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ABSTRACT

Mammographic density (MD) is a strong risk factor for breast cancer that can increase
breast cancer risk by 4-6 fold independently of age and BMI. High MD is characterised by
breast tissue containing high proportions of stroma, containing fibroblasts, collagen and
immune cells, indicative of an inflammatory pro-tumour environment. Currently, the
biological mechanisms that drive MD and the associated breast cancer risk are not yet
understood. Immune signalling factors such as monocyte chemotactic protein 1 (CCL2),
peroxidase enzymes, transforming growth factor beta (TGFB) and tumour necrosis factor
alpha (TNFA) have been implicated in breast cancer risk, and are also known to influence
functions of stromal fibroblasts. The work in this thesis aims to investigate how these
immune signalling factors and the immune microenvironment may act as drivers of MD
through their interactions with mammary fibroblasts in vitro, and this effect mammary

tumorigenesis in a transgenic tumour mouse model.

Firstly, primary mammary fibroblasts from women with high and low MD were treated in
vitro with immune factors myeloperoxidase (MPO), eosinophil peroxidase (EPO), TGFB,
TNFA and CCL2 for 72 hours. The abundance of mRNA encoding cancer associated
fibroblast (CAF) markers and genes involved in extracellular matrix (ECM) regulation were
investigated. Production of soluble collagen 1 and insoluble collagen fibres were also
measured. No significant differences were observed in gene expression and collagen
production between fibroblasts from women with low or high mammographic density. MPO
and EPO significantly increased production of collagen 1 in mammary fibroblasts. TGFB
and TNFA induced variable changes in CAF and ECM gene expression. TGFB and CCL2

increased deposition of insoluble collagen fibres.

Further investigation of the crosstalk between mammary fibroblasts and macrophages

utilised an indirect co-culture of primary mammary fibroblasts with THP-1 derived



macrophages in the presence or absence of CCL2 for 72 hours. THP-1 derived
macrophages underwent differentiation to an M2 phenotype, and had high expression of
genes involved in tissue remodelling including MMP2, TIMP1 and VEGF. Co-culture with
THP-1 macrophages induced high expression of ECM remodelling genes by mammary
fibroblasts such as MMP1, MMP3, MMP9 and TIMP1, as well as inflammatory genes
COX2, IL6 and IL8. Production of insoluble collagen fibres was increased in mammary

fibroblasts in co-culture with THP-1 macrophages and CCL2.

Thirdly, the effect of CCL2 on mammary tumourigenesis and global gene expression was
investigated. Mmtv-CCL2 mice overexpressing CCL2 in the mammary gland were
crossbred with Mmtv-PyMT tumour model mice. Tumour development was monitored until
9 and 12 weeks of age. CCL2 overexpressing mice were found to have increased
macrophage infiltration to primary tumours and increased number of areas of early
tumorigenesis in the mammary gland at 9 weeks age. No differences were observed in
tumour latency, tumour burden, tumour grade, or pulmonary metastasis between CCL2
overexpressing mice and controls. Global gene expression was analysed by RNAseq in
mammary glands from 12 week old Mmtv-CCL2 mice and FVB controls. Mmtv-CCL2 mice
exhibited increased expression of genes involved in cancer, DNA damage and
extracellular matrix deposition. Expression of genes involved in fatty acid metabolism and

adaptive immunity were reduced in Mmtv-CCL2 mice.

These results suggest that fibroblasts from women with high mammographic density are
not inherently different to those from women with low mammographic density. The role of
fibroblasts in MD and breast cancer risk may be a result of immune signals from
surrounding cells in the breast microenvironment, which may be through interactions with

macrophages and inflammation driven by CCL2.
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Literature Review

CHAPTER ONE

LITERATURE REVIEW

1.1 INTRODUCTION

The breast is indisputably one of the most susceptible tissues in a woman’s body to cancer.
A quarter of all cancers in women originate in the breast and 1 in 7 Australian women will
be diagnosed with this disease before the age of 85 [1]. Strategies aimed at reducing the
incidence of breast cancer begin with understanding the etiology of increased risk.
Although family history is an important risk factor breast cancer, familial breast cancer is
relatively rare. Mutations in genes encoding the tumour suppressor genes BRCA1 and
BRCA2 account for approximately two percent of all breast cancers [2] and around ten
percent of cases are linked to family history of the disease [3]. The majority of breast
cancers are attributed to nonhereditary risk factors [4] and therefore there is potential to
reduce the burden of breast cancer through strategies that modify these. More research is
required to understand the underlying biology of nonhereditary breast cancer risk factors

and why the breast is so susceptible to cancer.

There are many nonhereditary risk factors for breast cancer including age, obesity,
menstrual and reproductive history, and mammographic density. Mammographic density
(MD) is one the strongest independent risk factors for breast cancer, accounting for 30%
of breast cancer occurrences [5, 6]. Women with breasts classified as ‘extremely dense’
on the Breast Imaging Reporting and Data system (BIRADS) have a 4- to 6- fold increased
breast cancer risk compared to women with breasts classified as ‘mostly fatty’, when
matched for age and body mass index (BMI) [6]. The underlying biological mechanisms
that lead to high MD and the associated increased breast cancer risk are poorly

understood. However, there is some evidence that interactions between epithelium,
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stroma, the extracellular matrix, and immune signalling together with ovarian hormones

may contribute to both elevated MD and breast cancer risk.

This chapter reviews the current knowledge and understanding of the underlying biological
mechanisms that lead to high MD and the associated increased risk of breast cancer, with

particular consideration to potential immune factors that may contribute to this process.

1.2 MAMMOGRAPHIC DENSITY AND BREAST CANCER RISK

The term ‘mammographic density’, or MD, refers to the radiographic appearance of the
breast on a mammogram (Figure 1.1) [7, 8]. MD cannot be determined by self-exam and
is not associated with the appearance or feel of the breast [9]. High MD is indicated by a
high proportion of white and bright regions on a mammogram, while low MD is indicated
by a high proportion of dark regions [7]. The most common method for classifying MD in
the clinic is the Breast Imaging Reporting and Data system (BIRADS) developed by the
American College of Radiologists. This method is based on a qualitative assessment by
the radiologist and classifies breasts on a scale of A to D; A is ‘mostly fatty’ with dark
transparent appearance on a mammogram; B is ‘scattered density’; C is ‘homogeneously
dense’; and D is ‘extremely dense’ with mostly white and opaque appearance on a
mammogram [10]. Approximately 8% of women aged between 40 and 74 have breasts
classified as ‘extremely dense’, and 35% have ‘heterogeneously dense’ breasts [11], and
these two categories of density are often grouped together and referred to as ‘high MD’.
Other quantitative and semi-quantitative methods for MD classification are also used,
including software programs such as Volpara and Quantra, and the Cumulus method,
which is a semi-automated software program that determines a threshold to estimate the

percentage MD on the mammogram [12, 13].
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Figure 1.1: Example images of BIRADs classification of mammographic density

Mammogram images of mammographic density according to BIRADS classifications; mostly fatty
(A), scattered density (B), heterogeneously dense (C), and extremely dense (D), reproduced from
Hugo et al [8].
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In 1976, Wolfe proposed that MD is positively associated with breast cancer risk [14].
Although contentious at first, many case-control studies compounded with information on
reproductive, heredity and anthropomorphic factors such as age and BMI, have supported
this notion and provided evidence beyond doubt that MD is one of the strongest
independent risk factors for breast cancer [15-17]. A large meta-analysis demonstrates
women with breasts classified as ‘extremely dense’ have a 4- to 6- fold increased breast
cancer risk compared to women with breasts classified as ‘mostly fatty’, when matched for
age and BMI [5]. Whilst this study provides the most robust evidence, it compares the two
extremes of MD and is not reflective of the increased breast cancer risk associated with
high MD above average MD. More recent studies have sought to address this, and show
that premenopausal women with breasts classified as ‘heterogeneously dense’ and
‘extremely dense’ have a respective 50% and 80% increased risk of breast cancer above
women with breasts classified as ‘scattered density’ [6]. For postmenopausal women, the
increased risk above those with breasts classified as scattered density’ is 40% and 60%
for women with breasts classified as ‘heterogeneously dense’ and ‘extremely dense’

respectively.

Breast cancer is not a single disease. There are a number of different breast cancer
subtypes that each have a different disease etiology and can have a different prognosis.
If a risk factor elevates risk of a specific breast cancer subtype, this can provide some
clues as to the underlying mechanisms that drive increased risk. Several studies have
attempted to determine if there is an association between MD and increased risk of a
specific breast cancer subtype, however the results of these studies have not yielded
consistent results. While some studies reported that MD was not specifically associated
with increased risk of estrogen receptor positive breast cancer, others reported an inverse
relationship with density and ER positivity and a positive relationship with progesterone

receptor positive breast cancers [18-21]. However, the population analysed in these
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studies were biased towards users of hormone replacement therapy, which is known to
increase MD [19]. Overall, the evidence suggests that high MD is associated with an
increased risk of all breast cancer subtypes, and the association is not greater in hormone

receptor positive breast cancers or in cancers expressing HER2 [18].

Although it seems there is no correlation between MD and a specific subtype of breast
cancer, there is some indication that MD may be associated with tumour characteristics
that generally indicate a poor prognosis. In a study by Yaghjyan et al, over 1000 case
control pairs were examined, and reported that MD measured by the Cumulus method was
associated with more invasive, larger and higher grade tumours [19]. This was consistent
with another case control study by Bertrand et al that reported an association between MD
and large tumour size [22]. However, several studies have demonstrated MD is not
associated with reduced survival in breast cancer patients [23-25]. One study of nearly
20,000 women reported an association between MD and breast cancer mortality, after
adjusting for age, BMI, menopausal status, and reproductive history [26]. However, this
result might be confounded by the masking effect of high MD in detection of breast cancer.
High MD appears white on the mammogram, and as potential tumours also appear white,
high MD reduces the sensitivity of mammography to detect breast cancer [27]. Therefore
the association of MD with poor prognosis may be a result high density breast tissue
masking the appearance of tumours in mammography, leading to later detection. High MD
has also been associated with a greater rate of breast cancer recurrence, and risk of
recurrence is decreased when MD is reduced by greater than 10%, compared to women

whose MD who remained constant [23, 28-30].

In summary, high MD is associated with increased risk of all breast cancer subtypes.
Although delayed detection of breast cancer due to the masking effect of MD contributes

to a poorer prognosis, women with high MD are also at greater risk of developing breast
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cancer. However, it is important to consider that the epidemiological studies that
demonstrate the association between high MD and breast cancer risk do not demonstrate
a causal relationship. Whilst it is possible that high MD causes increased risk of breast
cancer (Figure 1.2), it is also possible that elevated risk of breast cancer causes high MD
(reverse causation). Furthermore, the association may be due to a common cause,
whereby an as yet unidentified factor independently increases both MD and breast cancer

risk (spurious association).
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Causation Reverse Causation
High High
mammographic density mammographic density
Increased Increased
breast cancer risk breast cancer risk

Spurious Association

Common cause

7 N

High Increased
mammographic density breast cancer risk

Figure 1.2: Possible mechanistic relationships between high mammographic density and increased
breast cancer risk

The association between high mammographic density and increased breast cancer risk demonstrated in
epidemiological studies may be the result of causation, reverse causation, or it may be a spurious association.
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1.3 CONTRIBUTION OF GENETIC AND ENVIRONMENTAL FACTORS TO

MAMMOGRAPHIC DENSITY

Many factors contribute to a woman’s MD, and there are likely to be complex interactions
at the biological level that ultimately determine how dense the tissue is. Studies on large
cohorts of women that investigate relationships between MD and genetic and
environmental factors can provide clues to the underlying biology of MD that can be further
investigated in mechanistic studies. Epidemiological studies have shown that
mammographic density is associated with a number of factors, including genetics, age,

BMI, and reproductive history.

MD is partially inheritable. In a study of race and ethnicity, MD was observed to be highest
amongst Asian women, and lowest in African American women, and MD tends to be higher
in Chinese populations [31]. Both MD and cancer risk are correlated in sisters and in
mother and daughter pairs [32]. Furthermore, studies of mammograms from monozygotic
and dizygotic twin pairs reported higher correlation with monozygotic twins than dizygotic
twins and the genetic contribution to MD is calculated to be approximately 60% [33]. The
individual genes that provide this genetic component have not been identified, and there
are likely to be many that interact with environmental factors and each other to contribute

to the overall MD of the breast.

Age and BMI also affect MD. BMI is strongly positively associated with breast area and
non-dense area [15] and there is a negative association between BMI and percent MD [15,
34-36]. There is also a negative association between MD and age; as age increases MD
declines [37-39]. These inverse associations between MD, BMI and age may seem
paradoxical, as both increasing age and BMI are associated with increased breast cancer

risk [1]. However, it is important to consider that epidemiological studies of MD statistically
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adjust their results for the confounding factors of age and BMI to demonstrate that MD is

risk factor for breast cancer independent of age and BMI.

Factors associated with a woman’s reproductive history and exposure to ovarian
hormones may affect MD. An inverse correlation between parity and MD exists whereby
there is a 4% decrease in breast cancer risk for every live birth in premenopausal women
[40, 41]. However, MD has been reported to be higher in women where the first live birth
occurred at the age of 30 or higher [41]. The association between MD and breastfeeding
is unclear. One study by Lope et al reported a positive relationship between lactation and
MD, and greater density in women who breastfed for longer duration (longer than 9
months) [42]. Another study in Chinese women found that longer duration of lactation was
associated with a lower density in postmenopausal women, but no association in

premenopausal women [31].

There is evidence that MD is altered by exposure to drugs that affect ovarian hormone
signalling. In postmenopausal women, it is well-established that hormone replacement
therapy (HRT) increases MD, and also is associated with an increase in breast cancer risk
[43-47]. Further, women who have never used HRT exhibit a greater decline in MD with
age than users of estrogen only and combine hormone replacement therapies [48].
Hormonal therapies for treatment of breast cancer also influence MD. Treatment with
tamoxifen, a drug that interferes with estrogen signalling, is associated with a decrease in
MD [49-53]. Studies on the effect of aromatase inhibitors on MD have been less clear. One
study reported that treatment with aromatase inhibitors reduced mammographic density
and this reduction is associated with tumour free survival after at least two years of
treatment [54, 55]. However, some studies have found no reduction in MD in response to

aromatase inhibitors [56].



Literature Review

It is not surprising that drugs that affect ovarian hormone signalling have a profound effect
on MD. Ovarian hormones provide the stimulus for breast development and as such the
composition and function of the breast is fundamentally dependent on them. However,
Huo et al demonstrated that there is no difference in estrogen or progesterone receptor
staining in paired tissue samples from high and low MD areas within the breast [57].
Further, there is no association between high MD and endogenous circulating hormones
[35, 58, 59]. This suggests that although hormones are fundamental to MD, whether or not

a woman has high MD is not due to the abundance or activity of endogenous hormones.

1.4 HISTOPATHOLOGY OF THE HUMAN BREAST AND MAMMOGRAPHIC

DENSITY

The human breast, or mammary glands, are a unique bilateral tissue that undergoes major
development during puberty, pregnancy, and during lactation [60]. Mammary glands are a
classifying feature of all mammals, and the primary function is to produce milk to their
offspring during infancy [61]. The mammary gland is composed of a network of ducts and
lobules, connected to the nipple, which expand to become milk secreting elements during
lactation [62]. These structures are composed of mammary epithelial cells, which are also
the cells from which most breast cancers manifest [63]. The epithelial structures are
surrounded by stroma, composed of mammary fibroblasts, collagen, immune cells and the
extracellular matrix (ECM) [61]. The role of the mammary stroma is to provide structural
and signalling support and promote appropriate development and function of the
epithelium [64]. The crosstalk between cells of the stroma and other cells of the mammary
gland can mediate breast cancer risk [65]. Interactions between epithelium, stroma, the
extracellular matrix, and immune signalling together with ovarian hormones may contribute

to both elevated MD and the associated increased risk of breast cancer (Figure 1.3).
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Figure 1.3: Biological mechanisms that are likely to contribute to mammographic density
Interactions between epithelium, stroma, the extracellular matrix, and immune signalling together with ovarian
hormones may contribute to both elevated MD and breast cancer risk.

11



Literature Review

1.4.1 Mammary Epithelium in Mammographic Density

To understand how the mammary epithelium might contribute to MD, a number of studies
have compared histology of breast biopsies or breast tissue collected from autopsies of
known MD determined by the mammogram. These studies demonstrate that there is a
greater abundance of epithelial cells, and epithelial cell hyperplasia in radiographically
dense breast tissue [66-69]. However, many of these studies compared tissues with
benign lesions, instead of normal breast tissue. Therefore, more recent studies have used
tissues from women undergoing prophylactic mastectomies or reduction mammoplasties
to analyse the tissue composition of MD. Two studies used X-ray guided biopsies to extract
paired samples of high and low MD from within one breast. This is a powerful tool, as it
eliminated interpatient variability providing greater statistical power. One study found no
difference in glandular area between high and low density tissues from the same breast
[70]. However, a later study with a greater sample size determined that areas of high MD
are composed of a greater proportion of epithelium compared to low density regions [57].
It has been thought that MD may be attributed to a greater rate of cellular proliferation,
however, there is no difference in proliferation between high and low density tissues, as

determined by staining with Ki67 [57, 71, 72].

1.4.2 Mammary Stroma in Mammographic Density

The mammary stromal compartment is comprised of fibroblasts, immune cells, and ECM
proteins such as collagen fibres [64]. The role of the stroma in the normal mammary gland
is to provide physical support for the ductal network, and the cells of the stroma interact
with the epithelium to regulate epithelial cell development and function [73]. However,
these interactions can also play a role in breast cancer risk and tumour progression.
Some of the studies that investigated the epithelial composition of MD also analysed the
proportions of stroma. This was analysed in multiple ways, some studies determined the

proportion of stroma in breast tissues by measuring the area of non-epithelial cells and
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collagen [69]. More recent studies using image guided biopsy of high and low density
tissues from within one breast quantified stroma by calculating the percentage of stromal
fibroblasts. Studies using both methods of measurement have reported that tissue from
high density areas have a greater proportion of stroma, and greater percentage of stromal
fibroblasts compared to low density tissues [69-71, 74]. In a study by Huo et al, it was
reported that high MD tissues have 30% more stroma, and 40% less adipose tissue than
low MD tissues. To further delineate the components of MD, further studies have

investigated individual components of the stroma in high and low density tissues [57].

1.4.2.1 Mammary Fibroblasts

Fibroblasts are the most prominent cell type within the mammary stroma. They are non-
inflammatory, non-vascular, non-epithelial cells. The primary role for mammary fibroblasts
is production and regulation of turnover of collagen and other components of the
extracellular matrix [75]. Fibroblasts also regulate the growth and differentiation of the

surrounding epithelial cells through expression of paracrine factors [76].

Fibroblasts have been well studied for their roles in cancer, where the tumour stroma is
composed of cancer associated fibroblasts (CAFs). CAFs produce growth factors and
cytokines that directly promote breast cancer cell proliferation, and indirectly by signalling
to other cells in the microenvironment [77]. CAFs can modulate the immune
microenvironment by recruiting immune cells such as M2 macrophages and T cells to
dampen anti-tumour immunity by expression of chemotactic cytokines [78]. They also
secrete several cytokines to sustain a chronic inflammatory environment to drive pro-
tumorigenic signals such as CCL2, interleukin 6 (IL6), inteleukin 8 (IL8), wingless related
integration (WNT) and cyclooxygenase 2 (COX2) [75, 78, 79]. CAFs produce high levels
of collagen and ECM remodelling proteins such as tenascin-C, fibronectin and matrix

metalloproteinases (MMPs) [80, 81]. This creates a microenvironment that promotes
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tumour invasion and metastasis and is associated with reduce survival in breast cancer
patients [77, 82]. Though there is no standard marker of CAFs, they are generally identified
by high gene expression of smooth muscle actin (SMA) and fibroblast growth factors (FGF)
[83]. CAFs, or CAF-like fibroblasts, arise when fibroblasts are stimulated by activating

signals from surrounding cells such as TGFB and TNFA [84, 85].

As described in the previous section, areas of the breast with high MD are comprised of
high proportions of stroma. As fibroblasts are the most abundant cell type in the stroma,
some studies determined the amount of stroma present by the percentage of stromal
fibroblasts present in the tissue. High density breast tissue has a higher percentage of
fibroblasts than low density tissues. Due to their high abundance in high MD breast tissue,
and their known roles in cancer, their role in MD and breast cancer risk should be

examined.

1.4.2.2 Collagen

The extracellular matrix and collagen are key components of the mammary stroma and
are produced primarily by mammary fibroblasts [86]. ECM proteins and collagen provide
structural integrity to the breast, and can have roles in breast cancer [87]. Previous studies
have investigated the relationship between collagen and MD using different methods. Two
studies compared screening mammograms to haematoxylin and eosin stained biopsies
and determined collagen content by visual inspection by a pathologist [66, 74]. More
recently, studies have used image guided paired samples of high and low density breast
tissue and Masson’s trichrome stain. This method is a more reliable measurement as it
specifically stains collagen fibres, allowing for quantitative assessment of the percentage
area occupied by collagen. These studies reported that high MD tissues have a greater
percentage of collagen compared to low MD tissues [57, 69]. The study by Huo et al,

further analysed the collagen content in high and low MD tissues by Second Harmonic
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Generation imaging and discovered that the collagen fibres in high MD tissues are more
tightly packed and have higher organisation than low MD tissues [57]. Continuous
activation of fibroblasts can result in excessive deposition of collagen and other ECM
components to develop fibrosis [88]. This can occur under stimulation from immune
cytokines such as transforming growth factor beta (TGFB) and tumour necrosis factor

alpha (TNFA) [89].

High abundance of collagen has been implicated in breast cancer risk. Previous studies
used a transgenic mouse with increased stromal collagen in the mammary glands. These
mice exhibited three times the amount of tumour formation compared to control mice, and
the tumours were more invasive and had greater metastasis [90]. This study proposed that
the high abundance of collagen may directly promote tumorigenesis by influencing
mammary fibroblasts to secrete growth factors and cytokines to promote tumorigenesis in
neighbouring epithelial cells, or directly in epithelial cells through perturbation of focal
adhesion by ECM stiffness [90, 91]. ECM stiffness is facilitated by lysyl oxidase (LOX),
which mediates covalent cross-linking between collagen molecules to assemble collagen
fibres. Expression of LOX is elevated in cancer, and has been demonstrated to promote

tumour growth and invasion in mouse models of breast cancer [92].

In the mammary gland, collagen is regulated by other proteins in the stroma produced by
surrounding fibroblasts and immune cells [64]. Matrix metalloproteinases (MMPs) break
down components of the ECM including collagen and the basement membrane, and this
action is inhibited by Tissue Inhibitors of Metalloproteinases (TIMPs) [93, 94]. One study
has investigated these enzymes in MD, however the associations were inconsistent and
appeared to be dependent on ethnicity [95]. In breast cancer, MMPs are secreted by the
tumour, surrounding fibroblasts, and infiltrating immune cells to remodel the ECM,

promoting tumorigenesis, invasion, angiogenesis and metastasis [96, 97].
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1.4.2.3 Transforming Growth Factor Beta 1 (TGFB1)

Transforming growth factor beta 1 (TGFB1) is a highly pleiotropic cytokine with a diverse
number of cellular functions. It is involved in proliferation, differentiation, apoptosis,
extracellular deposition, as well as modulating inflammation and immune responses [98,
99]. TGFB1 is secreted by almost all cell types in the body including epithelial cells,
fibroblasts, macrophages and other immune cells and its receptors are expressed on most

cell types [98, 100].

TGFB1 plays many roles in breast cancer, however, these functions can be both tumour
suppressive and tumour promoting. The tumour suppressive functions are shown in
murine studies of early tumorigenesis when constitutive expression of TGFB1 in the
mammary gland results in decreased mammary tumour susceptibility when challenged
with the chemical carcinogen DMBA [101]. When TGFB1 signalling is inhibited in the
mammary gland, mice exhibit shorter tumour latency and increased tumour incidence
[102]. In early cancer development, TGFB1 can disrupt the cell cycle in breast cancer cells
to induce apoptosis to inhibit growth and suppress tumour development [103-106].
However, TGFB1 can also act as a tumour promotor during later stages of tumour
development. TGFB1 functions to promote transformation of cells and is associated with
tumour invasion [106-108]. Many studies have linked TGFB1 to metastasis. Mice with
overexpression of TGFB1 in the mammary glands had greater tumour invasion and
metastasis [109]. Further, expression of TGFB1 in breast cancers is associated with
metastasis [110]. TGFB1 is a key modulator of angiogenesis, by regulating cell
proliferation and migration, as well as regulation of ECM turnover and suppression of anti-

tumour immunity [111, 112].

TGFB1 is a key regulator of fibroblast activity and regulation of ECM deposition and

turnover, and is therefore implicated in many fibrotic diseases. Animal models have
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demonstrated the link between TGFB1 and fibrosis, for example overexpression of TGFB1
in rat lungs induces pulmonary fibrosis [113]. In a mouse model, constitutive expression of
TGFB1 in the liver results in extensive hepatic fibrosis [114]. Inhibition of TGFB signalling
in animal models of fibrosis has been shown to reduce renal, cardiac and hepatic fibrosis
[115-117]. TGFB1 can contribute to fibrosis by stimulation of fibroblast activation through
upregulation of connective tissue growth factor (CTGF) [118]. It also promotes expression
of collagen genes and downregulates ECM proteinases such as MMP1 to preserve the

ECM structure [119].

