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Abstract

Post-natal mammary gland development requires complex interactions between the epithelial cells
and various cell types within the stroma. Recent studies have illustrated the importance of immune
cells and their mediators during the various stages of mammary gland development. However, the
mechanisms by which these immune cells functionally contribute to mammary gland development
are only beginning to be understood. This review provides an overview of the localization of
immune cells within the mammary gland during the various stages of post-natal mammary gland
development. Furthermore, recent studies are summarized that illustrate the mechanisms by which
these cells are recruited to the mammary gland and their functional roles in mammary gland
development.
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Introduction

Post-natal mammary gland development is characterized by well-defined phases of ductal
development during puberty, alveolar development during pregnancy, production and
secretion of milk during lactation, and regression during involution (1). These processes
involve cycles of proliferation, differentiation and apoptosis, which require a complex
orchestration of numerous events in both the epithelial cells and the surrounding stroma.
Numerous cell types, including various immune cells, can be found within the stroma
surrounding the epithelial structures at all stages of mammary gland development. There has
been recent interest in characterizing the types of immune cells and understanding their
functional roles during mammary gland development. Many of the immune cells observed in
the mammary gland have been linked to the process of wound healing. As outlined in this
review, the same immune cells and mechanistic events involved in wound healing may play
a role in mammary gland development. Therefore, understanding the events of wound
healing may allow us to gain insight into processes of normal mammary gland growth and
development. The purpose of this review is to describe which immune cell types have been
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localized to the mammary gland and to outline recent studies that have been performed to
address the functional significance of these cell types during mammary gland development.

Overview of immune cell function

Because a number of different immune cell types are mentioned in this review, this section
will introduce each cell type and briefly describe the normal functioning of these cells
within the context of the wound healing process. In order to understand how immune cells
might contribute to mammary gland development, it is important to first understand how
they typically function to promote immune responses.

Neutrophils are primarily involved in the wound healing response, and are typically the first
cell type to enter the wound site. They appear immediately after injury and peak around 24—
48 hours (2). Neutrophils are primarily responsible for phagocytosis of bacteria introduced
during injury and thereby act to protect against bacterial infection. Neutrophils also release
free radicals to destroy bacteria as well as proteases to aid in the breakdown of damaged
tissue. Once the neutrophils have performed their functions, they undergo apoptosis and are
phagocytosed by macrophages.

The second cell type to enter the wound site, and the major mediator of phagocytosis, is the
macrophage (2, 3). Macrophage infiltration occurs 48-96 hours post-injury and peaks
around day 3. Regan et al. have demonstrated that removing or inhibiting macrophage
function results in impaired wound healing and a delay in the recruitment and expansion of
fibroblast cell populations (2). These results demonstrate the essential role of macrophages
in wound healing and maintenance of fibroblast activity. Macrophages are responsible for
secretion of cytokines that recruit and regulate other cells involved during wound healing,
including fibroblasts and other types of immune cells (3-5). These cytokines include
transforming growth factor B (TGFB), tumor necrosis factor o (TNFa), and interleukin-1
(IL-1). Macrophages also secrete factors that increase collagen synthesis and induce
angiogenesis, which are crucial for restoration of dead or damaged tissue (6). Recently,
macrophages have been categorized according to their functions during the wound healing
process (7-9). For example, macrophages in the initial stages of inflammation have been
named M1 macrophages and are primarily responsible for antigen presentation, killing of
parasites and secreting factors that activate cytotoxic T cells. Macrophages associated with
the later stage of inflammation, also known as resolution (10), are termed M2 macrophages
and are responsible for promoting angiogenesis and tissue remodeling to facilitate tissue
repair. These differences illustrate the wide range of functions macrophages are capable of
performing depending on environmental signals.

While certain cell types such as mast cells and eosinophils are typically associated with
allergy and asthma, they have also been implicated in the wound healing process (11). Mast
cells contain cytoplasmic granules that are filled with inflammatory mediators, which are
released in response to activating stimuli. These mediators include histamine, serine
proteases, carboxypeptidase A and proteoglycans. Mast cells are also able to release lipid
mediators and inflammatory cytokines, such as TNFa, and chemokines, which contribute to
the wound healing process [reviewed in (12)]. Furthermore, mast cells serve as critical
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mediators in recruitment of polymorphonuclear leukocytes (PMNSs) such as eosinophils and
neutrophils (13).

