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Obesity is associated with adipose inflammation, defined by macrophages encircling dead adipocytes,
as well as extracellular matrix (ECM) remodeling and increased risk of breast cancer. Whether ECM
affects macrophage phenotype in obesity is uncertain. A better understanding of this relationship could
be strategically important to reduce cancer risk or improve outcomes in the obese. Using clinical
samples, computational approaches, and in vitro decellularized ECM models, this study quantified the
relative abundance of pro-inflammatory (M1) and anti-inflammatory (M2) macrophages in human breast
adipose tissue, determined molecular similarities between obesity and tumor-associated macrophages,
and assessed the regulatory effect of obese versus lean ECM on macrophage phenotype. Our results
suggest that breast adipose tissue contains more M2- than M1-biased macrophages across all body mass
index categories. Obesity further increased M2-biased macrophages but did not affect M1-biased
macrophage density. Gene Set Enrichment Analysis suggested that breast tissue macrophages from
obese versus lean women are more similar to tumor-associated macrophages. These changes positively
correlated with adipose tissue interstitial fibrosis, and in vitro experiments indicated that obese ECM
directly stimulates M2-biased macrophage functions. However, mammographic density cannot be used
as a clinical indicator of these changes. Collectively, these data suggest that obesity-associated
interstitial fibrosis promotes a macrophage phenotype similar to tumor-associated macrophages,
which may contribute to the link between obesity and breast cancer. (Am J Pathol 2019, 189:
2019e2035; https://doi.org/10.1016/j.ajpath.2019.06.005)
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Excess body weight has been associated with both an
increased risk of cancer and worse prognosis for some
tumor types.1 In particular, obesity has been linked with the
development of both hormone-receptor positive, post-
menopausal,2e4 and triple-negative breast cancer.5 Further-
more, obesity contributes to worse clinical outcome in both
premenopausal and postmenopausal breast cancer pa-
tients.6,7 Historically, the link between obesity and breast
cancer has been attributed to metabolic dysregulation,
altered secretion of adipokines, elevated levels of estrogen,
and inflammation.8e11 Yet, experimental evidence suggests
that obesity-dependent interstitial fibrosis of breast adipose
tissue may also be important.12
stigative Pathology. Published by Elsevier Inc
Fibrosis is a hallmark of obese white adipose tissue that is
characterized by excess amounts of interstitial extracellular
matrix (ECM) of varying composition, structure, and me-
chanical properties.12e14 Given that myofibroblasts are
. All rights reserved.
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considered key players in mediating fibrosis, it is not sur-
prising that these cells are also increased in white adipose
tissue. More specifically, adipose stromal cells (ASCs) iso-
lated from the adipose tissue interstitium of obese versus lean
mice are enriched in myofibroblasts that lay down abundant
ECM. The resulting ECM contains increased amounts of
aligned collagen type I and fibronectin (Fn) fibers and is
mechanically stiffer, ultimately promoting malignant tumor
cell behavior due to increased mechanosignaling.12 This
finding is directly relevant to humans, as demonstrated by
analysis of human breast adipose tissue and cancer samples12

and because ECM remodeling genes are highly enriched in
the transcriptomic signature of s.c. white adipose tissue in
obese individuals.15 Although the pathophysiology underly-
ing obesity-associated interstitial fibrosis is complex, it is
commonly linked to white adipose tissue inflammation
(WATi), another hallmark of obesity.15e17

WATi has been identified in breast tissue from the obese
and is associated with both an increased risk of breast cancer
and shorter relapse-free survival in women with recurrent
metastatic breast cancer.18e20 Histologically, WATi appears
as a grouping of macrophages surrounding dead or dying
adipocytes, termed crown-like structures (CLSs). CLSs have
been described in s.c.,16 visceral,21 and breast18 adipose tissue
and are considered to consist of pro-inflammatory (M1)
macrophages as their presence correlates with increased
circulating levels of pro-inflammatory cytokines and positive
acute-phase proteins.22,23 Nevertheless, recent experimental
evidence inmice and humans indicates that anti-inflammatory
(M2) macrophages may also be increased with obesity.24e26

Whether similar findings apply to human breast adipose tis-
sue remains unclear. Gaining an improved understanding of
how obesity modulates M1 and M2 macrophage density and
function in the human breast is critical because M2 macro-
phages share similarities with tumor-associated macrophages
(TAMs)27 and, thus, could play an important role in tumori-
genesis28 by suppressing antitumor immune responses,29

promoting angiogenesis,30 and assisting with cancer cell
intravasation and metastasis.31 We recognize that macro-
phages are phenotypically diverse and plastic and that their
phenotypes overlap on both an individual32 and cell popula-
tion33,34 level. Nevertheless, the simplified classification of
macrophages as M1 orM2 biased that is used herein provides
a framework to gain valuable new insights.

Although most previous work studying the functional link
between inflammation and the ECM has focused on how
macrophages mediate fibrotic ECM remodeling,35e37 the
oppositemay be equally relevant (ie, how the ECM influences
macrophages). Indeed, TAMs often reside along the tumor-
stroma border, an area that is characterized by increased
fibrotic ECM remodeling.38,39 Although TAMs have been
shown to enhance collagenous deposition within tumors,40

experimental evidence suggests that the converse, tumor-
associated ECM remodeling directly modulating macro-
phage functions,41 may also be true. Within adipose tissue,
M2 macrophages also interact with ECM as they exist within
2020
the interstitial space between adipocytes24 in which fibrotic
remodeling is abundant in obesity. Nevertheless, it remains
unknown whether obesity-associated differences in intersti-
tial ECM remodeling modulate macrophage function toward
an anti-inflammatory and possibly protumorigenic pheno-
type. Yet, this possibility is conceivable as macrophages can
transition to an M2 phenotype when interacting with sub-
strates mimicking biochemical and biophysical changes
representative of fibrotic ECM remodeling.42e44

Herein, we investigated the overall hypothesis that obesity-
associated changes to adipose tissue interstitial ECMpromote
an anti-inflammatory M2-biased macrophage phenotype
similar to TAMs. To test this hypothesis, the spatial distri-
bution of pro-inflammatory and anti-inflammatory macro-
phages in tumor-free regions of breast adipose tissue was
evaluated via immunohistochemistry (IHC). Macrophages
were compared in both lean and obese breast adipose tissue
using gene expression profiling, and the detected signatures
were related to those of tumor-associated macrophages.
Subsequently, the influence of obesity-associated ECM
remodeling on macrophage phenotype was explored with an
in vitro model of lean and obese ECM. Finally, it was deter-
mined whether obese ECM-mediated regulation of macro-
phage function could impact endothelial cell behavior, a
hallmark of protumorigenic macrophages.

