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Simple Summary: Primary prevention approaches are urgently needed to curb the growing global
breast cancer burden. Mammographic density, also known as breast density, is one of the most
significant and common independent risk factors for breast cancer. As such, it is an exciting new
potential target to reduce the incidence of breast cancer; we could in the future identify women
with high mammographic density at an increased risk of breast cancer and take steps to reduce that
risk. However, more research is needed to understand the biological mechanisms that underlie high
mammographic density and how these might be used to develop new prevention strategies. Here,
we review the current knowledge around the biology of mammographic density with a particular
focus on immune system factors that could provide new therapeutic targets.

Abstract: Mammographic density is an important risk factor for breast cancer; women with extremely
dense breasts have a four to six fold increased risk of breast cancer compared to women with mostly
fatty breasts, when matched with age and body mass index. High mammographic density is
characterised by high proportions of stroma, containing fibroblasts, collagen and immune cells that
suggest a pro-tumour inflammatory microenvironment. However, the biological mechanisms that
drive increased mammographic density and the associated increased risk of breast cancer are not
yet understood. Inflammatory factors such as monocyte chemotactic protein 1, peroxidase enzymes,
transforming growth factor beta, and tumour necrosis factor alpha have been implicated in breast
development as well as breast cancer risk, and also influence functions of stromal fibroblasts. Here,
the current knowledge and understanding of the underlying biological mechanisms that lead to
high mammographic density and the associated increased risk of breast cancer are reviewed, with
particular consideration to potential immune factors that may contribute to this process.

Keywords: mammographic density; breast cancer risk; immune signaling; inflammation; hormones;
fibroblasts

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 the global burden
of this disease is increasing [1]. Primary prevention is urgently needed, and for this we
need a better understanding of breast cancer risk factors. Although family history is an
important risk factor for breast cancer, familial breast cancer is relatively rare. Mutations in
genes encoding the tumor 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
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(a) Mostly fatty

biology of nonhereditary breast cancer risk factors and why the breast is so susceptible
to cancer.

There are many non-hereditary risk factors for breast cancer including age, obesity,
menstrual and reproductive history, and mammographic density. Mammographic density
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 four to six 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 mammographic density and the associated increased breast cancer risk are poorly
understood. However, there is some evidence that interactions between epithelium, stroma,
the extracellular matrix, and immune signaling together with ovarian hormones may
contribute to both elevated mammographic density and breast cancer risk [7-10].

2. Mammographic Density and Breast Cancer Risk

The term ‘mammographic density” refers to the radiographic appearance of the breast
on a mammogram [11,12] and is sometimes called ‘breast density’. Mammographic density
cannot be determined by self-exam and is not associated with the appearance or feel of the
breast [13]. High mammographic density is indicated by a high proportion of white and
bright regions on a mammogram, while low mammographic density is indicated by a high
proportion of dark regions [11] (Figure 1). The white and bright regions are associated with
increased abundance of fibro glandular tissue relative to adipose tissue, and conversely,
the dark regions are associated with increased abundance of adipose tissue relative to fibro
glandular tissue [14].

(b) Scattered density
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Figure 1. (A) Example images of BIRAD:s classification of mammographic density, (B) X-ray of breast tissue demonstrates

areas of low and high mammographic density associated with (C) more adipose tissue relative to fibro glandular tissue

and (D) more fibro glandular tissue relative to adipose tissue respectively, when hemotoxylin and eosin stained. Images

reproduced with permission from [14] Elsevier and www.informd.org.au (accessed 22 October 2021).
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The most common method for classifying mammographic density 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” where the mammogram appears
mostly dark and transparent; b is ‘scattered density’; c is ‘heterogeneously dense’; and
d is ‘extremely dense” where the mammogram appears mostly white and opaque [15].
Approximately 8% of women aged between 40 and 74 have breasts classified as ‘extremely
dense’, and 35% have ‘heterogeneously dense’ breasts [16], and these two categories of
density are often grouped together and referred to as ‘high mammographic density’. Other
quantitative and semi-quantitative methods for mammographic density 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 mammographic density on the mammogram [17,18].

