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Abstract It is well established that the development and
homeostasis of the mammary gland are highly dependent
upon the actions of ovarian hormones progesterone and estro-
gen, as well as the availability of prolactin for the pregnant and
lactating gland. More recently it has become apparent that
immune system cells and cytokines play essential roles in both
mammary gland development as well as breast cancer. Here,
we review hormonal effects on mammary gland biology dur-
ing puberty, menstrual cycling, pregnancy, lactation and invo-
lution, and dissect how hormonal control of the immune
system may contribute to mammary development at each
stage via cytokine secretion and recruitment of macrophages,
eosinophils, mast cells and lymphocytes. Collectively, these
alterations may create an immunotolerant or inflammatory
immune environment at specific developmental stages or
phases of the menstrual cycle. Of particular interest for further
research is investigation of the combinatorial actions of pro-
gesterone and estrogen during the luteal phase of the menstru-
al cycle and key developmental points where the immune
system may play an active role both in mammary develop-
ment as well as in the creation of an immunotolerant environ-
ment, thereby affecting breast cancer risk.
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Abbreviations
AR Androgen receptor
COX2 Cyclooxygenase-2 enzyme
CSF Colony-stimulating factor
ERBB1/EGFR Epidermal growth factor receptor
ERα Estrogen receptor alpha
IFNG Interferon gamma
IL Interleukin
IκB Inhibitor of NF-κB
LPS Lipopolysaccharide
NF-κB Nuclear factor kappa B
PR Progesterone receptor
RANK Receptor activator of NF-κB
RANKL Receptor activator of NF-κB ligand
TDLU Terminal ductal lobular units
TEB Terminal end buds
Th Helper T lymphocytes
TLR Toll-like receptor
TNFA Tumor necrosis factor alpha
Treg Regulatory T lymphocytes

Introduction

It is increasingly recognized that the actions of hormones on
mammary gland development and breast cancer are mediated
by a number of paracrine interactions locally within the breast.
Significantly, immune system cells are abundant in the stroma
surrounding the mammary gland epithelium and provide es-
sential support for hormone-driven mammary gland morpho-
genesis [1]. Estrogen, progesterone and prolactin each direct
immune cell functions both alone and in combination, and the
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actions of these immune cells drive pubertal and adult mam-
mary gland development [2, 3]. However, the specific func-
tions of immune cells necessary for normal development may
also be important in contributing to hormone-mediated in-
creased breast cancer risk.

The immune system is a complex network of immune
organs, cells, and soluble factors such as cytokines that act
locally or systemically through a variety of mechanisms, such
as an immediate inflammatory response through cytokines
and phagocytes, a specific tailored immune response through
adaptive immune cells, or a regulated immunotolerant re-
sponse. The differing, and sometimes opposing, roles of the
immune system are mediated by a complex interplay of intra-
cellular and extracellular signaling pathways. Cells of the
immune system participate in a diverse number of processes
in the body which can be categorized into (1) protection of the
host from invading pathogens, foreign antigens and incipient
tumor cells, and (2) participation in development, mainte-
nance of homeostasis, tissue repair and regeneration for pro-
cesses such as wound healing.

In the highly cited review on the hallmarks of cancer by
Hanahan et al. [4], ten key biological processes are identified
as being required for cancer to establish itself and metastasize
in the host. Two of these hallmarks involve the immune
system with (1) the tumor avoiding immune detection and
destruction, and (2) inflammation promoting tumor growth.
Of particular interest is how incipient tumors avoid immune
detection and destruction, where evidence suggests that the
ovarian hormones estrogen and progesterone can promote
immune suppression [5, 6]. In addition, estrogen, progester-
one and prolactin can modulate inflammation both systemi-
cally and locally within the mammary gland. In the mammary
gland the effects of estrogen, progesterone and prolactin on
immune cells can be either direct, or indirect through
hormonally-regulated mammary gland components of mam-
mary epithelial cells and stroma. The direct effects of the
hormones on immune cells are mediated when the immune
cells express receptors for estrogen, progesterone and prolac-
tin, which are engaged by their respective ligands. The indi-
rect effects of estrogen, progesterone and prolactin on immune
cells are mediated by paracrine signals from mammary epi-
thelial cells and stroma. How estrogen and progesterone reg-
ulate the immune microenvironment in the mammary gland is
less well studied than their roles in mammary epithelia
(discussed below), but there is a growing body of evidence
that demonstrates that the hormonally-regulated immune en-
vironment plays an essential role in mammary gland
development.

