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Recent pregnancy correlates with decreased survival
for breast cancer patients compared with non—preg-
nancy-associated breast cancer. We hypothesize that
postpartum mammary involution induces metastasis
through wound-healing programs known to promote
cancer. It is unknown whether alternatively activated
M2 macrophages, immune cells important in wound-
healing and experimental tumorigenesis that also
predict poor prognosis for breast cancer patients, are
recruited to the normal involuting gland. Macrophage
markers CD68, CSF-1R, and F4/80 were examined
across the pregnancy and involution cycle in rodent
and human mammary tissues. Quantitative immuno-
histochemistry revealed up to an eightfold increase in
macrophage number during involution, which re-
turned to nulliparous levels with full regression. The
involution macrophages exhibit an M2 phenotype as
determined by high arginase-1 and low inducible ni-
tric oxide synthase staining in rodent tissue, and by
mannose receptor expression in human breast tissue.
M2 cytokines IL-4 and IL-13 also peaked during invo-
lution. Extracellular matrix (ECM) isolated from invo-
luting rat mammary glands was chemotactic for mac-
rophages compared with nulliparous mammary ECM.
Fibrillar collagen levels and proteolysis increased

dramatically during involution, and denatured colla-
gen I acted as a strong chemoattractant for macro-
phages in cell culture, suggesting proteolyzed fibrillar
collagen as a candidate ECM mediator of macrophage
recruitment. M2 macrophages, IL-4, IL-13, fibrillar
collagen accumulation, and proteolysis of collagen
are all components of tumor promotional microenvi-
ronments, and thus may mediate promotion of breast
cancers arising in the postpartum setting. (4m J
Patbol 2010, 176:1241-1255; DOI: 10.2353/ajpath.2010.090735)

Although it is recognized that full-term pregnancy at an
early age reduces the lifetime risk of developing breast
cancer, women of all ages have a transient increase in
breast cancer risk with a recent pregnancy.'* Breast
cancers diagnosed up to five years out from a completed
pregnancy have been referred to as pregnancy-associ-
ated or PABC.>® Several studies have shown that PABC
frequently metastasizes, resulting in poor prognosis for
the patient.®~® Epidemiological data identify women whose
breast cancer is diagnosed postpartum, rather than during
pregnancy, as having the worst outcomes.” '* Further,
when breast cancer patients were matched for known prog-
nostic indicators, the postpartum window proved to be an
independent factor for metastasis, whereas a diagnosis
during pregnancy did not."™'*'5 We have proposed the
involution-hypothesis to account for the high metastatic oc-
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currence of PABC diagnosed during the postpartum win-
dow.> 1678 Specifically, we predict that the involuting mi-
croenvironment, with its similarities to wound and cancer
environments, supports dissemination of pre-existing but
previously quiescent tumor cells. In support of this hypoth-
esis, we have shown that extracellular matrix (ECM) proteins
isolated from the involution microenvironment have
wound healing characteristics and are promotional for
breast tumor cell metastasis.'® We extend our studies
to address whether alternatively activated M2 macro-
phages, an immune cell type implicated in wound heal-
ing and breast cancer metastasis, participate in post-
partum gland regression.

Postpartum mammary gland involution is a necessary
physiological process required to return the lactation com-
petent gland to a nonlactating state poised to respond to a
subsequent round of pregnancy. In rodent models, wean-
ing-induced milk stasis triggers cessation of milk secretion
and the milk-producing secretory alveoli that developed
during pregnancy are rapidly resorbed. In rodent models, it
has been shown that 50% to 80% of the secretory mammary
epithelium is eliminated by apoptosis within the first week of
involution.'®2° This dramatic tissue remodeling requires two
major processes: apoptotic death of the mammary epithe-
lial cells and stromal activation.?' Accumulating evidence in
rodents indicates that tissue-remodeling programs similar
to wound healing are used to remodel the lactating gland to
its postpartum state. Similarities include elevated levels of
the immunomodulators transforming growth factor (TGF)-B1
and 3, increases in matrix metalloproteinase (MMP)-2, —3,
and —9, deposition of fibrillar collagens, presence of bio-
active proteolytic fragments of the ECM proteins fibronectin
and laminin, as well as gene expression profiles consistent
with activation of innate and adaptive immunity.??=2°

Macrophages are a dynamic population of immune cells
recognized for their contribution to wound resolution
through phagocytosis and for their role in antigen presen-
tation. The detailed functions of macrophages are exten-
sive, as their precursor cells can respond to a variety of
physiological situations and mature along a spectrum of
phenotypes. The M1/M2 macrophage nomenclature sys-
tem described by Mantovani and colleagues® primarily
divides cells based on production of Th1 versus Th2 cyto-
kines. According to this classification, the M1-type, or clas-
sically activated macrophages, mature in response to
signaling molecules elicited by intracellular pathogens in-
cluding lipopolysaccharide, interferon-y and -8, and TNF-a.
These M1 macrophages respond in kind by producing Th1
cytokines including interleukin (IL)-12 and IL-23 that subse-
quently promote activation of cytotoxic T-lymphocytes. M1
macrophages are involved in antigen presentation, immune
surveillance, and killing of cells with foreign antigens, in-
cluding tumor cells.?6-28

On the other end of the spectrum, M2 macrophages
are alternatively activated by Th2 cytokines such as IL-4,
IL-13, and the immunosuppressive 1L-10.2° M2-type
macrophages in turn produce Th2 cytokines. M2 macro-
phages participate in wound healing and tissue repair
through activities including phagocytic debris clearance,
release of TGF-B and fibronectin, and release of PDGF
and VEGF,272° which promote angiogenesis. Re-

cently, it has become apparent that macrophages are
functionally plastic, in that they respond to their envi-
ronment with heterogeneous and transient phenotypes
that are not distinctly divided into the M1/M2
categories.®°

Several recent reviews highlight shared characteristics
of M2 macrophages and tumor-associated macrophages
(TAMs).263" TAMs are important in the progression of
mammary cancer in several rodent models.322 The ob-
served similarities between TAMs and M2 macrophages
suggest that M2 macrophages may also have tumor pro-
motional capabilities.®* Further, clinical data reveals that
macrophage chemotactic factors, macrophage growth
factors, and macrophage infiltration all correlate with
negative outcomes for breast cancer patients.3*-4° TAMs
and M2 macrophages are thus implicated as key medi-
ators of breast cancer progression.

Based on evidence that macrophages promote breast
cancer and that the wound-healing microenvironment of
the involuting rodent mammary gland is tumor promo-
tional, we evaluated whether macrophages characterize
the postpartum involuting mammary gland. Here we
demonstrate an influx of macrophages during postlacta-
tional involution, identified as consisting primarily of M2
macrophages in rodents and humans. Further, we pro-
vide a plausible mechanism for macrophage recruitment
via their attraction to the ECM protein collagen I. These
observations are consistent with our previous data dem-
onstrating that the involuting rat mammary gland is char-
acterized by a wound healing microenvironment and ex-
tends these findings to human breast tissues. These data
further support the hypothesis that postpartum involution
promotes tumor progression and accounts for the poor
prognosis of PABC.