In 1976, Wolfe proposed that mammographic density is positively associated with
breast cancer risk [19]. Although contentious at first, many case-control studies com-
pounded with information on reproductive, heredity and anthropomorphic factors such as
age and BMI, have supported this notion and provided evidence beyond doubt that mam-
mographic density is one of the strongest independent risk factors for breast cancer [20-22].
A large meta-analysis demonstrates women with breasts classified as ‘extremely dense’
have a four to six fold increased breast cancer risk compared to women with breasts clas-
sified as ‘mostly fatty’, when matched for age and BMI [5]. Whilst this study provides
the most robust evidence, it compares the two extremes of mammographic density and
is not reflective of the increased breast cancer risk associated with high mammographic
density above average mammographic density. 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 mammographic density 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 mammographic density was not
specifically associated with increased risk of estrogen receptor (ER) positive breast cancer,
others reported an inverse relationship with density and ER positivity and a positive
relationship with progesterone receptor positive breast cancers [23-26]. However, the
population analyzed in these studies were biased towards users of hormone replacement
therapy, which is known to increase mammographic density [24]. Overall, the evidence
suggests that high mammographic density 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 [23,27].

Although it appears that there is no correlation between mammographic density and
a specific subtype of breast cancer, there is some indication that mammographic density
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 mammographic density measured by the Cumulus method was associated with more
invasive, larger and higher-grade tumours [24]. This was consistent with another case con-
trol study by Bertrand et al. that reported an association between mammographic density
and large tumour size [28]. However, several studies have demonstrated mammographic
density is not associated with reduced survival in breast cancer patients [29-31]. One
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study of nearly 20,000 women reported an association between mammographic density
and breast cancer mortality, after adjusting for age, BMI, menopausal status, and repro-
ductive history [32]. However, this result might be confounded by the masking effect of
high mammographic density in detection of breast cancer. High mammographic density
appears white on the mammogram, and as potential tumours also appear white, high mam-
mographic density reduces the sensitivity of mammography to detect breast cancer [33].
Therefore, the association of mammographic density with poor prognosis may be a result of
high-density breast tissue masking the appearance of tumours on a mammogram, leading
to later detection. High mammographic density has also been associated with a greater
rate of breast cancer recurrence, and risk of recurrence is decreased when mammographic
density is reduced by greater than 10%, compared to women with mammographic density
that remained constant [29,34-36].

In summary, high mammographic density is associated with increased risk of all breast
cancer subtypes. Although delayed detection of breast cancer due to the masking effect of
mammographic density contributes to a poorer prognosis, high mammographic density
has clearly been demonstrated to be an important independent risk factor for developing
breast cancer. However, it is important to consider that the epidemiological studies that
demonstrate the association between high mammographic density and breast cancer risk do
not demonstrate a causal relationship. Whilst it is possible that high mammographic density
causes increased risk of breast cancer, it is also possible that elevated risk of breast cancer
causes high mammographic density (i.e., reverse causation). Furthermore, the association
may be due to a common cause, whereby an as yet unidentified factor independently
increases both mammographic density and breast cancer risk (i.e., a spurious association).

3. Contribution of Genetic and Environmental Factors to Mammographic Density

Many factors contribute to a woman’s mammographic density, and there are likely to
be complex interactions at the biological level that ultimately determine how dense the
tissue is. The relative abundance of epithelium, stroma and adipose tissue that develops
in the breast during puberty largely determines the mammographic density of the adult
tissue [14]. Studies on large cohorts of women that investigate relationships between
mammographic density and genetic and environmental factors can provide clues to the un-
derlying biology of mammographic density 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.

Mammographic density is partially inheritable. Asian and African American women are
more likely to have extremely dense breasts compared to non-Hispanic white women [37,38].
Although breast cancer incidence is overall lower in China than Western countries, the
rate is increasing, and high mammographic density is associated with breast cancer risk
factors including increased age at first birth and shorter duration of breastfeeding [37].
Germline mutations in BRCA1 or BRCA?2 are not associated with increased mammographic
density [39] and mammographic density is considered an independent risk factor in
women from high-risk families [40]. However, both mammographic density and cancer
risk are correlated in sisters and in mother and daughter pairs [41]. Furthermore, studies of
mammograms from monozygotic and dizygotic twin pairs reported higher correlation with
monozygotic twins than dizygotic twins and the genetic contribution to mammographic
density is calculated to be approximately 60% [42]. 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 mammographic
density of the breast.