There have been few studies that have investigated the role of TGFB in MD. ChipSeq
analysis revealed several genes involved in TGFB signalling exhibited decreased
expression in breast tissue of women with high MD compared to those with low MD [120].
Further, another study reported single nucleotide polymorphisms in TGFB1 gene which
impaired TGFB signalling were associated with increased percentage MD in nulliparous
women [121]. The multifunctional and contradictory roles of TGFB1 in fibrotic activity in the
stroma, and in both promoting and suppressing breast cancer development highlights that
more investigation is required to determine the role of TGFB1 in MD and breast cancer

risk.

1.5 IMMUNE CELLS IN MAMMOGRAPHIC DENSITY

Immune cells are a key component of the mammary gland and are vital in facilitating
mammary gland development and in immune surveillance to protect against potentially
tumorigenic cells [122]. However, immune cells in the mammary gland can also contribute

to breast cancer risk and progression of breast cancer.

Two studies have examined the immune cell profile using paired, image guided samples
of high and low density breast tissue to histologically stain for several immune markers.
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This study reported that the epithelium of high MD breast tissue had a higher percentage
of vimentin+/CD45+ immune cells suggestive of local inflammation in these areas [57].
Further analysis revealed that high MD tissues had a greater percentage of CD4+ T cells,
CD20cy+ B cells and CD11c+ dendritic cells, and no difference in populations of CD8+

cytotoxic T cells, CD56+ natural killer cells (NK), compared to low MD tissues [123].

Infiltration of immune cells can influence the growth and progression of breast cancer, and
can be an indicator of prognosis. Infiltration of CD8+ cytotoxic T cells and CD56+ NK cells
has been observed to be favourable the patient outcomes with breast cancer, as both
these cells play a role in anti-tumour immunity [124, 125]. Dendritic cells, T cells and B
cells are important in the normal mammary gland to maintain tumour surveillance [122].
Dendritic cells present tumour antigens to activate T cells to mediate killing of tumour cells
[126]. However, depending on the immune cell profile, infiltration of immune cells in the
tumour microenvironment can have both have anti-tumour effects or tumour promoting
effects. Infiltration of breast cancers with T cells and B cells has been associated with
increased invasiveness and poor prognosis [127, 128]. It is suggested that the CD4+ T
cells in high MD tissues are of the Th2 subtype, as these tissues express high levels of IL-
6 and IL-4 that drive differentiation to Th2 T cells [123]. These cells are associated with
tumour promoting signals and are often secreted by tumours themselves to help tumour

cells grow and evade immune surveillance [129].

1.5.1 Macrophages

Macrophages are highly plastic cells and key immune cell in the mammary gland. They
have multiple functions in regulating mammary gland development during the ovarian
cycle, pregnancy, lactation, and remodelling the mammary gland back to its pre-pregnant
state [130]. They also play a role in breast cancer, and can have both pro-tumorigenic and

anti-tumorigenic activities. In high MD tissues, there is a greater percentage of CD68+
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macrophages in the epithelium, however the phenotype and function of these cells in high

MD are currently unknown [123].

The function of macrophages in the mammary gland depend on their phenotype.
Macrophages differentiate into different phenotypes when exposed to different cytokine
signals in the microenvironment. Polarisation to classically activated macrophages, or M1
macrophages, occurs in response to infection or injury, and can be induced by exposure
to microbial by-products such as lipopolysaccharide (LPS) or by cytokines interferon
gamma (IFNG) and TNFA [131, 132]. They have anti-microbial and anti-tumorigenic
functions by secreting an array of pro-inflammatory cytokines including reactive oxygen
species to induce tissue damage and impair wound healing [133-135]. M1 macrophages
can be identified by expression of CD80 and nitric oxide synthase (iNOS) surface markers

[131, 136].

Alternatively activated, or M2 macrophages, are predominantly polarised by signals from
cytokines IL-4 and IL-13 and can be identified by surface marker expression of CD163 or
CD206 [137, 138]. M2 macrophages are anti-inflammatory and produce abundant IL-10
and TGFB [132]. These cells are pro-tumorigenic, as they have immune suppression
functions that help tumour cells evade the immune system [139]. They are also involved
in tissue remodelling through production of ECM components, and enzymes such as
MMPs to degrade collagen and other ECM components [135, 140, 141]. This helps to
facilitate angiogenesis and metastasis of tumour cells along with production of pro-
angiogenic factors such as vascular endothelial growth factor (VEGF) and platelet derived
growth factor (PDGF) [132, 142]. Polarisation to the M2 phenotype can occur during

chronic inflammation [127].
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Due to their involvement with tumour progression, a subset of M2 macrophages have been
identified in the tumour microenvironment as tumour associated macrophages (TAMSs)
[131, 143, 144]. Like M2 macrophages, TAMs have high expression of IL-10, TGFB and
VEGF [131, 132]. Infiltration of TAMs in the tumour microenvironment is associated with a
more aggressive disease, poor prognosis, and decreased survival in breast cancer
patients [136, 144]. Recent research is investigating the potential of repolarising M2-like
TAMs towards an M1 phenotype to promote anti-tumorigenic immunity [136]. Currently,
macrophage polarisation in a stroma rich environment such as high MD breast tissue has

not been investigated.

1.6 INFLAMMATION AS A DRIVER OF MAMMOGRAPHIC DENSITY AND

BREAST CANCER RISK

Chronic inflammation is one of the hallmarks of cancer, and can promote mammary tumour
initiation, growth, invasion, and metastasis. Elevated markers of inflammation such as C-
reactive protein (CRP), IL-6 and TNFA are associated with an increased risk of breast
cancer, increased risk of recurrence, and reduced tumour free survival [145]. The use of
non-steroidal anti-inflammatory drugs (NSAIDs) can be employed as a preventative agent
that reduces the risk of many different types of cancer [146, 147]. Daily use of NSAIDs,

particularly aspirin, can reduce risk of breast cancer by up to 39% [147].

Studies have implicated inflammation as a driver of MD. In a study that compared
mammograms to healthy breast tissue taken from breast surgeries, it was reported that
COX2 expression was greater in the stroma of high MD breasts compared to low MD
breasts [120]. This was confirmed in a study of image guided paired sampling of high and
low MD tissues from within one breast that revealed a greater abundance of COX2 in the
epithelium and stroma of high MD, compared to low MD tissues [148]. Further, paired high

and low MD tissue analysis has demonstrated that high MD tissues have higher expression
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of IL6 and IL4, and increased infiltration of vimentin-positive immune cells than low MD
tissue [123]. Genome wide studies have detected genetic variations in the IL-6 gene are
associated with high MD [149] indicative of an inflammatory microenvironment in high MD
breast tissue. Therefore, there is potential for NSAID use to decrease mammographic
density. In a mouse model with high abundance of collagen in the mammary glands,
reminiscent of MD, treatment with a COX2 inhibitor reduced tumour size and metastasis
[150]. In women, it is unclear whether NSAID reduces MD, however, one study found that

NSAID use decreased the risk of MD increasing over a 9-28-month time frame [151, 152].

Currently, the cause of inflammation in MD is unknown, however there are a number of
inflammatory mediators that are potential drivers of MD and the associated increased

breast cancer risk.

1.6.1 Monocyte Chemotactic Protein 1 (CCL2)

Monocyte chemotactic protein 1, or CCL2, is a pro-inflammatory cytokine. It is produced
by many cell types including epithelial cells, tumour cells, fibroblasts, and adipocytes, as
well as immune cells such as monocytes and macrophages [153, 154]. The CCL2
receptor, CCR2, is predominantly expressed on monocytes and macrophages, but also
other leukocytes, fibroblasts, and endothelial cells [155, 156]. The primary function of
CCL2 is as a chemoattractant for leukocytes, particularly monocytes and macrophages,

and recruits these cells areas of tissue injury and inflammation [156].

Many studies have investigated the role of CCL2 in breast cancer, and suggest that CCL2
increases breast cancer risk and tumour progression. In an Mmtv-Ccl2 transgenic mouse
model, constitutive expression of CCL2 in the mammary glands reduced tumour latency
and tumour free survival when challenged with the chemical carcinogen 1, 3-

Dimethylbutylamine (DMBA) [157]. Intravenous administration of CCL2 to mice with
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xenograft human breast tumours increased metastasis to the lungs and bone, and an
increase in macrophage infiltration to these sites [158]. This has been further confirmed in
CCL2 knockout mice in which metastasis of tumour cells was reduced [159]. In humans,
expression of CCL2 is highly elevated during tumour development, and is associated with
infiltration of macrophages [160-162]. CCL2 expression by breast tumours is associated
with high tumour grade, angiogenesis, metastasis, and poor prognosis [163, 164].
However, there is some evidence that CCL2 can also have some suppressive effects on
tumour development through recruitment of T cells that mediate anti-tumour immunity,

although these effects of CCL2 have not been studied extensively [165, 166].

CCL2 has been implicated in many fibrotic diseases. CCL2 is highly expressed in the lungs
of patients with lung fibrosis [167]. Animal studies have demonstrated that CCL2 deficient
mice do not develop pulmonary fibrosis in response to bleomycin, a drug that induces
fibrosis [168]. Bleomycin-induced fibrosis can also be reduced in mice when treated with
anti-CCL2 therapies [169]. CCL2 promotes excessive production of ECM and collagen in
hepatic fibrosis and renal fibrosis [170]. CCL2 can drive fibrosis by activating fibroblasts
directly to exacerbate ECM and collagen production [171]. In Mmtv-Ccl2 mice, constitutive
expression of CCL2 in the mammary glands results in greater stromal thickness and

collagen deposition surrounding the epithelium [157].

The roles of CCL2 in breast cancer risk and fibrosis suggest that CCL2 could promote
increased MD. In women, paired high and low MD tissue samples revealed that CCL2
expression is elevated in the epithelium of high MD breast tissue [157]. This study, along
with the literature suggest that CCL2 could be an inflammatory driver of MD and the

associated breast cancer risk.
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1.6.2 Peroxidase Enzymes

Myeloperoxidase (MPO), produced by monocytes, and eosinophil peroxidase (EPO),
produced by eosinophils, are peroxidase enzymes released by cells during inflammation
and primarily known for their role in oxidative defence against invading bacterial pathogens
[172]. However, MPO and EPO can also promote fibrosis associated with inflammatory
diseases. For example, MPO has been identified to have pro-fibrotic effects in the liver
during non-alcoholic steatohepatitis, and is found in high levels in the sputum of patients
with cystic fibrosis [173, 174]. EPO has been implicated in renal fibrosis, and is increased
in the serum of cystic fibrosis patients [175, 176]. In a previous study by DeNichilo et al,
the role of peroxidase enzymes in fibrotic diseases was investigated by examining the
direct effects of MPO and EPO on fibroblasts from different tissue types. This study found
that both MPO and EPO can stimulate mammary fibroblasts to produce collagen | and IV
in vitro [177]. In breast cancer, it has previously been reported that deposits of EPO can
be found within and around the tumours and play a role in HER2 positive breast cancers
to promote tumour growth [178-180]. Several studies have reported that concentration of

circulating MPO in serum is elevated in breast cancer patients [127].

1.6.3 Tumour Necrosis Factor Alpha (TNFA)

Tumour necrosis factor alpha (TNFA) is a pleiotropic cytokine involved in inflammation
[181]. Itis produced primarily by macrophages, but also several other cells including CD4+
T lymphocytes, mast cells, endothelial cells, adipocytes, fibroblasts and tumour cells,

including breast cancer cells [182].

Studies have investigated the role of TNFA in breast cancer, however, the literature
suggests that it plays opposing roles. Circulating concentration of TNFA is positively
correlated with breast cancer invasiveness and poor prognosis [183, 184]. In vitro studies

have implicated TNFA in tumour growth, invasion, and enhanced metastasis to the lungs.
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In ER positive, HER2 positive, and in triple negative breast cancer cell lines, TNFA has
induced proliferation, migration, and invasion [185, 186]. Further, TNFA induces
production of MMP9 by cancer cells that enhances tissue remodelling to promote
angiogenesis and metastasis [186, 187]. Conversely, TNFA can also inhibit tumour growth
and Kill different types of tumour cells in leukaemia, lymphoma, liver cancer and breast
cancer. In one study TNFA induced cytotoxic cell death in ER positive breast cancer cell
lines [188]. Its use as a targeted anti-cancer treatment is being investigated in combination
with chemotherapeutics and radiation to treat breast cancer, however, some studies have
reported that TNFA can promote resistance to chemotherapy in some breast cancer cells
[189, 190]. Clearly, the role of TNFA in breast cancer is complex, and its role in

inflammation driven breast cancer risk still requires investigation.

There have been few studies investigating the role of TNFA in MD. One study measured
the relationship between circulating inflammatory markers in relation to MD obtained from
screening mammograms, this study found no association between serum TNFA
concentration and MD [191]. However, another study measured breast tissue gene
expression of TNFA in post-menopausal women and found that high MD was associated
with higher expression of TNFA [192]. The role of TNFA in MD is currently unknown,
however it could regulate mammary fibroblast activity and fibrosis. Studies of TNFA have
revealed that it can have both pro and anti-fibrotic effects in models of fibrotic diseases
[193]. TNFA promotes proliferation of fibroblasts, increases production of tissue
remodelling enzymes including MMPs [194]. In diseases characterised by fibrosis, such
as Crohn’s disease, TNFA has been shown to increase collagen accumulation [195].
Conversely, other studies have reported that TNFA can inhibit production of collagen | in
cultured fibroblasts [196]. The role of TNFA in MD and mammary fibroblast activity appear

to be complex and requires investigation.
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1.7 CONCLUSION

Mammographic density is strong independent risk factor for breast cancer. Women with
high MD have a 4- to 6-fold increased risk of breast cancer compared to women with low
MD when matched for age and BMI. MD is influenced by age, hereditary factors, BMI,
parity, menopausal status, and hormonal therapies. Histological studies have revealed that
high MD is characterised by high proportions of stroma containing fibroblasts and an
immune cell profile indicative of an inflammatory, tumour promoting environment.
However, the underlying biological mechanisms that mediate MD are yet to be elucidated.
Chronic inflammation has been established to contribute to breast cancer risk and
development. There are number of immune and inflammatory factors that contribute to
breast cancer risk, as well influence the stromal environment. Peroxidase enzymes, TGFB,
TNFA and CCL2 have been demonstrated to influence the stromal environment through
effects on fibroblast activity and immune cells, as well as contributing to breast cancer risk
and development. Particularly, CCL2 has directly been implicated as a driver of MD and
breast cancer risk in both mouse models and paired high and low MD human breast tissue.
However, biological pathways and mechanisms by which these immune factors may
contribute to MD and breast cancer risk is currently unknown. Understanding the drivers
of MD and the associated increased breast cancer risk may provide targets for

preventative therapies in the future for women with high MD.
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1.8 HYPOTHESIS & AIMS

The experiments described in this thesis aim to address the following hypotheses:

Mammary fibroblast gene expression and collagen production are altered by
inflammatory and immune regulatory factors.

Crosstalk between mammary fibroblasts, macrophages and CCL2 influences
fibroblast activity and macrophage phenotype.

CCL2 affects biological pathways that contribute to mammographic density, and

promotes tumour development and progression.

The experiments described in this thesis will address the following aims:

1.

2.

3.

To investigate the effects of mammographic density and immune regulatory factors
on the phenotype and fibrotic activity of primary human mammary fibroblasts in
vitro.

To investigate the crosstalk between mammary fibroblasts, macrophages, and
CCL2 using human in vitro models.

To investigate the role of CCL2 in mammary tumour development and progression,
and the effects of CCL2 on biological pathways in the mammary gland using in vivo

mouse models.
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CHAPTER TWO

MATERIALS AND METHODS

2.1 HUMAN NON-NEOPLASTIC BREAST TISSUE

2.1.1 Study Population

This study was approved by the Human Ethics Committee at the University of Adelaide
and The Queen Elizabeth Hospital (TQEH Ethics Approval #2011120). Between 2011 and
2017, participants undergoing reduction mammoplasty, mastectomy for breast cancer
removal, or prophylactic mastectomy donated healthy breast tissue as confirmed by TQEH
pathology department, a blood sample at the time of surgery, and completed a
comprehensive medical and personal history questionnaire following surgery. All
participants were between the age of 18 and 70, and were capable of giving informed
consent. In the event that a participant was pregnant or currently undergoing
chemotherapy, the participant was excluded from the study. The protocol followed for
tissue collected is detailed in Figure 2.1. The total tissue collected is divided in two, one
undergoes enzymatic digestion for isolation of cells such as fibroblasts as detailed in
section 2.2.1. The other half of the tissue is cut into fragments (approximately 1-2cm®) and

fixed and embedded in wax for histological analysis as detailed in sections 2.1.2 and 2.1.3.

2.1.2 Tissue Embedding, Sectioning and Staining.

Small fragments of breast tissue were dissected from each participant and fixed in 4%
paraformaldehyde (Sigma Aldrich; Cat#P6148) for 7 days at 4°C, tissue was then washed
twice in PBS and transferred to 70% ethanol until processing. Tissue was processed using
the Leica TP1020 Tissue Processor (Leica Microsystems) with the following dehydration
and embedding protocol; 75 minutes 70% ethanol, 75 minutes 85% ethanol, 75 minutes

90% ethanol, 75 minutes 96% ethanol, 2 x 75 minutes 100% ethanol, 2 x 75 minutes
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Xylene, 2 x 75 minutes paraffin wax under vacuum conditions. Tissue was moulded into
paraffin wax blocks and stored at room temperature. Tissue sections were cut at 5 ym
thickness using the Leica Rotary Microtome (Leica Microsystems) onto SuperFrost Plus
Slides (Menzel-Glaser, Germany). Tissue sections were bonded onto slides by heating on

a 37°C heating block for 30 minutes and stored at room temperature for histology.

2.1.2.1 Haematoxylin and Eosin Staining of Human Breast tissue

Paraffin embedded breast tissue sections were dewaxed using Xylene (Merck Millipore,
Germany; Cat#108298) for 3 x 5 minutes, and rehydrated in gradual dilutions of ethanol
for 3 minutes each (2 x 100%, 1 x 90%, 1 x 70% and 1 x 50%) followed by 2 minutes in
MilliQ water. Tissue sections were stained in haematoxylin (Sigma Aldrich; Cat#HHS16)
for 30 seconds, then stained in eosin (Sigma Aldrich; Cat#318906) for 10 seconds.
Sections were then dehydrated through gradual increase of ethanol concentration (2
minutes 90%, 2 x 1 minute 100%), and cleared by 2 x 5 minutes in Xylene. Slides were
then mounted with coverslips using Entellan mounting media (Proscitech, Australia;

Cat#IM022).

2.1.3 Histological Classification of Mammographic Density

Haematoxylin and eosin stained breast tissue sections were observed by a panel of 4
scientists to categorise each section into a semi-quantitative scale based on the
percentage of fibroglandular tissue comprised of stroma and epithelium in relation to
adipose tissue. One tissue section was assessed for each tissue block collected. Each
patient had 10 or more tissue blocks collected from the donated sample. Tissue was collect
from different areas of the sample to ensure tissue blocks would be representative of the
whole sample. Greater percent of stroma and epithelium corresponded to higher density
scores. The classification scale ranged from 1-5, 1is 0 — 10%, 2 is 10-25%, 3 is 25-50%,

4 is 50-75% and 5 is >75% (Figure 2.2).
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Figure 2.1: Protocol for breast tissue processing.

Human breast tissues were collected from surgery patients. One portion of this tissue was enzymatically
digested for 16 hours. Mammary fibroblasts were obtained through several steps of washing the stromal cell
component. Another portion of breast tissue was formalin fixed paraffin embedded and stained with
haematoxylin and eosin for histological scoring of density.
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Figure 2.2: Histological classification of mammographic density.

Haematoxylin and eosin stained breast tissue was assessed by a panel of scientists to grade mammographic
density according to the percentage area occupied by fibroglandular tissue. A density score of 1 is 0-10% (A),
score of 2 is 11-25% (B), score of 3 is 26-50% (C), score of 4 is 51-75% (D) and score of 5 is greater than 75%
fibroglandular tissue (E). These density scores were then used to select patient fibroblasts to be used in cell

culture experiments.
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2.2 CELL CULTURE

2.2.1 Isolation and culture of Human Mammary Fibroblasts

A portion of participant breast tissue was designated for fibroblast isolation. This tissue is
manually digested using a tissue knife then enzymatically digested using 100U/mL
hyaluronidase (Sigma Aldrich, St Louis, USA; Cat#H3506) and 480U/mL collagenase
(Sigma Aldrich; Cat#C0130) in Advanced DMEM/F12 medium (Life Technologies,
Australia; Cat#12634010) supplemented with 10% foetal calf serum (FCS) (Thermo
Fischer Scientific, USA; Cat#10099141), 10mM HEPES (Life Technologies;
Cat#15630080), 2.5mg/mL Fungizone (Life Technologies; Cat#15290018) , 1 x L-
Glutamine (Life Technologies; Cat#25030081) and 1 x Penicillin/Streptomycin (Life
Technologies; Cat#15240062). The tissue digestion flask was sealed using parafilm and
was incubated overnight for 16-18 hours in a 37°C shaking water bath. The digest was
then centrifuged at 80 x g for 1 minute and the top liquefied fat layer carefully removed and
discarded. The supernatant containing stromal cells was carefully harvested to not disturb
the pellet of undigested tissue, then transferred to a clean Falcon tube and pellet re-
suspended and brought to 50mL with supplemented Advanced DMEM/F12. The product
was then centrifuged at 400 x g for 5 minutes, supernatant was discarded and the pellet
re-suspended in 40mL of supplemented Advanced DMEM/F12 medium. This was
repeated until the supernatant became clear. The stromal cell pellet was treated with red
blood cell lysis buffer (BD Bioscience, USA; Cat#555899) for 15 minutes, equilibrated with
PBS, and filtered through 40um cell strainers (Sigma Aldrich; Cat#CLS431750) to remove
debris. The cell suspension was washed 3 times in PBS by centrifugation at 400 x g for 5
minutes and the supernatant discarded. The pellet was re-suspended in 8mL of
supplement Advanced DMEM/F12 with 10% heat inactivated foetal calf serum and
cultured in a T25 tissue culture flask and maintained at 37°C in 5% CO,. Mammary
fibroblasts were confirmed by morphological appearance in culture and production of

collagen 1.
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2.2.2 Culture of THP-1 Monocytes

The human monocyte cell line THP-1 cells were cultured in RPMI-1640 (Life Technologies;
Cat#32404014) supplemented with 10% FCS, 1x penicillin/streptomycin, 1x L-glutamine
and 10mM HEPES at 37°C in 5% CO,. Suspended cells were split by dividing suspension
fluid into multiple flasks and fresh media was added every 3 days to maintain a cell density

of 0.5-1.0 x 10° cells/mL in T75 flasks.

2.2.3 Cryopreservation and Thawing

Human mammary fibroblasts isolated from patient human breast tissue were expanded to
90% confluence in 4 x T75 tissue culture flasks. These cells were then pooled and re-
suspended in 50% foetal bovine serum in DMEM/F12 media containing 6% dimethyl
sulfoxide (Sigma Aldrich; Cat#D5879) and aliquoted into 1mL cryovials and stored in the
Basil Hetzel Institute liquid nitrogen storage facility at The Queen Elizabeth Hospital for
later studies. For the use of cryopreserved cells in later studies, cryovials were collected
and thawed in a 37°C water bath. The cell suspension was transferred to a Falcon tube.
DMEM/F12 media supplemented with 10% foetal bovine serum, 1% HEPES, Fungizone,
L-glutamine and penicillin/streptomycin was added drop-wise with constant agitation to a
volume of 20mL. The cell suspension was centrifuged at 300 x g for 5 minutes and re-

suspended in 8mL of media in a T25 tissue culture flask.

2.2.4 Cytokine and Peroxidase Treatment in Human Mammary Fibroblast
Culture

Mammary fibroblasts were selected for cell culture according to their histological

mammographic density score. For these studies, fibroblasts were used from women with

low density scores 1, and high density scores 4 and 5 (Figure 2.2). Mammary fibroblasts

from human participants were cultured with supplemented Advanced DMEM/F12

containing 10% heat inactivated FCS in a T25 tissue culture flask to 90% confluence. The
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cells were then split into 5 x T75 tissue culture flasks to 90% confluence. Cell were then
distributed into 2 x 6 well plates at a density of 2 x 10° cells per well and 1 x 96 well plate
at a density of 1.2 x 10° cells per well and grown to 90% confluence in supplemented
Advanced DMEM/F12 with 10% FC. Cells were then serum starved overnight in serum
free supplemented Advanced DMEM/F12. Cells were treated for 72 hours with either
TGFB1 (10ng/mL) (R&D Systems, USA; Cat#240-B-010), eosinophil peroxidase
(2.5ug/mL) (Lee Biosolutions, USA; Cat#342-60), myeloperoxidase (5ug/mL) (R&D
Systems; Cat#3174-MP-250), TNFA (10ng/mL) (Life Technologies; Cat#¥PHC3016) or
CCL2 (500upg/mL) (R&D Systems; Cat#RDS27MCO050) in the presence or absence of
100umol/L ascorbic acid (Wako Chemical Industries, Japan; Cat#50990141) in serum

free, supplemented standard DMEM medium (Life Technologies; Cat#12430054).

