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Abstract

Obesity enhances breast cancer risk in postmenopausal women and premenopausal women with
genetic or familial risk factors. We have shown previously that within breast tissue, obesity
increases macrophage-driven inflammation and promotes expansion of luminal epithelial cell
populations which are hypothesized to be the cells of origin for the most common subtypes of
breast cancer. However, it is not clear how these changes within the microenvironment of the
breast alter cancer risk and tumor growth. Using a high fat diet to induce obesity, we examined
preneoplastic changes associated with epithelial cell-specific loss of Trp53. Obesity significantly
enhanced the incidence of tumors of diverse histotypes and increased stromal cells within the
tumor microenvironment. Obesity also promoted the growth of preneoplastic lesions containing
elevated numbers of luminal epithelial progenitor cells, which were surrounded by macrophages.
To understand how macrophage-driven inflammation due to obesity enhances tumor formation,
mice were treated with 1gG or anti-F4/80 antibodies to deplete macrophages during preneoplastic
growth. Unexpectedly, depletion of macrophages in obese mice enhanced mammary epithelial cell
stem/progenitor activity, elevated expression of estrogen receptor alpha, and increased DNA
damage in cells. Together, these results suggest that in obesity, macrophages reduce epithelial cells
with DNA damage, which may limit the progression of preneoplastic breast lesions, and uncovers
complex macrophage function within the evolving tumor microenvironment. Understanding how
obesity alters the function of macrophages during tumor formation may lead to chemoprevention
options for at-risk obese women.
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INTRODUCTION

Obesity has nearly tripled worldwide since 1975 with over 650 million adults classified as
obese in 2016 (1). Obesity is a significant risk factor for breast cancer in postmenopausal
and high-risk premenopausal women (2,3). Regardless of menopausal status, obesity is
associated with higher breast cancer-associated mortality rates (4). Understanding how
obesity impacts early breast cancer progression may result in improved chemoprevention
strategies or weight loss interventions to decrease breast cancer risk.

The breast epithelium and surrounding stroma undergo changes in obesity. Luminal
epithelial cells expressing estrogen receptor alpha (ERa) and those with stem/progenitor
activity are increased in obese women and mice fed a high fat diet (HFD) to induce obesity
(5). Current hypotheses suggest that transformation of luminal progenitor cells may lead to
the most common types of breast cancer (6,7). However, little is known about how obesity-
induced alterations in stem/progenitor cells may impact tumor incidence or subtypes of
tumors that form. Within the breast stroma in obesity, inflammatory macrophages are
recruited to remove dead adipocytes, forming characteristic crown-like structures (8). Within
normal breast tissue, macrophages play a role in regulating epithelial stem/progenitor cells
(9,10). In preneoplastic lesions, macrophages promote mammary tumor progression and
metastasis (11,12) and have become a clinical focus for cancer therapy and chemoprevention
(13). However, the role of macrophages in early tumor progression in obesity has been
unexplored.

TP53 is one of the most frequently mutated or deleted genes in breast cancer and has been
found inactivated in all breast cancer subtypes (14). Obese breast cancer cases are also more
likely to have TP53 mutations (15). TP53 functions as a tumor suppressor gene, and p53
plays a central role in cell cycle arrest and DNA damage repair pathways. Mice transplanted
with p53~/~ mammary epithelial cells (MECs) develop diverse subtypes of carcinomas
(16,17). Further, mice transplanted with p53~~ MEC develop hyperplasias and ductal
carcinoma in situ that are ERa* and hormonally responsive prior to formation of ERa* or
ERa™ tumors (18). Changes in the mammary microenvironment alters the histotypes of
resulting tumors (19), suggesting that alterations caused by obesity may impact p53~/~
mammary tumor growth.

Here, we investigated how obesity alters p53~/~ mammary tumor development and
progression. We show that obesity significantly increased incidence of mammary tumor
formation with enhanced recruitment of tumor stroma. Preneoplastic changes occurred
frequently in obese mice, with expansion of luminal epithelial cell populations with
increased stem/progenitor activity and enhanced DNA damage. Strikingly, depletion of
macrophages uncovered a unique, protective role for macrophages in limiting DNA damage
and reducing stem/progenitor cells within the obese mammary microenvironment.
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MATERIALS AND METHODS

Animal Models

Animal procedures were performed with an approved protocol from the University of
Wisconsin-Madison IACUC. Mice were housed in AAALAC-accredited facilities. FVB/N
female mice were purchased from Taconic Biosciences (FVB/NTac; RRID:MGI:3528175).
Trp53 mice were obtained from Dr. Eric Sandgren and backcrossed onto the FVB/N genetic
background for 10 generations. Genotyping was performed by Transnetyx. All mice were
given food and water ad libitum.