The actions of estrogen and progesterone are inextricably
involved in the development and homeostasis of the normal
breast and in most breast cancers [reviewed in 1, 7]. Epide-
miological evidence points to a number of breast cancer risk
factors associated with menstrual cycling and hormone

exposure. For every year earlier of menarche there is a 5 %
increased lifetime risk of breast cancer, and a 3.5 % increased
lifetime risk for every year later of menopause [8]. In addition
to these reproductive factors, in one large scale trial including
several periods of clinical follow up, an increased risk of
developing and dying from breast cancer was found in indi-
viduals who have previously taken combined hormone re-
placement therapy, which consists of combined exogenous
estrogen and the synthetic progestin medroxyprogesterone
acetate when compared to patients who were administered
placebo [9, 10]. In this same trial of 16,608 women, those
women who had undergone hysterectomy were administered
estrogen alone, and exhibited decreased breast cancer risk in
comparison to those taking placebo [11]. Extrapolation of all
of these risks to biological function infers that increased risk of
breast cancer is related to the timing of puberty and the
increased number of menstrual cycles, and thus exposure to
repeated fluctuations in ovarian hormones. This risk was
acknowledged by Pike et al. in 1993, who coined “the estro-
gen augmented by progestogen hypothesis”, which asserts
that this increased breast cancer risk may be attributed to
repeated cycles of progesterone-induced activity in combina-
tion with estrogen-induced activity [12].

However, although hormones act directly on the mammary
gland epithelium to promote development, paracrine signals
from the local immune population are essential in facilitating
epithelial cell proliferation, differentiation and tissue remod-
eling [2, 3, 13, 14]. Together, the role of hormones in modu-
lating breast cancer risk, combined with the role of the im-
mune environment during dynamic structural remodeling and
altered tissue composition of the normal breast may provide
key mechanistic insights into factors that cause breast cancer.
Hence, we outline here how estrogen, progesterone and pro-
lactin impact on the immune microenvironment during differ-
ent developmental stages of the mammary gland, and provide
a summative model of how hormonally-regulated immune
cells in the mammary gland impact on mammary gland de-
velopment and the risk of breast cancer.

Immune System Cells and Cytokines in the Mammary
Gland

Macrophages

Macrophages are derived from circulating blood monocytes
that migrate into tissue and differentiate into tissue specific
resident macrophages. They are highly plastic cells exquisite-
ly sensitive to cytokine signals in the surrounding microenvi-
ronment and tailor their function accordingly [15]. Their func-
tions are considerably varied compared to other immune cells
and range from classically-activated cells that express MHC
class II and participate in infection control, alternatively-
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activated cells for tissue remodeling that express mannose
receptor, or cells involved in immune modulation. However,
this historical categorization of macrophage phenotypes has
long been recognized as being inadequate to convey the
complexity of macrophage functional plasticity. A recent
study using transcriptome analysis revealed that macrophages
can be activated via numerous signals resulting in nine clus-
ters of macrophage activation and function [16]. Such a broad
scope of macrophage phenotype is yet to be determined in the
macrophages resident in the mammary gland. Therefore, in
this review mammary gland macrophages will be discussed
from the broader categories of immunity and tissue develop-
ment, while being mindful of the complexity of macrophage
plasticity. The functions of macrophages, like other cells, are
implemented by expression of receptors and secretion of
specific molecules to direct cell response and tailor functions
of adjacent cells. Macrophages are critically important im-
mune cells in pubertal and adult mammary gland development
and the function of macrophages at specific stages of devel-
opment will be discussed in Hormones and the Immune
Environment during Mammary Gland Development section.