2.2.5 Indirect Co-Culture of Human Mammary Fibroblasts and
Differentiated THP-1 Cells

Mammary fibroblasts were seeded into the base of a 6 well plate at 5 x 10* cells/mL in
supplemented DMEM media, and grown to 90% confluence before serum starvation
overnight. Separately, 2mL of THP-1 monocyte cell suspension was added to the internal
compartment of 24mm trans-well with 0.4um pore polycarbonate membrane (Corning,
USA; Cat#3412) at 0.5 x 10° cells/mL and were activated by 5ng/mL of phorbol-12-
myristate-13-acetate (Abcam, UK; Cat#ab120297) in supplemented RPMI media for 72
hours to differentiate THP-1 cells to adherent MO macrophages. Trans-well inserts were
then placed into the wells containing mammary fibroblasts along with macrophage only
controls, and were incubated in supplemented, serum free DMEM with or without CCL2

(500ug/mL) for 72 hours.
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2.3 PROTEIN ANALYSIS

2.3.1 Enzyme-Linked Immunosorbent Assay

Soluble collagen type | in cell conditioned media was measured using a direct coat
enzyme-linked immunosorbent assay (ELISA). Standard curves were developed using
purified collagen | derived from human placental collagen (BD Biosciences, Australia;
Cat#354265). Cell supernatants and standardised samples were added to a 96-well
Maxisorp plate (Nunc, Denmark; Cat#423501) at a volume of 100uL per well and stored
at 4°C overnight. The plate was washed with PBS-Tween 0.05% and blocked using a
solution of 2.5% bovine serum albumin (BSA) in PBS for 1hr at room temperature. The
primary antibody used was rabbit anti-human collagen | polyclonal antibody (Rockland
Immunochemicals, USA; Cat#600-401-103-0.5) and was added to the plate at 0.25ug/mL
in a 5% skim dairy milk solution for 3 hours at room temperature with agitation. After
washing, the secondary antibody europium-tagged anti-rabbit antibody (Perkin Elmer Life
Sciences, Finland; Cat#AD105) was added at 0.5ug/mL in 1% BSA/PBS for 1 hour at room
temperature. After the plate was washed, an enhancement solution (Perkin Elmer Life
Sciences, Cat#1244-105) was added for 15 minutes before measuring fluorescence using
the FLUOstar Optima plate reader (BMG Labtech Australia, VIC, Australia) at excitation
355nm and emission 620nm. The collagen concentration for each sample was determined

using the standard curve and expressed in pg/mL.

2.3.2 Sirius Red Analysis of Insoluble Collagen

Sirius red dye was used to determine changes in insoluble collagen deposition. Media was
aspirated from fibroblast culture plates and washed in PBS. Cells were fixed for 10 minutes
using 100% ethanol. The plate was washed under running tap water and picric acid-sirius
red solution (Sigma Aldrich; Cat#365548, Cat#P6744) was added for 1 hour. After the stain

was removed, the plate was washed with 0.01M hydrochloric acid and allowed to air dry.
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To elute the dye, 0.1M sodium hydroxide was added to the plate. Absorbance was then

measured on the FLUOstar Optima plate reader (BMG Labtech Australia) at 550nm.

2.4 FLow CYTOMETRY OF THP-1 MACROPHAGES

Differentiated THP-1 cells were detached from the internal channel of trans-wells with
trypsin for 2 minutes at 37°C. Cells were harvested and placed in 5ml FACS polypropylene
tubes, and washed twice in FACS wash buffer (PBS, 1% FCS, 20 mM sodium azide), 500
x g for 5 minutes. Cells were re-suspended in FACS wash to 1x10%ml and blocked in a
1% human serum for 20 min at RT. Cells (1x10°) were aliquoted into FACS tubes
containing antibodies: PE/Cy5 conjugated anti-CD80 (clone 2D10) (Biolegend, USA;
Cat#305210), FITC conjugated anti-CD68 (clone YI/82A) (Biolegend; Cat#333806), APC-
H7 conjugated anti-HLA-DR (clone G46-6) (BD Bioscience; Cat#561358) and Alexa
Fluor® 647 conjugated anti-CD163 (clone GHI/61) (BD Bioscience; Cat#562669). Staining
was performed at 4°C for 10 min followed by two washes in wash buffer. Cells were re-
suspended in 100ul of buffer and analysed by flow cytometry using FACS Canto Il (BD
Biosciences, USA). Isotype controls were used to develop the gating strategy shown in

Figure 2.3.
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Figure 2.3:Gating strategy for flow cytometry of THP-1 derived macrophages.

Viable Cells were gated (oval gate) and levels of CD163 and CD80 were assessed to differentiation between
M1 and M2 phenotypes respectively. Isotype controls serve as a baseline for quadrant gating. CD80, CD163
double negative cells were defined as MO phenotype. A discrete population of CD80, CD163 double positive
cells could be seen, potentially representing a transitionary macrophage population.
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2.5 ANIMALS

2.5.1 Mice

Experiments involving use of animals were approved by the University of Adelaide Animal
Ethics Committee and were conducted in accordance with the Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes (8" Ed. 2013). All mice were
housed in specific pathogen free conditions with 12hr light cycling (12hr light, 12hr dark)
and temperature controlled at the Laboratory Animal Services Medical School Facility. All
breeding was performed under ethics approval M-2015-088, tumour studies were

performed under ethics number M-2017-043.

2.5.1.1 MMTV-Ccl2 Mice

The Mmtv-Ccl2 transgenic mouse was originally generated through sub-cloning and
pronuclear microinjection techniques [157]. The mouse mammary tumour virus (MMTV)
promoter drives constitutive expression of chemokine ligand 2 (CCL2) on an FVB
background. A breeding colony of homozygous MMTV-Ccl2 mice is maintained and

experiments using these mice use FVB mice as wildtype controls.

2.5.1.2 MMTV-PyMT Mice

A breeding colony of heterozygous Mmtv-PyMT mice on an FVB background were
maintained in the University of Adelaide Laboratory Animal Services Medical school
Facility (Ethics number: M-2015-088). These mice contain the polyomavirus middle T
antigen (PyMT) oncogene which is driven by the mouse mammary tumour virus (MMTV)
promoter. This results in mice with mammary gland tumours with 100% penetrance in FVB

mice.
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2.5.1.3 Generation of PyMT/CCLZ2 Cohort

Male Mmtv-PyMT mice on an FVB background were mated with homozygous Mmtv-Ccl2
female (FVB background) mice or FVB control mice. The females from their litters were
genotyped after weaning at 21 days, for the PyMT oncogene, PyMT positive mice were

used for subsequent experiments.

2.5.2 Blood Collection

Prior to dissection, blood was collected from the mice by cardiac puncture. Firstly, mice
were put under deep anaesthesia with 0.4-0.5mL or 2% Avertin, confirmed by lack of reflex
to toe pinch. Up to 1mL of blood was collected using a 20g needle directly from the heart.
Blood was incubated at room temperature for 30 minutes and centrifuged for 10 minutes

at 500 x g. The serum was then collected and stored at -80°C.

2.5.3 Tumour Detection by Palpation

To detect tumours, female PyMT and PyMT/CCL2 mice were monitored weekly from 6
weeks of age. Mice were restrained by the scruff of the neck by holding firmly between the
thumb and forefinger. While holding the mouse upright, each of the 10 mammary glands
were gently palpated for tumours. The first three mammary pairs were palpated against
the rib cage using the forefinger, while the fourth and fifth pairs were palpated by pinching
between the thumb and forefinger. Upon detection, mammary tumours were measured
using callipers to approximate tumour volume. Mice were sacrificed at 9 and 12 weeks or

when tumour volume exceeded 2000mm?®.

2.5.4 Histology and Immunohistochemistry
2.5.4.1 Tissue Collection, Embedding and Sectioning of Mouse Tissues
At the time of autopsy, fourth pair mammary glands, all tumours (half of the primary tumour)

and one lung lobe was collected and fixed overnight in neutral buffered formalin (Sigma
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Aldrich). Tissue was washed twice in PBS over the following two days before being
transferred into 70% ethanol and stored until tissue processing. Tissue was processed
using the Excelsior AS Tissue Processor (Thermofischer Scientific) with the following
dehydration and embedding protocol; 60 minutes 70% ethanol, 60 minutes 85% ethanol,
60 minutes 90% ethanol, 60 minutes 96% ethanol, 2 x 60 minutes 100% ethanol, 2 x 60
minutes Xylene and held in paraffin wax at 62°C under vacuum conditions until embedding.
Tissue was moulded into paraffin wax blocks and stored at room temperature. Tissue
sections were cut at 5um thickness using the Leica Rotary Microtome (Leica
Microsystems) onto SuperFrost Plus Slides. Tissue sections were then bonded onto slides

on a 37°C heating block for 30 minutes and stored at room temperature for histology.

2.5.4.2 Mammary Gland Whole Mount Preparation

Upon dissection, the fourth pair mammary glands were collected from PyMT and
PyMT/CCL2 mice at 9 weeks of age and spread on a glass slide. Whole mounted
mammary glands were fixed for a minimum of 4 hours in Carnoy’s fixative (60% ethanol,
30% chloroform and 10% glacial acetic acid). Once fixed, the slides were washed in 70%
ethanol for 15 minutes then rinsed in MilliQ water for 5 minutes. The slides were stained
with carmine alum (2% carmine (Sigma Aldrich; Cat#C1022), 5% aluminium potassium
sulphate (Sigma Aldrich; Cat#237086)) overnight. Stained whole mounted mammary
glands were washed in 70% ethanol for 15 minutes, then twice in 100% ethanol for 15
minutes each. Slides were then places in xylene to be cleared for 1 week before mounting

with a coverslip with Entellan mounting media (Proscitech, Australia; Cat#IM022).

2.5.4.3 Haematoxylin and Eosin Staining
Paraffin embedded mammary gland tissue sections were dewaxed using Xylene (Merck
Millipore, Germany; Cat#108298) for 3 x 5 minutes, and rehydrated in gradual dilutions of

ethanol for 3 minutes each (2 x 100%, 1 x 90%, 1 x 70% and 1 x 50%) followed by 2
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minutes in MilliQ water. Tissue sections were stained in haematoxylin (Sigma Aldrich;
Cat#HHS16) for 30 seconds, then stained in eosin (Sigma Aldrich; Cat#318906) for 10
seconds. Sections were then dehydrated through gradual increase of ethanol
concentration (2 minutes 90%, 2 x 1 minute 100%), and cleared by 2 x 5 minutes in Xylene.
Slides were then mounted with coverslips using Entellan mounting media (Proscitech,

Australia; Cat#IM022).

2.5.4.4 Immunohistochemistry to detect F4/80

Mouse tissue sections were dewaxed in xylene for 2 x 5 minutes and rehydrated by
graduated dilutions of ethanol (100% ethanol for 3 x 5 minutes, 90%, 70% and 50% ethanol
for 3 minutes each) then milliQ water for 1 minute. Sections were then incubated in a
freshly made quench solution to block endogenous peroxidase activity comprised of 10mL
of hydrogen peroxide, 90mL of water and 100mL of methanol. Following 3 x 3 minute
washes in water, the sections were blocked using 15% normal rabbit serum in PBS for 30
minutes at 37°C. The primary antibody (rat anti-mouse F4/80 (Ebioscience; 14480182))
was added at a 1 in 50 dilution with 1.5% normal rabbit serum, and incubated overnight at
4°C in a humidified chamber. Sections were washed twice in PBS for 5 minutes and then
incubated with the secondary antibody (biotinylated rabbit anti-rat IgG antibody (Vector
Laboratories, USA; Cat#BA4000)) at a dilution of 1 in 500 for 40 minutes at room
temperature. Slides were washed for 3 x 5 minutes in PBS and Incubated with the
Vectastain ABC Elite Kit (Vector Laboratories; Cat#PK4000) for 30 minutes, and positive
staining was then detected using 3,3’-diaminobenzidine (DAB) (Dako, USA; Cat#K3468)
according to manufacturer’s instructions for 10 minutes at room temperature. Tissue
sections were then counterstained with haematoxylin for 30 seconds and rinsed in running
tap water. Sections were dehydrated through graduated increases in ethanol

concentrations (2 x 2 minutes in 90% ethanol, 2 x 1 minute in 100%) and then cleared for
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2 x 5 minutes in xylene. Slides were mounted using DPX mounting media (Merck). Slides

stained with secondary antibody only were included as negative controls.

2.5.5 Image Capture and Quantifications

2.5.5.1 Haematoxylin and Eosin Stained Mouse Tissues

Mouse mammary glands, primary tumours and lungs were collected from PyMT/FVB and
PyMT/CCL2 mice at 9 and 12 weeks of age and tissue sections were stained with
haematoxylin and eosin. Sections were analysed by veterinary pathologist Dr. Lucy
Woolford (University of Adelaide) blinded to mouse genotype for tumour grade, cytological
atypia, tumour necrosis and pulmonary metastasis. Mouse mammary gland sections were
also assessed for various tumour grade regions across the whole mammary gland at 9

weeks.

2.56.5.2 Whole mounted Mammary Glands

Whole mounted mammary glands were imaged using an Olympus SZ61 stereo
microscope and an SC50 camera (Olympus). Images were de-identified and analysed
using Image J. The total number of hyperplastic areas were manual counted both distal to
the lymph node as well as the entirety of the mammary gland. The total hyperplastic area
and percentage hyperplasia were both calculated by measuring the total area of the

mammary gland and measuring the areas occupied by hyperplastic tissue.

2.5.5.3 F4/80 Quantification in Mouse Tumours

F4/80 stained primary tumours and fourth pair mammary glands collected from PyMT and
PyMT/CCL2 mice at 9 and 12 weeks stained with F4/80 were captured as digital images
using a Nanozoomer digital scanner (Hamamatsu photonics, Japan) with a zoom
equivalent to a 40x objective lens. To quantify F4/80 staining in primary tumours, areas

containing positively stained macrophages were measured across the entire section and
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the number of positively stained cells were manually counted. Data was expressed as an
average positive cells/mm? for each section. To quantify F4/80 staining in fourth pair
mammary glands at 9 weeks, 3 areas of hyperplasia were identified distal to the lymph
node. The number of F4/80 positive cells around the border of these areas were manually
counted. Data was expressed as the average positively stained cells/mm. All

quantifications was done blinded to mouse genotype.

2.6 NUCLEOTIDE ANALYSIS

2.6.1 Genotyping Mice

Genotypes of mice were determined using polymerase chain reaction (PCR) using DNA
extracted from mouse tail tips. DNA from PyMT and PyMT/CCL2 mice were analysed for

presence of the Pymt oncogene.

2.6.1.1 DNA Extraction

Tail tips were digested in 350uL of digestion buffer containing 17mM tris, 17mM EDTA,
170mM sodium chloride, 0.85% SDS (PH 7.8) with 0.1mg proteinase K (all from Sigma
Aldrich) at 55°C overnight. SuL of the tail digest was diluted in 95uL of MilliQ water and
incubated for 15 minutes at 95°C to inactivate the proteinase K. Extracted genomic DNA

was stored at 4°C until PCR analysis was performed.

2.6.1.2 PCR Primers and Conditions

Presence of the Mmtv-PyMT gene was performed using PCR. The primers to detect the
PyMT allele are; forward 5-GAGCGAGGAACTGAGGAGAG-3' and reverse 3'’-
CTTAGGCGGCGACTGGTAGC-5 with product size 195 base pairs (Geneworks,
Australia). The PCR reaction mixture (25uL) contained 2.5uL of 10x DNA polymerase
reaction buffer (Fisher Biotec, Australia; Cat#230924), 2.5uL of 256mM MgCl, (Fisher
Biotec; Cat#210924), 0.5uL of 10mM dNTPs (Roche, Germany; Cat#1277049), and
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1.25uL of each forward and reverse primer, 0.125uL of Taq polymerase (Fisher Biotec;
Cat#2309090), 16pL of MilliQ water and 2uL of sample DNA. The PCR conditions were 5
minutes at 94°C for 5 minutes, followed by 35 cycles of 30 seconds at 94°C, 30 seconds

at 55°C, 1 minute at 72°C and one cycle of 7 minutes at 72°C.

2.6.1.3 Detection of PCR Products

PCR products of DNA encoding PyMT genotyping were detected using gel
electrophoresis. The PCR products were separated on a 2% agarose gel (Sigma Aldrich;
Cat#A9539) by dissolving agarose in tris-acetate-EDTA (TAE) buffer containing 0.01%
GelRed™ (Biotium, USA; Cat#41002) as intercalating agents to detect DNA. The PCR
products were loaded to the gel with 1x loading buffer and run for 40 minutes at 80 volts.
Gel images were captured using Gel Doc™ EZ Imager (BioRad) under UV light.
Representative image of gel used for genotyping to identify presence of the PyMT

transgene is shown in Figure 2.4.
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Figure 2.4: Genotyping to detect presence of PyMT transgene.
Pymt+ males (FVB background) were mated with Mmtv-Ccl2, and FVB control females. Their female offspring
were weaned at 21 days and genotyped for the presence of the Pymt transgene. Each lane represents DNA

from each mouse amplified by Pymt primers.
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2.6.2 Total RNA Extraction

2.6.2.1 RNA Extraction from Cell Culture

After 72-hour culture in the conditions detailed in 1.2.4 and 1.2.5, cells were trypsinised
and lysis buffer was added to the pellet, RNA was then isolated using RNeasy Mini Plus
Kit (QIAGEN, Australia; Cat#74104) as per manufacturer’s instructions. RNA was
measured using 1uL of sample on the Spectrophotometer ND 1000 Nanodrop using the

program ND-1000 V3.7.1 and stored at -80°C until use.

2.6.2.2 RNA Extraction from Frozen Tissues

Third pair mammary glands were collected from Mmtv-Ccl2 and FVB mice at 12 weeks
age during metestrus and diestrus, and snap frozen in liquid nitrogen. Tissues were then
stored at -80°C under RNAse free conditions until use for RNA applications. To extract
RNA, these tissues were transferred to a new tube containing 0.6g of 1.4mm ceramic
beads (QIAGEN, Australia; Cat#13113-325) and 1mL of Trizol reagent was added
(Invitrogen; Cat#15596026). Tissue was homogenised with the Powerlyser 24 Bench Top
Bead Based Homogenizer (MoBio, USA) at 30Hz for 3 x 2 minutes, and repeated if the
tissue was still not homogenous. Samples were incubated at room temperature for 5
minutes, then 200uL of chloroform (Sigma Aldrich; Cat#288306-1L) was added and the
tubes were shaken vigorously, incubated on ice for 15 minutes, then centrifuged for 15
minutes at 11000 x g at 4°C. Approximately 500uL was collected of the aqueous phase
containing RNA, and transferred into a new tube. An equal volume of isopropanol (Sigma
Aldrich; Cat#563935) was added to the tubes and samples were incubated at -20°C
overnight. The following day, samples were centrifuged for 30 minutes at 11000 x g at 4°C.
The RNA pellet was then washed twice with ice cold 70% ethanol and centrifuged for 10
minutes at 11000 x g at 4°C. The pellet was air dried on ice for 30 minutes and dissolved
in 50uL of RNase free water. RNA samples were then treated with DNase to remover

genomic DNA contamination using the TURBO DNase Kit (Invitrogen; Cat#AM1907).
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According to the manufacturer’s instructions, 5uL of 10x TURBO DNase Buffer and 1L of
TURBO DNase was added to each sample, then incubated at 37°C for 30 minutes. To
deactivate the DNase enzyme, 5uL of the DNase inactivation reagent was added to each
sample and continuously mixed for 5 minutes at room temperature. Samples were then
centrifuged at 10000 x g for 1.5 minutes at 4°C and transferred the RNA into a fresh tube.
DNase treated RNA was then quantified using 2uL of sample on the spectrophotometer
ND 1000 Nanodrop using the program ND-1000 V3.7.1 and stored at -80°C until later

application.

2.6.3 Reverse Transcription and cDNA Synthesis

The iScript cDNA synthesis kit was used to reverse transcribe all RNA samples into cDNA
(Bio-rad technologies; Cat#1708890). Each cDNA reaction contained 500ng of RNA from
cell lines and 1ug from mouse tissues, 1uL of iScript reverse transcriptase, 4uL of 5 x
iScript reaction mix and nuclease free water to a total volume of 20uL. Samples were then
incubated for on a thermocycler for 5 minutes at 25°C, 30 minutes at 42°C and 5 minutes
at 85°C. cDNA was then diluted 1:10 in nuclease free water to a volume of 200uL and

stored at -20°C until later application.

2.6.4 Quantitative Real Time PCR

2.6.4.1 SYBR Green-Based Detection

Quantitative real time PCR (qRT-PCR) was performed to determine mRNA expression of
genes of interest. Reaction mixtures were prepared in a volume of 10uL, each containing
5uL of SYBR green master mix (Bio-Rad), 0.4uL of each forward and reverse primer, 2.2uL
of nuclease free water and 2uL of sample cDNA. Reactions were run on a thermocycler
using CFX96 Real Time Detection System running CFX Manager 3.0 software (Bio-Rad).
The cycle conditions were 3 minutes at 95°C, 40 amplification samples of 15 seconds at

95°C, 15 seconds at 60°C and 30 seconds at 72°C. Each PCR plate contained no template
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controls of each gene and all samples were run in triplicate. Quantitative RT-PCR data
was analysed by the comparative Ct method, relative to a housekeeping gene (HPRT1 in
human samples and ActB in mice). Results were normalised to housekeeping gene

expression and normalised such that the average of control samples was 1 (AACT).

2.6.4.2 PCR Primers
All primers were obtained from Geneworks. The sequence of each primer pair used for
gene expression studies in mammary fibroblasts is shown in Table 2.1, and primers used

for gene expression studies in THP-1 derived macrophages are shown in Table 2.2.

2.6.5 Next Generation Sequencing of Mmtv-Ccl2 Mammary Glands

Total RNA was converted to strand specific lllumina compatible sequencing libraries using
a NEXTflex Rapid Directional mMRNA-Seq library kit (BIOO Scientific, USA; Cat#NOVA-
5138-07) as per the manufacturer’s instructions (v14.10). Briefly, 400ng of total RNA was
polyA selected and the mRNA fragmented prior to reverse transcription and second strand
cDNA synthesis using dUTP. The resultant cDNA is poly adenylated before the ligation of
lllumina-compatible barcoded sequencing adapters. The cDNA libraries were treated with
UDG to degrade the second strand and PCR amplified for 14 cycles prior to assessment
by Bioanalyzer (Agilent, California, USA) for quality and Qubit fluorescence assay for
amount. Sequencing pools were generated by mixing equimolar amounts of compatible
sample libraries based on the Qubit measurements. Sequencing of the library pool was
done with an lllumina Nextseq 500 using single read 75bp v2 sequencing chemistry.
Functional gene enrichment analysis was performed on differentially expressed genes,
and altered gene pathways were identified using the Database for Annotation,

Visualisation and Integrated Discovery (DAVID, Version 6.8) [197, 198].
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Table 2.1: PCR primers used to quantify mRNA gene expression in human primary mammary

fibroblasts.

Gene Abbreviation Primer Sequence 5°-3’
Hypoxanthine-guanine HPRT1 (FYTGCAGACTTTGCTTTCCTTGGTCAGG
phosphoribosyltransferase (R) CCAACACTTCGTGGGGTCCTTTTCA
Matrix Metalloproteinase 1 =~ MMP1 (F)GACGTTCCCAAAATCCTGTCCAG
(R)IGGTAGAAGGGATTTGTGCGCATGT
Matrix Metalloproteinase 3 ~ MMP3 (F) AGAGGCATCCACACCCTAGGTTTC
(R)ICCTGGCTCCATGGAATTTCTCTTC
Matrix Metalloproteinase 9  MMP9 (F)AGACCTGGGCAGATTCCAAAC
(R) CGGCAAGTCTTCCGAGTAGT
Tissue Inhibitor of TIMP1 (F)YCTTCTGCAATTCCGACCTCGT
Metalloproteinase 1 (R) ACGCTGGTATAAGGTGGTCTG
Connective Tissue Growth  CTGF (F)JGTGTGACGAGCCCAAGGACCAA
Factor (R)IGGACCAGGCAGTTGGCTCTAATCA
Lysyl Oxidase LOX (F)TGCTGCGGAGGAGAAGTGTCTG
(R)TGTGCCCTGGTTCTTCACGC
Fibronectin FBN (F)CTCCTGGAAGTTTTGTCTGTACCTGC
(R)IGGGCTGTTCTTGCAGACTCCATTA
Collagen 1A1 COL1A1 (F)AGGGCTCCAACGAGATCGAGATCCG
(R)TACAGGAAGCAGACAGGGCCAACGTCG
Collagen 4A5 COL4A5 (F)TATGTCATCACTGCCAGGACCAAAGG
(R)ICAATTGGCCCTGGTATACCAGTGG
Alpha Smooth Muscle SMA (F)ACTGCCTTGGTGTGTGACAA
Actin (R) CACCATCACCCCCTGATGTC
Cyclooxygenase 2 COX2 (F)CCTGTGCCTGATGATTGC
(R) CTGATGCGTGAAGTGCTG
Fibroblast Growth Factor FGF5 (F)CGGATGGCAAAGTCAATGGATCC
5 (R)ICGCTCCCTGAACTTGCAGTCAT
Transforming Growth TGFB3 (F)JGGCCCTTGCCCATACCTCCG
Factor Beta 3 (R) AGCAAGGCGAGGCAGATGCT
Wingless Related WNT5A (F)AAGGAGTTCGTGGACGCCCG
Integration 5A (R)IGCAGGCCACATCAGCCAGGT
Vimentin VIM (F) ATTGCAGGAGGAGATGCRRCAGAGAG
(R)ICCACTTTGCGTTCAAGGTCAAG
Tenascin C TNC (F)YCCTGAGGGAGCAATGTACTGCAGG
(R)TGAAGTTGCCCCGACCGCTA
Interleukin 8 IL8 (FYAAACCACCGGAAGGAACCATCTC
(R)CACTCCTTGGCAAAACTGCACC
Interleukin 6 IL6 (F\GAGTAGTGAGGAACAAGCCAGAGCTG

(R)ICTGGCATTTGTGGTTGGGTCAG
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Table 2.2: PCR primers used to quantify mRNA expression in THP-1 derived human macrophages.