Mammary Epithelial Cell Transplants

MECSs were isolated from 6-8 week-old Trp53~/~ female mice (5), and 400,000 MECs were
suspended in 50/50 Matrigel (Corning, 354234) and DMEM:F12 media and transplanted
into inguinal mammary glands of 3-week-old female mice that were cleared of endogenous
MEC:s (7). Recipient mice were randomized to receive low-fat (LFD; 6.2% kcal from fat;
Teklad Global #2018) or high-fat (HFD; 60% kcal from fat; Test Diet #58126) purified diets
that contained equal amounts of vitamins and micronutrients. Mice were weighed weekly,
and the initial weight was subtracted from the measured weight. Mammary glands were
collected from diestrus-staged mice at 8 weeks after transplant or at end stage when tumors
reached 1.5 cm in diameter or mice reached 1 year of age without tumor formation (Figure
S1A, B). Diestrus was determined using vaginal cytology (5). One hour prior to euthanasia,
mice were injected with 200 mg/kg 5-Bromo-2’-deoxyuridine (BrdU; Fisher Scientific,
ICN10017101) diluted in PBS.

Macrophage Depletion

Four weeks following transplant, mice in each diet group received subcutaneous injections
of antibodies (Figure S1C), as described (20). Mice received a loading dose of 400 ug of rat
1gG2b isotype (BioXCell, BEO090; RRID:AB_1107780) or InVivoMADb anti-mouse F4/80
(BioXCell, BE0206; RRID:AB_10949019) antibodies followed by injections of 200 ug
every 48 hr for 4 weeks.

Flow Cytometry and Progenitor Assays

MECs were lineage-depleted utilizing anti-CD31 (0.5mg/mL,102401; RRID:AB_312896),
anti-TER-119 (0.5mg/mL,116201; RRID:AB_313702), and anti-CD45 (0.5mg/mL, 103102;
RRID:AB_312967) antibodies (Biolegend) conjugated to sheep anti-rat IgG Dynabeads
(Invitrogen, 11035). Lineage-depleted cells were stained with Ghost Violet 450 viability dye
(TONBO Biosciences, 13-0863-T100). For immunotyping, MECs were incubated with
CD16/32 antibodies (ThermoFisher; 14-0161-82; RRID:AB_467133), followed by fixable
viability dye eFluor 780 (eBiosciences; 65-0865). Antibodies are listed in Table S1. Cells
were analyzed using BD LSR Fortessa (BD Biosciences). Immune cells were identified as
described (21). Gates were set on fluorescence minus one controls, and data were analyzed
using FlowJo software (TreeStar V10; RRID:SCR_008520). Progenitor assays were
conducted as described (5).
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Histological Classification

Mammary glands and tumors were fixed in 10% formalin and stained with hematoxylin and
eosin (H&E) by UWCCC Experimental Pathology Laboratory. Tumor sections were blinded
then classified based on cellular morphology and arrangement. Hyperplastic ducts contained
3 or more layers of MECs, and 10 ducts/gland were analyzed. Adipocyte diameters were
measured from 10 adipocytes/image on 5 images/mouse. Crown-like structures were
quantified using tissue sections stained with anti-F4/80 antibodies (Biolegend; 157301;
RRID:AB_2814089) (5). Immunohistochemistry and immunofluorescence were conducted
with antibodies in Table S1 as described (5).

Other Methods

Expanded methods are provided in Supplemental Methods. Primer sequences for
quantitative RT-PCR are provided in Table S2.

Statistical Analyses

RESULTS

Results were expressed as the mean £ s.e.m., unless stated. Statistical differences between 2
groups was determined using Student’s t test and among more than 2 groups using one-way
analysis of variance (ANOVA) with Tukey’s multiple comparison posttest. Differences in
groups with two variables were determined using two-way ANOVA. Pvalues of 0.05 or less
were considered significant. Statistical analyses were conducted using GraphPad Prism 8.0.3
(GraphPad Software; RRID:SCR_002798).

Obesity increased incidence of p53~/~ mammary tumors and enhanced tumor stroma

To examine how obesity altered mammary tumor formation, MECs were isolated from
Trp53~/~ mice and transplanted into epithelium-free mammary fat pads of 3-week-old non-
transgenic female mice (22). Following transplant, mice were fed either LFD or HFD, as we
have shown (5). HFD-fed mice gained significantly more weight than LFD-fed mice 4
weeks following transplant (Figure 1A). HFD-fed mice had a mild, but significant decrease
in mammary tumor-free survival (P=0.04, Figure 1B). Of the 12 LFD-fed transplanted mice,
7 mice formed 1 mammary tumor each. Strikingly, of the 19 HFD-fed transplanted mice, 18
mice developed 25 mammary tumors with significantly increased incidence compared to
LFD-fed mice (P=0.009, Fisher’s exact test).

