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Metabolically activated adipose tissue macrophages
link obesity to triple-negative breast cancer

Payal Tiwari»>@, Ariane Blank?@®, Chang Cui*?, Kelly Q. Schoenfelt?, Guolin Zhou?, Yanfei Xu3, Galina Khramtsova*@®, Funmi Olopade*®,
Ajay M. Shah®, Seema A. Khan*®, Marsha Rich Rosner?, and Lev Becker'>>®

Obesity is associated with increased incidence and severity of triple-negative breast cancer (TNBC); however, mechanisms
underlying this relationship are incompletely understood. Here, we show that obesity reprograms mammary adipose tissue
macrophages to a pro-inflammatory metabolically activated phenotype (MMe) that alters the niche to support tumor
formation. Unlike pro-inflammatory M1 macrophages that antagonize tumorigenesis, MMe macrophages are pro-tumorigenic
and represent the dominant macrophage phenotype in mammary adipose tissue of obese humans and mice. MMe macrophages
release IL-6 in an NADPH oxidase 2 (NOX2)-dependent manner, which signals through glycoprotein 130 (GP130) on TNBC
cells to promote stem-like properties including tumor formation. Deleting Nox2 in myeloid cells or depleting GP130 in TNBC
cells attenuates obesity-augmented TNBC stemness. Moreover, weight loss reverses the effects of obesity on MMe macrophage
inflammation and TNBC tumor formation. Our studies implicate MMe macrophage accumulation in mammary adipose tissue
as a mechanism for promoting TNBC stemness and tumorigenesis during obesity.

Introduction

Obesity is a major modifiable risk factor for breast cancer and is
responsible for ~20% of cancer deaths (Calle et al., 2003). In
addition to its role in breast cancer pathogenesis, obesity is
recognized as a marker of poor prognosis in pre- and postmen-
opausal women (Chan and Norat, 2015). Epidemiological studies
have linked obesity with increased risk of developing different
subtypes of breast cancer, including triple-negative breast can-
cer (TNBC; Vona-Davis et al., 2008; Trivers et al., 2009; Pierobon
and Frankenfeld, 2013), a particularly aggressive form of breast
cancer with poor outcome and few therapeutic options. Among
TNBC patients, progression- and disease-free survival are
strongly correlated with obesity (Choi et al., 2016). However,
mechanisms by which obesity leads to worsened TNBC prog-
nosis are incompletely understood.

One clue to its action is that obesity causes chronic inflam-
mation. Recent studies showed that obesity-induced neutrophil
accumulation in the lung promotes breast cancer metastasis
(Quail et al., 2017). In addition to inflammation at metastatic
sites, obesity also promotes local inflammation in adipose tissue
that is mediated by macrophage infiltration and activation
(Xu et al., 2003; Lumeng and Saltiel, 2011). Obesity-induced

inflammation in mammary adipose tissue (Howe et al., 2013;
Vaysse et al., 2017) may be of particular significance because
breast cancers form in this niche, and inflammation promotes
stem-like properties in cancer cells and an increased propen-
sity to form tumors (Grivennikov et al., 2010). Thus, pro-
inflammatory macrophage accumulation in mammary fat may
augment TNBC tumor formation during obesity.

Pro-inflammatory macrophages have often been associated
with a classically activated (M1) phenotype, which activates the
immune response and opposes tumorigenesis (Pyonteck et al.,
2013). In contrast, anti-inflammatory macrophages are consid-
ered to adopt an alternatively activated phenotype that attenu-
ates immunity and promotes tumorigenesis (Noy and Pollard,
2014). Earlier studies showed that obesity promotes an Ml-like
phenotype in adipose tissue macrophages (ATMs) in visceral fat
(Lumeng et al., 2007), which would be expected to oppose tumor
formation. However, more recent studies challenged this para-
digm (Xu et al., 2013; Kratz et al., 2014).

Studies from our group showed that obesity produces a pro-
inflammatory “metabolically activated” (MMe) ATM phenotype
that is both mechanistically and functionally distinct from the
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M1 phenotype (Kratz et al., 2014; Coats et al., 2017). The MMe
phenotype is driven by saturated fatty acids (e.g., palmitate)
released by insulin-resistant adipocytes during obesity. Al-
though we showed that MMe macrophages accumulate in vis-
ceral and subcutaneous adipose tissue of obese humans and
mice, their presence in mammary fat and their role in TNBC
tumorigenesis have not been explored.