Materials and Methods

Rodent Breeding and Tissue Preparations

Sprague-Dawley rats and C57BL/6 mice from Taconic
Farms (Germantown, NY) were bred at seven to ten
weeks of age. All rodents were housed in microisolator
cages and subjected to 12-hour light/dark cycles, with
water and LabDiet-5020 provided ad libitum. Within two
days postparturition litter sizes were standardized to
eight pups. Pups were removed at lactation day 10 (rats)
or day 14 (mice). Rats were euthanized by CO, asphyx-
iation, whereas mice were anesthetized with sodium pen-
tobarbital (0.1 mg/g body weight) and intracardially per-
fused with 20 ml ice-cold PBS (with Ca?*/Mg?*) followed
by 20 ml each of 2% and 4% PFA in PBS (with Ca®*/
Mg®™). In rats, mammary gland tissue was collected from
mid-pregnant, days 0 (day of pup withdrawal for lactation
group), 2, 4, 6, 8, 10 (involution group), and 60 postwean-
ing (regressed group). In mice, mammary gland tissue
was harvested on days O (day of pup withdrawal for
lactation group), 1, 2, 3, 4, 5 (involution group), and 21
(regressed group) postweaning. Mammary gland tissue
was also obtained from age-matched nulliparous ani-
mals. In the rats, daily cervical lavages were performed



starting one week before euthanasia for the nulliparous
and regressed groups, and these animals were sacri-
ficed during estrus to control for potential variations in
ECM composition attributable to differences in stage of
estrous. LN-free rat mammary glands #4 to 6 were taken
for subsequent matrix isolation and biochemical analy-
ses, flash frozen, and stored at —80°C. Rat mammary
gland tissue associated with the LN region was fixed in
10% neutral buffered formalin for 24 hours and paraffin
embedded for histological analysis. Reproductive state
was verified by histological analysis of cervical speci-
mens as previously described.*" H&E stain of mammary
and cervical tissues was performed according to pub-
lished methods.*? For the mouse studies, one #4 mam-
mary was removed, weighed, fixed in 4% PFA for 4 hours,
and embedded in paraffin for histological analysis. The
IACUC of University of Colorado Denver approved all
procedures.

Human Tissue Acquisition

All research using human materials was conducted un-
der a protocol approved by the Colorado Multiple Insti-
tution Review Board (COMIRB) and United States Army
Medical Research and Materiel Command’s (USAMRMC)
Office of Research Protections (ORP) Human Research
Protection Office (HRPO). All cases were deidentified to
the research team. Also, the protocol was deemed ex-
empt from subject consent and Health Insurance Porta-
bility and Accountability Act (HIPAA) authorization. Three
types of tissue were collected. The first, human breast
cancer cases diagnosed during pregnancy, lactation, or
involution, were retrospectively identified from the tumor
registry of Colorado based on women age 45 or younger,
with a diagnosis of invasive breast cancer. The second,
cases without cancer, were identified based on repro-
ductive stage at the time of tissue collection, which sub-
sequently revealed no malignancy, or on pathology re-
ports that revealed no malignancy and which indicated
lactational changes. The third set were nulliparous or fully
involuted from the lactational state, here defined as re-
gressed, tissues obtained from a subset of women who
were Colorado participants in the 4-Corners Breast Can-
cer Study, a population-based case-control study of
breast cancer. Briefly, women who were 25-79 years old
at breast cancer diagnosis were recruited from the South-
west United States (AZ, CO, NM, UT) between the years
of 2000 to 2005. Cases with a breast cancer diagnosed in
October 1999 to May 2004 were identified through state-
wide cancer registries. Methods for selection, recruit-
ment, and interview of subjects have been previously
described in detail.*® All aspects of the 4-Corners Study
were conducted in accordance with human subjects’
research protocols approved at each institution. Cases
included in this present study were women who were
diagnosed with invasive breast cancer at the age of 45 or
younger (n = 68). Pathology reports, subject interview
questionnaires, and the tumor registry were used to ob-
tain reproductive history and clinical data on standard
breast cancer prognostic markers. For all three tissue
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sets, nulliparous cases were from women who had never
been pregnant and had cancer. Pregnant and lactation
cases were from women who were either pregnant or still
lactating at the time of tissue collection, as indicated from
chart review. Involution cases were from women who had
recently been, but were no longer, lactating. Regressed
cases were from women who were at least 10 years out
from their last pregnancy and had breast cancer. Num-
ber (n) of cases, average age (a) and fields (f) total
number for each developmental stage: CD45 (for details
see Supplemental Table S1 at http://ajp.amjpathol.org),
nulliparousn = 5,a = 34, f = 58; pregnantn = 8, a = 30,
f = 81; lactationn = 11, 2 = 30, f = 129; involution n = 8,
a = 30, f = 116; and parous/regressed n = 10, a = 42,
f = 81. CD68 (for details see Supplemental Table S2 at
http.//ajp.amjpathol.org), nulliparous n = 6, a = 35, f = 67;
pregnantn =9, a = 27, f = 86; lactationn = 9, a = 31,
f = 129; involution n = 8, a = 31, f = 130; and parous/
regressed n = 8,3 = 43, f = 95.

Immunohistochemistry, Imaging,
and Quantification

Four-um sections of paraffin embedded rodent mam-
mary gland or human breast tissues were pretreated in
Dako TRS Antigen Retrieval Solution (AR1) or Dako EDTA
Antigen Retrieval Solutin (AR2) at 125°C under pressure
for five minutes, or with Proteinase K (Dako) for three
minutes at room temperature (AR3). For frozen tissue,
sections were removed from the freezer and allowed to
air dry two to five minutes before fixation in cold 70%
ethanol for five minutes. For rodent tissues the following
antibodies, antigen retrievals, and antibody dilutions
were used: CD68 (AR1 1:100, AbD Serotec, Raleigh,
NC), CSF-1R (AR2, 1:100, Abcam, Cambridge, MA),
F4/80 (AR1, 1:100, AbD Serotec), iINOS (AR1, 1:50 in rat,
1:100 in mouse, BD Biosciences, San Jose, CA), Argi-
nase-1 (AR1, 1:100 in rat, 1:500 in mouse, Santa Cruz,
Santa Cruz, CA). For human tissues the following anti-
bodies, antigen retrievals, and antibody dilutions were
used: CD68 (AR1, 1:1000, Dako), CK18 (AR2, 1:100,
Epitomics, Burlingame, CA), CD45 (AR1, 1:200, Dako),
IL-13 (AR3, 1:50, Abcam, Cambridge, MA), and mannose
receptor on frozen tissue sections (Abcam). Immunore-
activity was detected using Envision+ Systems (Dako)
for mouse, rat, and rabbit primary antibodies or Vec-
tastain Elite ABC Kit (Vector Labs, Burlingame, CA) for
goat primary antibodies. 3,3'-diaminobenzidine was
used as the chromagen in all tissues. For animal tissues,
positive stromal cells were quantified in 6 fields per ani-
mal at X400, n = 4 rats orn = 2 to 4 mice per time point.

