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Leukocytes, of both the innate and adaptive lineages, are normal cellular components of all
tissues. These important cells not only are critical for regulating normal tissue homeostasis,
but also are significant paracrine regulators of all physiologic and pathologic tissue repair
processes. This article summarizes recent insights regarding the trophic roles of leukocytes
at each stage of mammary gland development and during cancer development, with a

focus on Murids and humans.

ammary gland development can be div-
M ided into discrete phases. An initial analge
is laid down from the milk-line during embry-
onic development resulting in a minimal ductal
structure emanating from the nipple. Develop-
ment of this anlage into a ductal tree is reacti-
vated postnatally by exposure to the female sex
steroid hormone estradiol-178 (E2), whose
synthesis begins upon entry into puberty. In
mice, this occurs at about 3 wk of age and is
characterized by the formation of terminal end
buds (TEB) at the ends of the ducts. These TEBs
are clublike multilaminate epithelial structures
that are the proliferative engines that drive
mammary development. These structures also
contain the mammary stem cells whose proge-
ny differentiate into luminal and myoepitheli-
al cells. The TEB structures disappear on their

encounter with the edge of the fat pad and
turn into terminal end-ducts (TED) that cease
proliferation and which are bilaminar. As the
primary branches grow out through the fat
pad, secondary branches form to generate the
mature tree that in mice is completed about 8
wk of age coincident with sexual maturity. At
each estrus cycle thereafter, there is further
development of the secondary branches and
dependent on mouse strain, a degree of lobu-
loalveolar development. The next major phase
of growth is during pregnancy in response to
progesterone and prolactin when there is sig-
nificant secondary branching morphogenesis,
and the generation of the milk producing
lobuloalveolar structures sprouting from these
branches. At the end of the process, the gland
is filled with ducts and alveolar structures with
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a commensurate loss of adipocytes. After birth
and on suckling, lactation occurs with its effect
on the secretory structure of alveoli that flatten
to surround a milk-filled lumen. Weaning ter-
minates the lactational process and the gland
involutes to re-form a virgin-like structure to
begin the cycle again during the next pregnancy
(Daniel and Silberstein 1987; Richert et al. 2000;
Neville et al. 2002). Every stage of mammary
epithelial development is accompanied by
changes in the surrounding stroma. This stroma
is populated by many immune cells particularly
those of the innate system. Although these cells
undoubtedly have a role in immunological
responses especially during lactation (Paape
et al. 2002; Atabai et al. 2007), this review will
concentrate on the trophic roles of these hema-
topoietic cells at each stage of development and
during cancer development, with a focus on
Murids and humans.

PUBERTAL MAMMARY DEVELOPMENT

In early postnatal development, classical experi-
ments revealed that instructive signals arise
from stromal cells that define the identity of
the mammary epithelial structures (Sakakura
1987). In mice, the rudimentary mammary
ductal tree begins to develop with the formation
of the multilaminate club-shaped TEBs at their
distal end. These TEBs grow out through the
fatty stroma, bifurcating to generate the primary
ductal tree (Richert et al. 2000).

The stroma of the developing mammary
gland is dominated by adipocytes (Neville
et al. 1998). However, although these cells are
required for mammary epithelial development,
they do not appear to define its identity
(Landskroner-Eiger et al. 2010). Instead adi-
pocytes provide structural support and their
secreted adipokines that influence ductal devel-
opment. Macrophages are found abundantly
adjacent to the nipple area and rudimentary
ductal structures at 2 wk of age before mam-
mary development commences (Gouon-Evans
et al. 2000). Co-incident with the initiation of
development the newly formed TEBs is sur-
rounded by a complex stroma containing fibro-
blasts, macrophages, mast cells, and eosinophils

(Gouon-Evans et al. 2000, 2002; Lilla and Werb
2010) (Figs. 1-4). In contrast, neither basophils
nor Tand B cells can be detected in the vicinity
of the TEBs (Gouon-Evans et al. 2002).

The macrophages have a tendency to accu-
mulate around the shaft of the club and in this
vicinity they move rapidly along the sheaf of col-
lagen fibrils that align along the axis of the TEB
(Ingman et al. 2006) (Fig. 3). Eosinophils are
preferentially located around the head of the
TEB and they also concentrate in the cleft that
forms as the TEBs bifurcate (Gouon-Evans
et al. 2000) (Figs. 1, 4). Mast cells are found in
a scattered pattern at the invasive front of the
TEBs (Atabai et al. 2007; Lilla and Werb 2010)
(Fig. 2). Macrophages and eosinophils persist
in these locations through development but
disappear as soon as the TEBs turn into TEDs
(Gouon-Evans et al. 2000; Lilla and Werb 2010).
Thereafter, eosinophils, macrophages and mast
cells are not present in significant numbers
adjacent to the epithelia until development is
restarted during pregnancy (Pollard and Hen-
nighausen 1994; Szewczyk et al. 2000; Gouon-
Evansetal. 2002; Lillaand Werb 2010). However,
macrophages are found throughout the adi-
pose tissue during this and other stages of mam-
mary development (Gouon-Evans et al. 2000;
Schwertfeger et al. 2006a).

The mechanisms whereby these innate
immune cells are recruited to the mammary
epithelial structures have not been fully eluci-
dated, although the process is clearly triggered
by estrogen. Genetic depletion of the chemo-
attractant eotaxin completely eliminates the
recruitment of eosinophils to the mammary
gland even though circulating numbers in
bone marrow and peripheral blood are normal
(Gouon-Evans et al. 2000). Eotaxin is induced
in the mammary gland at puberty coincident
with eosinophil recruitment strongly suggesting
that this is the estrogen-regulated chemoattrac-
tant (Gouon-Evans et al. 2000). Studies of mice
in which colony stimulating factor-1 (CSF-1) is
depleted owing to homozygosity for the Csfl
null mutation, osteopetrotic, (Csf1°) have shown
that many tissues but not all are severely de-
pleted of macrophages. The mammary gland is
one of these severely affected tissues indicating
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Figure 1. Macrophage and eosinophil recruitment to the terminal end buds of mice. H&E longitudinal sections of
terminal end buds at 5 wk of age. Sections were first stained with H&E (A—C) and then destained and immunos-
tained using anti-F4/80 antibody followed by a peroxidase detection system for positive signal (brown; D,E,F).
Note the presence of a dense stroma particularly around the shaft and beginning of the TEB head that consists
of fibroblasts and abundant immune cells. This stroma isolates the epithelial compartment from the adipoctyes
of the fat pad but is sparser at the growing tip. B,C, and E,F are high-powered views of A and D, respectively, and
the lower panels boxed in A and D are shown in B and E whereas the upper panels are in C and E The immuno-
stain indicates the F4/80 positive macrophages (arrows) and eosinophils ( filled arrow heads) the latter recognized
by their eosinophilic granules and polymorphonuclear structures in C. Note the distinct but overlapping local-
ization of macrophages and eosinophils around the bulbous head and shaft of the TEB. (Figure adapted from
Gouon-Evans et al. [2000] and reprinted here with permission from The Company of Biologists © 2000.)

an essential requirement for CSF-1 (Pollard  epithelial expression is not required for macro-
and Stanley 1996; Gouon-Evans et al. 2000).  phage recruitment during development (Van
However, although CSF-1 is expressed by the = Nguyen and Pollard, 2002). This suggests that
mammary epithelium (Ryan et al, 2001),  another epithelial-derived chemoattractant re-
transplantation experiments indicate that this  cruits the macrophages to the TEB and that

