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Abstract  

The mammary gland undergoes significant structural changes throughout both development and 

reproduction, ultimately allowing for breastfeeding of a newborn. The immune context of the 

mammary gland is known to assist with these processes. In addition, significant evidence now exists 

supporting a strong correlation between mammary immune infiltration and the development and 

prognosis of breast cancer. Considering this correlation, this thesis set out to investigate how the 

immune microenvironment changes during development, reproduction and early stages of breast 

cancer, and whether this immune environment contributes to the known risk profile associated with 

developing breast cancer during these times.  

 

The post-pregnant (involuting) mammary gland is characterized by widespread apoptosis of milk 

producing alveoli cells, and remodeling of the ductal tree back to a virgin-like structure. 

Epidemiological studies have convincingly demonstrated that the period of involution is also 

associated with a transient increased risk of developing breast cancer that occurs directly following 

pregnancy. To determine the influence of the immune infiltration on this reproductive time point, 

immunophenotyping flow cytometry and cytokine bead arrays were performed on involuting and 

nulliparous mouse mammary glands. The involuting mammary gland displayed significant myeloid 

driven inflammation, with a modest pro-tumoral effect on mammary tumor growth also observed. 

These observations were verified in a mouse model of breast cancer development, whereby the 

immune infiltration, in particular macrophages, was found to be significantly increased prior to and 

during mammary hyperplasia. Using therapeutic depletion of the macrophages with anti-CSF1R 

monoclonal antibody treatment, we revealed a significant reduction in mammary tumor growth rate 

following depletion of macrophages. These findings have demonstrated the importance of mammary 

infiltrating macrophages during times of increased breast cancer risk, including mammary gland 

involution and hyperplasia. Ultimately, this work suggests the development and implementation of 

macrophage-targeted therapeutics could be a useful preventative or neoadjuvant therapy for breast 

cancer.  

 

Once mammary gland involution is complete, epidemiological data suggests that the resting parous 

mammary gland remains in a state of lifelong decreased breast cancer risk. Little has been done 

however to model this ‘protection’ afforded by parity in mouse models, for future research into the 

mechanisms governing parous protection. This thesis showed that the inflammation associated with 

involution is resolved in the resting parous mouse mammary gland suggesting the transient increased 

risk period is complete by 10 weeks post weaning. Experiments on tumor growth of breast cancer 
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demonstrated this mouse model accurately mimics parous epidemiological data, with reduced tumor 

growth observed using a syngeneic ER+ breast cancer cell line. This model will now be able to be used 

to determine the mechanisms of parous protection, with the long-term aim to develop a preventative 

medicine for women to take who are known to be in a high breast cancer risk category.  

 

Altogether, this work has highlighted the mammary infiltrating macrophages as key early drivers of 

tumorigenesis and determinants of an increased risk profile. Further, a novel parous mouse model was 

developed for further studies to determine the mechanisms of parous breast cancer protection. The 

findings from this thesis provide a strong foundation to investigate macrophage-targeted therapies as a 

novel preventative/adjuvant therapy or early biomarker of disease for breast cancer.   
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1.1 Breast development 

Significant evidence indicates that the mammary gland (breast) has evolved over 300 million years 

from the apocrine sweat gland, and is now the organ that distinguishes all mammals from other 

animals (Oftedal, 2002). The primary function of the mammary gland is to produce milk for the 

nourishment of newborns. It is a complex organ comprised of a number of cell types, including 

epithelial cells that form the ductal network; adipocytes, fat cells in which the ductal network is 

embedded; vascular endothelial cells, contributing to blood vessel formation; stromal cells, including 

fibroblasts that support parenchymal cells; as well as immune cells with diverse functions (Figure 

1.1A) (Watson and Khaled, 2008). There are three major stages of breast development: prenatal, 

pubertal and reproductive, each with distinct driving signals (Figure 1.1B). Our current understanding 

of these stages has primarily arisen from rodent studies. Although there are differences in gland 

architecture and hormone levels between rodents and humans, the developmental processes and cell-

cell interactions are thought to be very similar (Osborne et al., 2015). 

 

1.1.1 Stages of breast development 

1.1.1.1 Prenatal Breast 

Prenatal breast development involves formation of the primary mammary bud, as well as development 

of a rudimentary ductal structure. Mammary ducts consist of an outer basal myoepithelial layer and an 

inner luminal cell layer, the latter of which is further divided into ductal luminal cells that line the 

ducts and alveolar luminal cells that secrete milk during lactation. Surrounding these ducts is a 

network of stromal cells and adipose tissue that help to support the mammary ductal structure and 

provide growth stimulation when required. Most mammary development studies have been performed 

in rodents, with limited information available for humans. The timing and processes at each 

developmental stage will consequently be discussed for both mice and humans where possible.  

 

In humans, mammary development begins as early as 4-6 weeks gestation, with the formation of two 

mammary crests and extension of the primary mammary bud into the underlying mesenchyme. 

Secondary branches from the primary stem begin to form from 13 weeks gestation, generating tubular 

ducts by 32 weeks. The nipple and surrounding areola is created by invagination of the ectoderm and 

aligning of smooth muscle fibers during the third trimester (Tobon and Salazar, 1974). Mammary 

development continues in human infants up until the age of two. Soon after the birth, proliferation of 

the mesoderm causes the nipples to evert, and the areola increases in pigmentation (Anbazhagan et al., 

1991). By 2 years of age, small ductal structures branching from the nipple embedded in a fibroblastic 
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stroma are observed and the infant breast becomes quiescent until hormonal stimulation during 

puberty (Jayasinghe et al., 2010). 

 

 

A 
   
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Anatomy of the human female breast and schematic of mouse mammary 
gland development and reproduction. (A) As well as the obvious external features (the nipple and 
areola) the breast contains a number of structural features that assist with its primary function of milk 
production during lactation. Hollow ducts extend into the fatty tissue of the breast, connecting the milk 
producing lobules and lobes to the nipple entrance. (B) During embryonic development, the nipple and 
primary ductal bud is developed. From puberty, hormonal signals including growth hormone (GH), estrogen 
and insulin-like growth factor 1 (IGF1), stimulate mammary ductal expansion throughout the fat pad, through 
the formation of terminal end buds (TEBs). Once adulthood is reached, further mammary gland development 
is halted until pregnancy, during which progesterone and prolactin signaling promote side branching and 
growth of alveoli for milk production during lactation. Following weaning, the mammary gland undergoes 
significant apoptosis and remodeling during involution, to return the gland back to a resting parous state 
(Macias and Hinck, 2012). 
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The first signs of mammary gland development in mice are observed at embryonic day 10.5 (E10.5) of 

gestation, when the formation of bilateral milk lines between the fore and hind limb is initiated. At 

E11.5, five sets of disk shaped placodes begin to form, which will later form the nipples. Invagination 

of these placodes leads to the formation of hollow buds that penetrate through the mesenchyme and 

invade into the adipose tissue that will eventually form the mammary fat pad. Reciprocal signalling 

between the mammary ductal cells and periductal stromal cells stimulates this invasion (Robinson et 

al., 1999). By E18.5, mouse mammary gland development is arrested and does not continue again 

until puberty (Balinsky, 1950; Macias and Hinck, 2012). Pre-natal ductal development has been 

observed in mice deficient of estrogen receptors, progesterone receptors and prolactin, suggesting that 

this stage of mammary gland development occurs independently of hormone signaling (Bocchinfuso 

et al., 2000; Curtis Hewitt et al., 2000). 

 

1.1.1.2 Pubertal development 

In girls between the ages of 8½-13 years of age (6-10 weeks in mice), increases in the levels of 

estrogen, pituitary growth hormone and insulin-like growth factor 1 induces epithelial branching 

leading to the formation of a ductal tree that spreads throughout the entire mammary gland (Figure 

1.1B) (Kleinberg and Ruan, 2008; Watson and Khaled, 2008). Following sex hormonal stimulation, 

small bulb-like structures known as terminal end buds (TEB) form at the end of each duct. High levels 

of proliferation occur within the TEB leading to ductal elongation and complex branching through the 

mammary fat pad (Hinck and Silberstein, 2005; Shackleton et al., 2006). At the end of tertiary ductal 

branches, terminal ducts are formed that produce several terminal ductules or acini, which contain the 

functional milk secreting cells of the breast. Pubertal growth is complete when the ductal tree occupies 

the full length of the mammary fat pad. Once complete, ductal elongation and branching ceases and 

the breast remains in a relatively dormant state, apart from minor changes during periods of 

menstruation, until pregnancy occurs.  

 

1.1.1.3 Pregnancy and lactation 

During pregnancy, the mammary gland undergoes further structural and hormonal changes to produce 

and secrete milk for the newborn during lactation (Watson and Khaled, 2008). An increase in the 

hormones progesterone and prolactin during pregnancy induces extensive side-branching and 

alveologenesis that leads to the generation of milk secreting alveoli (Brisken et al., 1998). The 

importance of progesterone in pregnancy was identified in progesterone receptor knock out mice   

(Pgr-/-) that produce only a simple epithelial ductal network during puberty and do not undergo further 

ductal proliferation or lobuloalveolar differentiation during pregnancy (Brisken et al., 1998). Prolactin 
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is the second major hormone responsible for lactational competence during pregnancy, with prolactin 

knock out mice (Prl-/) exhibiting similar structural abnormalities to Pgr-/- mice (Brisken et al., 1999). 

The alveolar luminal cells and the surrounding myoepithelial cells produced during pregnancy are 

thought to arise from bi-potent ductal stem cells, however there is some evidence indicating that duct 

and lobule specific progenitor cells exist (Smith and Boulanger, 2003). Deletion of the estrogen 

receptor (ER) in mice during late pregnancy has also highlighted a critical role for estrogen during 

mammary gland reproduction, where it stimulates alveologenesis and milk secretion during lactation 

(Feng et al., 2007). Increased vascularization also occurs mid-pregnancy, enveloping each secretory 

alveolus with a basket-like network of capillaries (Djonov et al., 2001). By full-term, the alveoli 

constitute most of the mammary fat pad with some secretory activity observed. 

 

1.1.4 Involution 

Following weaning, the breast undergoes further structural changes to remove the milk producing cells 

and remodel the ductal tree back to its pre-pregnant adult state. Very little is known about the human 

involuting mammary gland, however in mouse models of forced weaning, involving the removal of 

suckling pups during the height of lactation, two distinct phases of involution have been identified. 

The first is a reversible phase during which resumption of suckling reestablishes milk production. This 

stage is characterized by the detachment of cells from the alveoli structures and shedding into the 

lumen. It has been shown that the accumulation of milk following weaning induces the expression of 

leukemic factor and transforming growth factor β3 (TGFβ3) in the mammary epithelium that in turn 

activates the JAK/Stat pathway to stimulate apoptosis (Kritikou et al., 2003; Nguyen and Pollard, 

2000). It is not yet known however, whether apoptotic signalling is the cause or consequence of 

detachment of these cells from the basement membrane. 

 

The second and irreversible stage of involution begins approximately 48 hours after weaning in mice. 

This is stimulated by a gradual reduction in circulating glucocorticoid and progesterone (Feng et al., 

1995). Subsequent increases in matrix metalloproteinases (MMPs) and serine proteases production 

assists in the breakdown of the extracellular matrix (ECM) and activation of plasminogen to assist in 

adipocyte differentiation, respectively (Green and Lund, 2005; Lund et al., 2000). This remodeling of 

the ECM causes detachment-induced apoptosis of secretory epithelial cells (Pullan et al., 1996). In 

response to this large-scale apoptotic event, phagocytosis by autophagy and by professional 

phagocytes (macrophages) is initiated, leading to the removal of cellular debris and resolution of the 

inflammatory response to involution (Monks et al., 2005). In support of this, gene expression profiling 

of mouse mammary glands during involution has shown that the neutrophil chemoattractant, CXCL1, 
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is increased in the mammary gland during the first two days of involution. By days three and four of 

involution, increases in macrophage as well as lymphocyte-associated recruitment genes (CXCL14 

and galectin 3) and differentiation genes (CD68 and cathepsin S) were also observed (Clarkson et al., 

2004; Stein et al., 2004). While these gene expression data indicate that inflammation may be assisting 

in remodeling during involution, evidence of the actual infiltration of these immune cells into the 

mammary gland was not demonstrated in these papers. By 7 days post weaning, most of the secretory 

alveoli has been removed and replaced by differentiated adipocytes, and the mammary gland is 

morphologically similar to the virgin adult gland. 

 

The immune system assists with the development of several tissues, one of which is the mammary 

gland. This thesis focuses on the influence of the immune environment of the mammary gland in 

relation to mammary gland development and reproduction. Consequently, the immune system and 

details of the immune cells known to contribute to mammary gland development and reproduction will 

be discussed in subsequent sections. 

 

1.2 The immune system 

The immune system is designed as a defense mechanism that is forever evolving to protect the host 

from a multitude of pathogens and toxic or allergenic substances that threaten normal homeostasis. 

Failure to recognize and protect the host’s own tissue (self-tolerance) can lead to the development of a 

broad range of autoimmune diseases, while uncontrolled inflammation can be detrimental to the host, 

providing a thriving environment for unwanted pathogens, promoting inflammatory diseases and 

cancer (Grivennikov et al., 2010). The type and extent of inflammation is consequently tightly 

controlled to avoid responses that cause excess damage to healthy self-tissues, or eliminate the natural 

microbial flora of the body, while maintaining their primary function.  

 

1.2.1 The innate immune system 

The immune system in vertebrates can be broadly classified into two lines of defence: innate immunity 

and adaptive immunity (Figure 1.2). Innate immunity is the first line of defence to a pathogen, and 

occurs within hours of encountering a foreign antigen. The innate immune system starts with 

anatomical barriers, such as the skin, sweat and natural bacterial flora, which act as an initial 

quarantine checkpoint preventing the entrance of pathogenic materials into the body (Janeway and 

Medzhitov, 2002). It is characteristically defined by its antigen-independent (non-specific) mechanism 
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of action, and absence of immunological memory for future encounters with the same pathogen. 

Innate immunity typically includes natural killer cells, granulocytes (neutrophils, mast cells, 

eosinophils and basophils), professional antigen presenting cells (macrophages and dendritic cells) and 

innate lymphoid cells (γδ T cells and natural killer T cells) (Figure 1.2), (Paul, 2011; Turvey and 

Broide, 2010). Innate immune cells are further assisted by activation of the complement system, 

comprising a complex network of proteins that assist with the activation and recruitment of 

phagocytes, labeling of cells and/or pathogens for phagocytosis, and direct killing of bacteria through 

membrane pore formation. An overview of the cells of the innate immune system will subsequently be 

discussed in further detail. 

 

1.2.2 Natural killer cells 

Natural killer (NK) cells are effector leukocytes of the early innate immune system, which survey the 

body for the presence of infected or stressed cells. NK cell function is tightly regulated through the 

contribution of both inhibitory and activating receptors on their surface. Under normal physiological 

conditions, NK cells are constitutively inhibited through the interactions of surface inhibitory 

receptors such as killer cell immunoglobulin-like receptor (KIR), NKG2A receptor (and others), with 

 

Figure 1.2. Cells of the innate and adaptive immune system. The innate immune system is the first line of 
immune defence. It consists of dendritic cells, macrophages, mast cells, natural killer cells and granulocytes. 
While the adaptive immune system is slower to react, it mounts stronger antigen specific responses against the 
pathogen. The adaptive immune system consists of B cells, antibodies, and CD4+ and CD8+ T cells. γδ T cells 
and natural killer T cells straddle both the innate and adaptive immune systems (Sharpe and Mount, 2015). 
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their ligands major histocompatibility complex (MHC) class I and others including the 2B4 receptor, 

that binds to CD48, or the NKR-P1B and NKR-P1D receptors specific for Clr-b/Ocil (Carlyle et al., 

2004; Chan et al., 2014). Conversely, cellular stress caused by a viral infection, pathogen or malignant 

transformation can induce the expression of ligands such as MICA/B and CD155, that can stimulate 

NK cell function through engagement of the activating receptors NKG2D, DNAM1 etc, respectively 

(Champsaur and Lanier, 2010; de Andrade et al., 2014). Once activated, NK cells secrete cytotoxic 

granules containing granzymes and perforin. The secreted perforin inserts itself into the target cell’s 

plasma membrane forming a pore, allowing the granzyme entry into the target cell resulting in 

activation of caspase signalling cascade leading to death via apoptosis. In addition, NK cells also 

secrete immune-modulatory cytokines and chemokines, such as IL-10, MIP-1α, MIP-1β, tumor 

necrosis factor (TNF-α) and interferon-gamma (IFN-γ), to further activate the innate immune system 

and enhance the immune response to target cells (Chan et al., 2014). The potent activity of NK cells is 

tightly regulated by the intricate balance of activating and inhibitory NK cell receptor signals 

(reviewed in (Lanier, 2005)). 

 

1.2.3 Neutrophils 

Neutrophils are the most abundant circulating leukocyte in humans, and are often the first cells to 

encounter and respond to a pathogen. Damaged or infected cells secrete cytokines, such as colony 

stimulating factors (CSFs), to stimulate the proliferation and maturation of neutrophil precursors 

(CD11b+) in the bone marrow (De Clerck et al., 1995). Circulating mature neutrophils are best 

recognized by their expression of lymphocyte antigen 6 complex locus G6D (Ly6G+), which is a 

glycosylphosphatidylinositol–anchored protein with unknown function (Daley et al., 2008). Through 

the release of reactive oxygen species (ROS) or antimicrobial chemicals, activated neutrophils can 

phagocytose and kill the target pathogen directly. Alternatively, they produce extruding strands of 

DNA, referred to as DNA nets, to which bactericidal proteins and enzymes are attached to immobilize 

the target pathogen for subsequent elimination (Borregaard, 2010; Brinkmann et al., 2004; Hager et 

al., 2010). Neutrophils have also been shown to induce activation of the adaptive immune response by 

activating B cells through IgG and IgA interactions, and activate dendritic cells (DCs) by releasing 

alarmins upon degranulation, which induce the release of DC chemoattractants CCL3 and CCL5 

(Pelletier et al., 2010; Puga et al., 2012; Schuster et al., 2013). Further, neutrophils can release 

chemokines CCL2, CCL9 and CCL10 to recruit Th1 T helper cells, and CCL2 and CCL20 to recruit 

Th17 T helper cells (Mantovani et al., 2011). They may also negatively regulate inflammation by 

using decoy receptors to scavenge pro-inflammatory signals. (Ariel et al., 2006; Filardy et al., 2010). 
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1.2.4 Mast cells 

Mast cells are present in tissues throughout the body but are most prevalent in sites exposed to the 

external environment, such as the skin or airways. Mast cell progenitors are derived from bone 

marrow derived hematopoietic cells and activated in response to IL-3, IL-6 and stem cell factor, to 

undergo their final stage of maturation (Costa et al., 1996; Madden et al., 1991; Nakano et al., 1985; 

Saito et al., 1996). Mast cells can be activated by directly interacting with toll-like receptors (TLR), 

which stimulates the production of selective cytokines, chemokines and lipid-mediators depending on 

the type of pathogen present. In addition, mast cells can also be indirectly activated through their Fc 

receptors or CR3 and CR4 complement receptors, that stimulate similar cytokine/chemokine 

production, as well as promoting degranulation (Marshall, 2004). Production of cytokines promotes 

the migration of dendritic cells (TNF-α and CCL20), effector T cells (CXCL10 and RANTES), 

eosinophils (eotaxin), NK cells (IL-8) and neutrophils (IL-8 and TNF-α) to the site of infection (Urb 

and Sheppard, 2012). Mast cells can also undergo degranulation, which involves the rapid release of 

packaged proteases (tryptase and chymase) and histamines into the surrounding tissue, neutralizing 

any toxins released from the pathogen and assisting in the recruitment of other innate immune cells 

(Thakurdas et al., 2007). Mast cells can be broadly classified into two subsets in humans based on the 

protease content of their granules, including MCT that contain tryptase, MCC that contain chymase, 

and MCTC that contain both proteases (Irani et al., 1986). Little is known about the differences in these 

populations apart from their protease content, however MCT mast cells have been described as having 

the highest protease activity at multiple sites in the body, compared to the other subtypes that contain 

chymase (Welle, 1997).  

 

1.2.5 Eosinophils 

Eosinophils are traditionally described as cytotoxic effector cells in parasitic infections and allergic 

disorders. Like other granulocytes, eosinophils develop in the bone marrow from pluripotent 

progenitor cells, before migrating in the blood to peripheral tissues in response to myeloid stimulating 

cytokines GM-CSF and IL-3, and eosinophil specific stimulating factors IL-5 and eotaxin by activated 

Th2 cells and mast cells (Collins et al., 1995; Mould et al., 1997). Eosinophil recruitment is also 

induced by chemokines eotaxin 1 and eotaxin 2, which are synthesized by a number of cell types upon 

stimulation by Th2 cytokines IL-4 and IL-13 (Li et al., 1999). Once in the tissue, eosinophils are 

activated by a variety of factors, including platelet-activating factor, complement factors, 

immunoglobulins, opsonized surfaces and cytokines and chemokines, causing the release of highly 

toxic granule proteins by exocytosis (Abu-Ghazaleh et al., 1989; Dyer et al., 2010; Fujisawa et al., 

1990; Winqvist et al., 1984; Zeck-Kapp et al., 1995). Activated eosinophils also amplify the 



  30 

inflammatory response by secreting cytokines IL-3, IL-4, IL-5 and GM-CSF, which amplify 

eosinophil production and activation, and chemokine IL-8 that promotes the guided recruitment of 

leukocytes (Kay et al., 1997). 

 

1.2.6 Basophils 

Basophils are the least abundant granulocyte in the human body. Nevertheless, basophils play a 

critical role in the elimination of parasite infections and in allergic reactions in combination with 

eosinophils and mast cells. Basophils express multiple chemokine receptors including CCR1, CCR2, 

CCR3, CXCR1, CXCR1, CXCR3 and CXCR4, which recognize secreted signals (eotaxin, RANTES 

and SCF-1) promoting migration to the site of infection of allergic inflammation. Following migration, 

basophils can be activated by both immunoglobulin dependent and independent mechanisms. 

Immunoglobulin independent stimulation includes the recognition of complement factor C5a, 

neutrophil activating peptide NAF-NAP-1 and parasite antigens, leading to the production of 

inflammatory cytokines and histamines by basophils (Bieneman et al., 2005; Dahinden et al., 1989; 

Kurimoto et al., 1989). Basophils also express the high affinity IgE surface receptor FcεRI, which 

aggregates upon interaction with IgE leading to basophil degranulation and cytokine release. Once 

activated, basophils produce high levels of IL-4 leading to the stimulation of CD4+ T cell 

differentiation and recruitment/activation of eosinophils (Kay et al., 1997; Mitre and Nutman, 2006). 

 

1.2.7 Macrophages 

Macrophages are phagocytic cells derived from monocytes, a bone marrow precursor of macrophages 

and DCs, which play an important role in both the innate and adaptive immune response. Cytokines 

produced at sites of tissue damage stimulate nearby endothelial cells to produce selectins and 

chemokines that act as recognition markers for the migration of monocytes through the endothelium 

and into the site of damage (Rosseau et al., 2000). Following recruitment, monocytes are stimulated to 

differentiate into inflammatory macrophages by the release of cytokines such as IFN-γ from 

neighboring inflammatory cells including neutrophils and NK cells (Schroder et al., 2004). Activation 

of macrophages leads to: (i) enhanced phagocytosis; (ii) production of inflammatory cytokines 

depending on macrophage phenotype and stimulation; (iii) and upregulation of peptide loaded MHC 

class 1 and II that can be recognized by antigen specific CD8+ and CD4+ T cells respectively. 

Macrophage maturation has been described as a continuum between two functional polarized states, 

termed M1-like and M2-like macrophages. M1-like macrophages are thought to be classically 

activated by toll like receptors and IFN-γ, express phenotypic specific surface receptors CD86 and 

MHC II, produce nitric oxide synthase 2 and secrete pro-inflammatory cytokines (eg. IL-1β, IL-12 and 



  31 

TNF). Overall, M1-like macrophages promote inflammation and high cytotoxic activity (Gregory et 

al., 1993; Seruga et al., 2008). In contrast, M2-like macrophages express the specific surface markers 

CD80 and CD206, and exhibit immunosuppressive activity by producing Arginase 1 and anti-

inflammatory cytokines, including IL-4 (M2a), IL-10 and glucocorticoids (M2c) (Mantovani et al., 

2002; Pesce et al., 2009). The paradigm of M1 and M2 macrophages has been challenged in recent 

years, with a common consensus now that M1 and M2 macrophage gene signatures and functions are 

not mutually exclusive, but instead have several overlapping genetic profiles, surface receptor 

expression profiles and functions (Martinez and Gordon, 2014). Transcriptome analysis performed 

during the course of our study has suggested as many as 10 phenotypes of macrophages exist, based 

on 28 different methods of macrophage stimulation using cytokines, chemokines, metabolic cues and 

pattern recognition receptor ligands (Xue et al., 2014). Subsequently, while the M1/M2 paradigm is 

still a useful framework, interpretation of these macrophage subsets needs to be applied with caution, 

with more comprehensive characterization required to establish the specific effect of these 

macrophages on the immune response being studied.  

 

1.2.8 Dendritic cells 

Dendritic cells (DCs) constitute the primary bridge between the innate and adaptive immune system, 

exhibiting properties of both subsets of immune cells due to their ability to directly defend through 

phagocytosis, releasing inflammatory cytokines and activating T cells through their role as antigen 

presenting cells (APC) (Fearon and Locksley, 1996). Bone marrow derived DCs circulate in the blood 

and are present in non-lymphoid organs, where they communicate with other cells in the body via 

constant cell-cell contact and cytokine signaling. DCs recognize and phagocytose pathogens and 

apoptotic cells, before processing the ingested material for presentation of the peptide antigens on 

surface MHC class I or II, depending on the route of antigen processing conducted (Shortman and Liu, 

2002). Antigens recognized by DCs using complement receptors and Fc receptors are ingested via 

phagocytosis, while non-specific uptake of extracellular antigens occurs through macropinocytosis. 

Peptides ingested and processed in this way are presented on the surface of MHC II molecules for 

presentation to CD4+ T cells in the draining lymph node. Alternatively, antigens that directly enter into 

the cytoplasm of the DC, such as during viral infections, are processed in the proteasome and 

presented on the cell surface via MHC I molecules for presentation to CD8+ T cells. Antigens taken up 

through the phagocytosis and macropinocytosis routes are alternatively able to be diverted to the 

cytosol, where they can undergo proteasomal degradation and are transferred to the endoplasmic 

reticulum for leading onto MHC I molecules, in a phenomenon called cross-presentation.  
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DCs are classically described as expressing hematopoietic markers CD45, MHC-II and CD11c. 

although CD11c can also expressed by several macrophage populations. Consequently, the use of 

surface receptors Flt3, c-kit and CCR7, and transcription factor zbtb46 are more thorough methods of 

delineate DCs from macrophages (Forster et al., 1999; Maraskovsky et al., 1996; McKenna et al., 

2000; Satpathy et al., 2012). Within the DC subset, there are two major sub-classes: classical DCs 

(cDCs) and plasmacytoid DCs (pDCs). While there are several further subsets of cDCs based on their 

expression of CD11b, CD8 and CD103, collectively cDCs process antigen, and express MHC proteins 

and T cell co-stimulatory molecules (B7.1/CD80 and B7.2/CD86) for efficient priming of naïve T 

cells. cDCs commonly process antigens through the phagocytosis and macropinocytosis pathways of 

antigen processing, however they are able to utilize cross presentation in order to also activate CD8+ T 

cells. Activated cDCs also produce cytokines such as IL-12, IL-15 and IFN-γ that further promote the 

differentiation and activation of T cells (Hochrein et al., 2001). Conversely, pDCs express low levels 

of MHC II and T cell co-stimulatory molecules. pDCs predominantly take up and process viral 

antigens in the cytoplasm for presentation via MHC I to CD8+ T cells, as well as secreting large 

amounts of type I interferons (Reizis, 2010).  

 

1.2.9 γδ T cells 

Gamma delta (γδ) T cells are named according to their TCR variable regions that contain one γ chain 

and one δ chain, rather than the α and β glycoprotein chains on conventional T cells. In contrast to αβ 

T cells, the majority of γδ T cells do not express CD4 or CD8, and hence are activated independently 

of peptide-MHC by alternative non-polymorphic molecules such as: CD1c, CD1d and Butyrophilin 

(Godfrey et al., 2015) and in some instances small phosphoantigens that are produced by mammalian 

cells and bacterial pathogens (Gu et al., 2014; Hintz et al., 2001). Moreover, because γδ T cells do not 

require antigen presentation by APC’s, they are able to be rapidly activated and respond during the 

early stages of an innate immune response. γδ T cells also express toll like receptors (TLR) and pattern 

recognition receptors (PRR) that further modulate their activation and activity (Shojaei et al., 2009). 

Once activated, γδ T cells can produce a variety of chemokines and cytokines including Th1 cytokines 

(IFN-γ and TNF-α), Th2 cytokines (IL-4 and IL-10) and IL-17. Such cytokine production by γδ T 

cells has been reported to promote the expansion of cytotoxic T cells, control TNF-α production by 

CD8+ T cells, as well as regulate the recruitment of neutrophils and monocytes to initiate an 

inflammatory response respectively (Jensen et al., 2008; Rhodes et al., 2008). Further, γδ T cells are 

able to trigger maturation of DCs through TCR-CD1 and Fas-FasL interactions (Collins et al., 2005; 

Leslie et al., 2002), as well as facilitate the differentiation of monocytes into mature macrophages as 

demonstrated in mouse models lacking γδ T cells (Skeen et al., 2004). Due to the diverse function of 
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γδ T cells in initiating, promoting and sustaining an inflammatory immune response, γδ T cells are 

described as intermediates of both the innate and adaptive immune system (Brandes et al., 2005). 