Eosinophils are a family of leukocytes that are recruited out of the circulation to sites of
inflammation where they mediate immune responses through a variety of mechanisms
including secretion of inflammatory cytokines (14). Eosinophil-induced cytokines are
important for cell trafficking, regulating vascular permeability, and upregulating adhesion
molecule interactions (14). Eosinophils are highly responsive to IL-5, which binds to its
specific receptor (IL-5R) located on mature eosinophils in both mice and humans (15). IL-5
is thought to prime eosinophils to respond to chemoattractants such as eotaxin (16—20). In
addition to acting as a chemotactic agent for eosinophils, IL-5 also promotes eosinophil
survival, maturation, and adhesion to surrounding cells including endothelial cells (15).
Once localized to the inflammatory site, eosinophils secrete growth factors, including TGFp,
transforming growth factor a (TGFa) and epidermal growth factor (EGF), which support
epithelial cell maintenance during processes of tissue development, repair, and remodeling
(20-22).

T lymphocytes are not required for the initiation or early events of wound healing and
instead they appear at the wound site following neutrophils and macrophages at
approximately 5 days post-injury (2). The population of T cells peaks at day 7 and then
slowly decreases until completion of wound repair. T cells are responsible for upregulating
the activity of other wound healing cells, including macrophages, endothelial cells, and
fibroblasts. The process of wound healing is characteristic of cell-mediated immunity, also
known as a T helper cell 1 response (Th1). Thl cytokines, including IL-2 and interferon-y
(IFNY), are responsible for directing cell-mediated immunity, including activation of
macrophages, and are important for the initial phase of wound healing involving immune
cell infiltration and destruction of pathogens (23). Th2 cytokines such as IL-4, IL-5, IL-6,
IL-10, and IL-13 are involved in the later phase of wound healing, including matrix
deposition and tissue remodeling (23). Furthermore, these cytokines facilitate humoral
immunity through activation of antibody-producing B cells (6).

As described in detail below, these various cell types have been associated with various
stages of mammary gland development. The remainder of this review will highlight the
recent studies that have provided insights into the functions of these cell types, and their
mediators, during post-natal mammary gland development.

Immune cells associated with post-natal mammary gland development

Mammary gland development, unlike most other organs, occurs predominantly after birth in
a series of specific stages. The stages of post-natal development, as outlined in this review,
include pubertal development, pregnancy, lactation, and involution [(reviewed in (1)].
Interestingly, there are several characteristic traits common to both wound repair and
mammary gland development including epithelial growth and proliferation, stromal
reorganization and immune cell infiltration. Moreover, the same cells that compose the
mammary gland and its surrounding microenvironment are those involved in wound healing.
These cell types include epithelial cells, endothelial cells, fibroblasts, and immune cells.
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Immune cells such as eosinophils, mast cells, and macrophages occupy unique sites during
the various stages of mammary gland development where they contribute to a diversity of
effector functions. Initially, these cells are involved in ductal elongation and branching
during the onset of puberty (20, 24, 25). During pregnancy, immune cells are thought to be
involved in regulating epithelial cell rearrangement and differentiation characteristic of the
developing alveolar structures (26). This is followed by lactation during which
immunoglobulin-secreting cells migrate to the mammary gland, releasing factors into the
milk that are critical for immunity in the newborn (27, 28). Finally, macrophages are
prominent in the environment of the involuting mammary gland and recent studies have
linked macrophages to stromal rearrangements during this stage (29, 30).

In addition to the similarities between mammary gland development and wound healing, it is
important to note that there are also likely to be differences in immune cell recruitment and
function during these two processes. During wound healing, platelet aggregation at the site
of damage leads to chemokine secretion and subsequent immune cell infiltration into the
damaged tissue (23). In contrast, it is likely that immune cell infiltration in the mammary
gland occurs in response to signals from the epithelial or stromal cells at the various stages
of development. Mammary gland development is highly dependent upon hormonal cues,
such as estrogen during ductal elongation and progesterone during alveolar development (1).
For example, estrogen regulates expression of cytokines in immune cell types, including
macrophages (31). Furthermore, progesterone can also regulate macrophage function and
has also been shown to regulate the Th1/Th2 phenotype (32). Interestingly, previous studies
have suggested that cyclical levels of estrogen and progesterone are capable of regulating
macrophage distribution in the uterus (33). Therefore, it is interesting to speculate that
immune cell function in the mammary gland might be regulated by the circulating ovarian
hormones at various stages during development, although the relationship between immune
cells in the mammary gland and ovarian hormones remains to be determined.

While our understanding of the activities of all the various immune cell types during
mammary gland development is still quite basic, this review will outline the most recent
studies focusing on the ability of these various cell types, and their secreted inflammatory
mediators, to regulate the various stages of mammary gland development.