Figure 2. Distribution of mast cells around the terminal end bud of mice. Shown are formalin fixed, paraffin
embedded sections stained with toluidine blue in which mast cells are identified by an enzymatic reaction to
detect chymase a defining enzyme of these cells. (A) Mast cells (red arrows) shown in the fatty stroma in front
of an invading terminal end bud (TEB]. (B) Many mast cells (red arrows) adjacent to developing mammary epi-
thelium of mice at 5 wk of age. Black arrow shows a mast cell degranulating. (Panel A reprinted from Lilla and
Werb [2010] and reprinted here with permission from Elsevier © 2010; panel B kindly provided by Dr. Zena
Werb, USCF). Bar 50 pm.
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Red=macrophage
Green=collagen
Blue=phalloidin

Figure 3. Association of macrophages and collagen fibers with the terminal end bud. Multiphoton imaging of
frozen sections of terminal end buds with nuclei stained with DAPI in which the collagen fibers are shown by
second harmonic residence and pseudo-colored in green while macrophages are shown by expression of GFP
from the CsIr-promoter (data from Sasmono et al. 2003) pseudocolored to red. In A and B, TEBs from mice
heterozygous (*/7) for the Csf1°P allele, whereas C is from mice homozygous ("/7) for this allele. Note the
sheafing of the TEB with collagen 1 containing fibers and the association of macrophages with these fibers.
The tubular structure with the visible collagen sheaf running laterally across the image in B is a blood vessel.
In C, the collagen fibers are more disorganized and the TEB is rounder in structure (data from Ingman et al.

2006).

CSF-11isnecessary for their lineage development
systemically and for their development from
monocytes within the tissue. Interestingly, eosi-
nophils situated at the TEB specifically express
the monocyte chemoattractant, CCL-6 (C10),
suggesting a cross-talk between these eosinophils
and macrophages (Gouon-Evans et al. 2002).
However, it is unknown whether CCL-6 is re-
quired for macrophage recruitment at this site.

Human mammary development is much
less well understood and appears to be less
defined as its processes are rather sporadic
(Howard and Gusterson 2000). Sexual dimor-
phism in contrast to the embryonic specifica-
tion in mice, in humans is initiated by sex
hormone secretion at puberty. In females prolif-
erative end budlike structures form and ductal
outgrowth occurs that results in the formation
of terminal ductal lobular units. According to
the individual, variable and extensive branching
occurs through puberty that ultimately leads to
a structure where primary ducts lead from the
nipple to a complex branching pattern of sub-
sidiary ducts that in turn lead to segmental
ducts and smaller subsegmental ducts. These
subsegmental ducts in turn lead to terminal

ducts that lead to blind ended acini. The collec-
tion of acini embedded in a complex stroma is
referred to as the terminal duct lobular alveolar
unit (TDLU). This is thought to be the func-
tional unit of the breast and also thought to be
the site of tumor initiation. Strikingly there is
great variation in proliferation rates in different
TDLUs suggesting the predominance of local
factors (Howard and Gusterson 2000). Little is
known about hematopoietic cells in human
mammary gland during development. Extra-
medullary hematopoiesis has been described
adjacent to the ductal structures in infant breasts
until four months of age (Anbazhagan et al.
1991). Macrophages are abundant cells in nipple
aspirates from reproductive age women (King
et al. 2002). Intriguingly macrophages in the
human breast express aromatase suggesting
that they may be a local source of estradiol
(Mor et al. 1998). A variation in macrophage
density therefore could possible explain local-
ized differences in growth of the TDLUs.
Mechanistic studies performed in mice
strongly argue for important roles for hema-
topoietic cells in mammary ductal develop-
ment. Postnatal ablation of bone marrow cells
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Figure 4. Topography of immune cells in the developing terminal end bud. The diagram shows a schematic of a
terminal end bud (TEB) that is bifurcating to give two ductal branches. This TEB is surrounded by a dense fibro-
blastic stoma and encased by a fibrillar collagen network that is aligned in the direction of the outgrowth through
the mammary fat pad that is densely populated by adipocytes. Abundant numbers of innate immune cells are
recruited to the TEB and have preferred domains as indicated. Macrophages are enriched around the base and
shaft of the TEB but move rapidly up and down the collagen fibers. In addition, they are found in the TEB itself
where they phagocytose the apoptotic epithelial cells in the process of lumen formation. Mast cells in contrast,
are preferentially located in the stroma in front of the invading TEBs where they provide proteases that enhance
TEB invasion. Eosinophils in turn, are found around the bulbous head of the TEB and also are found in the cleft
of the bifurcating TEB. Genetic ablation of each of these cell types as described in the text indicates roles for them
in the branching morphogenesis of the mammary gland and their combined functions results in a fully branched

ducal tree that forms during puberty.

by irradiation before mammary development
begins, blocks subsequent mammary develop-
ment. This developmental block can be over-
ridden by restoration of the bone marrow by
transplantation of the irradiated mice, a treat-
ment that results in a complete rescue of the
mammary tree. This indicates that irradiation
does not irrevocably damage mammary stem
cells (Gouon-Evans et al. 2000). In the few mice
that survive irradiation without transplantation
but who are severely depleted of leukocytes, the
mammary gland also fails to develop to any sig-
nificant extent (Gouon-Evans et al. 2000).
Mice homozygous for the CsfI null mu-
tation, osteopetrotic, (Csfl °?) have inhibited

mammary development characterized by fewer
numbers of TEBs, reduced branching, and di-
minished ductal length compared to wild-type
mice. Thus in these macrophage-deficient mice,
although a ductal tree eventually develops that
fills the fat pad, the resulting gland is atrophic
(Gouon-Evans et al. 2000). A similar defect
was found in the CSF-1 receptor null mutant
mice (Dai et al. 2002). The continuous re-
quirement for macrophages in mammary de-
velopment was shown by transgenic add-back
experiments where CSF-1 was expressed ex-
clusively in the mammary epithelium on a tet-
racycline-regulated system without rescue of
any systemic phenotypes. In these transgenic
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mice ductal development was rescued in the
homozygous Csf1° null mice coincident with
macrophage recruitment, but only for the dura-
tion of the CSF-1 expression (Van Nguyen and
Pollard 2002). These data together with expres-
sion data showing that the CSF-1 receptor is
only expressed in macrophages in the mam-
mary gland, indicates an important role for
macrophages in mammary ductal development
throughout puberty (Gouon-Evans et al. 2000).
This conclusion was reinforced by studies that
showed macrophage depletion using a condi-
tional suicide gene approach inhibited mam-
mary epithelial cell proliferation in a model
of fibroblast growth factor (FGF) receptor—
induced epithelial hyperplasia (Schwertfeger
et al. 2006b).

The mammary ductal epithelium can be
seeded from a single bipotential stem cell
(Shackleton et al. 2006). These stem cells can
form an entire mammary epithelial tree on
transplantation into a recipient mammary fat
pad. The efficiency of this process is dramati-
cally reduced in mice depleted for macrophages
either by homozygosity of the CSF-1 null
mutation or chemically, using the macro-
phage-specific liposome-encapsulated clodro-
nate (Gyorki et al. 2009). Thus, macrophages
potentiate the stem cell niche that enables
engraftment and growth of the stem cells. This
data is consistent with effects of macrophage
depletion on mammary ductal development
because this development is driven by prolifer-
ation and differentiation of the stem cells that
lie in the TEBs.