Materials and Methods

Clinical Data, Biospecimen Collection, and Breast
Tissue Assessment

Clinical data and archived formalin-fixed, paraffin-
embedded samples were obtained from a cohort of women
who underwent mastectomy for breast cancer risk reduction
or treatment between January 2011 and August 2013 at
Memorial Sloan Kettering Cancer Center (New York, NY).
Due to known racial and ethnic disparities in breast cancer
prognosis and survival, race and ethnicity was queried on
the Memorial Sloan Kettering oncology intake questionnaire
and self-reported. For race, patients could choose from the
following options: American Indian, Asian, Native Hawaiian,
Black or African American, White, or unknown. For
ethnicity, patients could choose from the following-options:
Hispanic or Latino, Not Hispanic or Latino, or unknown. In
this cohort, nonetumor-containing breast white adipose
tissue was prospectively collected at the time of surgery. CLS
presence in breast adipose tissue had been previously
classified in this cohort.19 Samples were randomly selected
on the basis of a power analysis estimating 80% power to
detect a correlation of 0.4 using a two-sided hypothesis test
with a significance level of 0.05. Macrophage polarization
states in breast white adipose tissue were evaluated via IHC
on archived formalin-fixed, paraffin-embedded breast tissue.
Sections (5 mm thick) were probed with rabbit polyclonal
anti-mannose receptor (CD206; Abcam, Cambridge, MA;
ab64693) or rabbit monoclonal anti-CD11c (Abcam;
ajp.amjpathol.org - The American Journal of Pathology
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ab52623). The signal was amplified using Vectastain ABC
universal kit (Vector Laboratories, Burlingame, CA) and
detected with peroxidase substrate and 3,3'-diaminobenzadine
chromogen (ThermoFisher, Waltham, MA). Tissue sections
were also stained with hematoxylin and eosin, picrosirius red,
and IHC for CD31 (Abcam; ab28364). Sampleswith repeatable
severe sectioning artifact were excluded from analysis. Stained
slides were digitally archived with an Aperio CS2 microscope
(Leica Biosystems, Buffalo Grove, IL) and were analyzed with
the included ImageScope software positive pixel count algo-
rithm version 9 (Leica Biosystems) (Supplemental Figure S1).
Picrosirius redestained sections were imaged under crossed
polarized light45 with a Nikon (Melville, NY) TE2000-S mi-
croscope and an RTKE (Spot Imaging Solutions, Inc., Sterling
Heights, MI) color camera, and images were analyzed with
ImageJ software version 1.48 (NIH, Bethesda, MD; https://
imagej.nih.gov/ij) using an algorithm for positive pixel counts.
Mammographic data were retrieved from the patient medical
record, when available (n Z 26), and anonymized before use.
Mammographic density pattern was determined by a
radiologist (M.S.J.).

Breast Tissue Transcriptomic and Computational
Analysis

At the time of the collection, fresh tissue specimens were snap
frozen and stored in RNAlater (Ambion, Foster City, CA),
and total RNA was extracted for RNA sequencing using the
RNeasy Mini Kit (Qiagen, Valencia, CA). Polyadenylated
RNA sequencing was performed using the standard Illumina
(San Diego, CA) Truseq kits, and samples were sequenced
using the HiSeq2000 platform. All reads were independently
aligned with STAR_2.4.0f1 (http://code.google.com/p/rna-
star)46 for sequence alignment against the human genome
build hg19 and downloaded via the University of California,
Santa Cruz, genome browser, and SAMTOOLS version 0.1.
19 (http://samtools.sourceforge.net)47was used for sorting
and indexing reads. Cufflinks version 2.0.2 (http://cufflinks.
cbcb.umd.edu)48 was used to get the expression values
(fragments per kilobase per million), and Gencode version 19
(https://www.gencodegenes.org)49 gene transfer format
(GTF) file was used for annotation. The gene counts from
htseq-count50 and DESeq2 Bioconductor package51 were
used to identify differentially expressed genes. The hyper-
geometric test andGene Set Enrichment Analysis52were used
to identify enriched signatures using the different pathway
collection in the MSigDB database.53 Gene nameebased
enrichment analysis was also performed using the webtool
ENRICHR.54,55

The resultant transcripts were analyzed with the LM22
CIBERSORT signature (http://cibersort.stanford.edu) 56 to
estimate macrophage polarization subsets, on the basis of a
signature matrix from 547 genes that effectively differentiate
22 distinct human hematopoietic cell populations, in lean
versus obese breast tissue. RNA transcripts were additionally
evaluated usingGene Set EnrichmentAnalysis52 to determine
The American Journal of Pathology - ajp.amjpathol.org
whether gene expression from our data set is concordant with
a previously published TAM gene signature.57

Animal Use

The Cornell University and Kansas State University Insti-
tutional Animal Care and Use Committee approved mouse
use for both ASC and bone marrowederived macrophage
(BMDM) isolation under protocol numbers 2009-0117 and
4094, respectively.

Preparation of the Decellularized ECM Model System

ASCs were prepared using an aseptic technique from the
inguinal fat pad of age-matched 10-weekeold female wild-
type C57Bl6/J mice and genetically obese B6.Cg-Lepop/
J (ob/ob) mice (both strains from The Jackson Laboratory,
Bar Harbor, ME) after CO2 euthanasia. The fat pad was
maintained under sterile conditions, minced, and digested in
collagenase at 37�C for 1 hour. After digestion, the stromal-
vascular fraction of fat was separated from adipocytes by
density centrifugation and subsequent filtration and then
expanded in 1:1 Dulbecco’s modified Eagle’s medium
(DMEM) and Ham’s F12 Nutrient Mixture (both obtained
from Gibco, Waltham, MA) enriched with 10% fetal bovine
serum (FBS; Atlanta Biologicals, Flowery Branch, GA) and
1% penicillin/streptomycin (Gibco) to select for ASCs.
Expanded ASCs were cultured on plastic coverslips (Nunc
Thermanox, Rochester, NY) for 10 days before detergent-
based decellularization. Decellularization was achieved as
previously described.12,58 Briefly, ASC cultures were
washed with phosphate-buffered saline and subsequently
incubated in 0.5% Triton-X þ 200 mmol/L NH4OH,

12,59,60

followed by incubation in 1 U/mL DNase (VWR Amresco,
Radnor, PA) at 37�C to remove cellular membranes, or-
ganelles, and nucleic acids. After decellularization, main-
tenance of native matrix structure and key compositional
components was confirmed by immunofluorescence anal-
ysis of Fn (Millipore-Sigma, St. Louis, MO; F7387) and
collagen type I (Abcam; ab34710) via confocal microscopy
(Zeiss, Pleasanton, CA; 710) and image analysis.