For human tissues positive cells were quantified in
collaboration with the UCD Prostate Cancer Research
Laboratory, which has developed a novel approach for
the analytical study of histological sections using com-
puter assisted image analysis.***° Briefly, entire histo-
logical sections were imaged with Aperio ScanCope T3
scanner at 0.47 microns/pixel. The images were then
down-sampled to a resolution of 1.5 microns per pixel to
facilitate subsequent image manipulation. Using Adobe
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Photoshop CS2 software, 10 lobuloalveolar fields/case/
reproductive stage were isolated. Color threshold image
analyses specific for CD45 and CD68 immunostains were
then performed using custom written plugins for Image J
software?® and percent positive pixels for CD45 or CD68
immunostain determined.

Immunofluorescence

Four-um sections of paraffin-embedded human breast
tissue was pretreated (see above) and coincubated with
primary antibodies for E-cadherin (AR1, 1:300, Santa
Cruz) and CD68 (AR1, 1:1000, Dako). The following flu-
orescent secondary antibodies were used: Alexa Fluor®
488 goat-anti-rabbit IgG (H+L) and Alexa Fluor® 594
goat-anti-mouse IgG (H+L) (Invitrogen, Carlsbad, CA).
Slides were mounted using VECTASHIELD® Mounting
Medium with DAPI (Vector Labs). Images were captured
using a Zeiss Axioskop microscope equipped with an
HBO 100 lamp and photographed by a digital camera
(SPOT RTke, SPOT Diagnostics).

Mammary ECM Isolation

Matrix isolation was performed as previously described®’
and based on published protocols.*”*8 Briefly, frozen #4 to
6 LN-free rat mammary glands were pulverized and homog-
enized in a high salt/N-ethylmaleimide (NEM) solution (3.4
M NaCl, 50 mmol/L Tris-HCI pH 7.4, 4 mmol/L EDTA, 2
mmol/L NEM) containing proteinase inhibitor cocktail (200
pg/ml, Sigma) at 4°C. Lysates were enriched for ECM by 2
cycles of centrifugation (RCF,,,,, 110,000 X g, 30 minutes,
4°C), with pellets resuspended in high salt/NEM buffer.
ECM enriched pellets were resuspended in mid-salt/urea
solution (2 mol/L urea, 0.2 M NaCl, 50 mmol/L Tris-HCI pH
7.4, 4 mmol/L EDTA, 2 mmol/L NEM) with proteinase inhib-
itor cocktail and agitated overnight at 4°C. Samples were
centrifuged at RCF,,,, 110,000g, and the ECM-enriched
supernatants dialyzed for 48 hours (molecular weight
cutoff 12 to 14 kDa, Spectrum) against low salt buffer
(0.15 mol/L NaCl, 50 mmol/L Tris-HCI pH 7.4, 4 mmol/L
EDTA), and against sera-free media for 24 hours (DMEM/
F12 media (Sigma) supplemented with 1 ug/ml Gentami-
cin) at 4°C. Matrices were used within two weeks of
isolation and stored on ice at 4°C. ECM protein integrity
was shown to be stable under these storage conditions
(data not shown). For each ECM preparation, mammary
glands were pooled from five to six rats per group. Two
separate preparations of mammary matrix were evalu-
ated in chemoattractant assays.

Cell Chemoattractant Assays

The J774 mouse macrophage cell line derived from a
tumor in a BALB/c mouse, and graciously obtained from
Doug Graham, (Pediatric Hematology and Oncology,
University of Colorado Denver) was cultured in DMEM
with 10% FBS at 10% CO,. All chemoattractants includ-
ing gelatin (Sigma, St. Louis, MO), fibrillar rat tail collagen
1 (BD Biosciences, Sparks, MD) and isolated mammary

ECM were diluted with sera-free media to 7 ug/ml and
plated in a final volume of 800 ul/well in the bottom of
24-well transwell assay plates. Ten percent FBS was
used as a positive control, and each condition was per-
formed in triplicate. J774 cells were rinsed once with
PBS, resuspended in sera-free DMEM, and plated
100,000 cells/well in a 200 ul volume on top of the filters
in 24-well transwell assay plates. These plates were
placed in the incubator for 8 hours, then fixed in 10%
neutral buffered formalin and stained with 0.1% crystal
violet. Nonmotile cells were scraped off the top of the
filter, and images of each filter taken at X400. Cells that
had migrated to the bottom of the filter were counted
using four representative quadrants of each image. Each
assay was repeated three to four times, with data trends
consistent between repeats.

Collagen Detection and Quantification

For detection of fibrillar collagen in human tissues, 5-um
sections of lactating and actively involuting breast tissue
were stained using Ventana Trichrome Il Blue Staining
Kit, which is a modification of Masson trichrome method,
on the Ventana NexES® Special Stain automated stainer.
For detection of fibrillar collagen in rat tissues, 5 um
sections of rat mammary tissues were stained with Sirius
Direct Red 80 (Sigma) and counterstained with Hematox-
ylin according to published methods.*? Collagen quanti-
tation of human and rat samples were performed in the
UCHSC Prostate Diagnostic Laboratory as described
above. Using this software 25 lobuloalveolar structures
from each human tissue were isolated from each X400
slide image (n = 4 for lactation and involution) and per-
cent composition determined by number of blue pixels in
each structure. For intralobular collagen quantification of
rat tissue, 10 alveolobular structures were isolated from
each slide (n = 3), the lumen were excluded, and percent
composition of light red pixels determined. Interlobular
collagen was quantified by isolating the dark red signal
from the scanned section in total.

Zymogen Assay

Substrate gel analyses were performed as previously
described.'” Briefly, equal amounts of protein (20 Q)
from each tissue sample were run under nonreducing
conditions on a 7.5% SDS-PAGE gel containing 3 mg/ml
of porcine gelatin (Sigma), followed by incubation of the
gel in a shaking water bath at 37°C for 72 hours in
substrate buffer (50 mmol/L Tris-HCI, pH 8.0, 5 mmol/L
CaCl,). Proteinase activity was visualized by Coomassie
Blue R250 staining and zymogen activity appeared as a
cleared band on a dark background.