T lymphocytes

T lymphocytes are immune cells that mediate the cellular,
humoral and immunoregulatory branches of the immune sys-
tem principally through local cytokine signals and specific
cell-to-cell interactions through the T cell receptor that gov-
erns antigen-mediated immunity. A major class of T lympho-
cytes is the helper T cells (Th), which are categorized further
into several subsets on the basis of cell surface markers and
functional attributes. Th cells can be polarized to either Th1 or
Th2 subsets that secrete different patterns of cytokines; Th1
cells secrete mostly pro-inflammatory cytokines such as
interferon-gamma (IFNG) and tumor necrosis factor (TNF)-
alpha (TNFA), and Th2 cells induce immunomodulating cy-
tokines such as interleukin (IL)4 and IL10, which also are
involved in tissue remodeling [17]. Regulatory T cells (Treg)
regulate the balance between immunity and tolerance, to avoid
excessive or insufficient immune function [18]. A population
of intra-epithelial T cells has been identified in the normal
human breast [19, 20], however studies into their function are
limited. There is an absence of literature available regarding
the influence of estrogen and progesterone on T lymphocytes
in the mammary gland, therefore discussed below is the
response of peripheral blood T lymphocytes to ovarian
hormones.

Eosinophils and Mast Cells

Hormone-regulated immune cells that are necessary for mam-
mary gland development and homeostasis also include eosin-
ophils and mast cells. Eosinophils are large, phagocytic

immune cells, which target helminthes and participate in
allergic reactions [21]. Mast cells are tissue resident cells that
participate in early inflammatory responses and in allergies
[22].

Cytokines

In the mammary gland, cytokines are secreted by mammary
epithelial cells, fibroblasts, adipocytes or immune cells. The
profile of cytokines can be pro-inflammatory, anti-
inflammatory, immunoregulatory or tissue growth promoting
depending upon the predominant secretory profile. This cyto-
kine microenvironment can directly affect the development
and function of the mammary gland by ensuring the appro-
priate recruitment of immune cells such as macrophages and
eosinophils at appropriate developmental phases through the
secretion of factors such as colony-stimulating factor 1
(CSF1), interleukins (IL) 4 and10, and tumor necrosis factor
alpha (TNFA) [2, 3, 14].

Hormones and the Immune Environment
during Mammary Gland Development

Mammary Gland Development during Puberty

In mice immediately preceding puberty, the terminal end buds
(TEB) form, which are the distal ends of the mammary ducts
that swell as the cuboidal epithelial cells within the bud
proliferate in response to rising pre-pubertal estrogen concen-
trations [23]. In comparison, in the human pre-pubertal mam-
mary gland; the distal ends of the ductal structures lack these
distinct spherical structures and instead form into clusters that
are collectively called terminal duct lobular units (TDLU)
[24]. However, both TEBs and TLDUs undergo estrogen
driven bifurcation, ductal elongation and lateral ductal
branching to produce the network of epithelial ducts observed
in the adult mammary gland in mice, rats and humans. This
process is dependent upon the presence of the transcriptional
regulator of estrogen action, estrogen receptor alpha (ERα)
[25]. Likewise, key ERα coregulators are also essential for the
development of the mammary gland, such as SRC-3 and
RIP140 [26, 27]. While activation of ERβ or androgen recep-
tor (AR) is not essential at any stage of mammary develop-
ment, these receptors have been described to contribute to
mammary development by inhibition or enhancement of duc-
tal growth during the pubertal stage [28–30].

The effects of ERα in the developing mammary gland are
largely paracrine; only a subset of the mammary epithelium is
required to express ERα for normal mammary gland devel-
opment [25]. One of these ERα-regulated developmental
paracrine signals is amphiregulin, which activates the
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epidermal growth receptor (ERBB1/EGFR) in the mammary
stroma [31]. Indeed, mice with deficient ERBB1 stromal
signaling have impaired alveolar development similar to that
observed in ERα null mice, and amphiregulin-null mice fail to
developmature ductal trees due to defects in ductal outgrowth,
which may in part be due to inhibited recruitment of macro-
phages and eosinophils to sites of tissue remodeling [2, 3, 25,
31–33].