 

1.2.10 Natural killer T cells 

As the name implies, NK T cells share common phenotypic and functional characteristics with both 

NK cells and T cells, making them another intermediate cell type of the innate and adaptive immune 

system. NK T cells specifically recognize lipid antigens presented by CD1d on the surface of antigen 

presenting DCs. Two broad types of NK T cells exist: invariant or type I NK T cells, and diverse or 

type II NK T cells (Godfrey et al., 2015). Type I NK T cells characteristically express an invariant 

TCRα chain (TRAV10 and TRAJ18 in mice, and TRAV10 and TRAJ18 in humans), as well as a 

limited repertoire of TCRβ chains (Porcelli et al., 1993). Type I NK T cells are also able to recognize 

the marine sponge derived glycolipid α-galactosylceramide (α-GalCer), therefore allowing 

quantification and functional characterization of type I NK T cells using α-GalCer tetramers or 

multimers (Matsuda et al., 2000). Once activated, type I NK T cells rapidly produce an array of 

cytokines which directly activate DCs and assist in the downstream activation of antigen-restricted T 

cells, NK cells and B cells (Eberl and MacDonald, 2000; Fujii et al., 2004; Galli et al., 2003). Type II 

NK T cells are not restricted in their TCR α and β chains, and do not recognize αGalCer. Activation 

of type II NK T cells typically leads to an increase in IL-4 and IL-13 production and a consequent 

decrease in recruitment of FNγ and IL-17 secreting T cells, overall creating an immunosuppressive 

inflammatory environment in the setting of inflammatory diseases and cancer (Brandl et al., 2010). 

 

1.2.11    Mucosal associated invariant T cells 

Mucosal associated invariant T (MAIT) cells are another innate like T cell, which are predominantly 

CD4-/CD8- or CD8+, contain an invariant TCRα chain (TRAV1-2 and TRAJ33) and have a limited 

TCRβ chain repertoire (Dusseaux et al., 2011). MAIT cell activation depends on the recognition of 

small molecules, predominantly derivatives of the riboflavin and folic acid synthesis pathways, 

presented by the MHC like protein MR1 (Kjer-Nielsen et al., 2012), or by cytokines such as IL-12 and 

IL-18 that are secreted by monocytes. Human MAIT cells express chemokine receptors CCR6, 

CXCR6, CCR5 and CCR9, which mediate the homing of activated MAIT cells to peripheral tissues, in 

particular the intestine and liver (Dusseaux et al., 2011). Once activated, MAIT cells secrete a limited 

repertoire of cytokines, including IFN-γ, TNF and IL-17, in a TCR-independent fashion (Billerbeck et 

al., 2010), which leads to activation and expansion of lymphocytes and the establishment of an 

inflammatory immune environment. 
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1.2.12 The adaptive immune system 

In contrast to innate immunity, adaptive immunity is antigen-dependent and antigen-specific, and 

hence is more specialized to target a specific antigenic threat. Because of the specificity of adaptive 

immunity, a lag time of approximately 4-7 days is required to build immunity and hence is considered 

the second line of defence. Adaptive immunity can also confer long-lasting protection against 

antigens, as memory T and B cells retain specific information about the encountered antigen. The 

adaptive immune system consists of CD4+ and CD8+ T cells, and B cells (Figure 1.2). 

 

1.2.13 T cells 

T cells (T-lymphocytes) are a diverse subset of adaptive immune cells that have an important role in 

mediating activation of the adaptive immune system. T cells arise from bone marrow stem cells before 

undergoing maturation in the thymus and being released into the circulation (Kisielow et al., 1988). 

These mature T cells that have not yet encountered an activating antigen are referred to as naïve T 

cells. Upon both recognition of specific antigen peptide presented through MHC on APCs and 

interaction between co-stimulatory molecules on the surface of T cells and APCs, naïve T cells 

differentiate into effector T cells. There are several classes of effector T cells that can be broadly 

classified into either CD8+ cytotoxic T cells, or CD4+ T helper cells, that will be discussed in more 

detail below. 

 

Upon TCR engagement of peptide-MHC Class II complexes, CD4+ T cells become active and 

depending on the surrounding cytokine milieu, differentiate into one of the following T helper (Th) 

cell subsets: Th1, Th2, Th9, Th17, Th22, Th follicular helper, or regulatory T cells (Tregs) (Dong and 

Martinez, 2010; Ledbetter et al., 1990; Pardoll, 2012). T helper cells co-ordinate with innate immune 

cells to help amplify immune responses by promoting macrophage induced phagocytosis and B cell 

activation and differentiation into antibody producing plasma cells, licensing DC activation and 

promoting CD8+ T cells (Coffman et al., 1988; Monney et al., 2002). Treg cells function to promote 

immunosuppression and dampen immune responses. Mechanisms of suppression include: (i) direct 

suppression of DC and CD8+ T cell function through cyclic AMP transfer and adenosine production; 

(ii) secretion of anti-inflammatory cytokines TGF-β, IL-4 and IL-10; and consumption of immune 

stimulatory cytokines such as IL-2 (Rueda et al., 2016; Sakaguchi et al., 2001).  
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Cytotoxic CD8+ T cells are named due to their ability to selectively kill infected or transformed cells. 

CD8+ T cells require TCR engagement with antigen peptides presented specifically by MHC I on 

APCs (mostly DCs), as well as the common co-stimulatory signals in order to differentiate into 

effector cytotoxic T cells (Pardoll, 2012). Once activated, cytotoxic T cells can be stimulated to 

release lytic granules containing cytotoxic effector proteins such as perforin and several serine 

proteases (Kagi et al., 1994; Shi et al., 1992). Perforin granules polymerize to create transmembrane 

pores in the target cell’s membrane, allowing transport of serine proteases into the target cell where 

they initiate apoptosis (Shi et al., 1992). Another method by which CD8+ T cells induce apoptosis is 

via FasL binding (Suda et al., 1993). FasL on the surface of CD8+ T cells interacts with the Fas 

receptor on the surface of a target cell, resulting in the trimerization of Fas, triggering intracellular 

signaling to activate proteases and DNases that degrade proteins and DNA, resulting in apoptosis of 

the target cell (Enari et al., 1995; Martin et al., 1998).  

 

1.2.14 B cells 

B cells (B-lymphocytes) are the central component of humoral immunity, as they are the only cells 

capable of differentiating into antibody producing plasma cells. B cell progenitors undergo a number 

of stages of maturation and selection in the bone marrow eventually giving rise to mature B cells that 

co-express surface receptor immunoglobulin (Ig) D and IgM which each recognize a specific antigenic 

epitope (Monroe, 1996). Once B cells are activated by antigen recognition and through T helper cell 

signaling, they are able to expand and differentiate into mature B cells that secrete antigen specific 

antibodies (Parker, 1993). Activated B cells are also able to promote a number of effector functions, 

including coating target tumor cells to facilitate neutralization or elimination, promoting the ingestion 

of tumor cells by phagocytes, stimulating antibody dependent cytotoxicity of tumor cells by T cells or 

NK cells, or facilitating the activation of the classical complement pathway to assist in mounting an 

immune response (Lee and Koretzky, 1998; Roosnek and Lanzavecchia, 1991). 

 

1.3 Immune regulation of breast development 

While the primary function of the immune system is to respond to pathogenic or malignant stimuli, 

cells of the immune system have also been identified as key contributors to normal tissue 

development. The use of multiple mouse models has been instrumental in classifying roles for specific 

immune cell populations through the various stages of mammary gland development. 
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Pre-natal structural development of the mammary gland also coincides with development of the 

immune system, with the presence of immature T cells, B cells, NK cells, monocytes and DCs 

detected between E10 and E17 of gestation in mice (Holladay and Smialowicz, 2000). However, the 

functional significance of this correlation remains unclear.  

 

During puberty, ductal elongation is dependent on the recruitment and activation of multiple immune 

cells, including mast cells, macrophages and eosinophils. In mice, 5 and 8 weeks of age, elevated 

levels of mast cells have been observed within the stroma surrounding TEBs. Mice deficient of mast 

cells (KitW-sh) have reduced numbers of ducts and TEBs at 5-12 weeks of age compared to control 

mice (Lilla and Werb, 2010). Functional studies of mammary gland mast cells indicate that they 

contribute to mammary gland development by releasing factors such as dipeptidyl peptidase I, which 

assists in mast cell degranulation and activation of TEB related growth factors (Lilla and Werb, 2010; 

Wolters et al., 2001). The secretion of colony stimulating factor 1 (CSF-1) during puberty by 

mammary epithelial cells stimulates recruitment and localization of macrophages to the neck of TEBs 

(Sapi and Kacinski, 1999). CSF-1 deficient mice (CSF-1op/op) have shorter and more circular TEBs as 

well as reduced collagen organization, suggesting that macrophages direct the growth and shape of 

TEBs, perhaps by assembling the surrounding collagen into long structured fibers (Ingman et al., 

2006). In addition, CSF-1op/op mice display a reduced frequency and activity of mammary stem cells 

during puberty, highlighting a potential role for macrophages in supporting the maintenance and/or 

proliferation of mammary stem cells (Gyorki et al., 2009). Eosinophils are another innate immune 

subset that has been identified to infiltrate the mammary gland in response to increased production of 

the chemokine eotaxin by TEB epithelial cells from 5 weeks of age (Gouon-Evans et al., 2000). 

Eosinophil knock out studies by both Rothenberg et al. (1997) and Colbert et al. (2005) demonstrated 

that infiltrating eosinophils are critical for ductal elongation and branching during mammary gland 

development, however the mechanism by which eosinophils support this process remains unclear.  

 

As with puberty, various immune cell types and immune regulating chemokines and cytokines have 

been detected during pregnancy and lactation. Immunohistochemical (IHC) analysis of the mammary 

gland identified an abundance of macrophages at the alveoli during both pregnancy and lactation 

(Gouon-Evans et al., 2002). It is not yet known how macrophages impact upon mammary 

development during pregnancy and lactation, however decreased ductal growth and branching and 

hindered milk secretion occurs in CSF-1op/op mice that lack macrophages (Gouon-Evans et al., 2002; 

Van Nguyen and Pollard, 2002). Eosinophils, distinguished from macrophages by their cytoplasmic 

granules, also localize to the alveoli during pregnancy, although at lower frequency than macrophages 

(Gouon-Evans et al., 2002). Interestingly, mice deficient in eosinophils have a reduced capacity to 
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produce adequate amounts of milk for their pups (Colbert et al., 2005). Collectively, these data 

highlight the importance of macrophages and eosinophils in supporting normal mammary gland 

development and function during pregnancy and lactation. 

 

Prior to the commencement of this thesis, little was understood about the effects of the immune system 

on the structural remodeling process that occurs during mammary gland involution. Considering the 

importance of immune populations in mammary gland development during puberty and milk 

production during pregnancy, it was logical to assume that the immune system could also be important 

during involution. In support of this hypothesis, Martinson and colleagues published an interesting 

collection of results in 2015, demonstrating that during the process of involution, DC frequency were 

elevated on involution day 2, as too were macrophages between days 6 to 28, and CD4+ and CD8+ T 

cells between day 6 and 8 (Martinson et al., 2015). This was the first description of types and 

frequency of immune cells present within an involuting mammary gland. Further, involution was 

identified to induce a strong inflammatory environment within the mammary gland, which was 

conductive to growth of an aggressive triple negative breast cancer cell line (Martinson et al., 2015). 

While the immune system has been closely linked previously to the development of cancer, this was a 

landmark study suggesting that the local mammary immune environment alone was sufficient to 

influence the growth of breast cancer. 

 

Research over the last decade has implicated many cells of the immune system in the regulation and 

promotion of cancer, including that of breast cancer. Such findings, together with that of Martinson et 

al., have highlighted that it is paramount that we investigate the link between mammary gland 

development/reproduction, inflammation and breast cancer, as it is predicted the immune environment 

during development/reproduction may significantly influence breast cancer risk and progression. 

 

1.4 Breast cancer in Australia 

Breast cancer accounts for 12.3% of all new cancer cases diagnosed annually, with 1 in 8 Australian 

women diagnosed with the disease by the age of 85 (AIHW, 2009). Breast cancer predominantly 

affects older women, with an average age of diagnosis between 65-69 years of age. The successful 

introduction of the Australian biennial mammography-screening program in the early 1990’s is 

thought to attribute to both a 2.2% decline in breast cancer mortality and a 17% improvement in the 5 

year survival of all breast cancer patients over the last 15 years (AIHW, 2009, 2011b). While the 5-

year survival rate from breast cancer is now approximately 90%, it is still the second leading cause of 
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cancer-related deaths in Australia after lung cancer (AIHW, 2009). Considering current trends suggest 

breast cancer incidence will continue to rise to an incidence of 1 in 5 by 2020 (AIHW, 2012), research 

into new therapeutic options for breast cancer patients is ongoing worldwide.  

 

1.5 Types of breast cancer 

Breast tumors are broadly classified as either in situ carcinoma (non-invasive) or invasive carcinoma, 

based on the level of tumor cell expansion. In-situ cancers are defined as those that have not spread 

beyond the duct or lobule. In-situ carcinomas occur after the development of atypical hyperplasia, and 

can be further divided into the highly common ductal carcinoma in-situ (DCIS) or less common 

lobular carcinoma in-situ (LCIS). DCIS covers a large heterogeneous group and hence is further sub-

divided based on its architectural features into five well-known subgroups: comedo, cribform, 

micropapillary, papillary and solid. Invasive cancers in contrast, are defined as those that have broken 

through the myoepithelial layer and invaded into surrounding tissue and/or organs. Invasive 

carcinomas can be further sub-divided into infiltrating ductal, invasive lobular, ductal/lobular, 

mucinous, tubular, medullary and papillary carcinomas (Connolly et al., 2004). As well as histological 

subtype, tumors are also given a grade of between 1-3, indicating the differentiation and growth rate 

status of the tumor cells. In addition, tumors are assessed for stage on a scale from 0 to IV, which 

informs about the overall size, invasiveness, lymph node status and metastatic spread of the tumor 

(Malhotra et al., 2010). The stages of breast cancer development are depicted in Figure 1.3, while the 

histological types and subtypes are shown in Figure 1.4. 

 

Patients within a specific histological breast cancer subtype often exhibit significant variation in 

prognosis and targeted therapy response. This is attributed predominantly to differences in molecular 

characteristics between tumors within the same histological subtype. In addition to their histological 

differentiation, breast cancers can be grouped according to their expression of hormone and growth 

factor receptors. These include the ER, progesterone receptor (PR) and human epidermal growth 

factor 2 (HER2) surface markers. Such molecular classifications assist in the assignment of patient 

treatment regimens. Approximately 30% of breast cancers express HER2, and hence are eligible for 

treatment with the highly effective anti-HER2 monoclonal antibody inhibitors Herceptin 

(Trastuzumab) and Pertuzumab (Pegram et al., 2000). In addition, 80% of breast tumors are ER+ and 

can therefore be treated with the ER antagonist Tamoxifen, which has been shown to significantly 

reduce breast cancer recurrence and mortality compared to patients treated with chemotherapy alone 

(Davies et al., 2013; Fisher et al., 2004). Breast cancers that lack ER, PR and HER2 receptor 

expression are classified as triple negative breast cancers and account for 10-20% of all breast cancer 
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patients (Dent et al., 2007). Triple negative breast cancers are highly aggressive, have no targeted 

therapeutic options and are generally associated with poor clinical outcome (De Giorgi et al., 2007). 

 

  

 

 
 

 

 

 

 

 

 

 

 

 

Figure 1.4. The histological grading of breast cancer. The non-invasive in-situ carcinoma breast cancers are 
divided into ductal (containing 5 sub-groups) and lobular subtypes. Invasive carcinomas are classified into 7 
architecturally different subtypes. The most common, infiltrating ductal, is further classified into three grades 
based mostly on differentiation status and mitotic index. Modified from Malhotra et al. 2010.  

 

Figure 1.3. Simplified stages of breast cancer progression. Following tumor cell initiation, tumor cells 
expand within the mammary ducts from atypical hyperplasia, characterized by multi-layering of tumor cells 
within the ducts, to ductal carcinoma in situ (DCIS), identified as complete filling of the mammary ducts with 
tumor cells. Once the tumor cells escape the confinement of the myoepithelium and grow outside of the 
mammary duct the cancer is an invasive ductal carcinoma (IDC) (Russell. T, 2014). 
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While the overall mutational load of breast cancer is not thought to be significant in comparison to 

other cancers such as melanoma or non-small cell lung cancer (Alexandrov et al., 2013), a number of 

genetic abnormalities have been described and characterised as significant contributors to the 

development of breast cancer. Inherited mutations in the breast cancer 1 (BRCA1) or BCRA2 tumor-

suppressor genes are currently the strongest predictors of breast or ovarian cancer development, with 

up to 60% increased lifetime risk for carriers of BCRA1/2 mutations (Chen and Parmigiani, 2007; 

Fackenthal and Olopade, 2007). Consequently, those with a strong family history of breast cancer are 

advised to undergo genetic testing, and regular screening or a prophylactic mastectomy if found to be 

positive for BCRA1/2 mutations. Driving mutations in genes such as PIK3CA, TP53, MAP2K4 and 

CDH1 have also been identified in breast cancer, although these mutations collectively make up less 

than 40% of the overall mutational load of breast cancer (Cancer Genome Atlas, 2012). 

 

1.6 Factors that limit or control breast cancer 

Epidemiological research has now identified numerous factors that influence a woman’s risk of 

developing breast cancer (Evans and Howell, 2007). The emergence of risk factors that can 

significantly reduce a woman’s risk of developing breast cancer, as well as natural innate mechanisms 

that the human body employs to reduce the occurrence and control breast cancer growth, are two 

exciting and upcoming areas of breast cancer research, making up the core focus of research in this 

thesis, and hence will be discussed in further detail below. 

 

1.6.1 Age at menarche 

Population based studies have continually reported a correlation between a woman’s age at menarche, 

and risk of developing breast cancer later in life (Bao et al., 2011; Li et al., 2008; Setiawan et al., 

2009). This was demonstrated clearly in a large-scale meta-analysis of 117 epidemiological studies, 

involving 118,964 women with breast cancer (Collaborative Group on Hormonal Factors in Breast, 

2012). In this study, breast cancer risk increased by a factor of 1.050 for every year younger at 

menarche, and 1.029 for every year older at menopause (Collaborative Group on Hormonal Factors in 

Breast, 2012). This association between age at menarche and breast cancer risk is significant for 

hormone responsive breast cancers, with much weaker association for HER2+ and triple negative 

breast cancer (Anderson et al., 2014). This is thought to be due to the production and presence of 

steroid hormones that begin at the onset of menarche, and decrease rapidly around the time of 

menopause. Since breast cancer generally occurs above the age of 50, it is very difficult to accurately 

correlate the effects of these hormonal changes that occur with an early menarche, with risk of 
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developing breast cancer. However it is very likely that the mechanism of increased risk in those with 

an early menarche and/or late menopause is related to the increased steroid hormone exposure of these 

women (Apter and Vihko, 1983).   

 

1.6.2 Parity (childbearing) 

The association between parity and breast cancer was first identified in the early 1700’s by Italian 

physician Bernardino Ramazzini, who reported a higher incidence of breast tumors in nuns compared 

to any other women (Mustacchi, 1961). In 1926, the first major case-control study was commissioned 

by the British Ministry of Health and conducted by Jane Lane-Claypon to validate the relationship 

between breast cancer and reproduction. This multi-center study utilized data from 500 each of control 

and cancer cases, demonstrating for the first time that breast cancer risk was related to the number of 

children a woman had borne (Lane-Claypon, 1926). To confirm the results observed by Lane-

Claypon, MacMahon and colleagues conducted a much larger international epidemiological study 

with 17,000 women in 1970. In this study, women who had their first full-term birth before the age of 

20 were shown to have up to 50% reduced risk of developing ER+ breast cancer (MacMahon et al., 

1970). Parity-induced protection was maintained, although at a decreasing rate for women bearing 

their first child before the age of 35, after which an increased risk of developing breast cancer was 

observed (MacMahon et al., 1970). Parity-induced breast cancer protection was subsequently 

confirmed in a number of women and case-control epidemiological studies in the following 20 years. 

A multi-center breast cancer screening program involving over 280,000 women revealed who’d never 

bore children naturally had a 1.9 fold increased risk of developing ER+ breast cancer compared to 

parous women (Brinton et al., 1983; Ewertz et al., 1990; Singletary, 2003). Importantly, the protection 

afforded by parity was shown to be limited to the ER+/PR+ breast cancer subtype (Ma et al., 2006; 

Ursin et al., 2005). 

 

A nationwide study in Sweden by Lambe and colleagues (Lambe et al., 1996) showed that with each 

additional birth, the risk of a mother developing breast cancer reduced by a further 10%. This trend 

was also evident in a number of subsequent parity studies in both developing and developed countries 

(Clavel-Chapelon and Group, 2002; Oran et al., 2004; Tamakoshi et al., 2005). Breast feeding has also 

been shown to influence breast cancer risk, with a meta-analysis of 45 epidemiological studies 

revealing that the relative risk of developing breast cancer decreased by a further 4.3% for every 12 

months a woman breastfed (Collaborative Group on Hormonal Factors in Breast, 2002). Unlike parity, 

breastfeeding is protective against all subtypes of breast cancer, regardless of ER/PR tumor status (Ma 

et al., 2009). Despite recommendations by both the World  
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Health Organization and National Health and Medical Research Council to breastfeed for 6 months 

and alongside complementary foods for at least 12 months (NHMRC, 2012; WHO, 2011) only 15% of 

Australian mothers are breastfeeding exclusively for the first 6 months (AIHW, 2011a). 

 

The parity epidemiological studies have also demonstrated that the breast cancer protection afforded 

by parity is not immediate. Rather, a woman’s first pregnancy bestows an increased relative risk of 

developing breast cancer compared to nulliparous women who’s risk is set at 1.0 (Figure 1.5). This 

transient increase in breast cancer risk lasts for a period of <10 years in women under 25 years of age, 

increasing to >25 years in women who bear their first child after the age of 30 (Lambe et al., 1996) 

(Albrektsen et al., 2005; Lambe et al., 1996). Despite multiple studies investigating the effect of the 

second and subsequent births on the timing of this increased breast cancer risk period, results have 

been conflicting and are inconclusive (Liu et al., 2002; Trichopoulos et al., 1983).  

 

While it is now widely accepted that reproduction/parity can provide protection against the 

development of ER+ breast cancer, the mechanism of this protection is not yet known. There are 

currently four proposed mechanisms by which parity protects, including changes in circulating 

 

Figure 1.5. Compared to nulliparous women, parous women enter an increased breast 
cancer risk period immediately following pregnancy, before lifelong protection is 
observed. Women who have their first full term birth before the age of 25 (blue) enter a transient increased 
risk period of approximately 10 years before reaching the breast cancer protection afforded by parity. 
Mothers aged between 25-29 years of age (red) experience an extended increased risk period of up to 21 
years, while women over the age of 30 (green) do not experience breast cancer protection until almost 30 
years post childbirth. All comparisons in this figure are to nulliparous women, who’s relative risk of 
developing breast cancer is corrected to sit at 1.0. Modified from Schedin (2006). 
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hormones during pregnancy, a reduction in mammary stem cells post-pregnancy, an increase in overall 

gland differentiation and permanent changes in the immune microenvironment. It is not yet known 

whether these mechanisms function in combination, or are mutually exclusive. Each of these proposed 

mechanisms will be discussed in more detail below. 

 

1.6.2.1 Changes in circulating hormones 

A number of rodent and human studies have shown an elevation in the levels of circulating hormones, 

including prolactin, estrogens and progesterone during pregnancy (Numan, 1994). It is unclear 

however, whether this leads to permanent changes in the hormonal profile of parous women. Prolactin 

is a peptide hormone secreted by the pituitary gland, which functions to stimulate milk production 

during breastfeeding. It is also important for the growth of breast epithelial cells and has been shown 

to be associated with an increased risk of developing breast cancer (Tworoger et al., 2007). A 

significant long-term reduction in the level of serum prolactin has been observed in parous women 

compared to aged matched nulliparous (non-childbearing) women, highlighting a correlation between 

pregnancy-induced circulating prolactin levels and breast cancer risk (Eliassen et al., 2007; Faupel-

Badger et al., 2010; Kwa et al., 1981; Musey et al., 1987).  

 

Estrogen, produced in the ovaries and adrenal gland, is the primary sex hormone in females, 

promoting the development of female sex organs and regulation of a woman’s reproductive system. 

Estrogen levels are amplified during pregnancy, supporting development of the fetus and preparing the 

mother for breastfeeding. A meta-analysis of 693 premenopausal breast cancer cases and 1609 

controls has revealed a weak correlation between the level of circulating estrogen and risk of 

developing breast cancer, with an odds ratio of 1.10 reported (Walker et al., 2011). A similar pattern is 

observed in post-menopausal women taking various estrogen hormone replacement therapies, with the 

relative risk of breast cancer up to 1.4, compared to 1.0 for those who have never taken hormone 

replacement therapy (Key et al., 2002). The cancer promoting effects of estrogens are thought to be 

through their ability to increase cell division. Indeed during pregnancy it stimulates ductal growth 

(Pike et al., 1993). Studies investigating the levels of estrogen in resting parous women however, are 

currently inconclusive. A short-term treatment of nulliparous rats with pregnancy levels of estradiol 

17β and progesterone has been shown to be sufficient to protect against the development chemically 

induced breast cancer, hence mimicking the protective effect of parity through only hormonal changes 

(de Assis et al., 2013; Guzman et al., 1999; Rajkumar et al., 2007).  
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Progesterone is another steroid hormone produced by the ovaries, which is important for normal breast 

development during puberty and milk production during lactation. Circulating levels of circulating 

progesterone are significantly increased during pregnancy, with the highest levels observed during the 

last trimester (Campagnoli et al., 2005). A prospective epidemiological study conducted by Peck and 

colleagues in 2002, investigated the relationship between progesterone and breast cancer risk, by re-

analyzing data from 247 breast cancer patients and 463 control patients who had progesterone levels 

measured during the last trimester of pregnancy. This prospective study revealed that elevated 

progesterone levels (≥270 ng/ml) were associated with a decreased incidence of breast cancer, with a 

relative risk of 0.49 reported (Peck et al., 2002). Such studies suggest resting parous women may have 

a higher baseline level of progesterone compared to nulliparous women, which may contribute to their 

protective breast cancer profile. 

 

While each of these studies shows a clear correlation between the levels of steroid hormones during 

pregnancy and risk of developing breast cancer, little has been done to investigate how these hormonal 

changes during pregnancy may initiate such long term protective effects within the parous mammary 

gland. One study by Soldin and colleagues showed that the steroid hormones 17β-estradiol and 

progesterone had returned to relatively normal levels by one year postpartum, indicating that 

hormones alone are not sufficient to elicit lifelong breast cancer protection but may instead be the 

catalyst of another protective mechanism through activation of specific signalling pathways or anti-

tumor inflammation (Soldin et al., 2005).  

 

1.6.2.2 Reduction in stem cells 

Stem cells share many characteristics with tumor cells and hence have long been thought to contribute 

to tumorigenesis. Firstly, stem cells have a long lifespan and are therefore more likely to accumulate 

mutations over time and undergo tumorigenic transformation (Ashkenazi et al., 2008). In addition, 

stem cells have unlimited proliferative potential and the ability to self-renew, both of which are 

characteristics known to be hallmarks of cancer (Hanahan and Weinberg, 2011). Epidemiological 

studies arising from the Hiroshima and Nagasaki atomic bombings in Japan revealed that young 

women (<20 years of age) exposed to radiation were up to 13-times more likely to develop breast 

cancer compared to women older at the time of exposure (Land et al., 2003; Tokunaga et al., 1994). 

Mammary stem cells have been identified as highest in young animals (Dall et al., 2017), and thus are 

postulated to be responsible for the increase in breast cancer incidence observed in women exposed to 

radiation during puberty compared to other age groups (John et al., 2007). In contrast, mammary stem 

cells have been shown to decrease in mice that undergo an early pregnancy (5 weeks of age), 
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compared to age matched nulliparous mice (Siwko et al., 2008). Reducing the total pool of mammary 

stem cells post-pregnancy and hence reducing the overall tumorigenic potential in the mammary gland 

may be another mechanism by which the parous mammary gland reduces its risk of developing breast 

cancer. In contrast to this study, a later study by Britt et al. showed that the number of functional 

mammary stem cells did not change between parous and nulliparous mice when mated during early 

adulthood (9 weeks of age) (Britt et al., 2009).  

 

More recently, Meier-Abt and colleagues (Meier-Abt et al., 2013) found that the Wnt/Notch signaling 

ratio was reduced in early parous (mated at 6 weeks) mouse mammary stem cells, compared to age 

matched nulliparous mice, leading to an overall reduction in stem cell proliferation and promotion of 

stem cell differentiation. This result also suggests a mechanism by which an early pregnancy can 

reduce the risk of breast cancer development. Further studies are required however to confirm that the 

age of mating affects Wnt/Notch signalling and the number of mammary stem cells, and determine 

whether the differences observed between these three parity studies is due to the different methods 

used to assess stem cells. Current studies in our laboratory are focusing on using all the different 

mammary stem cell isolation methods previously reported and testing their stem cell repopulating 

activity using serial mammary transplants. This will help to identify the best method of isolation and 

identification of functional mammary stem cells. Once identified, we can address the question of 

whether this population is changed in the parous mammary gland and whether this is one of the 

mechanisms protecting the mammary gland against the development of breast cancer.  