Here, we show that MMe macrophages accumulate in
mammary fat of obese mice and humans. We demonstrate that
MMe macrophages secrete IL-6 in a nicotinamide adenine di-
nucleotide phosphate oxidase 2 (NOX2)-dependent manner that
signals through glycoprotein 130 (GP130) on murine and human
TNBC cells to promote stem-like properties and tumor forma-
tion during obesity. These findings reveal an important mech-
anism by which obesity enhances TNBC tumorigenesis.

Results

Diet-induced obesity (DIO) promotes TNBC stemness and
tumor formation

To determine if DIO promotes TNBC tumorigenesis, we first
studied genetically engineered C3(1)-TAg mice, which sponta-
neously develop TNBC-type tumors in multiple mammary
glands (Green et al., 2000). Female C3(1)-TAg mice on the FVB/N
background were fed a low-fat diet (LFD) or high-fat diet (HFD)
for 12 wk. Although FVB/N mice are somewhat protected from
DIO (Montgomery et al., 2013), HFD-fed mice had increased body
weight, fasting glucose, and mammary/visceral fat pad weight
compared with LFD-fed mice (Fig. 1, A-C).

As previously reported (Mustafi et al., 2017), DIO increased
the total tumor burden in C3(1)-TAg mice (Fig. 1 D), and this
increased burden was due, in part, to the presence of more tu-
mors in obese mice (Fig. 1 E), suggesting that DIO may promote
tumor initiation in a genetically engineered mouse model
of TNBC.

The tumor-initiating capacity of cancer cells has been linked
to their stem-like properties (Nguyen et al., 2012). We therefore
quantified the expression of stem-associated markers in cancer
cells isolated from lean and obese C3(1)-TAg mice. We found that
DIO increased the expression of Sox2, Oct4, and Nanog (Klonisch
et al., 2008) and cell surface CD90 levels (Lu et al., 2014) in
cancer cells (Fig. 1, F and G; and Fig. S1), suggesting that obe-
sity may create an environment that enhances stemness in
TNBC cells.

To test this possibility, we switched to a syngeneic orthotopic
transplant model in obesity-prone C57BL/6 mice. This model
allowed us to establish an obese environment, and then deter-
mine whether this preexisting environment is more capable of
supporting the tumor-initiating potential of TNBC cells, a key
function ascribed to cancer stem cells.

We fed female C57BL/6 mice an LFD or HFD for 12 wk to
induce obesity, hyperglycemia, and mammary and visceral fat
expansion (Fig. 1, H-K). At this time, murine E0771 or Py8119
TNBC cells were injected at limiting dilutions into mammary fat
pads of lean or obese mice, diets were continued, and their
tumor-initiating potential was assessed using a limiting dilution
assay. We found that DIO decreased the number of E0771 or
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Py8119 cells required to form tumors (Fig. 1 L) as well as tumor
latency (Fig. S2), reinforcing the notion that obesity promotes
TNBC tumor formation.

The ability of DIO to promote the tumor-initiating potential
of TNBC cells could be due to high nutrient levels that support
tumor growth, or due to some other change induced by chronic
high-fat feeding. To differentiate between these possibilities, we
fed female C57BL/6 mice an LFD or HFD for 4 d to create con-
ditions of nutrient excess without changes in body weight,
fasting glucose, or mammary/visceral adipose tissue mass (Fig. 1,
H and M-0). At this time, we injected E0771 or Py8119 cells into
mammary fat, continued diet feeding, and quantified tumor
incidence over a 7-wk period.

Short-term preexposure to HFD did not support increased
EO0771 or Py8119 tumor formation (Fig. 1 L), even though mice
were maintained on the HFD for 7 wk following tumor cell in-
jection. These data suggest that the induction of TNBC tumor-
initiating potential requires a state of preexisting obesity and is
not simply reliant on nutrient excess.

Obese mammary ATMs (mATMs) induce stem-like properties
in TNBC cells

Obesity has been characterized as a chronic inflammatory state
(Lumeng and Saltiel, 2011), and pro-inflammatory cytokines
have been shown to enhance the tumor-initiating potential of
many types of cancer cells (Nguyen et al., 2012). ATMs are an
important source of cytokines during obesity, and they are in
close proximity to early ductal carcinoma in situ (DCIS) in obese
C3(1)-TAg mice (Fig. 1 P). Moreover, resident ATMs in mam-
mary fat have been implicated in supporting the development of
stem cells and cancer stem cells (Gyorki et al., 2009; Chakrabarti
et al,, 2018). We therefore hypothesized that an increase in pro-
inflammatory ATMs in mammary fat might help to explain how
DIO promotes TNBC tumor formation.