To identify the impact of obesity on tumor histotypes, p53~/~ tumors were classified based
on cell morphology and pattern formation (Figure 1C). Similar to other studies of p53~/~
tumorigenesis in the FVVB/N genetic background (23,24), the most common histotype
observed was spindle cell carcinomas, which formed at similar rates in LFD and HFD-fed
mice (Figure 1C). Adenocarcinomas also formed at a similar rate between groups. However,
the HFD-fed group developed a small number of more diverse carcinoma histotypes
including solid carcinomas, a squamous cell carcinoma and a mucinous carcinoma. The
tumors that formed in both groups demonstrated variable expression of luminal marker
cytokeratin 8 (CK8), basal/myoepithelial marker cytokeratin 5 (CKS5), and ERa (Figure
S2A, B, C). Regardless of histotype, we observed significantly higher expression of
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proliferation marker Ki67 in p53~/~ carcinomas that formed in HFD-fed mice compared to
those fed LFD (P=0.005; Figure 1D), although overall tumor growth rates were not
significantly different (Figure S2D). Together, these results suggest that obesity increases the
incidence of mammary tumor formation but does not alter the spectrum of histotypes of
resulting tumors.

Within mammary adipose tissue of non-tumor-bearing mice, obesity significantly enhances
recruitment of macrophages (5,25). We hypothesized that obesity would also enhance
macrophage recruitment within the tumor microenvironment. Within tumors, the number of
F4/80* macrophages varied among tumor histotypes with the lowest infiltration observed
within adenocarcinomas (Figure S2E). Spindle cell carcinomas from HFD-fed mice
demonstrated significantly increased macrophage recruitment compared to those from LFD-
fed mice (P=0.05, Figure 1E). Consistent with increased collagen deposition within the
breast tumors of obese women (26), we also observed a significant increase in collagen
within tumors from HFD-fed mice compared to those from LFD-fed mice (P=0.02, Figure
1F). These results suggest that obesity promotes the recruitment of macrophages into the
tumor microenvironment and enhances collagen deposition.

Obesity enhanced formation of ductal hyperplasias with increased macrophage infiltration

To examine early tumor formation, we collected mammary glands prior to evidence of
tumors at 8 weeks following p53~~ MEC transplantation. At this time point, HFD-fed mice
demonstrated significantly increased weight gain (Figure 2A), resulting in significantly
larger mammary adipocytes (P=0.03, Figure 2B) and formation of F4/80* crown-like
structures (P=0.006, Figure 2C). These results suggest that inflammatory changes associated
with obesity occur concurrently with weight gain.

Examination of the mammary epithelium revealed that a significantly greater percentage of
ducts in the mammary glands of HFD-fed mice had hyperplastic epithelium compared to
those from LFD-fed mice (P=0.002, Figure 2D). To identify how hyperplasias developed
over time, we examined transplanted mammary glands from LFD and HFD-fed mice that
developed tumors in the opposite mammary gland. At 100 and 200 days following p53~/~
MEC transplant, the percentage of mammary ducts with hyperplastic epithelium remained
significantly higher in HFD-fed mice compared to controls (Figure 2E). At 8 weeks
following transplant, p53~~ MECs within ducts of HFD-fed mice expressed significantly
higher Ki67 expression compared to those from LFD-fed mice (P=0.004, Figure 2F),
suggesting that obesity promotes epithelial cell proliferation.

Consistent with increased crown-like structures within adipose tissue of HFD-fed mice, we
also observed increased F4/80" macrophages surrounding and interdigitating between MECs
of ducts (P=0.004, Figure 2G). Compared to those from LFD-fed mice, F4/80" macrophages
isolated from transplanted mammary glands of HFD-fed mice expressed significantly higher
levels of inflammatory cytokines //6and 7nf, as well as Cd11c (Figure 2H), consistent with
macrophages from obese visceral fat (27). Macrophages from HFD-fed mice also expressed
elevated levels of Ca36and Plin2 (Figure 2H), which may reflect increased lipid metabolism
(27). Obesity also enhances collagen deposition within mammary adipose tissue (26). We
observed increased collagen surrounding the mammary ducts of HFD-fed mice compared to
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controls (P=0.0009, Figure 21). These results suggest that obesity promotes the early growth
of preneoplastic lesions with enhanced stromal development.