 

1.6.2.3 Increase in gland differentiation 

Pregnancy is the first time in a woman’s life during which the mammary gland becomes terminally 

differentiated. It has therefore been proposed that this extensive differentiation alters the genetic 

profile of the parous mammary gland in such a way that it is protected from specific tumorigenic 

events. This hypothesis has been supported by morphological studies conducted by Russo and 

colleagues, whereby parous human mammary glands were found to have more alveoli clusters on each 

lobule (a sign of increased differentiation) compared to nulliparous mammary glands (Russo et al., 

1992). Murine gene expression analysis by D’Cruz and colleagues demonstrated an overall increase in 

the differentiation status of the parous mammary gland compared to nulliparous glands, as 

characterized by an increase in milk proteins and regulators of cell growth (D'Cruz et al., 2002). In 

addition, a persistent up-regulation of differentiation, cell-cell contact and milk protein related genes 

was detected in Wistar-Furth rats treated with pregnancy mimicking doses of estrogen and 

progesterone, compared to untreated controls (Ginger et al., 2001). One major limiting factor in these 
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studies is that whole mammary glands were used for the microarray analysis, making it difficult to 

identify the particular cell lineages responsible for the genetic differences observed between the 

parous and nulliparous mammary gland. Our research group has used flow cytometry to isolate 

specific cell types within the mammary gland, including fibroblasts, stem cells, ER+ and ER- luminal 

cells to obtain their gene expression profiles in the parous and nulliparous gland. Preliminary gene 

expression profiling revealed that the only cell type to separate according to the state of parity was the 

stromal fibroblasts (Figure 1.6). Stromal fibroblasts have consequently become a strong focus of our 

research, with investigation into the signalling pathways differentially activated between the parous 

and nulliparous stromal fibroblasts under current investigation. 

 

1.6.2.4   Changes in immune microenvironment of breast tissue 

It is well known that pregnancy significantly alters immune function, with marked 

immunosuppression, increased immunotolerance and enhanced inflammatory cytokine signalling, 

particularly during the second and third trimesters (Hunt and Orr, 1992; Somerset et al., 2004; van 

Mourik et al., 2009). These immune changes are observed systemically, and can cause biologically 

significant increases in the risk of infectious diseases (Diagne et al., 1997; Lindsay et al., 2006), 

 

Figure 1.6. Hierarchical clustering of the cell-specific expression profiles. Parous (blue) and 
nulliparous (green) mammary cells were separated into epithelial and stromal compartments using 
differential plating, and then further subdivided into epithelial cell subpopulations (stem cells, ER+ 
luminal and ER- luminal) using flow cytometry (Britt et al., 2009). Isolated cell samples were then 
assessed in an Illumina gene expression microarray and the data was analyzed in the bioinformatics 
program R. n=4 pools of 20-30 animals were used for each cell type. The stromal fibroblasts were the 
only cell type to segregate based on parity status. (Britt et. al. unpublished data). 
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accelerates the progression of HIV (Kumar et al., 1997), and aggravates systemic lupus erythematosis 

(Gordon, 2004). 

 

Additionally, pro-inflammatory processes have been detected during mammary gland involution, 

indicating that such processes may exacerbate the increased breast cancer risk during this phase. 

Illumina gene expression microarray analysis revealed an acute innate immune response during the 

first three days of involution, followed by a distinct lymphocytic response during the second 

irreversible stage of involution (Clarkson et al., 2004; Stein et al., 2004). Using technical advances in 

immune profiling using flow cytometry, Martinson and colleagues assessed the biological impact of 

this involuting inflammatory wound-healing signature. In this study, the inflammatory environment 

during involution was characterized by an influx of DCs, macrophages and CD4+ T cells, which 

together promoted the growth of triple negative breast cancer in vivo (Martinson et al., 2015).  

 

On the other hand, there is also evidence to indicate immune infiltration from pregnancy may also 

protect against the development of breast cancer. One study by Russo’s group provided DNA 

microarray comparative analysis on breast tissue from five post-menopausal parous women and two 

nulliparous women. This study is unique in the fact that the parous women analyzed were post-

menopausal and hence were known to be well within the decreased breast cancer risk period. Data 

from this study found of the 73 genes upregulation only in the parous mammary glands, four were 

involved in immune-surveillance functions (SARM1, TCRβ, HLA-A24 and IL22RA2) (Balogh et al., 

2006). These genes are known to be instrumental in triggering innate immune responses, activating T 

cells, eliciting cytotoxic T cell anti-tumor immunity and promoting apoptosis of tumor cells (Balogh et 

al., 2006). Another gene expression study in mice by D’Cruz and colleagues revealed that genes 

expressed by B cells (Igκ light chain and IgM, IgG, IgA heavy chains), T cells (TDAG and Eta-1) and 

macrophages (MME and Mpeg1) were specifically upregulated in the mammary gland at 28 days 

post-lactation, a time point that they proposed was within the parous decreased risk period (D'Cruz et 

al., 2002). The marked upregulation of these genes indicates that these cells may be more abundant in 

the parous mammary gland, however little has been done to validate this hypothesis.  
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1.6.3 Immune regulation of breast cancer 

Another factor that is known to have a strong influence on breast tumor progression is the immune 

system. In 1909, Paul Ehrlich was the first to propose a link between the immune system and cancer, 

predicting that tumor development could be directly repressed by the immune system (Ehrlich, 1909). 

Later improvements in the knowledge surrounding tumor immunobiology led to the development of 

the well-recognized cancer immunosurveillance hypothesis by Burnet and Thomas, stating that 

thymus derived immune cells patrolled the body looking for foreign pathogens or tumor antigens to 

identify transformed tumor cells (Burnet, 1970; Burnet, 1957; Thomas, 1959). Several attempts were 

made to support this; however, it wasn’t until the 20th century that advances in technology allowed for 

previously used mouse models of immunodeficiency to be genetically defined and for this knowledge 

to be used to validate the immunosurveillance hypothesis (Kaplan et al., 1998; Smyth et al., 2000). It 

was subsequently recognized however that immunosurveillance was only one piece of a larger, more 

complex puzzle surrounding the role of the immune system in cancer. Dunn and colleagues later 

included an extension of the immunosurveillance hypothesis titled ‘immunoediting’, that included the 

balancing of pro and anti-tumor inflammation that can lead to either the elimination of cancer cells, or 

the outgrowth of immunologically tolerant tumor variants (Figure 1.7) (Dunn et al., 2004). 

 

The immune system has been implicated in a number of processes involved in mammary gland 

development and reproduction, from assisting with ductal elongation and branching, to milk 

production and tissue remodeling. In addition, both parity and the immune system have separately 

been associated with retarding growth of breast cancer. Our research interests lie in developing a novel 

preventative medicine for women identified as having a high risk of developing breast cancer. 

Consequently, we chose to delve further into the connection between the immune system and parity, 

and investigate how they may be working together to protect parous women from the development of 

breast cancer. 
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Figure 1.7. The three phases of cancer immunoediting. Normal cells (grey) subject to oncogenic 
stimuli can undergo mutational transformation, ultimately becoming tumor cells (red) (top). During the early 
stages of immunoediting, tumor cells express tumor specific antigens, and produce pro-inflammatory 
cytokines. This stimulates the recruitment of innate and adaptive immune cells that recognize and attempt to 
eradicate the tumor cells in a process called immunosurveillance or elimination. The few tumor cells that 
survive this process enter the equilibrium stage, whereby they are subject to further immune pressure, 
ultimately producing new tumor variants. These tumor variants may eventually evade immune recognition 
(escape), and hence become a clinically detectable tumor mass. Adapted from Vesely et al. (2011). 
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1.7 The immune system and breast cancer 

While breast cancer was traditionally thought not to be an immunogenic cancer due to its low 

mutational load, recent data support the concept that immunosurveillance exists within breast cancer 

(Alexandrov et al., 2013). Compared to the normal breast, breast cancer is characterized by a 

significant increase in T cells, B cells and macrophages in the neoplastic stroma (DeNardo and 

Coussens, 2007; Hussein and Hassan, 2006). Retrospective studies have demonstrated that high 

immunoglobulin levels, increased B cells and Treg cells, and high CD4:CD8 or Th2:Th1 T cell ratios 

in the primary tumor or draining lymph nodes, strongly correlate with increased tumor grade and stage 

and decreased overall survival of breast cancer patients (Bates et al., 2006; Chin et al., 1992; Kohrt et 

al., 2005; Punt et al., 1994). Further studies have shown increased CSF-1 signalling by breast tumor 

cells promotes macrophage infiltration at the primary and the metastatic tumor sites. High levels of 

CSF1 and its receptor (CSF1R) in primary breast cancer tissue samples has been shown to correlate 

with increased metastasis of primary tumors, and a decrease in overall survival of breast cancer 

patients (Richardsen et al., 2015). These studies collectively propose that components of both the 

innate and adaptive immune system play a role in the development and progression of breast cancer. 

  

1.7.1 Myeloid cells in breast cancer 

Immune cells of myeloid lineage, including macrophages and neutrophils, have been shown to exhibit 

several pro-tumoral functions to promote breast cancer progression. Specifically, macrophages and 

neutrophils enhance the activation of the angiogenic program at the tumor site by stimulating the 

production of pro-angiogenic factors such as vascular endothelial growth factor (VEGF) and proteases 

(uPA and MMP9) (Lin et al., 2006; Nozawa et al., 2006). Macrophage depletion studies using CSF-

1op/op mice have also validated a role for macrophages during each stage of the metastatic cascade, 

including intravasation (invasion into the vasculature) and migration (to the secondary site) (Wyckoff 

et al., 2004). This is most likely due to increased production of epithelial growth factor (EGF) by 

macrophages, which promotes amplified EGF receptor (EGFR) signalling in mammary epithelial cells 

and chemotaxis and intravasation of breast carcinoma cells (Wang et al., 2007; Wyckoff et al., 2004).  

The pro-tumorigenic properties of these tumor associated macrophages (TAMs) is dependent on 

indirect signalling from IL-4 expressing CD4+ T cells, that promote the maturation of macrophages to 

a pro-tumor M2 phenotype (DeNardo et al., 2009). Further, chronic inflammation often generated at 

the tumor site can stimulate the secretion of reactive oxygen and reactive nitrogen species to be 

produced by activated macrophages and neutrophils. This can result directly in DNA damage and 

genomic instability at the site of chronic inflammation that is able to promote the initiation and 

progression of tumorigenesis (Kiraly et al., 2015; Meira et al., 2008). Together these studies highlight 
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a critical role for myeloid cells in developing sufficient vasculature at the primary tumor site, 

promoting DNA damage during chronic inflammation, as well as assisting in the escape of tumor cells 

into the circulation and establishment at a secondary metastatic site.  

 

1.7.2 T cells in breast cancer 

The increased infiltration of tumor infiltrating lymphocytes (TIL) in triple negative breast cancer has 

been recently associated with a significant reduction in a patient’s risk of death and relapse, and with 

improved response to chemotherapy (Loi et al., 2014; Loi et al., 2013). While this indicates an 

important role for T cells in immune surveillance, the composition of specific T cell subtypes within 

the TIL population can vary greatly and can influence disease progression and overall survival. A 

retrospective study analyzing the impact of tumor infiltrating FOXP3+ Tregs in patients with DCIS 

(n=62) and invasive breast cancer (n=237) revealed a strong correlation between an increased number 

of infiltrating Tregs and accelerated disease progression, with patients often exhibiting shorter relapse-

free survival or overall survival, compared to patients whose tumors have low Treg infiltration (Bates 

et al., 2006). Further, an increase in the percentage of CD4+ T cells in comparison to CD8+ T cells has 

been identified as another prognostic indicator, with high CD4 expression in breast tumors correlating 

with increased tumor grade, size and metastasis (Chin et al., 1992). It has been suggested that CD4+ T 

cells do this by producing pro-tumor Th2 cytokines such as IL-4 and IL-13, that promote the 

polarization of macrophages to a pro-tumor M2 phenotype, and engage intracellular signalling 

pathways such as EGF, required for tumor cell dissemination and metastasis (Gocheva et al., 2010; 

Ojalvo et al., 2010). Further to this, T cells can contribute to the accumulation of ROS in surrounding 

epithelial cells through their secretion of cytokines such as TNF-α, resulting in DNA damage capable 

of transformation or tumor progression (Babbar and Casero, 2006; Yan et al., 2006). Consequently, 

Th2 cytokine signalling, Tregs, and the ratio of CD4:CD8 T cells represent a range of factors that need 

to be addressed in future research efforts to over-come pro-tumor immune signalling and promote 

greater anti-tumor immunity in breast cancer. 

 

1.7.3 B cells in breast cancer 

Approximately 50% of breast cancer patients with HER2+ breast cancer have circulating 

immunoglobulins that specifically react with the tumor-derived antigen HER2 (Disis et al., 1994). 

Despite this, there are only a few reports of spontaneous regression of breast cancer in the absence of 

therapy (Fernandez Madrid, 2005). Paradoxically, the presence of tumor specific antibodies in the 

circulation is correlated with poor patient survival, as patients with locally advanced disease have the 

highest count of such antibodies (Lee et al., 1985). It has been suggested that several factors may 
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influence the efficacy of these circulating anti-tumor antibodies, including immune tolerance and the 

immunosuppressive state of the tumor, as well as impaired cytotoxic T cell activation and function at 

the tumor site. Interestingly, B cell depletion studies conducted in the ER+ MMTV-PyMT spontaneous 

model of breast cancer were shown to have no effect on the timing and development of mammary 

carcinogenesis (DeNardo et al., 2009). It is unclear why B cell depletion had no effect in this mouse 

model, prompting further research into the efficacy of anti-tumor antibodies in breast cancer and their 

importance in this setting. 

 

Advances in our understanding of cancer immunosurveillance and the immunosuppressive barriers 

that exist to limit immune control of cancers has lead to the development of immunotherapeutic 

approaches aimed at promoting the host immune defenses against cancer. Such therapies, including 

immune checkpoint inhibitors anti-PD1/PD-L1 and anti-CTLA4, have demonstrated promising 

success in the clinic. In the context of breast cancer, a number of immune-based strategies have been 

trialed, such as growth factor therapy (i.e. GM-CSF and G-CSF) to manage and prevent chemotherapy 

induced neutropenia or leukopenia; targeted monoclonal antibody blockade of the HER2 and EGFR 

growth receptors; immune checkpoint inhibitors (anti-PD1/PD-L1 and anti-CTLA4) to reduce tumor 

immunosuppression and improve immune responses to the tumor; and the introduction of breast 

cancer vaccines, such as oxidized mannan-MUC1, into clinical trials (Apostolopoulos et al., 2006; 

Mittendorf and Hunt, 2015; Standish et al., 2008). There are still significant limitations that are yet to 

be overcome for the treatment of solid tumors (including breast cancer) with immunotherapies, 

however this is a continually evolving area of breast cancer research, with strategies to overcome these 

limitations a current focus. 

 

1.8 Conclusions and thesis objectives 

The mammary gland is a unique and dynamic structure that undergoes significant changes throughout 

both development and reproduction. The immune microenvironment in the breast has clearly been 

shown to assist with many of the critical functions required for ductal elongation and branching, as 

well as milk production and tissue remodeling after pregnancy. Significant evidence has come to light 

in the last few decades in support of a strong correlation between the infiltration of specific immune 

cell populations in the breast and both the development of breast cancer and response to therapy. 

Considering this strong correlation, it was logical to predict that the immune microenvironment within 

the mammary gland may contribute to the increased breast cancer risk associated with post-lactational 

involution and the decreased breast cancer risk associated with the resting parous breast. In addition to 

profiling the immune system at each of these stages using flow cytometry in this thesis, we also 
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wanted to correlate the immune profile during increased and decreased risk periods with the ability to 

stimulate or inhibit breast cancer development using in vivo syngeneic models of breast cancer. The 

long-term goal of this study is to identify novel immune-based preventative strategies that can be 

provided to women at risk of developing breast cancer to ultimately reduce disease incidence.  

 

The presence of immune infiltrates in breast tumors has recently been recognized as a significant 

indicator of treatment response and overall survival in the clinic (Loi et al., 2014; Loi et al., 2013). 

Considering this, we set out to profile the immune infiltration of the mammary tissue during the early 

stages of breast cancer, from initiation to hyperplasia and DCIS. To determine whether specific 

immune populations contribute to disease progression during this time, therapeutic depletion of 

specific immune populations was performed and tumor kinetics and immune infiltration was assessed. 

Such work has the potential to identify effective new therapeutic targets for adjuvant or preventative 

therapies that reduce inflammation, tumor growth and overall risk of breast cancer patients. 
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1.9 Hypothesis and Aims 

 

Hypothesis 1: Involution and parity induce changes in the immune microenvironment of the breast 

tissue that mediate breast cancer risk.  

To support hypothesis 1, I aim to: 

1. Demonstrate that the immune profile of the mammary gland is altered during involution and 

parity compared to nulliparity. 

2. Demonstrate that the involuting mammary microenvironment can stimulate the growth of 

mammary tumors. 

3. Demonstrate that the parous immune environment can protect against the initiation and/or 

slow the growth rate of mammary tumors. 

 

Hypothesis 2: The mammary immune microenvironment present during hyperplasia is conducive to 

breast cancer growth and progression. 

To support hypothesis 2, I aim to: 

1. Characterize the timing of hyperplasia, DCIS and tumor initiation in the MMTV-neuT 

spontaneous model of mammary cancer. 

2. Show that specific immune populations are altered in the mammary gland of hyperplastic 

MMTV-neuT mice. 

3. Show that therapeutic targeting of specific immune populations can increase the latency and 

slow the growth of mammary tumors in MMTV-neuT mice. 
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Chapter 2.  
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2.1 Animals 

2.1.1 Animal purchase and guidelines 

All animal work was carried out in accordance with the National Health and Medical Research 

Council guidelines under the approval of the Peter MacCallum Cancer Centre Animal Ethics 

Committee. BALB/c mice were used for all non-transgenic immune experiments and tumor studies. 

BALB/c mice were purchased from the Walter and Eliza Hall Animal Breeding Facility (Victoria, 

Australia) and housed in the Peter MacCallum Cancer Centre Animal Facility (Victoria, Australia). 

 

MMTV-neu transgenic (MMTV-neuT) mice were used for studies assessing immune analysis during 

mammary hyperplasia. MMTV-neuT mice that express the activated form of the rat homolog ErbB2 

(neu) gene under the control of the Mouse Mammary Tumor Virus (MMTV) promoter have been 

described previously (Stagg et al., 2008) and were bred in-house at the Peter MacCallum Cancer 

Centre Animal Facility. During breeding, MMTV-neuT mice were genotyped at 3 weeks of age 

(Section 2.2) and transgene positive females were used for all MMTV-neuT breast cancer 

experiments, while negative females were used as wild-type BALB/c controls. Breeding pairs were 

made up of transgenic positive males and wild-type females.  

 

2.1.2 PCR for MMTV-neuT genotyping 

The genotype of MMTV-neuT mice was determined using PCR from DNA extracted from tail 

clippings. Tail clippings were initially digested in 70 µl lysis buffer (0.5 mM NaOH (Sigma-Aldrich, 

USA), 0.2 mM EDTA (Amresco, USA) in 200 ml distilled H20) for 1 hour at 90°C. The lysis buffer 

was then neutralized by adding 70 µl of neutralization buffer (0.05 mM Tris (Amresco, USA) in 

distilled H20) to each sample. Samples were centrifuged at 21,130 g for 5 mins at 4°C to separate the 

DNA from the cell debris. The supernatant was collected and stored at -20°C for ≥2 hours before use 

in the genotyping PCR.  

 

Specific primers (Table 2.1) designed to amplify the rat erbB2 gene (neu) were used to genotype the 

pups from the MMTV-neuT breeding colony. PCR reactions (5 µl 5x Green GoTaq Flexi Buffer 

(Promega, USA), 1.5 µl 25 mM MgCl2 (Promega, USA), 0.5 µl 10mM dNTPs (Promega, USA), 0.75 

µl each of 20 µM MMTV-neuT forward and reverse primers (Integrated DNA Technologies, USA), 

0.25 µl 5 U/µl GoTaq (Promega, USA) in 15.25 µl distilled H20). They were run on a Mastercycler 

Nexus Thermal Cycler (Eppendorf, Australia) PCR machine under the following conditions: 



  57 

initialization at 95°C for 5 mins, denaturation at 95°C for 30 secs, annealing at 64°C for 30 secs, 

elongation at 72°C for 1 min (denaturation, annealing and elongation steps repeated 34 times), final 

elongation at 72°C for 5 mins and final hold at 4°C indefinitely. 

 

 

 

 

 

 

 
Figure 2.1. Example MMTV-neuT PCR reaction. For each genotyping PCR reaction, a negative 
water, negative control (BALB/c DNA), and positive control known to contain the erbB2 transgene was 
included.  BALB/c WT mice show no DNA amplification, while MMTV-neuT mice show a band of 
approximately 230bp. 

 

 

Table 2.1. Sequence of primers used for MMTV-neuT mouse genotyping PCR 
Primer/Probe Sequence 

MMTV-neuT forward primer 5'ATCGGTGATGTCGGCGATAT3' 

MMTV-neuT reverse primer 5'GTAACACAGGCAGATGTAGGA3' 
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PCR products were run on a 2% agarose gel with 0.1 µl/ml GelRed (Biotium, USA) 2% agarose and 

1x TAE buffer (1mM Tris, 1 ml 100% (Sigma-Aldrich, USA), 0.01M EDTA in distilled H20) for 

approximately 40 mins at 100V using a PowerPac (Biorad, USA). PCR products were visualized using 

the GelDoc XR+ imaging machine (Bio-Rad, USA) and Quantity One 4.6.9 1-D analysis software 

(Bio-Rad, USA). MMTV-neuT transgenic positive PCR products show a clear band approximately 

230 bp in size, while MMTV-neuT negative PCR products show no bands on the gel (Figure 2.1) 

(Piechocki et al., 2003). 

 

2.1.3 Generation of parous and involution mouse models 

BALB/c mice were mated at 6 weeks of age and left to undergo pregnancy, lactation and involution. 

The resulting pups were weaned 21 days (3 weeks lactation) post birth. Parous mice were assessed 10 

weeks post-lactation (during the decreased breast cancer risk period), to ensure the mammary gland 

had returned to a resting/non-involuting state (Figure 2.2). For all multi-parous studies, mice were 

mated every 7 weeks (3 weeks pregnancy + 3 weeks lactation + 1 week involution) from 6 weeks of 

age. This process was repeated until the desired number of pregnancies was achieved. Following the 

last pregnancy, multiparous mice were left for 10 weeks from the last lactation period prior to analysis 

(Figure 2.2). For involution studies, days 1 and 7 post weaning were chosen for assessment (Figure 

2.2). Age-matched virgin BALB/c mice were used as nulliparous controls for all involution and parous 

experiments. 

 

2.2 Treatment with 7, 12-dimethylbenz(a)anthracene (DMBA) 

To induce the formation of ER+ mammary tumors in BALB/c WT mice, 1 mg of the chemical 

carcinogen 7, 12-dimethylbenz(a)anthracene (DMBA) was administered in peanut oil (Sigma, USA) 

via oral gavage (de Oliveira et al., 2015). Control mice were treated with the vehicle control (peanut 

oil). Mice were treated once per week for a total period of 7 weeks and monitored weekly for tumor 

formation. Tumor latency and incidence was recorded and plotted in Prism v7 (GraphPad, USA).  
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Figure 2.2. Breeding program for the generation of parous mouse models. All parous mice 
were mated at 6 weeks of age with BALB/c stud males, before undergoing 3 weeks of pregnancy, and 3 
weeks of lactation, before weaning. Involution day 7 mice are assessed  days post weaning, while parous mice 
are assessed 10 weeks post-lactation. Multiparous mice are left to undergo 1 week of involution post-weaning, 
before mice are mated again and undergoing a repeat of the pregnancy, lactation and involution process. After 
the desired number of pregnancies is achieved, multiparous mice are left for 10 weeks post last weaning 
before assessment. 

 

 

2.3 Neutralization of CSF-1R in vivo  

The CSF-1R monoclonal antibody was used to inhibit CSF-1R signalling by macrophages 

(MacDonald et al., 2010). The anti-CSF-1R mAb and anti-β-galactosidase isotype control mAb were 

kindly provided by Prof. John Hamilton (Royal Melbourne Hospital) (Sudo et al., 1995). The anti-

CSF-1R and anti-β-galactosidase antibodies were injected intraperitoneally (i.p) (150-200 µg/dose) 

every 4 days throughout the course of the experiment. Tumor size was recorded 2-3 times per weeks 

using Prism v7 (GraphPad, USA) and plotted as tumor volume ((length x width2)/2) (Eckhardt et al., 

2005). 

 

2.4 Mammary cell isolation 

Mammary glands were collected into Leibovitz’s (L-15) medium (Gibco, USA) supplemented with 

10% FBS (Gibco, USA) and 1% penicillin/streptomycin (Gibco, USA) and mechanically dissociated 

on a McIlwain tissue chopper (Mickle Laboratory Engineering, UK), before being digested in serum 
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free L-15 medium containing 1 mg/ml collagenase type 4 (Worthington, USA), 50 U/ml DNase 1 

(Roche, Switzerland) and 5 mM CaCl2 (Sigma-Aldrich, USA), for 1 hour while rotating at 37°C. The 

digested glands were centrifuged at 466 g for 5 mins at 4°C. The cell pellet was resuspended in 5 ml 

L-15 medium, and strained through a 100 µm nylon strainer (Greiner Bio-One, Austria). Mouse Fc 

receptors were blocked by incubating the cells in 2% normal mouse serum (Jackson Laboratories, 

USA) for 20 mins at 4°C. The cells were then centrifuged and the supernatant was discarded. Between 

each procedure, cells were washed in 5 ml PBS containing 2% FBS, 2 mM Ethylenediaminetetraacetic 

acid (EDTA) (Amresco, USA) and 15.3 µM sodium azide (Sigma-Aldrich, USA), and centrifuged at 

466 g for 5 mins at 4°C. 

 

2.5 Blood leukocyte cell isolation 

Blood was collected via cardiac puncture following euthanasia of the mouse with a 1 ml syringe 

coated in heparinized saline (Pfizer, USA). During experiments, blood was also collected for flow 

cytometric analysis by warming the mice for 5-10 mins to dilate the tail vein, placing them in a tube 

restrainer and using a small scalpel to nick the tail vein. A pipette was used to collect the blood, which 

was subsequently transferred to a 1.3 ml K3 EDTA coated micro tube (Starstedt, Germany) for 

processing. Blood was centrifuged for 5 mins and the upper aqueous layer of clear plasma was 

collected and stored at -80°C for use in cytokine assays as described in Section 2.9 and 2.10. The 

remaining blood was resuspended in 10 ml red blood cell lysis buffer (PBS, 0.15 M ammonium 

chloride (Merk, USA), 10 mM potassium hydrogen carbonate (Sigma, USA), 0.1mM EDTA 

(Amresco, USA)) and incubated at RT for 5 mins to remove the red blood cells. Cells were then 

centrifuged for 5 mins, washed with PBS and then centrifuged again for 5 mins. The remaining cells 

were resuspended in 2% normal mouse serum (Jackson Laboratories, USA) and incubated on ice for 

20 mins to block endogenous mouse Fc receptors. The cells were then pelleted by centrifugation and 

the supernatant was discarded. All centrifugation steps were conducted at 466 g for 5 mins at 4°C. 

 

2.6 Flow cytometric immune analysis and sorting 

Single cell suspensions of 1 million cells/ml per sample were stained in a total volume of 50 µl on ice 

for 30 mins. A selection of mouse specific primary antibodies was used for the analysis of immune 

cells in mammary gland and blood samples, including: CD11b clone M1/70 (PerCP-Cy5.5/PE), 

CD11c clone HL3 (APC), CD19 clone 1D3 (BV421/APC), CD25 clone PC61 (APC), CD27 clone 

LG.3A10 (APC), CD4 clone GK1.5 (APC-Cy7), CD44 clone 1M7 (BV605), CD45.2 clone 104 

(PE/APC-Cy7), CD49b clone DX5 (FITC/PE), CD62L clone MEL-14 (BV510), CD8a clone 53-6.7 
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(BV711/FITC), CD80 clone 16-10A1 (BV421), CD86 clone GL1 (BV510/PE), FoxP3 clone MF23 

(PE), Ly6C clone AL-21 (BV421), Ly6G clone 1A8 (PE-Cy7/FITC), MHC II IA/IE clone 2G9 

(BV711/PE), NKp46 clone 29A1.4 (BV421) and TCRβ clone H57-597 (PE-Cy7) from BD 

Pharminogen, USA, CD206 clone C068C2 (FITC) from Biolegend, USA and F4/80 clone BM8 

(FITC/PE-Cy7) from eBioscience, USA. 

 

Following staining, cells were centrifuged for 5 mins and the supernatant discarded. To remove excess 

antibodies, cells were washed once in 100 µl of FACS buffer (PBS, 2% FBS, 2 mM EDTA and 15.3 

µM sodium azide). Cells were centrifuged and the supernatant removed, before resuspending the cell 

pellet in 200 µl of FACS buffer. Prior to analysis, 1µg/ml of the viability dye propidium iodide (PI) 

(Sigma, USA) was added to samples, before acquisition on the LSRFortessa™ X20 flow cytometer or 

sorting on the FACSAria™ Fusion (BD Pharminogen, USA). All centrifugation steps were conducted 

at 466 g for 5 mins at 4°C. All files were analyzed using Flowlogic v6 (Inivai, Australia).  

 

2.7 Cytokine Bead Array 

A cytokine bead array flexi kit (BD Pharminogen, USA) was used to assess the levels of inflammatory 

cytokines in mouse mammary tissue samples. The flexi-set was designed to analyze 14 cytokines 

including: Th1 vs. Th2 inflammation. The cytokines included in the flexi-set were: GM-CSF, IL-6, IL-

2, IL-17A, MCP-1, IL-1β, MIP-1α, MIP-1β, IL-10, IFN-γ, IL-4, IL-5, IL-12p70 and TNF (BD 

Pharminogen, USA).  

 

Mouse mammary gland samples were tested under multiple conditions to determine the best method 

of cytokine extraction. Three methods were tested on mammary glands from tumor naïve mice. The 

first method involved digesting briefly chopped mammary glands in 400 µl collagenase type IV for 1 

hr at 37°C (Worthington, USA), and concentrating the resulting solution using an Amicon® Ultra 15 

ml centrifugal filter column (Merck, USA). Another mammary gland was snap frozen in liquid 

nitrogen upon collection, and homogenized in 150 µl PBS. The last mammary gland was briefly 

chopped and incubated in 150 µl PBS on a rotator at 37°C for 30 mins. Of the three methods, both the 

digestion/concentration and PBS incubation demonstrated the best cytokine extraction for different 

cytokines (Appendix 1). As a result, a final method combining aspects of these two methods was 

employed. The final method involved incubating briefly chopped mammary glands in 400 µl PBS for 

30 mins at 37°C on a rotator, after which the supernatant was collected, and proteins were 

concentrated using the Amicon® Ultra 15ml centrifugal filter column. For cytokine bead arrays, a 
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DMBA induced mammary tumor was processed using this method and included in each plate as a 

positive control for all cytokines.  