Collagen Western Blot Analysis

Collagen 1 was detected by Western blot as previously
described.*® Briefly, 3% polyacrylamide (29:1) gels were
prepared using 9.2 mmol/L calcium lactate, pH 6.8; 0.1%
TEMED; and 0.07% ammonium persulfate only and pre-



run for 1.5 hours at 100 volts with 50 mmol/L Tris, pH 6.6
lactic acid buffer in the cathode region and 0.1 mol/L
lactic acid, pH 2.5 in the anode region with reversed
electrodes. Mammary ECM samples from involution day
4 to 6 rats were prepared in 0.1 mol/L lactic acid, pH 2.5,
and run for 2.5 hours at 70 volts with reversed electrodes.
Collagens were transferred with nylon mesh between the
gel and nitrocellulose in 0.1 mol/L lactic acid, pH 2.5 at 20
volts overnight at room temperature, with reversed elec-
trodes. Collagen-1 was detected by primary antibody
(1:500, Abcam) and anti-rabbit Hrp conjugate secondary
antibody (1:5000 Jackson Immunochemical, West Grove,
PA). Signal was obtained using ECL western detection kit
(Amersham).

Cytokine Array

Rat mammary tissue was lysed in 20 mmol/L Tris-HCI, pH
7.5, 150 mmol/L NaCl, 0.05% Tween-20, 200 ug/ml
PMSF, and proteinase inhibitor cocktail. Lysates were
analyzed using a Milliplex Rat Cytokine Immunoassay Kit
(Millipore, Billireca, MA) for monocyte chemotactic pro-
tein-1 (MCP-1), IL-4 and IL-13 and collected on a Lumi-
nex Multiplex Instrument in the University of Colorado
Cancer Center Flow Cytometry Core Facility.

Results

Macrophage Influx into Involuting Rodent
Mammary Gland

A wound healing gene signature consistent with macro-
phage recruitment and evidence for macrophage influx
have been identified in the involuting mouse mammary
gland.?®24%9 We therefore analyzed whether macro-
phage influx was specific to mice or could be generalized
to mammary involution across different species by quan-
tifying two macrophage markers by immunohistochemis-
try (IHC). CD68 is a macrophage lysosome-associated
protein®! and CSF-1R is the receptor for CSF-1, a cyto-
kine that promotes monocyte maturation and differentia-
tion.2 The number of CD68-positive cells was evaluated
in the rat at day 6 postweaning (involution day 6), which
corresponds to the peak of tissue remodeling during
mammary involution.2"4° Stromal associated CD68 lev-
els were sixfold higher at involution day 6 compared with
mammary glands from age-matched nulliparous rats
(Figure 1A). Similarly, the number of CSF-1R-positive
cells was increased eightfold on involution day 6 when
compared with nulliparous controls (Figure 1B). Of inter-
est, the number of CSF-1R—positive cells was consider-
ably lower than the number of CD68-positive cells, sug-
gesting many stromal CD68-positive cells are CSF-1R
negative. These data are consistent with previously re-
ported results indicating that distinct macrophage popu-
lations stain differentially for these two markers.53°¢ To
determine whether the increase in macrophage density in
the involuting tissue was attributable to influx rather than
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Figure 1. Macrophage markers increase during mammary gland involution
in the rat. A: THC stain for CD68+ cells (arrow) in mammary glands from
nulliparous (N) or involution day 6 (Inv D6) rats and quantified per X400
field/10 fields per gland, n = 4 rats per stage, *P < 0.0001, unpaired 7 test;
scale bars represent 50 microns. B: THC stain for CSF-1R+ cells (arrow) in
mammary glands from nulliparous (N) or involution day 6 (Inv D6) rats and
quantified per X400 field/10 fields per gland, 7 = 4 rats per stage, *P =
0.0022, unpaired 7 test; scale bars represent 50 microns. C: Western blot for
CD68 using mammary tissue lysates from nulliparous (N) or involution day 6
(Inv DO6) rats, n = 6 rats per stage. IgG is used as a loading control. D:
Immunoassay results for monocyte chemotactic protein (MCP-1) using rat
mammary tissue lysates from nulliparous (N), lactation (L), and involution
days 2, 4, and 6 stages, n = 6 rats per stage, *P < 0.03 compared with N,
Unpaired rtest.

their concentration after alveoli collapse, Western blot
analysis was performed on mammary lysates loaded at
equal protein concentration (Figure 1C). We observed
an increase in CD68 protein levels during mammary
involution, suggesting that the increase in CD68+ cells
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was attribtuable to cell influx rather than tissue col-
lapse. Supportive of macrophage influx, we detected
an increase in MCP-1 during involution at 2, 4, and 6
days postweaning compared with nulliparous and lac-
tating rat mammary tissue (Figure 1D). Cumulatively,
these results demonstrate an influx of at least two
populations of macrophages into the involuting rat
mammary gland, CD68-positive/CSF-1R-negative and
CSF-1R—positive, which may be mediated in part by
MCP-1 expression.

Involution Macrophages Are of the M2
Phenotype

For our initial studies to determine phenotypes of the
macrophages present in the mammary gland during in-
volution, we pursued markers of traditionally defined
functional populations of M1 and M2 subtypes. Classical
M1 macrophages are thought to be tumor suppressive,
whereas alternatively activated M2 macrophages are po-
tentially tumor promotional.®®?” iINOS expression was
used to identify rodent M1 subtype, whereas arginase-1
was used to identify the M2 subtype.?” In rat mammary
glands, the expression level of the M1 macrophage
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marker INOS was constant across the pregnancy-lacta-
tion-involution cycle, whereas the M2-associated argi-
nase-1 expression increased six-fold during involution
(Figure 2, A and B). Peak levels of arginase-1 expression
were observed during the peak of tissue remodeling in
the rat, which occurs at involution day 6.*' The arginase-
1-expressing cells appear to account for the majority of
the stromal CD68 staining, demonstrating that most mac-
rophages in the involuting rat mammary gland express
the M2 marker, arginase-1 (Figure 2B). Further, cytokine
analysis revealed that the levels of IL-4 and IL-13, both
M2-associated cytokines,?® increase during involution
with peak levels observed at involution day 4 (Figure 2, C
and D). Altogether these data suggest that the involution
mammary microenvironment of the rat displays wound-
healing traits including the presence of M2 macrophages
and cytokines.