Immune Cells Contribute to Mammary Ductal Morphogenesis

At birth, the mammary gland is composed of the mammary fat pad surrounding a
rudimentary epithelial structure, which expands into the fat pad during puberty beginning at
approximately 3 to 4 weeks of age (1). At the tips of developing ducts are bulb-like
structures known as terminal end buds (TEBs), which invade through the mammary fat pad
and give rise to new primary ducts. TEBs are sites of high levels of proliferation and their
growth and development depends on recruitment and activation of immune cells such as
mast cells, macrophages and eosinophils. These cells occupy unique sites during pubertal
ductal elongation and contribute a diversity of effector functions to mammary gland
development, as described in detail below.
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Mast Cells

Mast cells are found in the microenvironment of mammary glands at all stages of
development. Until recently, the role of mast cells in normal pubertal development remained
unknown. However, Lilla and Werb have recently shown that mast cells contribute to
proliferation and ductal branching during pubertal mammary gland development (25). Prior
to the onset of pubertal development mast cells are low in number and do not localize to
specific regions within the mammary gland. However, between 5 and 8 weeks of
development, mast cell numbers are elevated and are associated with the stromal regions
immediately surrounding proliferating TEBs (Figure 1). Using a mast cell deficient mouse
model (Ki2V-5"), mast cells were found to be required for normal pubertal gland
development (25). In the absence of mast cells, the number of ducts and TEBs was
significantly reduced at 5 weeks of age compared to wild-type controls. Moreover, the
average ductal length was also decreased at five weeks, which persisted at 12 weeks of age.
Of important note, this decrease in ductal formation did not inhibit lactation thereby
indicating the specificity of mast cell function in early gland development. In addition to
mast cells, macrophages and eosinophils play important roles in ductal morphogenesis. The
importance of these immune cells will be discussed in detail below, however, it is critical to
point out that loss of mast cells did not influence the presence of macrophages and
eosinophils at sites of TEBs, thus confirming that the role of mast cells in ductal elongation
is independent of macrophage and eosinophil functioning.

Further studies were performed to define the mechanisms by which mast cells contribute to
ductal morphogenesis. Inhibition of mast cell degranulation was found to reduce TEB
formation, suggesting that mast cell-released factors are critical for ductal morphogenesis
(25). Further analysis of mice deficient for dipeptidyl peptidase | (DPPI), an enzyme critical
for activation of mast cell serine proteases, demonstrated that these proteases are important
for proper TEB formation and subsequent ductal development. These studies clearly
demonstrate a requirement for mast cells and their released factors during mammary ductal
morphogenesis.

In contrast to understanding the effects of loss of mast cells on ductal formation, another
study has evaluated the effects of increased mast cell accumulation in the mammary gland.
In these studies, mice were fed with conjugated linoleic acid (CLA), which is a family of
chemopreventive fatty acids found in food products made from ruminants (34). Feeding
CLA to mice has been shown to induce changes in the mammary stroma, such as inhibition
of angiogenesis and increased deposition of collagen rich extracellular matrix in the stroma
surrounding the epithelium (34, 35). Interestingly, CLA feeding was also found to induce an
increase in mast cells associated with the stroma surrounding mammary epithelial structures.
These studies suggest that increased recruitment of mast cells to the mammary epithelium
may elicit alterations in the stromal compartment, although the mechanisms by which these
alterations are regulated remain to be determined.

Macrophages

Macrophages are known to play an important role in normal mammary gland development,
specifically during puberty when they are recruited to the neck region of the TEBs (36)
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Eosinophils

(Figure 1). Colony stimulating factor-1 (Csfl1) has been shown to be a key player in
macrophage proliferation and survival (37). In mice that are deficient for Csf1 (Csf197/op),
mammary glands had fewer TEBs and displayed inhibited ductal elongation and branching,
which correlated with loss of macrophages in the mammary gland (36, 38). In addition to
overall reduction in TEB number, the shape of the TEBs in CsfI9%% mice was altered
indicating that macrophages participate in organization of TEB structure (38). TEBs from
mice heterozygous for the Csf-1 mutation, +/Csf1%, were shown to be oblong in shape.
Conversely, homozygous mice, CsfI%/%, harbored TEBs that were shorter and more
circular. Furthermore, the change in TEB shape could be rescued by reconstituting the TEB-
associated macrophage population in female Csf197/% mice by expression of a tetracycline-
regulated mouse mammary tumor virus (MMTV)-driven CSF-1 transgene (39). The TEBs
from these mice were oblong in shape similar to +/Csf1°% mice. These results suggest that
macrophages are responsible for directing the shape of TEBs. Furthermore, using imaging
techniques an inverse relationship between circularity and the presence of collagen fibers
surrounding the TEB was determined. The absence of macrophages was directly linked to
reduced collagen organization and therefore increased circularity in TEB shape. These
results suggest that macrophages are responsible for assembling collagen into long
organized fibers surrounding TEBs, which are responsible for enhancing ductal elongation.