Gene

Abbreviation

Primer Sequence 5’-3’

Hypoxanthine-guanine HPRT1 (F)TGCAGACTTTGCTTTCCTTGGTCAGG
phosphoribosyltransferase (R)CCAACACTTCGTGGGGTCCTTTTCA
Transforming Growth Factor TGFB1 (F)CTAATGGTGGAAACCCACAACG
Beta 1 (R) TATCGCCAGGAATTGTTGCTG
Interleukin 10 IL10 (F)YGACTTTAAGGGTTACCTGGGTTG
(R) TCACATGCGCCTTGATGTCTG
Interferon Gamma IFNG (F)TCGGTAACTGACTTGAATGTCCA
(R) TCGCTTCCCTGTTTTAGCTGC
Tumour Necrosis Factor TNFA (F)AGCCTCTTCTCCTTCCTGATCGTG
Alpha (R) GGCTGATTAGAGAGAGGTCCCTGG
C-C Chemokine Receptor 2 CCR2 (FYGACAAGCCACAAGCTGAACA
(R)JGAGCCCACAATGGGAGAGTA
Matrix Metalloproteinase 2 MMP2 (F\GCTCAGATCCGTGGTGAGATCTTC
(R) GGTGCTGGCTGAGTAGATCCA
Matrix Metalloproteinase 9 MMP9 (F)AGACCTGGGCAGATTCCAAAC
(R) CGGCAAGTCTTCCGAGTAGT
Tissue Inhibitor of TIMP1 (F)CTTCTGCAATTCCGACCTCGT
Metalloproteinase 1 (R) ACGCTGGTATAAGGTGGTCTG
Platelet Derived Growth PDGF (F)YCAGCGACTCCTGGACATAGACT
Factor (R) CGATGCTTCTCTTCCTCCGAATG
Vascular Endothelial Growth VEGF (F)AGGGCAGAATCATCACGAAGT

Factor

(R) AGGGTCTCGATTGGATGGCA
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2.7 STATISTICAL ANALYSIS

Statistical analysis was performed using SPSS software, version 20.0 for Windows (SPSS,
lllinois, USA) with consultation with a statistician (Ms Suzanne Edwards, Adelaide Health
Technology Assessment, University of Adelaide). Data was considered statistically
significant when p<0.05. An asterisk (*) identified result that is statistically significant from
the control. If more than two groups are being compared, different letters (a, b, c, d) were
used to signify statistical significance between groups. Groups labelled with shared letters

are not statistically different.

All cell culture data, including RT-PCR and collagen production experiments, are
presented as mean+SEM (standard error of mean). Statistical analysis of RT-PCR data
was performed using ACT values. This data was analysed using a Linear Mixed-effects
Model to account for variables such as patient density and treatment groups. Tukey’s post-
hoc comparisons were performed to determine statistically significant differences in mMRNA
expression or collagen production between patients with high or low mammographic
density, and then between cells treated with immune regulatory proteins and untreated

controls.

Kaplan Meier survival analysis was performed to determine differences in tumour latency
between PyMT and PyMT/CCL2 in studies described in Chapter 5 with LogRank test to
compare survival curves of each group. Data on of tumorigenic areas at 9 weeks of age,
tumour burden, primary tumour weigh and quantification of F4/80 stained mammary glands
and tumours at 9 and 12 weeks of age were presented as mean+SEM. Analyses were
performed using Linear Regression Models with Post-hoc Wald Chi-square comparisons
to determine significance. Data from mice at 9 and 12 week of age were analysed
separately. Count data including number of tumorigenic areas at 9 weeks and number of
tumours at 12 weeks were analysed using a Negative Binomial Regression Model with
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Wald Chi-square post hoc comparison. Analysis of primary mammary tumours such as
tumour grade, cytological atypia, tumour necrosis and lung metastasis at 12 weeks of age
were presented as percentage proportions stratified by mouse groups PyMT and
PyMT/CCL2. Comparison of proportions were analysed using cross tabulations with

Fischer’'s exact test.
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CHAPTER THREE

IMMUNE REGULATION OF MAMMARY FIBROBLASTS AND THE IMPACT

OF MAMMOGRAPHIC DENSITY

3.1 INTRODUCTION

Histological studies have reported that the key features of high MD breast tissue are a
higher abundance of stroma and greater deposition of collagen compared to low MD tissue
[57, 69]. Therefore, high MD breast tissue can be considered to resemble tissue with
fibrosis, which is characterised by excessive deposition of collagen and extracellular matrix
(ECM) [199]. The most abundant cell type in the mammary stroma are fibroblasts, which
are the key cell type responsible for fibrotic activities such as regulation of the synthesis
and turnover of collagen and extracellular matrix (ECM) components [75, 200]. High
abundance of collagen associated with fibrosis increases breast cancer risk in a transgenic
mouse model [90] and this suggests fibroblast-mediated fibrosis could be a key driver of

MD.

Fibroblasts can contribute to breast cancer risk and tumour development by acting as
cancer associated fibroblasts (CAF’s) [201]. CAFs can be identified by high level of
expression of genes such as smooth muscle actin (SMA), vimentin (VIM), tenascin C
(TNC), and fibroblasts growth factor 5 (FGF5) [201, 202]. CAFs can promote the
transformation of normal epithelial cells to adopt more tumorigenic properties including
increased invasion, motility and migration [203]. In breast cancer, CAFs promote tumour
cell proliferation and survival [204]. CAFs drive metastasis through remodelling of the ECM
through expression of collagen genes, lysyl oxidase (LOX), and matrix metalloproteinases
(MMPs), as well as suppression of anti-tumour immunity through expression of interleukin

6 and 8 (IL6, IL8) [77, 205, 206].
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The activity of mammary fibroblasts can be influenced by signals from surrounding immune
cells in the mammary stroma. Studies have reported that high MD tissue is associated with
a more pro-inflammatory environment compared to low MD tissues and this is a driver of
breast cancer risk [123]. Immune and inflammatory factors including peroxidase enzymes,
transforming growth factor beta 1 (TGFB1) and tumour necrosis factor alpha (TNFA) have
been shown to modulate some fibrotic and CAF functions of fibroblasts and play a role in
other fibrotic diseases [177, 195, 207]. These factors have also been demonstrated to
have roles in breast cancer [103, 172, 178, 184]. How fibroblasts respond to these signals
in high and low MD have not been previously investigated. We hypothesise that
inflammatory immune factors that promote fibrotic and CAF related activities of mammary

fibroblasts may be drivers of MD and breast cancer risk.

Currently, it is unknown whether fibroblasts are a driving factor for MD, if fibroblasts from
women with high MD are inherently different in their behaviour to those from women with
low MD, or if they respond differently to immune stimuli such as peroxidase enzymes,
TGFB1 or TNFA. The aim of this study was to investigate whether fibroblasts derived from
high MD breast tissue may be creating a favourable environment for tumour development
through expression of genes indicative of a CAF like phenotype such as SMA, COX2,
FGF5, TGFB3, WNTS5, VIM, TNC, IL6 and IL8. This study also aims to investigate the
fibrotic activity of fibroblasts derived from high and low MD breast tissue by analysing
expression of genes involved in ECM regulation including MMP1, MMP3, CTGF, LOX,
FBN, COL1A1 and COL4A5 as well as production of soluble collagen 1 and insoluble

collagen.
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3.2 RESULTS
3.2.1 CAF and ECM mRNA expression and collagen production of
mammary fibroblasts from women with high and low MD

To investigate whether mammary fibroblasts are inherently different if they are derived
from patient breast tissue with high or low MD, primary mammary fibroblasts were isolated
from women with high or low MD as identified by histological density categories 1 (low) or
4 and 5 (high) (n=8 per group) and cultured for 72 hours in serum free media. mMRNA
expression of CAF related genes and genes involved in ECM regulation were measured
using quantitative real-time PCR relative to expression of housekeeping gene HPRT1 from
the same patient. Results are expressed in arbitrary units, were the data were normalised

so that the average expression of each gene in untreated controls was equal to 1.

No significant differences in expression of CAF genes were observed between fibroblasts
from women with high or low mammographic density. mRNA expression of /L8 had a large
amount of variability between patient samples ranging from 0.10 to 5.42 arbitrary units in
fibroblasts from high MD tissues (Figure 3.1.A). No significant differences were observed
in mMRNA expression of genes involved in ECM regulation between high and low MD
mammary fibroblasts, and there was a large amount of variation in expression of MMP1

(0.08 to 8.83 arbitrary units) between high MD patient samples (Figure 3.1.B).

Collagen production was measured by ELISA to detect production of soluble collagen I,
and Sirius red dye to measure insoluble collagen fibres. No significant differences were
seen in collagen production between fibroblasts from women with high or low MD (Figure

3.1.C, D).

These studies suggest that fibroblasts from high MD breast tissue are not inherently

different from those derived from low MD. However, fibroblasts are responsive to signals
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in the surrounding environment that can affect fibroblast function and may differentially
stimulate their activity dependent on whether they were derived from tissue of high or low
MD. Therefore, we investigated the effects of immune regulatory proteins MPO, EPO,
TGFB and TNFA on mammary fibroblast activity and whether the response is dependent

on whether fibroblasts were derived from high and low MD breast tissue.
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Figure 3.1: mRNA expression and collagen production in mammary fibroblasts isolated from women
with high and low mammographic density.

Messenger RNA expression of cancer associated genes (A) and genes involved in extracellular matrix
regulation and collagen production (B) measured by RT-PCR in human mammary fibroblasts from women with
high and low mammographic density (n=8 per group). mMRNA expression normalised to HPRT1 expression,
and presented as relative expression where the average for untreated control is 1. Collagen production was
measured using collagen 1 ELISA (C) and insoluble collagen measured by sirius red staining (D). Data
presented as mean + SEM with statistical analysis performed using a Linear Mixed-Effects model Tukey's post-

hoc comparison.
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3.2.2 The effect of MPO on CAF and ECM mRNA expression and
collagen production by mammary fibroblasts

To investigate the effects on MPO and mammographic density on mammary fibroblasts,
primary mammary fibroblasts were cultured for 72 hours with Sug/mL of MPO in serum
free media (n=16). MRNA expression of CAF related genes and ECM regulation were
measured using quantitative real time PCR relative to expression of housekeeping gene
HPRT1 from the same patient. Results are expressed in arbitrary units, were the data were
normalised so that the average expression of each gene in untreated controls was equal

to 1.

No significant differences in mMRNA expression of CAF related genes were observed in
mammary fibroblasts treated with MPO (Figure 3.2.A). No significant differences in mMRNA
expression of genes encoding genes involved in ECM regulation were observed when

cells were treated with MPO (Figure 3.2.B).

Collagen production was measured by ELISA to detect production of soluble collagen I,
and Sirius red dye to measure insoluble collagen fibres. Results were normalised so that
collagen production for untreated controls was 1. Collagen | production was significantly
increased in fibroblasts treated with MPO (1.61+0.26ug/mL) (Figure 3.2.C) compared to
controls (1 £ 0.22ug/mL), and this increase was not dependant on if the fibroblasts were
from a woman with high or low MD (Figure 3.4.C). No significant differences were observed

in production of collagen fibres in fibroblasts treated with MPO (Figure 3.2.D).

3.2.2.1 The effect of MPO on gene expression and collagen production by
mammatry fibroblasts from high and low MD breast tissue.
When fibroblast samples were separated according to whether they came from a patient

with high or low MD (n=8 per group), no differences in mRNA expression of CAF related
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genes were observed between fibroblasts from high and low MD tissues when treated with
MPO (Figure 3.3.A). MPO did not have differential effects on mRNA expression of ECM
regulatory genes from high MD fibroblasts compared to low MD fibroblasts (3.3.B). No
differences in soluble collagen | or insoluble collagen production were observed between

fibroblasts from high and low MD tissues when treated with MPO (Figure 3.3.C,D).
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Figure 3.2: The effect of MPO on mRNA expression and collagen production in mammary fibroblasts.
Messenger RNA expression of cancer associated genes (A) and genes involved in extracellular matrix
regulation and collagen production (B) measured by RT-PCR in human mammary fibroblasts following
treatment with 5pg/mL of MPO for 72hrs (n=16). mRNA expression normalised to HPRT1 expression, and
presented as relative expression where the average for untreated control is 1. Collagen production was
measured using collagen 1 ELISA (C) and insoluble collagen measured by sirius red staining (D). Data
presented as mean + SEM with statistical analysis performed using a Linear Mixed-Effects model Tukey's post-
hoc comparison. Statistical significance indicated by * when p<0.05.
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Figure 3.3: The effect of MPO on mRNA expression and collagen production in mammary fibroblasts
isolated from women with high and low mammographic density.

Messenger RNA expression of cancer associated genes (A) and genes involved in extracellular matrix
regulation and collagen production (B) measured by RT-PCR in human mammary fibroblasts from women with
high and low mammographic density (n=8 per group) following treatment with S5ug/mL of MPO for 72 hours.
mRNA expression normalised to HPRT1 expression, and presented as relative expression where the average
for untreated control is 1. Collagen production was measured using collagen 1 ELISA (C) and insoluble
collagen measured by sirius red staining (D). Data presented as mean + SEM with statistical analysis
performed using a Linear Mixed-Effects model Tukey's post-hoc comparison.
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3.2.3 The effect of EPO on ECM and CAF mRNA expression, and
collagen production by mammary fibroblasts

To investigate the effects on EPO and mammographic density on mammary fibroblasts,
primary mammary fibroblasts were cultured for 72 hours with 2.5ug/mL of EPO in serum
free media (n=16). MRNA expression of CAF genes and genes involved in ECM regulation
were measured using quantitative real time PCR relative to expression of housekeeping
gene HPRT1 from the same patient. Results are expressed in arbitrary units, were the
data were normalised so that the average expression of each gene in untreated controls

was equal to 1.

The expression of mMRNA encoding COX2 was significantly attenuated by treatment with
EPO (11.76x4.37 arbitrary units), with expression increased by over 10-fold compared to
untreated controls (1£0.15) (p<0.05). Expression of IL8 was also significantly increased by
nearly 50-fold in fibroblasts treated with EPO (48.55+£28.50 arbitrary units), compared to
untreated controls (1£0.41 arbitrary units) (p<0.05). No other changes in expression of

cancer associated genes were observed in fibroblasts treated with EPO (Figure 3.4.A).

Expression of MRNA encoding MMP1 was significantly increased in fibroblast treated with
EPO (10.10£3.17 arbitrary units) compared to untreated controls (1£0.41 arbitrary units)
(p<0.01). There was a significant decrease in expression of LOX in EPO treated fibroblasts
(0.39£0.06 arbitrary units) compared to untreated controls (1+£0.19 arbitrary units) (p<0.01)
(Figure 3.4.B). No other changes in expression of genes involved in ECM regulation were

observed in fibroblasts treated with EPO (Figure 3.4.B).

Collagen production was measured by ELISA to detect production of soluble collagen I,
and Sirius red dye to measure insoluble collagen fibres. Results were normalised so that

collagen production in untreated controls was equal to 1. Collagen | production was
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significantly increased in fibroblasts treated with EPO (2.04+0.43 pg/mL) compared to
untreated controls (1£0.22ug/mL) (p<0.01) (Figure 3.4.C). No significant differences were

observed in production of collagen fibres in fibroblasts treated with EPO (Figure 3.4.D).

3.2.3.1 The effect of EPO on gene expression and collagen production by mammary
fibroblasts from high and low MD breast tissue.
When the results were separated according to the MD score of each patient sample, it was
observed that there were no differences in expression of cancer associated genes
between fibroblasts from high and low MD patient samples when treated with EPO (Figure
3.5.A). No differences in mRNA expression of ECM regulatory genes was observed
between fibroblasts from high and low MD patient samples when treated with EPO (Figure
3.5.B). No differences in soluble collagen | or insoluble collagen production were observed

between fibroblasts from high and low MD tissues when treated with EPO (Figure 3.5.C,D).
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Figure 3.4: The effect of EPO on mRNA expression and collagen production in mammary fibroblasts.

Messenger RNA expression of cancer associated genes (A) and genes involved in extracellular matrix
regulation and collagen production (B) measured by RT-PCR in human mammary fibroblasts following
treatment with 2.5ug/mL of EPO for 72hrs (n=16). mRNA expression normalised to HPRT1 expression, and
presented as relative expression where the average for untreated control is 1. Collagen production was
measured using collagen 1 ELISA (C) and insoluble collagen measured by sirius red staining (D). Data
presented as mean + SEM with statistical analysis performed using a Linear Mixed-Effects model Tukey's post-

hoc comparison. Statistical significance indicated by * when p<0.05.
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Figure 3.5: The effect of EPO on mRNA expression and collagen production in mammary fibroblasts
isolated from women with high and low mammographic density.

Messenger RNA expression of cancer associated genes (A) and genes involved in extracellular matrix
regulation and collagen production (B) measured by RT-PCR in human mammary fibroblasts from women with
high and low mammographic density (n=8 per group) following treatment with 2.5pg/mL of EPO for 72 hours.
mRNA expression normalised to HPRT1 expression, and presented as relative expression where the average
for untreated control is 1. Collagen production was measured using collagen 1 ELISA (C) and insoluble
collagen measured by sirius red staining (D). Data presented as mean + SEM with statistical analysis
performed using a Linear Mixed-Effects model Tukey's post-hoc comparison.
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3.2.4 The effect of TGFB on CAF and ECM mRNA expression and
collagen production by mammary fibroblasts

To investigate the effects on TGFB and mammographic density on mammary fibroblasts,
primary mammary fibroblasts were isolated from human breast tissue and cultured for 72
hours with 10ng/mL of TGFB in serum free media (n=16). mMRNA expression of cancer
associated genes and genes involved in extracellular matrix regulation were measured
using quantitative real time PCR relative to expression of housekeeping gene HPRT1 from
the same patient. Results are expressed in arbitrary units, were the data were normalised

so that the average expression of each gene in untreated controls was equal to 1.

Expression of mMRNA encoding TNC was significantly increased in mammary fibroblasts
treated with TGFB (2.64+1.51 arbitrary units) compared to untreated controls (1+£0.38
arbitrary units). No other differences were observed in expression of CAF genes in

fibroblasts treated with TGFB (Figure 3.6.A).

Expression of MMP3, was increased by 6-fold in fibroblasts treated with TGFB (6.341£0.73
arbitrary units) compared to untreated controls (1£0.32 arbitrary units) (p<0.01).
Expression of mRNA encoding CTGF was significantly increased in TGFB treated
fibroblasts (6.48+1.52 arbitrary units) compared to untreated controls (1+£0.34 arbitrary
units) (p<0.05). A small but significant increase in mMRNA expression of LOX and in TGFB
treated fibroblasts (1.58+0.21 arbitrary units) was observed compared to untreated
controls (1£0.19 arbitrary units) (p<0.01). A trending reduction in expression of COL4AS,
and a trending 2-fold increase in MMP1 expression was observed fibroblasts treated with
TGFB compared to untreated controls (p= 0.059, p=0.074 respectively). No other changes
in expression of genes involved in extracellular matrix regulation were observed (Figure

3.6.B).
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Collagen production was measured by ELISA to detect production of soluble collagen I,
and Sirius red dye to measure insoluble collagen fibres. Results were normalised so that
average collagen production in untreated controls was equal to 1. Collagen | production
was significantly decreased in fibroblasts treated with TGFB (0.57+£0.1 arbitrary units)
compared to untreated controls (1+0.22 arbitrary units) (p<0.01) (Figure 3.6.C). There was
a small but significant increase in insoluble collagen production in fibroblasts treated with
TGFB (1.22+0.07 arbitrary units) compared to untreated controls (1+0.09 arbitrary units)

(p<0.01) (Figure 3.6.D).

3.2.4.1 The effect of TGFB on gene expression and collagen production by
mammatry fibroblasts from high and low MD breast tissue.

When accounting for patient's MD score, there were no significant differences in
expression of CAF genes in fibroblasts from patients with high and low MD when treated
with TGFB (Figure 3.7.A). No significant differences were observed in mRNA expression
of ECM regulatory genes by fibroblasts from high and low MD patient samples when
treated with TGFB (Figure 3.7.B). No differences in soluble collagen | or insoluble collagen
production were observed between fibroblasts from high and low MD tissues when treated

with TGFB (Figure 3.7.C,D).
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Figure 3.6: The effect of TGFB on mRNA expression and collagen production in mammary fibroblasts.
Messenger RNA expression of cancer associated genes (A) and genes involved in extracellular matrix
regulation and collagen production (B) measured by RT-PCR in human mammary fibroblasts following
treatment with 10ng/mL of TGFB for 72hrs (n=16). mMRNA expression normalised to HPRT1 expression, and
presented as relative expression where the average for untreated control is 1. Collagen production was
measured using collagen 1 ELISA (C) and insoluble collagen measured by sirius red staining (D). Data
presented as mean + SEM with statistical analysis performed using a Linear Mixed-Effects model Tukey's post-
hoc comparison. Statistical significance indicated by * when p<0.05.
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Figure 3.7: The effect of TGFB on mRNA expression and collagen production in mammary fibroblasts

isolated from women with high and low mammographic density.

Messenger RNA expression of cancer associated genes (A) and genes involved in extracellular matrix
regulation and collagen production (B) measured by RT-PCR in human mammary fibroblasts from women with
high and low mammographic density (n=8 per group) following treatment with 10ng/mL of TGFB for 72 hours.
mRNA expression normalised to HPRT1 expression, and presented as relative expression where the average
for untreated control is 1. Collagen production was measured using collagen 1 ELISA (C) and insoluble
collagen measured by sirius red staining (D). Data presented as mean + SEM with statistical analysis
performed using a Linear Mixed-Effects model Tukey's post-hoc comparison.
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3.2.5 The effect of TNFA on CAF and ECM mRNA expression and
collagen production by mammary fibroblasts

To investigate the effects on tumour necrosis factor alpha (TNFA) and mammographic
density on mammary fibroblasts, primary mammary fibroblasts were cultured for 72 hours
with 10ng/mL of TNFA in serum free media (n=16). mMRNA expression of CAF genes and
genes involved in ECM regulation were measured using quantitative real time PCR relative
to expression of housekeeping gene HPRT1 from the same patient. Results are expressed
in arbitrary units, were the data were normalised so that the average expression of each

gene in untreated controls was equal to 1.

A significant decrease in mMRNA expression of SMA was observed in TNFA treated
fibroblasts (0.22+0.05 arbitrary units) compared to untreated controls (1+£0.23 arbitrary
units) (p<0.05). Expression of MRNA encoding COX2 was significantly increased in TNFA
treated fibroblasts (27.98+10.15 arbitrary units) compared to untreated controls (1+£0.15
arbitrary units) (p<0.01). Expression of mMRNA encoding /L8 and /L6 were highly increased
in TNFA treated fibroblasts (1701.3+237.8 and 40.29+9.83 arbitrary units respectively)
compared to untreated controls (1£0.40 and 1+0.27 arbitrary units respectively) (p<0.001
for both genes). A 4-fold trending increase in expression of WNT5 was observed in TNFA
treated fibroblasts, though this was not significant (p=0.051). No other differences in CAF

gene expression were observed (Figure 3.8.A).

There were also strong effects of TNFA on expression of genes involved in regulation of
the extracellular matrix. The most potent effects were on expression of MMP1 and MMP3,
which were significantly increased in TNFA treated fibroblasts (72.43+23.72 and
21.18+10.57 arbitrary units respectively) compared to untreated controls (1£0.41 and
1+0.32 arbitrary units respectively) (p<0.001 for both genes). A significant decrease in

expression of LOX and FBN was observed in TNFA treated fibroblasts (0.53+0.11 and
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0.25+0.04 arbitrary units respectively), compared to untreated controls (1£0.19 and 1+£0.13
respectively) (p<0.01). Both collagen genes COL1A1 and COL4A5 were decreased in
TNFA treated fibroblasts (0.22+0.03 and 0.07+0.01 arbitrary units respectively) compared
to untreated controls (1£0.16 and 1+0.17 arbitrary units respectively) (p<0.01) (Figure

3.8.B).

Collagen production was measured by ELISA to detect production of soluble collagen I,
and Sirius red dye to measure insoluble collagen fibres. Results were normalised so that
average collagen production in untreated controls was equal to 1. Collagen | production
was significantly decreased in fibroblasts treated with TNFA (0.54+£0.06 arbitrary units)
compared to untreated controls (1+£0.22 arbitrary units) (Figure 3.8.C). A small but
significant increase in Sirius red staining was observed in TNFA treated fibroblasts
(1.13%0.09 arbitrary units) compared to untreated controls (1+0.09 arbitrary units) (Figure

3.8.D).

3.2.5.1 The effect of TNFA on gene expression and collagen production by
mammary fibroblasts from high and low MD breast tissue.

When the results were separated according to the MD score of each patient sample, were
no differences in expression of CAF related genes were observed between fibroblasts from
breast tissue with high or low MD when treated with TNFA (Figure 3.9.A). There were no
differences in expression of genes involved in ECM regulation between fibroblasts from
high or low MD patient samples when treated with TNFA (Figure 3.9.B). There was no
difference in collagen | production or insoluble collagen production between fibroblasts

from breast tissue with high or low MD when treated with TNFA (Figure 3.9.C,D).
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Figure 3.8: The effect of TNFA on mRNA expression and collagen production in mammary fibroblasts.
Messenger RNA expression of cancer associated genes (A) and genes involved in extracellular matrix
regulation and collagen production (B) measured by RT-PCR in human mammary fibroblasts following
treatment with 10ng/mL of TNFA for 72hrs (n=16). mRNA expression normalised to HPRT1 expression, and
presented as relative expression where the average for untreated control is 1. Collagen production was
measured using collagen 1 ELISA (C) and insoluble collagen measured by sirius red staining (D). Data
presented as mean + SEM with statistical analysis performed using a Linear Mixed-Effects model Tukey's post-
hoc comparison. Statistical significance indicated by * when p<0.05.
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Figure 3.9: The effect of TNFA on mRNA expression and collagen production in mammary fibroblasts
isolated from women with high and low mammographic density.