To begin to test this hypothesis, we determined whether DIO
could increase the number of mammary fat ATMs and/or their
pro-inflammatory cytokine expression in female C57BL/6 mice
fed the HFD for 12 wk. Although DIO substantially increased
mammary adipose tissue mass, the percentage of CD45* immune
cells, ATMs (defined as CDI11b*F4/807), and CD4* and CD8*
T cells in the stromal vascular cells (SVCs) were not increased
(Fig. 2 A and Fig. S1).

To examine the inflammatory status of mATMs, we purified
them from lean and obese mice (Fig. 2 B) and measured the
expression of Tnfa, Illb, and II6, inflammatory cytokines com-
monly found to be elevated in ATMs during obesity (Xu et al.,
2003; Lumeng et al., 2007; Kratz et al., 2014). We found that
mATMs from obese mice had elevated pro-inflammatory cyto-
kine expression in comparison to those from lean mice (Fig. 2 C).
Thus, although DIO did not induce mATM accumulation in mice,
it did increase ATM inflammation in mammary fat; the latter
observation is similar to what has been widely reported in vis-
ceral fat depots (Xu et al., 2003; Lumeng et al., 2007; Kratz et al.,
2014).

Next, we determined whether obese mATMs support stem-
like properties in TNBC cells. To explore this, we collected
conditioned media from an equal number of mATMs from lean
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Figure 1. DIO promotes TNBC cell tumor formation. (A-G) Female C3(1)-TAg mice were fed a LFD or HFD for 12 wk. (A) Body weight, n = 10/group.
(B) Fasting glucose levels, n = 10/group. (C) Mammary and visceral adipose tissue weight, n = 10/group. (D) Total tumor weight in all mammary tumors, n = 10/
group. (E) Number of mammary tumors/mouse, n = 10/group. (F and G) Cancer cells were isolated from tumors and assessed for stem cell marker gene
expression by qRT-PCR (F) and CD90 levels by flow cytometry, n = 5/group (G). (H) Female C57BL/6 mice were fed a LFD or HFD for 12 wk to create preexisting
obesity or 4 d to create nutrient excess. Mice were injected with varying TNBC cells into the no. 4 mammary fat pad, diets were continued for 9 wk, and tumor
incidence was recorded. (I-K and M-0) Body weights, n = 15/group (I and M), fasting glucose levels, n = 8/group (J and N), and mammary/visceral adipose
tissue mass, n = 8/group (K and O), were all measured before TNBC cell injection. (L) Limiting dilution assay of EO771 or Py8199 cells injected into the no. 4
mammary fat pad of mice, n = 5-10/group. Statistical significance for tumor initiation was assessed by ELDA software. (P) 6-wk-old C3(1)-TAg mice were fed a
HFD for 6 wk. Mammary fat was stained with anti-F4/80 (macrophage marker, brown) and counterstained with hematoxylin (blue) to visualize DCIS (arrow).

Bar, 100 um. Results are mean + SEM. ¥, P < 0.05; Student’s t test.

and obese mice and determined whether this media could (1)
induce the expression of stem cell-associated markers in TNBC
cells and (2) promote TNBC cell tumorsphere formation, a
functional assay associated with cancer stem cells (Lee et al.,
2016).

Whereas treatment with conditioned media from lean
mATMs had no effect on stem cell marker expression in E0771
cells, conditioned media from obese mATMs increased the
percentage of CD90*CD24* cells, and the expression of Sox2,
Oct4, and a wide range of stem cell-associated genes including
Nrsf5, Sox10, Aldhlal, Abcgl, Snail, Foxd3, Aldh2, Lin28, Thyl, and
Seméa (Celid-Terrassa et al., 2017; Fig. 2, D and E; and Fig. S1).
Obese mATM media also induced tumorsphere formation of
E0771 and M6C cells (derived from C3(1)-TAg mice), and this
effect was maintained in serially passaged tumorspheres in
the absence of continued exposure to ATM media (Fig. 2, F and
G; and Fig. S3). In contrast, lean mATM media could not in-
duce tumorsphere formation (Fig. 2 F). Moreover, pretreating
E0771 cells with obese mATM media increased their tumor-
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initiating potential in vivo (Fig. 2 H). Together, these findings
suggest that obesity reprograms mATMs to promote stem-like
properties in TNBC cells, consistent with a pro-tumorigenic
phenotype.

Obese mATMs adopt an MMe phenotype

Next, we explored the nature of the pro-inflammatory mATM
phenotype in obese mice. Although we previously showed that
MMe macrophages are present in visceral and subcutaneous
adipose tissue depots in obese humans and mice (Kratz et al.,
2014), their presence in mammary adipose tissue has not been
investigated. This is important because obesity can elicit sub-
stantially diverse effects on different adipose tissue depots
(Wang et al., 2013).