Interestingly, studies by Gyorki et al. have revealed a critical contribution of macrophages to
mammary stem cell function during post-natal development. Upon transplantation of an
enriched population of mammary stem cells into the fat pads of CsfI%/% mice, in which
macrophages are absent, the mammary stem cells exhibited reduced ability to reconstitute
ductal outgrowths in fat pads cleared of endogenous epithelium (40). Only one single small
outgrowth was observed in 18 mice compared to significant outgrowth in 18 of 24 wild-type
mice. A second method of macrophage depletion was utilized to validate these studies. Prior
to transplantation, clodronate liposomes were injected into the mammary fat pads at the
same time as the mammary stem cell transplantation. Consistent with the data obtained from
the Csf19%/% mice, there was a significant decrease in the ability of the mammary stem cells
to form outgrowths. These data reflect the contribution of macrophages to normal mammary
stem cell function during ductal morphogenesis. It is interesting to speculate that
macrophage-derived factors might be acting on the epithelial cells and/or the stromal
environment to impact stem cell function, and a better understanding of these mechanisms
will provide critical insights into the ability of immune cells to regulate the stem cell niche
during mammary gland development.

Another immune cell important for mammary gland development is the eosinophil.
Eosinophils have been observed in abundance within stromal tissue adjacent to the head of
proliferating TEBs (20) (Figure 1). Recruitment of eosinophils to the head of TEBs occurs
primarily in response to expression of the chemokine eotaxin. Expression of eotaxin remains
relatively low until 5 weeks of age when it is enhanced in the mammary gland (14). This
peak in eotaxin levels is quickly followed by eosinophil infiltration. It has been shown that
in eotaxin knock-out mice (eotaxin™") (41), ductal branching and TEB formation were
reduced due to loss of eosinophil infiltration (24). Moreover, mice deficient in IL-5
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(IL-5777), which promotes eosinophil recruitment and activation, exhibited fewer TEBs,
inhibited ductal branching, and decreased overall density suggesting that IL-5 plays a role in
mammary gland development (42). Together, these studies demonstrate that interactions
between stromal eosinophils and TEBs drive ductal elongation and branching.

Previously, the only IL-5 mouse models that existed were those examining deficiencies in
eosinophil activity and not systemic eosinophilia. Eosinophilia is characterized by
constitutive overexpression of IL-5, which causes a 10-fold increase in eosinophil number in
the blood and tissues (43). Since IL-5 is known to play an important role in eosinophil
recruitment and activation, Sferruzzi-Perri et al. have developed a transgenic mouse model
with which to examine the effects of an overabundance of eosinophils on mammary gland
development (20). IL-5 transgenic mice (IL-5Tg) were generated by linking the IL-5
genomic sequence to the CD2 regulatory sequence, which results in overexpression of 1L-5
in T-lymphocytes (43). By 7 and 10 weeks of age, mice overexpressing IL-5 demonstrated a
4-fold increase in the number of TEB-associated eosinophils in comparison to wild-type
mice (20). Analysis of ductal development in IL-5Tg mice revealed impaired TEB
formation, ductal branching and ductal elongation. Mammary gland whole mounts from 5-
week old IL-5Tg mice demonstrated a 38% reduction in the average number of branch
points and a 43% decrease in the average number of TEBs. Moreover, 7-week old mice
exhibited a 33% decrease in mean ductal length when compared to wild-type mice. By 10
weeks of age, however, these differences in branching number and ductal elongation were
indistinguishable. This absence in measurable differences by 10 weeks may be explained by
a reduction in overall eosinophil number marked by the completion of post-pubertal
development. This suggests that the number of eosinophils present after pubertal
development reflects the number of eosinophils required for optimal ductal branching and
elongation as well as TEB formation. Eosinophil counts that either exceed or fall below this
threshold contribute to abnormal TEB and ductal formation. It was suggested that a potential
mechanism for the effects of increased eosinophils on ductal morphogenesis is that
eosinophils are known to express high levels of TGFp, which is a well-known inhibitor of
mammary epithelial cell proliferation during pubertal development (20, 44). While this
hypothesis has yet to be validated, the results from these studies, in conjunction with the
results from the loss of eosinophil studies, clearly demonstrate that a proper balance of
eosinophils is required for ductal morphogenesis to occur normally during mammary gland
development.

Although many studies focus on understanding the importance of specific immune cells in
isolation, is it important to keep in mind that immune cells often regulate each other. For
example, current research indicates that eosinophils are capable of regulating mast cell
function. Specifically, eosinophils produce eosinophil-derived stem cell factor, which
promotes mast cell growth (14). Furthermore, eosinophils produce nerve growth factor
(NGF), which is essential to mast cell survival and activation (14). In the pre-pubertal
glands, mast cells are dispersed throughout the stroma and, unlike eosinophils, do not
localize to any specific structure (14). However, during puberty at approximately 5 and 8
weeks of age, mast cells are found in the stroma directly in front of the leading edge of
invading TEBs (14). Furthermore, Lilla and Werb showed by immunohistochemistry that
even though some mast cells remained in the stroma, the majority were observed at mature
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ducts and blood vessels during later stages of development (14). These observations suggest
that mast cells are not present during pre-pubertal development but that they arrive after
eosinophil-mediated recruitment during later stages of development. Further analysis of the
effects of eosinophil loss on mast cell recruitment or function during mammary gland
development would strengthen the idea that immune cells are acting in concert to promote
mammary gland development.