In Vitro Macrophage Experiments

BMDM Isolation
Bone marrow was isolated from the femurs and tibiae of 10-
to 16-weekeold wild-type C57Bl6/J mice of mixed sex.
Briefly, after bone extraction, remaining musculature was
stripped and the bones were cut via sterile scissors at the
proximal and distal physis. Using a syringe and 25-gauge
needle, the bone marrow was flushed from the metaphyseal
regions and diaphysis with DMEM cell culture media into a
sterile tissue culture plate. Bone marrow was suspended and
plated in 9-cm dishes and cultured at 37�C. Progenitor cells
were differentiated into BMDM in DMEM þ 10% FBS þ
1% penicillin/streptomycin þ 10 ng/mL recombinant mouse
2021

https://imagej.nih.gov/ij
https://imagej.nih.gov/ij
http://code.google.com/p/rna-star
http://code.google.com/p/rna-star
http://samtools.sourceforge.net
http://cufflinks.cbcb.umd.edu
http://cufflinks.cbcb.umd.edu
https://www.gencodegenes.org
http://cibersort.stanford.edu
http://ajp.amjpathol.org


Springer et al
macrophage colony stimulating factor (CSF; R&D Systems,
Minneapolis, MN) and were used for experiments between
days 7 and 10 after collection.

Assessment of Macrophage Morphology and Activation
BMDMs were seeded on lean and obese ECM at a concen-
tration of 10,000 cells/coverslip and cultured in DMEM þ
10% FBS þ 1% penicillin/streptomycin and 10 ng/mL re-
combinantmousemacrophageCSF.After 72 hours of culture,
BMDMs and ECM were fixed with 4% paraformaldehyde.
Cells were labeled with DAPI and phalloidin (AlexaFluor;
Molecular Probes, Waltham, MA), whereas decellularized
ECM was visualized by immunostaining with rabbit anti-Fn
antibody (Millipore-Sigma; F3648). Macrophage polariza-
tion state was evaluated by quantifying themurineM1marker
inducible nitric oxide synthase (Abcam; ab3523) and M2
marker arginase-134 protein levels (Santa Cruz Biotech-
nology, Dallas, TX; sc-18351) via immunofluorescence
image analysis. Macrophage proliferation was assessed via
bromodeoxyuridine (Invitrogen, Waltham, MA) incorpora-
tion and immunostaining with antibromodeoxyuridine anti-
body (Invitrogen) after 10 hours of culture. For select
experiments, BMDMs were stimulated to undergo M1 po-
larization with 100 ng/mL lipopolysaccharide (Millipore-
Sigma) or M2 polarization with 20 ng/mL IL-4 and IL-13
(R&D Systems), as indicated in figure legends.

Assessment of Macrophage-Secreted Factors on Endothelial
Cell Behavior
A transwell assaywas used to assess the effect of macrophage-
secreted factors on endothelial cell migration. BMDMs were
seeded onto lean and obese ECM, as described above, at a
density of 50,000 cells/coverslip in the presence of 10% serum
and 10 ng/mL recombinant mouse macrophage CSF. After
overnight adhesion, BMDM coverslips were transferred to a
new 24-well plate and medium was changed to DMEMþ 5%
FBS þ 20 ng/mL IL-4 and 20 ng/mL IL-13. An 8.0-mm pore
polycarbonate membrane tissue culture insert (Corning Fal-
con, Corning,NY) that had been previously coatedwith 70mg/
mL rat-tail collagen type I was placed over each coverslip.
After 6 hours of culture time, humanumbilical vein endothelial
cells (HUVECs; passages 2 to 3; Lonza, Allendale, NJ)
cultured in M199 medium (BioWhittaker, Walkersville,
MD) þ 20% FBS þ 1% penicillin/streptomycin þ 30 mg/mL
endothelial cell growth supplement (Millipore-Sigma), 2
mmol/L GlutaMAX (Gibco), and 2500 U heparin salt (Milli-
pore-Sigma) were seeded on top of the transwell insert at
50,000 cells/insert. After a subsequent 12 hours of culture at
37�C and 5% CO2, the transwell inserts were fixed with 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA) and the distal side of the membrane was stained with
DAPI. Nuclei of cells that hadmigrated through themembrane
were manually counted (ImageJ) on four 10� objective fluo-
rescent microscopy images (12-, 3-, 6-, and 9-o’clock posi-
tions) per membrane with three membranes per condition per
experiment.
2022
Endothelial cell tubulogenesis was assessed via a Matrigel
(CorningFalcon) tube formation assay.BMDMswere cultured
on lean or obese ECM inmedium containing 5% serum and no
macrophage CSF. After 24 hours of culture, conditioned me-
dium was collected, concentrated 10� in a 3-kDa molecular
weight centrifugation filter unit (Millipore-Sigma), and diluted
back to a 1� concentration using EBM2 (Lonza, Basel,
Switzerland) without growth factors. Using the reconstituted,
conditioned media, HUVECs were seeded onto growth
factorereduced,Matrigel-coated, 96-well plates at a density of
10,000 cells/well and cultured for 12 hours. Subsequently, the
medium was carefully removed from the wells and HUVECs
were incubated in Calcein AM (Invitrogen) to stain viable
cells. After 15 minutes of incubation at 37�C, the wells were
rinsed with phosphate-buffered saline. A single 2� objective
representative fluorescent image (covering the entire mono-
layer of eachwell)was captured andanalyzed forHUVEC tube
branch points viamanual counting in ImageJ. Threewellswere
analyzed per condition per experiment.
Statistical Analysis

All statistical analysis was performed using Prism version 7.0
(GraphPad Software, La Jolla, CA) and R version 3.4.3. Dif-
ferences in patient characteristics across body mass index
(BMI) categorieswere examined using analysis of variance for
continuous variables and Fisher exact test for categorical
variables.Normality assumption of the parametricmethodwas
assessed by the Shapiro-Wilk test. Continuous data are rep-
resented as the means � SD or the median and interquartile
range. Categorical data were summarized in terms of counts
and percentages. Correlations between two continuous vari-
ables were assessed using Spearman’s method. Specific sta-
tistical tests used and number of independent samples and
replicates per experiment are listed in the figure legends. A
Tukey’s post-hoc test was used when needed to account for
multiple comparisons. Significance was set at P < 0.05.
Results

Study Population

Demographic data for the 50 women selected for this study
are presented in Table 1. On the basis of BMI, women were
stratified into lean (BMI < 25 kg/m2), overweight (BMI 25-
29.9 kg/m2), and obese (BMI � 30 kg/m2) groups. No
differences were found between groups with respect to age,
race, breast cancer 1, early-onset gene mutation, or subtype
of breast cancer (eg, hormone-receptor positive versus
triple-negative breast cancer). Menopausal status and breast
inflammation in the form of histologically identified CLSs
were significantly different between groups. Obese women
(66.7%) were more likely to be postmenopausal than lean
women (17.4%). The incidence of CLSs increased from lean
(34.8%) to overweight (50%) to obese (100%).
ajp.amjpathol.org - The American Journal of Pathology
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Table 1 Demographic and Clinicopathologic Features of a Cohort of 50 Women Undergoing Mastectomy for Preventative or Therapeutic
Reasons