Depletion of eosinophils using mice homo-
zygous for a null mutation in the gene encod-
ing the eosinophil chemoattractant, eotaxin,
resulted in a decreased numbers of TEBs, and
reduced branching although ductal lengths
were normal (Gouon-Evans et al. 2000). In con-
trast, depletion of interleukin (IL)-5, another
chemoattractant for eosinophils, did not affect
mammary development (Gouon-Evans et al.
2002). However, overrecruitment of eosinophils
by transgenic IL-5 expression throughout the
mammary gland inhibited TEB formation and
ductal branching compared to wild-type mice.
This in part, was because of an inhibition of

epithelial cell proliferation (Sferruzzi-Perri et al.
2003). The unique position of eosinophils in
the normal mammary gland and the preferen-
tial effect of their depletion on ductal branching
strongly suggest that their role is in regulating
branching complexity perhaps by providing in-
hibitory signals at branch point (Gouon-Evans
et al. 2000).

Mast cell depletion in mice carrying a
mutation in the W locus (W*") that encodes
the c-kit receptor required for the formation
of these cells results in a reduced number of
TEBs and branches as well as defective TEB
outgrowth caused by a reduction of epithelial
cell proliferation (Lilla and Werb 2010). These
data indicate that hematopoietic cells of the
innate immune system play an important role
in the branching morphogenesis of the mam-
mary gland. The precise location of the different
types of cells suggests they have an important
role in patterning as over-abundance can also
lead to inhibited development. Indeed the mi-
gratory nature of these cells makes them per-
fectly equipped for precisely delivering growth
factors or growth inhibitors as well as proteases
in a temporal and spatial manner. However, the
mechanisms whereby these innate immune cells
potentiate mammary development are largely
unknown.

TEB proliferation is accompanied by apop-
tosis so that the multilaminate epithelium is
remodeled to give a duct consisting of a single
layer of columnar epithelium overlaying a single
layer of myoepithelial cells. Failure of this duc-
tal clearance inhibits proper mammary devel-
opment (Humphreys 1999). Macrophages are
found in the TEBs engulfing apoptotic cells
and in their absence, this process may be inef-
ficient (Humphreys et al. 1996; Gouon-Evans
et al. 2000). However, even in macrophage-
deficient mice, the ductal structure is reduced
to a single columnar layer (Gouon-Evans et al.
2000) and thus there are likely to be com-
pensatory mechanisms through the action of
nonprofessional phagocytes as is found for
development of other organs (Dai et al. 2002).

TEBs are surrounded by a collagenous
matrix (Hinck and Silberstein 2005; Schwert-
feger et al. 2006b) and these structures grow
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out through a funnel of organized fibers that are
composed primarily of fibrillar collagen type 1
(Ingman et al. 2006). Intravital imaging of
TEBs using multiphoton microscopy of mice
expressing green fluorescent protein (GFP)
regulated by a CsfIr-promoter (Sasmono et al.
2003) show that macrophages travel up and
down these fibers at a fast rate and also
“jump” between them (Ingman et al. 2006).
Macrophage depletion using CsfI%/% mice
results in a reduced number of these complex
fibers compared to wild-type mice but without
any effect on collagen 1 synthesis that is from the
fibroblasts and epithelial cells. Furthermore the
fibers that remain in the macrophage-depleted
mice are also less orientated than the fibers in
wild-type mammary glands (Ingman et al.
2006). Multiphoton imaging shows that in the
absence of macrophages, the orientation of
TEB outgrowth is perturbed with a failure to
form the smooth fanlike pattern at the ductal
front as observed in normal mice. In addition,
macrophage deficiency results in TEBs that are
rounder and more distorted than those in
wild-type mice (Fig. 3). Correction of the mac-
rophage defect by transgenic expression of
CSF-1 in the mammary epithelium resulted in
restoration of collagen bundling and a correc-
tion of the distortion of the TEBs. These data
suggest a primary role for macrophages in bun-
dling of these large collagen fibers and that these
fibers in turn are required for the guiding the
morphogenesis of the TEBS to generate a prop-
erly spaced ductal structure (Ingman et al.
2006). The mechanism for this action on colla-
gen bundling is unknown but macrophages
synthesize many proteases including matrix
metalloprotease (MMP)-7 an enzyme that re-
models collagen that might be necessary for the
processing of the extracellular matrix (ECM)
and in particular, the collagenous structures.
Macrophages may also significantly affect other
matrix molecules through expression of differ-
ent proteases as well as molecules involved in
matrix remodeling such as Lysyl oxidase and
SPARC (Sangaletti et al. 2008). For example,
macrophages are rich sources of MMP9 that is
involved in ECM remodeling (Djonov et al.
2001; Egeblad and Werb 2002).

Leukocytes in Mammary Development and Cancer

Mast cell degranulation is required for duc-
tal outgrowth indicating a requirement for
granule products. These products consist of
proteases and growth factors. Indeed, depletion
of serine proteases with a mutation in the
di-peptidyl peptidase 1 (DPPI; cathepsin C)
gene that activates many serine proteases results
in inhibited mammary ductal development that
includes a reduction in the numbers of TEBs
and an inhibition in terminal duct formation
(Lilla and Werb 2010). Cathepsin C degrades
collagens 1 and IV and this protease is synthe-
sized by macrophages as well as mast cells
(Gocheva et al. 2010; Lilla and Werb 2010).
Thus, cathepsin C alterations of the ECM might
also be part of the mechanism behind the effects
of depletion of these two cell types on ductal
development. However, cell type-specific abla-
tion studies have not been performed to defin-
itively assign these functions to mast cells or
macrophages.

PREGNANCY AND LACTATION

Ductal development is re-initiated on preg-
nancy under the influence of many systemic
and local factors including the hormones
progesterone and prolactin. Around mid-preg-
nancy in mice, there is a dramatic growth of
lobuloalveolar structures that decorate these
newly expanded branches with the mammary
fat pad expanding to accommodate the out-
growths. At the end of pregnancy the adipocytes
have largely been replaced by the lobuloalveolar
structures and a milk-producing gland is fully
formed that is 7—10-times heavier than the vir-
gin gland (Atabai et al. 2007). After parturition
with its associated loss of progesterone and on
pup suckling, a lactational switch is effected
and the alveoli secrete milk and appear as
flattened cells surrounding large milk-filled
lumens (Neville et al. 2002). There are relatively
few studies of the pregnant human breast but it
appears as in rodents that there is an expansion
of lobular-alveolar structures with commensu-
rate loss of adipocytes. The lactating gland has
alveoli full of milk that is followed by involution
postweaning with the alveolar cells dying of
apoptosis (Howard and Gusterson 2000).
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Mast cells are found adjacent to the ex-
panding alveolar structures and their density
increases according to lobuloalveolar develop-
ment, but their density significantly declines
on the lactational switch (Szewczyk et al.
2000). Macrophages also accumulate during
pregnancy and they are found in close apposi-
tion to and aligned alongside the epithelial
structures (Gouon-Evans et al. 2002). Although
these somewhat diminish in numbers during lac-
tation, macrophages are found stretched along
the outside of the alveolar walls (Gouon-Evans
et al. 2002). Both macrophages and neutrophils
are found abundantly in milk of farm species
and humans where they are thought to have an
antimicrobial role. In addition, B cells are found
in milk and this is in turn a rich source of anti-
bodies (Atabai et al. 2007). These innate and
acquired immune cells are recruited and undergo
a transepithelial migration into the alveolar
lumens although the mechanisms behind this
biology are poorly understood. Nevertheless, it
is clear that the lactating mammary gland is an
extension of the mucosal immune system such
that the milk confers immune protection to the
suckling neonate (Brandtzaeg 2010).