In addition to regulating mast cell activity, eosinophils also play a role in recruitment of
macrophages to the TEB. In mice, eosinophils secrete the chemokine C10, which acts as a
chemoattractant for macrophages [(reviewed in (36)]. This observation suggests an
important role for eosinophils in recruitment of macrophages to the TEB. Unlike eosinophil
populations that localize to the head of proliferating TEBSs, macrophages, after being
recruited to the TEB by eosinophils, migrate and localize to the neck of TEBs. Macrophages
exclusively harbor the colony stimulating factor-1 receptor (CSF-1R), which binds to the
ligand CSF-1. CSF-1 is synthesized by mammary epithelial cells during gland development
and as a result stimulates mobilization of macrophages to the neck of the TEB. Therefore, it
is likely that macrophages migrate to developing glands in response to a combination of
growth factors secreted by mammary epithelial cells as well as chemoattractant cues from
other leukocytes, such as eosinophils, within the stroma.

Immune cells and their regulators during pregnancy and lactation

In response to pregnancy-induced hormones, including progesterone and prolactin, the
mammary gland undergoes extensive alterations in the alveolar compartment (1). This
process includes proliferation of the alveolar epithelial cells and differentiation into milk-
producing cells. In response to progesterone withdrawal at parturition, the mammary gland
begins to produce and secrete milk, which is then provided to the newborn. In contrast to
other stages of mammary gland development, little is known regarding the roles of immune
cells in the development of the mammary gland during pregnancy and lactation. As
described below, infiltration of various cell types into the mammary gland and expression of
specific immune cell mediators have been observed during pregnancy and lactation. In
addition, it has been well-established that immunoglobulins are produced by infiltrating
immune cells and are critical for passive immunity provided to the newborn through the
milk (1, 28, 45). Therefore, it is likely that immune cells play an important role during the
functional stages of mammary gland development.

Macrophages

Macrophages have been found to be associated with developing alveoli during pregnancy
and with actively lactating alveoli during lactation (36). Studies of the Csf1%%P mice, which
are deficient in mammary gland-associated macrophages, demonstrated that a significant
number of dams were unable to nurse their pups, suggesting that the presence of
macrophages is critical for functional lactation (26). Further analysis of the mammary glands
from these mice during pregnancy revealed decreased ductal growth and branching
accompanied by a lack of secretory activity and decreased functional differentiation (26).
Interestingly, precocious formation of the alveolar structures, accompanied by precocious
expression of milk protein genes, was also observed in mammary glands from the Csf197/o°
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Eosinophils

Immune cell

mice during late pregnancy. Therefore, disrupting Csfl expression, presumably leading to
decreased presence of macrophages associated with the alveolar structures, clearly has
effects on mammary gland development during pregnancy, which then leads to a decrease in
the ability to lactate. However, the mechanisms by which macrophages might contribute to
alveolar development and function during these stages are not known

While not as numerous as the macrophages, eosinophils also localize to the developing
alveolar structures in the mammary gland during pregnancy (36). While the effects of
eosinophil loss on mammary gland development have not been reported, studies of the
IL-57/~ mice demonstrated decreased overall litter size and increased mortality rate relative
to IL-5*/~ and IL-5*/* mice (42). Further studies revealed that IL-5~/~ pups that were nursed
by wild-type females developed normally whereas IL-5*/* pups that were nursed by IL-57~
females failed to survive indicating that the small size and increased mortality were due to
the quality or amount of the mother’s milk and not underlying developmental issues of the
pup. As mentioned above, IL-5 deficient mice and Csf1%’°P mice both exhibited alterations
in ductal development, leading to the possibility that insufficient ductal development is
involved in the lactation defect observed in these mice. However, further studies of alveolar
development and differentiation during pregnancy and lactation in these mice would provide
more information regarding the role of eosinophils in mammary gland development during
these stages.

mediators during pregnancy and lactation

Recent studies have highlighted a role for immune cell mediators in the specification of
epithelial cell differentiation during pregnancy (46). Similar to the immune system, various
cytokines produced by the epithelial cells can be used to distinguish between the
differentiation states of the cells. For example, Thl-associated cytokines including IL-1p,
TNFa, IL-12a and IFNYy are secreted by undifferentiated epithelial cells (47, 48). However,
treatment of cells with lactogenic hormones, including prolactin, dexamethasone and insulin,
leads to a switch in the production of the Thil-related cytokines to Th2-related cytokines,
including 1L-4, IL-13 and IL-5 (47). Furthermore, treatment of differentiated epithelial cells
with the Thl-associated cytokine IL-1f leads to decreased expression of the milk protein
gene B-casein (48), suggesting that the correct balance of these inflammatory mediators is
critical for proper epithelial cell differentiation during the switch to pregnancy.

