATCAGGCCTCCGTTTCTGG 

Fibronectin: 

TTGCTTTGACAGTACACTGGGAACACTTACCGAGTGGGA 

ꞵ-Catenin: 

CAAATGTTAAATTCTTGGCTATTACGACAGACTGCCTTCAAATTTTAGCTTATGGCAACCAAGAAAGCAA

GCTCATCATACTGGCT 

SNAIL: 

AATCGGAAGCCTAACTACAGCGAGCTGCAGGACTCTAATCCAGAGTTTACCTTCCAGCAGA 

SLUG: 

CCCTGGTTGCTTCAAGGACACATTAGAACTCACACGGGGGAGAAGCCTTT 

Vimentin: 

CCCTGCAATCTTTCAGACAGGATGTTGACAATGCGTCTCTGGCACGTCTT 

ꞵ-Actin: 

CTCCATCATGAAGTGTGACGTGGACATCCGCAAAGACCTGTAC 

COX-2: 

TTGCTTCTAAGAAGAAAGTTCATCCCTGATCCCCAGGGCTCAAACATGATGTTTGCATTCTTTGCCCAGC

ACTTCACGCATCAGTT 
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Calculation of Amplification efficiency 

 

The two main methods to quantify DNA or cDNA in qRT-PCR are the standard curve 

method or the ΔΔCT Method, the latter being used within this project due to its cost 

effectiveness.  The ΔΔCT Method is a relative quantification method that assumes the 

PCR reactions are 100% efficient, so that the amount of template should double at the 

end of each cycle.  In reality the amount of template increases by a factor of (1+n), where 

n = the cycle/amplification efficiency (466).  Typically, an amplification efficiency of 

between 80-110% is considered acceptable (467), with assays of 95-105% being deemed 

to have a high amplification efficiency (462) and therefore being well optimised.  

 

The amplification efficiency of each assay was calculated using two- or four-fold serial 

dilutions of cDNA. The mean cycle threshold or “CT” value (where the fluorescence 

exceeded the threshold) was plotted against the log of the DNA dilution, using Microsoft 

Excel (2016) software (see example overleaf).  Linear regression was performed, and the 

amplification efficiency was calculated using the following equation: Efficiency = 10(–

1/slope)-1 (468). Only primers with an efficiency of between 85-110% were selected for 

use.  
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Plot of Ct versus log DNA dilution for SLUG (SNAI2).  Y = -3.3352x + 29.3. The efficiency of 

the assay, as calculated via the equation Efficiency = 10(–1/slope)-1 was found to be 0.99 or 99%. 
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