Age and BMI also affect mammographic density. BMI is strongly positively associ-
ated with breast area and non-dense area [20] and there is a negative association between
BMI and percent mammographic density [20,43-45]. There is also a negative association
between mammographic density and age; as age increases, mammographic density de-
clines [46—48]. These inverse associations between mammographic density, BMI and age
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may seem paradoxical, as both increasing age and BMI are associated with increased
breast cancer risk [49]. However, it is important to consider that epidemiological studies
of mammographic density statistically adjust their results for the confounding factors of
age and BMI to demonstrate that mammographic density 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 mammographic density. An inverse correlation between parity and
mammographic density exists whereby there is a 4% decrease in breast cancer risk for
every live birth in premenopausal women [50,51]. However, mammographic density has
been reported to be higher in women where the first live birth occurred at the age of
30 or higher [51]. The association between mammographic density and breastfeeding
is unclear. One study by Lope et al. reported a positive relationship between lactation
and mammographic density, and greater density in women who breastfed for longer
duration (longer than 9 months) [52]. 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 [37].

There is evidence that mammographic density is altered by exposure to drugs that
affect ovarian hormone signaling. In postmenopausal women, it is well-established that
hormone replacement therapy (HRT) increases mammographic density, and also is associ-
ated with an increase in breast cancer risk [53-57]. Further, women who have never used
HRT exhibit a greater decline in mammographic density with age than users of estrogen
only and combine hormone replacement therapies [58]. Hormonal therapies for treatment
of breast cancer also influence mammographic density. Treatment with tamoxifen, a drug
that interferes with estrogen signaling, is associated with a decrease in mammographic
density [59-63]. Studies on the effect of aromatase inhibitors on mammographic density
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 [64,65]. However, some studies have found no reduction in
mammographic density in response to aromatase inhibitors [66] and the use of hormonal
contraceptives may not affect mammographic density [67].

It is not surprising that drugs that affect ovarian hormone signaling have a profound
effect on mammographic density. 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
mammographic density areas within the breast [7]. Further, there is no association between
high mammographic density and endogenous circulating hormones [9,44,68]. This suggests
that although hormones are fundamental to mammographic density, whether or not
a woman has high mammographic density is not due to the abundance or activity of
endogenous hormones.

4. Biological Mechanisms in Mammographic Density

The human breast, or mammary glands, are a unique bilateral tissue that undergoes
major development during puberty, pregnancy, and during lactation [69]. Mammary
glands are a defining feature of all mammals, and the primary function is to produce
milk for their offspring [70]. 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 [71]. These structures are composed of mammary epithelial cells, which
are also the cells from which most breast cancers manifest [72]. The epithelial structures
are surrounded by stroma, composed of mammary fibroblasts, collagen, immune cells
and extracellular matrix (ECM) [70]. The role of the mammary stroma is to provide
structural and signalling support and promote appropriate development and function
of the epithelium [73]. The relative abundance of epithelium, stroma and adipose tissue
governs how white and dark the breast appears on an x-ray mammogram and thus is
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a key determinant of mammographic density. The crosstalk between cells of the stroma
and other cells of the mammary gland can mediate breast cancer risk [74]. Growing
evidence suggests that complex interactions between epithelium, stroma, the extracellular
matrix, and immune signalling factors may contribute to elevated mammographic density
(summarised in Figure 2).
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Figure 2. Biological mechanisms that are likely to contribute to high mammographic density. Interac-

tions between epithelium, stroma, the extracellular matrix, and immune signalling may contribute to
elevated mammographic density. Figure created using Biorender.com (Toronto, Canada).

4.1. Mammary Gland Epithelium

To understand how the mammary gland epithelium might contribute to mammo-
graphic density, a number of studies have compared histology of breast biopsies or breast
tissue collected from autopsies of known mammographic density determined by the mam-
mogram. These studies demonstrate that there is a greater abundance of epithelial cells,
and epithelial cell hyperplasia in radiographically dense breast tissue [75-78]. However,
many of these studies compared tissues with benign lesions, instead of normal breast tissue.
More recent studies have used tissues from women undergoing prophylactic mastectomies
or reduction mammoplasties to analyse the tissue composition of mammographic density.
Two studies used X-ray guided biopsies to extract paired samples of high and low mammo-
graphic density from within one breast. This is a powerful tool, as it eliminates inter-patient
variability providing greater statistical power. One study found no difference in glandular
area between high- and low-density tissues from the same breast [79]. However, a later
study with a greater sample size determined that areas of high mammographic density
are composed of a greater proportion of epithelium compared to low density regions [7].
It has been supposed that mammographic density could 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 [7,80,81].