Features All (n Z 50) Lean (n Z 23) Overweight (n Z 18) Obese (n Z 9) P value

Age in years, mean � SD 47.1 � 8.6 45.0 � 8.7 49.5 � 8.2 47.6 � 8.8 0.243
Race, n (%)
Asian 5 (10.2) 2 (8.7) 3 (17.7) 0 (0)
Black 5 (10.2) 1 (4.4) 2 (11.8) 2 (22.2)
White 39 (79.6) 20 (86.9) 12 (70.6) 7 (77.8) 0.379
Missing 1 (2) 0 (0) 1 (5.6) 0 (0) 0.54

BMI, mean � SD, kg/m2 26.3 � 5.5 22.1 � 1.8 27.5 � 1.6 34.6 � 6.1 <0.001
Menopausal, n (%)
Premenopausal 33 (66) 19 (82.6) 11 (61.1) 3 (33.3)
Postmenopausal 17 (34) 4 (17.4) 7 (38.9) 6 (66.7) 0.024

CLSs, n (%)
No 24 (48) 15 (65.2) 9 (50) 0 (0)
Yes 26 (52) 8 (34.8) 9 (50) 9 (100) 0.002

BRCA mutation, n (%)
BRCA1 4 (8) 1 (4.4) 2 (11.1) 1 (11.1)
BRCA2 1 (2) 0 (0) 0 (0) 1 (11.1)
Negative 45 (90) 22 (95.7) 16 (88.9) 7 (77.8) 0.248

Invasive, n (%)
No 11 (22) 5 (21.7) 5 (27.8) 1 (11.1)
Yes 39 (78) 18 (78.3) 13 (72.2) 8 (88.9) 0.674

ER, n (%)
Negative 9 (22) 4 (20) 3 (23.1) 2 (25)
Positive 32 (78.1) 16 (80) 10 (76.9) 6 (75) 1
Missing 9 (18) 3 (13.0) 5 (27.8) 1 (11.1) 0.493

PR, n (%)
Negative 12 (30.8) 5 (27.8) 4 (30.8) 3 (37.5)
Positive 27 (69.2) 13 (72.2) 9 (69.2) 5 (62.5) 0.905
Missing 11 (22) 5 (21.7) 5 (27.8) 1 (11.1) 0.674

HER2, n (%)
Negative 32 (82.1) 13 (72.2) 11 (84.6) 8 (100)
Positive 7 (18) 5 (27.8) 2 (15.4) 0 (0) 0.315
Missing 11 (22) 5 (21.7) 5 (27.8) 1 (11.1) 0.674

Triple negative, n (%) 8 (20.5) 3 (16.7) 3 (23.1) 2 (25) 0.639

Statistically significant P values, as determined by either analysis of variance for continuous variables or Fisher exact test for categorical variables, are in bold.
BMI, body mass index; BRCA, breast cancer 1, early-onset gene; CLS, crown-like structure; ER, estrogen receptor; HER2, human epidermal growth factor

receptor 2; PR, progesterone receptor.

Obese Breast Adipose ECM Promotes TAM
Macrophage Polarization States Are Spatially
Regulated in Breast Adipose Tissue

Breast tissue is a composite of fibroglandular tissue sur-
rounded by abundant adipose tissue (Figure 1A). Therefore,
obesity-dependent structural changes to adipose tissue,
including fibrosis and inflammation (Figure 1A), alter the
breast microenvironment and, thus, potentially tumorigen-
esis. For the purposes of these studies, only the adipose tissue,
and not the fibroglandular compartment of breast tissue, is
being modeled. Recent discoveries from diabetes research
showed that local proliferation of CD206þ (typically
considered M2-biased) macrophages within interstitial re-
gions of s.c. and epididymal white adipose tissue contributes
to the macrophage burden in mice.24 In addition, obesity in
humans increases the number of CLSs22 (Figure 1A). How-
ever, a direct comparison of macrophage phenotype in human
The American Journal of Pathology - ajp.amjpathol.org
breast adipose tissue CLSs versus interstitial regions is
missing. By immunostaining for the M1 marker CD11c and
the M2 marker CD206, the density of pro-inflammatory and
anti-inflammatory macrophages was examined in both inter-
stitial regions andCLSs of tumor-free regions of human breast
tissue (Figure 1, B and C).19 Although both CD11cþ and
CD206þ macrophages were present in CLSs (Figure 1C),
quantitative image analysis revealed that CD206þ macro-
phages were the dominant phenotype in the adipose tissue
interstitium in both lean and obese individuals. Although
obesity increased the density of CD206þ macrophages, no
difference was detected for CD11cþ macrophages
(Figure 1D).

To corroborate the IHC data with a more comprehensive
molecular data set, CIBERSORT analysis was performed to
estimate the proportions of M2- versus M1-biased macro-
phages in lean and obese human breast adipose tissue56
2023
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Figure 1 CD206þ macrophages dominate in breast adipose tissue and increase with obesity. A: Fibroglandular breast tissue exists in close proximity to
adipose tissue that undergoes structural alterations during obesity, including increased fibrosis and infiltrates of macrophages, visualized as crown-like
structures (CLSs). B: Schematic representation of macrophage polarization states and associated membrane molecule and enzymatic markers. C: Represen-
tative photomicrographs illustrating two spatially distinct compartments of macrophages in breast adipose tissue, CLSs that are composed predominantly of
CD11cþ M1-biased macrophages, and interstitial macrophages, composed predominantly of CD206þ M2-biased macrophages, as determined by immunohis-
tochemistry (IHC). D: The interstitium of breast adipose tissue contains more CD206þ versus CD11cþ macrophages regardless of obesity; however, CD206þ

macrophage density is increased in obese versus lean women. E: Computational analysis of macrophage phenotype via CIBERSORT analysis of RNA transcripts
corroborates IHC data with significant enrichment of M2-biased macrophages in obese versus lean breast tissue. D and E: Two-way analysis of variance was
performed. Data are expressed as means � SD (D and E). n Z 26 sections, with 5 representative images per section (D); n Z 26 (E). ***P < 0.001,
****P < 0.0001. Scale bars: 300 mm (A, main image); 100 mm (A, inset, and C). iNOS, inducible nitric oxide synthase.