We used two approaches to determine whether obesity
induced an MMe-like phenotype in mATMs. First, we com-
pared mATMs from lean and obese female C57BL/6 mice for
the expression of markers diagnostic of the M1 (Cd40, Cd38)
and MMe (Cd36, Plin2) phenotypes (Kratz et al., 2014). We

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181616

920z Areniged 60 uo 3senb Aq 4pd'9191810Z Wal/615192L/S¥E1/9/91.Z/4pd-8lonie/wal/Bio sseidni//:dny woy papeojumoq

1347


https://doi.org/10.1084/jem.20181616

i - e
A80 (] C3 5 [JrFD D%.‘G
I HFD 10°y @ M HFD = %
$ 8
o 601 o ) R -
2 g1 1 s 2 E 4
£ 404 < 98.1% r % o
U] L 10% £ +
E g 1] N 2
s 20 04 L4 £ 8
33 ° +
10 ol & ]
0 10° 0 10°  10° 10° oll L : . 8 o-
CD45+ ATMs CD4+ CD8+ CD11b 16 111b Tnfa LFD HFD
mATM mATM
= 641 ; E I
m [ ctrl media 0771 cells *
o 327 [C]LFD mATM media
E 164 Il HFD MATM media *
S s
Z 8
*
E 4 * * b
2 x ® *
= 24 I ” 5% " * . * *
R
2 sl ol i ol ol 8 ond onll ol ool ol olll of
0.5 T T T T T T T T T T T T T
Sox2 Oct4 Nanog Nrsf5 Sox10  Aldh1a1  Abcg1 Snait Foxd3 Aldh2 Lin28 Thy1 Semé6a
F EQ771 cells M6C cells G E0771 cells > Seria! H Treat E0771 cells with control
200~ 150- 100- 100 9eneration or HFD mATM media for 48h
E x ol E sof T 80 7 i
g 150+ 3 Inject cells into lean C57BL/6 mice
o 100 o
g . g 60q 60- l
< 100 P _. Tumor Incidence . _
3 & 404 40
° 50 s —
g so- g Cells injected | Ctrl | mATM
5 5 20 204
[= - 200,000 2/10 7110
0- 0- 0- 0- 100,000 0/6 116
Ctl  LFD HFD Ctl LFD HFD Ctrl  HFD Ctrl  HFD
media mATM mATM media mMATM mATM media mATM media mATM

Figure 2. Obese mATMs promote stem-like properties in TNBC cells. Female C57BL/6 mice were fed a LFD or HFD for 12 wk. (A) Immune cell composition
in the SVCs from mammary adipose tissue was assessed by flow cytometry: ATMs (F4/80*CD11b*), T cells (CD3*CD4* or CD3*CD8*), n = 4/group. (B) Purity of
mATMs isolated from mice. (C) Pro-inflammatory cytokine expression in mATMs, n = 4/group. (D-H) TNBC cells were treated with control media (Ctrl) or
media conditioned by mATMs from lean (LFD mATM) or obese (HFD mATM) mice, n = 3/group. (D) CD90/CD24 levels in E0771 cells, n = 3/group. (E) Stem cell
marker expression in E0771 cells, n = 3/group. (F) Tumorsphere formation in E0771 and M6C cells, n = 4/group. (G) Left: Tumorsphere formation in E0771 cells
treated with HFD mATM media. Right: E0771 cells were isolated and assessed for serially generated tumorsphere formation in the absence of HFD mATM
media, n = 3/group. (H) Tumor incidence following injection of E0771 cells into the no. 4 mammary fat pad of lean C57BL/6 mice, n = 6-10/group. Ctrl, control.

Results are mean + SEM. *, P < 0.05; Student’s t test.

found that obesity induced the expression of MMe markers,
but not M1 markers, in mATMs (Fig. 3 A). These findings
suggest that the milder DIO that develops in female mice
(Dorfman et al., 2017) is sufficient to support an MMe phe-
notype in ATMs, and that MMe, rather than M1, is the domi-
nant pro-inflammatory macrophage phenotype in mammary
adipose tissue of obese mice.

Second, we determined whether in vitro-derived, palmitate-
treated MMe macrophages could mimic the stem cell-promoting
properties of obese mATMs. Conditioned media from MMe
macrophages induced the expression of Oct4 and Nanog and the
percent CD90*CD24* E0771 cells (Figs. S1 and S4). MMe media
also promoted tumorsphere formation in E0771 and MéC cells
(Fig. 3 C and Fig. S3) and tumor-initiating potential of E0771 cells
in vivo (Fig. 3 D).