To prepare the cytokine bead array 96-well plate, 100 µl of wash buffer (BD Pharminogen, USA) was 

added to each well and removed via aspiration. Next, 10 µl of mouse soluble protein flex set standards 

for each cytokine at concentrations of 0, 10, 20, 40, 80, 156, 312.5, 625, 1250 and 2500 pg/ml, (BD 

Pharminogen, USA) was added in duplicate to the 96-well plate. In addition, 10 µl of each sample was 

added neat in triplicate to the 96-well plate, before adding 10 µl of each individual cytokine capture 

beads (BD Pharminogen, USA) to each well. The plate was then mixed on a digital shaker at 500 rpm 

for 5 mins, before incubating at room temperature (RT) for 1 hr. Following incubation, 10 µl of each 

individual cytokine detection antibody (BD Pharminogen, USA) was added to each well and the plate 

was mixed for 5 mins at 500 rpm on a digital shaker, before incubating at RT for 1 hour. The 

supernatant from each well was then aspirated and 150 µl of wash buffer was added to each well. The 

plate was then shaken for 5 mins at 500 rpm on a digital shaker to resuspend the beads. Analysis was 

performed on the FACSVerse by gating of cytokine clustering parameter on CBA Red, and the 

concentration of each cytokine on the reporter parameter PE (BD Pharminogen, USA). All data files 

were analyzed using the FCAP Array Infinite software (BD Pharminogen, USA).  

 

2.8 Mouse CSF-1 ELISA 

To determine the level of CSF-1 present in the circulation of MMTV-neuT mice, a mouse specific M-

CSF ELISA kit (R&D Systems, USA) was used. To prepare the plate, 100 µl of 2 µg/ml rat anti-

mouse M-CSF capture antibody (R&D Systems, USA) was added to each well of a 96-well 

microplate, sealed and incubated overnight at RT. The following day, each well was aspirated, and 

washed with wash buffer (R&D Systems, USA). This process was repeated three times, before adding 

300 µl of reagent diluent (R&D Systems, USA) to each well and incubating at RT for at least 1 hr. 

Wells were washed three times with wash buffer. Subsequently, 100 µl of neat sample plasma or 

standards (15.6-1000 pg/ml) were diluted in reagent diluent (R&D Systems, USA) and incubated at 

RT for 2 hrs. After washing three times with wash buffer, 100 µl of 100 ng/ml biotinylated goat anti-

mouse M-CSF detection antibody (R&D Systems) was added to each well for 2 hrs at RT. All wells 

were then washed three times with wash buffer. Following this, 100 µl of streptavidin conjugated to 

horseradish peroxidase (R&D Systems) diluted at 1:200 was added to each well and incubated for 20 

mins in the dark. Wells were then washed three times with wash buffer before adding 100 µl of 

substrate solution (R&D Systems, USA) consisting of 1:1 hydrogen peroxide and 

tetramethylbenzidine. After 20 mins, 50 µl of stop solution (R&D Systems, USA) consisting of 1 M 

sulfuric acid was added to each well. 
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To determine the level of M-CSF in each sample, the optical density (OD) of each well was measured 

using a VersaMax tunable microplate reader (Molecular Devices, USA) at both 450 nm and 540 nm. 

The following calculation was performed to manually allow for imperfections in the plate as per 

manufacturer’s instructions: 𝐹𝑖𝑛𝑎𝑙 𝑂𝐷 = 𝑂𝐷!"# !" − 𝑂𝐷!"# !". The final OD of the standards was 

plotted in Prism v7 (GraphPad, USA) as Log (OD) vs. Log (Standard Concentration). A linear 

standard curve was generated from the standards and used to calculate the concentration of M-CSF in 

each sample well.  

 

2.9 Cell lines 

2.9.1 4T1Ch5 cell line 

Four tumor subpopulations (66, 67NR, 168FARN and 410.4) were generated from a single 

spontaneously arising mammary tumor in a retired BALB/c breeder. A thioguanine-resistant variant 

was then selected from a mutagen treatment naïve mouse bearing the 410.4 clonogenic tumor. This 

variant (4T1) spontaneously metastasizes to both lung and liver, as evident by metastatic nodules in 

these organs in tumor bearing mice (Aslakson and Miller, 1992). To easily quantify the level of 

metastasis in each organ, early passage parental 4T1 cells were transduced with a murine stem cell 

virus (pMSCV) retroviral vector expressing the mCherry fluorescent protein to generate the 4T1Ch5 

cell line (Redvers, R et al. unpublished data). The 4T1Ch5 cell line is weakly metastatic to lung and 

the mCherry tag on these tumor cells allows for quantitation of mCherry positive cells in the lungs 

using qPCR analysis (Johnstone et al., 2015) (See section 2.11).  

 

Culture Medium: 

αMEM medium (Gibco, USA) supplemented with 10% FBS (Gibco, USA) and 1% 

penicillin/streptomycin (Gibco, USA). 

 

2.9.2 D2A1 cell line 

The D2A1 mammary tumor cell line is one of three clones derived from a single mammary tumor 

from a BALB/c female mouse implanted with the hyperplastic alveolar nodule (HAN) cell line D2 

(Miller et al., 1989). HAN tumor cell lines have properties that resemble both normal and malignant 

cells and have a increased potential to develop into a mammary tumor than normal mammary alveolar 

cells and hence are often referred to as pre-neoplastic or proto-neoplastic. Each of the three HAN cell 
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lines represents mammary tumors at different stages of tumorigenesis, which have developed naturally 

without artificial manipulation. The D2A1 tumor cell line is the most malignant line of the three, with 

increased growth rate, invasiveness and metastatic potential compared to the D2.OR or D2.1 clones 

(Morris et al., 1993).  

 

Culture Medium: 

DMEM (Gibco, USA) supplemented with 10% FBS (Gibco, USA), 1% L-glutamine (Gibco, USA) 

and 1% penicillin/streptomycin (Gibco, USA).  

 

2.10 In-vivo tumor models 

Once expanded, tumor cells were washed in 0.01% EDTA/PBS (Amresco, USA) before trypsinization 

using 0.05% trypsin/EDTA (Gibco, USA) for approximately 2 mins at 37°C. Cell culture medium 

containing FBS was added immediately following trypsinization to neutralize the trypsin. The cells 

were then pelleted by centrifugation at 466 g for 5 mins at 4°C and re-suspended in PBS. Cell viability 

was determined by counting cells in a 1:2 dilution of trypan blue (Sigma, USA) on a haemocytometer 

(Laboroptik, UK). Either 1x104 D2A1 or 5x103 4T1Ch5 tumor cells combined with matrigel (BD 

Pharminogen, USA) at a dilution of 1:1, or 2x104 D2A1 or 4T1Ch5 cells in PBS only were injected 

directly into the mammary fat pad (imfp). Tumor volume ((length × width2)/2) was measured by 

electronic calipers 2-3 times per week (Eckhardt et al., 2005), and plotted in Prism v7 (GraphPad, 

USA). Once tumors reached ethical limits of 1500mm3, mice were euthanized ethically. 

 

2.11 mCherry qPCR for metastatic burden 

To assess the metastatic burden in the lungs of 4T1Ch5 tumor bearing mice, the level of the mCherry 

gene was measured in comparison to the housekeeping gene vimentin, using multiplex qPCR 

(Eckhardt et al., 2005). Immediately following collection, lungs were snap frozen using liquid 

nitrogen, homogenized in lysis buffer (50 mM Tris HCL (Tris (Amresco, USA) in distilled H20, pH 

adjusted to 8.0 with HCl (Biochemical, Australia)), 100 mM NaCl (Biochemical, Australia), 100mM 

EDTA (Amresco, USA), MilliQ water, pH 7.5) and genomic DNA was isolated using the following 

method. Approximately 200 µl of homogenized tissue was incubated at 55°C overnight (O/N) in 500 

µl lysis buffer (100 mM NaCl, 50 mM Tris HCl, 100 mM EDTA, 1% SDS, 2 mg/ml proteinase K 

(Promega, USA) and 2 mg/ml RNAseA (Promega, USA) in distilled H20 and adjusted to pH 7.5 with 
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HCl). The following day, 350 µl of 5 M NaCl was added, samples were shaken vigorously before 

leaving on ice for 30 mins. Centrifuging samples for 10 mins and collecting the supernatant into a new 

tube removed cell debris. Up to 800 µl of pure ethanol (Merck, USA) was then added and each tube 

and inverted to precipitate the DNA. Samples were centrifuged for 5 mins, after which the supernatant 

was removed and the DNA pellet was washed in 500 µl of 70% ethanol. The samples were centrifuged 

for 5 mins before washing again in 500 µl of 70% ethanol. The ethanol was then removed by 

centrifuging for 5 mins, removing the supernatant via pipette and drying each tube by inverting at 

room temperature for 10 mins. DNA pellets were then resuspended in 100 µl of TE buffer and 

incubated at 55°C O/N. All centrifugation steps were conducted at 21,130 g in a microfuge at 4°C. 

 

The concentration of DNA in each sample was determined by spectrometry (NanoDrop-1000, Biolab, 

USA). Lung genomic DNA from a non tumor-bearing mouse was used as a qPCR negative control, 

while genomic DNA from a 4T1Ch5 tumor was used as a qPCR positive control. Each sample and 

control was adjusted to a final concentration of 10 ng/µl for the qPCR reaction. Multiplex qPCR 

reactions used Taqman primers (Integrated DNA Technologies, USA) and probes (Life Technologies, 

USA) as listed in Table 2.2. A final combination of 20 ng DNA, 50 nmol/L vimentin probe, 50 nmol/L 

vimentin forward and reverse primers, 50 nmol/L mCherry probe and 50 nmol/L mCherry forward and 

reverse primers is used for each reaction. The level of mCherry and vimentin in each sample was 

measured on a Step One PCR System (Applied Biosystems, USA) under the conditions: 95°C for 20 

secs, 95°C for 1 second and 60°C for 20 secs with the last two steps cycled 40 times. 

 

The relative metastasis burden of the lung samples was determined following qPCR by comparing the 

cycle threshold of vimentin and mCherry (ΔCt) using the following calculation: Relative metastasis 

burden (RTB) = 10,000 × 1/2ΔCt (Denoyer et al., 2011; Eckhardt et al., 2005). This formula uses the 

assumption that a lung with no mCherry tumor cells has a relative metastasis burden of 0, while a lung 

entirely composed of mCherry tumor cells has a relative metastasis burden of 10,000. For RTB 

Table 2.2. Sequence of primers and probes used for qPCR analysis of metastatic burden 
Primer/Probe Sequence 

mCherry forward primer 5’GCGCCCGGTTCTTTTTG3’ 

mCherry reverse primer 5’CCTCGTCCTGCAGTTCATTCA3’ 

Vimentin forward primer 5’AGCTGCTAACTACCAGGACACTATTG3’ 

Vimentin reverse primer 5’CGAAGGTGACGAGCCATCTC3’ 

mCherry probe 6FAMCAGCTGCCCGGCGCCTACATAMRA 

Vimentin probe VICCCTTCATGTTTTGGATCTCATCCTGCAGGTAMRA 
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calculations, DNA from a 4T1Ch5 mammary tumor was included as a positive control, and DNA from 

the lung of a tumor naïve mouse was used as a negative control. The RTB values were plotted in 

Prism (GraphPad, USA). 

 

2.12 Mammary gland wholemounts 

The fourth inguinal mammary fat pads were carefully removed from euthanized mice. Each gland was 

spread flat onto a glass slide and fixed in 10% formalin for 24 hours at RT. Slides were then washed in 

PBS for 1 hour before staining in 2% carmine dye (w/v) for 24-48 hours at RT. Following staining, 

slides were again washed in PBS for 30 mins before dehydrating the glands in 70% ethanol for at least 

1 hour and then 100% ethanol until required for microscopy. Wholemounts were then placed in 

methyl salicylate mounting media for 30 mins before being placed into a glass 15cm dish with methyl 

salicylate and imaged with a M65FC stereomicroscope (Leica, Germany) and DFC425 digital 

microscope camera (Leica, Germany) using the Leica Application Suite version 3.8 (Figure 2.3A,B). 

 

  

Figure 2.3. Mammary gland wholemounts and H&E staining used to determine stage of 
breast cancer. Mammary gland wholemounts were collected and imaged as described in section 2.14 
(A,B). Small areas containing abnormal ductal structures (blue box) were subsequently excised, processed and 
stained with H&E for further histological analysis (C). Scale bar represents (A) 20mm, (B) 8mm and (C) 
100µm. 

 

Following imaging, a small section of each wholemount containing ductal structures was excised 

using a scalped blade and processed for histology. As glands were already dehydrated, cassettes were 

processed in histolene twice for 30 mins, then twice in wax for 30 mins. Sections were then embedded 

on the short edge to ensure cross sections of the wholemounts could be examined after haematoxylin 

and eosin (H&E) staining (Figure 2.3C). 
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2.13 Immunohistochemistry 

IHC staining was performed on paraffin embedded sections that were dewaxed before performing 

antigen retrieval using sodium citrate buffer (10 mM, pH 6). Antigen retrieval was achieved in a 

microwave for 5 mins on high and 10 mins on medium/low (CD45), or in a pressure cooker for 3 mins 

at 125°C (Ki67 and F4/80). Slides were then cooled for 20 mins and exposed to running water for 5 

mins. Slides were blocked in 3% hydrogen peroxide (Merck, USA) diluted in methanol (Merck, USA) 

for 20 mins, followed by 1 hour in mouse-on-mouse (MOM) Ig blocking reagent (Vectorlabs, USA) 

and 30 mins in casein (CAS) blocking reagent (Invitrogen, USA). Between blocking steps, sections 

were washed in 0.1% TBS/Tween-20 (Sigma-Adrich, USA) for 5 mins. Sections were then stained 

with the relevant primary antibody as described in Table 2.3, for 1 hr at RT. Following staining, 

sections were washed twice in 0.1% TBS/Tween-20 for 5 mins, before being stained with the 

appropriate secondary antibody as described in Table 2.3 for 1 hr at RT. Sections were then washed in 

0.1% TBS/Tween-20 for 5 mins and the signal was amplified using an ABC kit (Vectorlabs, USA). 

After washing once more in 0.1% TBS/Tween-20 for 5 mins, sections were developed using the DAB 

chromagen kit (Dako, USA) as per manufacturer’s instructions. Slides were then dehydrated by 

incubating twice in 70% ethanol for 10 secs, twice in 100% ethanol for 10 secs and twice in histolene 

for 10 secs. After dehydration, slides were counterstained using haematoxylin and eosin, mounted in 

DPX and cover slipped for imaging. Samples stained with toluidine blue were dewaxed, incubated in 

0.5% w/v toluidine blue solution (Sigma-Adrich, USA) for 20 secs and washed in distilled water for 1 

min three times before counterstaining using haematoxylin and eosin, mounting in DPX and cover 

slipping. Sections were analyzed on the Olympus BX-51 or Olympus BX-61 microscopes (Olympus, 

Japan), and captured using Spot Imaging camera and software (Spot Imaging, USA). Staining of Ki67, 

F4/80 and toluidine blue was quantified by counting positive cells per field of view of three images 

per mouse at 40x magnification. 

 

 

Table 2.3. Primary and secondary antibodies used for immunohistochemistry 
Antibody Distributor Concentration  
CD45-AF700 (clone 30-F11) Biolegend 1.6µg/ml 
Ki67 (clone K2) Leica Biosystems  5µg/ml 
F4/80 (clone BM8) eBioscience 5µg/ml 
Rat biotinylated anti-mouse IgG2b Invitrogen 1.6µg/ml 
Rabbit biotinylated anti-mouse IgG Invitrogen 1.6µg/ml 
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2.14 Statistical Analysis  

Due to the variability in sample size for in vivo experiments in this thesis, Gaussian’s distribution was 

measured for each experiment using a Shapiro-Wilk normality test. The Shapiro-Wilk normality test 

was chosen above the common Kolmogorov-Smirnov test due to its improved power, low sensitivity 

to extreme values, and ability to work with small sample sizes of less than six (Ghasemi and 

Zahediasl, 2012). Where two variables were to be compared and the data followed Gaussian’s 

distribution, a student’s t test was performed. Alternatively, if the data was not normally distributed, a 

Mann-Whitney-Wilcoxon test was used. For multiple comparisons of more than two groups that 

follow a Gaussian’s distribution, a One-way ANOVA was performed. If one or more of the groups to 

be compared did not pass the Shapiro-Wilk normality test, a Kruskal-Wallis test was used. All tumor 

growth curves were analyzed using Sidak’s repeated measures 2-way ANOVA, and all survival curves 

were analyzed using a Mantel-Cox Log Rank test. All statistical analysis was performed using Prism 

v7 statistical software (Graphpad, USA). P-values less than 0.05 were considered statistically 

significant using all methods. 
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This chapter has been peer reviewed and published in Cytometry Part A as the article “Two multi-

colour immunophenotyping panels for assessing the innate and adaptive immune cells in the mouse 

mammary gland”. It was accepted for publication 23rd May 2016, DOI: 10.1002/cyto.a.22867. 

 

The printed edition of the Cytometry Part A publication is 3-4 pages in length and outlines the details 

of the flow cytometric staining panel and gating strategy recommended for immune profiling of mouse 

mammary glands. Details pertaining to: (i) protocols used for isolating, processing and staining of 

leukocytes from mouse mammary glands and/or spleen; (ii) antibodies used and (iii) staining panel 

optimization, are detailed in the online edition of the journal. A discussion section at the end of this 

chapter has now been included to discuss the limitations of this published panel. 

 

Please note that we recently submitted an erratum to Cytometry Part A, notifying them of a labeling 

error in Figure 1F. A revised version of the figure, highlighting CD44+CD62L- and CD44+CD62L+ 

CD4 and CD8 T cell subsets as effector memory and central memory cells, respectively, has been 

submitted to the journal. The amended figure is presented in Appendix 2 of this thesis.  

 

After peer-reviewed publication of the data, we have spent some time trying to understand how pure 

the macrophage population is. We have found eosinophils make up significant proportion of this gate 

(25-33%), as shown in Appendix 3. In the proceeding chapters that use CD11b, Ly6C and Ly6G, 

without the inclusion of Siglec F (eosinophil marker) we have changed the gate to macrophage 

enriched. 
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3.1 Printed Publication:   
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3.2 Online Publication: 

Development Strategy 

Our flow cytometry immunophenotyping panels were developed to quantitate frequency and 

differentiation status of a broad range of innate and adaptive immune cells within mouse mammary 

tissue (Online Table 1). Initially, we designed four antibody cocktails of 5-7 colours to 

comprehensively examine a range of innate and adaptive immune cells, as well as their differentiation 

status in the mouse mammary gland. Considering our focus on mammary gland development and 

reproduction, we planned to use mice ranging from 6-weeks (pubertal/smallest) through to 25-weeks 

of age (aged). A pair of 4th inguinal fat pads from a 6-week old mouse typically yields 60,000 

CD45.2+ cells, more than 60-fold less than the mouse spleen. Consequently, we began by pooling the 

mammary glands of 4+ mice to isolate sufficient CD45.2+ cells for immune analysis using four 

antibody panels. The first two panels were designed to assess the frequencies of myeloid derived cell 

populations, including markers of macrophage and dendritic cell maturation. Panel 3 was designed to 

evaluate NK cell incidence and activation status, while panel 4 stained for T and B cell subpopulations 

(Online Table 2).  

 

Online Table 1. Immune sub-populations identified by this OMIP. Populations were identified 
by the presence (+) or absence (-) of specific antibodies, as well as dim (low) or bright (high) 
expression in some cases. 
Leukocyte subtype Staining phenotype 
Leukocytes CD45+ 

Myeloid cells CD45+ CD11b+ 

Neutrophils CD45.2+ CD11b+ Ly6G+ 
Dendritic Cells 

Lymphoid derived 
Myeloid derived 

CD45.2+ CD11c+ MHC II+  
CD45.2+ CD11c+ MHC II+ CD11b- 
CD45.2+ CD11c+ MHC II+ CD11b+ 

Macrophages 
Alternatively activated  

CD45.2+ CD11b+ Ly6G- Ly6Clow  
CD45.2+ CD11b+ Ly6G- Ly6Clow CD206+ 

Monocytes CD45.2+ CD11b+ Ly6G- Ly6Chigh 
T-lymphocytes CD45.2+ TCRβ+  
T helper cells 

Effector  
Memory  

CD45.2+ TCRβ+ CD8- CD4+ 
CD45.2+ TCRβ+ CD8- CD4+ CD44+ CD62L- 
CD45.2+ TCRβ+ CD8- CD4+ CD44+ CD62L+ 

Cytotoxic T-cells 
Effector  
Memory  

CD45.2+ TCRβ+ CD4- CD8+ 
CD45.2+ TCRβ+ CD4- CD8+ CD44+ CD62L- 
CD45.2+ TCRβ+ CD4- CD8+ CD44+ CD62L+ 

Natural killer (NK) cells CD45.2+ TCRβ- CD49b+ NKp46+ 

B-lymphocytes CD45.2+ TCRβ- CD19+ 
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Online Table 2. Original four-cocktail immunophenotyping panel to identify immune 
populations, as well as their activation/differentiation status. 

 
To assign a fluorochrome to each marker, a number of considerations were taken into account, 

including the fluorochrome availability for each marker, previously used marker combinations in the 

laboratory, fluorochrome brightness, separation between the positive and negative populations for 

each marker, and possible bleeding between fluorescence channels. Online Table 3 lists all antibodies 

and fluorophores tested in this OMIP. 

 

Attempts to assess regulatory T cell (Treg) frequency within the mammary fat pad by assessing 

intracellular FoxP3 expression proved challenging. Due to the low study frequency of Treg cells in the 

mammary gland, and the long multi-step process required for the Foxp3 intracellular staining kit 

(according to the manufacturers instructions, BD Biosciences, cat. 560409) we were unable to recover 

sufficient Treg cells for flow cytometric analysis. We concluded that for the purpose of our broad-

spectrum immunophenotyping panels in the mammary gland, we would not include markers for the 

identification of Treg cells.	

	

Cocktail Antibody Clone Fluorochrome Purpose 

1 CD11c HL3 APC Identification of myeloid cells 
including: macrophages, 

monocytes, dendritic cells, and 
neutrophils 

CD45.2 104 APC-Cy7 
Ly6C AL-21 BV421 
F4/80 BM8 FITC 

MHC II 2G9 PE 
Ly6G	 1A8 PE-Cy7 

CD11b M1/70 PerCP-Cy5.5 
2 CD11c HL3 APC Identifying alternatively 

activated macrophages using 
CD206 

CD45.2 104 APC-Cy7 
Ly6C AL-21 BV421 

CD206 C068C2 FITC 
Ly6G 1A8 PE-Cy7 

CD11b M1/70 PerCP-Cy5.5 
3 CD27 LG.3A10 APC NK cell identification using 

CD49b (DX5) and activation 
status using CD11b and CD27 

CD45.2 104 APC-Cy7 
CD49b DX5 FITC 
CD11b M1/70 PE 
TCRβ H57-597 PE-Cy7 

4 CD4 GK1.5 APC-Cy7 Identification of B-cells and T-
cell subsets, including: T-helper 

and cytotoxic T-cells 
CD19 1D3 BV421 
CD8 53-6.7 FITC 

CD45.2 104 PE 
TCRβ H57-597 PE-Cy7 
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Online Table 3. List of antibodies tested for use in the optimization of this OMIP. 

 

While our four cocktail panels worked well on pooled mammary gland samples (Online Table 2), we 

set out to develop an immunophenotyping panel which could be used on mammary glands from a 

single 6-week old mouse. We routinely collect 60,000 CD45.2+ cells from the fourth inguinal fat pads 

of a single pubertal 6-week old mouse, and up to 200,000 CD45.2+ cells from an aged 25-week old 

mouse. To ensure samples from mice of all ages could be compared, we set a minimum of 20,000 

CD45.2+ cells to be collected for each sample per cocktail. This allowed for two antibody cocktails to 

be used (40,000 CD45.2+ cells total required) for individual mouse mammary gland samples from 6-

weeks of age. The first re-optimized panel was designed to identify myeloid derived cell populations, 

while the second panel was designed for the identification of lymphocyte populations (Online Table 

4). 

Antibody Fluorochrome Clone Vendor Catalog Number 

CD11b PE M1/70 BD 553311 
PerCp-Cy5.5 M1/70 BD 550993 

CD11c APC HL3 BD 550261 
CD19 APC 1D3 BD 550992 

BV421 1D3 BD 562701 
CD206 FITC C068C2 BioLegend 141704 

Alexa Fluor® 647 C068C2 BioLegend 141712 
CD27 APC LG.3A10 BD 560691 
CD4 APC-Cy7 GK1.5 BD 552051 
CD44 BV605 IM7 BD 563058 
CD45.2 
 

APC-Cy7 104 BD 560694 
APC-eFlour® 780 104 eBio 47045482 

PE 104 BD 560695 
CD49b FITC DX5 BD 553857 

PE DX5 BD 553858 
CD62L BV510 MEL-14 BD 563117 
CD8 BV711 53-6.7 BD 563048 

FITC 53-6.7 BD 553030 
CD80 
 

PE 16-10A1 BD 562611 
BV421 16-10A1 BD 562611 

F4/80 
 

PE-Cy7 BM8 eBio 25480182 
FITC BM8 eBio 11480185 

FoxP3 PE MF23 BD 560408 
Ly6C BV421 AL-21 BD 562727 
Ly6G PE-Cy7 1A8 BD 560601 

FITC 1A8 BD 551460 
NKp46	 BV421 29A1.4 BD 562850 
MHC II	 BV711 M5/114.15.2 BD 563414 

PE 2G9 BD 558593 
TCRβ	 PE-Cy7 H57-597 BD 560729 
Viability PI - Sigma 287075 

Fluorogold - Sigma 39268 
 

Abbreviations used: BD (BD Biosciences), eBio (eBiosciences) and Sigma-Aldrich (Sigma). 
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For the newly condensed panels we tested a range of Brilliant Violet (BV) fluorochromes, including 

BV510, BV605, BV650 and BV711. Due to the improved brightness of these fluorochromes over 

traditional fluorophores (FITC, PE), and limited fluorochrome availability in each cocktail, we 

substituted a number of the original antibodies for BV conjugates (Online Table 3). Each new BV  

conjugated antibody was tested both individually, as well as in combination with other markers in the 

same panel (Online Table 4). All BV antibodies achieved good positive and negative population 

separation (Online Figure 1), and hence were included in our new two-immunophenotyping panels. 

 

One antibody that we set out to improve in our new panels was CD11b-PerCPCy5.5. We consistently 

found it difficult to distinguish between the CD11b positive and negative populations, as they were 

situated close together on the flow cytometry plot even at a high antibody concentration of 1:50. This 

was overcome by replacing CD11b-PerCP-Cy5.5 with CD11b-PE, which was optimized previously in 

our original four-cocktail panel of markers. The CD11b-PE antibody was a brighter antibody 

fluorophore and it had less spillover into other channels compared to the CD11b-PerCP-Cy5.5 

antibody conjugate. This substitution resulted in a more prominent CD11b+ population, which could 

be separated more easily from the CD11b- population (Online Figure 1).  

 

For the flow cytometric analysis of mammary associated NK cells we stained for CD49b (pan BALB/c 

NK cell marker) and NKp46 (activation marker). We also attempted to assess the maturation status of 

the mammary associated NK cells by staining for CD27 and CD11b. However, given the low 

frequency of NK cells within the young naïve mouse mammary gland (0.74% of CD45.2+ cells/ 

147/20,000 CD45.2+ cells), we were unable to collect reliable quantifiable data for these parameters. 

Due to this, we omitted CD27 and CD11b from the analysis and focused instead on subset frequencies 

rather than maturation status. If NK maturation status was of importance, we recommend substituting 

CD27 and CD11b on different fluorophores, and pooling 5+ mice. 	
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Online Figure 1. Eight-point titration of all antibodies used in final two 
immunophenotyping panels 
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. 
Online Figure 2. Comparison of immune cell FACS plots in mammary glands, spleens and 
blood  
 
 



 82 

An additional modification made when generating our final two-immunophenotyping panels, was the 

omission of an antibody to F4/80. Antibodies to F4/80 have traditionally been assumed to be 

macrophage specific. F4/80 shows both high and constitutive expression on tissue specific 

macrophages in both lymphoid and non-lymphoid tissues, such as Kupffer cells in the liver and 

microglia in the brain (Hume et al., 1983). F4/80 is also expressed however, on other myeloid cells 

including eosinophils (McGarry and Stewart, 1991), making F4/80 an unreliable marker for 

macrophage identification. A recent study by Rose et al. 2012 compared the efficiency of macrophage 

staining using either Gr-1, Ly6C/Ly6G or F4/80 in combination with conventional myeloid markers 

such as CD11b, CD11c and mPDCA-1. This study concluded that incorporating Ly6C and Ly6G 

antibodies in this myeloid cocktail was superior to both Gr-1 and F4/80 antibodies in identifying the 

macrophages (Rose et al., 2012). We consequently incorporated Ly6C and Ly6G into staining panel 1 

and omitted F4/80 for quantitation of mammary associated macrophages. Within this 

CD45.2+CD11b+Ly6Clow population, we were also able to distinguish between alternatively activated 

macrophages (IL-4/IL13 stimulated) and classically activated macrophages (IFN-γ stimulated) using 

the marker CD206 (Online Figure 1) (Devaud et al., 2014).   