A key downstream target of the Th2 cytokines is Stat6, which was previously found to be
elevated during mammary gland development (49). In order to study the involvement of
Stat6 signaling in mammary gland development, Khaled et al. analyzed mammary gland
development in the Stat6 knock-out (Stat6™~) mice (47). In the absence of Stat6, mice
displayed loss in the number of overall ductal side branches and alveolar buds during
pregnancy. Furthermore, by days 10 and 15 of gestation there was a decrease in the density
of alveolar structure when compared to wild-type mice. The diminished population of
epithelial cells suggests that there may be a defect in cell proliferation upon loss of Staté. In
agreement with this hypothesis, immunohistochemical analysis demonstrated that the
number of Ki67-positive cells decreased by 50% in mammary glands lacking Stat6 (47).
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Moreover, a 50% reduction in Akt phosphorylation was observed indicating a potential
signaling mechanism that would explain the inhibition of cell proliferation observed in
Stat6~/~ mice. However, by gestation day 15 the number of proliferating cells was
replenished, suggesting that an alternative mechanism exists to compensate for the loss of
Stat6 in the mammary gland, which allows Stat6~'~ mice to be able to lactate and nurse their

pups.

IL-4 and IL-13 are Th2-related cytokines that activate Stat6 (47, 50). Therefore, studies
were pursued using the 1L-4/IL-13 double knockout mice (1L-4~/~/1L-137/") to further
understand the ability of these mediators to regulate mammary gland development during
pregnancy (47). These studies demonstrated that IL-4~/~/IL13~/~ mice exhibited delayed
alveolar development, indicating that these cytokines are essential for mammary gland
development during pregnancy. In conclusion, IL-4 and IL-13 cytokines are important for
regulating Stat6 signaling which is essential to normal mammary gland development. While
it is clear that these cytokines can act directly on epithelial cells to regulate differentiation
[reviewed in (46)], the effects that the Th2-related cytokines might have on immune cells
infiltration and function in the mammary gland during pregnancy remain to be determined.

Immune cell function during lactation: link to newborn health

Lymphocytes, including both B cells and T cells, have been found to infiltrate the mammary
gland during lactation (27, 28). Furthermore, immune cells and their secreted products are
critical for the transfer of passive immunity to the newborn. Passive immunity, the transfer
of active components of humoral immunity such as antibodies, is important for the health of
the immunologically naive newborn. The most prominent immunoglobulin found in milk is
immunoglobulin A (IgA), which is secreted by IgA* B cells and is important for protecting
against intestinal and respiratory pathogens (51). IgA can be transferred into the milk by
either transfer from the bloodstream or secretion by IgA* B cells that have been recruited to
the mammary gland (27). Therefore, recent studies have been performed to understand both
the recruitment of these cells to the gland and the functions of their secreted factors that are
passed through the milk to the newborn.

The IgA* B cells found in the mammary gland during lactation are recruited by specific
chemokines that are upregulated during lactation. One such chemokine is CCL28, which
was found to be upregulated in the mammary gland during lactation and binds to its receptor
CCR10, which is found specifically on IgA* B cells (45). Inhibition of CCL28 /n vivo using
blocking antibodies was found to inhibit the recruitment of the IgA* cells and subsequent
transfer of IgA to the newborn, suggesting that this chemokine is critical for B cell
recruitment during lactation (45). In addition to chemokines, immune cell recruitment also
requires expression of specific vascular-expressed adhesion molecules. For example,
vascular cell adhesion molecule-1 (VCAM-1) was found to be expressed in the blood
vessels within the mammary gland (27). Furthermore, inhibiting VCAM-1 using function-
blocking antibodies led to decreased IgA secreted into the milk (52). Together, these results
suggest that there are complex mechanisms involved in properly recruiting the immune cells
important in transferring passive immunity to the newborn that are only beginning to be
understood.
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Involution

Overview

Immune cell

Following lactation, the mammary gland undergoes a dramatic remodeling program
involving extensive apoptosis of the epithelial cells and remodeling of the stroma (53). This
process results in a glandular structure similar to that observed in the mature virgin that is
capable of repeating the pregnancy, lactation and involution cycle as needed. As described
below, numerous immune cell types have been observed in the mammary gland during
involution, particularly mast cells and macrophages. However, the mechanisms involved in
recruiting these cell types and studies focused on these cell types have only recently begun
to shed light on their ability to participate in the involution process.