Estrogen-regulated production of CSF1 in the murine
mammary gland is essential for pubertal development, as
CSF1-regulated macrophages associate with the expanding
mammary epithelial ducts and buds [34, 35], and alter the
structural alignment of collagen fibers around the expanding
terminal end buds [36]. In a humanized mouse model, mac-
rophages exposed to estrogen promote the growth of the
pubertal mammary stroma through paracrine effects on mam-
mary fibroblasts [37]. Macrophages are critical at the pubertal
stage as their absence, in line with the effects of the absence of
ERα as discussed above, delays mammary gland develop-
ment in mice [35].

In the mammary gland of pubertal female mice, the rising
estrogen concentration increases EGFR signaling via upregu-
lation of amphiregulin, thus leading to increased recruitment
of eosinophils, with modulation of eotaxin concentration iden-
tified as the primary paracrine mediator of eosinophil recruit-
ment [3]. The association of eosinophils with mammary epi-
thelia increases ductal branching and formation of TEBs in
mice [35]. Interestingly, overabundance of eosinophils in the
pubertal gland in mice actually retards mammary epithelial
morphogenesis, implying that their optimal abundance con-
trols the overall number of ductal structures in mammary
gland development [38]. Mast cells are also necessary for
development of the mammary gland during puberty. As with
eosinophils, mast cells are important for mammary epithelial
cell proliferation in mice, as their absence retards growth [39].
Thus, macrophages, eosinophils and mast cells are required
for expansion of the mammary gland during puberty.

Menstrual Cycling Impact on the Mammary Gland Immune
Environment

Steroid Receptors and Hormones

The menstrual cycle involves the cyclical production of estro-
gen and progesterone, governed by endocrine signals from the
hypothalamus, pituitary, ovaries and adrenal glands. During the
follicular phase, maturing ovarian follicles secrete increasing
amounts of estrogen until a peak is reached which leads to
ovulation. In contrast, the luteal phase is characterized by rising
levels of progesterone produced by the remnant of the follicle,
the corpus luteum. Importantly, this increase in progesterone
concentration is accompanied by a concomitant second smaller
peak of estrogen during the luteal phase (Fig. 1a). The follicular

phase in humans and estrus phase in mice reflect similar
profiles of circulating estrogen concentration, while in the
metestrus and diestrus phases, circulating progesterone concen-
tration increases and estrogen concentration is lower. It has
been appreciated for four decades that the mammary gland
undergoes dynamic morphological changes during the men-
strual cycle in both humans and mice, and that these stages can
be categorized histologically by examining the morphological
structures within the gland [40, 41] (Fig. 1b). Detailed analyses
of the changes in mammary epithelial cell proliferation and
apoptosis over the human menstrual cycle have revealed that
proliferation of the epithelial cells is highest during the luteal
phase, and is positively associated with serum progesterone
concentration, while apoptosis was relatively consistent be-
tween the follicular and luteal phases in some but not all studies
[42–45]. However, from a human whole mammary gland
perspective, the mammary epithelial ductal structures prolifer-
ate and undergo increased branching during the luteal phase
and then regress during the follicular phase [46]. Thus, declin-
ing circulating progesterone towards the end of the luteal phase
does not appear to be linked with apoptosis of human mam-
mary epithelia [43, 45], unlike the observed positive correlation
of progesterone withdrawal with mammary epithelial cell apo-
ptosis in mice [47]. This conflict may be due to sampling
difficulties and the histological techniques employed in human
specimens. TUNEL staining and histological measures of ap-
optosis used in human studies detect late stage apoptosis, and
these dying cells may be rapidly phagocytosed by adjacent
macrophages before exhibiting these apoptotic markers [48].

Macrophages

Murine studies showmacrophage abundance in the mammary
gland fluctuates over the estrous cycle, peaking at metestrus
and diestrus phases, when progesterone concentration is
highest, and is lowest at proestrus and estrus, when progester-
one concentration is reduced [2].Macrophages have dual roles
that are critical for progesterone-mediated epithelial cell
growth and regression in the mammary gland; an absence of
macrophages results in both reduced epithelial cell prolifera-
tion and impaired regression during estrogen and
progesterone-mediated cyclical morphogenesis [2].