Although it has already been demonstrated that mac-
rophages increase in number during mouse mammary
gland involution, the question of whether these macro-
phages are of the M1 or M2 type has not been repor-
ted.*®5° We examined the presence of macrophages in
involuting mouse tissue, as identified by F4/80 expres-
sion, and discovered a peak increase during involution at
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Figure 2. Involution macrophages display an M2-tumor promotional phenotype. A: IHC stain for M1 macrophage marker iNOS (arrow) and M2 macrophage
marker Arginase-1 in involution day 6 (Inv D6) rat mammary tissue; scale bars represent 50 microns. B: Quantification of iNOS, Arginase-1, and CDG68 IHC stain
in rat mammary tissue per X400 field/10 fields per gland, 7 = 4 rats per stage, *P < 0.005 compared with N, unpaired 7 test. (N indicates nulliparous; P, pregnant;
L, lactation; Inv D, involution day; R, regressed). C: Immunoassay results for M2 cytokine IL-4 using rat mammary tissue lysates, 7 = 6 rats per stage, *P < 0.05
compared with N, unpaired t-test. D: Immunoassay results for M2 cytokine IL-13 using rat mammary tissue lysates, 72 = 6 rats per stage, *P < 0.05 compared with
N, unpaired ¢ test. E: Quantification of mouse macrophage marker F4/80 IHC stain per X400 field/10 fields per gland, # = 2 for L, Inv D5; n = 3 for Inv D1, D4;
n = 4 for N, Inv D2, D3 R; *P < 0.005 compared with N, unpaired ¢ test. F: Quantification of iNOS, Arginase-1 IHC stain in mouse mammary tissue per X400
field/10 fields per gland, n = 2 for L, Inv D5; n = 3 for Inv D1, D4; n = 4 for N, Inv D2, D3, R; *P < 0.005 compared with N, unpaired 7 test.



three days postweaning (Figure 2E). This peak corre-
sponds with the active tissue remodeling phase of invo-
lution in the C57/BL6 mouse, where the rate of involution
is reported to be faster than in the rat.*® Next, we deter-
mined that the number of macrophages expressing the
M2 marker arginase-1 increased sixfold with involution
while the number of macrophages expressing the M1
marker iINOS remained low at all stages (Figure 2F).
These data demonstrate that the macrophages observed
in mouse mammary glands, like those observed in the rat,
peak during the active tissue remodeling phase of
involution and exhibit an M2-like phenotype. Of note, in
the mouse mammary gland, the number of M1 (iNOS-
positive) plus M2 (arginase-1-positive) macrophages
was lower than the total number of F4/80 macro-
phages, suggesting the presence of an additional mu-
rine F4/80 positive macrophage population that is not
activated to express iNOS or Arg-1 (Figure 2, E and F).
In contrast, in the rat, the CD68+ macrophages appear
to nearly all be activated to iINOS or Arg-1-positive
status (Figure 2B). Given that the markers used to
identify the macrophage population differed between
species, it is not yet possible to directly compare the
relative number of unmarked macrophage populations
between rat and mouse.

Human Breast Involution

Although mammary involution has been examined exten-
sively in rodent models, the biology of human breast
involution has not been systematically studied, primarily
because of limited tissue availability. To this end, breast
specimens were obtained from women, 45 years of age
or younger, who were nulliparous, pregnant, lactating,
weaning/involuting, or whose breasts were fully re-
gressed/parous (defined here as fully involuted from the
lactational state and >10 years post pregnancy). Repre-
sentative H&E images of these reproductive stages are
shown in Figure 3A. The histological changes that occur
with pregnancy, lactation, and involution in human breast
tissue appear very similar to published images depicting
these same reproductive stages in the rodent.49:57-60
However, in women, nulliparous and postpartum re-
gressed/parous breast tissue had elevated levels of
dense stroma and reduced adipocyte content when
compared with equivalent stages of rat and mouse mam-
mary tissue. These findings are consistent with previous
reports.®®~%° To examine immune cell composition and
macrophage influx, tissue sections from these human
breast specimens were analyzed for CD45 and CD68
expression, respectively. CD45, or leukocyte common
antigen, is present on the surface of nucleated hemato-
poietic cells including B-cells, T-cells, neutrophils, and
macrophages, and is commonly used as a marker for
inflammation.®” Representative images depicted in Fig-
ure 3B show a low number of CD45-positive cells in the
nulliparous, pregnant, lactating, and fully regressed/par-
ous human breast tissue. In contrast, CD45 expression is
significantly increased in the involuting breast. Similar
staining patterns were observed for CD68, the lysosomal
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marker of macrophages described above (Figure 3C). To
semiquantitate CD45 and CD68 marker expression
across the pregnancy-lactation-involution panel, we used
a computer-assisted image analysis program that cap-
tures images of entire histological sections at high
resolution, converts the IHC signal to grayscale, and
calculates the percent positive signal for each marker.
Using this technology, CD45 expression was found to
increase fourfold in actively involuting lobules (Figure
3D). An increase in CD68 expression over nulliparous
was also observed, however the rise in CD68 levels
occurred earlier during pregnancy and lactation. Con-
sistent with the CD45 expression pattern, the highest
CD68 levels were observed during involution (Figure
3E). For both markers, signal intensity decreased to
prepregnant levels after postpartum involution demon-
strating the peak immune-cell signal corresponded
with active involution.

To confirm that the CD45 and CD68 IHC signals
were specific to immune cells, and not phagocytic
mammary epithelial cells, serial sections were stained
for CD45, CD68, and CK18, an epithelial cell-specific
cytokeratin. Stromal associated CD45 and CD68 dou-
ble-positive cells (arrowhead) were consistently iden-
tified as negative for CK18, strongly suggesting that
these cells are indeed immune in origin (Figure 3F,
middle panel). In addition, CD45-positive cells that
were CD68-negative (left panel, arrow), as well as
CD68-positive cells that were CD45-negative (right
panel, arrow), were present. These observations indi-
cate additional complexity of the mammary immune
cell milieu during involution (Figure 3F). As an indepen-
dent assessment to confirm that the CD68 IHC signal
was identifying macrophages, epithelial cells were
identified by E-cadherin expression and macrophages
by CD68 using dual immunofluorescence-based IHC.
This analysis confirmed the presence of CD68-positive
and E-cadherin—negative cells in very close proximity
to the involuting E-cadherin—positive epithelium,
clearly identifying macrophage presence in the invo-
luting human breast (Figure 3G, arrows). Finally, based
on the number of cells in involuting tissue that express
macrophage mannose receptor and IL-13, a marker for
M2 macrophages in humans and an M2-associated
cytokine, we conclude that macrophages with an M2
phenotype are abundant in the human involuting mam-
mary gland (Figure 3H, arrows).?-27:62