infiltration during involution

Gene expression profiling has suggested that both innate and adaptive immunity might be
involved during mammary gland involution. Using microarray analysis, Stein et al.
identified a set of genes specifically upregulated during the initial 4 days of involution (54).
Further analysis of gene function revealed a set of genes associated with a wound-healing
response, specifically neutrophil and macrophage activation. The chemokine CXCL1, which
is a neutrophil chemoattractant, was induced on day 1 of involution. Induced at days 3 and 4
of involution were genes associated with macrophage chemoattraction and differentiation.
Consistent with these observations, immunohistochemical analysis of mammary gland tissue
during involution confirmed neutrophil infiltration at day 1 followed by a later infiltration of
macrophages at days 3 and 4 of involution. Furthermore, a set of 49 immunoglobulins was
upregulated and remained elevated in comparison with virgin animals, suggesting a B
lymphocyte response. Although no specific increase in B-220* B cells was detected, there
was an increase in plasma cells observed on days 3 and 4 of involution. These studies clearly
demonstrate that immune cell infiltration is a normal event during the involution process.

In a similar study, gene expression profiling of mammary glands during involution also
revealed regulation of numerous immune-related genes during involution (49). The genes
clustered into three separate groups, including inflammation, acute phase response and
humoral immunity. Early cytokines that were induced included the neutrophil
chemoattractant CXCL1, as found in the study described above. However, no evidence for
increased neutrophil infiltration was found in this study and furthermore, several inhibitors
of neutrophil recruitment and activation were found. Whether the discrepancies in the
neutrophil results from these two studies were due to differences in mouse strain, or
differences in timing in terms of when the tissues were examined for neutrophil recruitment
is not known. Similar to the previous study, immunoglobulins and innate soluble defense
factors were also found to be associated with involution. It has been hypothesized that in
addition to participating in the process of involution, the increase in cytokines and acute
phase response genes may be linked to inhibition of infection that could potentially
accompany milk stasis following weaning (46, 49). Together, these studies provide a wealth
of information that can be further evaluated to better understand the roles of immune cells
and specific immune cell-associated genes in regulating mammary gland involution
following weaning.
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Mast cells

Recent studies have demonstrated that mast cells can be found in the involuting mammary
gland (55). As described above, mast cells are known to produce high levels of numerous
inflammatory mediators, including histamine, cytokines and proteases. Recent studies have
shown that mast cells contribute to mammary gland involution by binding to plasma
kallikrein, a plasminogen activator found at high levels during involution (55, 56). Previous
studies have shown that lack of plasminogen leads to incomplete involution (56).
Furthermore, plasma kallikrein in the mammary gland was found to be critical in the
conversion of plasminogen to plasmin during involution (55). To determine the cell-type
specificity of plasma kallikrein during involution, localization studies were performed.
These studies found that active plasma kallikrein localized specifically to mast cells during
involution, and was found to be situated in mast cell granules. Further studies demonstrated
that plasma kallikrein was required for normal involution as inhibition of plasma kallikrein
significantly delayed involution accompanied by decreased epithelial apoptosis, decreased
collagen and altered adipose stroma. These studies demonstrate that a mast cell-derived
factor is critical for mammary gland involution and provide evidence for a functional role
for this immune cell during involution.

Macrophages

Another immune cell type that has been localized to the involuting mammary gland is the
macrophage. Macrophage infiltration has been observed in the mammary gland at
approximately 3-4 days of involution (54). Because macrophages are well-known for their
ability to phagocytose apoptotic cells and debris, it had been assumed that macrophages
were recruited to the mammary gland during involution to facilitate removal of dead or
dying epithelial cells. However, recent studies have demonstrated that the epithelial cells
themselves are primarily responsible for removal of apoptotic epithelial cells, by acting as
amateur phagocytes [reviewed in (57)]. These observations suggest that macrophages may
regulate other aspects of the involution process.

Recent studies have revealed insights into the potential mechanisms of macrophage
recruitment and function during involution (29). Initially, studies were performed to
determine whether macrophage infiltration was found during involution in species other than
mice. Macrophages were indeed found to be present during involution in mammary gland
tissue of both rats and humans, demonstrating that macrophage infiltration during involution
is not limited to the mouse model (29). Further studies revealed that the macrophages
associated with the involuting lobules expressed Arginase I, which is a marker consistent
with M2-type macrophages. Interestingly, M2 macrophages are the macrophages typically
associated with the remodeling phase of the inflammatory response, involving tissue
remodeling. This observation is consistent with the possibility that macrophages are
associated with remodeling of the mammary gland during the involution process.
Macrophages were localized to specific involuting lobules, rather than distributed equally
throughout the mammary gland, suggesting that the involuting lobules themselves are
recruiting the macrophages. Previous work has demonstrated that collagen fragments are a
potent macrophage chemoattractant (58). Therefore, it has been hypothesized that as the
collagen surrounding the involuting lobules is proteolyzed, the fragments then recruit the
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macrophages to stromal region surrounding the lobules (29). The results from these studies
raise a number of interesting questions that warrant further investigation, such as the ability
of the microenvironment to recruit macrophages during involution and the functional role of
macrophages during the involution process.