Transcriptome analysis of progesterone
responsive genes in mammary organoid cul-
tures has also shown up-regulation of many
inflammatory molecules several of which are
chemoattractants for innate immune cells in-
cluding serum amyloid proteins Al, 2, and 3
(Saal-3), suggesting that these molecules may
be involved in leukocyte recruitment (Santos
etal. 2009). In progesterone treated mice under-
going alveolar development, there was increased
expression of SAALI that is associated with leu-
kocyte recruitment (Santos et al. 2009). CSF-1
is also synthesized in the epithelia of pregnant
and lactating mammary glands and milk is a
rich source of CSF-1 (Roth 1991; Sapi et al.
1998; Ryan et al. 2001). This epithelial CSF-1
synthesis is regulated by prolactin and proges-
terone (Sapi and Kacinski 1999). In the absence
of CSF-1 in the Csf1°” null mutant mouse, there
is an almost complete absence of macrophages
in the pregnant and lactational glands sug-
gesting that CSF-1 is a major chemoattractant
and survival factor for these cells during these

phases of development (Gouon-Evans et al.
2002).

Transcriptome analysis of total RNA ex-
tracted from mammary gland isolated during
pregnancy and lactation also revealed a surpris-
ing number of immune mediators expressed at
these stages. These include T-cell regulatory cyto-
kines and acute phase proteins (Watson 2009).
Some of these molecules (such as IL-4 and IL-
13), which under most circumstances act on
immune cells, appear to play important roles
by directly regulating mammary epithelial func-
tion (Khaled et al. 2007) whereas others synthe-
sized by the mammary epithelium undoubtedly
influence the immune cell population during
pregnancyand lactation (Watson 2009). This ple-
thora of immune mediators remains a fertile area
both for discovery and for functional studies.

There are few functional studies on leuko-
cytes during pregnancy and lactation except in
their immune roles in response to infection,
particularly in farm species (Wheeler et al.
1997a,b; Paape et al. 2002; Marshall et al. 2006;
Atabai et al. 2007; Bleck et al. 2009). However,
loss of CSF-1 in Csf1°%/° mice results in a fail-
ure of ductal branching and premature differen-
tiation of the lobuloalveolar structures with
earlier expression of milk proteins than detected
in wild-type mice (Pollard and Hennighausen
1994). This suggests a tradeoff between growth
and differentiation during epithelial develop-
ment. This effect can be partially rescued by
recombinant CSF-1 administered subcutane-
ously (Pollard and Hennighausen 1994). These
data showing that macrophage depletion results
in a loss of ductal outgrowth during pregnancy
reinforces the concept that macrophages have
an important role in branching morphogenesis
in the mammary gland. Ablation of immune
cell types other than macrophages during preg-
nancy has not been reported and thus their roles
in the processes of lobuloalveolar development
and during lactation are unknown.

INVOLUTION

The cessation of suckling triggers involution in
the mammary gland. Usually this occurs gradu-
ally and thus the process is not synchronized.
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However, synchronization can be achieved by
abrupt removal of pups. This forced weaning
model revealed two stages of involution. The
first within 24 hours of pup removal is charac-
terized by epithelial cell apoptosis—a process
that can be reversed by re-exposure to pups
causing lactation to continue. The second phase
of involution at around 48 hr postweaning in-
volves massive apoptosis, matrix modeling and
regression of the alveolar structure. With the
loss of epithelial structures the gland is repopu-
lated with adipocytes and eventually it returns
to a virgin-like state (Atabai et al. 2007).

It was originally thought that the professio-
nal phagocytic macrophages would be recruited
early in involution to ingest the apoptotic
bodies. However, this does not appear to be
the case (Monks and Henson 2009). Instead
macrophage recruitment is only observed 3—4
days postweaning and instead of professional
phagocytes, the removal of the early apop-
totic bodies is effected through autophagy by
adjacent epithelial cells (Monks and Henson
2009). In mice there is also evidence of neutro-
phils that are recruited before macrophages and,
these cells together with macrophages are scat-
tered through the interstitum and in the alveo-
lar spaces (Monks et al. 2002; Atabai et al. 2007).
In the human, cells bearing the pan-leukocytic
marker CD45, are also found abundantly in
the involuting gland (O’Brien and Schedin
2009). Similarly in farm species where it has
been studied extensively, macrophages, neutro-
phils, and lymphocytes are found in the secre-
tions from involuting glands. It is extremely
likely that these macrophages scavenge debris
and apoptotic cells (Atabai et al. 2007; Monks
and Henson 2009) as well as bacteria (Tatarc-
zuch et al. 2000, 2002). They may therefore be
important in the prevention of mastitis in the
vulnerable period of milk stasis (Atabai et al.
2007).

This sequential recruitment of neutrophils,
macrophages, and lymphocytes at day 3—4 of
involution is supported by the transcriptome
analysis of involuting mammary glands. These
data show expression of a wide range of in-
flammatory and acute phase molecules in the
involuting mammary gland (Stein et al. 2004;

Leukocytes in Mammary Development and Cancer

Watson 2009). At 3—4 d postweaning these
include markers for monocytes and macro-
phages such as F4/80, Ly6c, CD11b CSF-1R,
and CD14, as well as markers for alternatively
activated tissue-remodeling macrophages such
as Arginase 1 (Stein et al. 2004; Monks and
Henson 2009; O’Brien and Schedin 2009).
This is preceded by the expression of leuko-
cytic chemoattractants including CCL6, CCL7,
CCLS8, and CXCL14 that are expressed 24 h
postweaning (Clarkson et al. 2004). However,
the exact role of these chemoattractive mole-
cules remains to be determined.

The other functions of these immune cells
in involution, apart from garbage clearance
and immunity, remains elusive because transi-
ent depletions of particular populations have
not been performed. Interestingly Csf1%/°
mice are unable to efficiently undergo a lacta-
tional switch and consequently there is a rapid
involution in these mice (Pollard and Hennig-
hausen 1994). However, this may be due less
to the biology of the mammary gland and more
to do with the failure of these mice to feed their
young perhaps because of problems in olfac-
tion required for pup finding (Erblich et al.
unpubl.). Recent studies show that recruited
macrophages are polarized to a tissue remodel-
ing state and that their presence, just as in the
developing gland, is associated with collagen
deposition and matrix remodeling (O’Brien
et al. 2010). Macrophages have also recently
been shown to be important in adipogenesis
at least during obesity, through their secretion
of adipocyte growth factors and matrix re-
modeling molecules (Pollard 2009). However,
whether they function as such during involu-
tion remains to be determined.

The intense remodeling of the mammary
gland during involution associated with abun-
dant macrophages may have negative conse-
quences. This immediate postpartum period is
associated with a higher risk of breast cancer
that can manifest itself in a very aggressive
form (O’Brien and Schedin 2009). Because
macrophages play an important role in breast
cancer progression and promotion of metastasis
(see “Myeloid Cells and Breast Carcinogenesis”)
(Qian and Pollard 2010), it has been suggested
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that these cells during involution may encour-
age the growth of stem cells carrying oncogenic
mutations through their effects on matrix re-
modeling and production of growth and an-
giogenic factors (Schedin 2006; O’Brien and
Schedin 2009). Indeed, the matrix formed dur-
ing early involution is tumor promoting in
models of breast cancer when compared with
virgin and late-involution matrix (McDaniel
et al. 2006; O’Brien et al. 2010). Interestingly,
this increased risk of breast cancer is transient
and in the longer term, parity is protective.
This has been suggested to be because of sus-
tained expression of transforming growth factor
(TGF)-B3 (D’Cruzetal.2002) that in many con-
texts is tumor inhibiting in part through effects
on stem cell senescence (Boulanger and Smith
2001) and inhibition of mammary epithelial cell
proliferation (Ewan et al. 2002). TGF33 is one of
the earliest signaling molecules starting involu-
tion by stimulating apoptosis and it is expressed
in two waves through involution (Nguyen and
Pollard 2000). Coincidently macrophages are
also important TGFf producing and modifying
cells suggesting that they may have dual roles in
cancer risk dependent on context.