Messenger RNA expression of cancer associated genes (A) and genes involved in extracellular matrix
regulation and collagen production (B) measured by RT-PCR in human mammary fibroblasts from women with
high and low mammographic density (n=8 per group) following treatment with 10ng/mL of TNFA for 72 hours.
mRNA expression normalised to HPRT1 expression, and presented as relative expression where the average
for untreated control is 1. Collagen production was measured using collagen 1 ELISA (C) and insoluble
collagen measured by sirius red staining (D). Data presented as mean + SEM with statistical analysis
performed using a Linear Mixed-Effects model Tukey's post-hoc comparison.
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3.3 DiscussION

The underlying biological mechanisms that contribute to mammographic density and the
associated breast cancer risk are largely unknown. As fibroblasts are a prominent cellular
component of the mammary stroma, which is highly abundant in tissue with high
mammographic density, it is hypothesised that they may play a role in the development of

mammographic density.

3.3.1 Mammary fibroblasts isolated from high MD tissue are not
inherently different from those isolated from low MD tissue

High MD breasts exhibit high abundance of stromal fibroblasts, however previous studies
have not investigated the potential of fibroblasts as drivers of MD. It was hypothesised
that fibroblasts from high MD breast tissue may exhibit altered gene expression like that
of CAFs that promote a more favourable environment for tumour development, or have
greater expression of genes involved in production of the ECM, and in this way, act as
drivers of mammographic density. However, the results here suggest that fibroblasts from
high MD breasts are not inherently different to those from low MD breasts as there were
no differences in ECM and CAF gene expression or collagen production between
fibroblasts from breast tissue with high or low MD. Therefore, fibroblasts alone are unlikely
to be driving mammographic density through their inherent fibrotic activities, or contributing
to breast cancer risk through greater expression of CAF genes. In addition, when these
fibroblasts were stimulated with immune proteins and cytokines, there were still no
differences in gene expression or collagen production between fibroblasts from high or low
density breast tissue. This suggests that fibroblasts isolated from high density breast tissue
do not have different responsiveness to immune stimulus compared to fibroblasts from low
density breast tissue. However, these studies were subject to limitations, and only

measured a select subset of gene and protein expressions. Measures of other genes and
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proteins related to fibroblast functions could reveal differences between high and low MD

fibroblasts.

3.3.2 Modulation of extracellular matrix regulation and collagen
production in mammary fibroblasts by peroxidase enzymes
Production of soluble collagen | was significantly increased in primary mammary
fibroblasts when treated with myeloperoxidase or eosinophil peroxidase. However, there
was no increase in MRNA expression of COL7A7 in response to myeloperoxidase or
eosinophil peroxidase. This is consistent with previous studies that reported that
peroxidase enzymes stimulate production of collagen | in fibroblasts derived from various
tissue sites, as well as production of collagen IV in vitro. This suggests that peroxidase
enzymes have important roles in regulating extracellular matrix at the post translational
level. However, our studies found no change in collagen fibre staining in response to
peroxidase enzymes. Therefore, peroxidase enzymes may be involved in intracellular

post-translational modifications prior to extracellular collagen fibril assembly.

Interestingly, eosinophil peroxidase significantly increased the mRNA expression of
COX2. COX2 is the gene encoding cyclooxygenase, an enzyme that catalyses the
production of prostaglandins, and is expressed during inflammation [208]. COX2 has been
implicated in mammographic density and breast cancer risk in previous studies. In a study
by Yang et al. in 2009 chipseq analysis of normal breast tissue demonstrated that
expression of COX2 was increased in tissues from women with high mammographic
density, and this was further confirmed by immunohistochemistry [120]. In women,
expression of COX2 has been found to be upregulated in 56% of mammary tumours, and
COX2 inhibitors have been trialled as chemoprevention therapies [209, 210]. Therefore,

peroxidase enzymes may have a role in mammographic density and the associated breast
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cancer risk through promoting the production of collagen 1 by mammary fibroblasts and

also in the induction of COX2 expression.

3.3.3 TGFB1 signalling modulates extracellular matrix regulation and
collagen production in mammary fibroblasts

Our studies found that mammary fibroblasts treated with TGFB1 displayed increased

MRNA expression of genes involved in ECM regulation such as MMP3, CTGF and LOX,

as well as alterations in collagen production. TGFB is a key regulator of fibrosis and is

upregulated in most fibrotic diseases through excessive production of ECM components

including collagen [119].

Connective tissue growth factor (CTGF), was highly expressed in fibroblasts treated with
TGFB. CTGF is expressed by fibroblasts following activation by TGFB [118], however it
has also been shown that CTGF alone can induce production of collagen by fibroblasts
[211, 212]. Studies have suggested that CTGF, through TGFB signalling, is a key regulator
of fibrosis [213]. In mice, CTGF can drive fibrosis in the lungs, and inhibition of CTGF
signalling can prevent liver fibrosis in rats [214, 215]. Overexpression of CTGF has been
linked to increased tumour size in breast cancer, and together with MMPs, can contribute

to the tissue remodelling required for metastasis and angiogenesis [216, 217].

While production of soluble collagen | was decreased in TGFB-treated fibroblasts, an
increase in sirius red staining for insoluble collagen fibres was observed in these cells.
This may be the result of an increase in expression of LOX, which encodes the enzyme
lysyl oxidase required to maintain the structural integrity of collagen fibres by facilitating
the covalent cross-linking of collagen and elastin into insoluble fibres, and protecting
collagen fibres from being degraded [207, 218]. Expression of LOX is upregulated in

several fibrotic diseases associated with an accumulation of collagen and ECM
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components, such as pulmonary fibrosis, skin tissues, hepatic fibrosis and cardiac fibrosis
[219-223]. These fibrotic effects of LOX are mediated through interactions with TGFB [221,
222]. LOX has also been implicated in breast cancer risk. In a study by Levental and
colleagues, overexpression of LOX in the mammary glands of MMTV-Neu mice lead to
increased tumour growth with more invasive properties. Similarly, inhibition of LOX
expression resulted in reduced ECM stiffness in the mammary gland, preventing fibrosis

and reduced tumour susceptibility [92].

Treatment with TGFB induced an increase in expression of MMP3, a matrix
metalloproteinase which is commonly thought to degrade components of the extracellular
matrix [224]. However, studies have reported that MMP3 can promote the transformation
of latent TGFB to its active form, and can therefore promote fibrotic processes [225]. These
functions of MMP3 are poorly understood, and further investigation is required to

understand the role of MMP3 in fibrotic processes and TGFB signalling.

Our studies demonstrate that TGFB can induce expression of ECM genes with pro-fibrotic
activities, and increase production of insoluble collagen fibres. This suggests that TGFB
could contribute to the increased stroma and collagen deposition seen in high density
breast tissue [57, 70]. However, previous studies in women with high mammographic
density have found a decrease in TGFB signalling in breast tissue samples using Chipseq
[120]. Therefore, further studies are required to understand the role of TGFB in

mammographic density.

3.3.4 TNFA Signalling and fibroblast function
Our studies investigating the effects of TNFA on mammary fibroblast function
demonstrated that TNFA has profound effects of mammary fibroblast gene expression.

TNFA significantly decreased mRNA expression of genes involved in ECM deposition and
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including LOX, FBN, COL1A1 and COL4A5 as well as decreased production of soluble
collagen |. This suggests that TNFA is imposing anti-fibrotic effects on mammary
fibroblasts. Further, TNFA increased expression of MMP1 and MMP3, which encode
matrix metalloproteinases that have the primary function of degrading collagen and other
ECM components [224]. These MMPs have been identified for use as potential
therapeutics for fibrotic diseases, due to their capacity for breaking down the excessive
deposits of ECM components [225]. These results are consistent with studies that
investigated the role of TNFA in the skin, where TNFA induced expression of both MMP1
and MMP3 in skin tissue explants and accelerated degradation of collagen 1 [226]. Other
studies have also reported that TNFA inhibits production of collagen 1 and promotes
expression of collagenases such as MMP’s [196, 227]. This suggests that inflammation
driven by TNFA may not promote the increased collagen and pro-fibrotic environment seen
in high MD breast tissue. However, an increase in insoluble collagen deposition was
observed in TNFA treated fibroblasts, and there are some studies that suggest TNFA can
promote collagen deposition [195]. Therefore, the effects of TNFA on collagen production

in the breast require further investigation to be understood.

TNFA induced high expression of inflammatory genes IL6, IL8 and COX2 in mammary
fibroblasts. In the breast, inflammation mediated by TNFA, IL6 and IL8 can favour a pro-
tumorigenic environment, and promote tumour initiation, growth and progression [228]. As
previously discussed, COX2 expression is increased in breast tissue of women with high
MD [120, 229]. In mice with high collagen content in the mammary gland, pharmacological
COX2 inhibition is associated with a decrease in tumour development and metastasis
[150].

Although TNFA promoted expression of inflammatory genes that could promote a pro-
tumour environment, it did not induce a CAF-like phenotype, as one of the standard

markers of CAFs, SMA was decreased in TNFA treated fibroblasts [77]. Therefore, TNFA
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may contribute to the inflammation which is associated with MD and breast cancer risk,
but more studies are required. There is some evidence that there is increased mRNA
expression of TNFA in breast tissue from women with high MD [192]. To understand the
role of TNFA in establishing MD, future studies should investigate which cells are

producing TNFA in the microenvironment of high MD breast tissue.

3.3.5 Limitations

The experiments performed in this chapter have several limitations that affect the results
and the subsequent conclusions drawn from them. Specifically, low sample sizes, inter-
patient variability and the specific culture methods used could have affected the results

obtained.

These studies were limited by the availability of patient tissues of high and low
mammographic density. Most women have breasts in the mid-range of density, either
scattered density or heterogeneously dense, so there were limited number of samples
obtained from the extreme ends of the spectrum of mammographic density. Higher sample
sized could allow for the confounding of factors which can influence mammographic

density such as age or BMI, and potentially reduce the variability in the results.

The treatment conditions in this experiment were limited, the 72-hour time point was
investigated, which may not accurately represent how mammary fibroblasts respond to
these immune factors. These experiments are more reflective of an acute response to
stimulation, and the environment that contributes to mammographic density may be a more
chronic response whereby the fibroblasts are more largely affected by longer exposure to
stimuli such as immune signalling proteins. Analysing the mRNA expression and collagen
production from mammary fibroblasts in response to immune proteins would be more

meaningful if RNA had been collected at multiple time points. The experiments performed
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in this chapter were in 2-dimensional culture and may not accurately represent how
fibroblasts act within human tissue. Future studies may consider 3-dimensional culture
models or tissue explants to further analyse cellular functions in MD. The concentration of
immune proteins used in these experiments were the lowest concentration which yielded
the highest affect as determined by previous studies. While this may yield the greatest
effect of the treatment, it may not be the physiologically relevant concentration found in
human tissues [177, 230, 231]. Therefore, analysis of fibroblasts response to immune
proteins at various concentrations would be meaningful. While studies of gene expression
and collagen production are valuable, there are many other features of mammary
fibroblasts that could be measured to characterise their behaviour in high and low density
breast tissue such as genome wide studies, protein expression, migration and interactions
with other cells. In particular, it would be valuable to see if the changes in mRNA
expression measured here lead to changes in protein expression both in the cell
supernatant and in human tissue samples of high and low MD. Further, changes in activity
of the enzymes of interest in this chapter such as MMP1, MMP3, and LOX should be

measured at a post-translational level.

The experiments described in this chapter are subject to inter-patient variability in gene
expression analyses from primary mammary fibroblasts. There was a very large degree of
variability in expression of some genes that suggest other unknown factors apart from MD
have great influence on gene expression in mammary fibroblasts. While these studies
examine very specific subsets of genes by isolated cells, it is important to note that the
cells were derived from tissues within a full body system that have been exposed to
environmental, lifestyle and epigenetic factors that may influence the baseline functions of

the cells within each patient.
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3.4 CONCLUSION

By utilising primary mammary fibroblasts from patients with high and low mammographic
density, we have shown that fibroblasts isolated from high density breast tissue are not
inherently different to those isolated from low density breast tissue regarding their gene
expression and collagen production. However, the sample size was small and there was
a large amount of variability between patients. We have also demonstrated that peroxidase
enzymes and other immune regulatory proteins such as TGFB and TNFA can have
profound effects on the behaviour of mammary fibroblasts and can induce pro-fibrotic gene
expression and collagen production, and promote an inflammatory microenvironment that
might be more favourable for tumour development. The roles of peroxidases and immune
proteins in mammographic density are complex, and further studies are required to

elucidate the cellular and molecular interactions that drive breast cancer risk.
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CHAPTER FOUR

MACROPHAGE-FIBROBLAST INTERACTIONS THAT CONTRIBUTE TO A

PRO-TUMOUR MICROENVIRONMENT

4.1 INTRODUCTION

Whilst fibroblasts are a significant cell type abundant in high MD tissue, studies in Chapter
3 suggest that they are not drivers of high MD. Whether or not mammary fibroblasts are
derived from high or low MD tissue, their activity is affected by immune mediators including
peroxidases, TGFB and TNFA. This suggests that immune cells, such as macrophages,
in the breast could be part of the regulatory mechanism that determines abundance of
stromal fibroblasts and ECM deposition that is a key feature of high MD. Indeed,
macrophages are in greater abundance in breast tissue from areas of high MD compared

to low MD tissues [123].

Macrophages are key regulators of mammary gland development, facilitating proliferation
of epithelial cells, as well as tissue remodelling [130]. However, they also play a role in
breast cancer susceptibility. Previous studies have identified that macrophage infiltration
is associated with poor prognosis in breast cancer patients [232]. Macrophages can also
promote mammary tumour progression by immune suppression, tumour growth,
metastasis and angiogenesis [232, 233]. On the other hand, macrophages can also be
protective against cancer through immune surveillance functions and production of

inflammatory signals that facilitate anti-tumour immune responses [122].

Macrophages and fibroblasts exist together within the breast stroma and cell-to-cell
interactions may affect abundance of stroma and deposition of ECM. Macrophages can

directly promote tissue remodelling by producing enzymes that break down collagen such
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as MMPs, or prevent collagen breakdown such as TIMPs, as well as other growth factors
[135, 140]. Macrophages can also influence tissue remodelling by stimulating fibroblast

functions, and promote the production of collagen [234-236].

Interactions between fibroblasts and macrophages can also regulate the tumour micro-
environment in cancer. Cancer associated fibroblasts (CAFs) can recruit macrophages to
the tumour site through expression of chemoattractant signals such as CCL2 [237, 238].
They then can regulate the immune response to tumour cells by driving polarisation of
macrophages have pro or anti-tumorigenic phenotypes [201, 239]. Similarly, expression of
soluble factors from macrophages can induce expression of CAF markers in fibroblasts

[238, 240].

CCL2 is a chemotactic cytokine that recruits macrophages to sites of inflammation [156].
Previous studies in our laboratory have demonstrated that high density breast tissue
samples have increased CCL2 staining in the epithelium compared to low density tissues
[157]. Currently, it is unknown how CCL2-stimaulted macrophages interact with
surrounding stromal cells such as fibroblasts in the breast, and how it may contribute to
MD. However, there is some evidence that CCL2 is associated with fibrotic diseases and
can contribute to fibrosis by promoting survival of fibroblasts [241-243]. CCL2 has also
been implicated in breast cancer, high expression of CCL2 in breast cancer tissues is

associated with macrophage infiltration and poor prognosis [162, 244].

The effects of macrophages and CCL2 on both tissue remodelling, inflammation and CAF
marker expression could suggest that the crosstalk between these cells and fibroblasts in
the mammary stroma may play a contributing role in mammographic density and the
associated breast cancer risk. The experiments described in this chapter investigate how

CCL2 directly affects CAF and ECM gene expression, and collagen production in
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mammary fibroblasts. Further, cell-to-cell interactions between mammary fibroblasts and
macrophages were investigated in a co-culture model. Fibroblast mMRNA expression of
CAF, ECM and inflammatory genes, and collagen production were examined. And

macrophage phenotype and expression of cytokines and ECM genes were investigated.

4.2 RESULTS
4.2.1 The effect of CCL2 on CAF and ECM mRNA expression and
collagen production by mammary fibroblasts

To investigate the effects on CCL2 and on mammary fibroblasts, primary mammary
fibroblasts were isolated from human breast tissue and cultured for 72 hours with
500ng/mL of CCL2 in serum free media (n=16). mMRNA expression of CAF genes including
SMA, COX2, FGF5, TGFB3, WNTS5, VIM, TNC, IL6 and IL8, as well as genes involved in
ECM regulation and collagen production; MMP1, MMP3, CTGF, LOX, FBN, COL1A1 and
COL4A5 were measured using quantitative real time PCR relative to expression of
housekeeping gene HPRT1 from the same patient. Results are expressed in arbitrary
units, were the data were normalised so that the average expression of each gene in

untreated controls was equal to 1.

The expression of MRNA encoding CAF related genes, or genes that are markers of CAFs
was variable between patients. A 50% decrease was observed in expression of mMRNA
encoding COX2 in CCL2 treated fibroblasts (0.51+0.09 arbitrary units) compared to
untreated controls (1+0.15 arbitrary units) (p<0.05). A significant 60% decrease in
expression of MRNA encoding VIM in CCL2 treated fibroblasts (0.42+0.11 arbitrary units)
compared to untreated controls (1£0.35 arbitrary units) (p<0.05). A trending 70% increase
in expression of MRNA encoding FGF5 in CCL2 treated fibroblasts (1.72+0.77 arbitrary

units) compared to untreated controls (1£0.12 arbitrary units) was observed (p=0.08).
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There were no other significant differences in mMRNA expression between CCL2 treated

fibroblasts and untreated controls (Figure 4.1.A).

Expression of mRNA encoding genes involved in extracellular matrix regulation and
collagen production was also variable between patients when treated with CCL2. There
were no statistically significant differences in expression of these genes when treated with
CCL2 compared to untreated controls. However, a trending 50% decrease in expression
was observed in expression of mMRNA encoding CTGF in CCL2 treated fibroblasts
(0.47£0.12 arbitrary units) compared to untreated controls (1+£0.35 arbitrary units)

(p=0.053) (Figure 4.1.B).

Collagen production was measured by ELISA to detect production of soluble collagen I,
and Sirius red dye to measure insoluble collagen fibres. Results were normalised so that
the collagen production of untreated controls was equal to 1. Collagen | production was
significantly decreased in fibroblasts treated with CCL2 (0.56+0.09ug/mL) compared to
untreated controls (1£0.22ug/mL) (p<0.05) (Figure 4.1.C). Production of insoluble collagen
fibres, as measured with Sirius red dye was significantly increased in fibroblasts treated
with CCL2 (1.21+£0.07 arbitrary units) compared to untreated controls (1£0.08 arbitrary

units) (p<0.05) (Figure 4.1.D).

4.2.1.1 The effect of CCL2 on mammary fibroblasts from women with high and low
MD

When gene expression was analysed according to the patient samples mammographic

density, there were no significant differences in expression of CAF or ECM and collagen

genes between high and low density patient fibroblasts when treated with CCL2 (Figure

4.2.A,B). No difference in collagen | production was observed between fibroblasts from

high and low MD patient samples when treated with CCL2 (Figure 4.2.C). There was no
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significant difference in Sirius red staining in fibroblasts from patients with high and low

density when treated with CCL2 (Figure 4.2.D).
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Figure 4.1: The effect of CCL2 on gene expression and collagen production in mammary fibroblasts.
Messenger RNA expression of cancer associated genes (A) and genes involved in extracellular matrix
regulation and collagen production (B) measured by RT-PCR in human mammary fibroblasts following
treatment with 500ng/mL of CCL2 for 72hrs. mRNA expression normalised to HPRT1 expression, and
presented as relative expression where the average for untreated control is 1. Collagen production was
measured using collagen 1 ELISA (C) and insoluble collagen measured by sirius red staining (D). Data
presented as mean + SEM with statistical analysis performed using a linear mixed effects model with Tukey’s
post-hoc comparison. Statistical significance indicated by * when p<0.05
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Figure 4.2: mRNA expression and collagen production in mammary fibroblasts isolated from women
with high and low mammographic density.

Messenger RNA expression of cancer associated genes (A) and genes involved in extracellular matrix
regulation and collagen production (B) measured by RT-PCR in human mammary fibroblasts from women with
high and low mammographic density (n=8 per group) following treatment with 500ng/mL of CCL2 for 72 hours.
mRNA expression normalised to HPRT1 expression, and presented as relative expression where the average
for untreated control is 1. Collagen production was measured using collagen 1 ELISA (C) and insoluble
collagen measured by sirius red staining (D). Data presented as mean + SEM with statistical analysis
performed using a linear mixed effects model with Tukey’'s post-hoc comparison. Statistical significance

indicated by * when p<0.05
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4.2.2 The effect of mammary fibroblasts and CCL2 on THP-1 derived
macrophage phenotype in co-culture

To investigate the effect of mammary fibroblasts and CCL2 on THP-1 derived
macrophages, PMA-treated macrophages were co-cultured with primary mammary
fibroblasts in the presence or absence of 500ng/mL of CCL2 for 72 hours. Macrophages
were then analysed by flow cytometry to determine macrophage phenotype. Macrophage
phenotype was determined by expression of surface markers CD80 and CD163. MO cells
were classified as CD80-/CD163- cells, M1 macrophages were classified as
CD80+/CD163- cells, and M2 macrophages were classified as CD163+/CD80- negative
cells based on isotype control gating strategy (Figure 2.3) [131, 138]. PMA-treated
macrophages alone in culture were 40% M2 phenotype, 8% M1 phenotype, with the
remainder in MO. The population of M1 CD80+/CD163- macrophages was significantly
decreased by 6% in THP-1 derived macrophages in co-culture with mammary fibroblasts
(1.451£0.24%) compared to macrophage only controls (7.75+1.00%) (p<0.01) (Figure
4.3.E). The population of M2 CD163+/CD80- macrophages was significantly increased
from 44.03+2.3% in macrophage only controls to 61.6910.67% in macrophages co-
cultured with mammary fibroblasts (p<0.01 (Figure 4.3.F). However, there was no
difference in M1 or M2 surface marker expression when treated with CCL2 in both

macrophages alone or in co-culture.
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Figure 4.3: THP-1 derived macrophage phenotype following indirect co-culture with mammary
fibroblasts and CCL2 for 72 hours.

Cell surface marker expression of CD163 and CD80 on THP-1 derived macrophages were detected using flow
cytometry in macrophage only (Md) (A), macrophages treated with CCL2 (M@ + CCL2) (B), macrophages in
co-culture with mammary fibroblasts (FB M@) (C), and macrophages in co-culture with mammary fibroblasts
treated with CCL2 (FB M@ + CCL2) (D). Bar graphs represent the percentage of viable cells which are
CD80+/CD163- (E), and CD163+/CD80- (F) in each culture condition. Data presented as mean percentage
cells +SEM (n=6). Statistical analysis was performed using one-way ANOVA with Tukey's Post hoc
comparison. Statistical significance is indicated by different letters (a,b,c) when p<0.05.
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4.2.3 The effect of mammary fibroblasts and CCL2 on THP-1 derived
macrophage gene expression.

To investigate the effects of primary mammary fibroblasts and CCL2 on THP-1 derived
macrophage gene expression, PMA-treated THP-1 cells were indirectly co-cultured with
primary mammary fibroblasts in the presence or absence of 500ng/mL of CCL2 for 72
hours (n=3). The mRNA expression of cytokines TGFB1, IL10, IFNG and TNFA were
detected by RT-PCR as well as expression of the CCL2 receptor CCR2. Genes involved
in tissue remodelling and growth factors such as MMP2, MMP9, TIMP1, PDGF and VEGF
were also measured using quantitative real time PCR relative to expression of
housekeeping gene HPRT1 from the same patient. Results are expressed in arbitrary
units, were the data were normalised so that the average expression of each gene in

untreated controls was equal to 1.

Expression of mMRNA encoding TGFB1 appeared to be increased in THP-1 derived
macrophages treated with CCL2, however this was highly variable and not significant
(Figure 4.4.A). There was a trending 2-fold increase in expression of IL170 mRNA in
fibroblast co-cultured THP-1 derived macrophages (2.08+0.21 arbitrary units) (p=0.063),
and a significant 3-fold increase in IL10 expression in fibroblast co-cultured macrophages
treated with CCL2 (3.15+£0.62 arbitrary units) compared to macrophage only controls
(1.0040.41 arbitrary units) (p<0.05). However, there was no significant difference between
co-cultured macrophages treated with CCL2 and those without (Figure 4.4.B). It was
observed that IFNG mRNA expression was significantly increased 4-fold in fibroblast co-
cultured macrophages treated with CCL2 (3.92+0.78 arbitrary units) compared to
macrophage only controls (1.00+0.49 arbitrary units) (p<0.05). A trending 3-fold increase
in expression of IFNG in co-cultured macrophages without CCL2 was observed, however
this was not significant (Figure 4.4.C). Expression of TNFA mRNA was not significantly

attenuated in THP-1 derived macrophages in any of the culture conditions reported in this
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experiment (Figure 4.4.D). Expression of mMRNA encoding the CCL2 receptor CCR2 was
increased 4-fold in fibroblast co-cultured THP-1 derived macrophages in the presence
(4.31+1.02 arbitrary units) and absence (4.02+0.72 arbitrary units) of CCL2, compared to

macrophage only controls (1.00+0.11 arbitrary units) (Figure 4.4.E).