Springer et al
from the same cohort of women used for IHC studies.
CIBERSORT is a computational approach that allowed us
to infer the representation of different macrophage pheno-
types on the basis of the transcriptome of bulk breast tissue.
Similar to IHC results, CIBERSORT analysis predicted
more M2-biased macrophages in breast adipose tissue
regardless of BMI (Figure 1E) and that the burden of M2
macrophages was higher in obese versus lean adipose tissue,
whereas no difference was detected for RNA transcript
patterns indicative of M1-biased macrophages (Figure 1E).

Collectively, these results suggest that although obesity is
associated with a pro-inflammatory M1 macrophage
2024
phenotype both histologically and biochemically, M2-biased
macrophages are the predominant macrophage population in
breast adipose tissue interstitium and increase with obesity.

Macrophages from Obese versus Lean Tumor-
Free Breast Tissue More Closely Resemble
Tumor-Associated Macrophages

Given that M2 macrophage functions, such as promoting
fibrosis and angiogenesis and immune suppression, are
commonly associated with increased tumorigenesis, it was
studied whether the transcriptomic signature of
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Obesity increases the expression of genes associated with a tumor-associated macrophage (TAM)elike phenotype in human, tumor-free breast
tissue. A: Gene Set Enrichment Analysis (GSEA)53 illustrates that anti-inflammatory macrophageerelated genes in obese breast tissue samples are concordant
to a published gene profile of TAM.57 B: Comparison of TAM gene profile57 to ARCHS4 human tissue data set (https://amp.pharm.mssm.edu/archs4/data.html,
last accessed November 27, 2018) indicates significant overlap between the MMTV-PyMTederived TAM genes and human macrophage genes via ENRICHR54,55

analysis tool. C: The 52 genes identified via GSEA and ENRICHR analysis are capable of delineating most lean versus obese women on the basis of differential
gene expression. D: Differential gene expression analysis of macrophage-associated genes suggests varied physiological functions of macrophages in obese
breast tissue. n Z 26 (A); n Z 52 (B and D). FDR, false discovery rate; NES, normalized enrichment score.
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obesity-associated M2-like macrophages in cancer-free
breast tissue resembles that of TAMs. Accordingly, a pub-
lished gene expression signature of mammary tumor
TAMs57 was compared with the RNA transcripts of obesity-
associated M2 macrophages via Gene Set Enrichment
Analysis. This analysis revealed 96 genes that are signifi-
cantly up-regulated in both the TAM gene signature and
tumor-free breast tissue in obese versus lean women
(Figure 2A). As the TAM data set was derived from the
mouse mammary tumor virus-polyoma virus middle T an-
tigen (MMTV-PyMT) mouse model of breast tumorigen-
esis, it was evaluated whether the identified gene set would
have human relevance by querying the 96 up-regulated
TAM genes against the ARCHS4 human gene database
(https://amp.pharm.mssm.edu/archs4/data.html, last
accessed November 27, 2018). The human macrophage
signature was significantly enriched (52/96 genes; P < 2.2
� 10�6), indicating the human relevance of macrophage
enrichment in mouse-derived TAMs (Figure 2B). More
important, these 52 human-relevant macrophage genes were
capable of differentiating most obese versus lean individuals
on the basis of differential expression levels in breast tissue
(Figure 2C). Interestingly, two lean women clustered with
the obese rather than lean individuals, but histologic anal-
ysis revealed that their breast adipose tissue had comparable
levels of breast inflammation as the obese samples, as
determined by quantification of CLS number. Both women
also had CIBERSORT M2 scores in the top 50% of our
cohort. These findings could be compatible with recent
evidence suggesting that a subset of women with normal
BMI but histologic evidence of breast inflammation23 or
increased adiposity, when measured via dual-energy X-ray
absorptiometry,61 is at increased risk for breast cancer
development, similar to obese individuals. When the 52
genes were divided into categories based on cellular func-
tion (Supplemental Table S1), differences in immune
responsee and angiogenesis-related genes were the most
enriched subsets (Figure 2D), compatible with known
functional properties of TAMs.30,62e64

Collectively, these results suggest that obesity is associ-
ated with macrophage phenotypic changes that lead to an
increase in M2-biased macrophages, as determined by IHC
of CD206 and computational analysis of a comprehensive
panel of macrophage-associated genes. In addition, these
differences are associated with transcript levels in tumor-
free breast adipose tissue that resemble those of tumor-
associated macrophages.

Interstitial Fibrosis of Human Samples Correlates to
Increased M2 Macrophage-Biased State

Prior work suggested that obesity causes interstitial
fibrosis,14,65 increased fibrosis correlates to increased
macrophage infiltration,66 and an anti-inflammatory macro-
phage phenotype can be induced by compositional, me-
chanical, and topographical cues associated with fibrotic
2026
ECM remodeling.42,43,67,68 Therefore, it was next tested
whether fibrosis in obese breast adipose tissue might mediate
the detected differences in macrophage populations. First, by
image analysis of picrosirius redestained cross-sections, it
was confirmed that obesity is associated with increased
interstitial collagen, a hallmark of fibrosis, in our patient
cohort.14,69 Indeed, interstitial collagen deposition between
adipocytes was significantly increased in samples from obese
individuals (Figure 3, A and B) and positively correlated with
BMI (Supplemental Figure S2). Image analysis of consecu-
tive cross-sections revealed that increased interstitial fibrosis
correlated with greater numbers of CD206þ macrophages
(Figure 3C). This finding was supported by analysis of paired
histologic and RNA samples, which suggested that interstitial
fibrosis and CIBERSORT M2 score were similarly interre-
lated (Figure 3D). More important, the same trends were not
evident for CD11cþ macrophages within the interstitium or
CIBERSORT M1 score (Figure 3, E and F). Similarly, no
correlation existed between the density of interstitial CD11cþ

macrophages and BMI (Supplemental Figure S3). These re-
sults suggest that obesity-associated interstitial fibrosis may
have a direct effect on macrophage polarization toward an
M2- but not anM1-biased phenotype in breast adipose tissue.