Together, these findings show that obese mATMs express
markers of MMe rather than M1 macrophages, and that
in vitro-derived MMe macrophages mimic their effects on
TNBC stem-like properties.

Tiwari et al.
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MMe mATMs contribute to the enhanced TNBC tumor
formation in obese mice

To determine whether MMe ATMs contribute to TNBC tumor-
igenesis during obesity, we took advantage of our previous
work, which showed that NOX2 is required for the induction of
pro-inflammatory cytokines in MMe macrophages, but not M1
macrophages (Coats et al., 2017).

We first determined whether deleting NOX2 (Cybb~/-) in
in vitro-derived MMe macrophages could diminish their ability
to promote TNBC stem-like properties. As previously described,
deleting Nox2 lowered inflammatory cytokine expression in
MMe macrophages (Fig. 3 E). Moreover, deleting Nox2 in MMe
macrophages attenuated their ability to induce stem cell-
associated marker expression and tumorsphere formation in
E0771 cells in vitro (Figs. 3, F and G; and Fig. S3). Thus, the pro-
inflammatory and stem cell-promoting properties of in vitro-
derived MMe macrophages are dependent on Nox2.

Next, we determined whether Nox2 is required in vivo. We
fed myeloid cell-specific Nox2-deficient mice (mNox2~/~) and
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Figure 3. Obese mATMs adopt a MMe phenotype. (A) M1 and MMe marker expression in mATMs from lean and obese C57BL/6 mice, n = 4/group.
(B-D) BMDMs (M0) were MMe in vitro. Effect of MMe macrophage media on E0771 stem cell marker expression, n = 3/group (B), E0771 and M6C cell
tumorsphere formation, n = 3/group (C), and tumor incidence following injection of E0771 cells into the no. 4 mammary fat pad, n = 7-8/group (D). Ctrl,
control. (E-G) WT and Nox2~/~ BMDMs were MMe in vitro. (E) Cytokine expression in MMe macrophages, n = 3/group. (F and G) Effect of MMe macrophage
media on E0771 stem cell marker expression, n = 3/group (F), EO771 and M6C cell primary tumorsphere formation, and serially generated E0771 cell tu-
morsphere formation, n = 3/group (G). Results are mean + SEM. *, P < 0.05; Student’s t test. Statistical significance for tumor initiation was assessed by

ELDA software.

littermate controls (WT) a HFD for 12 wk. As previously de-
scribed in male mNox2~/~ mice (Coats et al., 2017), female
mNox2~/~ mice fed a HFD gained more body weight and adipose
tissue mass than WT mice (Fig. 4, A and B). However, fasting
glucose and insulin levels were unaffected (Fig. 4, C and D).
Mammary and visceral adipose tissue health and liver fat ac-
cumulation were also unaffected (Fig. S3), which is important
because, in males, mNox2™/~ mice develop late-onset visceral
lipoatrophy and hepatosteatosis after 16 wk of HFD (Coats et al.,
2017).

Although the percentage of mATMs was elevated in mNox2~/~
mice (Fig. 4 E), analysis of these ATMs revealed attenuated ex-
pression of all MMe markers tested, including Tnfa, Il6, Ilib,
Cd36, and Plin2 (Fig. 4 F). Thus, female mNox2~/~ mice afford an
opportunity to study the role of MMe macrophages in TNBC
tumor formation during DIO in the absence of substantive
changes to the obesity phenotype.

Two lines of evidence based on deleting Nox2 in myeloid cells
implicated MMe macrophages in promoting TNBC tumor for-
mation. First, deleting Nox2 from mATMs decreased their ability
to promote stem cell marker expression and tumorsphere for-
mation in E0771 cells (Fig. 4, G and H). Second, deleting Nox2
from myeloid cells decreased tumor incidence in obese mice
injected with EQ771 or Py8119 cells (Fig. 4 I). This decreased
tumor incidence was not absolute, which may be explained by
(1) the slight increases in body weight, mammary fat mass, and
mATM number in mNox2~/~ mice and (2) the inability of Nox2
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deletion to completely block the induction of stem-like proper-
ties in TNBC cells.