 

Considering the broad range of roles that T cells have, as well as their considerable abundance within 

the mouse mammary gland, we chose to include two T cell adhesion markers, CD62L and CD44, to 

assist in revealing the memory/effector status of both T-helper and cytotoxic T cells. CD62L (L-

selectin) is a critical cell surface adhesion molecule, upregulated on resting lymphocytes within lymph 

nodes. Upon interaction with pro-inflammatory cytokines, CD62L is shed from the surface of T cells, 

allowing migration of lymphocytes to the site of inflammation (Dailey, 1998). CD44 is a type I 

transmembrane glycoprotein that is upregulated upon T cell activation. CD44 regulates the migration 

of T cells to the site of inflammation by interacting with hyaluronic acid on vascular endothelial cells 

(DeGrendele et al., 1997). Consequently, the inclusion of both CD62L and CD44 in our antibody 

cocktail will assist in the identification of naïve (CD62L+CD44-), memory (CD62L+CD44+) and 

effector (CD62L-CD44+) T cell subsets.  

 

Both immunophenotyping panels were tested with the viability dyes propidium iodide (PI) and 

Fluorogold. While both worked well, PI required less compensation and hence is the preferred 

viability dye for this immunophenotyping panel (Online Figure 1). Fluorogold however, had the added 

advantage of expanding the analysis to include mCherry+ tagged cells, which are used in many of our 

mammary tumor immune studies (Johnstone et al., 2015). 
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Our two immunophenotyping panels optimized in the mouse mammary gland can identify a total of 10 

leukocyte subsets, with differentiation/maturation markers also included for some cell types such as T 

cells (Online Table 4). These panels can also be used to analyze the immune cell composition of the 

spleen and blood (Online Figure 2). 

 

Titrations 

Serial 2-fold dilutions were tested on each monoclonal antibody chosen in the final 2-

immunophenotyping panels. Individual .fcs files were condensed into a concatenate plot to visualize 

each antibody titration (Online Figure 1). To assist with choosing an optimum concentration for each 

antibody, the staining index (SI) was calculated for each antibody dilution according to the calculation 

(Maecker et al., 2004): 

 

𝑆𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝐼𝑛𝑑𝑒𝑥 (𝑆𝐼) =  
𝑀𝑒𝑑𝑖𝑎𝑛!"#$%$&' −𝑀𝑒𝑑𝑖𝑎𝑛!"#$%&'()*

2×𝑆𝐷!"#$%&'()*
 

 

The SI was then graphed against antibody concentration in order to visualize the signal to noise ratio 

for each antibody titration. For antibodies with a sharp peak in SI, the optimal concentration was 

chosen as the dilution point at which the SI was highest. For antibodies with a larger range of high SI 

values, the optimal concentration was chosen as the last dilution before the SI drops significantly due 

to loss of positive staining. Final antibody concentrations were confirmed to work effectively in the 

final two immunophenotyping panels as shown in Online Figure 1. 

 

Acquisition and Analysis 

The BD LSRFortessa X-20 was used to analyze all samples (refer to Online Table 5 for 

configuration). The instrument was calibrated using BD FACSDiva CS&T research beads. 

Compensation was completed manually at the time of sample acquisition, using single colour controls 

in each experiment. Online Tables 6A and 6B demonstrate the compensation for each panel. Samples 

were consistently collected on the low acquisition setting. All data files were analyzed using the free 

software program: FlowJo v10 by Enterprise. Expected frequencies of each immune population 

identified in this OMIP are shown in Online Table 7. 
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Staining Protocol 

Media/Buffers: 

• Red Blood Cell Lysis Buffer 

0.15M Ammonium Chloride (Merck) 

10mM Potassium Hydrogen Carbonate (Sigma-Aldrich) 

Dulbecco’s PBS (CaCl2-/MgCl2-) pH 7.4 

• Flow Cytometry Buffer 

15.3μM Sodium Azide (Merck) 

2mM EDTA (Sigma-Aldrich) 

2% FBS (Sigma-Aldrich) 

Dulbecco’s PBS (CaCl2-/MgCl2-) pH 7.4 

• L15 Medium 

Leibovitz’s (L-15) medium (Gibco)  

10% FBS (Sigma-Aldrich) 

• L15 Digestion Medium 

Leibovitz’s (L-15) medium (Gibco)  

1 mgml-1 Collagenase type 4 (Worthington) 

50 Uml-1 DNase I (Roche Diagnostics) 

5 mM CaCl2 (Sigma-Aldrich) 

 

For all FACS panels and optimization experiments presented in this OMIP, BALB/c mice aged 6-25 

weeks were used. 

Blood: 

1. Add 10 ml Red Blood Cell Lysis Buffer to 1ml EDTA-treated cardiac blood in a 15 ml tube 

and incubate at 37°C on a rotator for 5 mins. 

2. Centrifuge for 5 mins at 466 g at 4°C and discard supernatant. 

3. Wash leukocytes with 5 ml PBS in 15 ml tube. 

4. Centrifuge for 5 mins at 466 g at 4°C and discard supernatant. 

 

Mammary Glands and Spleens: 

1. Collect spleens and 4th inguinal mammary fat pads, remove lymph nodes, and place into L15 

medium. 
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2. Mechanically dissociate using McIlwain tissue chopper (Mickle Laboratory Engineering). 

3. Digest tissue in 15 ml tube containing 5 ml L15 Digestion Medium for 1 hour at 37°C with 

rotation. 

4. Centrifuge for 5 mins at 466 g at 4°C and discard supernatant. 

5. Resuspend cells in 5ml of L15 medium and strain through 100 µm nylon strainer (Greiner 

Bio-One). 

6. Centrifuge for 5 mins at 466 g at 4°C and discard supernatant. 

7. Wash cells with 5ml PBS in 15 ml tube. 

8. Centrifuge for 5 mins at 466 g at 4°C and discard supernatant. 

 

Staining: 

1. Separate each sample into two tubes (one for each cocktail). 

2. Block non-specific antibody binding in 2% normal mouse serum (Jackson Laboratories) 

for 20 mins at 4°C. 

3. Centrifuge for 5 mins at 466 g at 4°C and discard supernatant. 

4. Make up the two cocktail master mixes according to Online Table 4. 

5. Stain each sample in 50 μl of each cocktail master mix on ice for 30 mins. Cell 

concentration should not exceed 1 million cells/ml. 

6. Centrifuge for 5 mins at 466 g at 4°C and discard supernatant. 

7. Wash cells in 100 μl Flow Cytometry Buffer, centrifuge for 5 mins at 466 g at 4°C and 

discard supernatant. 

8. Resuspend pellet in 200 μl Flow Cytometry Buffer and store at 4°C for immediate 

analysis on BD LSRFortessa X20.  
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3.3 Discussion 

The immunophenotyping panels used in this thesis were designed to capture a range of innate and 

adaptive immune cells and their activation/phenotype status. While this panel was useful to produce a 

detailed description of the immune milieu at chosen time points, there were some limitations to these 

staining panels. Macrophages are commonly characterized in the literature as CD45+CD11b+Ly6G-

F4/80+, however during our panel optimization experiments we were unable to get reliable F4/80 

staining in the mammary gland tissue (Appendix 4). We therefore used an alternative method of 

macrophage identification using CD45.2+CD11b+Ly6G-Ly6Clow as described by Rose et al (2012). We 

recognize that this gate is likely to also include contaminants of monocytes/intermediate macrophages, 

as well as eosinophils, as they have not be selected against prior to the macrophage gate being set. 

This has been confirmed with Siglec F staining, revealing approximately 25-33% of the 

CD45.2+CD11b+Ly6G-Ly6Clow population are actually eosinophils (Siglec F+) (Appendix 3). 

Consequently, we will now be including Siglec F in all future stains using this immunophenotyping 

panel, for more accurate identification of the macrophage population. Further, it is recommended that 

additional attempts at verifying the staining F4/80 antibodies be trialed, as this marker would assist in 

excluding DCs from the macrophage gate, and assist further in the identification of a pure dendritic 

cell population. 

 

Further alterations to these panels may also be made to improve the phenotypic characterization of 

specific immune cell types to better understand their function in our studies. DCs are currently 

identified in our panel using CD45.2+MHC II+CD11c+, and were found in our study to be increased 

during hyperplasia (Figure 5.4). Future studies may utilize CD8α and CD103 markers that 

characterize classical DCs derived from the non-lymphoid or lymphoid progenitor compartments, 

respectively. Further, monocyte derived DCs could be identified using the addition of CD64/FcγRI. 

The activation status of DCs may also be more accurately investigated by including CD80, CD86, 

CD209a, SIRPa and Clec12a, as reviewed by Mildner and Jung (2014). Cytotoxic T cells were another 

cell of interest in this study, following their significant decrease with age (Figure 4.14), as breast 

cancer risk increases. Markers CD62L and CD44 were included already in our panel to determine the 

central memory/effector memory status of the CD8+ T cells. The addition of the activation antigen 

CD69 in this panel would provide further evidence that these cytotoxic T cells are activated, and in 

combination with intracellular markers granzyme B and perforin, can demonstrate that the CD8+ T 

cells are activated and able/ready to kill target cells (de la Fuente et al., 2014). It would also be 

interesting to determine whether there are changes in the number of tissue resident memory T cells in 

our parity studies, as these T cells would presumably be exposed to new antigens through the 

increased risk period of involution, and may be able to play a protective role by surveying the 
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mammary tissue for similar arising antigens post involution. To investigate this, the marker CD103 

could be included in the lymphocyte immunophenotyping panel, and used in combination with CD8 

and CD4 to identify cytotoxic and T helper tissue resident memory T cells, respectively (Carbone, 

2015; Mackay et al., 2013).  
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Results Chapter 4.  

Influence of immune cells on mammary 

gland development, reproduction and 

tumor growth 
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4.1 Introduction 

The mammary gland undergoes significant structural changes during both pubertal development and 

reproduction. During puberty, ductal branching in the mammary gland is initiated from the 

proliferative terminal end buds in response to ovarian hormonal stimulation, ultimately leading to the 

formation of a full ductal tree that spreads throughout the mammary fat pad (Sternlicht et al., 2006). 

During pregnancy, the ducts proliferate extensively to form new ductal branches and new secretory 

alveoli sprout from the ducts. These alveoli later form milk secreting lobular structures to assist with 

breast-feeding during lactation (Oakes et al., 2006). Once lactation is complete, the mammary gland 

undergoes substantial tissue remodeling with programmed cell death of the secretory alveoli and 

additional ductal epithelial, in order to return the ductal structure back to its pre-pregnant like state 

(Watson, 2006).   

 

During reproduction, there is extensive remodeling of the mammary gland and hence it is not 

surprising that various stages of reproduction have been associated with differential breast cancer risk 

profiles (Markert et al., 2012). A landmark epidemiological study in 1970 by MacMahon and 

colleagues revealed that women who bear children (parous women) have a lifelong decreased risk of 

developing breast cancer compared to women who have never had children (nulliparous women) 

(MacMahon et al., 1970). Furthermore, each successive birth further decreases the likelihood of a 

parous woman developing breast cancer (Lambe et al., 1996). Interestingly, this parity-induced 

protection is only effective against the development of ER positive breast cancers, with other subtypes 

not affected by parity (Ma et al., 2006). This protection conferred by parity is not immediate however, 

with further epidemiological studies showing that women first enter a transient increased breast cancer 

risk period directly following pregnancy (Albrektsen et al., 2005; Kauppila et al., 2009). This 

increased risk period coincides with mammary gland involution, and it is predicted that the tissue 

remodeling process that occurs during involution is responsible for this increased risk. The specific 

mechanisms of both increased risk during involution and parous protection are not well understood, 

however emerging evidence suggests a potential role for the local complement of immune cells in the 

mammary gland in these processes (Gouon-Evans et al., 2002; O'Brien et al., 2012).  

 

Hormonal stimulation is known to be the driving force of pubertal mammary gland development, 

however local immune cells are also essential for this developmental process. Previous 

immunohistochemistry studies have shown increased recruitment of macrophages and eosinophils to 

the ductal tree in the mammary gland during puberty (Gouon-Evans et al., 2002). These macrophages 

produce matrix metalloproteinases that break down and remodel the extracellular matrix to permit 



 94 

further ductal branching through the fat pad, as well as phagocytose apoptotic epithelial cells around 

the terminal end buds during ductal branching (Witty et al., 1995). The importance of macrophages in 

pubertal development has been demonstrated in deletion experiments using CSF-1 deficient (CSF-

1op/op) mice, that have a reduction in TEB numbers and limited ductal branching in the absence of 

macrophages (Gouon-Evans et al., 2002). Additionally, eosinophils are predominantly recruited to the 

head of the terminal end buds, where they secrete growth factors such as TGFβ1 to help stimulate new 

branches from the terminal end bud as the ductal tree expands. This has been demonstrated in 

eosinophil knockout mouse studies using IL-5 deficient mice (IL-5-/-), revealing an important role for 

eosinophils in ductal elongation and branching during puberty (Colbert et al., 2005). Both macrophage 

and eosinophil knockout mouse strains have only a rudimental mammary gland ductal system in adult 

mice, implying that both cell types are important for the correct ductal branching during pubertal 

development. Furthermore, mast cells have been shown to localize around the proliferative TEBs 

during pubertal development, where they contribute to branching morphogenesis of the pubertal 

mammary gland through their activation of serine proteases and degranulation of proliferative 

mediating granules (Lilla and Werb, 2010).  

 

More recent studies have also revealed a potential role for immune cells in the mammary gland during 

reproduction. Affymetrix RNA microarray analysis of whole mouse mammary glands during all stages 

of reproduction show a strong upregulation of neutrophil (CXCL1, LRG) and macrophage (CXCL14, 

CD68, MPS1, galectin 3) recruitment and differentiation related genes, particularly on the third and 

fourth day of involution (Clarkson et al., 2004; Stein et al., 2004). IHC studies during involution 

identified increases in neutrophil, macrophage, plasma cell and eosinophil recruitment to the 

mammary gland (Monks et al., 2005; Stein et al., 2004), while macrophage and eosinophil infiltration 

into the mammary gland was shown to be increased during pregnancy and lactation (Colbert et al., 

2005; Gouon-Evans et al., 2002). Notably, involution has been likened to an inflammatory wound 

healing response due to the extensive remodeling that occurs during this time. While the immune 

system has been reported to play a role in promoting breast cancer development during involution 

(Albrektsen et al., 2006), the changes in immune cell composition within the normal mammary gland 

that occur during reproduction and the associated protection that this can provide remains poorly 

characterized. We therefore established a experimental breeding program to specifically examine how 

the immune composition of mammary glands change during reproduction and the role that these 

changes may play in influencing a woman’s long-term risk of breast cancer development.  
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4.2 Results 

4.2.1 Immune frequencies remain unchanged in the developing mammary gland 

To assess the effect of pubertal development on the immune composition of the mammary gland, 

gland, 6 (pubertal development) and 10 (resting adult) week old BALB/c mice were sacrificed and 

their 4th inguinal mammary glands were processed for immunophenotyping by flow cytometry and 

immunohistochemistry. Two flow cytometric immunophenotyping panels (detailed in Chapter 3) were 

used to define and compare the range of innate and adaptive immune cell subsets present in pubescent 

and adult mammary glands. In contrast to previously reported preliminary IHC analysis (Gouon-Evans 

et al., 2002; Lilla and Werb, 2010), our FACS immunophenotyping analysis revealed no differences in 

the immune composition of mammary glands from 6 and 10 week old mice (Figure 4.1). 

 

 

 
Figure 4.1. The immune profile in the mammary gland does not differ between pubertal 
and adult mice. Flow cytometric analysis of immune cell frequencies in the mammary gland of 6 (Puberty) 
and 10 (Adult) week old mice. (A) Myeloid cells, (B) monocytes, (C) macrophage enriched, (D) neutrophils, 
(E) dendritic cells, (F) NK cells, (G) T cells, (H) cytotoxic T cells (I) T helper cells, (J) CD25+ T helper cells 
and (K) B cells are all shown as a percentage of CD45.2+ cells. Results are expressed as mean ± SEM. n=8 
mice/group. 
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Considering the inconsistency between our FACS based immune analysis and previous work by others 

that demonstrated by IHC analysis significant differences in the immune composition of pubescent 

and adult mammary tissue, we next assessed whether the immune contexture of the mammary gland, 

rather than immune abundance, changed during development. Both macrophages and mast cell 

distribution was examined, as both cell types have previously been shown to be elevated in the 

pubertal mammary, relative to that observed in the adult tissue, by IHC.  This was particularly evident 

around the TEBs (Coussens and Pollard, 2011; Lilla and Werb, 2010). Our IHC analysis of F4/80+ 

macrophages and toluidine blue stained mast cells in the mammary glands of 6 and 10 week old mice 

revealed no differences in the quantity and distribution of either subset (Figure 4.2A-B). Consistent 

with previous reports (Coussens and Pollard, 2011; Lilla and Werb, 2010) we observed that these 

immune cells subsets concentrated around the mammary ducts and blood vessels and were rarely 

found in the stroma (Figure 4.2A-B). Considering our research interest in the breast cancer risk 

associated with reproduction, we extended this immunophenotyping analysis to our established 

reproductive mouse models (involuting and parity), to examine whether immune infiltration in the 

mammary gland influences the breast cancer risk associated with these reproductive time points.  

 

4.2.2 Myeloid cell expansion in the mammary gland during postpartum involution 

Pregnancy is known to stimulate significant structural and molecular changes in the breast tissue, 

resulting in terminal differentiation of the ductal tree to prepare for breastfeeding. Following weaning, 

the breast undergoes extensive tissue remodeling in a process called involution, with a characteristic 

wound-healing gene signature (Clarkson et al., 2004; Stein et al., 2004). A study published late into 

the course of this project, by Martinson and colleagues, demonstrated that the tumor naïve involuting 

mammary gland exhibits a significant increase in macrophages, DCs and T cells. Furthermore, an 

increase in the IL-10+ subset of macrophages was shown to be at least partially responsible for the 

increase in tumor growth observed in involuting tumor models (Martinson et al., 2015). To validate 

and provide additional depth on the immune cell complement present during involution, our study 

used comprehensive immunophenotyping flow cytometry (Chapter 3) on mammary glands and blood 

from mice that had undergone one round of pregnancy. For all involution/parity experiments, timed 

breedings were organized, whereby age matched mice were mated at 6 weeks of age and left to 

undergo a single round of pregnancy and three weeks of lactation, before the pups were forcibly 

weaned. The parous mothers and age matched nulliparous mice were then left for harvesting on the 

pre-determined time point. For our involution studies, immunophenotype of the mammary glands and 

blood was performed during the reversible stage (day 1) and the irreversible stage (day 7) of 

involution, and compared with age matched nulliparous (NP) mice. 
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Figure 4.2. Localization and quantification of macrophages and mast cells in the 
mammary gland. (A) Mast cells were identified as purple cells following toluidine blue staining. (C) 
Macrophages were stained by IHC using F4/80. Staining was completed on 6-week-old pubertal and 10-
week-old adult mouse mammary glands. Images are representative of 5 images per mouse (5 mice/group). 
Scale bar represents 100µm. Graphs show average number of positive (B) Toluidine blue and (D) F4/80 
positive cells per field of view at 40x magnification, per mouse. Positive cells highlighted with black arrows.  
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One day post weaning (involution day 1), the mammary glands exhibited an altered immune 

microenvironment compared to age matched nulliparous glands, with a significant decrease in 

monocytes (CD45.2+CD11b+Ly6G-Ly6Chigh), macrophage enriched cells (CD45.2+CD11b+Ly6G-

Ly6Clow, approx 75% macrophages), cytotoxic T cells (CD45.2+TCRβ+CD8+) and T helper cells 

(CD45.2+TCRβ+CD4+) abundance observed (Figure 4.3B,C,H,I,J). Further, the macrophage-enriched 

population was skewed towards an M1-like phenotype, defined by the down-regulation of the CD206 

scavenging receptor (Figure 4.3D). This was coupled with a significant increase in γδ T cells 

(CD45.2+TCRγδ+ in the involuting mammary gland (Figure 4.3L). Conversely, in the blood an 

increase in myeloid cells (CD45.2+CD11b+), neutrophils (CD45.2+CD11b+Ly6G+) and NK cells 

(CD45.2+TCRβ-DX5+) was observed in involution day 1 compared to nulliparous mice (Figure 4.4). 

 

At day 7 of involution the percentage of myeloid cells in the mammary gland was significantly higher 

than that observed in nulliparous mice (Figure 4.5A). Moreover, macrophage enriched cells, 

neutrophils (CD45.2+CD11b+Ly6G+), monocytes, and DCs (CD45.2+CD11c+MHC II+) were 3-fold 

more abundant compared to the nulliparous control (Figure 4.5B-F). Interestingly, CD206+ M2-

macrophages made up a large percentage of the macrophage enriched cell population infiltrating the 

involuting mammary gland (Figure 4.5D). No change in the percentage of NK cells between the 

involution and nulliparous groups was observed, however a significant decrease in B cells and all T 

cell populations was identified in the involuting day 7 mammary glands (Figure 4.5G-L). Despite the 

observed decrease in T cell frequency, enriched within this population of lymphocytes were effector 

memory CD44+CD62L-CD4+ T cells. Naïve CD44-CD62L-CD4+ T cell numbers were 

correspondingly down (Figure 4.5M). In the blood of involuting mice, an increase in myeloid cells, 

particularly that of neutrophils was observed (Figure 4.6A,D), as too was the percentage of NK cells 

(Figure 4.6F). B cells and CD25+ T helper cells were significantly reduced (Figure 4.6J-K). 

Collectively these data support the idea that the process of involution evokes a significant 

inflammatory immune response that promotes the recruitment of myeloid cells into the mammary 

tissue. It may also establish a niche for the persistence of tissue resident memory T cells that may be 

exposed to tumor antigens during the increased risk period of involution, providing some protection 

against the outgrowth of malignant cells during parity.  
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Figure 4.3. Involution day 1 mammary glands exhibit a decrease in monocytes, 
macrophages and T cells compared to nulliparous glands. Immune composition of involution 
day 1 and nulliparous mouse mammary glands analyzed via flow cytometry. (A) Myeloid cells, (B) 
monocytes, (C) macrophage enriched cells, (D) M2 macrophage enriched cells, (E) neutrophils, (F) dendritic 
cells, (G) NK cells, (H) T cells, (I) cytotoxic T cells (J) T helper cells, (K) CD25+ T helper cells, (L) γδ T 
cells, (M) B cells (N) T helper cell activation and (O) cytotoxic T cell activation frequency. All graphs 
expressed as mean ± SEM. n=8 mice/group, *p<0.05, **p<0.01, ***p<0.005. 
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Figure 4.4. An increase in circulating neutrophils and NK cells is detected in involution 
day 1 mice compared to nulliparous mice. The immune composition of NP and INV d1 cardiac 
blood was analyzed using flow cytometry. (A) Myeloid cells, (B) monocytes, (C) macrophage enriched cells, 
(D) neutrophils, (E) dendritic cells, (F) NK cells, (G) T cells, (H) cytotoxic T cells (I) T helper cells, (J) 
CD25+ T helper cells, and (K) B cell frequency. All graphs expressed as mean ± SEM. n=8 mice/group, 
*p<0.05, **p<0.01, ***p<0.005. 
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Figure 4.5. Involution day 7 is characterized by an influx of myeloid cells and a decrease in 
T and B-lymphocytes in the mammary gland. Immune composition of nulliparous (NP) and 
involution day 7 (INV d7) mouse mammary glands analyzed using flow cytometry. (A) Myeloid cells, (B) 
monocytes, (C) macrophage enriched cells, (D) M2 macrophage enriched cells, (E) neutrophils, (F) dendritic 
cells, (G) NK cells, (H) T cells, (I) cytotoxic T cells (J) T helper cells, (K) CD25+ T helper cells, (L) B cells (M) 
T helper cell activation and (N) cytotoxic T cell activation frequency. All graphs expressed as mean ± SEM. 
n=8 mice/group, *p<0.05, **p<0.01, ***p<0.005. 
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Figure 4.6. Similar immune changes to the mammary gland are observed in the 
circulation of involution day 7 mice compared to nulliparous mice. The immune composition 
of NP and INV d7 cardiac blood was analyzed using flow cytometry. (A) Myeloid cells, (B) monocytes, (C) 
macrophage enriched cells, (D) neutrophils, (E) dendritic cells, (F) NK cells, (G) T cells, (H) cytotoxic T 
cells (I) T helper cells, (J) CD25+ T helper cells, and (K) B cell frequency. All graphs expressed as mean ± 
SEM. n=8 mice/group, *p<0.05, **p<0.01, ***p<0.005. 

 

4.2.3 Day 7 of mammary gland involution is characterised by increased cytokine secretion  

To assess for changes in the levels of local cytokine and chemokine signalling in response to 

involution following a single round of pregnancy, cytokine bead array analysis was performed on the 

mammary glands of age-matched involution day 7 and nulliparous mice. A panel of 14 cytokines 

involved in either Th1 or Th2 type responses, and macrophage activation and signalling were selected 

for examination, including: GM-CSF, IFN-γ, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17A, IL-12p70, 

MCP-1, MIP-1α, MIP-1β and TNF. For these experiments, mammary glands from four involuting day 

7 and four nulliparous mice were harvested and processed as described in Chapter 2 (Section 2.7). 

Relative to the nulliparous glands, 6 out of the 14 cytokines analyzed, including IFNγ, IL-1β, IL-6, 

MIP-1α, MIP-1β and TNF, were elevated significantly in the involuting mammary glands (Figure 

4.7), whereas IL-17A was significantly reduced (Figure 4.7I). This cytokine signalling data support 

our immunophenotyping findings, demonstrating that the involuting mammary gland exhibits a 

myeloid cell dominant inflammatory environment, and that the process of involution is mediating this 

tissue specific inflammatory response. 
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Figure 4.7. Inflammatory cytokines are significantly increased in involuting mammary 
glands compared to nulliparous glands. Cytokine bead arrays were used to analyse the level of 
inflammatory cytokines (A) GM-CSF, (B) IFNγ, (C) IL-1β, (D) IL-2, (E) IL-4, (F) IL-5, (G) IL-6, (H) IL-10, 
(I) IL-17A, (J) IL-12p70, (K) MCP-1, (L) MIP-1α, (M) MIP-1β and (N) TNF, within the mammary glands of 
INV d7 and NP mice. All cytokines expressed as mean pg/mL ± SEM. ND= not detected. n=4 mammary 
glands per group, *p<0.05, **p<0.01, ***p<0.005.   

 

4.2.4 Mammary gland involution does not accelerate the growth of breast cancer cells in vivo 

To investigate the biological consequences of the inflammatory responses to involution on cancer 

growth and progression in the mammary gland, we orthotopically injected transplantable mammary 

carcinoma cells into the mammary fat pad of parous mice, during the irreversible phase of involution, 

and age matched nulliparous mice. Tumor latency and growth rate of escaping tumors was assessed.  
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Epidemiological studies have demonstrated that only ER+ breast cancer subtypes are susceptible to the 

protective effects of parity (Ma et al., 2006). Hence prior to performing all involution and parity 

experiments, we first ran Tamoxifen-sensitivity tests on three mammary tumor cell lines as 

mechanism to identify lines that express functionally active ERα. The J110 line, which was originally 

derived from a spontaneously arising tumor in an AIB1 transgenic mouse and had previously been 

reported to express low levels of ERα (Torres-Arzayus et al., 2006) was confirmed to be sensitive to 

the growth-inhibitory effects of Tamoxifen (Appendix 5). The BALB/c derived mammary tumour 

lines 4T1Ch5 and 67NRCh1 (Redvers, R et al. unpublished data) also demonstrated sensitivity to 

Tamoxifen. The 4T1Ch5 line, which expressed the highest levels of ERα was the most sensitive of the 

three lines tested to the growth inhibitory effects of Tamoxifen and was therefore used in subsequent 

experiments (Appendix 5). 

 

The 4T1Ch5 tumor cells were injected orthotopically with 50% matrigel into the mammary fat pad of 

involution (day 7) and nulliparous mice. Palpable 4T1Ch5 tumors were detectable by day 8 post-

injection in both groups of mice, suggesting that the process of involution did not influence tumour 

latency (Figure 4.8A). While subtle differences in tumour out growth were observed between the two 

groups of mice, supporting our hypothesis that involution may drive the established of a pro-

tumorigenic tissue environment, these differences were not statistically significant (Figure 4.8A). 

Indeed, upon harvesting the tumors, the average tumor weights for both groups were found to be 

comparable (Figure 4.8B). Consistent with this, we observed no statistically significant differences in 

the metastatic potential of the 4T1Ch5 tumour cells that had been implanted into the involuting versus 

nulliparous mammary gland as determined by quantitating tumor load in the lungs of these mice by 

lung weight measurements and qPCR for mCherry+ tumour cells (Figure 4.8D).  

 

Flow cytometric analysis of the 4T1Ch5 tumor-associated immune infiltrates from the nulliparous and 

day 7 involuting groups of mice revealed no differences in the frequency of most myeloid and 

lymphocyte populations, nor in the activation status of the macrophages and T cells (Figure 4.8D-R). 

Interestingly, a significant reduction in the proportion of DCs (CD45.2+CD11c+MHC II+) was detected 

in the tumors from involution day 7 mice relative to nulliparous tumors (Figure 4.8J), with a strong 

trend towards a decrease in the percentage of CD25+ T helper cells also observed (Figure 4.8N). 

Within the blood the only notable difference between the two groups was the reduced frequency of 

neutrophils in the involution day 7 mice (Figure 4.9D). These data suggest that involution can alter the 

immune composition of tumors growing within the mammary gland, however the functional 

significance of these changes is unclear. 
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Figure 4.8. 4T1Ch5 tumors grow slightly faster in involution day 7 mice compared to 
nulliparous mice, and DC infiltration of the tumors is altered. (A) 2x104 4T1Ch5 
syngeneic mammary tumor cells were injected in the 4th inguinal fat pad of age matched NP and INV d7 
mice, and tumor volume was monitored over time. (B) Final tumor weight and (C) lung weight at end point 
shown as mean ± SEM. Immune composition of end stage tumors was analyzed using flow cytometry. (D) 
Lung metastasis was measured by qPCR. (E) Myeloid cells, (F) monocytes, (G) macrophage enriched cells, 
(H) M2 macrophage enriched cells, (I) neutrophils, (J) dendritic cells, (K) NK cells, (L) T cells, (M) cytotoxic 
T cells (N) T helper cells, (O) CD25+ T helper cells, (P) B cells (Q) T helper cell activation and (R) cytotoxic 
T cell activation frequencies were assessed. Tumor volume over time and immune frequency graphs 
expressed as mean ± SEM. n=7 mice/group, *p<0.05. 
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As an extension to this work we also examined whether a model of triple negative mammary cancer 

would demonstrate any sensitivity to the pro-inflammatory consequences of involution. For these 

experiments we used the D2A1 cell line that has been reported by Martinson and colleagues to be 

sensitive to the pro-inflammatory involuting immune microenvironment (Martinson et al., 2015). As 

observed for the 4T1Ch5 line, D2A1 tumor latency and growth in involution day 7 mice was 

comparative to that observed in the nulliparous mice (Figure 4.10A, B). Tumor weight and lung 

weight was also equivalent between the two groups (Figure 4.10B,C). D2A1 tumor cells are non-

metastatic, and hence qPCR analysis on the lungs of these mice was not undertaken. 