IMMUNE CELLS AND BREAST CANCER
DEVELOPMENT

Breast cancer (BrCa) is the most frequent ma-
lignant tumor of women in North America
(Society 2007). Although genetic and epigenetic
changes in genes that regulate mammary epi-
thelial cell (MEC) proliferation, survival, polar-
ity, and/or differentiation are likely “initiators”
of breast carcinogenesis, several lines of evi-
dence indicate that stromal cell responses in
premalignant mammary tissue may “promote”
progression to cancer and/or metastatic capa-
bility of malignant MECs. Cellular components
of tumor stroma include (myo)fibroblasts,
vascular cells, infiltrating leukocytes, and speci-
alized mesenchymal support cells unique to
each tissue microenvironment.

Although BrCa has not historically been
linked to underlying inflammation or infec-
tion, it shows tumor-associated inflammation
as defined by infiltration of leukocytes into

developing tumors where increases in some
immune cell subsets in neoplastic stroma paral-
lels disease progression (de Visser et al. 2006;
DeNardo and Coussens 2007; DeNardo et al.
2009). Breast cancer development in woman is
characterized by a significant increase in the
presence of both innate and adaptive immune
cells, with B and T lymphocytes as well as
macrophages representing the most abundant
leukocytes present in neoplastic stroma (De-
Nardo and Coussens 2007) (Fig. 5). Retrospec-
tive clinical studies examining identity of
leukocytes in human breast cancer have revealed
that high immunoglobulin (Ig) levels in tumor
stoma (and serum), and increased presence of
extrafollicular B cells, T regulatory (T,) cells,
high ratios of CD4/CD8, or Tyy2/Ty1 T lym-
phocytes in primary tumors or in draining
lymph nodes correlates with tumor grade, stage,
and overall patient survival (Shimokawara et al.
1982; Lee et al. 1985; Chin et al. 1992; Punt et al.
1994; Coronella et al. 2001; Coronella-Wood
and Hersh 2003; Fernandez Madrid 2005; Kohrt
et al. 2005; Bates et al. 2006); thus, some facets
of adaptive immunity may indeed be involved
in fostering cancer development in the breast.
On the other hand, clinical (Leek and Harris
2002) studies show association with poor prog-
nosis and experimental studies have shown that
macrophages in primary mammary adenocar-
cinomas regulate early tumor development by
activating angiogenic programs, as well as late-
stage carcinogenesis by virtue of their secretion
of paracrine factors required for stimulating
proinvasive and prometastatic programs in
malignant mammary epithelial cells (MECs)
(Lin et al. 2001; Wyckoff et al. 2004, 2007; Gos-
wami et al. 2005; Lin and Pollard 2007; Wang
et al. 2007; Philippar et al. 2008; Yang et al.
2008; DeNardo et al. 2009; Gocheva et al. 2010).

MYELOID CELLS AND BREAST
CARCINOGENESIS

Myeloid-lineage immune cells, such as mast
cells, macrophages, and neutrophils, have been
shown to promote tumor progression by exert-
ing a number of protumoral activities, e.g., by
stimulating angiogenesis (Coussens et al. 1999;
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Figure 5. Leukocytes in human breast, ductal carcinoma in situ, and invasive carcinoma. (A) Hematoxylin and
Eosin (H&E; top row) staining of normal human breast tissue, ductal carcinoma in situ (DCIS) and invasive
breast cancer (invasive), showing ductal epithelial structures (E), collagenous stroma (C), and darkly stained
immune cells infiltrating stroma (S). Immunodetection of infiltrating leukocytes by CD45 (leukocyte common
antigen) immunoreactivity (brown staining; bottom row) reveals significant leukocyte infiltration in DCIS and
invasive cancer, as compared to normal breast tissue. (B) Imunodetection of specific lineages of immune cells in
invasive breast cancer, B lymphocytes (CD207; brown staining), CD4" T lymphocytes (brown staining), CD8"
T lymphocytes (brown staining), macrophages (CD68™; brown staining), neutrophils (neutrophils elastase™;
brown staining), and mast cells (chymase™; blue staining). Original magnifications are shown for each panel.

De Palma et al. 2005; Okamoto et al. 2005; Lin
et al. 2006; Nozawa et al. 2006; Takakura 2006;
Lin and Pollard 2007), suppressing antitumor
immunity (Blankenstein 2005; Zou 2005;
Bronte et al. 2006), and enhancing tumor cell
migration and metastasis (Wyckoff et al. 2004;
Condeelis and Pollard 2006; DeNardo et al.
2009; Gocheva et al. 2010). Nucleated hema-
topoietic cells that have been directly impli-
cated in tumor angiogenesis include mast cells

(Coussens et al. 1999; Soucek et al. 2007),
tumor-associated macrophages (Pollard 2004;
Balkwill et al. 2005; Lewis and Pollard 2006),
Tie2-expressing monocytes (De Palma et al.
2005; De Palma and Naldini 2006), neutrophils
(Nozawa et al. 2006), dendritic cell precursors
(Coukos et al. 2005), and myeloid immune
suppressor cells (Yang et al. 2004; Serafini et al.
2006). Other hematopoietic cell types, such
as platelets (Kisucka et al. 2006), eosinophils
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(Puxeddu et al. 2005), and hematopoietic pro-
genitors (Takakura et al. 2000), also participate
in angiogenic processes, but it remains to be
established whether they can directly promote
tumor angiogenesis, rather than having a broader
function in supporting tissue inflammation and
remodeling.

The potential of neoplastic cells to spread
locally (i.e., progress to malignancy) and sys-
temically (i.e., metastasize) is linked to activa-
tion of angiogenic vasculature (Hanahan and
Weinberg 2000). Tumor-associated blood ves-
sels generated by angiogenesis support tumor
growth and development, as well as provide
escape routes for malignant cells to intravasate
into the circulation (Hanahan and Weinberg
2000; Wyckoff et al. 2007). Although several
studies have found that some highly metastatic
breast cancer cell lines have up-regulated ex-
pression of genes encoding proangiogenic fac-
tors such as vascular endothelial growth factor
(VEGF) that favor activation of angiogenic ves-
sels (Lee et al. 2007), tumor angiogenesis in the
mammary gland, as well as in other organs, is
likely initially activated by activated myeloid
cells attracted to neoplastic tissue (Coussens
et al. 1999; Bergers et al. 2000; Condeelis and
Pollard 2006).