The breast tissues used for these studies were ob-
tained from women who were subsequently diagnosed
with cancer or found to be without evidence of malig-
nancy. It might be anticipated that normal adjacent
human breast tissue taken from the women with breast
cancer would have higher levels of M2 macrophages
present throughout the gland and, further, that these
cases account for the higher levels of immune cells
observed in the involuting human breast tissues de-
picted in Figure 3, D and E. First, in an attempt to
minimize this confounder, lobules were taken from ar-
eas of the breast specimens that were morphologically
normal but distinct from the tumor. Such ‘normal adja-
cent’ lobules obtained from women with cancer did not
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have elevated CD45 staining compared with lobules ob-
tained from women without cancer (Figure 3I). Thus, it does
not appear that cancer contributed to the influx of immune
cells into the normal adjacent human involuting breast tis-
sues, but rather the influx correlates with the process of
involution. Cumulatively, these observations demonstrate

that immune cells and M2 macrophages in particular are
resident at high levels in the microenvironment of human
involuting breast tissue. When combined with the rodent
data, these results indicate that infiltration of immune cells is
a common characteristic of postpartum mammary gland
involution across species.
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Figure 3. Characterization of postpartum lobule involution in human breast tissue. A: H&E-stained breast biopsy tissues from developmental stages representative
of nulliparous (N), pregnant (P), lactation (L), involution (I), and regressed (R); scale bar represents 100 microns. Tissue sections Stained by IHC for: B: CD45,
scale bar represents 100 microns. C: CDG68, scale bar represents 100 microns. D: Quantification of CD45 staining as described in Materials and Methods section.
Number (72) of cases for each developmental stage: nulliparous 7 = 5, pregnant n = 8, lactation 7 = 11, involution n = 8, regressed n = 10, * different from
involution, P < 0.0001, Tukey—Kramer Multiple Comparisons Test. Black bars indicate average CD45 stain signal values for each developmental stage. E:
Quantification of CDG68 staining. Number (72) of cases for each developmental stage: nulliparous 7 = 6, pregnant n = 9, lactation n = 9, involution 1 = 8, regressed
n = 8, * different from involution, P < 0.0001, Tukey-Kramer Multiple Comparisons Test. Black bars indicate average CD68 stain signal values for each
developmental stage. F: Serial sections of human involuting breast biopsy tissue stained by THC for CD45 (monocytes), CK18 (epithelial cells), and CD68
(macrophages) to reveal multiple cell populations present in human breast tissue, arrowheads indicate cells that are CD45- and CD68-positive but CK18-negative,
arrows indicate cells that are either CD45-positive or CD68-negative and CK18-negative, scale bar represents 50 microns. G: Dual fluorescent staining of human
involuting breast biopsy tissue using E-cadherin (green) to identify mammary epithelial cells and CD68 (red) to identify macrophages (arrow). Nuclei are stained
blue with DAPI, the dotted line indicates the acinar lumen, scale bar represents 10 microns. H: Human involuting breast biopsy tissue stained by ITHC for
Macrophage Mannose Receptor (arrow) and M2 cytokine IL-13 (arrow), scale bar represents 50 microns. I: Involution (Inv) and nulliparous (N) cases from CD45
quantitation separated based on presence (+), or absence (—), of cancer in tissues examined.
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Gradual Weaning Reveals Collagen Rich
Microenvironment in Involuting Lobules

Macrophages may be recruited to the involuting breast
due to systemic events or alternatively in response to
changes occurring locally within the involuting lobules. If
systemic influences are responsible, then macrophage
density would be anticipated to be uniform throughout
the involuting breast. Conversely, if local or tissue micro-
environment changes are responsible for recruitment,
then it would be anticipated that macrophage recruitment
would be heterogeneous. Evidence supporting local
changes in the involuting gland as being responsible for
recruitment was obtained through analyses of breast tis-
sue from women who were gradually weaning at the time
of tissue collection. In these specimens, individual lactat-
ing lobules were frequently found adjacent to actively
involuting lobules (Figure 4A, left panel). Only the actively
involuting lobules stained strongly for CD45- and CD68-
positive cells (Figure 4A, middle and right panels, re-
spectively). These results indicate that CD45-positive
immune cells in general, and CD68-positive M2 mac-
rophages specifically, are recruited to the involuting
mammary gland as a result of specific changes within
the involuting lobules.

Collagen as an ECM Mediator of Macrophage
Recruitment

Several ECM fragments have demonstrated chemotactic
activity for immune cells,®® suggesting that changes in
ECM specific to involuting lobules may account for mac-
rophage influx. Consistent with these observations, mam-
mary ECM biochemically extracted from involuting rat
mammary glands was found to attract murine macro-

M2 Macrophages and Breast Involution 1249
AJP March 2010, Vol. 176, No. 3

Figure 4. Immune cells are recruited to involuting
lobules in part by fibrillar collagen. A: Human
breast biopsy tissue with both lactating (upper
lobules) and involuting (lower lobules) stained
by H&E (left panel) and IHC for CD45 (middle
panel) and CDG68 (right panel) showing CD45
and CDO8 specifically elevated in involuting
lobules; scale bars represent 200 microns. B:
Mammary ECM isolated from nulliparous (N)
or involution day 6 (Inv D6) rats and used as
chemoattractant for J774 mouse macrophages
shows increased chemotaxis toward involution
matrix (upper panels); scale bars represent 200
microns. Quantification of transwell filter data,
chemotaxis toward involution matrix is increased
compared with nulliparous matrix, three wells per
condition, four quadrants per well, n = 12, *P =
0.0002, unpaired ¢ test. C: Human lactating/
involuting breast biopsy tissue stained by Masson’s
trichrome method and individual lobules (12 = 77
for lactation and »n = 70 for involution) from four
cases, scale bar represents 50 microns. Arrows
indicate areas where collagen staining (blue) is
evident. Images quantitated for percent composi-
tion of intralobular collagen, *P < 0.0001, unpaired
1 test.

Inv

phages significantly more than nulliparous mammary
ECM in transwell filter assays (Figure 4B, upper panel).
One ECM protein that may be responsible for this recruit-
ment is collagen |, as collagen | mMRNA levels increase
coincident with macrophage number during early stages
of mammary involution in the mouse.’™ To determine
whether collagen protein expression increases in involut-
ing lobules in a pattern consistent with macrophage in-
flux, human breast tissue collagen was stained blue us-
ing Masson’s trichrome stain. Increased levels of
collagen specific to involuting lobules were apparent
when compared with the amount of staining observed in
adjacent lactating lobules (Figure 4C, upper panel, ar-
rows). These observations were confirmed by quantifica-
tion of collagen stain intensity in individual lobules using
the computer assisted histology quantitation program de-
scribed above (Figure 4C, lower panel). This pattern of
collagen accumulation identifies collagen as having a
potential role in macrophage recruitment during involution.