4.2. Mammary Gland Stroma

The mammary gland stromal compartment is comprised of fibroblasts, immune cells,
and ECM proteins such as collagen fibres [73]. The role of the stroma in the normal
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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 [82]. However, these interactions can also play a role in breast cancer risk and
tumour progression.

Some of the studies that investigated the abundance of mammary epithelium in mam-
mographic density 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 collagen [78]. More recent studies using image guided
biopsy of paired high- and low-density tissues quantified stroma by calculating the percent-
age of stromal fibroblasts. Studies using both methods of measurement have reported that
breast tissue with high density has a greater proportion of stroma, and greater percentage
of stromal fibroblasts compared to breast tissue with low density [78-80,83]. In a study by
Huo et al., it was reported that high mammographic density tissues have 30% more stroma,
and 40% less adipose tissue than low mammographic density tissues. To further delineate
the components of mammographic density, further studies have investigated individual
components of the stroma in high- and low-density tissues [7].

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 [84]. Fibroblasts also regulate the growth and differentiation of the
surrounding epithelial cells through expression of paracrine factors [85]. 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 [86] and these cells could contribute to increased breast and potentially
play a role in cancer risk associated with high mammographic density.

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 chemo-
tactic cytokines [87]. They also secrete several cytokines to sustain a chronic inflammatory
environment to drive pro-tumorigenic signals such as chemokine ligand 2 (CCL2), inter-
leukin 6 (IL6), interleukin 8 (IL8), wingless related integration (WNT) and cyclooxygenase 2
(COX2) [84,87,88]. CAFs produce high levels of collagen and ECM remodelling proteins
such as tenascin-C, fibronectin and matrix metalloproteinases (MMPs) [89,90]. This creates
a microenvironment that promotes tumour invasion and metastasis and is associated with
reduce survival in breast cancer patients [86,91]. 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) [92]. CAFs, or CAF-like fibroblasts, arise when
fibroblasts are stimulated by activating signals from surrounding cells such as transforming
growth factor beta (TGFB) and tumour necrosis factor alpha (TNFA) [93,94].

4.3. Collagen

The extracellular matrix and collagen are key components of the mammary stroma
and are produced primarily by mammary fibroblasts [95]. ECM proteins and collagen
provide structural integrity to the breast, and can have roles in breast cancer [96]. Previous
studies have investigated the relationship between collagen and mammographic density
using different methods. Two studies compared screening mammograms to haematoxylin
and eosin-stained biopsies and determined collagen content by visual inspection by a
pathologist [75,83]. 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 mammographic
density tissues have a greater percentage of collagen compared to low mammographic
density tissues [7,78]. The study by Huo et al., further analysed the collagen content in
high and low mammographic density tissues by Second Harmonic Generation imaging
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and discovered that the collagen fibres in high mammographic density tissues are more
tightly packed and have higher organisation than low mammographic density tissues [7].
Continuous activation of fibroblasts can result in excessive deposition of collagen and other
ECM components to develop fibrosis [97]. This can occur under stimulation from immune
cytokines such as TGFB and TNFA [98].

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 [99]. 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 [99,100]. 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 [101].

In the mammary gland, collagen is regulated by other proteins in the stroma produced
by surrounding fibroblasts and immune cells [73]. 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) [102,103]. One study
has investigated these enzymes in mammographic density; however, the associations were
inconsistent and appeared to be dependent on ethnicity [104]. 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 [105,106].

4.4. Immune Cells

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 [107]. 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. This study reported that the
epithelium of high mammographic density breast tissue had a higher percentage of vi-
mentin+/CD45+ immune cells suggestive of local inflammation in these areas [7]. Further
analysis revealed that high mammographic density 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 mammographic
density tissues [8].

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 [108,109]. Dendritic cells, T cells and B
cells are important in the normal mammary gland to maintain tumour surveillance [107].
Dendritic cells present tumour antigens to activate T cells to mediate killing of tumour
cells [110]. 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 [111,112]. It is suggested that the CD4+ T cells
in high mammographic density 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 [8]. These cells are
associated with tumour promoting signals and are often secreted by tumours themselves
to help tumour cells grow and evade immune surveillance [113].