In breast carcinomas, macrophages are one
of the most abundant innate immune cell types
in which they enhance angiogenic program-
ming by production of proangiogenic factors
such as VEGF and proteases, i.e., urokinase-
type plasminogen activator (uPA) and MMP9
(Lin and Pollard 2007). In a mouse model of
mammary adenocarcinoma development, e.g.,
MMTV-PyMT mice (Guy et al. 1992), increased
macrophage infiltration in premalignant tissue
occurs immediately before the angiogenic
switch and the onset of malignancy (Lin et al.
2001, 2006). CSF-1 is broadly expressed by
tumors of the reproductive system and its ex-
pression correlates with the extent of leukocyte
infiltration and represent a poor prognostic in-
dicator in these tumors (Lin and Pollard
2004). By using PyMT mice carrying a Csfl
null mutation (Csf1%/°), it was further shown
that depletion of CSF-1 markedly decreased infil-
tration of macrophages at tumor sites, inhibited

the angiogenic switch and significantly delayed
tumor progression. The knockdown of CSF-1
in transplanted tumor cells (by using antisense
oligonucleotides) also resulted in inhibition of
tumor growth, with tumors showing extensive
necrosis and poor vascularization, phenotypes
that could be reversed by treatment of mice
with CSF-1. The premature macrophage infil-
tration in the mammary gland of MMTV-
LTR-CSF-1 transgenic mice induced robust
angiogenesis even at early pre-malignant stages,
providing evidence for a direct link between
macrophage infiltration and angiogenesis, inde-
pendent of tumor stage (Lin et al. 2006). These
studies have provided evidence that CSF-1 is a
major regulator of macrophage recruitment to
tumors and shed light on the important roles
of macrophages in tumor progression, and in
particular with tumor-associated angiogenesis.
Myeloid cell-delivery of VEGF to mammary
tumors is clearly significant because myeloid-
specific deletion of VEGF inhibited the angio-
genic switch but surprisingly accelerated tu-
mor development (Stockmann et al. 2008). In
this regard, myeloid VEGF regulates formation
of high-density vessel networks, attenuation of
which blocks angiogenic programming of tu-
mors while also inducing normalization of
vasculature that thus results in accelerated
tumor progression by decreasing tumor cell
death and tumor hypoxia, together indicating
that myeloid-derived VEGF-A is essential for
tumor-associated alterations of vasculature. It
is known that macrophages heavily infiltrate
necrotic areas in tumors where they scavenge
cellular debris and cooperate with tumor cells
to promote angiogenesis (Murdoch et al.
2004; Lewis and Murdoch 2005). In fact,
hypoxia stimulates expression of several proan-
giogenic molecules by activating hypoxia-indu-
cible factors (HIFs) in macrophages. Expression
of the monocyte chemoattractantss VEGE
endothelin 2, and endothelial monocyte-acti-
vating polypeptide II (EMAP II) by hypoxic
tumor cells can attract macrophages into
hypoxic areas within tumors. It is believed
that macrophages are then retained in hypoxic
tumor areas because of abrogation of chemotac-
tic signal transduction and the down-regulation
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of chemo-attractant receptors. Once in hypoxic
areas, macrophages produce a wide array of
proangiogenic molecules and matrix-remodel-
ing factors, including IL-8/CXCL8, VEGE
FGE platelet-derived growth factor (PDGF),
MMPs, and uPA, but it remains to be clarified
how crucial these macrophage-secreted fac-
tors are in the economy of tumor angiogenesis,
because many proangiogenic molecules are also
produced by other components of the tumor
stroma and by the tumor cells themselves.

In addition to the aforementioned proan-
giogenic factors, macrophages release other
molecules that can influence angiogenesis (Pol-
lard 2004; Ojalvo et al. 2009). Macrophages are
key producers of TNF-a, that can up-regulate
expression of thymidine phosphorylase and
MMP-9. Macrophages also produce IL-1 that
may increase VEGF transcription by up-regu-
lating expression of HIF-1a through cyclooxy-
genase (COX)-2. In addition, macrophages
also release nitric oxyde (NO), a molecule that
provokes vasodilation and increased vascular
flow, through the activity of inducible NO syn-
thase (iNOS). Macrophages can also produce
FGE hepatocyte growth factor (HGF), other
EGFR ligands (HB-EGF), as well as platelet-
derived growth factor (PDGF) and TGFa
(Condeelis and Pollard 2006). In particular, leu-
kocyte-derived tumor necrosis factor (TNF)a
has been found to enhance invasive/migratory
phenotypes of breast cancer cells in culture
(Hagemann et al. 2005). In breast cancer cell
lines, TNFa regulates epithelial invasion
through activation of downstream signaling
cascades including Jun amino-terminal kinase
(JNK) and nuclear factor kB (NFkB) trans-
cription factor. Activated JNK and NFkB in
turn induce gene expression of proinvasive fac-
tors such as EMMPRIN (extracellular matrix
metallo-protease inducer) and MIF (migration
inhibitory factor), whose expression enhances
MMP-2 and -9 secretion and activity (Hage-
mann et al. 2005). Production of TGFf by alter-
natively activated macrophages in mammary
tumors, mesenchymal support cells, and imma-
ture myeloid cells (IMCs) can also enhance the
invasive and metastatic programming of malig-
nant cells (Stover et al. 2007; Bierie et al. 2008;
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Yang et al. 2008) consistent with existence of a
TGEFB-responsive gene signature that a predicts
breast cancer pulmonary metastasis (Arribas
et al. 1997).

Another myeloid population recently impli-
cated in tumor angiogenesis are the so-called
immature myeloid suppressor cells (Gallina
et al. 2006; Serafini et al. 2006). Myeloid sup-
pressor cells express low to undetectable levels
of MHC-II and costimulatory molecules, thus
cannot induce antitumor responses. Rather,
these cells promote tumor development by
exerting a profound inhibitory activity on
both tumor-specific and nonspecific T lympho-
cytes and, as recently described, by providing
factors essential for tumor growth and neovas-
cularization such as TGFB (Yang et al. 2004,
2008). The frequency of myeloid suppressor cells
is significantly increased in the bone marrow
(BM) and spleen of cancer patients and mice
carrying large tumors. Moses and colleagues
(Yang et al. 2004) found that CD11b*Grl™-
myeloid suppressor cells obtained from spleens
of tumor-bearing mice promoted angiogenesis
and tumor growth when co-injected with tumor
cells, largely in response to their high level
secretion of TGFB (Yang et al. 2008). Myeloid
suppressor cells also produce high levels of
MMP-9, deletion of which minimizes their
tumor-promoting activity. Similar to DC pre-
cursors, CD11b " Gr1*cells have also been found
to occasionally incorporate into tumor endothe-
lium as endothelial-like cells (Yang et al. 2004).

Concentration gradients of growth factors
established by leukocytes present in neoplastic
stroma coordinate tumor cell movements
toward, and intravasation into, tumor-associ-
ated vasculature. For example, macrophages
are the primary source of EGF in breast cancer
microenvironments (Leek et al. 2000; Lewis
and Pollard 2006). EGF promotes invasion/
chemotaxis and intravasation of breast carci-
noma cells through its interaction with EGFR
as shown using an in vivo needle chemotaxis
assay through engagement of cofilin-depen-
dent actin polymerization (Wyckoff et al.
2000; Wang et al. 2007). Paracrine interactions
between macrophages and breast carcinoma
cells form positive feed-forward loops involving
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macrophage-expressed EGF and CSF-1 ex-
pressed by neoplastic cells, that together result
in breast carcinoma cells showing “high-veloc-
ity” polarized movement (chemotaxis) along
collagen fibers toward blood vessels directed
by perivascular macrophages (Condeelis and
Segall 2003; Condeelis and Pollard 2006). These
experimental data combined with the positive
correlation between CSF-1 levels, macrophage
recruitment and poor prognosis in human can-
cers (Scholl et al. 1994; Leek and Harris 2002),
together support the notion that macrophages
and/or their products play a major role in
facilitating late-stage metastatic progression of
tumors (Lin et al. 2001). Significantly a stromal
CSF-1 gene expression signature in breast can-
cer correlated with poor outcomes and was
observed to be similar between primary tumors
and lymph node metastases (Webster et al.
2010).