To determine the timing of collagen increase during
involution we returned to the rat model because tissue
obtained at specific timepoints after weaning is essen-
tially unavailable in women. Mammary tissue sections
obtained from rats across the pregnancy, lactation, invo-
lution cycle were stained for fibrillar collagen using picro-
sirius red stain. Representative images demonstrate in-
creased collagen accumulation both within and around
(intra- and interlobular) involuting lobules when com-
pared with virgin, pregnant, and lactating lobules (Figure
5A). Representative images of stained lactating and in-
voluting glands are shown in Figure 5B. The increase in
collagen around individual involuting lobules is clearly
evident when the red picro-sirius signal is converted to a
white signal and isolated onto a black background (Fig-
ure 5C). Quantitation of these images, with collagen lev-
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Figure 5. Intra- and extra-lobular collagen content increases during mammary involution. A: Picro-sirius red stain for collagen in rat mammary tissue; N
indicates nulliparous; P, pregnant; L, lactation; Inv D, involution day; R, regressed; scale bars represent 100 microns. B: Whole section images of picro-sirius
red collagen stain with brown nuclei. C: Images in B with collagen signal converted to white and noncollagen converted to black. D: Quantification of
intralobular collagen (left axis) and interlobular collagen (right axis) (12 = 3 rats per reproductive stage, *P < 0.05, **P = 0.005 compared with N, unpaired

1 test).

els normalized to epithelial content, demonstrates that
both intra- and interlobular stromal collagen accumulate
mid-involution and further increase through involution day
10 (Figure 5D). Whereas peak macrophage influx corre-
sponds with high collagen levels, data from Figure 2B
shows that macrophage number begins to increase as
early as two days postweaning (Inv D2), which precedes
the measurable increase in collagen observed at involu-
tion D4. However, we also show that levels of another
known macrophage chemoattractant, MCP-1, rise around
involution day 2, and may contribute to this earlier influx of
macrophages (Figure 1D).

Collagen | peptides have been shown to be highly
chemotactic for immune cells.®* Thus, we determined
whether the collagen deposited during involution is also
proteolyzed. In accord with previously published results,
in the rat we found that MMP-2 and MMP-9 activities were
upregulated during mammary involution at days 4 to 6
(Figure 6A).1949 Both MMP-2 and MMP-9 are known to
cleave collagen 1.'94° Consistent with this elevated MMP
activity, collagen | proteolysis was detected as early as
four days postweaning in ECM isolated from the involut-
ing gland (Figure 6B). To evaluate this potential interac-
tion in an in vitro model, non fibrillar denatured collagen
(gelatin) was used as a chemoattractant in a transwell
filter chemotaxis assay. Murine macrophages showed

significantly greater motility toward nonfibrillar collagen
than fibrillar collagen or control sera (Figure 6C). Thus,
elevated levels of partially proteolyzed nonfibrillar colla-
gen may be one component of the ECM present in the
involuting mammary gland that is chemotactic for mac-
rophages. Together, these data suggest in the rat that
early MCP-1 expression recruits macrophages at day two
of involution and that collagen accumulation and prote-
olysis occurring during days 4 through 6 of involution,
when tissue remodeling is at its peak, contribute to the
recruitment of additional macrophages, whose levels
peak at involution day 6 and day 8.

Discussion

We have shown an immune cell component that is inher-
ent to the normal physiological process of postpartum
mammary involution in rats, mice, and women, which
resolves on completion of mammary involution. A high
percentage of these immune cells are macrophages,
which appear to be specifically recruited to the involu-
tion microenvironment because they are largely absent in
adjacent lactational lobules in human breast tissue. The
majority of macrophages present during postlactational
involution in all three species exhibit an M2 phenotype.
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Figure 6. Increased MMP activities and proteolyzed collagen seen during
mammary involution may account for macrophage chemotaxis observed
in vivo. A: Gelatin zymogen assay using mammary tissue lysates from
nulliparous (N) or involution days 4 to 6 (D rats depicts increased MMP-9
and activity MMP-2 in involuting mammary tissue. B: Western blot for
collagen-1 using mammary ECM from nulliparous (N) or involution days
4 to 6 (D rats shows partial proteolysis of collagen I during involution. C:
10% FBS, fibrillar collagen, or nonfibrillar collagen (gelatin) used as
chemoattractant for J774 mouse macrophages and quantified per X50
quadrant; scale bars represent 100 microns, n = 3, *P < 0.002, unpaired
1 test.

M2 macrophages have been shown to have cytokine
profiles and functional phenotypes similar to TAMs,** and
TAMs correlate with negative outcomes in breast cancer
patients.*©%5 The presence of M2 macrophages during
postlactational involution may provide insight into mech-
anisms that account for the poor prognosis of women
diagnosed with PABC. In a recent literature review on the
epidemiology of PABC, two distinct subtypes were de-
fined.® Subtype 1, or breast cancer diagnosed during
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pregnancy, carries a prognosis similar to non-PABC
when matched for mother’s age, tumor stage, and ag-
gressiveness of treatment. Subtype 2, breast cancer di-
agnosed within five years of a completed pregnancy, is
linked with poorer prognosis when matched for these
same parameters. For example, in the studies examined,
PABC patients diagnosed after pregnancy (subtype 2)
had lower survival percentages, ranging from 6.5% to
64.9% compared with patients diagnosed during preg-
nancy (subtype 1) whose percent survival ranged from
56% to 72%. Non-PABC patients had the best prognosis
with percent survival ranging from 64.8% to 97%.° We
hypothesize that the major differences in survival rates
observed between the two PABC subtypes may be at-
tributable to exposure of the tumor cells to the involution
microenvironment. The involution microenvironment, with
its wound healing attributes including the M2 macro-
phage phenotype, is likely to accelerate progression of
breast cancers in the postpartum setting.66~""

Whether M2 macrophages in the involuting gland have
the ability to promote breast cancer is not yet known.
However, based on the role of TAMs in breast cancer
progression for women of all ages, it is anticipated that
involution-associated M2 macrophages contribute in
some manner to PABC. For example, decreased relapse-
free and overall survival is associated with TAM infiltration
into breast tumors,®*® and metastasis occurs earlier in
patients with increased TAM number.3637 Further, in a
meta analysis, 12 of 15 separate studies comparing
TAMs and cancer prognosis showed negative outcomes
correlating with increased TAM accumulation.®® Support-
ing evidence for this interaction has been compiled from
genetic studies in the rodent. This work used polyoma
middle-T oncoprotein (PyMT) expression driven by the
mammary epithelial cell specific mouse mammary tumor
virus promoter (MMTV) in combination with various ge-
netic manipulations of CSF-1. Ablation of cells expressing
CSF-1, which was highly selective for loss of macro-
phages, demonstrated that CSF-1-responsive cells were
necessary for the angiogenic switch that occurs during
tumor progression and lung metastasis. Conversely,
overexpression of CSF-1 in this model results in an in-
creased number of macrophages, earlier angiogenesis,
and significantly more lung metastasis.®*"2 Identifying
the molecular link between involution, M2 macrophages,
and tumor progression is of importance and Stat3, a
transcription factor mediating wound healing, inflamma-
tion, and immunosuppression in the tumor microenviron-
ment, is a potential candidate. Stat3 expression is spe-
cifically upregulated early in involution, where it has been
implicated in inducing an acute phase response.?®2*
Recently, an in vivo analysis demonstrated a requirement
for Stat3 in mammary tumor metastasis and implicated
inflammatory pathways driven by the acute phase re-
sponse in the metastasis process.”® Together, these re-
sults emphasize the role of macrophages in tumor cell
escape from the primary tumor and successful seeding
at distant locations and identify endogenous Stat3 up-
regulation as a possible mediator of these events.