Obesity increased p53~~ MEC progenitor activity 8 weeks following transplant

We have shown that obesity alters MEC populations in non-tumor-bearing mice leading to
enhanced numbers of luminal progenitor cells (5). To examine how obesity alters p53™/~
MEC populations prior to tumor formation, we isolated MECs 8 weeks following
transplantation. Lineage-depleted MECs were stained with antibodies for EpCAM, CD49f,
CDA49b, and Sca-1. Epithelial cells were gated to identify EpCAMNCD49f/° Juminal cells
and EpCAM!°CD49fNi basal cells (Figure 3A, Figure S3A). When compared to MECs from
LFD-fed mice, the ratio of luminal to basal p53~/~ MECs was significantly increased in
HFD-fed mice (P=0.01; Figure 3A). No significant differences were observed in EpCAM
~CDA49f~ stromal cells or EpCAM~CD49f* cells (Figure S3B, S3C). The luminal cells were
further gated into Sca-1*CD49b~ ERa." cells, Sca-1*CD49b* ERa.* progenitor cells, and
Sca-1"CD49b* ERa~ cell populations (28). ERa* luminal progenitor cells were
significantly increased in the mammary glands of HFD-fed mice (P=0.05; Figure 3A), while
no significant differences were observed in either of the other luminal cell populations
compared to controls (Figure S3D).

To identify changes in epithelial cell populations within the tissue, we examined MEC
expression of CK8 and CK5 within transplanted mammary glands. Within the ducts of HFD-
fed mice, CK8™ cells were enriched and CK5* cells were reduced, resulting in decreased
continuity of CK5* cells surrounding the ducts compared to controls (A=0.04, Figure 3B). In
the hyperplastic ducts of both LFD and HFD-fed mice, a small number of CK8 and CK5 co-
labeled cells were identified (Figure 3C). Within the luminal layer, we also observed a
significant increase in the percentage of ERa* cells within the ducts of HFD-fed mice
(P=0.001, Figure 3D). In both mice and humans, rare ERa.* cells have been identified that
co-label with markers of proliferation (29), suggestive of ERa* progenitor cells (30). We
also observed a significant increase in the percentage of cells that co-labeled for ERa and
proliferation marker, BrdU (P=0.03, Figure 3E). Together, these results suggest that obesity
enhances p53~/~ ERa.* luminal cells and decreases basal/myoepithelial cells prior to tumor
formation.

With these observed changes in cell populations, we hypothesized that obesity may also
enhance stem/progenitor activity within the transplanted p53~~ MECs. To examine stem/
progenitor activity, we isolated p53~/~ MECs and plated cells in mammosphere and colony
forming assays. Isolated p53~/~ MECs from HFD-fed mice formed significantly higher
numbers of both primary and secondary mammospheres compared to those from LFD-fed
mice (Figure 3F). Although we observed increased mammosphere formation in p53™/~
MECs from HFD-fed mice, no differences were observed in mammosphere size in either
primary or secondary mammospheres compared to controls (Figure 3F). Isolated p53~/~
cells from HFD-fed mice generated significantly increased numbers of colonies compared to
those from LFD-fed mice (P=0.02, Figure 3G). The colonies that formed expressed CK8 and
demonstrated variable cell arrangement, with some round colonies containing luminal cells
surrounded by CK14* basal cells and others with luminal and basal cells throughout the
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colonies. These results indicate that obesity significantly increases p53~/~ epithelial cell
progenitor cells prior to tumor formation.

Macrophage depletion enhanced stem/progenitor activity 8 weeks following transplant in

obese mice

Macrophages have been shown to enhance the progression of preinvasive mammary lesions
(11,12), and we hypothesized that macrophages may promote tumor progression in obesity.
To investigate this hypothesis, p53~/~ MECs were transplanted into mammary fat pads of
recipient mice, and mice were randomized to receive either LFD or HFD. Four weeks
following transplantation, mice in each group received either IgG or anti-F4/80 (aF4/80)
antibodies for an additional 4 weeks (Figure 4A). Treatment with aF4/80 antibodies did not
significantly alter weight in either HFD or LFD groups (Figure 4B). To confirm macrophage
depletion, we examined F4/80" macrophages using antibodies that detected a different
epitope of the F4/80 protein. Mice treated with aF4/80 antibodies in both diet groups had
significantly decreased numbers of macrophages surrounding mammary ducts and
interdigitating between MECs compared to those treated with 1gG (Figure 4C). The
percentage of ducts containing macrophages interdigitating between MECs was significantly
decreased in mice treated with aF4/80 antibodies in both groups compared to those treated
with IgG (Figure 4D).