MMe macrophages secrete IL-6, which promotes TNBC
stemness through GP130 signaling

Previous studies showed that pro-inflammatory cytokines bind
GP130 to induce STAT3 phosphorylation which, in turn, pro-
motes the stem-like properties of many types of cancer cells
(Korkaya et al., 2011). One well-studied GP130 ligand is IL-6,
whose expression is elevated in MMe mATMs from obese mice
(see Fig. 3 C). Because IL-11, oncostatin M (OSM), leukemia in-
hibitor factor (LIF), ciliary neurotrophic factor (CNTF), and CTF1
can also signal through GP130 (Silver and Hunter, 2010), we
examined their regulation in mATMs, and found that obesity
increased their transcript expression (Fig. 5 A). Moreover,
treating EO771 or M6C cells with obese mATM-conditioned
media induced STAT3 phosphorylation (Fig. 5, B and C), a key
effector of GP130 signaling.

To further test this, we isolated mATMs from WT and
mNox2~/~ mice, a perturbation that attenuates both the MMe
phenotype of mATMs and the ability of obesity to promote tu-
mor formation. We found that mNox2/~ mATMs had decreased
GP130 ligand expression (Fig. 5 A) and diminished capability to
induce STAT3 phosphorylation in E0771 cells (Fig. 5 C). In
vitro-derived MMe macrophages similarly up-regulated the
expression of all GP130 ligands tested, and their media also in-
duced STAT3 phosphorylation in E0771 and MéC cells in a
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Figure 4. MMe ATMs contribute to the enhanced TNBC cell tumor formation during obesity. Control Nox2f/fl mice (WT) and myeloid cell-specific LysM-
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8/group. (B) Mammary and visceral adipose tissue weight, n = 8/group. (C and

D) Fasting glucose and insulin levels, n = 8/group. (E) Percentage of ATMs (CD11b*F4/80%) in mammary adipose tissue, n = 3/group. (F) MMe marker ex-
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GP130-dependent manner (Fig. S4), suggesting that this path-
way may be used by MMe macrophages to promote stem-like
properties in TNBC cells.

Next, we determined if one of the GP130 ligands was most
important for driving TNBC stemness. We treated obese mATM
media with inactivating antibodies against IL-6, IL-11, OSM, LIF,
or CTFl, alone or in combination, and monitored effects on
STAT3 phosphorylation in E0771 cells. Results showed that the
IL-6 neutralizing antibody was the only antibody that attenuated
STATS3 phosphorylation (Fig. 5 D). Moreover, purified IL-6 was
sufficient to induce tumorsphere formation in EQ771 cells (Fig. 5
E). Finally, IL-6 protein levels were elevated twofold in obese
relative to lean mATM media (Fig. 5 F). These findings suggest
that MMe macrophage-derived IL-6 plays a prominent role in
driving TNBC cell stemness. However, we cannot rule out a
contribution from other factors, since IL-6 neutralization did not
completely abrogate the MMe macrophage-induced stem cell
phenotype.

We then determined whether GP130 is required for obese
mATMs to promote stem-like properties in TNBC cells. To test
this, we used shRNA to knock down GP130 levels in E0771 cells,
confirmed knockdown using several clones (Fig. 5 G), and
studied effects of obese mATMs on TNBC cells. We found that
knocking down GP130 attenuated the ability of obese mATM
media to induce STAT3 phosphorylation and increase stem cell
marker expression in E0771 cells (Fig. 5, H and I).

We further explored whether GP130 signaling was required
for DIO to promote the tumor-initiation potential of TNBC cells
in vivo by injecting short hairpin (sh)-control or sh-Gp130 E0771
cells into obese female mice and monitoring tumor incidence.
Gp130 knockdown in E0771 cells attenuated the ability of obesity
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to promote tumor formation in vivo (Fig. 5 J), and this decrease
was comparable to the effect observed in obese mNox2~/~ mice
(see Fig. 4 T).

Weight loss reduces MMe macrophage inflammation and
TNBC tumor formation in mammary fat

Our findings suggest that DIO increases MMe macrophages in
mammary fat, which overexpress IL-6 that signals through
GP130 to promote TNBC tumor formation. Given the relevance
of weight loss as a noninvasive therapeutic strategy for patients,
we investigated whether weight loss could reverse this pathway
in obese mice. To test this, we fed female C57BL/6 mice the HFD
for 3 mo, and then switched them to the LFD for 5 wk to induce
weight loss (Fig. 6 A). As a control, we fed mice the LFD for the
entire duration. As expected, switching to the LFD reduced body
weight to a stable level, normalized fasting glucose, and lowered
mammary and visceral fat mass (Fig. 6, A-D).