Immunophenotyping on both the end stage tumors and blood identified no significant changes in 

immune composition or activation status (Figure 4.10 and Figure 4.11). Collectively these data 

suggest that late stage involution has limited to no effect on the progression of ERα+ and triple 

negative mammary disease.  

  

 

Figure 4.9. Neutrophils are decreased in the circulation of 4T1Ch5 tumor bearing 
involution day 7 and nulliparous mice. The immune composition of 4T1Ch5 tumor bearing NP and 
INV d7 cardiac blood was analyzed using flow cytometry. (A) Myeloid cells, (B) monocytes, (C) macrophage 
enriched cells, (D) neutrophils, (E) dendritic cells, (F) NK cells, (G) T cells, (H) cytotoxic T cells (I) T helper 
cells, and (J) B cell frequency. All graphs expressed as mean ± SEM. n=8 mice/group, *p<0.05, **p<0.01, 
***p<0.005. 
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Figure 4.10. No difference in tumor growth rate or tumor immune infiltration is 
observed between D2A1 tumors in nulliparous and involution day 7 mice. (A) 1x104 D2A1 
syngeneic mammary tumor cells were injected in the 4th inguinal fat pad of age matched NP and INV d7 
mice, and tumor volume was monitored over time. (B) Final tumor weight and (C) lung weight at 
experimental end point shown as mean ± SEM. Immune composition of end stage tumors was analyzed using 
flow cytometry. (D) Myeloid cells, (E) monocytes, (F) macrophage enriched cells, (G) M2 macrophage 
enriched cells,  (H) neutrophils, (I) dendritic cells, (J) NK cells, (K) T cells, (L) cytotoxic T cells (M) T helper 
cells, (N) CD25+ T helper cells, (O) B cells (P) T helper cell activation and (Q) cytotoxic T cell activation 
frequency. All graphs expressed as mean ± SEM. n=7 per group, *p<0.05. 
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In a study by Martinson and colleagues, D2A1 tumors injected orthotopically into the mammary fat 

pad of mice (BALB/c x B6 mixed strain) on day 1 of involution were reported to grow significantly 

faster compared to tumors inoculated into nulliparous mice (Martinson et al., 2015). We replicated this 

experiment with the D2A1 tumor line. All experimental conditions including cell number, timing of 

inoculation and cell suspension medium were mimicked in our experiment, with the only difference 

being the mouse strain. The D2A1 tumour line was injected orthotopically into the fat pad of 

involution day 1, involution day 7 and age matched nulliparous mice for both cohorts of involuting 

groups. While tumour growth in the involuting day 7 and nulliparous mice were comparable, in the 

involuting day 1 mice the D2A1 tumors grew out at a significantly slow rate compared to that 

observed in the other groups (Figure 4.12A, B). Collectively these experiments propose that the 

altered immune infiltrate in the mammary gland post-lactation does not affect tumor growth and hence 

the mechanism of increased breast cancer risk at this time excludes the mammary immune 

microenvironment. 

 

Figure 4.11. D2A1 tumors in involution day 7 mice have a similar circulating immune 
profile to age matched nulliparous mice. Triple negative D2A1 syngeneic mammary tumor cells 
were injected into the 4th inguinal fat pad of age matched nulliparous (NP) involution day 7 (INV d7) mice. 
The final immune composition of cardiac blood in each mouse was analyzed using flow cytometry. (A) 
Myeloid cells, (B) monocytes, (C) macrophage enriched cells (D) neutrophils, (E) dendritic cells, (F) NK 
cells, (G) T cells, (H) cytotoxic T cells (I) T helper cells, (J) CD25+ T helper cells, and (K) B cell frequency. 
All graphs expressed as mean ± SEM. n=7 per group, *p<0.05. 
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4.2.5 Resting parous mice show complete resolution of the mammary involuting inflammation  

Having examined potential immune-associated factors that may underpin the increased cancer risk 

associated with involution, we next investigated the immune composition of resting parous mammary 

glands (post resolution of involution) to identify factors that may be more protective against cancer 

development; a phenomenon that was first highlighted in epidemiological studies (MacMahon et al., 

1970). Parous mice that had undergone a single round of pregnancy and lactation were rested for 10 

weeks post lactation to allow for complete resolution of involution and mammary gland repair. At this 

time point, the mammary gland is structurally comparable to a virgin mammary gland, demonstrating 

complete clearance of milk producing alveoli and reduced ductal branching (Dall et al., unpublished 

data). Flow cytometric analysis of the fourth inguinal fat pads from eight parous and age matched 

nulliparous mice identified only one key point of difference between the two groups. The frequency of 

cytotoxic T cells in the parous mouse mammary glands was elevated compared to that observed in the 

nulliparous glands (Figure 4.13I), however, the activation status of the T cell compartments within the 

two groups of mice were comparable (Figure 4.13D,M,N). Notably the myeloid compartment of the 

 

Figure 4.12. D2A1 tumor growth is accelerated in nulliparous mice compared to involution 
day 1 mice. D2A1 syngeneic mammary tumor cells (2x104) were injected in the 4th inguinal fat pad of (A) 
involution day 1, (C) involution day 7, and age matched nulliparous control BALB/c mice. Tumor volume was 
monitored over time. Final tumor weight for (B) day 1 involution and (D) day 7 involution experiments was 
recorded at experimental end point. All graphs expressed as mean ± SEM. Involution day 1 n=8-9 mice per 
group, involution day 7 n=7-9 mice per group, *p<0.05. ***p<0.005. 
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parous mammary glands now looked identical to the nulliparous controls, confirming that the pro-

tumor inflammatory environment present during involution does resolve over time.  

 

 

Further epidemiological studies have shown that for each additional round of pregnancy a woman 

undergoes, an additive protective effect of parity is observed compared to age matched nulliparous 

women (Albrektsen et al., 2005; Kauppila et al., 2009). To test this, we first mated a cohort of mice 

together at 6 weeks of age, and allowed them to go through three weeks of pregnancy, three weeks of 

lactation and 1 week of involution, before re-mating the parous mice. This process was repeated to 

 

Figure 4.13. Mammary glands of resting parous mice exhibit a significant increase in T 
cytotoxic T cells compared to nulliparous glands. The immune composition of nulliparous (NP) and 
1x parous mammary glands was determined using flow cytometric immunophenotyping. (A) Myeloid cells, 
(B) monocytes, (C) macrophage enriched cells, (D) M2 macrophage enriched cells, (E) neutrophils, (F) 
dendritic cells, (G) NK cells, (H) T cells, (I) cytotoxic T cells (J) T helper cells, (K) CD25+ T helper cells, (L) 
B cells (M) T helper cell activation and (N) cytotoxic T cell activation frequency. All graphs expressed as 
mean ± SEM. n=8 per group, *p<0.05. 
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achieve between 3 to 8 rounds of pregnancy. The mammary glands of multiparous mice were then 

examined via flow cytometry, using age matched nulliparous controls for each of the multiparous 

cohorts. Immunophenotyping of the mammary glands from multiparous (3-8x parous) and age 

matched nulliparous mice identified no differences in their immune compositions. However, 

interestingly we did observed a significant decrease in the abundance of cytotoxic T cells and B cells 

with age in nulliparous mice (4.14I,L). Notably this correlated with an increase in DCs (Figure 4.14F). 

Despite having not observed any differences in the immune composition of parous and multiparous 

mammary glands relative to the nulliparous controls, we ran a tumour challenge experiment to test for 

parous-induced development of host anti-cancer defense mechanisms. The 4T1Ch5 tumour line was 

injected orthotopically into the mammary fat pad of parous, multiparous and aged matched nulliparous 

mice (Figures 4.15A,B - 4.17A,B). Tumour growth in all three groups of mice was comparable, 

suggesting that parity was unable to evoke a protective response against transplanted ERα+ tumour 

cells. Not surprisingly flow cytometric analysis of end stage 4T1Ch5 tumors from all three groups 

reveal no differences in immune cell composition and activation status (Figures 4.15, 4.16 and 4.17). 
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Figure 4.14. An increase in cytotoxic T cells and decrease in B cells and DCs is detected 
in the multiparous compared to nulliparous mammary glands. Flow cytometric 
immunophenotyping of multiparous mammary glands, including NP, 3x parous (3P), 4-5x parous (4-5P) and 
7-8x parous (7-8P) mice. (A) Myeloid cells, (B) monocytes, (C) macrophage enriched cells, (D) M2 
macrophage enriched cells, (E) neutrophils, (F) dendritic cells, (G) NK cells, (H) T cells, (I) cytotoxic T cells 
(J) T helper cells, (K) CD25+ T helper cells and (L) B cells were assessed. All graphs expressed as mean ± 
SEM. n=19 (3NP), n=10 (3P), n=5 (4-5NP), n=6 (4-5P), n=4 (7-8NP), n=2 mice/group (7-8P), 
*p<0.05,**p<0.01, ***p<0.001. 
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Figure 4.15. The environment of the 1x parous mammary gland does not alter tumor 
growth or immune profile compared to nulliparous mice. (A) NP and 1x parous mice were 
injected imfp with 5x103 4T1Ch5 tumor cells and tumor growth was monitored over time. Final (B) tumor 
weight and (C) lung weight were recorded once mice reached ethical tumor limits. The immune composition 
of the final tumors was analyzed using flow cytometry. (D) Myeloid cells, (E) monocytes, (F) macrophage 
enriched cells, (G) M2 macrophage enriched cells, (H) neutrophils, (I) dendritic cells, (J) NK cells, (K) T cells, 
(L) cytotoxic T cells, (M) T helper cells, (N) CD25+ T helper cells, (O) B cells, (P) T helper cell activation and 
(Q) cytotoxic T cell activation frequencies were assessed. All graphs expressed as mean ± SEM, n=4-8 
mice/group, *p<0.05. 
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Figure 4.16. The tumor growth rate and immune profile of the final tumors did not differ 
between 2x parous and nulliparous mice injected with 4T1Ch5 tumors. (A) 5x 103 4T1Ch5 
mammary tumor cells were injected orthotopically into 2x parous and age matched nulliparous (NP) mice, 
and tumor growth was monitored over time. Once tumors reached ethical limits, mice were culled and final 
(B) tumor weight and (C) lung weight was recorded. Tumors were analyzed using flow cytometry for their 
composition of (D) myeloid cells, (E) monocytes, (F) macrophage enriched cells, (G) M2 macrophage 
enriched cells, (H) neutrophils, (I) dendritic cells, (J) NK cells, (K) T cells, (L) T helper cells, (M) CD25+ T 
helper cells, (N) cytotoxic T cells, and (O) B cells. All graphs expressed as mean ± SEM. n=11 per group. 
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Figure 4.17. The tumor growth rate did not differ between 3x parous and nulliparous mice 
with 4T1Ch5 tumors, however NK cells were significantly reduced in involuting mice 
tumors. (A) 3x parous and age matched NP mice were injected imfp with 5x 103 4T1Ch5 tumor cells and 
monitored for tumor growth rate. At experimental endpoint, the final (B) tumor weight and (C) lung weight were 
recorded for each mouse. Immune analysis was conducted on all tumors using flow cytometry. Immune cells 
analyzed included (D) myeloid cells, (E) monocytes, (F) macrophage enriched cells (G) M2 macrophages 
enriched cells (H) neutrophils, (I) dendritic cells, (J) NK cells, (K) T cells, (L) T helper cells, (M) CD25+ T 
helper cells, (N) cytotoxic T cells and (O) B cells.  All graphs expressed as mean ± SEM. n=6 per group, 
*p<0.05. 
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4.2.6 Parous mice are not protected against the formation of DMBA induced ER+ tumors 

To assess whether parity could impact upon the incidence of mammary cancer in mice, the ability of 

the chemical carcinogen 7,12-Dimethylbenz(a)anthracene (DMBA) to induce the spontaneous 

development of ER+ mammary tumors (Blanco-Aparicio et al., 2007; de Oliveira et al., 2015), was 

assessed in our parous model. For this experiment, 3x parous and aged matched nulliparous mice (42 

weeks of age) were used, as epidemiological data has demonstrated that with each additional child 

born, a mother acquires an additional reduction in breast cancer risk (Lambe et al., 1996). While we 

expected that 1x parous mice would show a reduction in mammary tumor incidence following DMBA 

treatment, we predicted that multiparous mice (3x parous) would demonstrate an even greater 

resistance to mammary tumor development. A 1mg dose of DMBA was administered by via oral 

gavage once a week for 7 weeks to induce DNA damage and mammary tumor formation (de Oliveira 

et al., 2015). DMBA treatment induced the formation of a variety of tumor types in both groups of 

mice, with the most predominant cancers being mammary tumors (28%), leukemia (15%), digestive 

tract tumors (13%), skin tumors (10%) and lymphoid-associated tumors (5%) (Table 4.1). No 

difference in overall tumor latency was found between the multiparous and nulliparous groups, with 

the median latency being 100 versus 105 days, respectively (Figure 4.18A). Mammary tumors 

incidence in this model had previous been reported to be greater than 50% (de Oliveira et al., 2015). In 

our experiment we observed 30% incidence in nulliparous mice and 25% in the multiparous mice 

(Table 4.1). Surprisingly, the 3x multiparous group had a non-significant shorter median mammary 

tumor latency of 63 days compared to 103 days in the nulliparous group (Figure 4.18B), 

demonstrating that the resting multiparous mammary environment is unable to protect against the 

initiation of chemically induced mammary tumors.  

 

Table 4.1. Three times parous mice had similar tumor frequencies compared to 
nulliparous mice following DMBA treatment. 

 Mammary 
Gland 

Leukemia Digestive 
Tract 

Skin Lymphoid 
Tissue 

Other 

Nulliparous 6/20 1/20 4/20 1/20 0/20 8/20 

3x Parous 5/20 5/20 1/20 3/20 2/20 4/20 
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During these parity tumor experiments the laboratory acquired a syngeneic mammary tumor cell line 

(SSM3) with strong ERα protein expression. The SSM3 tumor cell line was originally developed by 

isolation and culturing a mammary adenocarcinoma from a STAT1-/- mouse, and tumors formed using 

this cell line were found to express both ERα and PR, and to be reliant on estrogen for their 

proliferation in vitro (Chan et al., 2012). Considering the substantially higher ERα expression and 

estrogen sensitivity in the SSM3 tumor cell line compared to the 4T1Ch5 tumor cell line, preliminary 

studies in the laboratory were carried out on 3x parous and age matched nulliparous mice. With only 3 

mice per group, the resting parous mice showed a significant decrease in tumor growth rate of the 

SSM3 tumors compared to nulliparous controls (Figure 4.19A). While this experiment was only 

preliminary, and needs to be repeated for validation, it indicates that parity potentially does protect 

against the progression of a pre-established ER+ tumors, consistent with epidemiological studies.  

 

 

 

 

 

 

 

 

 

Figure 4.18. Parity does not alter tumor latency induced by DMBA treatment in mice. 
Three times parous and age matched nulliparous mice were treated with 7 weekly doses of DMBA (1mg/dose) 
and monitored for the onset of tumors. (A) The latency of all tumors, and (B) mammary tumors only, were 
measured from the date of the final DMBA treatment. n=20 mice/group for all tumor latency, and n=5-6 
mice/group for mammary tumor latency, assessed using Mantel-Cox log-rank test. 
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Figure 4.19. The parous mammary microenvironment reduces the tumor growth of ER+ 
SSM3 tumor cells compared to nulliparous glands. (A) 3x parous and age matched nulliparous 
129SvEvTac mice were injected imfp with 5x105 SSM3 tumor cells and monitored for tumor 
growth rate. Tumor volume over time expressed as mean ± SEM. n=3 per group, *p<0.05, 
**p<0.01. Experiment conducted by Dr. Kara Britt. 

A 
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4.3 Discussion 

Multiple epidemiological studies have identified a link between mammary gland reproduction and a 

woman’s risk of developing breast cancer, however the specific mechanisms responsible for this risk 

is not yet understood. Our study aimed to test how the immune repertoire of the mammary gland 

changes during development and reproduction, and whether this correlates with an altered breast 

cancer risk profile. Our study demonstrated that the increase in macrophages in the mammary gland 

during pubertal development previously reported is not due to an increase in the overall frequency, but 

rather, the localization of these cells to the proliferative TEBs. In parallel with the increased breast 

cancer risk observed immediately following pregnancy (during involution), we observed a myeloid 

dominant inflammatory mammary microenvironment on day 7 of involution, with a corresponding 

decrease in T and B lymphocytes. However, surprisingly these local immune-associated changes, 

predicted to contribute to the establishment of tissue niches conducive to cancer growth, had no effect 

on the aggressiveness of the ERα+ 4T1Ch5 or triple negative D2A1 tumour models under these 

conditions. Conversely, parity has been reported to alter the tissue microenvironment of the breast to 

induced long-term protection against the outgrowth of ER+ disease. While we did observed that the 

myeloid composition of the mammary gland returned to normal levels following resolution of the 

involution phase and that this was linked with an increase in abundance of cytotoxic effector T cells in 

the mammary gland, this did not constitute an environment protective against the growth of 

transplanted or chemically-induced mammary tumors. Overall, this study has demonstrated that the 

mammary immune environment is significantly altered during the process of involution, and is 

returned to its pre-pregnant immune repertoire by 10 weeks post lactation. Our data suggests that this 

altered immune infiltrate has no effect on tumor progression during involution, or in protection in 

resting parous mice. 

 

The mammary gland undergoes substantial structural changes during development, stimulating the 

expansion and invasion of the ductal tree throughout the mammary fat pad. Previous mammary gland 

IHC studies have shown that macrophages, eosinophils and mast cells are distributed predominantly at 

the head and neck of the actively growing TEBs and not generally at the ductal structures distal to the 

TEBs (Gouon-Evans et al., 2002; Lilla and Werb, 2010). While conditional knock out studies of each 

of these cell lineages demonstrate their functional importance in ductal branching and elongation 

during puberty (Colbert et al., 2005; Gouon-Evans et al., 2002; Plaks et al., 2015), our results suggest 

that this is not due to an increase in the overall frequency of these cell types within the pubertal 

mammary gland. Our data instead proposes that the localization of these immune cells is more 

important, as their functions are required specifically at the proliferative TEBs to stimulate ductal 

branching during pubertal development.  
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Once development is complete, the mammary gland remains in a dormant state until reproduction 

stimulates widespread changes in preparation for milk production for the offspring. Mammary gland 

involution, which occurs following weaning and is characterized by extensive apoptosis and tissue 

remodeling of the lactating gland, is also known to coincide with a transient increased risk period for 

the development of breast cancer. Involution has been associated with changes in the local immune 

complement by gene expression microarray analysis, likening mammary gland involution to an 

inflammatory wound-healing response (Stein et al., 2004). Our immunophenotyping of the involuting 

mammary gland during involution supported this gene expression data, demonstrating a decrease in all 

T and B-lymphocytes and an increase in the frequency of myeloid cells (monocytes, macrophages, 

neutrophils and DCs) in the involuting mammary gland on day 7. This is further supported by a paper 

published during the course of my experiments, showing an increase in the total number of DCs cells 

on involution day 2, macrophages from day 6 to day 28, and CD4+ and CD8+ T cells on day 6 and 8 

(Martinson et al., 2015). Our cytokine analysis on the involuting mammary gland tissue revealed a 

number of cytokines related to myeloid cell infiltration and maturation were significantly increased, 

while the Martinson study demonstrated that the infiltrating macrophages were of a pro-tumoral M2 

phenotype, expressing high levels of M2 markers MRC1 and AIF-1, and the immune suppressive 

cytokine IL-10. Collectively these studies support the hypothesis that the myeloid cell infiltrate in the 

mammary gland (particularly macrophages) is significantly altered during the process of involution, 

indicating that these cells may have an important function during involution, which may or may not be 

associated with the increased breast cancer risk during this time.  

 

To verify whether the change in immune infiltration had an effect on tumor growth, mildly ER+ 

4T1Ch5 or triple negative D2A1 tumor cells were inoculated into the mammary fat pad of involuting 

mice on day 1 and/or day 7. The aggressiveness of these cell lines remained unchanged, despite the 

known changes in myeloid cell infiltration in the mammary gland at these time points. In contrast, 

Martinson and colleagues demonstrated that triple negative D2A1 tumor growth is significantly 

slowed in involuting mice in comparison to nulliparous mice (Martinson et al., 2015). The only 

differences between these two studies lie in the strain of mice used, with BALB/c mice used in our 

study and the offspring of C57/B6 crossed with BALB/c in the Martinson study. Inbred experimental 

mouse strains are known to have differing immune characteristics. For example, C57/B6 mice favor 

the Th1 cytokine production pathway producing increased amounts of IFN-γ and low IL-4, while 

BALB/c mice preferentially produce low IFN-γ and high IL-4, characteristic of Th2 type immune 

response (Mills et al., 2000; Sellers et al., 2012). The immune cell frequency changes between the two 

studies were similar, suggesting that it may not be the frequency of the immune cells being recruited 

to the mammary gland, but rather, the function of the infiltrating immune cells between the two mouse 

strains used. Future studies will examine these functional differences by isolating specific immune 
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cells from different mouse strains at the same involution time point, and analyzing the cells in: (i) 

functional assays such as T cells killing assays, (ii) cytokine production assays and (iii) co-culture 

assays with tumor cells to look at cytokine production and tumor killing. Further, it is recommended 

that a side by side in vivo analysis be conducted using the D2A1 tumor cell line in both BALB/c and 

BALB/c x C57/B6 involution day 1 mice, to conclude whether the mammary immune infiltrate during 

involution can influence tumor aggressiveness as the Martinson study suggests. 

 

Once the wound healing and inflammation associated with involution has resolved, the resting parous 

mammary gland is thought to persist in a decreased breast cancer risk state compared to the 

nulliparous gland. Ours is the first study to show complete resolution of inflammation after pregnancy, 

at 10 weeks post-lactation, with only partial resolution observed previously by involution day 28 

(Martinson et al., 2015). Considering the additive protective effect conferred by multiple pregnancies, 

the immune population of multiparous mouse mammary glands was also assessed. There was no 

significant difference in the immune infiltration of the mammary gland between parous, multiparous 

and nulliparous age matched controls. Alternatively, cytotoxic T cells were found to significantly 

decrease with age in nulliparous mammary glands, with levels of cytotoxic T cells remaining steady in 

all multiparous samples. Cytotoxic T cells are correlated with an improved prognosis in breast cancer 

patients (Kohrt et al., 2005), predominantly due to their anti-tumor cytotoxic activity. It is therefore 

predicted that cytotoxic T cells may remain in the breast post-involution to ensure involuting 

remodeling has is not induced further tissue damage or tumorigenic transformation during this high 

risk rapid tissue remodeling phase. Therefore, it is predicted that it is the absence of cytotoxic T cells 

that may be what confers an increased risk profile in nulliparous women compared to parous. Further 

work is ongoing to validate this increase in cytotoxic T cells in multiparous mice, with additional mice 

being added to the later time points, investigation into the duration of cytotoxic T cell infiltration in 

the parous and multiparous mammary gland, and determine the cytotoxic effect of these cells on 

mammary tumorigenic cell lines. Anti-CD8 depleting antibodies will also be used in this 

parous/multiparous mouse model to examine whether the absence of these cells is what gives 

nulliparous mice an increased risk of developing mammary tumors. Overall, the resolution of the 

significant myeloid-driven involuting inflammation and completion of structural ductal reorganization 

by 10 weeks post-lactation indicates that the process of involution is complete, and therefore a suitable 

time point to investigate whether these mouse models mimic the epidemiological finding of reduced 

breast cancer risk following parity.  

 

Parity has been shown previously to be effective against the ER+ subtype of breast cancer only, with 

no effect detected on the development of HER2+ and triple negative breast cancer (Ma et al., 2006). 
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Using the weakly ERα+ 4T1Ch5 tumor cell line, we observed no parity-induced protection in either 

parous or multiparous (2x and 3x) mice in comparison to age matched nulliparous controls. One 

possible reason for this is that the parous mammary environment affects the initiation of mammary 

tumors rather than progression of pre-existing tumors, and consequently has its effects during the very 

early stages of the tumor initiation. This is supported by rat studies, whereby mammary tumor 

initiation is significantly reduced with parity, with young parous rats (pregnancy at 8 weeks) having 

the lowest incidence of mammary tumors compared to late parous (pregnancy at 36 weeks) or 

nulliparous rats (Zhao et al., 2011). To test whether parity protects against the initiation of ER+ breast 

cancers, the chemical carcinogen DMBA was administered to our resting 3x parous and nulliparous 

mice (de Oliveira et al., 2015; Russo et al., 1983). Our results indicated no change in mammary tumor 

or overall tumor latency between the multiparous and nulliparous groups. It is highly likely that the 

older age of the mice during our study (>75 weeks) led to a high number of non-mammary tumors, 

masking any possible effects of parity on breast cancer incidence rates and latency in this model. This 

hypothesis is supported by a study by Russo and colleagues, where 25 week old virgin rats had a 

reduced incidence of mammary tumors (53.8%) compared to young 8 week old virgin rats (76.2%) 

following 6 mg total administration of DMBA (Russo and Russo, 1978). Despite the age-related 

affects to mammary tumor incidence, the lack of an effect of parity is supported by a small study by 

Wang and colleagues who also found no reduction in mammary tumor incidence between DMBA 

treated 1x parous and nulliparous mice (Wang et al., 2011). Collectively the studies have shown that 

chemically induced breast cancer is not the most appropriate breast cancer model in which to 

investigate the protection afforded by parity, due to the long latency associated with chemical 

induction of mammary tumors. Preliminary results using a new ERα syngeneic cell line (SSM3) in our 

parous mouse model revealed a protective effect of parity against tumor progression compared to 

nulliparous controls, highlighting the importance of using an ERα+ cell line for experimental testing of 

this parity induced breast cancer protection. 

 

It is not yet understood why parity protects only against the development of ER+ breast cancers in 

women, however our SSM3 parous tumor studies in addition to human epidemiological studies, 

strongly indicate that ER status is a critical component of the mechanism of protection. It is known 

that binding of estrogens to the ERα can rapidly activate the pro-proliferative ERK1/2 signalling 

pathway, resulting in the induction of cell proliferation (Titolo et al., 2008). In addition, ERα 

signalling is thought to regulate the expression of key cell cycle genes, thereby stimulating cell 

proliferation (Doisneau-Sixou et al., 2003). It is therefore hypothesized that pregnancy acts to inhibit 

signalling through the ER on both normal and transformed cells post-involution, leading to inhibition 

of normal and/or transformed tumor cell proliferation, and consequent protection against the 
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development of a breast tumor. Further investigation is required to determine specifically how 

pregnancy inhibits ER signalling, and the consequent mechanism of breast cancer protection through 

this inhibition. 

 

4.4 Conclusion 

This study has demonstrated that the involuting mammary gland contains a strong but short-lived 

altered inflammatory environment, however the biological consequences of this altered environment 

on mammary tumor growth during involution is still not well understood. In contrast, the resting 

parous mammary gland shows complete resolution of the involution-associated inflammation. Despite 

this, we did not observe parity induced tumor protection in the mouse models tested. This may be due 

to the level of ER expression of the syngeneic tumor cell lines used and the older age of our 

multiparous mice. The mechanism of parity induced protection and why this protection is limited to 

high ERα expressing tumors is yet to be resolved. Understanding these mechanisms and identifying 

whether the immune microenvironment is involved in this process may aid in the development of 

immune targeted therapies to reduce the risk of developing breast cancer in nulliparous women, or 

identification of new biomarkers of therapeutic response to other therapies. 
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5.1 Introduction 

Many cells of the immune system have been implicated in shaping overall tumor fate through 

processes including immunosurveillance and immunoediting. The immunoediting hypothesis suggests 

that innate and adaptive immune cells, including NK cells, γδ T cells, NK T cells and macrophages, 

can shape the early evolution of the disease. Once at the tumor site, these immune cells promote 

further inflammation and attempt to eradicate the tumor cells by instigating tumor cell cytotoxicity 

through the release of anti-tumor inflammatory cytokines such as IL-12, TRAIL and IFNγ 

(Diefenbach et al., 2000; Hayakawa et al., 2002). The few tumor cells that survive this process enter a 

state of equilibrium, whereby immune pressure selectively depletes targeted tumor variants, while 

selecting for the development of less immunogenic variants. Thus, this state of equilibrium is likened 

to a state of tumor dormancy, whereby outgrowth of a tumor mass is controlled by the strength and 

duration of endogenous antitumor immunity. Immune-mediated tumor equilibrium can be disrupted by 

multiple mechanisms, including genomic instability and hence altered tumor antigen expression, 

conversion of an inflammatory tumor microenvironment to an immunosuppressive environment by 

myeloid derived suppressor cell (MDSC) and Treg infiltration, and exhaustion of effector T cell 

responses by increased tumor cell expression of immune checkpoint ligands (Koebel et al., 2007). 

Such interruptions can allow for the increased survival and proliferation of previously dormant tumor 

cells via genetic and epigenetic clonal selection, resulting in tumor variants that are impervious to the 

bodys immune defenses and can either grow or metastasize to form a solid tumor mass. Once 

established, the tumor often recruits immunosuppressive cells such as Tregs, CD1d-restricted T cells 

and M2 macrophages, to impede host anti-tumor inflammatory responses, resulting in complete 

immune escape and optimal tumor growth (Sakaguchi et al., 2001; Terabe et al., 2003). The immune 

infiltration and functional activation of specific immune populations within the tumor 

microenvironment can therefore play an important role in defining whether tumor cells will be 

eradicated or held in a dormant state of equilibrium through immunosurveillance mechanisms, or 

escape surveillance and grow out to form a tumor mass. 