To examine changes in immune cell populations that might occur in response to depletion of
macrophages, we isolated cells from transplanted mammary glands of 1gG or aF4/80-treated
HFD-fed mice and examined immune cell populations using flow cytometry (Figure S4A).
No significant differences were observed in CD45* immune cells in mammary glands of 19gG
and aF4/80-treated mice (Figure S4B). Consistent with depletion of macrophages, we
observed a significant decrease in CD11b™ myeloid lineage cells in mammary glands from
aF4/80-treated mice compared to IgG-treated mice (P=0.05; Figure S4C). However, no
significant differences were observed in CD11b*Ly6G* neutrophils, CD11b*CD24* 1A/IE-
eosinophils or CD11b*CD24*1A/IE* dendritic cells within the CD11b™ cell population from
mice in either group (Figure S4D). Together these results suggest that treatment with aF4/80
antibodies significantly reduced macrophages without significantly depleting other myeloid
lineage cell types.

To examine the effects of macrophage depletion on preneoplastic growth, we quantified
hyperplastic ducts within the mammary glands of mice in each treatment group. HFD-fed
mice demonstrated significantly increased numbers of ductal hyperplasias compared with
LFD-fed mice (Figure 4E). However, macrophage depletion did not significantly reduce the
number of hyperplastic ducts in either LFD or HFD-fed mice compared with their respective
IgG-treated controls (Figure 4E).

Macrophages have been shown to regulate mammary stem/progenitor cells in non-tumor-
bearing mice (9,10). To examine the effect of macrophage depletion on p53~/~ MEC stem/
progenitor activity, we isolated MECs from treated mice and quantified mammosphere
formation. Isolated p53~/~ MECs from |gG-treated HFD-fed mice formed significantly
higher numbers of both primary and secondary mammospheres compared to those isolated
from both groups of LFD-fed mice (Figure 4F). Depletion of macrophages in LFD-fed mice
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did not significantly alter primary or secondary mammosphere formation compared to 1gG-
treated LFD-fed mice (Figure 4F). Unexpectedly, depletion of macrophages in HFD-fed
mice resulted in significantly increased primary and secondary mammospheres compared to
1gG-treated HFD-fed mice (P<0.0001, Figure 4F). These results suggest that macrophages
reduce stem/progenitor activity in p53~/~ MECs from obese mice.

To understand the effects of macrophage depletion on epithelial cells within the mammary
glands, we quantified the percentage of ERa* MECs. 1gG-treated HFD-fed mice
demonstrated a significantly increased percentage of ERa* MECs compared to both groups
of LFD-fed mice (Figure 4G). Depletion of macrophages in LFD-fed mice did not
significantly alter ERa* MECs compared to 1gG-treated LFD-fed mice (Figure 4G). In
contrast, depletion of macrophages in HFD-fed mice resulted in a significant increase in
ERa* MECs compared to IgG-treated HFD-fed mice (£<0.0001, Figure 4G). When p53~/~
MECs were co-labeled with ERa and BrdU, we observed a significant increase in ERa
*BrdU* MECs of 1gG-treated HFD-fed mice compared with LFD-fed mice in either group
(Figure 4H). Depletion of macrophages in LFD-fed mice did not significantly alter the
number of ERa*BrdU™* cells compared to IgG-treated controls (Figure 4H). Depletion of
macrophages in HFD-fed mice significantly enhanced ERa*BrdU* MECs compared to 1gG-
treated HFD-fed mice (P=0.002, Figure 4H). These results suggest that macrophages reduce
ERa* proliferating cells within mammary glands in obesity.

Macrophage depletion in obese mice increased cells with DNA damage

TP53 plays an important role as a tumor suppressor through regulation of multiple DNA
repair pathways (31), and obesity has been linked to genomic instability in diverse cell types
(32). To examine how obesity impacted DNA damage, we performed comet assays to
examine single and double strand DNA breaks. Isolated p53~~ MECs from donor mice were
grown for 7 days in culture and treated with H,O5 to induce oxidative damage. H,O»-treated
cells demonstrated significantly increased percent DNA in tails and olive moment compared
to vehicle-treated cells (Figure S5A). Consistent with elevated DNA damage, H,O,-treated
p53~/~ MECs expressed higher levels of the phosphorylated form of histone H2A variant
H2AX, yH2AX (Figure S5B), which has been identified as a marker of DNA double-
stranded breaks (33). To assess DNA damage 7 vivo, we isolated p53~/~ MECs 8 weeks
following transplantation from LFD and HFD-fed mice. Transplanted p53~/~ MECs isolated
from 1gG-treated HFD-fed mice demonstrated significantly increased DNA damage
compared to both groups of LFD-fed mice (Figure 5A). While no differences were observed
in DNA damage between LFD-fed groups (Figure 5A), MECs from aF4/80-treated HFD-fed
mice had significantly increased percent DNA in tail and olive moments compared to 1gG-
treated HFD-fed mice (Figure 5A).