Progesterone alters the abundance of macrophages in the
mammary gland expressing MHC class II, the scavenger
receptor CD204 and DNA damage recognition receptor
NKG2D during the estrous cycle, and in ovariectomised mice
administered exogenous estrogen and progesterone [14]. The
percentage of MHC class II-expressing macrophages is re-
duced by estrogen and progesterone administration, and ele-
vated following administration of the progesterone receptor
antagonist RU486. MHC class II is critical for macrophages to
present antigens to T lymphocytes and activate them to elicit
an immune response. Therefore, the progesterone-mediated
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reduction of MHC class II expression by macrophages is
likely to limit their ability to initiate adaptive immune re-
sponses against pathogens. On the other hand, the percentage
of NKG2D-expressingmacrophages is elevated in response to
estrogen and progesterone and declines upon administration
of RU486 [14]. Surface expression of NKG2D on macro-
phages enables detection of DNA damaged cells, and stimu-
lates secretion of inflammatory mediators to recruit other
immune cells to the site [49].

Human macrophages are also stimulated by estrogen via
ERα resulting in suppression of the nuclear factor-kappa B
(NF-κB) signaling pathway [50], which is critical for phago-
cytosis and drives IL4-mediated alternative activation of mu-
rine macrophages, thus dampening the inflammatory response
[51]. Indeed, rapid phagocytosis of apoptotic cells dampens
inflammation through inhibition of the production of inflam-
matory cytokines IL1B, IL8, TNFA and CSF2 [52, 53], and
increasing production of IL10 [52]. IL10, an anti-inflammatory
cytokine, is necessary for mammary ductal branching, as

observed in Il10 null mutant mice, suggesting that IL10 may
skewmacrophages towards a tissue remodeling role [54]. Thus,
anti-inflammatory conditions via IL10 modulation and phago-
cytosis of apoptotic mammary epithelial cells during the re-
gression of mammary epithelial cells in response to progester-
one withdrawal in the context of rising estrogen may create an
immunotolerant mammary environment for tumor initiation.
This is supported by studies demonstrating increased murine
mammary g l and su scep t i b i l i t y t o I - n i t r o so - I -
methylurea(NMU)-induced carcinogenesis during the proes-
trus and estrus phases of the cycle, which exhibit declining
serum progesterone concentrations and elevated estrogen, in
comparison to the diestrus phase where the rat exhibits elevated
serum progesterone and low estrogen [55, 56].

T lymphocytes

The immune environment of the mammary gland is dampened
during different phases of the menstrual cycle in response to

Fig. 1 The effect of ovarian
hormone cycling on mammary
gland remodeling. a The
fluctuations of estrogen (green)
and progesterone (purple) during
the human menstrual cycle and
(b) fluctuations in estrogen and
progesterone have a profound
impact onmouse mammary gland
morphology during estrus (high
estrogen and low progesterone)
and diestrus (high progesterone
and low estrogen). Modified from
Hodson et al. [14] with
permission
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hormonal stimuli. During the luteal phase of the menstrual
cycle, Th cells in the blood are biased towards the Th2 type,
which secrete cytokines such as IL4 and IL10 [57]. Estrogen
directly increases the abundance of Treg cells in blood and
enhances their immunosuppressive functions [5, 58]. In the
follicular phase the numbers of Treg cells increase and corre-
late positively with serum concentration of estrogen [59].
Progesterone, in combination with TGFB1, a growth factor
that inhibits mammary epithelial cell proliferation, also in-
duces high numbers of Treg cells in the blood, which are
highly stable and more effective in their immunosuppressive
function [6]. While further investigations into T cell function
and abundance in the cycling mammary gland are required,
the regulation of immunosuppressive Treg cells in the blood
by estrogen and progesterone suggest that the abundance of
Treg cells in the mammary gland may fluctuate over the
menstrual cycle.