Expression of mMRNA encoding MMP2 was significantly increased 11-fold in co-cultured
THP-1 derived macrophages (11.23+2.11 arbitrary units), and 7-fold in co-cultured
macrophages treated with CCL2 (7.13+0.68 arbitrary units), compared to macrophage only
controls (1£0.10 arbitrary units) (p<0.01) (Figure 4.5.A). Expression of mMRNA encoding
MMP9 was significantly decreased in THP-1 derived macrophages when co-cultured with
mammary fibroblasts (0.22+0.04 arbitrary units) compared to macrophage only controls
(1.0040.12 arbitrary units) (p<0.05). This result was unchanged by the addition of CCL2
(Figure 4.5.B). Expression of mMRNA encoding TIMP1 was significantly increased 3-fold in
co-cultured macrophages (3.48+1.00 arbitrary units) compared to macrophage only
controls (1.00+0.20 arbitrary units) (p<0.01). Expression of TIMP1 was also increased in
co-cultured macrophages treated with CCL2, however this increase was only 2-fold
(1.98£0.47 arbitrary units) (p<0.01) (Figure 4.5.C). A trending reduction in expression of
mRNA encoding PDGF was observed in co-cultured macrophages with and without CCL2
compared to macrophage only controls, however this was not significant (p=0.09) (Figure
4.5.D). It was observed that mRNA expression of VEGF was significantly increased 4-fold
in THP-1 derived macrophages when co-cultured with mammary fibroblasts (3.87+0.15
arbitrary units), in the presence and absence of CCL2 compared to macrophage only

controls (1.00£0.05 arbitrary units) (p<0.05) (Figure 4.5.E).
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Figure 4.4: Cytokine gene expression in THP-1 derived macrophages following indirect co-culture with
mammary fibroblasts and CCL2 for 72 hours.

Messenger RNA expression of genes A) TGFB1, B) IL10, C) IFNG, D) TNFA and E) CCR2 in THP-1 derived
macrophages upon co-culture with mammary fibroblasts and/or treatment with 500ng/mL of CCL2 for 72 hours
(n=3). Culture conditions were macrophage only (MJ) and macrophages in co-culture with mammary
fibroblasts (FB MJ). Results were normalised to housekeeping gene HPRT1 so average expression in
macrophage only control samples is 1. Data presented as mean + SEM with statistical analysis performed
using a linear mixed effects model with Tukey’s post-hoc comparison. Statistical significance is indicated by
different letters (a,b,c,d) when p<0.05.
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Figure 4.5: Tissue remodelling gene expression in THP-1 derived macrophages following indirect co-
culture with mammary fibroblasts and CCL2 for 72 hours.

Messenger RNA expression of genes A) MMP2, B) MMP9, C) TIMP1, D) PDGF and E) VEGF in THP-1
derived macrophages upon co-culture with mammary fibroblasts and/or treatment with 500ng/mL of CCL2 for
72 hours (n=3). Culture conditions were in macrophage only (MJ) and macrophages in co-culture with
mammary fibroblasts (FB Md). Results were normalised to housekeeping gene HPRT1 so average expression
in macrophage only control samples is 1. Data presented as mean + SEM with statistical analysis performed
using a linear mixed effects model with Tukey’s post-hoc comparison. Statistical significance is indicated by
different letters (a,b,c) when p<0.05.
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4.2.4 The effect of THP-1 derived macrophages and CCL2 on mammary
fibroblast gene expression in co-culture

To investigate the effects of THP-1 derived macrophages and CCL2 on primary mammary
fibroblast gene expression, PMA-treated THP-1 cells were indirectly co-cultured with
primary mammary fibroblasts in the presence or absence of 500ng/mL of CCL2 for 72
hours (n=6). Expression of mMRNA encoding genes which are markers of CAFs such as
SMA, FGF5, TNC, WNT5, TGFB3 and VIM were measured by RT-PCR. Genes involved
in extracellular remodelling including MMP1, MMP3, MMP9, TIMP1, LOX, FBN and CTGF
were also measured for mMRNA expression as well as inflammatory markers /L6, IL8 and
COX2. Data presented is relative expression to the housekeeping gene HPRT1 for each
culture condition, and results were normalised so the average expression of fibroblast only

controls is 1 arbitrary unit.

The average expression of SMA mRNA in fibroblasts co-cultured with THP-1 derived
macrophages with and without CCL2 was 80% lower (0.18+0.04 arbitrary units) than in
fibroblast only controls (1.00+0.36 arbitrary units) (p=0.01) (Figure 4.6.A). Expression of
FGF5 mRNA was observed to be increased 3-fold in mammary fibroblasts in co-culture
with THP-1 derived macrophages with and without treatment with CCL2 (3.43+0.24
arbitrary units) compared to fibroblast only controls (1.00+0.24 arbitrary units) (p<0.01)
(Figure 4.6.B). In mammary fibroblasts in co-culture with THP-1 derived macrophages,
MRNA expression of TGFB3 was significantly decreased by approximately 85% (0.13+.03)
compared to fibroblast only controls (1.00+0.23 arbitrary units), this reduction was
unchanged with treatment with CCL2 (0.15+0.04 arbitrary units) (p<0.01) (Figure 4.6.D).
Co-culture of primary mammary fibroblasts with THP-1 derived macrophages did not have

any significant effects on mRNA expression on VIM, TNC or WNT5 (Figure 4.6.C,E-F).
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In mammary fibroblasts in co-culture with THP-1 derived macrophages, mRNA expression
of MMP1 was significantly increased by approximately 80-fold in the absence
(80.42+16.69 arbitrary units) and presence of CCL2 (88.26+18.62 arbitrary units)
compared to fibroblast only controls (1.00+0.33 arbitrary units) (p<0.01 in both culture
conditions) (Figure 4.7.A). Expression of mRNA encoding MMP3 was also significantly
increased in co-cultured mammary fibroblasts, by approximately 19-fold both in the
presence (19.47+3.57 arbitrary units) and absence (19.21+4.07 arbitrary units) of CCL2
compared to fibroblast only controls (1.00+0.59 arbitrary units) (p<0.01) (Figure 4.7.B). A
significant 90-fold increase in mMRNA expression encoding MMP9 was observed in
mammary fibroblasts co-cultured with THP-1 derived macrophages (0.87+56.58 arbitrary
units) compared to fibroblast only controls (1.00+0.46 arbitrary units) (p<0.05). In co-
cultured fibroblasts treated with CCL2, expression of MMP9 was also significantly
increased (68.87+35.89 arbitrary units) (p<0.05). There was no significant difference
between co-cultured fibroblasts treated with CCL2 compared to those without CCL2
(Figure 4.7.C). In mammary fibroblasts in co-culture with THP-1 derived macrophages,
expression of mMRNA encoding TIMP1 was significantly increased by approximately 60%
(1.57+0.16 arbitrary units) compared to fibroblast only controls (1.00+0.23 arbitrary units),
and this was not altered by treatment with CCL2 (1.59+0.13 arbitrary units) (p<0.05)

(Figure 5.7.D).

It was observed that the average mRNA expression of FBN was decreased by
approximately 60% in fibroblasts when co-cultured with THP-1 derived macrophages
(0.39+.07 arbitrary units), compared to fibroblast only controls (1.00+0.28 arbitrary units)
(p<0.05). This result was not further attenuated by treatment with CCL2 (0.43+0.08

arbitrary units) (p<0.05) (Figure 4.7.E). Co-culture of mammary fibroblasts with THP-1
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derived macrophages, with and without CCL2 did not have any significant effects on

MRNA expression of CTGF and LOX (Figure 4.7.F-G).

Marked changes in mRNA expression of inflammatory genes was observed in mammary
fibroblasts when indirectly co-cultured with THP-1 derived macrophages in the presence
and absence of CCL2. Expression of mRNA encoding COX2 was significantly increased
by approximately 35-fold in fibroblasts when co-cultured with THP-1 derived macrophages
both with CCL2 treatment (38.78+7.51 arbitrary units) and without (34.79+4.73 arbitrary
units) compared to fibroblast only controls (1.00+0.28 arbitrary units) (p<0.01 in both
conditions). There was no difference between co-cultured fibroblasts treated with CCL2
and those without CCL2 (Figure 4.8.A). Expression of mRNA encoding IL6 was
significantly increased approximately 30-fold in fibroblasts co-cultured with THP-1 derived
macrophages both with CCL2 (26.06+2.44 arbitrary units) and without (28.04+3.55
arbitrary units) compared to fibroblast only controls (1.00+0.26 arbitrary units) (p<0.01)
(Figure 4.8.B). Expression of mRNA encoding IL8 was highly increased in mammary
fibroblast in co-culture with THP-1 macrophages with over 500-fold increase (541.9+180.6
arbitrary units) in expression compared to fibroblast only controls (1.00+0.52 arbitrary
units) (p<0.01). Co-cultured fibroblasts with CCL2 treatment also exhibited highly
increased expression of /L8, with approximately 400-fold increase (411.6+102.62 arbitrary
units) compared to fibroblast only controls (1.00+0.52 arbitrary units) (p<0.01) (Figure

4.8.C).
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Figure 4.6: CAF marker gene expression in mammary fibroblasts following indirect co-culture with
THP-1 derived macrophages and/or CCL2 for 72 hours.

Messenger RNA expression of genes A) SMA, B) FGF5, C) VIM, D) TGFB3 E) TNC and F) WNT5 in mammary
fibroblasts upon co-culture with THP-1 derived macrophages and/or treatment with 500ng/mL of CCL2 for 72
hours (n=6). Culture conditions were in fibroblast only (FB), and fibroblasts in co-culture with THP-1 derived
macrophages (FB MdJ). Results were normalised to housekeeping gene HPRT1 so average expression in
fibroblast only control samples is 1. Data presented as mean + SEM with statistical analysis performed using a
linear mixed effects model with Tukey’s post-hoc comparison. Statistical significance is indicated by different
letters (a,b,c) when p<0.05.
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Figure 4.7: ECM remodelling gene expression in mammary fibroblasts following indirect co-culture with
THP-1 derived macrophages and/or CCL2 for 72 hours.

Messenger RNA expression of genes A) MMP1, B) MMP3, C) MMP9, D) TIMP1 E) FBN, F) CTGF and G) LOX
in mammary fibroblasts upon co-culture with THP-1 derived macrophages and/or treatment with 500ng/mL of
CCL2 for 72 hours (n=6). Culture conditions were in fibroblast only (FB), and fibroblasts in co-culture with
THP-1 derived macrophages (FB MQ). Results were normalised to housekeeping gene HPRT1 so average
expression in fibroblast only control samples is 1. Data presented as mean + SEM with statistical analysis
performed using a linear mixed effects model with Tukey’s post-hoc comparison. Statistical significance is
indicated by different letters (a,b,c) when p<0.05.
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Figure 4.8: Inflammatory gene expression in mammary fibroblasts following indirect co-culture with
THP-1 derived macrophages and/or CCL2 for 72 hours.

Messenger RNA expression of genes A) COX2, B) IL6, and C) /L8 in mammary fibroblasts upon co-culture with
THP-1 derived macrophages and/or treatment with 500ng/mL of CCL2 for 72 hours (n=6). Culture conditions
were in fibroblast only (FB), and fibroblasts in co-culture with THP-1 derived macrophages (FB M@). Results
were normalised to housekeeping gene HPRT1 so average expression in fibroblast only control samples is 1.
Data presented as mean + SEM with statistical analysis performed using a linear mixed effects model with
Tukey’s post-hoc comparison. Statistical significance is indicated by different letters (a,b,c) when p<0.05.
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4.2.5 The effect of THP-1 derived macrophages and CCL2 on mammary
fibroblast collagen production in co-culture

To investigate the effect of THP-1 derived macrophages and CCL2 on collagen production
in primary mammary fibroblasts, fibroblasts were indirectly co-cultured with PMA-treated
THP-1 cells in the presence or absence of 500ng/mL of CCL2 for 72 hours (n=6). Collagen
production was measured by analysing mRNA expression of collagen genes COL1A7 and
COL4A5 by RT-PCR in primary mammary fibroblasts, cell supernatants were analysed by
ELISA to detect production of soluble collagen I, and Sirius red dye was used to measure
insoluble collagen fibres (n=6). Results were adjusted to be relative to fibroblast only

controls, where average level of collagen production was equal to 1 arbitrary units.

Expression of mMRNA encoding COL1A1 was observed to be decreased by 60% in primary
mammary fibroblasts when co-cultured with THP-1 derived macrophages both with
(0.41+0.05 arbitrary units) and without CCL2 (0.43%+0.06 arbitrary units) compared to
fibroblast only controls (1.00+0.26 arbitrary units) (p<0.01) (Figure 4.9.A). In mammary
fibroblasts co-cultured with THP-1 derived macrophages, mRNA expression of COL4A5
was significantly decreased by 90% (0.13+0.03 arbitrary units) and with the addition of
CCL2 (0.11+0.02 arbitrary units) compared to fibroblasts alone (1.00+0.25 arbitrary units)

(p<0.01) (Figure 4.9.B).

It was observed that THP-1 derived macrophages (0.07+0.03 ug/mL) had significantly
reduced collagen 1 production compared to fibroblast only controls (1+0.28ug/mL), and
this was unchanged with the addition of CCL2 (0.09+0.04 pg/mL) (p<0.01). In primary
mammary fibroblasts in co-culture with THP-1 derived macrophages, soluble collagen 1

production was significantly decreased by 40% (0.61+0.2 pg/mL) compared to fibroblast
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only controls (1+0.28 pg/mL), and this result was unchanged with the addition of CCL2

(0.65+0.23 pg/mL) (p<0.05) (Figure 4.9.C).

Our studies observed that THP-1 derived macrophages had a significant 25% reduction in
Sirius red staining (0.77+0.04 arbitrary units) compared to fibroblast only controls
(1.00+0.02 arbitrary units) (p<0.01) this result was unchanged by treatment with CCL2
(0.83+0.04 arbitrary units). Sirius red staining was significantly increased in mammary
fibroblasts alone treated with CCL2 (1.06+0.04 arbitrary units) compared to fibroblast only
controls (1.00+0.02 arbitrary units). In mammary fibroblasts in co-culture with THP-1
derived macrophages treated with CCL2 there was a small but significant 10% increase in
Sirius red staining (1.10+0.03 arbitrary units) compared to fibroblast only controls
(1.00+0.02 arbitrary units) (p<0.01) (Figure 4.9.D). No other significant differences in Sirius

red staining were identified (Figure 4.9.D).
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Figure 4.9: Collagen production in mammary fibroblasts following indirect co-culture with THP-1
derived macrophages and/or CCL2 for 72 hours.

Messenger RNA expression of genes A) COL1A1 and B) COL4A5 in mammary fibroblasts upon co-culture with
THP-1 derived macrophages and/or treatment with 500ng/mL of CCL2 for 72 hours (n=6). Results were
normalised to housekeeping gene HPRT1 so average expression in fibroblast only control samples is 1.
Collagen production was measured using collagen 1 ELISA (C) and insoluble collagen measured by sirius red
staining (D) normalised so that collagen production of fibroblast only controls was 1. Culture conditions were in
fibroblast only (FB), macrophage only (M@), and fibroblasts in co-culture with THP-1 derived macrophages (FB
Md). Data presented as mean + SEM with statistical analysis performed using a linear mixed effects model
with Tukey’s post-hoc comparison. Statistical significance is indicated by different letters (a,b,c) when p<0.05.
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4.3 DISCUSSION

While the role of macrophages in the mammary gland have been extensively investigated,
the crosstalk between primary fibroblasts and macrophages in the mammary gland are not
well understood. In this chapter, we have demonstrated that THP-1 derived macrophages
have significant roles in modulating fibroblast gene expression and collagen production,
and the crosstalk between mammary fibroblasts and macrophages can influence
macrophage phenotype. This research suggests that cell-to-cell communication between
mammary fibroblasts and local macrophages can have a profound effect on both normal

functioning of the mammary gland as well in breast cancer risk and progression.

4.3.1 The effect of CCL2 on ECM regulation in mammary fibroblasts

Our studies reported that although CCL2 did not affect expression of genes involved in
ECM regulation in mammary fibroblasts, it did reduce the abundance of soluble collagen
1 in the culture supernatant and increase deposition of insoluble collagen fibres. The
increase in insoluble collagen in response to CCL2 is consistent with previous
observations in the literature. CCL2 has been investigated for its involvement in fibrotic
diseases, which are characterised by excessive deposition of collagen and ECM. CCL2 is
upregulated by hepatic monocytes during liver fibrosis, and production of CCL2 is elevated
in both the serum and lungs of patients with pulmonary fibrosis [243, 245, 246]. In the
mammary gland, it has been demonstrated that mice overexpressing CCL2 in the
mammary glands exhibited greater thickness of stromal collagen in the mammary glands
compared to wildtype controls [157]. The study by Sun et al also found an increase in
MRNA expression of ECM genes Lox and Timp3 in the mammary glands of CCL2

overexpressing mice.

However, our studies found no changes in mRNA expression of genes involved in ECM

remodelling and collagen production by fibroblasts in response to treatment with CCL2.
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This suggests that the role of CCL2 in collagen deposition in the mammary gland could be
through post-translational processes, whereby the synthesis of soluble collagen
monomers is not affected. This would explain why there was a decrease in soluble collagen

accompanied by an increase in insoluble fibres.

On the other hand, while many studies have linked CCL2 to fibrosis and excess collagen
deposition, some studies have reported that CCL2 can have anti-fibrotic functions. It has
also been observed that CCL2 downregulates expression of collagen | in pulmonary
fibroblasts [247]. Another study reported a reduction in liver fibrosis in CCL2 knockout mice
[248]. Some studies have reported no effect of CCL2 on collagen production in fibroblasts
[249]. This suggests that the role of CCL2 in collagen production is complex and requires
further studies to be understood. Overall, these results suggest that CCL2 may play a role
in increasing collagen deposition. However the role of CCL2 in the breast may be

dependent on signalling from the surrounding microenvironment.

4.3.2 Mammary fibroblasts drive differentiation of THP-1 derived
macrophages

The functions of macrophages are largely dependent on their phenotype. M1
macrophages are involved in inflammatory responses and have anti-tumour activities [131,
134]. M2 macrophages are anti-inflammatory and can have tumour promoting functions
[138, 139, 142]. Our study of crosstalk between mammary fibroblasts and THP-1 derived
macrophages demonstrated that there is an increase in CD163+ M2, or alternatively
activated macrophages when in an indirect co-culture with primary mammary fibroblasts.
Further, the co-cultured macrophages exhibited greater expression of /L710 and reduced

TNFA.
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Our findings of increased percentages of CD163 positive M2 macrophages when co-
cultured with mammary fibroblasts is supported by Ferrer et al who co-cultured human
dermal fibroblasts with M1 macrophages. This promoted expression of CD163 surface
marker and skewed macrophages to an M2 phenotype [250]. Further, the authors
observed low secretion of TNFA and high levels of IL10 from co-cultured macrophages
which is consistent with our gene expression studies, which demonstrated that THP-1
derived macrophages expressed higher abundance of IL10, and baseline levels of TNFA

when in the presence of mammary fibroblasts [250].

Previous studies have demonstrated that alternatively activated M2 macrophages have
tumour promoting functions, and tumour associated macrophages (TAMs) have a similar
phenotype to M2 macrophages [131, 142, 251]. One study observed that CD14+ human
peripheral blood mononuclear cells (PBMCs), when co-cultured with fibroblasts from
pancreatic cancer tissue, exhibited increased expression of M2 macrophage phenotype
markers CD163 and CD206 [239]. Both M2 and TAM subtypes produce
immunosuppressive cytokines such as IL10 so that cancer cells can avoid immune
surveillance, as well as producing growth factors and angiogenesis promoting factors to
drive tumour progression such as VEGF and PDGF [132, 136, 252, 253]. Our studies found
that macrophages in co-culture with mammary fibroblasts produce greater VEGF and IL10

than macrophages alone.

Alternatively activated macrophages have been implicated in breast cancer. Previous
studies have demonstrated that CD163+ macrophages in the tumour stroma of breast
cancer tissues correlated to high tumour grade, larger tumour size, triple negative cancers,
and suggest that CD68+ macrophages in the tumour stroma is an independent prognostic
marker for cancer free survival [136, 254]. Our results show that mammary fibroblasts

stimulate the polarisation of macrophages to an alternatively activated M2 phenotype,
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expressing high abundance of immune suppressive cytokines and pro-angiogenic factors
that could favour tumour development and progression in breast cancer. However, the role
of fibroblasts-macrophage interactions in mammographic density is still unclear. Previous
studies of have reported there to be less CD206+ alternatively activated macrophages in
the stroma of high density breast tissue areas compared to low density breast tissue areas
[57]. Therefore, further studies are required to elucidate the role of macrophages, and their
interactions with mammary fibroblasts in mammographic density and the associated breast

cancer risk.

4.3.3 M2 polarised macrophages promote tissue remodelling in
mammary fibroblasts

M2 macrophages have roles in tissue remodelling and are found in fibrotic conditions
where there is an abundance of collagen and extracellular matrix. Our gene expression
studies reported that macrophages have higher expression of MMP2 and TIMP1, and
reduced expression of MMP9 when in co-culture with mammary fibroblasts. A balance of
expression of MMP’s and their inhibitors, TIMPs, are important in the production and
degradation of collagen and the extracellular matrix. Studies have reported that mice with
macrophages overexpressing MMP9 had a reduction in collagen deposition in a model of
pulmonary fibrosis [255]. Expression of TIMP1 has also been implicated in multiple fibrotic
conditions. Previous studies have reported that TIMP1 promotes liver fibrosis, and is
upregulated in mouse models of liver fibrosis [256, 257]. Therefore, macrophages can
directly influence the production of collagen and extracellular matrix through expression of

MMPs and TIMPs.

Alternative activated M2 macrophages can also influence tissue remodelling and collagen
production through their effects on fibroblasts. Our studies demonstrated that when in co-

culture with THP-1 derived macrophages, mammary fibroblasts upregulated fibrotic genes
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MMP1, MMP3, MMP9 and TIMP1, and increased deposition of insoluble collagen fibres.
Previous studies on dermal fibroblasts have shown that M2 macrophages promote fibrotic
activity of dermal fibroblasts in co-culture by increasing collagen production and
expression of TIMP1 [236]. Other studies have reported that stimulation of human dermal
fibroblasts with M2 macrophage conditioned media resulted in upregulation of collagen
production, however, contradictory to our studies, it was also reported that MMP gene
expression was downregulated [234]. This could be due to the mixed population of
macrophage subtypes in our studies, as not all macrophages were polarised to M2
phenotypes. The role of macrophages in the fibrotic activity of mammary fibroblasts is
complex, further studies that delineate each subtype of macrophage, and examine their
effects on tissue remodelling and collagen production would help to gain understanding
how these interactions may contribute to the collagen rich environment in high density

breast tissue.

4.3.4 Limitations

The experiments described in this chapter possess a number of limitations, which may
affect the interpretation of the results. The limitations of fibroblast only RT-PCR analysis
and collagen analysis in mammary fibroblasts from women with high and low
mammographic density have been previously described in Chapter 3 (section 3.3.4). Other

limitations are related to the use of the macrophage cell line THP-1 cells.

THP-1 cells are a monocyte cell line derived from acute monocytic leukaemia, and are
therefore an immortal cell line and may not reflect the function and responsiveness of
macrophages that reside in the mammary gland stroma. Further, as this cell line was being
co-cultured with primary fibroblasts from human breast tissue samples, there is a
possibility for HLA mismatching to occur, which may influence the gene expression and

other behaviour of the THP-1 derived cells. Due to the limited amount of human tissues

107



Macrophage-Fibroblast Interactions

we can obtain, it is not feasible to use human samples with only specific HLA types.
Greater sample size of human mammary fibroblasts would be required to ensure there is

no HLA mismatching.

Our studies found that PMA-treated THP-1 macrophages were differentiated into M2
macrophages when in the presence of mammary fibroblasts, our study utilised a basic
analysis of M2 macrophage phenotype by identifying CD163+, CD80 negative cells as well
as mRNA expression of cytokines such as IL10. However, M2 macrophages have multiple
subtypes including M2a, M2b, M2c and tumour associated macrophages (TAMs) which all
have different functions, making the investigation of crosstalk between mammary
fibroblasts and M2 macrophages more complex, future studies may identify proportions of
each M2 subtype in the our population to better understand the functional role of M2

macrophages in modulating fibroblast activity.

4.4 CONCLUSION

Using an indirect co-culture of primary mammary fibroblasts with THP-1 derived
macrophages, we have shown that the crosstalk between these cells have many effects
on gene expression and collagen production. Co-culture with mammary fibroblasts
promotes the polarisation of macrophages to the alternatively-activated M2 phenotype,
and increases expression of anti-inflammatory cytokines and pro-angiogenic factors that
may contribute to the development and progression of breast cancer. However, the role of
these interactions in mammographic density is still unclear. While macrophages stimulated
a production of insoluble collagen by fibroblasts, an upregulation of pro-fibrotic TIMP1 in
both macrophages and fibroblasts, there was also upregulation of collagen degrading
MMPs. Future experiments are required to further understand the interactions between
macrophages and fibroblasts in the mammary gland, how those interactions contribute to

mammographic density and breast cancer risk.
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CHAPTER FIVE
THE EFFECT OF CCL2 oN MAMMARY TUMORIGENESIS AND GLOBAL

GENE EXPRESSION IN MICE

5.1 INTRODUCTION

Chemokine Ligand 2 (CCL2) is a chemotactic cytokine that acts as a chemoattractant for
monocytes and macrophages to sites of inflammation [156]. Expression of CCL2 is largely
induced by oxidative stress or cell activation by growth factors and cytokines [258]. The
main target of CCL2 is macrophages and the primary receptor, CCR2, is expressed on
leukocytes, monocytes and macrophages. CCL2 is expressed by several different cell

types including fibroblasts, epithelial, smooth muscle, endothelial cells [153, 154].