Macrophages are highly plastic cells and key immune cells in the mammary gland.
They have multiple functions in regulating mammary gland development during the
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ovarian cycle, pregnancy, lactation, and remodelling the mammary gland back to its
pre-pregnant state [114]. They also play a role in breast cancer and can have both pro-
tumorigenic and anti-tumorigenic activities. In high mammographic density tissues, there
is a greater percentage of CD68+ macrophages in the epithelium, however, the phenotype
and function of these cells in high mammographic density are currently unknown [8].

The function of macrophages in the mammary gland depends 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 [115,116]. They have anti-microbial and anti-tumorigenic functions by se-
creting an array of pro-inflammatory cytokines including reactive oxygen species to induce
tissue damage and impair wound healing [117-120]. M1 macrophages can be identified by
expression of CD80 and nitric oxide synthase (iNOS) surface markers [115,121].

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 [122,123]. M2 macrophages are anti-inflammatory and produce abundant IL-
10 and TGFB [116]. These cells are pro-tumorigenic, as they have immune suppression
functions that help tumour cells evade the immune system [124]. They are also involved in
tissue remodelling through production of ECM components, and enzymes such as MMPs
to degrade collagen and other ECM components [119,125,126]. 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) [116,127]. Polarisation to the M2 phenotype can occur during chronic
inflammation [111].

Due to their involvement with tumour progression, a subset of M2 macrophages
have been identified in the tumour microenvironment as tumour associated macrophages
(TAMSs) [115,128,129]. Similar to M2 macrophages, TAMs have high expression of IL-10,
TGFB and VEGF [115,116]. Infiltration of TAMs in the tumour microenvironment is asso-
ciated with a more aggressive disease, poor prognosis, and decreased survival in breast
cancer patients [121,129]. Recent research is investigating the potential of repolarising
M2-like TAMs towards an M1 phenotype to promote anti-tumorigenic immunity [121].
Currently, macrophage polarisation in a stroma rich environment such as high mammo-
graphic density breast tissue has not been investigated.

5. Immune Signaling Factors in Mammographic Density and Breast Cancer Risk
5.1. Monocyte Chemotactic Protein 1 (CCL2)

Monocyte chemotactic protein 1, or CCL2, is a pro-inflammatory cytokine. It is pro-
duced by many cell types including epithelial cells, tumor cells, fibroblasts, and adipocytes,
as well as immune cells such as monocytes and macrophages [130,131]. The CCL2 recep-
tor, CCR?2, is predominantly expressed on monocytes and macrophages, but also other
leukocytes, fibroblasts, and endothelial cells [132,133]. 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 [133].

Many studies have investigated the role of CCL2 in breast cancer and suggest that
CCL2 increases breast cancer risk and tumor progression. In an Mmtv-Ccl2 transgenic
mouse model, constitutive expression of CCL2 in the mammary glands reduced tumour la-
tency and tumor free survival when challenged with the chemical carcinogen DMBA [134].
Intravenous administration of CCL2 to mice with xenograft human breast tumours in-
creased metastasis to the lungs and bone, and an increase in macrophage infiltration to
these sites [135]. This has been further confirmed in CCL2 knockout mice in which metas-
tasis of tumor cells was reduced [136]. In humans, expression of CCL2 is highly elevated
during tumor development, and is associated with infiltration of macrophages [137-139].
CCL2 expression by breast tumors is associated with high tumor grade, angiogenesis,
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metastasis, and poor prognosis [140,141]. However, there is some evidence that CCL2 can
also have some suppressive effects on tumor development through recruitment of T cells
that mediate anti-tumor immunity, although these effects of CCL2 have not been studied
extensively [142,143].

CCL2 has been implicated in many fibrotic diseases. CCL2 is highly expressed in
the lungs of patients with lung fibrosis [144]. Animal studies have demonstrated that
CCL2 deficient mice do not develop pulmonary fibrosis in response to bleomycin, a drug
that induces fibrosis [145]. Bleomycin-induced fibrosis can also be reduced in mice when
treated with anti-CCL2 therapies [146]. CCL2 promotes excessive production of ECM and
collagen in hepatic fibrosis and renal fibrosis [147]. CCL2 can drive fibrosis by activating
fibroblasts directly to exacerbate ECM and collagen production [148]. In Mmtv-Ccl2 mice,
constitutive expression of CCL2 in the mammary glands results in greater stromal thickness
and collagen deposition surrounding the epithelium [134].