Cytokine Microenvironment

Estrogen and progesterone can have differing effects on the
cytokine profile in mammary glands at the pubertal stage
versus the adult stage. Mammary glands in pubertal female
mice treated with only estrogen or progesterone induce ex-
pression of several pro-inflammatory genes for chemokines
and cytokines including genes encoding IL17B and TNFA
[3]. In contrast, in adult mice, recent findings demonstrate that
the cytokinemicroenvironment of the murinemammary gland
fluctuates over the estrous cycle, with the estrus phase skewed
to a pro-inflammatory environment through increased protein
secretion of CSF1, IFNG and TNFA [60]. However, the pro-
inflammatory environment is dampened by the presence of
progesterone, and the abundance of TNFA and IL6 in the
mammary gland declines during the luteal phase [61, 62].
These results in dual hormone treated mammary glands of
female mice contrast with the findings of Aupperlee et al.,
who report that steroid hormones invoke a response in inflam-
matory chemokines in the mammary gland upon sole estrogen
or progesterone treatment [3].

Mammary Gland Development during Pregnancy
and Lactation

During pregnancy, epithelial cells undergo dramatic prolifer-
ation followed by differentiation and enhanced survival. This
dynamic remodeling is accompanied by stromal remodeling
that encompasses enhanced angiogenesis, infiltration of mac-
rophages and granulocytes, fibroblast reorganization and loss
of adipocyte lipid droplets. The role of progesterone signaling
in the non-neoplastic breast is most evident during pregnancy,
where the PR-B isoform is required, but only in a subset of the
lobuloalveolar epithelia, for the extensive proliferation of
epithelial cells within the lobuloalveolar structures, thus

supporting a paracrine role for PR-B in this process [63].
Another key hormone that is required for pregnancy-induced
mammary development is prolactin, a peptide hormone pro-
duced by the pituitary in response to neuroendocrine signals
from the hypothalamus [64]. At parturition, the fall in circu-
lating progesterone, in the context of elevated prolactin, trig-
gers the switch to secretory lactation, where tight junctions
between epithelia close, and colostrum accumulate in the
alveolar lumens for ejection from the breast.

Interestingly, the NF-κB signaling pathway, commonly
known to mediate detection of invading pathogens, inflam-
mation and cellular apoptosis, is identified as a critical medi-
ator of lobuloalveolar development during pregnancy. Recep-
tor activator of NF-κB ligand (RANKL), a member of the
TNF cytokine family is a candidate paracrine signaling mol-
ecule in pregnancy-induced mammary gland morphogenesis.
Signals from prolactin and progesterone both converge to
activate the RANKL signaling and NF-κB pathways [65].
Mice with RANKL or RANK deficient lobuloalveolar buds
fail to produce differentiated, milk producing alveoli but still
form alveolar buds upon pregnancy, indicating that the pre-
liminary progesterone-mediated proliferative effects in the
lobuloalveolar epithelia upon pregnancy may be independent
of RANK signaling, while the differentiation of the alveolar
epithelial cells into mature milk secreting cells is RANK
signaling dependent [66, 67]. The differentiation of alveolar
epithelial cells is dependent upon NF-κB activation, as dem-
onstrated by IKKα null mice, which is required for NK- κB
activity. These IKKα null mice display mammary gland de-
fects similar to RANKL deficient mice and do not express
Cyclin D1, which has also been shown to be essential for
lobuloalveolar differentiation during pregnancy, and is regu-
lated by both progesterone and STAT5 [68, 69]. Thus, the
network of PR, prolactin, NF-kB and STAT5 signaling are
interlinked by mutual regulation of RANKL and its down-
stream effectors, resulting in differentiation or maturation of
the lobuloalveolar epithelia into mature milk secreting glands.

While a role in pregnancy-induced mammary remodeling
is yet to be described, cyclooxygenase 2 (COX2), an enzyme
involved in the synthesis of pro-inflammatory prostanoids,
has been shown to be hormonally regulated in murine mam-
mary tissues in response to estrogen and progesterone, and is
increased in expression in normal human mammary tissue
during pregnancy [70]. However, there is also evidence pro-
gesterone suppresses systemic inflammatory responses;
mononuclear immune cells from progesterone-treated blood,
which is dominated by precursor macrophages, have de-
creased concentrations of NF-κB, TNFA and IL6 [71].