 

Breast cancer has not traditionally been perceived as an immunogenic cancer, owing to its low 

mutational load and high tumor heterogeneity, and hence the immune system was thought to have no 

role in shaping the evolution of this disease (Alexandrov et al., 2013). However, recent clinical studies 

have identified a strong correlation between the presence of TILs in breast tumors and patient 

prognosis and treatment response, particularly in ER- subsets of breast cancers (Adams et al., 2014; 

Loi et al., 2013). Indeed, an increase in CD4+ T cells, CD20+ B cells and CD8+ T cells is a strong 

indicator of pathological complete response to chemotherapy and overall survival of breast cancer 

patients (Brown et al., 2014; Ladoire et al., 2011; Seo et al., 2013). In contrast, the presence of tumor 
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infiltrating Tregs, CD68+ macrophages and γδ T cells has been associated with poor clinical outcome 

in breast cancer patients (DeNardo et al., 2011; Ma et al., 2012). The factors that influence this 

immune infiltration of breast tumors and the timing and influence of immune responses on breast 

cancer development and progression remains unclear.  

 

During disease progression from a benign proliferative tumor to a ductal carcinoma in situ, through to 

an in infiltrating ductal carcinoma the abundance of CD45+ immune cells has been observed to 

increase in the breast tissue. Immunohistochemistry analysis identified increases in T and B cells as 

well as macrophages during disease progression (DeNardo and Coussens, 2007; Hussein and Hassan, 

2006). The immune infiltration in the breast has also been assessed from DCIS through to IDC in 

patients (Sikandar et al., 2015); with high TIL infiltration indicative of increased overall survival and 

response to therapy (Dushyanthen et al., 2015). Its potential function in promoting the early events 

such as malignant transformation and early tumorigenesis however, remains poorly defined. In this 

study, we examined how the innate and adaptive immune cell composition within the mammary tissue 

of mice changes during the initiation and early hyperplastic phases of mammary tumorigenesis, and 

the functional consequences of these changes on disease tumorigenesis. 

 

For these experiments, a HER2+ model of spontaneous breast cancer was used (MMTV-neuT), as 

HER2+ breast cancers are traditionally more proliferative, aggressive and genetically unstable than 

other breast cancer subtypes (Bianchini and Gianni, 2014). It has also been reported that the overall 

chance of survival of patients with this subtype of breast cancer can be predicted based on the level of 

immune in the breast tissue at diagnosis (Dushyanthen et al., 2015). The MMTV-neuT mouse strain 

expresses the active form of the rat HER2 gene (neu) under the control of the mammary tumor virus 

promoter (MMTV), leading to the spontaneous development of mammary tumors in all mouse 

mammary glands (Guy et al., 1996). Our analysis of this model revealed an interesting role for 

macrophages in stimulating tumor growth during early disease progression. 
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5.2 Results 

5.2.1. Kinetics of spontaneous tumor growth in the mammary tissue MMTV-neuT mice  

Initial analysis of mammary tumor development in the MMTV-neuT mice revealed that mean tumor 

latency was approximately 17 weeks of age (n=10 mice) with the first tumors arising at 16.5 weeks of 

age and last at 18 weeks of age (Figure 5.1). Tumor development in the upper mammary fat pads 

occurred earlier than the 3-4th mammary fat pads, for reasons that remain unclear. By 21 weeks of age, 

the sum of all measurable tumors within each mouse as determined by electronic caliper 

measurements was typically 1500mm3 and selected as the ethical experimental end point (Figure 5.1). 

Individual MMTV-neuT mice showed a similar tumor latency and growth rate, and hence MMTV-

neuT mice were deemed a reliable spontaneous mouse model for further studies.  

 

 

Figure 5.1. MMTV-neuT mice develop palpable tumors by 17 weeks, and reach ethical 
limits by 21 weeks. The combined tumor growth rate of spontaneous mammary tumors in MMTV-neuT 
mice. Grey lines show individual tumor growth rate. Black line shows total mean tumor growth rate. n=10. 

 

To determine the timing of hyperplasia and ductal carcinoma in situ in MMTV-neuT mice, 

wholemounts of the left and right 4th inguinal mammary fat pads from 4, 5, 9 and 11 week old mice 

were prepared and stained with carmine (Figure 5.2A) or H&E to identify the presence of tumor 

nodules or hyperplasia and DCIS, respectively. Mammary tissue from BALB/c WT mice was also 

collected for aged matched tumor free controls. At 4 and 5 weeks of age the MMTV-neuT mammary 

gland structure appeared normal relative to the control specimens (Figure 5.2A). By 9 weeks of age 

small hyperplastic nodules were apparent (Figure 5.2A), with epithelial cell multi-layering evident 
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around the ducts (Figure 5.2B), characteristic of atypical ductal hyperplasia as described previously by 

Wagoner and colleagues (Wagoner et al., 2009). These hyperplastic changes were also evident in 11 

week old MMTV-neuT mammary glands (Figure 5.2A,B). Notably at 11 weeks, the ducts were filled 

with epithelial cells, indicating the presence of DCIS (Figure 5.2B). In line with these observations 

increased Ki-67 expression was detected in the mammary glands of the 9-11 week old MMTV-neuT 

mice compared to WT mice (Figure 5.3), consistent with the increase proliferative activity associated 

with hyperplastic and DCIS progression. A trend towards increased Ki67 expression was also 

observed in MMTV-neuT glands at 5 weeks of age (Figure 5.3), suggestive of early malignant 

transformation events, although this was not confirmed. Overall, Ki67 expression increased in WT 

mice at 5 weeks of age, and subsided by 11 weeks of age (Figure 5.3), consistent with knowledge of 

mammary gland pubertal development and expansion at this time points. Based on these data, for the 

subsequent analysis of very early stages of breast cancer initiation and hyperplasia MMTV-neuT mice 

were assessed from 4 weeks (normal) to 9 weeks of age (hyperplasia).  

 

5.2.2. Macrophages are increased during normal and hyperplastic mammary gland 

development in MMTV-neuT mice 

Having established the timing of tumorigenesis in MMTV-neuT mice, changes in the immune 

composition of the mammary tissue, prior to and in response to the hyperplastic changes, were next 

examined. Immunophenotyping flow cytometry was conducted as described in Chapter 3, on the 4th 

mammary fat pads of WT and MMTV-neuT mice at 4-5, 6-7 and 8-9 weeks of age. Relative to the 

WT controls the most striking difference in immune composition within the MMTV-neuT mice was 

the elevated frequency of macrophage enriched cells. Macrophage enriched cells 

(CD45.2+CD11l+Ly6G-Ly6Clow) were found to be elevated at all time points analyzed in MMTV-neuT 

mice (Figure 5.4C). Dendritic cell (CD45.2+CD11c+MHC II+) and monocyte (CD45.2+CD11l+Ly6G-

Ly6Chigh) frequency was only significantly increased at 8-9 weeks of age, during the hyperplastic 

phase (Figure 5.4B,F). Interestingly, these observed changes in immune frequency within the 

mammary tissue were not mimicked in the blood (Figure 5.5), highlighting the tissue specific nature of 

the response. In the blood of MMTV-neuT mice, reduced abundance of NK cells and monocytes was 

observed at 4-5 and 6-7 weeks respectively, compared to WT controls (Figure 5.5B,F). An increase in 

the frequency of neutrophils at 6-7 weeks was also observed (Figure 5.5D). Comparable frequencies 

of mammary associated and circulating T and B-lymphocytes were observed in both WT and MMTV-

neuT mice across each of the time points analyzed (Figure 5.4H-L, Figure 5.5G-K). Further, cytokine 

analysis revealed no change in any cytokines, including IL-4, IL-6, IL-10, MCP-1, MIP-1α, MIP-1β 

and TNF, in the mammary gland between WT and MMTV-neuT mice (Appendix 6). Considering that 

macrophages were observed infiltrating the mammary tissue before any histological signs of 
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hyperplasia, we next examined whether controlling/blocking this increase could inhibit tumor 

initiation and growth in the MMTV-neuT mice.  

 

Figure 5.2. MMTV-neuT mice exhibit signs of ADH by 9 weeks and DCIS by 11 weeks of 
age. Histological timing of tumorigenesis in MMTV-neuT mice was identified by (A) carmine stained 
mammary gland wholemounts and (B) H&E analysis on tissue sections from wholemounts at various ages in 
WT and MMTV-neuT mice. Arrows in (A) highlight potential hyperplastic nodules, and arrows in (B) show 
areas of multi-layering and filling of ducts with epithelial cells. Images are representative of mammary glands 
from 5 mice per time point. Scale bar on A represents 20mm. Scale bar on B represents 100µm. 
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Figure 5.3. MMTV-neuT mouse mammary glands have a trend towards an increase in 
proliferation as early as 5 weeks of age. The proliferative activity in the mammary gland of WT and 
MMTV-neuT mice at 4, 5, 9 and 11 weeks of age was assessed using Ki67 staining via IHC on small tissue 
sections cut from mammary gland wholemounts.  Images are representative of 3 images per mouse (1-3 
mice/group). Scale bar represents 100µm. Graphs show average number of positive cells per field of view at 
40x magnification, per mouse. 
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Figure 5.4. Macrophage enriched cells are significantly increased in the mammary glands 
of MMTV-neuT mice from 4 to 9 weeks of age compared to wild type glands. Immune 
composition within the mammary gland of WT and MMTV-neuT mice throughout normal and hyperplastic 
mammary tumor progression was determined using flow cytometry. (A) Myeloid cells, (B) monocytes, (C) 
macrophage enriched cells, (D) M2 macrophage enriched cells, (E) neutrophils, (F) dendritic cells, (G) NK 
cells, (H) T cells, (I) cytotoxic T cells (J) T helper cells, (K) CD25+ T helper cells and (L) B cells are all 
expressed as mean ± SEM. n=6 groups/time point, n=4-6 mice/group, *p<0.05. **p<0.01. 
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Figure 5.5. A modest reduction in circulating NK cells and monocytes is observed in 
MMTV-neuT mice compared to WT mice. Circulating immune cells of WT and MMTV-neuT 
mice during normal and hyperplastic mammary tumor development as determined with flow cytometry. (A) 
Myeloid cells, (B) monocytes, (C) macrophage enriched cells, (D) neutrophils, (E) dendritic cells, (F) NK 
cells, (G) T cells, (H) cytotoxic T cells (I) T helper cells, (J) CD25+ T helper cells and (K) B cells are all 
shown as a percentage of CD45.2+ cells. Results are expressed as mean ± SEM. n=6 groups/time point, n=4-
6 mice/group, * p<0.05. ** p<0.01.  
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5.2.3.  Macrophages stimulate the early progression of MMTV-neuT mammary tumors 

To investigate the biological role of the mammary infiltrating macrophages on tumorigenesis, 6 week 

old MMTV-neuT mice were treated with a monoclonal antibody (mAb) targeted against the CSF-1 

growth survival receptor (CSF1R) present on the surface of macrophages. CSF1R is activated through 

engagement with its ligand CSF-1, leading to monocyte differentiation into functional macrophages. 

Studies have demonstrated that anti-CSF1R mAb treatment at 250 µg per dose for 3 weeks is effective 

in inhibiting macrophage migration into the mammary gland, as it significantly increasing serum CSF-

1 and Ly6Chigh monocytes (Swierczak et al., 2014), indicative of anti-CSF1R mAb binding. 

Considering that our preliminary studies showed a similar increase in CSF-1 levels in serum when 

mice were treated with either 100 µg or 200 µg of anti-CSF1R (Figure 5.6A), and the fact that we 

planned to treat mice for a total of 5 weeks (6-11 weeks of age), we chose to use an intermediate dose 

of 150 µg for the subsequent macrophage targeting studies. We found treatment with the anti-CSF1R 

mAb had no effect on total macrophage frequency, however it did deplete the MMTV-neuT mice of 

activated pro-tumor M2 macrophages (Figure 5.6B); a phenomenon that has previously been linked to 

the loss of CSF1R-dependent ERK/PI3K proliferation and differentiation signalling (MacDonald et 

al., 2010; Stanley and Chitu, 2014). 

 

 

 

 

 

 

 

Figure 5.6. Serum CSF1 levels are increased and M2 macrophages are decreased 
following a 200 µg anti-CSF1R mAb dosing regimen. MMTV-neuT mice were treated with 50, 
100 or 200 µg of anti-CSF1R monoclonal antibody or anti-β-galactosidase isotype control mAb, once every 4 
days. Dosing was initiated at 6 weeks of age until 3 doses were administered. (A) Twenty-four hours 
following the last dose, blood was taken and serum CSF1 levels were assessed using a CSF1 ELISA. (B) 
Mammary glands were harvested and processed to assess M2 macrophage frequency using flow cytometry. 
Results are expressed as mean ± SEM, n=2-3 mice/group.  

 

To examine the consequence of macrophage infiltration in the mammary gland before the onset of 

hyperplasia, treatment with 150 µg of anti-CSF1R mAb was initiated at 6 weeks of age, and 

subsequently given twice weekly for a total of 5 weeks. Control mice were treated with an anti-β-

galactosidase isotype control mAb. Mice were monitored for the spontaneous development of 
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mammary tumors, and total mammary tumor growth rate was recorded (Figure 5.7A). While the tumor 

latency was comparable between the anti-CSF1R treated and control treated groups (Figure 5.7B), 

anti-CSF1R mAb treatment did significantly slow the outgrowth of mammary tumors (Figure 5.7A). 

These tumors were 4-fold smaller than the control tumors at experimental endpoint (Figure. 5.7C,D). 

These results suggest that the macrophages establish a suppressive microenvironment in the mammary 

gland that is conducive to tumor growth and progression. To validate this hypothesis, we next 

examined the impact of anti-CSF1R mAb treatment on the immune microenvironment of the 

developing mammary tumors at experimental endpoint using immunophenotyping flow cytometry. A 

significant increase in monocytes and neutrophils accompanied with a decrease in M2 macrophages, T 

helper cells, cytotoxic T cells and γδ T cells was observed in the anti-CSF1R mAb treated mice 

compared to that observed in tumors harvested from isotype control treated mice (Figure 

5.8B,D,E,H,I,J,K). These data demonstrate that macrophages do, in part, play a role in supporting 

tumor progression within the mammary gland. Whether this is directly or indirectly through the 

macrophage population however remains unclear. Further work is necessary to also assess the role of 

neutrophils and monocytes in this tumor suppressive microenvironment.  

 

 

Figure 5.7. Anti-CSF1R mAb treatment from 6 weeks of age slows tumor growth of 
MMTV-neuT mice. (A) MMTV-neuT mice were treated with 150 µg of anti-CSF1R or isotype mAb by 
i.p. injection twice per week from 6 to 11 weeks of age. (B) Time until first palpable tumor and (C) tumor 
growth rate were recorded throughout experiment until combined tumor burden reached ethical limits. 
Statistical significance measured by repeated measured 2-way ANOVA (D) Tumor weights of individual 
mice were recorded at experimental endpoint. n=8 mice/group. Data shown as mean ± SEM, Mann-Whitney 
t-test. *p<0.05, **p<0.01, ***p<0.001.  



 135 

 

Figure 5.8. Anti-CSF1R treatment reduces M2 macrophage and T cell tumor infiltration. 
MMTV-neuT mice were treated with 150 µg of anti-CSF1R or isotype mAb twice per week via i.p. injection 
from 6 weeks to 11 weeks of age. Final tumor immune infiltration was determined by immunophenotyping 
flow cytometry. (A) Myeloid cells, (B) monocytes, (C) macrophages, (E) neutrophils, (F) dendritic cells, (G) 
T cells, (H) cytotoxic T cells (I) T helper cells, (J) CD25+ T helper cells, (K) γδ T cells and (L) B cells are all 
shown as a percentage of CD45.2+ cells. (D) M2 macrophage status expressed as a percentage of total 
macrophages. T cell activation expressed as (M) percentage of T helper cells and (N) cytotoxic T cells. 
Results are expressed as mean from up to 6 tumors per mouse ± SEM. n=7-8 mice/experimental group. 
*p<0.05, **p<0.01, ***p<0.001. 
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5.3 Discussion 

To date, few studies have successfully demonstrated a direct correlation between immune cell 

frequency within the mammary tissue and increased progression of DCIS. Currently, little is known 

about the effect of the immune microenvironment on early breast tumor development. Herein, we have 

demonstrated with the MMTV-neuT mouse model of breast cancer that the local complement of 

monocytes, DCs and macrophages within the mammary tissue increases in response to DCIS. Most 

strikingly, the macrophage enriched population was also significantly increased before any 

histological signs of hyperplasia were detected by immunohistochemical analysis, highlighting for the 

first time, a potential role for macrophages in the early stages of mammary tumorigenesis. Consistent 

with this, anti-CSF1R mediated depletion of macrophages slowed the outgrowth of spontaneously 

arising tumors in these mice; again supporting a pro-tumorigenic role for macrophages in early 

mammary tumor progression. 

 

Considering the increased immunogenicity and genetic instability of HER2+ breast cancer, the 

activated HER2 overexpressing MMTV-neuT mouse model was utilized for our early initiation and 

hyperplastic mammary immune analysis studies. Importantly, the MMTV-neuT mice demonstrated all 

stages of breast cancer progression typically observed in the human setting, from atypical ductal 

hyperplasia through to ductal carcinoma in situ (Bombonati and Sgroi, 2011). The slow progression of 

spontaneous disease outgrowth of ~4 months in the MMTV-neuT mice, relative to other models like 

that of the MMTV-PyMT mice in which tumor escape is observed within 2-3 months (Davie et al., 

2007), allowed each individual stage of tumor development to be clearly characterized and assessed.  

 

Immunophenotyping of the mammary gland revealed a significant increase in DCs 

(CD45.2+CD11c+MHC II+) during hyperplasia in the MMTV-neuT mice compared to WT controls. In 

the inducible p53 tumor suppressor mouse model of ovarian cancer, an increase in DC infiltration into 

the ovaries was also reported during early tumorigenesis (Scarlett et al., 2012). In this model, splenic 

T cells were shown to be reactive to tumor antigens presented by DCs at day 7 of tumor progression, 

however they were less reactive in late stage tumors (>50 days), demonstrated by a significant 

reduction in IFN-γ secretion in response to the same antigen (Scarlett et al., 2012). The importance of 

the DCs in this model was validated by bone marrow transplantation of myeloid cell precursors from 

CD11c-DTR ITGAX mice (lacking mature CD11c+ DCs), into p53 inducible mice. DC depletion 

using this method caused accelerated tumor growth when transplantation was conducted during the 

early stages of tumor progression (day 7) and retarded tumor growth when transplanted during the 

later stages of disease progression (day 50) (Scarlett et al., 2012). This indicates that early infiltrating 
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DCs have an antigen presenting anti-tumor role, while DCs that infiltrate tumors later during 

progression are skewed towards a pro-tumor Th2 maturation phenotype (Palucka and Banchereau, 

2012; Scarlett et al., 2012). Future experiments to determine the type of DCs that are upregulated in 

our MMTV-neuT mice during hyperplasia should include culturing of DCs followed by cytokine 

secretion analysis using ELISAs or CBA analysis, to establish whether DCs are driving a Th1 (IL-12) 

or Th2 (IL-4/IL-10) type immune response in the developing tumor microenvironment (MacDonald 

and Pearce, 2002). The expression of activating co-stimulatory markers on the surface of DCs may 

also be assessed by flow cytometry of CD40, CD80 and CD86 (Lee et al., 2014; van Rijt et al., 2004). 

While there were no observed changes in overall T cell frequency within the MMTV-neuT mice 

mammary tissue, the immune content of the mammary gland draining lymph node, and the functional 

activity of these T cells was not assessed in this study. If DC’s are found to be functionally important, 

the frequency and function of mammary gland and lymph node T cell populations should also be 

investigated. Based on the early timing of DC infiltration in MMTV-neuT mice during tumorigenesis, 

it is predicted that the infiltrating DC population in the MMTV-neuT hyperplastic mammary gland are 

activated anti-tumor DCs, which are more readily primed to present antigen and consequently activate 

mammary infiltrating/resident T cells. 

 

The frequency of bulk macrophage enriched cells was also found to be significantly increased in 

MMTV-neuT mice compared to WT control mice at all time points, even prior to the 

immunohistochemical diagnosis of hyperplasia. The observation of early macrophage infiltration is 

supported by research showing that macrophages are one of the first immune cells to be recruited in 

response to tumor derived chemoattractants, such as CSF1, CCL2 and VEGFA, released when tissue 

homeostasis is perturbed (Williams et al., 2016b). Neutrophils are also known to be involved in the 

first line of immune defence, and were also observed to be modestly increased in the mammary gland 

at all time points in the MMTV-neuT mice, reaching significance at 6-7 weeks of age. Together, these 

data suggest that a change in tumor antigens or abnormal tumor cell signalling is occurring prior to the 

histological appearance of hyperplasia in this model. Monocyte derived macrophages have been 

shown previously to be upregulated in hyperplastic regions of human endometrial cancer, as well as in 

non-cancerous benign hyperplastic prostate disease, supporting our observation of increased 

macrophages and monocytes later during mammary hyperplasia (Figure 5.5B-C). In both studies, the 

infiltrating macrophages were shown to produce inflammatory cytokines that enhanced the 

proliferative rate of the hyperplastic tissue, leading to disease progression (Ning et al., 2016; Wang et 

al., 2012). It is therefore possible that macrophages have a similar pro-proliferative role in our 

MMTV-neuT mouse model during hyperplastic tumor growth.  
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Research is ongoing to define the phenotype and functional activity of macrophages that infiltrate or 

reside in the hyperplastic breast tissue. Others have demonstrated in a mouse model of induced lung 

cancer, that macrophages initially exhibit an M1 anti-tumor phenotype during early tumor formation 

(1-3 weeks), with low CD204 (scavenger receptor) and CD206 (mannose receptor) expression and 

increased IL-2, CCl-3 and IL-1β signalling detected. As lung tumor development progresses 

however, changes in tumor signalling stimulates the conversion of these M1 macrophages to a pro-

tumorigenic M2 phenotype with increased CD204 and CD206 expression (Zaynagetdinov et al., 

2011). In an attempt to assess the macrophage phenotype in our model, the common M2 surface 

marker CD206 was included in the flow cytometry panels. No significant difference in the number of 

M2 macrophages was observed at any time point analyzed in the MMTV-neuT mice (Figure 5.4D). 

CD206 expression does not necessarily correlate with macrophage functional status, and identifying 

the phenotype of macrophage on the M1/M2 spectrum is more complicated than using just one FACS 

marker (Martinez and Gordon, 2014). Additional analysis is required to more comprehensively 

assess macrophage phenotype and activity in our mouse model. Future work will include isolating 

the macrophage enriched population and analyzing their cytokine/chemokine secretion profile using 

ELISAs or cytokine bead array assays (TNF, IL-1β, IL-6, IL12, IL-10, MIP-2α, IL-8, RANTES), 

assessing macrophages for classical M1 and M2 markers such as arginase and iNOS using IHC, or 

qPCR gene expression profiling of classically activated macrophage markers (IL-1β, TNFα, NOS2 

and CD86) and alternatively activated macrophage markers (IL-4, IL-10, IL-13, Arg1 and Ym1 

(Duque, 2014; Jablonski et al., 2015; Poh et al., 2017). Further, the function of the mammary 

infiltrating macrophages should be determined by investigating the effect of isolated macrophages on 

mammary tumor cell proliferation and apoptosis using co-culture assays (Hollmen et al., 2015), or by 

assessing the phenotype of macrophages following treatment with macrophage mobilizing agents 

such as the anti-CSF1 mAb.	

 

This is the first study to demonstrate an inhibitory effect on primary mammary tumor growth using 

anti-CSF1R mAb treatment. Other studies showed little or no effect of anti-CSF1R mAb treatment on 

tumor growth of primary transplanted 4T1 tumors or spontaneously arising tumors in MMTV-PyMT 

mice when treatment was initiated at DCIS stage or to existing mammary tumors (Fend et al., 2013; 

Swierczak et al., 2014). This is possibly due to the advanced nature of the disease and engagement of 

other inhibitory mechanisms, other than macrophages that are not dependent on the CSF-1/CSF1R 

signalling axis such as neutrophils. During stages of hyperplasia our data would suggest that CSFR1+ 

macrophages are actively infiltrating the mammary tumour and in part contributing to early stage 

disease progression, hence why anti-CSF1R treatment was effective in slowing tumour grow but 

insufficient to eradicate the disease. It remains unclear whether macrophages infiltrate the breast first 

to establish a niche in which the tumor cells initiate growth, or whether the macrophage infiltration is 



 139 

in response to the tumor initiation event and signals released by the developing mammary tumor. 

Notably, the significant reduction in mammary tumor growth following anti-CSF1R mAb treatment 

from 6 weeks was also accompanied by an increase in mammary monocytes and a decrease in M2 

macrophage enriched cells at endpoint (Figure 5.7 and Figure 5.8). The increase in monocytes is 

consistent with previous studies demonstrating an increase in Gr1-F4/80- monocytes in multiple tissues 

following anti-CSF1R mAb treatment (MacDonald et al., 2010). CSF1R is known to be expressed at 

high levels on cells of myeloid origin, including monocytes, tissue macrophages and myeloid DCs 

(Stanley and Chitu, 2014). Consequently, it was predicted that anti-CSF1R treatment would also have 

depleted these populations in our tumor model. Interestingly, while a decrease in the frequency of M2 

macrophage enriched cells was observed in the tumors of anti-CSF1R treated mice, the bulk 

macrophage enriched cell abundance was unchanged between the isotype and anti-CSF1R treated 

groups (Figure 5.8). Anti-CSF1R treatment has been shown previously to decrease the pool of pro-

tumor M2 tissue macrophages in the spontaneous mammary MMTV-PyMT and syngeneic EL4 

lymphoma models of cancer (Fend et al., 2013). While it has been reported that anti-CSF1R treatment 

successfully depletes tissue resident macrophages in a plethora of tissue types, including liver, colon, 

pancreas, testis, kidney etc, the same study also demonstrated no impact of anti-CSF1R treatment on 

the recruitment of monocytes and macrophages in response to inflammation (MacDonald et al., 2010). 

This is likely due to the elevation of CSF-1 in the circulation often described during inflammation 

(Chitu and Stanley, 2006). The level of CSF-1 in the circulation was not able to be investigated in this 

study, however it is recommended that CSF-1 levels be measured in the circulation using ELISA’s in 

future when treating with anti-CSF1R mAb, as this may explain why we observed no overall change 

in macrophages in our tumor model also.  

 

The specific mechanisms by which macrophages are promoting tumor growth in our model are still 

under investigation. It is predicted that the functional phenotype of the infiltrating/tissue resident 

macrophage population is skewed in our model with an amplification of pro-tumoral M2 macrophages 

in comparison to the classically defined anti-tumor M1 macrophages. To answer this question, 

preliminary experiments were completed whereby MMTV-neuT mice were treated from 6 weeks of 

age with either the bisphosphonate Zoledronate, or PBS. Recently, a study by Coscia and colleagues 

showed that treatment with the bisphosphonate zoledronate reduces the total number of tumor 

infiltrating macrophages, and reverses macrophage polarization from an M2 to an M1 phenotype 

(Coscia et al., 2010). Three separate in vivo experiments demonstrated no significant difference in 

tumor latency or tumor growth rate between the PBS and zoledronate treated mice (Appendix 7). Due 

to the many off target effects reported for zoledronate, including inhibiting angiogenesis and tumor 

cell proliferation, decreasing tumor cell adhesion to bone and preventing migration and invasion of 

tumor cells, it is proposed other methods are used to assess M1/M2 phenotype and the function of 
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macrophages in this model. This could include evaluating common M1 genetic markers such as 

NOS2, TNFα and CCR7, and M2 markers Arg1, Fn1 and Egr2 using PCR or western blot (Jablonski 

et al., 2015). 

 

This study has demonstrated the importance of macrophages in early mammary tumor development, 

as anti-CSF1R mAb treatment is effective in reducing tumor growth if administered prior to DCIS. 

This presents a clinical dilemma, as human breast carcinomas are typically diagnosed at the DCIS 

stage (or later), which is too late for intervention with the anti-CSF1R mAb. We propose that future 

studies focus on diagnosing patients prior to the onset of DCIS, and using tissue biopsies to identify 

whether the patient presents with an increase in mammary infiltrating macrophages to allow for earlier 

therapeutic intervention to delay tumor growth, as well as implementing macrophage targeted therapy 

as a prophylactic or adjuvant therapeutic option.  

 

5.4 Conclusion 

This study has identified an increase in macrophage infiltration during both the initiation and 

hyperplastic phases of mammary tumor development in the MMTV-neuT mouse model of breast 

cancer. Depletion of pro-tumor macrophages using CSF1R during the early stages of tumorigenesis 

resulted in a significant reduction in tumor growth, thereby indicating that macrophages are the key 

drivers of early mammary tumorigenesis in the MMTV-neuT model. Further studies are required to 

characterize the specific subtype of macrophages that are actively contributing to tumor development, 

and to investigate the mechanisms by which these macrophages are promoting mammary tumor 

growth. This will assist in the identification of novel therapeutic targets for the development of a 

preventative medicine aimed at reducing the pool of these tumor-promoting macrophages and 

consequently reduce the risk of developing breast cancer in high risk populations.  
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Discussion 
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While there have been significant advances in the clinical management of breast cancer, there remains 

an unmet medical need for preventative or adjuvant therapies to reduce the overall incidence and risk 

of relapse. In the clinic, the only FDA approved agent for reducing ER+ breast cancer risk is the 

selective estrogen receptor modulator, Tamoxifen. Meta analysis of nine prevention clinical trials 

using selective estrogen receptor modulators has shown that preventative Tamoxifen leads to a 38% 

reduction in the diagnosis of invasive breast cancer within the first 10 years of follow up (Cuzick et 

al., 2013). Furthermore, five years of adjuvant Tamoxifen treatment after the diagnosis of ER+ breast 

cancer has been shown to reduce the risk of recurrence (0-4 years response rate (RR)=0.53, 5-9 years 

RR=0.68) and mortality (0-4 years RR=0.71, 5-9 years RR=0.66) (Early Breast Cancer Trialists' 

Collaborative et al., 2011). While women are advised that maximal benefit of adjuvant Tamoxifen 

therapy is best achieved over a 5-10 year period, the compliance rate is poor due to the severe side 

effects of long-term Tamoxifen use. This includes thromboembolic events, cataract development, 

menopausal symptoms and increased risk of endometrial cancer (Hu et al., 2015; Vogel et al., 2010). 