The roles of CCL2 in breast cancer risk and fibrosis suggest that CCL2 could promote
increased mammographic density. In women, paired high and low mammographic den-
sity tissue samples revealed that CCL2 expression is elevated in the epithelium of high
mammographic density breast tissue [134]. This study, along with the literature suggest
that CCL2 could be an inflammatory driver of mammographic density and the associated
breast cancer risk.

5.2. 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 [149,150]. 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 [149,151].

TGEFBI1 plays many roles in breast cancer, however, these functions can be both tumor
suppressive and tumor promoting. The tumor suppressive functions are shown in murine
studies of early tumorigenesis when constitutive expression of TGFB1 in the mammary
gland results in decreased mammary tumor susceptibility when challenged with the chem-
ical carcinogen 7,12-Dimethylbenz(a)anthracene (DMBA) [152]. When TGFB1 signaling is
inhibited in the mammary gland, mice exhibit shorter tumor latency and increased tumor
incidence [153]. However, this is dependent on the cell types targeted by TGFB1 deficiency;
when TGFB signaling is inhibited specifically in the macrophage population, reduced
susceptibility to DMBA carcinogen occurs [154]. In early cancer development, TGFB1
can disrupt the cell cycle in breast cancer cells to induce apoptosis to inhibit growth and
suppress tumor development [155-158]. However, TGFB1 can also act as a tumor promotor
during later stages of tumor development. TGFB1 functions to promote transformation of
cells and is associated with tumor invasion [158-160]. Many studies have linked TGFB1
to metastasis. Mice with overexpression of TGFB1 in the mammary glands had greater
tumor invasion and metastasis [161]. Further, expression of TGFB1 in breast cancers is
associated with metastasis [162]. TGFB1 is a key modulator of angiogenesis, by regulating
cell proliferation and migration, as well as regulation of ECM turnover and suppression of
anti-tumor immunity [163,164].

TGFBL 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 demonstrated the link between TGFB1 and fibrosis, for example overexpression of
TGFB1 in rat lungs induces pulmonary fibrosis [165]. In a mouse model, constitutive
expression of TGFB1 in the liver results in extensive hepatic fibrosis [166]. Inhibition of
TGEFB signalling in animal models of fibrosis has been shown to reduce renal, cardiac and
hepatic fibrosis [167-169]. TGFB1 can contribute to fibrosis by stimulation of fibroblast
activation through upregulation of connective tissue growth factor (CTGF) [170]. It also
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promotes expression of collagen genes and downregulates ECM proteinases such as MMP1
to preserve the ECM structure [171].

There have been few studies that have investigated the role of TGFB in mammographic
density. ChipSeq analysis revealed several genes involved in TGFB signaling exhibited
decreased expression in breast tissue of women with high mammographic density com-
pared to those with low mammographic density [10]. Further, another study reported
single nucleotide polymorphisms in TGFB1 gene which impaired TGFB signaling were
associated with increased percentage mammographic density in nulliparous women [172].
The multifunctional and contradictory roles of TGFBL1 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 mammographic density and
breast cancer risk.

5.3. Peroxidase Enzymes

Myeloperoxidase (MPO), produced by monocytes, and eosinophil peroxidase (EPO),
produced by eosinophils, are peroxidase enzymes released by cells during inflamma-
tion and primarily known for their role in oxidative defense against invading bacterial
pathogens [173]. However, MPO and EPO can also promote fibrosis associated with in-
flammatory 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 [174,175]. EPO has been implicated in renal fibrosis and is
increased in the serum of cystic fibrosis patients [176,177]. 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 [178]. This study
found that both MPO and EPO can stimulate mammary fibroblasts to produce collagen I
and IV in vitro. In breast cancer, it has previously been reported that deposits of EPO can
be found within and around the tumors and play a role in HER2 positive breast cancers
to promote tumor growth [179-181]. Several studies have reported that concentration of
circulating MPO in serum is elevated in breast cancer patients [111].