Similar to CSEF-1, several CC chemokines,
particularly CCL2 and CCL5 (RANTES, or
regulated on activation normal T cells expressed
and secreted), have been implicated in recruit-
ment of monocytes to tumors (Lin and Pollard
2004). CCL2/MCP-1 overexpression by geneti-
cally modified tumor cells implanted in mice
promoted monocyte uptake by the tumor
mass. In human tumors, CCL2/MCP-1 and
CCL5/RANTES are produced predominately
by neoplastic cells and fibroblasts correlating
with macrophage infiltration. Furthermore,
both CCL2/MCP-1 and CCL5/RANTES have
been found to stimulate monocyte/macro-
phage-lineage cells to secrete MMP-9 and uroki-
nase-type plasminogen activator (uPA), which
through their ECM-remodeling functions are
potent activators of angiogenesis (Murdoch
et al. 2004). Thus, thanks to their ability to
attract proangiogenic monocytes/macrophages
to tumors, both CSF-1 and CCL2/MCP-1 can
be regarded as major players in the orchestration
of the angiogenic process in tumors.

T LYMPHOCYTES AND BREAST CANCER

Clinical evaluation of human breast adenocarci-
nomas reveals that presence of CD4 " Ty;2 T cells
and T, cells increases with disease progression.

High percentages of CD4™ T cells in primary
breast cancers positively correlate with markers
of disease progression, including metastatic
spread to sentinel lymph nodes and increased
primary tumor size (Chin et al. 1992; Kohrt
et al. 2005). The extent of T-cell infiltration
into invasive breast carcinomas has been
reported to range from 1%—45% of the total
cellular mass (Chin et al. 1992). In rapidly pro-
liferating tumors, presence of T lymphocytes
(by histopathological determination) at tumor
sites is a good prognostic indicator when com-
pared to nonimmunogenic tumors, and corre-
lates with auxillary lymph node negativity,
smaller tumor diameter, lower histological
grade, and recurrence-free survival (Aaltomaa
et al. 1992); thus, supporting an overall role
for T cells in immune surveillance. However, the
exact composition of T-lymphocyte infiltra-
tion varies greatly and may profoundly affect
disease progression and overall patient survival.
Perhaps more significant, the ratio of CD4™ to
CD8™ T cells or Ty;2 to Ty1 cells present in pri-
mary tumors, where CD4" or Ty2 cells are
more frequent than CD8 or Tyl cells, corre-
lates with lymph node metastasis and reduced
overall patient survival (Chin et al. 1992; Kohrt
et al. 2005). More recently, unsupervised
expression profiling from breast cancer-associ-
ated stroma revealed a gene signature predictive
of good prognostic outcome (>98%, 5-year
survival) that was functionally enriched for ele-
ments of a Tyy1-type immune response, includ-
ing genes suggestive of cytotoxic T lymphocyte
(CTL) and natural killer (NK) cell activity
(Finak et al. 2008). Conversely, high levels of
FOXP3™ T, cells predict diminished relapse-
free and overall patient survival (Bates et al.
2006, 2007). Although it is unclear if presence
of CD8" CTLs alone provides any prognostic
information for breast cancer, the presence of
high percentages of CD4™ T helper cells at pri-
mary tumor sites positively correlates with dis-
ease progression, e.g., metastatic spread to
sentinel lymph node (LN) and primary tumor
size (Chin et al. 1992; Kohrt et al. 2005). The
interpretation based on these clinical studies is
that the type of CD4 " effector T-cell response
elicited in an emergent breast cancer may in
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part determine malignant and metastatic po-
tential. Although presence of metastatic MECs
in sentinel lymph nodes draining the primary
tumor represents the strongest prognostic
indicator for disease progression and overall
patient outcome, combinatorial analysis evalu-
ating presence and composition of leukocytes,
together with other clinical markers indica-
tive of stage, may provide utility for predicting
outcome.

Why are CD8" CTL-mediated responses
not more effective in eradicating or minimizing
cancer occurrence and how might CD4™ T cells
be involved in enhancing breast cancer progres-
sion? One plausible mechanism may have to do
with the “polarity” of the CD4" Tyeper cell
response at primary tumor sites and/or their
distant metastases. We recently reported that
interleukin (IL)-4-expressing T2 CD4 ™" T lym-
phocytes promote invasion and metastasis of
mammary adenocarcinomas by directly regu-
lating T2 activity in macrophages, their bioef-
fector function and EGF expression, that in turn
regulate invasive tumor growth, presence of cir-
culating tumor cells (CTCs), and pulmonary
metastasis (DeNardo et al. 2009). Using the
PyMT mouse model of mammary carcinogene-
sis (Guy et al. 1992), we found that whereas
primary tumor development was unchanged
in PyMT/CD4 "/~ mice, both showed a signif-
icantly attenuated metastatic phenotype (De-
Nardo et al. 2009) similar to that of tissue
macrophage-deficient/PyMT mice (Lin et al.
2001). We found that CD11b*Gr1™ monocytes
and macrophages of CD4-deficient/PyMT
tumors expressed significantly elevated levels
of type 1 cytokines (e.g., TNFa, IL-6, IL-
12p40, and IL-1B) and Nos2 mRNA, indicative
of a prevalent Tl immune microenvironment
and M1 phenotype (DeNardo et al. 2009),
whereas CD11b"Gr1* monocytes and macro-
phages from CD4-proficient/PyMT mice were
instead indicative of alternatively activated M2
cells that expressed higher levels of arginase-1
(Arg-1) and TgfB, thus characterizing a Ty2
microenvironment (DeNardo et al. 2009). To
determine if CD4" T-cell regulated myeloid
cell phenotypes by a T2 pathway, we evaluated
CD4" T cells from LNs and carcinomas of
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PyMT mice and found elevated expression of
GATA3, 1L-4, IL-13, and IL-10 (Ty2) and to a
lesser extent T-bet (Tg1) and the Ti1 cytokine
IENYy, but neither FOXP3 (T,.,) nor IL-17a were
expanded as compared to wild-type littermates
indicating presence of both Ty1 and Ty2 effec-
tor lineages.

PyMT/ILARa-deficient mice and PyMT
mice treated with neutralizing antibodies to
IL-4 phenocopied PyMT/CD4-deficient mice
with diminished pulmonary metastasis and
presence of M1-CD11b"Gr1™ monocytes and
macrophages in carcinomas (DeNardo et al.
2009). Moreover, Joyce and colleagues re-
cently reported that IL-4 activation of tumor-
associated macrophages was significant for
cathepsin B and S production, that together
also enhance invasion and metastatic progres-
sion (Gocheva et al. 2010). Together this data
indicates that T;2-CD4™" T cells promote meta-
stasis by enhancing the protumor bioactivities
of macrophages, and engaging intracellular sig-
naling cascades (EGF) required for dissemina-
tion and metastasis and indicating that
blockade of Ty2-based and/or IL-4/IL-13-
regulated pathways may provide a survival
advantage by limiting late-stage disease pro-
gression and metastatic spread. By comparison,
loss of CD4™" T lymphocytes, similarly to loss of
macrophage recruitment to mammary tumors,
results in reduced presence of CTCs and dimin-
ished development of pulmonary metastasis,
but without impacting microvessel density or
the character of angiogenic vasculature in mam-
mary carcinomas. These distinctions reflect the
fact that CD4" T lymphocyte-derived factors,
including IL-4, partially regulate the protumor
properties of macrophages, in particular a
unique population that promotes invasion and
metastasis (Ojalvo et al. 2010), likely because of
their impact on EGF expression. Therefore, the
proangiogenic properties of macrophages are
regulated independently of their Ty1- or Ty2-
type cytokine expression characteristics, and
instead are more likely dependent on other fac-
tors such as hypoxia (Lewis and Murdoch 2005;
Zinkernagel et al. 2007).