ECM Assembled by Obese ASCs Promotes an M2
Phenotype of Macrophages in Vitro

To assess whether the in vivo correlation between adipose
tissue interstitial fibrosis and M2-biased macrophage
phenotype has a causal relationship, an in vitro model sys-
tem was used that allowed direct interrogation of macro-
phage phenotypic changes in response to obesity-specific
adipose tissue interstitial ECM remodeling. As mentioned
above, obesity-associated, fibrotic ECM remodeling is
characterized by increased concentrations of fibrillar ECM
components, including Fn and collagen type I, that can be
visualized by IHC and second harmonic generation imag-
ing, respectively (Figure 4A). More important, detergent-
based decellularization of ECMs, deposited by lean and
obese ASCs isolated from wild-type and genetically obese
(ob/ob) mice (Figure 4B), can be used to generate cell
culture substrates with similar compositional and structural
properties as the interstitial ECM identified in lean versus
obese breast adipose tissue that is evident in both mice and
humans (Figure 4C and Supplemental Figure S4).12 These
substrates were used to evaluate the behavior of syngeneic,
primary BMDMs in response to lean and obese ECMs.
Interestingly, BMDMs cultured on obese ECM exhibited
several characteristics that were previously associated with
the M2 phenotype, independent of prototypical stimuli for
differentiation.43,70,71 First, BMDMs cultured on obese
ECM aligned more significantly in the direction of ECM
fibers than their counterparts cultured on lean ECMs
(Figure 4, D and E). Accordingly, analysis of the cells’
aspect ratio revealed that macrophages were more elongated
when they were cultured on obese versus lean ECM,
ajp.amjpathol.org - The American Journal of Pathology

https://amp.pharm.mssm.edu/archs4/data.html
http://ajp.amjpathol.org


Figure 3 Macrophage phenotype is associated with obesity-associated interstitial fibrosis. A and B: Interstitial extracellular matrix is more fibrotic in
obese versus lean or overweight breast adipose tissue, as determined by image analysis and pixel quantification of picrosirius redestained sections under
polarized light. Kruskal-Wallis analysis was used. CeF: Interstitial fibrosis positively correlates to CD206þ immunohistochemistry (IHC) and CIBERSORT anti-
inflammatory (M2) score (C and D) but not CD11c IHC (E) or CIBERSORT pro-inflammatory (M1) (F) score. CeF: Red dotted lines illustrate the best fit line, as
determined by linear regression. Data are expressed as median and interquartile range (B). nZ 37 with 5 representative images per section (A and B); nZ 37
(C, D, and F); n Z 26 (E). **P < 0.01. Scale bars Z 50 mm (A).
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regardless if the macrophages were stimulated to polarize
toward an M2 phenotype (Figure 4F) or an M1 phenotype
(Supplemental Figure S5A). This is an important finding as
elongated versus rounded morphology has been described
for M2 versus M1 macrophage polarization states
in vitro.43,70 In addition, interactions with ECM, resulting in
increased alignment and elongation, have been shown to up-
regulate phenotypic markers of M2 macrophages, even in
the absence of cytokine stimulation.43 Previous reports have
also indicated that proliferation of adipose tissue macro-
phages occurs exclusively in CD206þ M2 macrophages.24

Accordingly, BMDMs cultured on obese versus lean
ECMs were also more proliferative, as detected by bromo-
deoxyuridine staining (Figure 4G). To test whether the
different ECMs also affected the expression of the murine
M2 macrophage markers CD206 and arginase-1 (a marker
not validated for human macrophages34) under the influence
of appropriate cytokine stimulation, IL-4 and IL-13, its
expression was assessed via immunofluorescence. Immu-
nofluorescence image analysis indicated increased numbers
of both CD206þ (Figure 5A) and arginase-1þ (Figure 5B)
BMDMs cultured on obese ECM versus lean ECM.
Although neither IHC nor CIBERSORT data suggested
obesity affected M1-biased macrophage polarization in
breast adipose interstitium, for completeness, the expression
of M1 marker inducible nitric oxide synthase was evaluated.
When BMDMs cultured on lean and obese ECM were
treated with lipopolysaccharide to induce M1-biased polar-
ization, there was a trend for reduced inducible nitric oxide
The American Journal of Pathology - ajp.amjpathol.org
synthase expression in BMDMs cultured on obese versus
lean ECM that neared significance (P Z 0.06)
(Supplemental Figure S5B). Taken together, the described
characteristic morphologic changes in conjunction with
increased proliferation, increased CD206 and arginase-1
expression, and a trend toward reduced inducible nitric
oxide synthase expression suggest that macrophage in-
teractions with obese ECM enhance an M2-biased polari-
zation state in comparison to lean ECM.

Obesity-Associated ECM Promotes Proangiogenic
Functions of Macrophages in Vitro

Next, it was validated whether the detected ECM-
dependent changes in macrophage phenotype may have
functional consequences. Obesity is associated with
increased vascular density in adipose tissue,72 a finding
that is typically attributed to an adipocyte hypertrophy-
mediated increase in hypoxia and consequential up-
regulation of proangiogenic factor secretion.73 However,
it remains unclear whether obesity-associated, fibrotic
ECM remodeling may independently activate angiogenesis
by stimulating macrophage transition into a proangiogenic
M2 phenotype. As increased angiogenesis is a necessary
checkpoint for tumor growth and metastasis74,75 and
because macrophages in obese adipose tissue up-regulated
angiogenesis-related genes (Figure 2D), it was evaluated
whether vascular density and presence of M2-biased
macrophages correlated in histologic samples from our
2027
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Figure 4 Obesity-associated extracellular matrix (ECM) regulates macrophage morphology and proliferation in vitro. A: Representative photomicrographs
illustrating the distribution of human adipose tissue interstitial ECM in between adipocytes via hematoxylin and eosin (H&E; top panel) and visualizing
fibronectin (Fn) and collagen, two key components of interstitial fibrosis, by immunohistochemistry (IHC; middle panel) and second harmonic generation
(SHG) imaging (bottom panel), respectively. B: Schematic illustrating protocol for adipose stromal cell (ASC) isolation from the inguinal fat pad of lean wild-
type and obese (ob/ob) age-matched mice and their use for preparation of decellularized ECMs. C: Representative confocal microscopy images of decellularized
ECM assembled by lean and obese ASCs after immunostaining for Fn. DeF: Bone marrowederived macrophages (BMDMs) cultured on lean and obese
decellularized matrices (dashed lines highlight the long axis of the macrophages; D) are more aligned with the matrix (0 on x axis represents perfect
alignment; E) and exhibit increased elongation (F), as determined by confocal microscopy and image analysis (top 25% of cells plotted) after stimulation with
IL-4 and IL-13. F: U-test was performed. G: BMDMs cultured on obese decellularized ECM are more proliferative, as determined by bromodeoxyuridine (BrdU)
incorporation with immunofluorescence image analysis. A t-test analysis was performed. Data are expressed as median and interquartile range (F) or
means � SD (G). n Z 3 independent experiments with 10 images per condition per experiment (D and E); n Z 3 independent experiments with 30
representative images per condition per experiment (G). ***P < 0.001. Scale bars: 50 mm (A and C); 25 mm (D and G).
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patient cohort. Indeed, this analysis revealed that the
presence of CD206þ macrophages in the adipose tissue
interstitium correlated with positive pixel counts for the
endothelial cell marker CD31 (Figure 6A). Given that
many other mechanisms are active in vivo and could be
responsible for these observations, it was studied whether
BMDMs cultured on obese ECM would possess increased
proangiogenic capability compared with BMDMs cultured
on lean ECM. Using a transwell migration setup and
subsequent image analysis, it was found that BMDMs
2028
cultured on obese ECM increased HUVEC migration
relative to BMDMs cultured on either lean ECM or Fn-
coated coverslips (Figure 6B). In addition, conditioned
medium collected from BMDM cultures on obese matrices
stimulated increased tubulogenesis of HUVECs on growth
factorereduced Matrigel relative to BMDM-conditioned
medium from lean ECM or Fn-coated coverslips
(Figure 6C). These results suggest that macrophages in
contact with obesity-associated ECM could promote
vascular remodeling by releasing proangiogenic factors,
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Obesity-associated extracellular matrix (ECM) impacts macrophage polarization in vitro. A and B: A greater proportion of bone marrowederived
macrophages cultured on obese decellularized ECM expresses the anti-inflammatory macrophage markers CD206 (A) and arginase-1 (B), when exposed to IL-4
and IL-13, as determined by immunofluorescence confocal image analysis. A t-test analysis was used. Data are expressed as means � SD (A and B). n Z 3
independent experiments, with 15 images per condition per experiment (A and B). *P < 0.05, ***P < 0.001. Scale bars Z 25 mm (A and B). Fn, fibronectin.
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possibly playing a role in the recognized link between
obesity and tumor development and progression.