Macrophages

The epithelium within the ducts and alveoli of the lactating
mammary gland express high concentrations of CSF1
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receptor and CSF1 compared to non-pregnant, non-lactating
mammary epithelium in mice [72]. During pregnancy, in the
mammary gland macrophages regulate epithelial cell devel-
opment, as absence of CSF1 leads to reduced ductal
branching, excessive lobuloalveologenesis and precocious
differentiation and milk production in mice [13]. Macro-
phages also play an essential role in mediating the switch
from pregnancy to lactation, and mice deficient in these cells
do not secrete milk. Although it is unknown how macro-
phages promote the switch to lactation, macrophages may
regulate tight junction permeability. NF-κB activation is a
key event in increasing membrane permeability during pe-
riods of inflammation in a number of tissues [73], and activa-
tion of NF-κB by the toll-like receptor 4 signaling pathway in
a mouse model increases permeability of the milk-blood bar-
rier [74]. Importantly, macrophage-mediated TLR4 activation
regulates inflammation in the mammary gland [75] [76], and
the decline in progesterone at parturition may affect the func-
tion of resident macrophages to promote tight junction
closure.

T lymphocytes

Pregnancy places the mother in an immunotolerant, anti-
inflammatory state for the survival of the allogeneic fetus
[77]. Estrogen, at concentrations comparable to pregnancy,
increases the proliferation and immunosuppressive ability of
Treg cells in the blood [5] and also inhibits the inflammatory
reaction via NF-κB in rat muscle cells [78]. As discussed
above, NF-κB is upregulated during pregnancy by
progesterone-driven upregulation of RANK, which also reg-
ulates Treg cells [79]. As in menstrual cycling, elevated pro-
gesterone in the mammary gland during pregnancy may in-
crease immune tolerance while upregulating the factors which
drive Treg cell function.

Limited evidence suggests a role for prolactin governing
immune cell profiles during lactation in the mammary gland.
A lactation deficient rat model with decreased serum prolactin
does not have a skewed profile of B or T cell phenotypes,
however they did observe reduced migration of T lympho-
cytes from the blood to the mammary gland, with reduced
expression of chemokine receptors by those T lymphocytes
[80]. Prolactin-induced differentiated luminal epithelial cells
in mice upregulate expression of IL4 receptor and alter the
immune microenvironment by altering their cytokine profile
towards a Th2 bias [81]. Additionally, progesterone skews
murine T lymphocytes towards the Th2 profile and inhibits
the Th1 subtype while elevating secretion of IL10 by T
lymphocytes [82]. Thus, both progesterone and prolactin in
the pregnant/lactating mammary gland directly influence T
lymphocytes through the mammary epithelial cells producing
Th2-like cytokines such as IL4, IL5 and IL13.

The Involution Immune Environment

As involution commences, the extensive alveolar sacs and
ductal branches undergo the dramatic process of remod-
eling that returns the mammary epithelia to the pre-
pregnancy, basic ductal network. Initial changes can be
observed within hours of the cessation of suckling, and
involve a decline in the production and secretion of pro-
lactin and oxytocin. Early cellular events within the epi-
thelial cells in response to weaning in mice include acti-
vation of NF-κB, increased expression of proapoptotic
proteins Bax and Bcl-x, a decrease in phosphorylated
and cellular STAT5 and increases in STAT3 phosphoryla-
tion [83–85]. These changes are accompanied by an eight
fold increase in recruitment of developmental, tissue re-
modeling phenotype macrophages to the mammary gland
that allows remodeling of the mammary epithelial net-
work to the earlier nulliparous state [86–88]. The immune
microenvironment during the involution phase and the
impact of this on breast cancer risk is reviewed elsewhere
in this issue.

Estrogen-Mediated, Progesterone Fuelled Signaling
and the Immune Environment in Breast Cancer Risk