Thus, there is a pressing need for new less toxic therapeutic treatments for the effective management 

and prevention of breast cancer.  

 

The aim of this thesis was to investigate how the immune composition of breast tissue changes during 

different phases of reproduction, and demonstrate how the immune microenvironment can influence 

the high and low breast cancer risk profiles associated with involution and parity. The long-term 

vision of our work is to identify new immune modulatory agents to help protect against the 

development and/or progression of breast cancer. Immunotherapeutic approaches, focused on boosting 

host immune defenses are currently being explored for the management of breast cancer. The past 

decade has seen immune targeted therapies, such as anti-PD1/PD-L1 and anti-CTLA4 antibodies, 

having a clear impact on the treatment of cancer, particularly in highly immunogenic malignancies 

such as melanoma and leukemia (Camacho, 2015; Johnson et al., 2015). While breast tumors have 

long been thought to be poor inducers of anti-cancer immunity, new evidence has emerged indicating 

that a strong correlation exists between breast immune infiltration and overall prognosis (Bates et al., 

2006; Chin et al., 1992; Kohrt et al., 2005; Punt et al., 1994). Notably, a large-scale analysis of 1058 

patient tumors by Denkert and colleagues revealed that breast tumors containing high numbers of TILs 

had a greater pathological complete RR (40-42%) compared to tumors with low TIL infiltration (3-

7%) (Denkert et al., 2010). The most striking effects of immune control in breast cancer patients have 

been reported in patients diagnosed with HER2+ or triple negative breast cancers. In these subtypes, 

high stromal TIL counts are associated with significantly improved overall survival (OS), and 

response to chemotherapy (Loi et al., 2014; Loi et al., 2013; Luen et al., 2017). Such findings have 

established rationale for trialing the integration of immunotherapeutic drugs, particularly TIL targeted 

checkpoint inhibitors, for the management of breast cancer patients. Notably, a phase I clinical trial 
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with the anti-PD-1 targeted antibody, Pembrolizumab, as a monotherapy in triple negative breast 

cancer showed promising results, with an overall response rate (ORR) of 18.5% and 1 in 27 patients 

showed a complete response following treatment (McArthur and Page, 2016). Pembrolizumab trials 

performed on ER+ breast cancer patients with high PD-L1 tumor expression, revealed an ORR of 12%, 

however responses were recorded as being just as durable as those seen in triple negative breast cancer 

patients (NCT02054806) (McArthur and Page, 2016). Anti-PD-1 immunotherapy (Nivolumab and 

Pembrolizumab) in conjunction with conventional chemotherapy is currently in phase II clinical trials 

for the treatment of triple negative and metastatic breast cancer (NCT02309177, NCT02453620, 

NCT01848834). The combined application of antibodies targeting PD-1 and the co-inhibitory receptor 

CTLA-4 (Tremelimumab), together with radiotherapy are also being trialed in a phase I/II clinical 

study in metastatic breast cancer patients (NCT02639026, NCT02536794). The outcomes of these 

trials are yet to be published. With further research into the biological effects of these 

immunotherapeutics in the setting of breast cancer and improvements in biomarkers of response in 

clinical trials, it is predicted the application of immunotherapy in solid tumors such as breast cancer 

will continue to rise. 

 

Considering the current interest in immune therapies for the treatment of breast cancer, this study 

examined the changes in the mammary gland immune microenvironment during the process of 

involution, a period of reproduction known to correlated with increased risk of breast cancer 

development. Our immunophenotyping of the mammary gland during periods of high risk revealed the 

existence of a myeloid driven inflammatory environment and an increased frequency of macrophages 

during the irreversible stage of involution. A second model of spontaneous tumor development also 

revealed macrophage infiltration to be increased in the mammary gland during the earliest stages of 

tumor development, particularly during hyperplasia and DCIS. The mechanisms of macrophage 

recruitment and functional significance of these observations is yet to determined, however, in the 

clinic, macrophage infiltration in all subtypes of established human breast tumors has been strongly 

correlated with reduced relapse-free and OS, and increased metastatic progression of breast cancer 

(DeNardo et al., 2011; Leek et al., 1996).  

 

The mechanisms facilitating macrophage recruitment to the mammary tissue during both involution 

and hyperplasia are still under investigation within our laboratory. Notably, we demonstrated that 

mammary tumor growth was significantly slowed in our hyperplasia mouse model following treatment 

with an anti-CSF1R mAb. Interestingly, a strong correlation between CSF1 expression and TAM 

infiltration has been reported in human breast carcinomas (Tang et al., 1990), however the source of 

CSF1 in the breast is not well understood. Further studies are required to determine whether CSF1 
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production in the mammary gland is the chemoattractant for macrophage recruitment to the mammary 

tissue during these increased risk time points, and identify the source of CSF1 in the mammary tissue. 

Another key monocyte and macrophage chemoattractant is MCP-1/CCL2, which is amplified in other 

orthotopic models of breast cancer and correlates with decreased disease free survival (Fujimoto et al., 

2009). Treatment of pre-clinical breast tumor models with anti-MCP-1 antibodies demonstrated a 

reduction in TAMs, as well as decreased tumor growth and angiogenesis. Furthermore, macrophage 

depletion using clodronate in the same models showed decreased MCP-1 mRNA expression, 

suggesting that macrophages promote the infiltration of monocyte precursors in an autocrine fashion 

through the production of MCP-1 (Fujimoto et al., 2009). In our study, MCP-1 was elevated in the 

involuting mammary tissue relative to that observed in the nulliparous mice, which may have 

contributed to the increased recruitment of macrophages into the mammary gland. Further studies 

investigating the effect of macrophage infiltration into the breast following treatment with an MCP-1 

neutralizing antibody during involution are required to support this hypothesis. As an alternative 

approach to targeting the MCP-1 chemokine axis and inhibiting macrophage migration/recruitment, 

drugs that can selectively neutralize factors that drive the signalling pathways leading to the 

production of these pro-inflammatory chemoattractants, including TNF-α and IL-1β, could be 

considered (Zhu et al., 2008a). Such therapies have not yet been extensively explored as a clinical 

treatment option for breast cancer patients, however in one case study, resolution of breast cancer 

associated lymph node metastases was observed following administration of the TNF inhibitor 

Adalimumab to manage a patients ulcerative colitis (Ben Musa et al., 2014). While the effect of this 

treatment on macrophage infiltration was not assessed in this study, it demonstrates that targeting key 

macrophage chemoattractant cytokines promotes tumor regression, further supporting a pro-tumoral 

role of macrophages and their cytokines in breast tumor progression. Ultimately we need to learn more 

about the cytokine/chemokine milieu of the mammary gland during times of increased risk and early 

stages of breast cancer progression, and the source of these cytokines/chemokines, if we are to develop 

safe and effective therapeutic agents against these pathways and alter the influence of macrophages on 

breast cancer initiation and progression.  

 

Both the involution and hyperplasia models of increased breast cancer risk propose that macrophages 

that infiltrate during these times are pro-tumorigenic in nature. This provides further grounds for the 

development of macrophage targeted therapies as a mechanism to resolve the inflammatory response 

within the breast tissue to consequently limit tumour incidence during increased risk periods (Williams 

et al., 2016a). There are multiple properties of macrophages that can be therapeutically targeted to 

achieve this goal, including preventing the recruitment (CCL2/CCR2, CXCL12 and CD11b), 

activation (CSF1 and CSF1R), survival (zoledronic acid and clodronate) and pro-tumor polarization 

(CD40.CD40L and STAT1,3.6) of monocytes/TAMs (Panni et al., 2013). CCL2 is a common 
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chemoattractant produced by tumor cells to promote the mobilization of monocytes from the bone 

marrow into the tumor, as well as stimulate TAMS to be pro-tumorigenic and in turn promote the 

capacity of tumour cells to invade local tissues and metastasize to distal sites. The CCR2 agonist PF-

04136309 (NCT01413022) has been shown to block CCR2+ monocyte recruitment and decrease 

monocyte motility at the tumor site. Such effects can result in decreased tumor growth, increased 

tumour death via necrosis, and prevention of distant metastasis in pancreatic, colon and breast cancer 

mouse models (Lu and Kang, 2009; Popivanova et al., 2009; Sanford et al., 2013). CD11b/CD18 

neutralizing antibodies (Mac-1) have also been shown to inhibit the recruitment of myeloid cells into 

irradiated tumors, consequently reducing tumor vascularity and growth (Ahn et al., 2010).  

 

Antibodies against CSF-1 or CSF-1R are currently the most promising macrophage targeted therapies 

being trialed clinically. High CSF1 expression in multiple tumor types correlates with poor overall 

patient survival (Zhu et al., 2008b). Targeting the CSF1-CSF1R signalling pathway has been shown to 

inhibit macrophage differentiation/activation at the tumor site (Morandi et al., 2011) and in some 

tumor models, shift macrophages towards an anti-tumor M1 phenotype (Ries et al., 2014). 

Importantly, both our study and others have demonstrated a significant decrease in the growth rate of 

malignant cells following CSF1/CSF1R drug treatment in the MMTV-PyMT (Strachan et al., 2013) 

and MMTV-neuT spontaneous models of mammary cancer. CSF1R inhibitors are currently in phase I 

and II clinical trials in combination with chemotherapies such as paclitaxel, for the treatment of 

primary and metastatic breast cancer (NCT01494688, NCT01525602, NCT01804530). Based on our 

pre-clinical findings using a CSF1R inhibition for the treatment of hyperplasia, we would predict that 

such a therapy would be of most benefit in patients with a low tumor grade, when it is thought that 

macrophages are the principal instigators of tumor progression. We predict early administration of an 

inhibitor of CSF1R would not only have an effect on the tumor infiltrating M2 macrophages, but may 

also reduce the immunosuppressive nature of the tumor microenvironment. 

 

The bisphosphonates, clodronate and zoledronic acid, that were traditionally designed to decrease 

osteoclast mediated resorption for patients with osteoporosis or other bone diseases (Papapoulos, 

2008), have recently been explored as potential macrophage targeted drugs. Phagocytosis of 

bisphosphonates preferentially by macrophages can inhibit their capacity to proliferate and migrate, 

and lead to the induction of death via apoptotic mechanisms (Rogers and Holen, 2011). Zoledronic 

acid has also been documented to stimulate the re-education of macrophages from a pro-tumoral M2 

to tumoricidal M1 phenotype (Coscia et al., 2010). This is through inhibition of the mevalonate 

pathway, which metabolizes acetyl-CoA to generate isoprenoids required for GTPase signalling 

proteins essential to normal cell function and survival. Inhibition of this pathway by zoledronic acid 
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also leads to the induction of NF-κB expression and consequent expression of iNOS, which is a key 

enzyme for the production of the pro-inflammatory chemical nitric oxide in macrophages (Coscia et 

al., 2010). Clinical trials of zoledronic acid, have shown that breast cancer patients who had undergone 

menopause more than five years before diagnosis benefited from such treatment, with a significant 

improvement in OS (H=0.81, CI:0.70-0.94) following five years of adjuvant therapy (NCT00009945, 

NCT00127205, NCT00072020). In addition, a significant reduction in disease free survival (HR=0.66, 

Cox P=0.014) following zoledronic acid treatment was observed in patients with a low estrogen 

environment (post-menopausal women over the age of 40 with ER+ breast cancer and treated with 

ovarian suppressing gonadotropin-releasing hormone treatment) (Valachis et al., 2013). Together these 

results suggest that a low estrogen environment is a critical factor for determining which patients may 

benefit from zoledronic acid adjuvant therapy. The underlying mechanism for this observation 

however remains unclear. 

 

The plasticity of macrophages is another targetable feature, with the overarching aim to reprogram 

tumor TAMs towards an anti-tumor or M1 phenotype. One method of achieving this is through 

treatment with agonistic anti-CD40 monoclonal antibodies. The interaction between the co-stimulatory 

molecule CD40L on T helper cells and CD40 on the surface of APCs including macrophages, is 

pivotal for the initiation and activation of adaptive immunity. Mouse models have also demonstrated 

that anti-CD40 also modifies macrophage phenotype, causing upregulation of CD86 and MHC II on 

TAMs in pancreatic cancer (Beatty, 2013). Two anti-human CD40 recombinant mAbs (Dacetuzumab 

and Lucatumumab), in combination with chemotherapy and other immunotherapies such as IL-2 

treatment, have become lead drug candidates in cancer clinical trials for Non-Hodgkin’s Lymphoma 

(NCT00556699, NCT00435916, NCT00529503), metastatic melanoma (NCT01103635), multiple 

myeloma (NCT00231166) and chronic lymphocytic leukaemia (NCT00108108) (Hassan SB, 2014). 

While this has not yet been tested in the setting of breast cancer, anti-CD40 mAb therapy has shown 

promise in other solid tumor clinical trials, with a 14% ORR recorded in melanoma and 19% ORR 

reported in combination with gemcitabine for patients with difficult to treat advanced pancreatic 

cancer (Vonderheide RH, 2007). Anti-CD40 mAb therapy may also be applicable to breast cancer, 

particularly at the early hyperplastic/DCIS stages when macrophages appear to be driving 

tumorigenesis, as CD40 activation can reverse the M2 driven immunosuppression and drive anti-

tumor T cell responses.  

 

While the function of infiltrating macrophages has not been examined in this study, it is known that 

macrophages are recruited to both the involuting and developing mammary glands to assist with gland 

formation and structural remodeling respectively. Recent work has demonstrated how macrophages 



 147 

can promote tumors development through the induction of an immunosuppressive microenvironment 

in which tumor growth thrives. However, very little is known about how infiltrating macrophages 

trigger the initiation of breast tumorigenesis. Both neutrophils and macrophages are known to produce 

ROS and reactive nitrogen intermediates (RNI) that are capable of inducing DNA damage and 

genomic instability during acute and chronic inflammation (Hussain et al., 2003). ROS production in 

the setting of infections has also been shown to regulate the expansion of myeloid progenitor cells in a 

paracrine fashion (Kwak et al., 2015). Inhibition of ROS using butylated hydroxyanisole (BHA), 

demonstrated that ROS favors the preferential induction of M2 over M1 macrophages. Further, the 

continued administration of BHA is effective in reducing TAMs and suppressing tumorigenesis in a 

K-rasLA2 model of lung cancer and the MMTV-PyMT model of breast cancer (Zhang et al., 2013). 

While macrophages are known to be essential for tissue remodeling during involution (O'Brien et al., 

2012), we propose that the substantial expansion of these cells, and potential increase in ROS/RNI in 

the breast tissue during involution, may help to promote tumorigenic transformation events in 

mammary cells. Work is ongoing to verify the link between ROS production, macrophage infiltration 

and function, and disease initiation/progression. Such research is important as the screening of ROS 

levels (local and/or systemic) may be a valid biomarker of macrophage infiltration and indicate 

increased risk of breast cancer development. While an antioxidant preventative approach has not been 

explored in the setting of breast cancer, if ROS is found to be the primary mechanism of increasing 

breast cancer risk by macrophages, this approach could be a novel avenue of investigation for the 

prevention of breast cancer, particularly in high-risk women during involution. 

 

Macrophage infiltration is known to also have broader effects on the surrounding immune 

microenvironment, including impairing anti-tumor NK cell effector functions. This is predominantly 

due to the upregulation of membrane bound TGF-β1 by tumor infiltrating macrophages, which can 

directly inhibit expression of NKp30 and NKG2D on NK cells, critical to NK cell cytotoxic function 

(Castriconi et al., 2003). M2 pro-tumorigenic macrophages have been shown to inhibit NK cell 

cytotoxicity, with direct contact between the two cells stimulating a shift in phenotype of NK cells to 

an inactive CD11bhighCD27low NK cell phenotype, presumably through trogocytosis of CD11b from 

the M2 macrophages (Krneta et al., 2016; Li et al., 2009; Ng et al., 2013; Oh and Li, 2013). While we 

observed no change in the total percentage of NK cells in response to involution or hyperplasia within 

the mammary tissue, the functional activity of the mammary infiltrating NK cells was not assessed. 

Work is ongoing in our lab to elucidate whether the increased presence of macrophages in the 

mammary gland during involution can influence the functional status of NK cells. Flow cytometric 

analysis of known markers of NK cell activation and cytotoxicity (e.g. CD69, Sca-1, CD27 and 

KLRG1) (Fogel et al., 2013), cytokines such as IFN-γ, TNF-α and IL-5 (Lauwerys et al., 2000) and 

cytotoxic factors such as granzymes B and perforin (Brennan et al., 2014), will be used to elucidate 



 148 

whether the increase in macrophages in our models also impact the activity and/or function of NK 

cells in the mammary gland. The direct cytotoxic activity of the NK cells will be tested in-vitro using 
51Cr release killing assays in a limiting dilution format with tumor cells (Brunner et al., 1968)), while 

treatment with the anti-asialo GM1 antibody to deplete NK cells in these models will confirm the anti-

tumorigenic function of NK cells in the mammary tumor setting (Liu et al., 2006). Collectively such 

information will help clarify the full inhibitory effect of macrophages on NK cell function and the 

biological significance of the NK-macrophage axis to breast cancer risk and progression. Furthermore, 

application of this information could extend the options of breast cancer preventative combination 

therapies to those that can also drive NK cell function, such as the anti-KIR antibody (Lirilumab) or 

SLAMF7 receptor antibody (Elotuzumab) (Magen and Muchtar, 2016; Sola et al., 2013). Such 

antibody therapies would complement macrophage-targeted therapies to reduce the 

immunosuppressive microenvironment of the breast, while also improving immunosurveillance and 

targeted killing of transformed tumor cells. 

 

While targeting TAMs would significantly alleviate the effects of the immunosuppressive tumor 

microenvironment, this alone would likely not be sufficient to cause the eradication of established 

disease. Indeed multiple mechanisms of immunosuppression are engaged by cancer cells in order to 

ensure survival and resistance to immune-mediated clearance. It is therefore well accepted that 

combination based therapeutic strategies are needed to effectively control cancer. Such an approach to 

cancer management is rapidly evolving as we learn more about the immune modulatory influences of 

first line breast cancer therapies. A growing list of chemotherapeutic reagents commercially used for 

the treatment of breast cancer have been reported to possess the ability to alter the immunogenic 

and/or immunosuppressive nature of the tumour microenvironment and in turn may complement the 

therapeutic activity of macrophage-targeted immunotherapy (Duffy and Greten, 2014). Paclitaxel and 

docetaxel have been shown to reduce MDSC frequency in tumors by promoting differentiation into 

mature DCs and inhibiting the division of MDSC progenitors (Ko et al., 2007; Kodumudi et al., 2012; 

Umansky and Sevko, 2012). Further, cyclophosphamide has been shown to selectively deplete 

sensitive Treg populations, leading to the reversal of immunological tolerance (Ghiringhelli et al., 

2004). Studies have also demonstrated a significant accumulation of antigen presenting DCs in the 

tumor of lung and colon cancer models following Cisplatin treatment (Kang et al., 2013), leading to 

enhanced activation of antigen specific cytotoxic T cells. Alternative therapeutic agents that could 

complement the therapeutic activity of macrophage-targeted immunotherapeutics include antibodies to 

checkpoint inhibitory pathways, such as PD-1/PD-L1 and CTLA-4. Such combinations have been 

trialed in models of pancreatic cancer, whereby anti-CSF1R blockade enhanced antigen presentation, 

however this also resulted in upregulation of T cell checkpoint molecules. The combination of anti-

CSF1R with PD-1 and CTLA4 agonists reduced the impact of T cell checkpoint molecule 
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upregulation, leading to improved anti-tumor T cell responses and tumor regression (Zhu et al., 2014). 

Overall it is predicted that macrophage targeted therapies will alleviate the immunosuppressive effects 

of macrophages in the tumor microenvironment, hence allowing for chemotherapy, radiotherapy or 

immunotherapy to more effectively target and eradicate the developing tumor. 

 

As a second arm to this study, and an alternative attempt to identify new preventative or adjuvant 

therapies for breast cancer, our laboratory established a preclinical system to model the 

epidemiological observation of parous induced breast cancer protection in mice. Parous women, 10 

years post-lactation, are known to have up to 50% reduced risk of developing ER+ breast cancer 

compared to nulliparous women (Albrektsen et al., 2005; Ma et al., 2006; MacMahon et al., 1970). 

While the overall survival of ER+ breast cancer patients is 90%, ER+ breast cancers account for 80% of 

all breast cancers diagnosed (Fisher et al., 2004), highlighting the importance of developing 

preventative therapeutics to ER+ tumors, to reduce the overall incidence of breast cancer. Our study 

demonstrated that myeloid-driven inflammation associated with involution is no longer present in the 

parous mouse mammary gland 10 weeks post-lactation, and hence was an appropriate time point to 

investigate the protective mechanisms of parity against the development of ER+ breast cancer. Using 

this time point, we found that resting parous mice significantly reduced the growth of orthotopic ER+ 

mammary tumors compared to age matched nulliparous mice. Notably, this is the first mouse model of 

parity to demonstrate the protective impact of pregnancy on ER+ tumour growth within mammary 

tissue. Further validation of this mouse model is ongoing. Ultimately this model will be used to 

investigate the proposed mechanisms of parous protection, and identify new therapeutic targets that 

can be used to mimic the cancer protection capacity of parity. Such a preventative therapeutic would 

most likely be administered continually to women considered to be at an increased risk of developing 

breast cancer, such as those harboring BRCA1/2 mutations, or for women during involution, at least 

until their risk is reduced to that of parous women. 

 

In conclusion, this project has made an important contribution to the field of breast reproduction and 

cancer. This study demonstrated that inflammation, leading to an increase in macrophage recruitment 

into the mammary tissue, elevated its susceptibility to tumour development during involution and 

progression during the earliest stages of mammary tumorigenesis. By identifying mammary 

infiltrating macrophages as drivers of mammary tumorigenesis, we have identified a new therapeutic 

target in early breast cancer. Considering macrophage infiltration was observed prior to stages of 

clinical diagnosis, further characterization of these pro-tumoral macrophages may also progress the 

field to identify new biomarkers for the earlier detection and diagnosis of breast cancer. Additionally, 

the parous mouse model developed in this study will assist with identifying the underlying 
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mechanisms of parous breast cancer protection, which can ultimately be translated into the clinic as a 

preventative medicine or adjuvant therapy for women at an increased risk of developing breast cancer. 

The findings from this thesis not only expand upon the literature of breast reproduction and cancer, but 

also establish a platform for further advances in breast cancer therapeutics and diagnostics. 
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Appendix 1. Optimization of mammary cytokine isolation for cytokine bead arrays 

 

Figure A1. Optimization of mammary cytokine isolation for cytokine bead arrays. Mammary 
glands from tumor naïve mice were isolated and processed using three different conditions, before testing for 
cytokine concentration using the cytokine bead array. The three methods involved digestion using collagenase 
and concentration using an ultra-centrifugation filter (Conc), snap freezing and homogenizing a whole gland 
(Hom), and incubating with PBS for 1 hour at 37°C (Inc), as described in Chapter 2.10. The cytokines assessed 
included: (A) GM-CSF, (B) IL-6, (C) TNF, (D) IL-4, (E) IFNγ, (F) IL-10, (G) MIP-1β, (H) IL-1β, (I) MCP-1, 
(J) IL-17A, (K) IL-2 and (L) MIP-1α. Results are expressed as mean ± SEM, n=2 mice/group. 
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Appendix 2. Updated Figure 1 from published article in Cytometry Part A 

Figure	1.	Flow	cytometry	gating	scheme	for	mouse	mammary	glands.	Green	box	=	panel	1	+	2	antibodies.	Red	box	=	panel	1	antibodies.	
Blue	box	=	panel	2	antibodies.	A:	 Leukocytes	were	gated	according	to	morphology	 (SSC-A	vs.	FSC-A),	doublets	were	excluded	(FSC-H	vs.	
FSC-A)	and	live	immune	cells	were	selected	using	PI	and	CD45.2.	This	gating	strategy	was	used	as	a	base	for	all	following	gates.	B:	Dendritic	
cells	were	excluded	from	the	myeloid	cell	analysis	by	gating	on	CD11c-	cells.	Myeloid	cells	were	then	identified	as	CD11b+.	This	population	
could	be	further	dissected	 into	macrophages	(macro:	CD11b+	Ly6G-	Ly6C-/low),	monocytes	 (mono:	CD11b+	Ly6G-	Ly6Chigh),	and	neutrophils	
(neut:	CD11b+	Ly6G+	Ly6C-/low)	using	Ly6C	vs.	Ly6G.	The	population	described	as	macrophages	 in	 this	 figure	 is	macrophage	enriched,	but	
may	also	contain	up	to	25%	of	other	myeloid	cells	including	eosinophils	and	monocytes.	The	alternatively	activated	macrophages	(AAMs)	
were	subsequently	 identified	as	CD11b+	Ly6G-	Ly6C-/low	CD206+.	C:	A	CD11c	vs.	MHC	 II	plot	was	used	to	 identify	 the	dendritic	cells	 (DCs:	
CD11c+	MHC	II+),	while	CD11b	was	subsequently	used	to	distinguish	between	lymphoid	derived	DCs	(CD11c+	MHC	II+	CD11b-)	and	myeloid	
derived	DCs	(CD11c+	MHC	II+	and	CD11b+).	D:	T	cells	were	excluded	from	the	NK	cell	analysis	by	 isolating	TCRβ-	cells.	NK	cells	were	then	
identified	as	NKp46+	CD49b+.	E:	A	CD19	vs.	TCRβ	plot	was	used	to	discriminate	between	T	cells	(TCRβ+	CD19-)	and	B	cells	(TCRβ-	CD19+).	CD4	
vs.	CD8α	was	then	used	to	further	differentiate	T	cells	into	T	helper	cells	(TCRβ+	CD19-	CD4+	CD8-)	and	cytotoxic	T	cells	(TCRβ+	CD19-	CD4-	
CD8+).	F:	The	central	memory/effector	memory	status	of	both	CD8+	and	CD4+	T	cells	could	be	determined	using	a	CD62L	vs.	CD44	plot	on	
both	populations,	to	characterize	naïve	(CD62L+	CD44-),	central	memory	(CD62L+	CD44+)	and	effector	memory	(CD62L-	CD44+)	CD4	and	CD8	
T	cells.		
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Appendix 3. Proportion of Siglec F positive cells within the macrophage enriched gate 

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3. Proportion of Siglec F positive cells within the macrophage enriched gate. 
Mammary glands from parous and nulliparous mice were stained with cocktail 1 (Chapter 3) 
with the addition of Siglec F for the identification of eosinophils. Results are expressed as 
mean ± SEM, nulliparous MG n=9, parous MG n=22. 
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Appendix 4. F4/80 staining dilutions on mouse splenocytes 

 
 

Figure A4. F4/80 staining dilutions on mouse splenocytes. Mouse splenocytes were processed and 
stained with Cocktail 1 containing either F4/80-FITC (clone BM8) or F4/80-PE-Cy7 (clone BM8) at 
dilutions of 1:25, 1:50 and 1:100. Fluorescence minus one (FMO) negative controls were used for 
both antibodies. n=1 mouse spleen per stain. 
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Appendix 5. Characterization of ER status in mouse breast cancer cell lines 

 

Figure A5. Characterization of ER status in mouse breast cancer cell lines. (A) Protein 
expression of ERα in 67NRCh1, 4T1Ch5 and J110 mouse breast cancer cell lines by western blot. Human MCF7 
cells were included as a positive control. (B) ERα protein expression in tumors from MCF7, 67NRCh1, 4T1Ch5 
and J110 cells inoculation detected by immunohistochemistry. (C) Proliferation of MCF7, 67NRCh1, 4T1Ch5 
and J110 cells in response to Tamoxifen (Tam) treatment measured via SRB assay. Data points represent mean ± 
SEM, and statistical significance measured by repeated measured 2-way ANOVA * p<0.05 compared to vehicle 
control. 
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Appendix 6. Cytokine analysis of WT and MMTV-neuT mouse mammary glands 

 

Figure A6. Cytokine analysis of WT and MMTV-neuT mouse mammary glands Cytokine 
bead arrays were used to analyse the level of inflammatory cytokines (A) IL-6, (B) IL-10 (C) MCP-1, (D) 
MIP-1α, (E) MIP-1β, and (F) TNF within the mammary glands of WT and MMTV-neuT mice at 4-5, 6-7 
and 8-9 weeks of age. All other cytokines assessed un the cytokine bead array were not detected in these 
samples. All cytokines expressed as mean pg/mL ± SEM. n=3 mammary glands per group, *p<0.05.  
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Appendix 7. Zoledronate treatment of MMTV-neuT mice 

 
Figure A7. Zoledronate treatment has no tumor growth effect in MMTV-neuT mice. 
(A) MMTV-neuT mice were treated with 100µg of zoledronate or equal volume of PBS once per week via s.c. 
injection from 6 weeks of age through to when the combined tumor burden reached ethical limits. Time until 
tumors became palpable, the combined tumor growth rate, and the final tumor weight upon harvest was 
recorded for each experiment. Data represents three separate experiments with (B) n=5 mice/group, (C) n=4 
mice/group, and (D) n=6 mice/group. Tumor growth shown as mean volume ± SEM, repeated measures 
ANOVA. Tumor weight shown as mean volume ± SEM, Mann-Whitney t-test. **p<0.01. 
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Appendix 8. Publication: Journal of Mammary Gland Biology and Neoplasia (2014)  
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Appendix 9. Publication: Journal of Cancer (2015) 
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