In addition to indirectly potentiating cancer
development by regulating protumor properties
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of myeloid cells, work from several groups have
reported that IL-4 and IL-13 also regulate tu-
mor growth directly through activation of
IL-4/13 receptors on epithelial cells. In some
human breast carcinoma cell lines, particularly
those that express the estrogen receptor o, IL-4,
and IL-13 inhibit both basal and estrogen-
induced cell proliferation in vitro and in xeno-
graph tumor models in vivo (Toi et al. 1992;
Gingras et al. 2000; Nagai and Toi 2000; Gooch
et al. 2002). However, in other breast carcinoma
cell lines, IL-4 regulates tumor cell survival by
conferring resistance to apoptosis (in vitro)
that translates to resistance to chemotherapy
in xenograph models (Todaro et al. 2008).
Palucka and colleagues reported that CD4" T
cells directly enhance early breast tumor de-
velopment in xenograph tumors using human-
ized NOD/SCID mice, and reported that the
ability of CD4" T cells to produce Ty2 cyto-
kines including IL-4 and IL-13 was key (Aspord
et al. 2007). Taken together these data indicate
that the effects of CD4-derived Ty2 cytokines
on tumor development and progression is likely
regulated by the organ microenvironment or
IL-4/13 receptor status of malignant cells, and
may also be subject to tumor cell etiology and
the specific genetic programs altered during
the initiation phase of cancer development.
This realization, however, has profound impli-
cations for development of future therapeu-
tics targeting CD4" T cells to either bolster
antitumor immunity or neutralize protumor
immunity by revealing the complexities of
their bioeffector functions that are regulated
by multiple factors not common to all tumor
models.

B LYMPHOCYTES, HUMORAL IMMUNITY,
AND BREAST CANCER

During breast carcinogenesis, mature B cells
(including naive and activated) can be found
in secondary lymphoid tissues as well as in
tumor-associated stroma. As compared to
healthy patients without evidence of cancer,
the sentinel (draining) LNs of breast cancer
patients contains enriched populations of
proliferating and affinity matured (IgG") B

lymphocytes. Moreover, data from retrospective
studies examining percentages of B cells present
in sentinel and auxiliary LNs of breast cancer
patients reveals that their presence and/or
maturation (IgG") correlates with increases in
disease stage (stage I versus stage II) and total
tumor burden (Wernicke 1975). Urdiales-
Viedma and colleagues used immunohisto-
chemical detection of IgA, IgG, and IgM in
axillary LNs from 50 unselected ductal breast
carcinomas and found that LNs with IgG™ lym-
phoid follicles and/or metastatic LNs with
IgM™ lymphoid cells were statistically related
to breast tumors of high histologic grade and
more than three LN metastases (Urdiales-
Viedma et al. 1986). These data correlate the
presence of various populations of B cells in
lymph nodes with malignancy.

During breast cancer development, Ig depo-
sition in neoplastic mammary stroma is known
to increase the bioavailability of VEGF by Ig
binding to FcRs on tumor-associated macro-
phages and thus triggering release VEGF into
the interstitium (Barbera-Guillem et al. 2002).
Moreover, in breast carcinoma tissues, presence
of endocytosed Ig in macrophages corresponds
with local extracellular VEGF protein levels
and local angiogenic vascular buds (Barbera-
Guillem et al. 2002).

How might B lymphocytes regulate car-
cinoma development? A vast literature exists
describing the occurrence of (auto)antibodies
in either the serum of cancer patients, or inter-
stitial antibody deposition in tumors (Tomer
et al. 1998). Early presence of autoantibodies
(in particular antinuclear and smooth muscle
antibodies) in serum of cancer patients is well
known to correlate with unfavorable prognosis
(Tan and Shi 2003). Approximately 50% of
breast cancer patients contain circulating Igs
that specifically react with tumor-derived anti-
gens—autoantibodies against ErbB2/HER2/
neu are present in 20% of patients with ErbB2-
positive breast cancer, making it the most
common breast cancer “auto-antigen” (Disis
et al. 1994). Paradoxically, presence of specific
autoantibodies in serum and/or at tumor sites
correlates with poor patient survival (Tomer
etal. 1998; Tan and Shi 2003; Fernandez Madrid
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2005); thus, perhaps indicating that Igs result-
ing from chronic B cell activation in response
to tumor-specific antigens might promote
disease progression. Despite the presence of
antitumor antibodies in greater than half of
all breast cancer patients, there are only few
reports of spontaneous tumor regression ( pre-
sumed to be immunologic) in the absence of
therapy (Sheikh et al. 1979; Lee et al. 1985).
Several factors may influence efficiency of anti-
tumor antibodies in inducing tumor regres-
sion/destruction, including Ig concentration,
HLA expression, tumor tolerance/immune
suppression, and impaired cytotoxic T-cell
activity. Thus, whether individuals with pro-
gressing tumors harbor a higher antigen load
that thus triggers enhanced Ig production, or
whether increased presence of serum or inter-
stitial Igs predisposes patients to development
of more advanced or recurrent cancers, requires
further study. That said, B-cell-depletion in
MMTV-PyMT mice was shown to be without
consequence in regulating early or late-stage
mammary carcinogenesis (DeNardo et al
2009).

CONCLUSIONS

During the last decade, insights have been
gained regarding mechanisms underlying the
dynamic roles of immune cells as mediators of
developmental processes, tissue homeostasis in
adult tissues, and tumorigenesis. During the
various phase of mammary development the
immune system is engaged at every stage. This
response appears to be restricted to the innate
immune system except during lactation.
Although these cells of the innate system are
called immune cells this attribution appears
to be a misnomer in these developmental con-
texts as there are no pathogens present. Instead
these cells are trophic to developing tissue and
act to enhance rates of epithelial growth and
invasion through the fat pad and influence
complexity of the ductal structures (Pollard
2009). During tumorigenesis a similar cast of
innate immune cells are recruited. However
in contrast to the developmental context there
is a much greater engagement of the acquired

Leukocytes in Mammary Development and Cancer

immune response. This presence of many
acquired immune cells in tumors suggests rec-
ognition of new “foreign” tumor antigens or
of the extensive tissue damage caused by tumor
growth. Indeed in some cases a tumor-directed
immune response involving cytolytic CD8" T
cells, T1 cells, and NK cells appears to protect
against tumor development and progression.
However, if the immune response involves B
cells and activation of humoral immunity, and
infiltration of Ty2 cells as well as innate in-
flammatory cells into an organ harboring
initiated tumor cells, the likely outcome is pro-
motion of tumor development and progression.
Thus innate and acquired immune cells are in
an evolving dynamic that result in the trophic
functions of the innate system being conferred
on the epithelial tumors in a fashion that
mimics development. In mammary cancers of
both mice and women macrophages appear
to be the dominant innate immune cell type.
Differing populations of macrophages confer
on the tumor an ability to outgrow, invade,
and become vascularized. Unfortunately unlike
the developing mammary gland that has in-
trinsic programs to suppress the external tro-
phic support once it is no longer required,
the oncogenic and tumor suppressor muta-
tions in cancer cells result in the loss of these
“oft” switches. Consequently the tumors obtain
continuing support from these recruited im-
mune cells and malignancy is enhanced.
However, the balance between a protective
cytotoxic response and a harmful humoral or
Ty2 response can be regulated systemically by
the general immune status of the individual,
as well as locally by myeloid suppressor cells
and T cells, and thus offers clinicians with
attractive targets for anticancer immune-based
therapies.
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