Mammographic and Histologic Breast Densities
Are Not Predictive of Interstitial Fibrosis or
Macrophage Content

Given the observations that obesity causes an increase in
interstitial fibrosis, but that obesity is typically associated with
decreased breast tissue density due to accumulation of fatty
tissue, which appears radiolucent on mammography,76 it was
next evaluated whether bulk breast fibrosis, as determined via
bothmammographic and histologic77findings,would correlate
to M2 macrophage phenotype. Twenty-six women in our
cohort had available mammographic data. As expected, his-
tologic density grade was inversely related to BMI (Figure 7A)
and there was a significant difference in the proportions of
mammographic patterns between lean, overweight, and obese
women (Figure 7B). The differences between mammographic
density pattern and histopathologic density score between lean,
overweight, and obese women (Figure 3, A and B) did not
predict interstitial fibrosis (Figure 7C) or M2-biased macro-
phage burden, as detected by CD206 IHC and CIBERSORT
M2 score (Figure 7, D and E). Collectively, these results
indicate that obesity-associated interstitial fibrosismight play a
role in modulating macrophage phenotype and function in
obese breast adipose tissue, but that these changes cannot be
diagnosed with conventional clinical imaging techniques that
focus on detection of gross breast tissue density.
The American Journal of Pathology - ajp.amjpathol.org
Discussion

Obesity has been linked to an increase in breast cancer risk
in postmenopausal women and increased risk of distant
metastasis and worse clinical outcome independent of
menopause status, although the underlying mechanisms are
poorly understood. Using a combination of clinical samples,
conventional and computational pathology, and in vitro
model systems, this study suggests that obesity-associated
adipose tissue interstitial fibrosis could contribute to a
tumor-permissive microenvironment by modulating macro-
phage function to a TAM-like state.

The link between chronic inflammation and cancer
development is well established78e80; however, in the case
of obesity, much of the focus has been on WATi in the form
of CLSs. WATi has been associated with both an increased
risk of breast cancer20 and worse prognosis.18,19 WATi has
been shown to be reversible with weight loss in mouse
models of obesity.81 However, a recent secondary analysis
of a large randomized clinical trial indicated that weight loss
in postmenopausal women did not significantly reduce risk
for invasive breast cancer development.82 This suggests
that, although WATi in the form of CLSs appears to be
reversible with weight loss, other changes to adipose tissue
during obesity, such as interstitial fibrosis or expanded M2-
biased macrophage populations, may be playing a role.

The recognition of anti-inflammatorymacrophages and up-
regulated cancer-related pathways in obese adipose tissue
macrophages spans the past decade.25,26 Indeed, similar to our
2029
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Figure 6 Interactions with obese extracellular matrix (ECM) promote macrophage proangiogenic function. A: CD206þ macrophages and CD31þ vascular
profiles are positively correlated on the basis of immunohistochemistry image analysis of clinical samples. Red dotted line illustrates the best fit line, as
determined by linear regression. B: Endothelial cell transwell migration toward bone marrowederived macrophages (BMDMs) is significantly increased when
IL-4e and IL-13estimulated BMDMs are in contact with obese versus lean or fibronectin (Fn) control ECMs; Kruskal-Wallis analysis was performed. C:
Endothelial cell tubulogenesis is increased in the presence of conditioned medium collected from unstimulated BMDMs cultured on obese versus lean ECM or Fn
control substrates. Kruskal-Wallis analysis was performed. Data are expressed as median and interquartile range (B and C). n Z 43 (A); n Z 3 independent
experiments with 3 transwells per condition per experiment and 4 images per transwell (B); n Z 3 independent experiments with 3 wells per condition and 1
representative image per well (C). *P < 0.05, ***P < 0.001. Scale bars: 100 mm (A); 50 mm (B and C). HUVEC, human umbilical vein endothelial cell.
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study, M2-biased macrophages have been previously identi-
fied to reside within the interstitium of obese adipose tis-
sue.24,83 However, our hypothesis that the interactions
between obesity-associated interstitial fibrosis and macro-
phages might promote M2 bias or TAM-like polarization is a
unique inquiry brought about by the recent characterization of
interstitial fibrosis within breast adipose tissue12 and the fact
that macrophages are sensitive to both biochemical and bio-
physical changes of the ECM that occur with fibrosis.42,43,71

Because of substantial plasticity of macrophage function
and overlapping phenotypes of macrophage subsets, thera-
peutically targeting tumor-promoting macrophages has yet to
yield positive results in clinical trials.84 Therefore, targeting
the underlying interstitial fibrosis might be a novel approach
to modulate the microenvironment and diminish TAM-like
functions of adipose tissue macrophages in obesity.
2030
Macrophages are a heterogeneous population of cells in
which the M1 and M2 nomenclature used herein represents
extremes. Indeed, recent studies have illustrated that adipose
tissue macrophages have activation states that do not conform
to the classic definitions of M1 or M2 macrophages.32,85,86