Because replicating cells in S-phase express yH2AX constitutively (34,35), we co-labeled
transplanted p53~/~ MECs for BrdU and yH2AX. IgG-treated HFD-fed mice demonstrated
significantly increased numbers of BrdU labeled cells compared to 1gG-treated LFD-fed
mice (P=0.04, Figure 5B), although no significant difference was observed in the percentage
of yH2AX expressing cells (Figure S5C). No significant differences were also observed
between IgG and aF4/80-treated LFD-fed mice for either BrdU labeling (Figure 5B) or
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YH2AX expression (Figure S5C). However, depletion of macrophages in HFD-fed mice
significantly reduced BrdU labeled cells compared to 1gG-treated HFD-fed mice (~=0.001,
Figure 5B) and significantly increased yH2AX expression (P=0.02, Figure S5C). yH2AX
*BrdU~ p53~/~ MECs were significantly increased in aF4/80-treated HFD-fed mice
compared to 1gG-treated HFD-fed mice (P<0.0001, Figure 5C). Together, these results
suggest that macrophage depletion in obese mice increases p53~~ MECs with double-strand
DNA breaks.

Oxidative stress caused by extracellular and intracellular production of reactive oxygen
species leads to damage of nucleic acids that can cause DNA strand breaks (36). To examine
oxidative stress, we quantified labeling for 8-hydroxy-2’-deoxy guanosine (8-OHdG), a
marker for endogenous oxidative DNA damage (37). Significantly increased 8-OHdG
labeling was detected in p53~/~ MECs from 1gG-treated HFD-fed mice compared to IgG-
treated LFD-fed mice (~£=0.03, Figure 5D). No significant differences in 8-OHdG labeling
were detected between LFD-fed groups (Figure 5D). However, HFD-fed macrophage-
depleted mice demonstrated significantly increased 8-OHdG labeling compared to all other
treatment groups (Figure 5D). These results suggest that oxidative DNA damage is increased
in p53~~ MECs in obese mice and is significantly increased with macrophage depletion.

Consistent with increased markers of DNA damage, 2 out of 9 of the macrophage-depleted
HFD-fed mice developed spindle cell carcinomas 8 weeks after transplant, while mice in all
other treatment groups remained mammary tumor-free at this timepoint (P=0.06, chi-
squared test for trend; Figure 5E). Together, these results suggest that macrophages reduce
p53~/~ MECs with DNA damage within obese mammary glands, which may have a
protective role against tumor formation.

DISCUSSION

Obesity results in increased adipocyte hypertrophy and death, leading to a state of chronic,
macrophage-driven inflammation (8). We observed early evidence of crown-like structures
within obese fat, which have been associated with increased risk of breast cancer following
diagnosis of benign breast disease (38). Macrophages have been shown to enhance
progression of preneoplastic mammary lesions and promote early metastatic dissemination
(11,12), and we observed that depletion of macrophages surrounding preneoplastic lesions
led to significantly reduced p53~~ MEC proliferation in HFD-fed mice. These results
suggest that macrophages could enhance growth of preneoplastic lesions through secretion
of inflammatory cytokines or direct interactions with MECs (39). However, we uncovered a
critical role for macrophages in reducing cells with DNA damage in obesity. Depletion of
macrophages in obese mice led to increased p53~~ MECs exhibiting stem/progenitor
activity and DNA damage. We also observed early development of mammary tumors in a
subset of obese mice receiving aF4/80 antibodies, which suggests that elevated DNA
damage may enhance tumor formation. Given the interest in macrophages as a clinical target
for breast cancer therapeutics and chemoprevention (40), this surprising finding may suggest
that strategies to reduce macrophages or alter their function following a diagnosis of early
breast disease may not benefit obese patients.
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During tumor formation, p53~~ MECs proceed through hormonally sensitive, ERa*
preneoplastic lesions prior to the development of ERa* or ERa™ mammary tumors.
Although we observed that obesity enhanced ERa* progenitor cell populations during
preneoplastic growth, the resulting tumor histotypes were similar to those observed in
control mice, suggesting that the microenvironment induced by obesity did not select for
specific types of tumors. Interestingly, our data suggest that macrophages reduce ERa* cells
and epithelial stem/progenitor activity during this early stage of tumor formation in obesity.
This may be an effect of macrophage secreted cytokines, as conditioned media from
macrophages has been shown to reduce ERa expression in MCF-7 and T47D breast cancer
cell lines (41). In hyperplasias of obese mice, luminal epithelial cells were significantly
increased with a concurrent decrease in basal/myoepithelial cells. Depletion of macrophages
in obese mice further enhanced ERa* MECs, however, the resulting tumors that formed
were spindle cell carcinomas, a subtype with similarities to the claudin-low molecular
subtype in breast cancer patients (17). A recent study of tumorigenesis in the Trp53/
BRCA1~~ mouse model suggests that inadequate DNA damage repair is an underlying
mechanism for the acquisition of mesenchymal characteristics within luminal MECs (42).
During tumorigenesis in p53~/~ MECs, we observed a population of cells in hyperplasias of
both obese and control mice that expressed both luminal and basal markers. It is tempting to
speculate that progenitor cells for luminal lineages may contribute to the formation of
claudin-low tumors through a similar mechanism of inadequate DNA repair in p53~/~
MECs. Further studies are necessary using lineage-tracing approaches to understand how
different stem/progenitor populations may contribute to the histotypes observed during
p53~/~ tumorigenesis.