5.4. Tumour Necrosis Factor Alpha (TNFA)

Tumour necrosis factor alpha (TNFA) is a pleiotropic cytokine involved in inflamma-
tion [182]. It is 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 [183]. 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 [184,185]. In vitro studies have implicated TNFA in tumour growth, invasion,
and enhanced metastasis to the lungs. In ER positive, HER2 positive, and in triple negative
breast cancer cell lines, TNFA has induced proliferation, migration, and invasion [186,187].
Further, TNFA induces production of MMP9 by cancer cells that enhances tissue remodel-
ing to promote angiogenesis and metastasis [187,188]. Conversely, TNFA can also inhibit
tumor growth and kill different types of tumor cells in leukemia, lymphoma, liver cancer
and breast cancer. In one study, TNFA induced cytotoxic cell death in ER positive breast
cancer cell lines [189]. 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 [190,191]. 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 mammographic density.
One study measured the relationship between circulating inflammatory markers in relation
to mammographic density obtained from screening mammograms, this study found no as-
sociation between serum TNFA concentration and mammographic density [192]. However,
another study measured breast tissue gene expression of TNFA in post-menopausal women
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and found that high mammographic density was associated with higher expression of
TNFA [193]. The role of TNFA in mammographic density 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 [194]. TNFA
promotes proliferation of fibroblasts, increases production of tissue remodelling enzymes
including MMPs [195]. In diseases characterised by fibrosis, such as Crohn’s disease, TNFA
has been shown to increase collagen accumulation [196]. Conversely, other studies have
reported that TNFA can inhibit production of collagen I in cultured fibroblasts [197]. The
role of TNFA in mammographic density and mammary fibroblast activity appear to be
complex and requires investigation.

6. Inflammation as a Target for Therapeutic Intervention

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 [198]. 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 [199,200]. Daily use of NSAIDs,
particularly aspirin, can reduce risk of breast cancer by up to 39% [200].

Studies have implicated inflammation as a driver of mammographic density. 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 mammographic
density breasts compared to low mammographic density breasts [10]. This was confirmed
in a study of image guided paired sampling of high and low mammographic density
tissues from within one breast that revealed a greater abundance of COX2 in the epithelium
and stroma of high mammographic density, compared to low mammographic density
tissues [201]. Further, paired high and low mammographic density tissue analysis has
demonstrated that high mammographic density tissues have higher expression of IL6 and
IL4, and increased infiltration of vimentin-positive immune cells than low mammographic
density tissue [8]. Genome wide studies have detected genetic variations in the IL-6
gene are associated with high mammographic density [202] indicative of an inflammatory
microenvironment in high mammographic density breast tissue. In a mouse model with
high abundance of collagen in the mammary glands, reminiscent of mammographic density,
treatment with a COX2 inhibitor reduced tumor size and metastasis [203].

As pharmaceutical inhibitors of COX2, NSAID use has the potential to decrease breast
cancer risk in women with high mammographic density. It is currently unclear whether
NSAID use reduces mammographic density; a randomized controlled trial suggested
aspirin (325 mg/day) was not effective in lowering mammographic density [204], however,
the study was in a small sample size and of short duration (n = 143; 6 months). Large cohort
studies have found promising associations between NSAID use and lower mammographic
density, although not all studies have found an association [205-207]. Nonetheless, it is
critical that studies on therapeutic interventions should primarily focus on reduction of risk
of breast cancer associated with high mammographic density, not mammographic density
per se. To use reduced mammographic density as a surrogate biomarker for reduced breast
cancer risk is to assume a causal biological relationship [208], and currently these biological
pathways are still under investigation.

7. Conclusions

Mammographic density is strong independent risk factor for breast cancer. Women
with high mammographic density have a four to six fold increased risk of breast cancer
compared to women with low mammographic density when matched for age and BMIL
Mammographic density is influenced by age, hereditary factors, BMI, parity, menopausal
status, and hormonal therapies. Histological studies have revealed that high mammo-
graphic density is characterised by high proportions of stroma containing fibroblasts and
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an immune cell profile indicative of an inflammatory, tumour promoting environment.
However, the underlying biological mechanisms that mediate mammographic density 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. Of particular therapeutic interest, anti-inflammatory drugs hold
promise in reducing mammographic density-associated breast cancer risk and further
large-scale studies could provide new options for primary prevention. However, further
research on the immune signaling factors active in breast tissue are needed to establish
causal biological pathways. Understanding the drivers of mammographic density and the
associated increased breast cancer risk may provide targets for preventative therapies in
the future for women with high mammographic density.
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