We acknowledge that the characterization of macrophages
as either M1 or M2 biased in this study is oversimplified;
however, approaches that afford detailed characterization of
macrophage phenotype, such as flow cytometry, gene
expression profiling, and computational methods, sacrifice
the spatial organization and relationships that were essential
findings in this study. The corroboration of both markers of
M2 macrophages, CD206 in human and murine samples and
arginase-1 for murine cells, to CIBERSORT analysis of
macrophage RNA transcripts and our IHC data are compel-
ling evidence supporting our hypothesis. Unlike IHC, which
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Global breast density is not predictive of either fibrosis or macrophage burden within adipose tissue interstitium. A: Histologic breast density,
assessed by the ratio of fibrous tissue/adipose tissue,77 is inversely correlated with body mass index. Kruskal-Wallis analysis was performed. B and C: The
distribution of mammographic density patterns is significantly different between body condition (c2 analysis) and is not predictive of interstitial fibrosis
(Kruskal-Wallis analysis). D and E: Macrophage burden, as determined by both CD206 immunohistochemistry and CIBERSORT analysis of RNA transcripts,
cannot be predicted by mammographic density pattern; Kruskal-Wallis analysis was performed. Data are expressed as median, interquartile range, and
minimum-maximum (A) or median and interquartile range (CeE). n Z 50 sections (A); n Z 26 (BeE). *P < 0.05, ***P < 0.001. Scale bars Z 4 mm (A).
H&E, hematoxylin and eosin; M2, anti-inflammatory.
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is binary or, at best, semiquantitative on the basis of labeling
intensity, CIBERSORT analysis provides a score on a
continuous scale that is more likely to recapitulate the spec-
trum of macrophage activation states. Furthermore, CIBER-
SORT uses a large data set of 547 genes to predict
macrophage activation; thus, it is potentially more compre-
hensive in determining macrophage polarization than any
feasible number of IHC markers. Nevertheless, future studies
could be performed using additional IHC markers to increase
characterization of macrophage populations localized within
the breast adipose interstitium.

A limitation of the study is the use of a single in vitro
model system using hematogenously derived macrophages.
The American Journal of Pathology - ajp.amjpathol.org
Many tissue macrophages are not hematogenously derived
but rather are a self-renewing population originating from
the embryonic yolk sac.87,88 One could argue that bone
marrowederived macrophages are not an ideal choice to
model adipose tissue macrophages; however, CSF-1
cultured macrophages from murine bone marrow are
recognized as a reproducible in vitro experimental stan-
dard34 and, thus, were an appropriate choice for these ex-
periments. In addition, experimental evidence from breast
cancer research indicates increased recruitment of hema-
togenously derived macrophages into adipose tissue during
the process of obesity,89 further supporting the relevance of
the BMDM model system within this context. However,
2031
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future experiments using alternative in vitro and ex vivo
macrophage model systems would be worthwhile.

The tumor-promoting functions of macrophages are mani-
fold anddin addition to modulating angiogenesisdinclude
direct effects on tumor growth, invasion, metastasis, and
stroma remodeling.28,40,90,91 The effect of obesity-associated
ECM on transition to M2-like macrophages and possible
functional implications on endothelial cells were studied to
demonstrate the broad significance of obesity-associated ECM
in regulating stromal cell functions contributing to tumori-
genesis. Although future studies will be necessary to further
validate the molecular mechanisms underlying these results,
these findings are complementary to previous work. For
example, others have shown that peritumoral adipose tissue not
only contains increased collagen content, but also represents a
rich depot of proangiogenic macrophages.92 In addition, obese
(and, therefore, inflamed) adipose tissue has been shown to
promote stromal vascularization and angiogenesis before
tumor development, with implications for tumorigenesis.89 On
the basis of these data, it is plausible that interstitial fibrosis in
adipose tissue can contribute to increased angiogenesis via
modulation of macrophage phenotype. Indeed, the field of
regenerative medicine and biomaterials has been using alter-
ations in matrix composition to modulate macrophage
response and guide proper wound healing for surgical implant
devices for some time.67,93e96 Future studies using engineered
co-culture models that integrate ASCs, macrophages, endo-
thelial cells, and varying ECM composition and mechanics to
recapitulate the complex obese adipose tissue microenviron-
ment are necessary to identify the impact of obese adipose
tissue on macrophages, angiogenesis, and, ultimately, tumor
cell behavior.97e99

Several angiogenesis-related genes were up-regulated in
the obese macrophage gene signature, including secreted
phosphoprotein 1 (SPP1; alias and referred to herein as
osteopontin orOPN ), serpine 1, and stabilin 1. Of these three,
OPN is the best characterized regarding cancer and TAMs
and, thus, is an enticing target for future studies. OPN is a
multifunctional cytokine, expressed by many cell types with
both paracrine and autocrine activities, that plays a role in
multiple hallmarks of cancer.100 Although cancer cells are a
large source of OPN in the tumor microenvironment, TAMs
are capable of supplying sufficient OPN to rescue cancer cell
motility and invasion in OPN knockdown models,101 sug-
gesting that a source of OPN within the obese breast adipose
tissue microenvironment might accelerate tumorigenesis,
through paracrine interactions, during the initiating stages of
neoplastic transformation. TAM expression of OPN stimu-
lates cyclooxygenase-2 production and subsequent prosta-
glandin E2 production, both known players in tumor
growth and angiogenesis.102 Interestingly, cyclooxygenase-
2eexpressing TAMnumbers have recently been correlated to
collagen deposition and density within tumor stroma but not
epithelial nests,103 suggesting that ECM remodeling might
play a regulatory role in the OPNecyclooxygenase-2
signaling axis contributing to breast cancer.
2032
Mammographic density has consistently been identified
as an independent risk factor for breast cancer.76,104 Recent
evidence indicates that an increase in macrophage numbers
within the breast fibroglandular region positively correlates
with the amount of stromal collagen,77 cancer invasion, and
aggression.66 However, neither of these studies assessed
BMI within its cohort, macrophage populations residing
adjacent to the fibroglandular compartment within the adi-
pose tissue, or distinct subsets of macrophage populations.
Interestingly, this study found that mammography is
insensitive to detect interstitial fibrosis within breast adipose
tissue. This finding alters the paradigm of the definition of
breast density, suggesting that microscale fibrosis might be
similarly important to gross fibrosis. Knowing that the
interstitial adipose tissue M2-biased macrophages are
migratory,24 future studies are needed to evaluate whether
this population is a source for recruitment of TAMs into the
fibroglandular compartment during tumor development.
In conclusion, this study identifies an association between

interstitial fibrosis in obese adipose tissue and TAM-like
macrophage functions. Others had previously demonstrated
that TAMs promote fibrotic ECM remodeling within the
tumor microenvironment,40 whereas our data suggest that
profibrotic ECM remodeling itself can promote a TAM-like
phenotype of macrophages. Hence, these processes are not
mutually exclusive, but rather occur simultaneously and via a
positive feedback mechanism. Additional studies are neces-
sary to identify the underlying mechanisms; however, these
findings support a model of obese adipose tissue priming the
microenvironment for future cancer development. More
important, our findings highlight that microscale changes in
breast adipose tissue structure could have pathophysiological
implications for tumorigenesis, but these changes are unde-
tectable by standard diagnostic imaging methods.
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