CCL2 has been implicated in tumour development and progression. Studies have
demonstrated that CCL2 is highly expressed by tumour cells in the primary tumour and
contribute to the development and progression of breast cancer. CCL2 promotes
recruitment of tumour associated macrophages (TAMs) and increases the invasive
properties of cancer cells, thereby promoting metastasis to the lungs and bone [162, 163,
259, 260]. Further, high expression of CCL2 is associated with poor prognosis in women

with breast cancer [162, 260].

Previous studies have implicated CCL2-mediated inflammation in mammographic density
and the associated breast cancer risk. A study in 2017 utilised mice constitutively
expressing CCL2 in the mammary gland, under the control of the MMTV promoter to
investigate the role of CCL2 in mammary gland development and cancer risk. This study
reported that 12-week-old MMTV-Ccl2 mice exhibited a greater proportion of stroma and

density of collagen surrounding epithelial ducts compared to wildtype controls [157]. This
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is characteristic of high mammographic density [57, 70]. When these mice were
subsequently challenged with the chemical carcinogen DMBA, CCL2 overexpressing mice
exhibited increased susceptibility to cancer with decreased tumour latency and decreased
tumour-free survival [157]. These studies suggest that chronic inflammation, mediated by
CCL2, may contribute to mammographic density and the associated cancer risk in these
mice. In humans, analysis of paired high and low MD samples of healthy breast tissue

demonstrated that elevated CCL2 expression is associated with high MD regions [157].

While CCL2 is associated with increased susceptibility to mammary tumours using the
DMBA model, this has not yet been confirmed in other animal models of mammary
tumorigenesis, and the role of CCL2 in mammary tumour development and progression
has not been investigated. Expression of the polyomavirus middle T-antigen (PyMT) under
the control of the mouse mammary tumour virus promotor (Mmtv) in mice creates a model
of mammary tumorigenesis of an epithelial cell origin with 100% penetrance [261]. Use of
this model allows for investigation of multiple stages of mammary tumorigenesis and

progression.

In this chapter, we used a transgenic mouse model that constitutively expresses CCL2 in
the mammary gland (Mmtv-Ccl2) crossed with the Mmtv-Pymt mouse tumour model to
create a PyMT/CCL2 cohort. These mice spontaneously develop tumours from 6 weeks
of age and this enables analysis of disease progression and metastasis. Using these mice,
we investigated the role of CCL2 in mammary tumourigenesis by examining the
hyperplasia, tumour latency, development, progression and metastasis of tumours using
a PyMT/CCL2 transgenic mouse model. RNAseq analysis was performed on mammary
glands from 12 week old Mmtv-Ccl2 mice to elucidate the biological pathways that are
affected by CCL2 overexpression, which may contribute to mammographic density and

breast cancer risk.
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5.2 RESULTS

5.2.1 The effect of CCL2 on early tumorigenesis in 9 week old PyMT
mice

Mice that carry the Mmtv-Pymt transgene spontaneously develop mammary gland tumours
from 6 weeks of age. In this study, Mmtv-Ccl2 and FVB wild type control mice were cross-
bred with Mmtv-Pymt transgenic mice to generate the PyMT/CCL2 cohort. We first sought
to investigate the impact of CCL2 overexpression on very early tumorigenesis. Prior to the
emergence of palpable tumours, there are early tumorigenic events such as hyperplasia
in this mouse model. The 4th pair mammary glands, where there were no palpable
tumours, were collected from 9 week old mice and carmine alum stained for whole mount

analysis of early tumorigenesis.

All dissected mammary glands from both PyMT/CCL2 and PyMT controls exhibited
extensive areas of early tumorigenesis at 9 weeks of age. It was observed that the largest
tumorigenic area was at the nipple end of the mammary gland (Figure 5.1.A,C). These
areas may be more advanced tumours. These areas were measured using Image J and
there was no significant difference in nipple area or percentage nipple area between PyMT
controls and PyMT/CCL2 mice. These nipple areas were excluded from the further

analysis of early tumorigenesis.

Several measures were used to assess the early tumorigenic areas of PyMT/CCL2 and
PyMT control mice. The average tumorigenic area as a percentage of total mammary
gland area was 15.95+1.56% and 18.81+2.71% for PyMT controls and PyMT/CCL2 mice
respectively, and there was no significant difference between these groups (p=0.325)
(Figure 5.1.E). However, when the number of individual tumorigenic areas per mouse was

manually counted, there was a significant increase in the number of tumorigenic areas per
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mm? of mammary gland for PyMT/CCL2 compared to PyMT controls (0.557+0.04 and

0.455+0.03 areas per mm? respectively (p=0.047) (Figure 5.1.F).

5.2.2 The effect of CCL2 on tumour latency

To investigate the effect of CCL2 on tumour latency in the Mmtv-PyMT mouse model,
PyMT controls and PyMT/CCL2 mice were monitored for emergence of palpable tumours
weekly from 6 weeks of age, and sacrificed at 9 and 12 week for analysis. A Kaplan-Meier
plot was constructed to analyse the percentage of mice that were tumour-free in each
week of monitoring. By 10 weeks of age 100% of the mice had developed tumours. The
average tumour latency of the PyMT controls and PyMT/CCL2 mice was 8 and 7.5 weeks
respectively (Figure 5.2). There was no significant difference in tumour latency between

groups as determined using SPSS Log Rank (n=19 mice per group).
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Figure 5.1: The effect of CCL2 overexpression on early mammary gland tumorigenesis in 9 week old
PyMT transgenic mice

Representative images of carmine alum stained whole mounted 4th pair mammary glands of 9 week old PyMT
(A, low magnification, B, high magnification) and PyMT/CCL2 (C, low magnification, D, high magnification)
mice. Tumorigenic areas first start in the nipple area (indicated by open arrows). Growth of smaller tumorigenic,
areas can be seen at the distal end of the mammary gland. Tumorigenic areas were measured and analysed
for tumorigenic areas as a percentage of the gland area (E), and number of tumorigenic areas per mm?2 of
gland (F). Data presented as mean + SEM (n= 9 per group). Measured data was analysed using a simple
linear regression, and number of tumours was analysed using a negative binomial regression with Wald Chi-
square post-hoc comparison * when p<0.05
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Figure 5.2: The effect of CCL2 overexpression on tumour latency in PyMT transgenic mice

PyMT and PyMT/CCL2 mice were palpated weekly to monitor for tumour latency from 6 weeks of age (n=28
per group). Kaplan-Meier survival plot of the percentage of tumour free mice for each week of monitoring (A)
Statistical analysis was performed using SPSS, mean survival was tested using Log Rank test.
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5.2.3 The effect of CCL2 on mammary tumour burden

To investigate the effect of CCL2 on mammary tumour burden, PyMT controls and
PyMT/CCL2 mice were monitored for tumour development and sacrificed at 9 and 12
weeks. At this time, both the primary tumour and all other tumours were dissected and

weighed to investigate tumour burden.

At 9 weeks age, the average primary tumour weight was 124.28+15.48mg for PyMT
controls and 145.33+41.62mg in PyMT/CCL2 mice. At 12 weeks of age, the average
primary tumour weight was 588.39+64.30mg in PyMT control mice and 613.29+£104.01mg
in PyMT/CCL2 mice. There was no significant difference in primary tumour weight between
PyMT/CCL2 and PyMT control mice at 9 (p=0.586) and 12 (p=0.885) weeks of age (Figure

5.3.A).

The total tumour number for each mouse was counted. The average number of tumours
in PyMT control mice was 3.36+0.26 tumours and in PyMT/CCL2 mice, there were
2.8+0.21 tumours at 9 weeks of age. At 12 weeks of age, the average number of tumours
in PyMT control mice was 6.95+0.73 tumours, and in PyMT/CCL2 mice there were
8.2410.26 tumours. There was no significant difference in tumour number between PyMT

and PyMT/CCL2 mice at 9 (p=0.187) and 12 (p=0.364) weeks of age (Figure 5.3.B).

Tumour burden was measured as the total weight of all mammary tumours in each mouse.
The average total tumour burden at 9 weeks of age was 268.67+19.04mg for PyMT
controls and 211.93145.43mg for PyMT/CCL2 mice. The average total tumour burden at
12 weeks of age was 1,611.79£154.57mg for PyMT controls and 1,695+169.46mg in
PyMT/CCL2 mice. There was no significant difference in total tumour burden between
PyMT/CCL2 and PyMT control mice at 9 (p=0.187) and 12 (p=0.706) weeks of age (Figure

5.3.D). Total tumour burden was also calculated as percentage of each mouse’s total body
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weight. The average percentage tumour burden at 9 weeks age was 1.15£0.08% in PyMT
controls and 0.93+0.20% in PyMT/CCL2 mice. At 12 weeks of age, the average
percentage tumour burden was 6.20+0.53% in PyMT control mice and 6.56£0.53% in
PyMT/CCL2 mice. There was no significant difference in percentage tumour burden
between PyMT/CCL2 and PyMT control mice at 9 (p=0.243) and 12 (p=0.837) weeks of

age (Figure 5.3.C).
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Figure 5.3: The effect of CCL2 overexpression on mammary tumour burden in PyMT transgenic mice.
Primary and secondary tumours were collected from FVB/PyMT and PyMT/CCL2 mice at 9 (n=10) and 12
(n=19) weeks of age and weighed. The Primary tumour weight was determined as the first palpable tumour
with the highest weight (A), total number of mammary tumours for each mouse was calculated (B). Tumour
burden was calculated as a percentage of each animals total weight (C). Total tumour burden was determined
by the sum of the weight of all tumours for each mouse (D). Data presented as mean + SEM with statistical
analysis performed on measured data simple linear regression model, tumour number was analysed using a
negative binomial regression model. Post-hoc comparison was performed using Wald Chi square test.
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5.2.4 The effect of CCL2 on primary tumour progression

To investigate the effect of CCL2 on primary tumour progression, primary tumours from
PyMT and PyMT/CCL2 mice were dissected at 9 and 12 weeks age (n=10 per genotype
and 18 per genotype respectively). Primary tumours were formalin fixed and paraffin
embedded, stained with haematoxylin and eosin and analysed for tumour grade and other
pathological markers by veterinary pathologist Dr Lucy Woolford. The statistics of this

pathological analysis can be found summarised in Table 5.3.A-B.

Primary tumours were classified into 4 tumour grades according to their morphology;
hyperplasia (Figure 5.4.A), adenoma (Figure 5.4.B), early carcinoma (Figure 5.4.C) and
late carcinoma (Figure 5.4.D). Late carcinoma is the most advanced tumour stage. At 9
weeks of age 100% of the primary tumours were late carcinoma, and there was no
difference between PyMT and PyMT/CCL2 tumours (Figure 5.4.E). Primary tumours
collected from PyMT mice at 12 weeks were 16.67% early carcinoma (3 out of 18 mice)
and 83.33% late carcinoma (15 out of 18 mice). In PyMT/CCL2 mice, 10.53% of primary
tumours were early carcinoma (2 out of 19 mice) and 89.47% were late carcinoma (17 out
of 19 mice). There were no statistically significant differences in tumour grade between

PyMT control mice and PyMT/CCL2 mice (Figure 5.4.F)

Primary tumours were also evaluated for cytological atypia, indicating the degree of
abnormality to the cells appearance, with larger nuclear size compared to cytoplasm and
variation in cell size. Cytological atypia is graded from none or minimal (Figure 5.5.A), mild
(Figure 5.5.B), moderate (Figure 5.5.C) and marked (Figure 5.5.D). Primary tumours from
PyMT/CCL2 and PyMT controls exhibited a marked degree of cytological atypia in all
primary tumours, with no difference between mouse genotypes (Figure 5.5.E). Primary
tumours collected from PyMT control mice at 12 weeks age had 11.11% moderate atypia

(2 out of 18 mice) and 88.89% marked atypia (16 out of 18 mice). Tumours from
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PyMT/CCL2 mice at 12 weeks age exhibited 5.26% moderate atypia (1 out of 19 mice)
and 94.74% marked atypia (18 out of 19 mice). No significant differences in cytological
atypia were observed between PyMT/CCL2 and PyMT control mice at 12 weeks age

(Figure 5.5.F).

Primary tumours from PyMT/CCL2 and PyMT control mice were assessed for presence of
tumour necrosis. The degree of tumour necrosis was categorised into none (5.6.A), rare
(Figure 5.6.B), infrequent multifocal (Figure 5.6.C) and frequent multifocal (Figure 5.6.D).
Primary tumours collected from PyMT/CCL2 and PyMT control mice at 9 weeks age had
rare presence of tumour necrosis in 100% of tumours, with no difference between mouse
genotype (Figure 5.6.E). Primary tumours collected from PyMT control mice at 12 weeks
of age had 38.89% rare necrosis (7 out of 18 mice), 16.67% infrequent multifocal necrosis
(3 out of 18 mice) and 44.44% frequent multifocal necrosis (8 of 18 mice). Primary tumours
collected from PyMT/CCL2 mice at 12 weeks age had 10.53% with no necrosis observed
(2 of 19 mice), 26.32% rare necrosis (5 of 19 mice), 36.84% infrequent multifocal necrosis
(7 of 19 mice) and 26.32% frequent multifocal necrosis (5 of 19 mice). There was no
significant difference in the distribution of tumours across the different classifications of

necrosis between PyMT/CCL2 and PyMT controls (Figure 5.6.F).

In the Mmtv-Pymt mouse model, mammary gland tumours progress to pulmonary
metastasis. To investigate the effect of CCL2 on pulmonary metastasis in Mmtv-Pymt
mice, PyMT control and PyMT/CCL2 mice were sacrificed at 12 weeks of age. Lungs were
dissected and were formalin fixed paraffin embedded and frozen in liquid nitrogen for
histological and RNA analysis. Haematoxylin and eosin stained lung sections were
analysed for the presence of pulmonary metastasis by veterinary pathologist Dr Lucy
Woolford. Approximately 40% of both PyMT control and PyMT/CCL2 mice showed

presence of metastatic lesions, the occurrence of metastasis was not affected by the
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mouse genotype (Figure 5.7.C). Histological analysis shows the presence of mammary

tumour cells in the lung to confirm metastasis (Figure 5.7.A-B).

120



CCL2 and Mammary Tumorigenesis

E F
100+ 100~
£ o fw
® ®
0- 0-
wss Adenoma “ Mid Stage Carcinoma
= Hyperplasia mm  Late Carcinoma

Figure 5.4: The effect of CCL2 on mammary tumour progression in PyMT transgenic mice
Representative images of haematoxylin and eosin stained primary mammary tumours at the four stages of
tumour classification hyperplasia (A), adenoma (B), early carcinoma (C), and late carcinoma (D), taken at 40x
magnification. Histological tumour staging was performed on primary mammary tumours from PyMT and
PyMT/CCL2 mice at 9 (n=10) and 12 (n=19) weeks of age. Graph depict the percentage distribution of tumours
at each histological grade at 9 weeks (E), and 12 weeks (F). Statistical analyses performed using Fisher’s
Exact test.
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Figure 5.5: The effect of CCL2 overexpression on cytological atypia in PyMT transgenic mice
Representative images of haematoxylin and eosin stained primary mammary tumours with no atypia (A), mild
atypia (B), moderate atypia (C), and marked atypia (D), taken at 40x magnification. Cytological atypia
characterisation was performed on primary mammary tumours from PyMT and PyMT/CCL2 mice at 9 (n=10)
and 12 (n=19) weeks of age. Graph depict the percentage distribution of tumours at each atypia grade at 9
weeks (E), and 12 weeks (F). Statistical analyses performed using Fisher's Exact test.
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Figure 5.6: The effect of CCL2 overexpression of tumour necrosis in PyMT transgenic mice
Representative images of haematoxylin and eosin stained primary mammary tumours with no necrosis (A),
rare necrosis (B), infrequent necrosis (C), and frequent necrosis (D), taken at 40x magnification.
Characterisation of necrosis was performed on primary mammary tumours from PyMT and PyMT/CCL2 mice
at 9 (n=10) and 12 (n=19) weeks of age. Graph depict the percentage distribution of tumours at each stage of
necrosis at 9 weeks (E), and 12 weeks (F). Statistical analyses performed using Fisher's Exact test.
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Figure 5.7: The effect of CCL2 overexpression on pulmonary metastasis in PyMT transgenic mice
Representative images of haematoxylin and eosin stained lung tissues from PyMT and PyMT/CCL2 mice at 12
weeks of age (n=19). Images represent normal lung tissue (A) and lung tissue with pulmonary metastases
present (B). Graphs represent the percentage distribution of mice with presence or absence of pulmonary
metastases in PyMT and PyMT mice (C). Data presented as mean +SEM with statistical analyses performed
by Fischer's Exact test.
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5.2.5 The effect of CCL2 on macrophage infiltration

To investigate the effect of CCL2 on macrophage infiltration during early tumorigenesis in
the Mmtv-PyMT mouse model, 4" pair mammary glands were dissected at 9 weeks’ age
from PyMT and PyMT/CCL2 and formalin fixed paraffin embedded tissue sections were
stained with pan macrophage marker F4/80. Three areas of early tumorigenesis were
randomly identified, with assessor blinded to mouse genotype, in each mammary gland

and the number of F4/80+ cells were manually counted around the perimeter of this area.

In mammary glands of 9 week of PyMT and PyMT/CCL2 mice, F4/80 stained
macrophages were identified around the edges of regions of early tumorigenic and more
advanced tumorigenic tissue regions (Figure 5.8.A-B). In PyMT mice, the average number
of F4/80 stained macrophages per mm? was 3.87+0.413, and in PyMT/CCL2 mice there
was an average of 7.67+0.961 macrophages per mm? There were significantly more
macrophages infiltrating early tumorigenic tissue in PyMT/CCL2 mice compared to PyMT

controls at 9 weeks of age (p<0.001) (Figure 5.8.C).

To investigate the role of CCL2 on macrophage infiltration of mammary tumours in the
Mmtv-PyMT mouse model. Primary tumours were collected at 9 and 12 weeks of age from
PyMT controls and PyMT/CCL2 mice, and formalin fixed paraffin embedded tissue
sections were stained with F4/80. Areas of macrophage infiltration were measured and

F4/80+ cells manually counted to determine the average macrophages per mm?®.

In primary tumours of PyMT and PyMT/CCL2 mice, F4/80 stained macrophages were
identified around the borders of the primary tumours, and in the interstitial spaces between
tumours regions (Figure 5.9,10. A-D). At 9 weeks of age, primary tumours collected from
PyMT control mice had an average number of 338.44+58.34 macrophages per mm?, and
PyMT/CCL2 mice had an average of 697.13+145.23 macrophages per mm?. PyMT/CCL2

125



CCL2 and Mammary Tumorigenesis

mice had significantly greater number of macrophages per mm? than PyMT control mice
at 9 weeks of age (p=0.008) (Figure 5.9.E). At 12 weeks of age, primary tumours collected
from PyMT control mice had an average of 497.54+85.02 macrophages per mm?, and
PyMT/CCL2 mice had an average of 683.00+97.81 macrophages per mm?. There was no

significant difference in macrophage abundance in primary tumours collected from

PyMT/CCL2 and PyMT control mice at 12 weeks of age (p=0.143) (Figure 5.10.E).
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Figure 5.8: The effect of CCL2 overexpression on macrophage infiltration during early mammary
tumorigenesis in 9 week old PyMT transgenic mice

Representative images of F4/80 stained mammary glands of 9 week old PyMT (A) and PyMT/CCL2 (B) mice
taken at 40x magnification (n=10 per group). F4/80+ cells were manually counted in 3 areas of early
tumorigenesis per mammary gland (C). Arrows indicate F4/80+ stained cells. Data presented as mean F4/80+
cells per mm + SEM with statistical analysis performed using a simple linear regression with Wald Chi square
post hoc comparison. Statistical significance indicated by * when p<0.05.
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Figure 5.9: The effect of CCL2 overexpression on macrophage density in primary tumours of PyMT
transgenic mice at 9 weeks age.

Representative images of F4/80 stained primary mammary tumours from PyMT (A low, C high magnification)
and PyMT/CCL2 (B low, D high magnification) mice at 9 weeks age (n=10 per group). Graph represent the
average macrophage density of PyMT and PyMT/CCL2 mice at 9 weeks (E). Data presented as mean +SEM
with statistical analyses performed by simple linear regression model with Wald Chi square post hoc
comparison (*, p<0.05).
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Figure 5.10: The effect of CCL2 overexpression on macrophage density in primary tumours of PyMT
transgenic mice at 12 weeks age.

Representative images of F4/80 stained primary mammary tumours from PyMT (A low, C high magnification)
and PyMT/CCL2 (B low, D high magnification) mice at 12 weeks age (n=18 per group). Graph represent the
average macrophage density of PyMT and PyMT/CCL2 mice at 12 weeks (E). Data presented as mean +SEM
with statistical analyses performed by simple linear regression model with Wald Chi square post hoc
comparison.

129



CCL2 and Mammary Tumorigenesis

5.2.6 The effect of CCL2 on global gene expression in the mammary
gland

To investigate the effect of CCL2 on mammary gland gene expression, mammary glands

from Mmtv-Ccl2 and FVB control mice were collected at 12 weeks age and analysed for

global gene expression by RNAseq. These were healthy normal mammary glands, not

tumorigenic as these mice did not carry the PyMT oncogene. The results of the RNAseq

analysis showed 6,149 genes that were differentially expressed in mammary glands of

Mmtv-Ccl2 mice.

Of the 6,149 genes identified using RNAseq, 2,783 genes (45%) were upregulated in mice
overexpressing CCL2 in their mammary glands. Functional enrichment analysis of those
genes using DAVID revealed cellular pathways significantly upregulated in Mmtv-Ccl2
mouse mammary glands, these pathways are summarised in Table 5.1. A number of
pathways involved in cancer and cell survival were upregulated in Mmtv-Ccl2 mice
compared to wildtype controls including proteoglycans in cancer (p=1.39E-08), cell cycle
(p=7.36E-05), pathways in cancer (p=4.4E-04), Ras signalling (p=0.0162) and PI3K-Akt
signalling (p=4.23E-04). In addition, a number of pathways involved in DNA damage and
repair were upregulated such as DNA replication (p=5.57E-05), mRNA surveillance
(p=0.0012), nucleotide excision repair (p=0.0033), mismatch repair (p=0.0102), p53
signalling (p=0.0155) and transcriptional mis-regulation in cancer (p=0.0425). Other
upregulated pathways were involved in the extracellular matrix (p=0.0077) and TGFB
signalling (p=0.0389). Endocrine pathways upregulated in Mmtv-Ccl2 mice include
prolactin signalling (p=0.0345) and estrogen signalling pathways. Angiogenic genes
involved VEGF signalling (p=0.051), and leukocyte migration (p=5.35E-04) were also

upregulated (Table 5.1).
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Of the 6,149 genes identified using RNAseq, 3,366 genes (55%) were downregulated in
mice overexpressing CCL2 in their mammary glands. Functional enrichment analysis
using DAVID of those genes revealed cellular pathways which were significantly
downregulated in Mmtv-Ccl2 mouse mammary glands, these pathways are summarised
in Table 5.2. In Mmtv-Ccl2 mouse mammary glands, 386 genes involved in metabolic
pathways were downregulated (p=5.83E-42). Specific metabolic pathways downregulated
in these mice include those involved in glucose metabolism such as citric acid cycle
(p=4.54E-17), insulin signalling pathway (p=6.58E-10), AMPK signalling (p=1.38E-09) and
glycolysis and gluconeogenesis (p=1.21E-07). Fatty acid signalling pathways
downregulated included fatty acid metabolism (p=1.26E-14), PPAR signalling (p=1.63E-
11), fatty acid degradation (p=6.55E-10), fatty acid elongation (p=2.05E-06), fatty acid
biosynthesis (p=1.25E-04), adipokine signalling (p=1.13E-06) and regulation of lipolysis
(p=4.84E-05). Immune signalling pathways involved in T cell and B cell receptor signalling

were also suppressed (p=0.004 and 0.016 respectively).
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Table 5.1: Upregulation of functional pathways from RNAseq analysis of global mammary gland mRNA
expression in 12 week old Mmtv-Ccl2 transgenic mice

KEGG Pathway Count P value
Proteoglycans in Cancer 62 1.39E-08
DNA Replication 16 5.57E-05
Cell Cycle 36 7.36E-05
PI3K-Akt Signalling Pathway 76 4.23E-04
Pathways in Cancer 84 4.40E-04
Leukocyte Migration 33 5.35E-04
mRNA Surveillance 27 0.0012
Nucleotide Excision Repair 15 0.0033
ECM Receptor Interaction 23 0.0077
Mismatch Repair 9 0.0102
Estrogen Signalling Pathway 24 0.0143
P53 Signalling Pathway 18 0.0155
Ras Signalling Pathway 47 0.0162
cAMP Signalling Pathway 41 0.0201
Prolactin Signalling Pathway 18 0.0345
TGFB Signalling Pathway 20 0.0389
Transcriptional Misregulation in Cancer 34 0.0425
VEGF Signalling Pathway 15 0.051
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Table 5.2: Downregulation of functional pathways from RNAseq analysis of global mammary gland
mRNA expression in 12 week old Mmtv-Ccl2 transgenic mice

KEGG Pathway Count P value
Metabolic Pathways 386 5.82E-42
Non-Alcoholic Fatty Liver Disease 88 1.71E-29
Citric Acid Cycle 28 4.54E-17
Fatty Acid Metabolism 34 1.26E-14
PPAR Signalling Pathway 40 1.63E-11
Fatty Acid Degradation 28 6.55E-10
Insulin Signalling Pathway 54 6.58E-10
AMPK Signalling Pathway 50 1.38E-09
Glycolysis/Gluconeogenesis 30 1.21E-07
Adipokine Signalling Pathway 30 1.13E-06
Fatty Acid Elongation 16 2.05E-06
Regulation of Lipolysis in Adipocytes 23 4.84E-05
Biosynthesis of Unsaturated Fatty Acids 14 1.25E-04
T Cell Receptor Signalling Pathway 29 0.004

B Cell Receptor Signalling Pathway 20 0.016
Fatty Acid Biosynthesis 7 0.018
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5.3 DiscussION

CCL2 is an inflammatory chemoattractant with potential roles in cancer development and
progression. Mice overexpressing CCL2 have been found to exhibit a number of features
reminiscent of mammographic density and the associated breast cancer risk. We
hypothesised that CCL2 over expression in mice, when cross bred with the Mmtv-PyMT
mammary tumour model, may promote tumorigenesis and tumour progression. Our results
suggest that CCL2 over expression has minimal effects on tumour development in the
Mmtv-PyMT mouse model, however, these results may have been confounded by a
number of external factors. Our studies of global mammary gland gene expression
suggests that overexpression of CCL2 in the mammary gland results in a number of altered

genetic pathways which may contribute to cancer risk.