Our data suggest that macrophages are actively re-
cruited to the involuting mammary gland, and the mech-
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anisms responsible for this recruitment are of great
interest. We show that ECM isolated from involuting rat
mammary glands is chemotactic for murine macro-
phages in vitro, indicating a possible ECM mediator of
macrophage recruitment. Several ECM proteins, includ-
ing collagens, are chemotactic to macrophages.”*~"¢ We
have revealed increased deposition of collagen in ac-
tively involuting human breast lobules implicating colla-
gen as a mediator of macrophage recruitment. A tempo-
ral analysis of collagen accumulation throughout the
involution period in the rat model shows increased colla-
gen levels as early as day 4 of involution. These data
complement earlier studies that demonstrated an in-
crease in procollagen | and Il transcripts at two days
post weaning.'® We demonstrate partial proteolysis of
collagen | in the involuting rat mammary gland and in-
creased macrophage cell chemotaxis toward denatured
collagen in vitro. These results compliment other data
recently published by our lab where mammary gland
collagen proteolysis was suppressed by treatment with
the breast cancer therapeutic drug tamoxifen. Under
these conditions, mammary macrophage recruitment
was concurrently reduced.”” It is of interest to note that
several other ECM proteins are also patrtially proteolyzed
during involution, including fibronectin, laminini, laminin
5, and entactin.**"® |n vitro, macrophages are attracted
to ECM fragments derived from these ECM proteins as
well, implicating their proteolysis in macrophage recruit-
ment during involution. As MCP-1, IL-4, and IL-13 have
also been observed to act as macrophage chemoattrac-
tants”®"®" and increase during the involution period in
the rat mammary gland (Figures 1D and 2, C and D), the
involution microenvironment is primed for macrophage
accumulation.

Although collagen may play a role in tumor promotion
through its recruitment of macrophages to the involuting
gland, collagen deposition and proteolysis are likely to
promote invasion and metastasis by other mechanisms
as well. For example, proteolytic exposure of a cryptic
site within collagen IV can promote tumor angiogenesis®
and metastasis®® in vivo. Further, nonfibrillar collagen |
releases melanoma cells from cell-cycle-induced prolif-
erative arrest.®* Additional evidence implicating collagen
in tumor cell progression was obtained using a bitrans-
genic mouse tumor model designed to study the role of
breast density on tumorigenesis. These mice carry the
MMTV-PyMT transgene to initiate tumorigenesis and
have mutations in the MMP cleavage site for collagen |,
and as a result accumulate excess stromal collagen dur-
ing mammary gland development.®® These mice showed
increased mammary tumor formation, progression to in-
vasion, and increased lung metastasis. Further, local tu-
mor cell invasion was facilitated by reorganization of
stromal collagen in the collagen dense mammary tissue,
and epithelial cells isolated from tumors that arose in the
collagen dense stroma were more migratory in transwell
filter assays.®® It can be postulated that the abundant
collagen present in the normal involuting mammary gland
may similarly serve to alter the tumorigenic phenotype of
premalignant and malignant tumor cells.

Another large body of research focuses on the role of
collagen stiffness in mammary tumor progression and
metastasis.®® Involution is characterized by extensive re-
modeling of the ECM and matrix stiffening,®”#® data con-
sistent with our observations of increased collagen dep-
osition during involution. When collagen is progressively
stiffened, in vitro breast tumor cell growth is stimulated,
cell-cell junctions are compromised, and cell invasion is
enhanced through elevated ERK and Rho-kinase activi-
ties 8889 Similarly, increased stromal collagen may directly
influence mammary fibroblasts, which in turn influence the
mammary epithelium through numerous paracrine signal
transduction pathways including TGF-8, EGF, FGF, IGF-1,
and HGF.®°® Consistent with these observations, dense
breast tissue, which is thought to have high collagen con-
tent, is associated with increased local®” and circulating
levels of IGF-1.98°° Additionally, in animal models, migrat-
ing mammary epithelial tumor cells are observed to migrate
along linear bundles of collagen fibers found adjacent to
blood vessels,®> 1919 indicating that stiff collagen fibers
may provide a favorable route for metastatic cell migration.
Finally, tumor cell-derived ECM shows increased lysyl-ox-
idase—dependant collagen crosslinking,'©>'°% and nonlin-
ear optical imaging approaches have revealed that local
invasion of breast tumors can be facilitated by collagen
reorganization induced by such crosslinking.®> The ques-
tion of whether the collagens deposited during involution
are similarly crosslinked and/or reorganized remains to be
determined.

Based on the numerous protumorigenic attributes of
collagen, it is of interest to note that although the increase
in macrophages that we observe during involution is
largely resolved when the gland reaches a fully re-
gressed state, collagen levels remained high in the fully
regressed rat mammary gland (Figure 5D). Preliminary
data also indicate that the fully regressed human gland
carries increased collagen content when compared with
nulliparous tissue (data not shown). Because it is widely
accepted that fully regressed rat and human mammary
tissues are protected from transformation by parity,'®*
and ECM isolated from fully regressed rat mammary
glands has been demonstrated to have tumor suppres-
sive attributes in cell culture assays,*® the elevated col-
lagen content of the fully involuted gland appears para-
doxical. Given this apparent paradox, it is important to
emphasize that although the amount of collagen deposi-
tion in the involuting and fully regressed glands are both
increased over nulliparous levels, the tumor promoting
effects of collagen are based not simply on abundance
but also type, organizational state, proteolysis, and extent
of crosslinking. The question of whether collagen differs
between the actively involuting mammary gland and the
fully regressed gland remains an interesting but unan-
swered question.

In summary, our studies show that the tissue microen-
vironment of the postpartum involuting mammary gland is
characterized by alternatively activated, M2-type macro-
phages, recruited in part by deposition and proteolysis of
collagen |. M2 macrophages, collagen | deposition, and
collagen proteolysis are tumor promotional in other set-
tings. We propose that these involution-induced changes



in the microenvironment are partially responsible for the
poor prognosis of breast cancers diagnosed in women
shortly after a completed pregnancy. Future studies are
required to determine the roles of M2 macrophages in
normal postpartum breast involution and in the poor
prognosis of PABC subtype 2. The ultimate goal is to
determine whether the functional plasticity of macro-
phages can be exploited to prevent progression of PABC
subtype 2 in women at high risk for metastasis.
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