Increasing evidence highlights progesterone-regulated im-
mune system factors in breast cancer risk, with RANKL and
NF-κB as key signaling mediators. Progestin increases
RANKL expression in the murine mammary gland, which is
required for DMBA-induced carcinogenesis [89, 90]. Proges-
terone also induces RANKL expression in human mammary
glands [91]. Combination hormone replacement therapy (es-
trogen plus medroxyprogesterone acetate) in ovariectomised
cynomolgus macaques induces a gene expression profile re-
markably similar to that exhibited during the differentiation of
the TDLU in late pregnancy or during the luteal phase of the
menstrual cycle, where estrogen plus medroxyprogesterone
acetate caused upregulation of PRL/STAT5, ERBB1 and
RANKL pathways in conjunction with increased proliferation
within the glands, an effect not observed in macaques treated
with estrogen alone [92]. Likewise, an analysis of gene ex-
pression in cynomolgus macaques over several life stages
revealed remarkable transcriptional similarities between the
mammary glands of luteal phase and pregnant or lactating
monkeys, including elevated expression of the RANKL-
associated differentiation factor ELF5 [93]. Together, these
results suggest that the actions of progestogens (synthetic
progestins or naturally occurring progesterone) in the presence
of estrogen activate NF-κB-mediated differentiation in
estrogen-primed, progestogen-fuelled paracrine proliferation
of mammary epithelial cells (Fig. 2).
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RANKL signaling and NF-κB activation have profound
effects on directing immune system responses that can pro-
mote carcinogenesis by subverting tumor immunity and driv-
ing persistent inflammation [94]. RANKL is expressed by
Treg cells [95] and increases their local abundance [96].
Expression of RANKL by Treg cells is critical for Erbb2+
tumors to metastasize [95]. The RANKL-mediated tumor
metastasis operates through Treg cells, though exogenous
RANKL is equally effective. The elevated expression of
RANKL in metastatic tumors is dependent on local popula-
tions of Treg cells in the adjacent stroma. Collectively these
results suggest an underappreciated level of interplay between
mammary epithelial cells and Treg cells governing cancer-
associated inflammation.

The fluctuations of estrogen and progesterone during the
menstrual cycle have direct and indirect effects on the local
mammary gland immune system. The immune microenviron-
ment during the luteal phase and pregnancy are characterized
by high concentrations of serum estrogen and progesterone.

The principal effects of estrogen and progesterone on the local
immune system of the mammary gland are the recruitment of
immune cells via CSF1, TGFB and IL10 which skew the cells
towards a developmental role in mammary morphogenesis [6,
13, 52], thus reducing the active immune surveillance of the
mammary epithelia. An additional effect of progesterone-
driven mammary epithelia remodeling is the immune damp-
ening by phagocytosis of apoptotic cells, which releases the
immunomodulatory cytokines, IL4 and IL10. Estrogen and
progesterone also have direct effects on the function of im-
mune cells. Macrophages are directed into a tissue remodeling
phenotype which downregulates expression of critical im-
mune markers such as MHC class II and decreases the secre-
tion of inflammatory cytokines. Collectively, these findings
indicate that the combined effect of estrogen and progesterone
in the mammary gland result in a net dampening of local
immune surveillance, toward an environment exhibiting im-
mune tolerance, which may lead to enhanced tumorigenesis
due to decreased cancer cell detection and eradication.

Fig. 2 Summative model of
immune microenvironment in
cycling hormonal mammary
gland. Shown in orange and blue
are the net apoptosis and net
proliferation in the gland,
respectively, during the menstrual
phases [97]. Key glandular
changes occurring in the gland are
represented, as well as key
alterations in mammary epithelial
cells that relate to immune cell
function. The relative abundance
of macrophages in the gland is
represented over the cycle, with
fluctuations in cytokines between
the follicular phases and luteal
phases also depicted. Increasing
evidence suggests a high level of
integration between each level of
the figure, but the precise
mechanisms of integration remain
to be defined
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Conclusion

The mammary gland undergoes hormonally mediated contin-
ual cycles of tissue remodeling, alongside cyclical modulation
of the immune system between states of inflammation and
immunotolerance. The cumulative effects of this process,
which involves luteal phase-driven mammary epithelial cell
proliferation and differentiation, may enhance tumor growth
after the initial stage of genetic aberration in mammary epi-
thelial cells that is necessary for tumorigenesis. If this stage
occurs in a proliferating immunotolerant mammary gland that
is ill-equipped to detect and eliminate aberrant cells, then
breast cancer risk is likely to be exacerbated. In conclusion,
immune system cells and cytokines have essential roles in
hormonally-driven mammary gland development. Future
studies investigating the precise relationship between estro-
gen, progesterone, mammary epithelial cell function and the
immune environment are required in order to fully appreciate
their combined influence on breast cancer risk.
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