5.3.1 The role of CCL2 in mammographic density

Our studies investigated how constitutive expression of CCL2 in the mammary glands
affected overall gene expression using RNAseq. Pathway analysis of differentially
expressed genes revealed that Mmtv-Ccl2 mice have upregulated expression of genes
involved in extracellular matrix and collagen deposition at 12 weeks of age. CCL2 has
been implicated in numerous fibrotic diseases characterised by high levels of collagen
deposition such as pulmonary fibrosis, liver fibrosis and renal fibrosis [242, 246, 262, 263].
This is consistent with previous studies which reported that Mmtv-Ccl2 mice have
increased stromal density and collagen thickness surrounding epithelium [157]. These
characteristics are reminiscent of the increase proportion of stroma and collagen
deposition seen in human breast tissue with high mammographic density, and CCL2
expression is increased in the epithelium of high density breast tissue [57, 157]. These
results support the notion that CCL2 mediated inflammation may be a driver of

mammographic density.
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5.3.2 The role of CCL2 in tumour development and progression

Our results suggest that CCL2 overexpression in the mammary gland increases
expression of genes involved in cancer and PyMT/CCL2 mice had a greater number of
tumorigenic areas per mm? in the mammary gland at 9 weeks and suggesting that CCL2
may promote mammary tumorigenesis. However, this did not continue to enhance tumour
development or progression to metastasis in the Mmtv-PyMT mouse model. In many
previous studies, CCL2 has been implicated in promoting tumour progression and
metastasis. Previous studies in our lab have demonstrated that CCL2 overexpression
reduces tumour latency and tumour-free survival in a carcinogen-induced mammary
tumour model [157]. However, it appears that the role of CCL2 in tumour development and
progression is complex and multifaceted. Another study by Li et al, reported that tumour
growth was reduced in CCL2 null mutant mice, and anti-CCL2 antibody treatment reduced
pulmonary metastasis in mice bearing mammary tumours, supporting the role of CCL2 in
tumour promotion [166]. However, this study also reported that CCL2 null mutant mice
exhibited increased metastatic spread, and that treatment with anti-CCL2 antibody during
early tumorigenesis resulted in a spike in tumour growth [166]. This suggests that CCL2
may play multiple opposing roles during different stages of tumour development and
progression. The role of CCL2 may be dependent on the level of CCL2 production by
tumours on surrounding tissues. Previous studies in melanoma have reported that low
concentration of CCL2 promoted survival of tumour cells, while high concentration of CCL2

resulted in destruction of tumour mass and high infiltration of immune cells [264, 265].

Although inflammation is one of the hallmarks of cancer, the role of CCL2 mediated
inflammation in tumour development and progression is more complex. It is suggested that
the pro-tumorigenic effects of CCL2 is a result of the chemoattractant properties of CCL2
in recruitment of cells that suppress immune surveillance or recruit tumour associated

macrophages (TAMs) to tumour sites [253, 260, 266]. TAMs then produce several factors
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to support tumour growth as well as tissue remodelling to promote angiogenesis and
metastasis [162, 163]. TAMs recruited by CCL2 also play roles in immune surveillance and
can inhibit tumour development and progression [143]. Our results showed an increase in
infiltration of macrophages to tumour sites in CCL2 overexpressing mice, however our
studies did not delineate the phenotype or functions of these macrophages. Further, the
chemoattractant properties of CCL2 are not exclusive to tumour promoting macrophages.
CCL2 also recruits a number of other immune cells such as natural killer cells, immature
B cells and CD4+ T cells, through the CCL2 receptor CCR2 and binding of CCL2 to the
CCRA4 receptor [156, 267, 268]. Recruitment of these cells to the tumour microenvironment
may influence immune surveillance and tumour progression. Studies have reported that
CCL2 recruits cytotoxic yo T lymphocytes in vitro, and to tumour sites in vivo [165, 269].
These cells have been reported to have cytotoxic effects against breast cancer cell lines
both in vitro and in mouse models [270]. The balance of different cell types recruited to the

tumour site by CCL2 may determine the rate of tumour growth and progression.

Surprisingly, CCL2 overexpression in the Mmtv-Pymt tumour mouse model did not result
in a greater rate of metastases to the lung. Previous studies have highlighted that CCL2
drives metastasis of cancer cells through recruitment of TAMs which encourage
angiogenesis and metastasis [166, 244, 260]. Our studies found that CCL2 increased
infiltration of macrophages to tumorigenic areas at 9 weeks age in PyMT/CCL2 mice. And
in our RNAseq analysis of CCL2 over expressing mammary glands found an increase in
expression of genes involved in VEGF pathways which are major regulators of breast
cancer angiogenesis and metastasis [163, 271, 272]. Tumour development in the Mmtv-
Pymt model was very aggressive, and it is possible that tumour progression was too swift

for any effect of CCL2 in promoting metastasis to be observable.
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5.3.3 Constitutive CCL2 expression downregulates fatty acid synthesis
and metabolism

Interestingly, our studies observed an overall downregulation of genes involved in fatty
acid synthesis and metabolism, particularly fatty acid synthase (FASN)in mammary glands
with constitutive CCL2 expression. This result was unexpected as there is extensive
literature reporting increased fatty acid metabolism during inflammation, and CCL2
expression is associated with diseases with increased fatty acid synthesis and metabolism
such as fatty liver disease [273-275]. Further, fatty acid synthesis and lipid metabolism in
increased in breast cancer [276, 277]. Increased fatty acid metabolism can play a
supporting role in proliferation and survival of breast cancer cells [278, 279]. In particular,
fatty acid synthase is highly expressed in breast cancer, and has been used as a predictor
of decreased tumour-free survival and is associated with risk of recurrence in breast
cancer [280-283]. A number of studies have investigated the potential of inhibitors of fatty
acid synthase as a potential therapy in cancer [279]. However, expression of fatty acid
synthase is also necessary for normal mammary gland development [284]. Currently, there
is no literature that implicates CCL2 in the downregulation of fatty acid metabolism.
Preliminary studies in our lab have observed that the adipose tissue in the mammary
glands of Mmtv-Ccl2 mice contain a greater abundance of highly eosinophilic multi-lobular
lipid droplets in the mammary gland compared to wild type mice (Hodson et al,
unpublished). Currently, it is unknown if the function of this adipose tissue is perturbed,
and further investigation into the function of these cells may shed light on the role of CCL2

in downregulation of fatty acid and lipid metabolism.

5.3.4 Limitations
There are a number of limitations that may have influenced the results of this study. Firstly,
the rate of tumour development in the Mmtv-PyMT tumour model is greatly affected by the

background strain of the mice. Previous studies have reported that Mmtv-PyMT mice on
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an FVB background have a reduced tumour latency and greater incidence of pulmonary
metastases compared to mice on a C57B6 background [261, 285]. In the current study,
primary tumours were first palpable around 7-8 weeks of age, and the tumours dissected
when the mice were 9 weeks of age were already all late stage carcinomas. The
aggressiveness of this tumour development limited our analysis of the effect of CCL2 on
early tumourigenesis and hyperplasia. Collection of tumours and mammary glands at
earlier time points may reveal differences in PyMT/CCL2 and FVB control mice. It is worth
noting also that during the course of this study there was a lot of construction occurring in
the building the animals were housed in, and the mice were exposed to a number of
external stressors such as noise and vibrations that could have affected the rate of tumour

development.

5.4 CONCLUSION

In this study, we have reported that CCL2 overexpression in the mammary gland increases
expression of genes involved in cancer development and progression, and in collagen
synthesis. CCL2 increased the number of tumorigenic areas in the mammary gland, and
infiltration of macrophages to tumour sites in 9-week-old PyMT/CCL2 mice, however there
was no difference in tumour progression and metastasis between PyMT/CCL2 mice and
PyMT controls. Our results, combined with the literature, support the notion that CCL2 may
be a driver of mammographic density through increase collagen production and effects on
early tumour initiation. However, the role of CCL2 in tumour development, progression and
metastasis may be dependent on the level of expression, cell types present in the
microenvironment, and the stage of progression. Further studies are necessary to further

elucidate the role of CCL2 in mammary tumorigenesis.
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CHAPTER SIX

GENERAL DIScusSION AND CONCLUSIONS

6.1 BREAST CANCER PREVENTION

Breast cancer is an incredibly common disease, and affects 1 in 7 women before the age
of 85 [1]. A breast cancer diagnosis leads to morbidities associated with surgery and
adjuvant chemotherapy, and mortality due to cancer metastasis to sites such as the bone,
liver, or brain [286]. Reducing the number of women diagnosed with breast cancer would

have a significant impact on the health burden of this disease.

Currently, there is a lack of preventative measures that can reduce the incidence of breast
cancer. Radical surgery such as prophylactic mastectomy can reduce breast cancer risk,
however this is not a suitable approach for the majority of women. In contrast to our lack
of success in preventing breast cancer, we are now able to dramatically reduce risk of
cervical cancer through a strategy based on understanding the biological mechanism that
led to increased risk. It was identified that 99% of cervical cancers can be attributed to
sexually-transmitted infection with human papilloma virus (HPV) [287]. This discovery led
to a vaccination strategy against this virus to reduce cervical cancer risk [288]. The barrier
to progress in preventing breast cancer is our lack of knowledge of the biological
mechanisms that drive increased risk. Mammographic density (MD) is a strong risk factor
for breast cancer [14] with thirty percent of breast cancer cases are attributable to
mammographic density (MD) [199]. Through a better understanding of why some women

have high MD, we can develop new interventions to reduce the incidence of breast cancer.

High MD is the result of many different contributing biological factors. There is some

evidence that inflammation in the breast, mediated by cytokines such as CCL2, may be
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driving the increased collagen and breast cancer risk seen in high MD [123, 157]. The
relationship between MD and breast cancer risk is an association, therefore the factors
that cause increased MD do not necessarily also increase breast cancer risk and vice
versa. And there may also be common causes that increase both MD and breast cancer
risk leading to a spurious association. It is important to understand the nature of the
relationships between contributing factors, MD and breast cancer risk. The studies
described in this thesis explored some of the inflammatory and cellular interactions which
could be contributing to MD and breast cancer risk. These interactions hold potential to
determining targets for preventative therapeutics to decrease breast cancer risk, and
reduce the incidence of breast cancer in the future. Opportunities for further research to
understand how inflammation and immune processes in the mammary gland influence the
activity of different cellular components of the breast and cancer development, and how

that may contribute to mammographic density are discussed.

6.2 CELLULAR AND INFLAMMATORY INTERACTIONS DRIVING
MAMMOGRAPHIC DENSITY AND BREAST CANCER RISK

While the underlying biological mechanisms that mediate MD are largely unknown, the
literature and the results described in this thesis suggest that it is the result of many
different contributing factors. The different factors that influence the proportions of MD in
the breast include hormones, immune cells, fibroblasts, inflammatory signals, and
extracellular matrix [9, 289, 290]. The studies in this thesis focused on the interactions
between inflammatory signals, immune cells and fibroblasts which could contribute to MD.

A summary of the findings of these studies is illustrated in Figure 6.1.

Immune cells are a key component of the mammary epithelium and stroma [62]. Immune
cells are vital in regulating the normal function of the mammary gland and cancer risk [122,

291]. Therefore, the immune cell environment has been a focus of previous studies and

140



General Discussion

this thesis, to understand how they contribute to mammographic density. Analysis of the
immune cell profile of high and low MD breast tissue has demonstrated that high MD breast
tissue has greater cell infiltration of vimentin+/CD45+ leukocytes, CD11c+ dendritic cells,
B cells and CD4+ T cells [67]. High MD breast tissue also exhibited an increase in
infiltration of CD68+ macrophages compared to low MD breast tissue [123]. Our studies
found that undifferentiated macrophages polarised to an M2 phenotype when in co-culture
with mammary fibroblasts. This polarisation may occur in high MD, where there is a high
abundance of fibroblasts. It is also suggested that the macrophages found in high MD
breast tissue are of the M2 phenotype, as there is increased expression of IL6, which is

expressed by M2 polarised macrophages [123].

These M2 macrophages are known to have roles in tissue remodelling and have a high
level of expression of ECM remodelling genes such as MMPs and TIMPs [135]. They also
promote expression of ECM remodelling genes by mammary fibroblasts. Expression of
these genes can directly affect the proportions of collagen and ECM in the breast and
therefore contribute to MD. These macrophages may also be driving increased breast
cancer risk. M2 macrophages produce express cytokines such as IL10 and TGFB that
promote a more tolerogenic environment for immune evasion by breast cancer cells.
Further there is high expression of pro-tumour factors such as VEGF that promotes tumour

invasion, progression and metastasis.

Chronic inflammation is a hallmark of cancer, and is associated with several risk factors
for breast cancer [292, 293]. Our co-culture studies also revealed that macrophages
promoted a high level of expression of inflammatory markers IL6 and COX2 by mammary
fibroblasts. IL6 has been implication in mammographic density and breast cancer risk.
Previous studies have reported that circulating IL6 is positively correlated with breast

density [294]. Studies of genetic variation identified 9 single nucleotide polymorphisms in
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the IL6 gene which were associated with high mammographic density [149]. And both gene
and protein expression of IL6 has been found to be upregulated in high MD than low MD
breast tissue in women [123, 295]. Inflammation mediated by IL6 is associated with
increased breast cancer risk, and circulating IL6 is associated with poor prognosis in breast
cancer patients [296]. IL6 plays roles in proliferation, therapeutic resistance and metastasis
in breast cancer [296]. Multiple studies have identified inflammatory COX2 as a potential
driver of MD. In a study by Yang et al, COX2 expression was increased in the stroma of
women with high MD [120]. This finding was further confirmed by paired sample analyses
of high and low MD breast tissue that found elevated expression of COX2 in high MD
breast tissue [148]. COX2 is highly expressed in pre-malignant legions in the breast, and
is highly expressed during all stages of breast cancer development [297]. Therefore, the
interactions between macrophages and fibroblasts both contribute to the histological
features of MD, as well as promote an inflammatory environment that may drive increased

breast cancer risk.

Macrophages can be recruited to regions of high MD in response to inflammatory signals
from the chemotactic cytokine CCL2 [156]. CCL2 can also contribute to macrophage
polarisation towards an M2 phenotype [298]. Previous studies have demonstrated that
high MD breast tissue has a greater expression of CCL2 than low MD tissue. Mice that
overexpress CCL2 in the mammary gland also exhibit greater stromal density and collagen
deposition, and increased susceptibility to mammary carcinogenesis reminiscent of high
MD [157]. Our studies further implicate CCL2 as a driver of MD and breast cancer risk, as
CCL2 promoted deposition of insoluble collagen by mammary fibroblasts in vitro. Further,
our RNAseq studies in Mmtv-Ccl2 transgenic mouse mammary glands revealed that over
expression of CCL2 upregulated expression of genes involved in collagen production and
ECM regulation. Genes involved in fatty acid metabolism were also perturbed, suggesting

there may be impaired metabolism in the adipose tissue that may contribute to MD.
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Expression of genes involved in cancer and DNA damage were also upregulated in CCL2
overexpressing mammary glands, suggesting an increase in breast cancer risk. Mmtv-
Ccl2 mice have previously been demonstrated to have an increased susceptibility to
mammary tumorigenesis in a chemical carcinogen model of breast cancer [157]. Our
studies utilising PyMT/CCL2 mice suggested that CCL2 overexpression is associated with
an increase in early tumorigenic areas in the mammary gland, and an increase in

macrophage infiltration to tumours.

Our studies demonstrate that there are several biological mechanisms that contribute to
increased MD, and the interactions between the cells and immune signalling factors in the
breast microenvironment that mediate high MD are complex. However our studies highlight
that inflammation may be a key factor. Combined, our studies suggest that inflammation
could drive both increased MD and breast cancer risk. Therefore, the association between
MD and breast cancer risk might be a spurious association, with inflammation as the
common cause of both. If this is indeed the case, a strategy that dampens inflammation

could be most effective in reducing breast cancer risk associated with high MD.
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Figure 6.1: Schematic representation of the suggested interactions between fibroblasts, macrophages
and CCL2 in mammographic density and breast cancer risk.

Our studies demonstrated that fibroblasts (orange) drive polarisation of macrophages to the M2 phenotype
(purple) when in co-culture conditions. Macrophages are recruited to the breast by CCL2. These macrophages
exhibit high expression of ECM remodelling genes. Macrophages induces expression of ECM remodelling
genes by mammary fibroblasts. These interactions, with the addition of CCL2, resulted in an increase in
deposition of insoluble fibres which could lead to increased MD. M2 macrophages can promote tumour
development and progression through suppression of anti-tumour immunity and expression of tumour
promoting factors. Macrophages drive expression of inflammatory genes by mammary fibroblasts which could
increase breast cancer risk.
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6.3 USE OF ANTI-INFLAMMATORIES TO PREVENT BREAST CANCER

The literature, combined with studies described in this thesis, have implicated inflammatory
signals as drivers of MD and breast cancer risk. This reveals a potential target for
strategies that could possibly reduce the risk of breast cancer that is associated with high

MD.

Non-steroidal anti-inflammatory drugs (NSAIDs) are a class of drugs that inhibit the action
of COX2 [299]. As discussed previously, inflammatory COX2 is elevated in breast tissue
samples with high MD, and interactions between macrophages and mammary fibroblasts
promote expression of COX2. In studies of mouse models with excessive collagen in the
mammary glands, inhibition of COX2 signalling reduced collagen deposition and tumour
development [150]. This suggests that anti-inflammatory treatment may reduce both MD

and the associated breast cancer risk.

Two studies have investigated the potential for NSAIDS to reduce mammographic density
in women. One study matched pharmacy records to evaluate NSAID usage alongside two
screening mammograms in nearly 30,000 postmenopausal women. This study reported
that women who initiated NSAID use between their two mammograms showed no change
in MD, but those who were continuous users of NSAIDs were more likely to have no
increase in MD. However, the mammograms used in this study were taken at an average
of two years apart, and does not demonstrate the long term effects of NSAID use and
changes in MD [152]. A second study analysed mammograms from 26,000 women who
were either users or non-users of the NSAID aspirin. This study found that aspirin use was
associated with lower MD, and women with high MD were less likely to be users of aspirin.
Further, the probability of having dense breasts was lower in women who consumed higher
dosages of aspirin [300]. Suggesting that the effect of NSAIDs on MD may be dose

dependant. However, this study only analysed aspirin usage with one screening
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mammogram. NSAID use in MD appears promising, however more studies of long term
NSAID use and changes in MD and breast cancer incidence are needed to determine their

potential as a preventative treatment for women with high MD.

While there are very few studies examining the use of NSAIDs and MD, the role of NSAID
use has been well studied in cancer. Meta-analyses have reported that there is an inverse
relationship between use of NSAIDs such as aspirin and risk of breast cancer [301]. Case
control studies have reported that NSAID use is associated with a 14-18% reduction in
breast cancer incidence [302, 303]. The use of NSAIDs as a preventative treatment for MD
and breast cancer risk is appealing, as they are easily accessible, cost effective and have
very few side effects [304]. However, it is important to note that continuous use of aspirin
can result in increased risk for bleeding disorders and gastric ulcers [305, 306]. Therefore,
patient history of such disorders must be evaluated before NSAID use for MD reduction
can be considered. Nonetheless, using reduction of MD and breast cancer risk by use of
NSAIDs may reduce incidence of breast cancer and burden of disease, and prevent breast

cancer related deaths in the future.

6.4 FUTURE RESEARCH TO UNDERSTAND THE BIOLOGICAL

DRIVERS OF BREAST CANCER RISK

The findings reported in this thesis help to build an understanding of some of the cellular
processes that may be contributing to MD and breast cancer risk. These studies further
emphasise that mammographic density and the associated breast cancer risk are a result
of complex interactions between many contributing factors including crosstalk between the
inflammatory immune microenvironment and stromal cells. However, inflammatory
immune processes that mediate mammographic density and breast cancer risk are still

largely unknown.
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In our studies of CCL2 in mammary tumour development and progression, the tumours in
the PyMT mice were highly aggressive and progressed too quickly to truly identify the
effects of CCL2 on tumour initiation and progression. Future studies could utilise Mmtv-
PyMT derived mammary tumour cell lines such as Met1, and inject them into the mammary
fat pad of Mmtv-Ccl2 mice. Tumours, mammary glands, lymph nodes, lungs and blood can
then be collected at multiple time points from injection date to investigate early tumour
development and metastasis. Studies could investigate whether inhibition of CCL2
signalling in Mmtv-Ccl2 mice could reduce the proportions of collagen and stroma in the
mammary gland, and whether there is a reduction in mammary tumour susceptibility. To
identify the effect of CCL2 on immune cell recruitment and immune surveillance during
early tumour development, the populations of immune cells at the tumour site including
macrophages and T cells and their phenotypes could be identified by flow cytometry and
immunohistochemistry, as well as determining tumour stages. It would also be interesting
to determine the immune cell populations and phenotypes in nhon-tumour burdened Mmtv-
Ccl2 mice and determine if this immune cell profile is comparative to that in high density

human breast tissue.

Our studies demonstrated that crosstalk between mammary fibroblasts and macrophages
has several effects on gene expression, macrophage polarisation and collagen production.
However, the phenotype of macrophages that are most abundant in high and low density
breast tissue is currently unknown. Future studies should utilise paired samples of high
and low density breast tissue to determine the phenotype and gene expression of these
cells in human samples. These studies could utilise single cell analysis to determine the
heterogeneity of both macrophage and other cell populations including fibroblasts from
high and low MD breast tissue and how this heterogeneity may contribute to a dense

microenvironment or breast cancer risk. Further in vitro studies could investigate the
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pathways by which macrophages promote expression of inflammatory mediators and what

soluble factors are released that might contribute to breast cancer risk and MD.

Studies of MD have largely focused on the stroma, collagen and immune components of
the breast, while there is very little understanding of the role that adipose tissue plays in
MD and the associated breast cancer risk. The RNAseq studies reported in this thesis
identified that fatty acid metabolism, lipid metabolism and adipokine signalling pathways
are downregulated in the mammary glands of Mmtv-Ccl2 mice, suggesting that there may
be perturbed activity in adipocytes in high density. It would be interesting to further
investigate this in paired samples of high and low density breast tissue and use
immunohistochemistry to measure expression of key proteins involved in fat metabolism
such as leptin, adiponectin and fatty acid synthase. In vitro studies could investigate how
breast adipocytes interact with other cells in the breasts such as epithelial cells, fibroblasts
and macrophages through gene and protein expression. This could help elucidate how

adiposity in the breast can be protective from breast cancer in the context of MD.

To understand how inflammation may be driving MD and the associated breast cancer
risk, it would be informative to obtain information on the history of NSAID use in women
donating tissue from reduction mammoplasty and mastectomy surgeries. By doing this, it
may help to determine whether NSAID use is linked to the histological characteristics of
low MD, and whether there is reduced expression of inflammatory markers such as CCL2
in breast tissue. This may help to determine which biological pathways are altered by anti-

inflammatory treatment and how this may reduce a woman’s risk of breast cancer.

To understand how inflammation may be driving MD, research needs to focus on
determining what could be causing some women to have higher expression of

inflammatory markers such as CCL2 and COX2 in the breast. Many recent studies have
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demonstrated that adult diseases can be linked to influences during fetal development
[307]. These studies highlight that inherited and epigenetic factors, as well as
environmental influences could lead to disease later in life. An autopsy study of women
without clinically detectable breast cancer demonstrated that precancerous microscopic
columnar cell lesions are found in 1 of 4 women with dense breasts [308], suggesting these
breast cancers develop slowly over the woman’s lifetime. Future studies should
investigate whether there are certain environmental or epigenetic changes during fetal or
pubertal development that lead to increased inflammation and high MD during adulthood.
Understanding what may be driving increased expression of CCL2 and other inflammatory
markers in women is complex, as expression of inflammatory markers including CCL2 are
often elevated in women with obesity [309, 310]. While obesity and inflammation increase
breast cancer risk, high BMI is associated with a decrease in mammographic density [15,
34, 311]. This factor needs to be considered when addressing the role of inflammation in

both mammographic density and breast cancer risk.
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6.5 CONCLUSIONS

Breast cancer is the most prevalent cancer in women, affecting 1 in 7 women before the
age of 85. Understanding the biological drivers that increase breast cancer risk hold the
potential for therapeutic targets for breast cancer prevention. Mammographic density is a
strong risk factor for breast cancer that is a result of several contributing factors. Our
studies have demonstrated that interactions between immune cells and fibroblasts can
contribute to MD and create a favourable environment for tumour growth, and these
processes can be driven by inflammatory signals such as CCL2. There is potential for
medications that attenuate this inflammation, such as NSAIDs, to reduce MD-associated
breast cancer risk in women. However, more studies are required to understand the
biological mechanisms that underpin breast cancer risk. Understanding how inflammation
drives MD can help to elucidate the underlying biological basic of breast cancer risk.
Modification of the biological drivers of MD may reduce the incidence of breast cancer in

the future.
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