In obese individuals, a broad range of DNA lesions including double strand breaks, single
strand breaks, and oxidized DNA bases, such as 8-OHdG, have been observed in multiple
cell types (32). We observed evidence of increased single and double strand DNA breaks in
p53~/~ MECs isolated from obese mice. Oxidative stress, caused by intracellular and
extracellular overproduction of reactive oxygen species, leads to the formation of DNA
adducts and strand breaks that can result in mutations leading to cancer (43). Since TP53
mutations are increased in breast tumors of obese patients (15), it is possible that elevated
oxidative stress plays a role in this increased mutation rate. While macrophages produce
reactive oxygen species (44), macrophage depletion in obese mice led to significantly
enhanced DNA damage as measured through comet assays and expression of 8-OHdG and
YH2AX. These results suggest that macrophages reduce DNA damage in the context of
obesity. Since elevated free fatty acids enhance oxidative stress (45), macrophages could
indirectly reduce oxidative damage in the obese microenvironment by scavenging lipids
from necrotic adipocytes within crown-like structures (27). Macrophages may also have
more direct effects on DNA damage repair in epithelial cells. Recently, macrophages have
been shown to reduce the number of cells with double strand breaks by secreting HB-EGF to
enhance homologous recombination in surrounding DNA-damaged cells (46).
Understanding how macrophages reduce epithelial cell DNA damage in obesity is necessary
for developing therapeutics to target macrophages in obese patients.

Women diagnosed with benign breast disease, family history of breast cancer or underlying
genetic risk factors may be ideal candidates for chemoprevention strategies to reduce risk for
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breast cancer formation. Weight loss is clinically recommended for obese individuals
however, it is currently unknown how weight loss impacts the regression of preinvasive
breast lesions. Macrophages have recently become an attractive clinical target either through
modification of inflammation through use of NSAIDS or fish oil (47,48) or by decreasing
macrophages using a variety of targeting agents (13). Unfortunately, initial clinical studies
have demonstrated mixed results (13). Our work suggests that targeting macrophages
prophylactically may have negative consequences in obese patients. Macrophages,
particularly in the context of obesity, are a heterogenous population of cells. A recent study
utilizing single cell RNAseq has demonstrated that obese visceral fat contains 7 distinct
macrophage populations with potentially different functions and cytokine profiles (49). It is
possible that obese mammary adipose tissue will also demonstrate significant heterogeneity
in macrophage populations, given the presence of macrophages surrounding crown-like
structures within the adipose tissue as well as interacting with the epithelium. However,
further studies are necessary to determine how obesity impacts distinct macrophage
populations and their activities in other preclinical models of breast cancer subtypes. While
we observed increased tumor formation in p53~~ MECs treated during preneoplastic growth
in obese mice, depletion of macrophages in obese tumor-bearing mice resulted in abrogated
angiogenesis within tumors and diminished tumor growth (50). These results may suggest
that the timing of treatment to target macrophage during tumor growth may be a critical
consideration in obese patients. Development of new therapeutic strategies to reduce risk of
breast cancer in obese women may significantly improve clinical outcomes in this patient
population.
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SIGNIFICANCE

Understanding how obesity impacts early tumor growth and response to macrophage-
targeted therapies may improve therapeutics for obese breast cancer patients and identify
patient populations that would benefit from macrophage-targeted therapies.
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Figure 1.