Analyses of mATMs from the mice showed that weight loss
completely reversed their expression of IL-6 as well as other
GP130 ligands and inflammatory cytokines (Fig. 6 E). However,
Cd36 and Plin2 levels remained elevated in mATMs (Fig. 6 E),
perhaps due to the excess free fatty acid (FFA) released by adi-
pocytes during weight loss. Indeed, our previous studies showed
that excessive FFAs leads to lipid accumulation in MMe mac-
rophages, which attenuates TLR2-dependent inflammatory cy-
tokine expression and induces lipid metabolism genes (e.g., Cd36
and Plin2) through PPARy and P62 activation (Kratz et al., 2014).
Importantly, we found that weight loss eliminated the increased
tumor-forming capability of E0771 cells during obesity (Fig. 6 F).
Together, these data suggest that weight loss can reverse MMe
macrophage inflammation and TNBC tumor formation in

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181616

920z Areniged 60 uo 3senb Aq 4pd'9191810Z Wal/615192L/S¥E1/9/91.Z/4pd-8lonie/wal/Bio sseidni//:dny woy papeojumoq

1350


https://doi.org/10.1084/jem.20181616

49 1.5 mATM media mATM media
LFD el mediay MmAITM media
A E HFD L1 wt Il mox2-- B Cii _HFD__LFD C cl_ wt_ mNox2-
% * % 1212312 3KkD 123123123kD
3 pSTAT3 [ = les [ ==—=== 86
< Tubulin [F=——— === T e —
Z c 4 E07T1 % g MeC *
[S E cells g cells
d>} - =]
& 5 2 5 4
3 < <
& = =
(2] (72}
i 2 0 2 0
16 1111 Osm Lif Cntf  Ctf1 16 1111 Osm Lif Cntf Ctf1 Ctrl HFD LFD Ctrl  wt mNox2-/-
HED mATM medi E0771 cells EO0771 cells
D mczélia Ctrl allé  all11 m(xLIF mi(;aSM aCTF1 Mix E 80 * F 600 G ]
123123123123 123123123123kD = GPfQSﬁiESEGEYﬁZQ
g — -
pSTAT3| TEe---ceewiierese el ‘86 3 60 E .
: B 400 - Tubulin — 50
Tubulinl YTy 1 T e | _.|5o 5 =) 3. _
O 40 2
£ E0771 cell & s £
F celes g 8 200 £,
E g 20 © 2
® 40 =) = E
E * * S 1
; Ol m - o
=0 T T l I I I ! ctl IL6 LFD HFD
Ctrl  Ctrl  «alL6 olL11 oLIF cOSM oCTF1 Mix mmia 0
media HFD mATM media VC E3 E5 E6 E7
H I EO0771 cells J )
sh: _VC VC Gp130 VC Gp130 . Sox2 Oct4 Nanog 'Eﬂ(J)e7°7t15h-ﬁtﬂ(§g Z%—()Gpﬁg
i cells (25, cells
media: Ctrl mATMHFD mATMLFD kb " [ ctri media ! ! *
PSTAT3 e o 86 ©  |[CJLFDmATM media! !
Tubulin 50 o 3{EHFDmATM media: Inject cells into C57BL/6 mice
< ! |
£ 5- E0771 cells 2 : :
3 41 [ “1 1 : _Tumor Incidence _
£ 31 ® : !
3 5 2 ' ) il S
% 5™ | | Diet h-vC | sh-Gp130
- —_— 1 1 e sSh- -
2 101 & : Hﬂ : ﬂ Srep
sh: VC VC Gp130 VC Gp130 o- ' : LFD 1 orr
media: Ctil MATMHFD mATMLFD sh: VC Gp130 VC Gpf30 VC Gp130 HFD L 3

Figure 5. MMe macrophage-derived IL-6 signals through GP130 to drive TNBC cell stemness. (A) GP130 ligand expression in mATMs isolated from lean
and obese C57BL/6 mice (left) or obese WT and obese mNox2~/~ mice (right), n = 4/group. (B and C) STAT3 phosphorylation in E0771 cells exposed to mATM
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(E7) E0771 cells into mammary fat of lean or obese C57BL/6 mice, n = 7/group. Ctrl, control. Results are mean + SEM. *

mammary fat, even though body weight and mammary and
visceral fat mass remained significantly elevated relative to
lean mice.

Human MMe macrophages are present in mammary adipose
tissue of obese women
Having shown that MMe macrophages are an important
mechanism by which obesity promotes TNBC tumor initiation in
mice, we investigated whether this mechanism may also be
operative in humans. Three approaches were used to test this
possibility.

First, we investigated whether MMe macrophages were
increased in mammary adipose tissue of obese women (body
mass index [BMI] >30 kg/m?) in comparison to nonobese
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). (J) Tumor incidence followmg injection of sh-VC or sh-Gp130
, P < 0.05; Student’s t test.

women (BMI <30 kg/m?) undergoing mammary reductions. To
this end, we isolated the SVCs from mammary adipose tissue
and studied ATMs (defined as CD45*CD11b*CD14*) by flow
cytometry.