Conclusions

In summary, immune cells are clearly a normal component of the mammary gland stroma
during all stages of post-natal mammary gland development and recent studies have begun
to provide some insights regarding immune cell function during these stages. Furthermore,
immune cell mediators that are regulated throughout mammary gland development are likely
to have pleiotropic effects on epithelial cells, infiltrating immune cells and other stromal cell
types. Further utilization of genetic mouse models that modulate the levels of immune cells
and their mediators will continue to provide critical information regarding the mechanisms
by which these cells function in the mammary gland. Overall, it is clear that mammary gland
development relies on complex interactions between the epithelial cells and the cells within
the stroma, including immune cells, which are only beginning to be understood.
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TGFB
TNFa
IL
PMN
TGFa
EGF
Thl
Th2
IFNy
TEB
CLA
Csfl
MMTV
Tg
NGF
CSF-1R

transforming growth factor 3
tumor necrosis factor a
interleukin
polymorphonuclear leukocytes
transforming growth factor a
epidermal growth factor

T helper cell 1

T helper cell 2

interferon-y

terminal end bud

conjugated linoleic acid
colony-stimulating factor 1
mouse mammary tumor virus
transgenic

nerve growth factor

colony stimulating factor 1 receptor
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immunoglobulin A

VCAM-1 vascular cell adhesion molecule-1
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Figure 1. Model of immune cell localization at the terminal end buds during post-natal
mammary ductal morphogenesis

Immune cells including mast cells, eosinophils, and macrophages contribute to numerous
effector functions during mammary ductal morphogenesis. Mast cells localize to the stromal
regions surrounding proliferating terminal end buds (TEBs) (25). Next, macrophages are
recruited to TEBs. After being recruited, macrophages migrate and localize to the neck of
TEBs in response to CSF-1. Finally, eosinophils are recruited to the head of TEBs in
response to expression of epithelial cell-secreted eotaxin (24). At the head of TEBs,
eosinophils secrete the chemokine C10 which acts to recruit additional macrophages (36).
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Summary of the mouse models described in this review that have been used to understand immune cell
function in the mammary gland.

naive helper T cells to Th2
cells. IL-13 stimulates
secretion of immunoglobulins
from active B cells and is a key
effector of inflammatory
allergic response.

development during
pregnancy

Differentiation, Impaired
Development of Th2 Cells and Th2
Associated Cytokines

Mouse Model Wild Type Gene Function Phenotype Cell Tye Reference
Affected
Kith-sh Kit is a tyrosine kinase . Reduced number of Mast Cell Deficient (25)
receptor expressed on the ducts and TEBs.
surface of hematopoietic stem
cells that normally bind *  Decreased ductal
cytokines length
DPP17- DPP1, also known as cathepsin . Inhibition of TEB Mast Cell Deficient (25)
(dipeptidyl C, activates serine proteases in formation
peptidase 1) immune cells
Csf19P/p (colony CSF1 is a secreted cytokine . Fewer TEBs Macrophage Deficient (36, 38)
stimulating that binds to hematopoietic .
factor-1) cells and stimulates their *  Changesin TEB
differentiation into shape
macrophages - Inhibited ductal
elongation and
branching during
pregnancy
. Decreased ability to
lactate
Eotaxin™~ Eotaxin is a secreted cytokine . Reduced ductal Decreased Eosinophil Recruitment (36, 41)
that actively recruits branching and TEB
eosinophils and is therefore formation
often involved in allergic
response
IL-57- Interleukin 5 is produced by . Fewer TEBs Decreased Eosinophils (42)
Th2 cells and mast cells and it o
acts as a key mediator of * Inhibition of ductal
eosinophil activation branching
. Decreased overall
gland density
during pregnancy
IL-5Tg Interleukin 5 is produced by . Impaired TEB Increased Eosinophils (20)
Th2 cells and mast cells and it formation, ductal
acts as a key mediator of branching, and
eosinophil activation. ductal elongation
Stat6 ™~ STATE6 is a transcription factor . Decreased number Mammary Epithelial Cell Defects, (47)
that translocates to the nucleus of ductal side Impaired Generation of Th2 Cells
to activate gene transcription in branches and
response to cytokine and alveolar buds
growth factor signaling. during pregnancy
IL-47/~/IL-137"- IL-4 induces differentiation of . Delayed alveolar Mammary Epithelial Cell 47)
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