Obesity increased incidence of p53~~ mammary tumors and enhanced tumor stroma. A.
p53~~ MEC recipients were fed LFD (n=12) or HFD (n=19) starting at 3 weeks of age
(*FP<0.05). B. Percent mammary tumor-free survival (P=0.04; Kaplan-Meier analysis). C.
H&E images and distribution of carcinoma histotypes (PC=Pleomorphic carcinoma,
AC=Adenocarcinoma, SC=Solid carcinoma, SCC=Spindle cell carcinoma, O=Other). D.
Percent Ki67* cells in p53~/~ carcinomas (n=7 LFD, n=25 HFD). E. Percent F4/80" cells in
SCC tumors (n=4 LFD, n=13 HFD). F. Percent area of picrosirius red stain in mammary
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tumors (n=7 LFD, n=19 HFD). Tissue sections were stained for picrosirius red, smooth
muscle actin (SMA) and DAPI. Magnification bar=50 um.
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Figure2.
Obesity enhanced ductal hyperplasia formation with increased macrophage infiltration. A.

Transplanted mice were fed LFD or HFD (n=20/group, *P< 0.05). B. Diameters of
mammary adipocytes at 8 weeks following transplant (n=5/group). C. Crown-like structures
(CLS) in mammary glands (n=5/group). D. H&E images of ducts in mammary glands 8
weeks following transplant (n=5/group). E. Hyperplastic ducts in mammary tissue of non-
tumor bearing p53~~ MEC recipients (n=12 LFD, n=14 HFD). F. Percent Ki67* cells in
hyperplastic ducts (n=5/group). G. Number of F4/80" macrophages surrounding mammary
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ducts (n=5/group). H. Gene expression from F4/80* macrophages isolated from mammary
glands (n=5/group). |. Picrosirius red stain surrounding mammary ducts (n=5/group).
Magnification bar=50 um.
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Figure 3.
Obesity increased p53~/~ MEC stem/progenitor activity 8 weeks following transplant. A.

Representative contour plots depict gates for luminal cells (EpCAMMCD49f/°) and basal
cells (EpCAMICD49fM). Luminal cells were also gated by expression of Sca-1 and CD49b
(n=9/group). B. Continuity of CK5" basal cells surrounding CK8* luminal cells (n=5/
group). C. MECs expressing both CK8 and CK5 (yellow). D. Percent ERa* MECs in
mammary ducts (n=5/group). E. Percent of MECs co-labeled for ERa and BrdU (n=5/
group). F. Isolated MECs were plated to form primary and secondary mammospheres (n=5-
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6/group). G. MEC colonies expressed CK8 and CK14 (n=5-6/group). Magnification bar=50
pm.
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Depletion of macrophages enhanced p53~/~ stem/progenitor cell activity in obesity. A.
Schematic of macrophage depletion experiment. B. Transplant recipients were fed LFD or
HFD starting at 3 weeks of age and treated with IgG or aF4/80 antibodies (n=8/LFD group
and n=9/HFD group). C. F4/80* macrophages surrounding mammary ducts (n=3/LFD
group, n=4/HFD group). D. Percentage of ducts containing interepithelial macrophages
(IEM) (n=3/LFD group, n=4/HFD group). E. Fold change of hyperplastic ducts (n=3/LFD
group, n=4/HFD group). F. MECs from recipients formed primary and secondary
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mammospheres (n=5/group). G. Percentage of ERa+ MECs (n=3/LFD group, n=4/HFD
group). H. Percent of MECs co-labeled for ERa and BrdU (n=3/LFD group, n=4/HFD
group). Magnification bar=50 pum.
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Figure5.

Macrophage depletion in obese mice led to increased p53~/~ MECs with DNA damage. A.
Representative comet assays from p53~/~ MECs. Percent DNA in tail and olive moment

were guantified from 50 cells/recipient (h=3/group; Kruskal-Wallis test with Dunn’s

multiple comparison post-test). Bars represent geometric means. B. Percent of BrdU* MECs

(n=3-4/group). C. Percent of MECs labeled for yH2AX and BrdU (n=3-4/ group). D.

Percent of MECs labeled for 8-OHdG (n=3-4/group). E. Tumor incidence and image of
p53~/~ spindle cell carcinomas that formed in aF4/80-treated HFD-fed mice (~=0.06, chi-

squared test for trend). Magnification bar=50 pm.
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