The number of ATMs (defined as CD45*CD11b*CD14") in the
SVC from mammary fat was significantly elevated in obese
women relative to nonobese women (Fig. 7 A and Fig. S1). To
explore the activation status of mATMs, we stained them with
antibodies against M1 markers (CD319 and CD38) and MMe
macrophages (ABCAL and CD36). These analyses showed that
MMe ATMs, and not M1 ATMs, accumulate in mammary adi-
pose tissue during obesity (Fig. 7 A). Indeed, the percentage of
mATMs expressing MMe markers was significantly and posi-
tively correlated with BMI (P < 0.001, R?> = 0.67), while the
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percentage of M1 ATMs was not correlated (P = 0.14, R? = 0.14;
Fig. 7 B).

Interestingly, the expression levels of MMe markers on
mATMs were not different in lean and obese subjects (Fig. S1).
Instead, we observed an increase in the number of MMe mac-
rophages in the SVC of obese mammary fat. These data are in
contrast to what we observed in mammary adipose tissue in
mice, where obesity induced MMe marker expression in ATMs
without altering their number (see Fig. 2). Although the mech-
anisms are different between mice and humans, the common
endpoint is an increased presence of MMe macrophages in
mammary adipose tissue during obesity.

Second, we determined whether human mATMs could signal
through GP130 to promote human TNBC cell stem-like proper-
ties. Because we were unable to isolate enough ATMs from
mammary adipose tissue of lean subjects, and the number of
purified mATMs from obese subjects (Fig. 7 C) was limiting, we
could only test this hypothesis using a limited number of assays.
We found that mATM-conditioned media, collected from three
obese women, induced STAT3 phosphorylation and stem cell
marker expression in SUM159 cells (Fig. 7, E and F), a human
TNBC cell line (Neve et al., 2006). Importantly, both of these
effects were diminished when GP130 was knocked down in
SUMI159 cells by shRNA (Fig. 7, D-F).

To provide additional evidence that human MMe macro-
phages can support GP130-mediated stemness in TNBC cells, we
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isolated human monocyte-derived macrophages (MO) and ex-
posed them to MMe-polarizing stimuli in vitro. In vitro-derived
human MMe macrophages overexpressed all GP130 ligands
tested, including IL6, OSM, CNTF, CTFl, and LIF (Fig. 7 G).
Moreover, human MMe macrophage media induced STAT3
phosphorylation, stem cell marker expression, and tumorsphere
growth of SUM159 cells, and all of these effects were attenuated
by GP130 knockdown (Fig. 7, H-J).

Third, we determined whether obesity was associated
with increased nuclear pSTAT3 in breast cancer patients with
DCIS, a noninvasive stage that is representative of the tumor
initiation step studied in our preclinical mouse models. Tis-
sue microarrays (TMAs) were obtained from lean (BMI
<25 kg/m?, n = 8), overweight (BMI 25-30 kg/m?, n = 9), and
obese (BMI >30 kg/m?, n = 9) patients. TMA sections were
stained with an anti-pSTAT3 antibody, and nuclear localiza-
tion and intensity were quantified according to the Allred
score (Allred et al., 1998). Results were consistent with in-
creased STAT3 phosphorylation in the tumors of both over-
weight and obese patients relative to lean patients (Fig. 7 K
and Fig. S3).

Collectively, these findings suggest that during obesity, MMe
macrophages accumulate in mammary adipose tissue, and that
human MMe macrophages, like their mouse counterparts, can
promote stem-like properties in TNBC cells through GP130
signaling.
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Figure 7. MMe macrophages are present in mammary fat of obese women and promote stem-like properties in TNBC cells. (A) SVCs were isolated
from mammary fat, and the percentages of ATMs, MMe ATMs, and M1 ATMs were quantified by flow cytometry, n = 5-12/group. (B) Linear regression analysis
of percentages of MMe and M1 ATMs in mammary fat with BMI. (C) Purification of mATMs from obese women. (D) Human SUM159PT cells were treated with
control shRNA (VC) or GP130 shRNA (E1-E5), and GP130 knockdown was confirmed by Western blotting. (E and F) Effect of GP130 knockdown (E2) on the
ability of obese mATM media, from three independent donors, to induce STAT3 phosphorylation (E) and stem cell marker expression (F) in SUM159PT cells.
(G) GP130 ligand expression in unstimulated (M0) and MMe human monocyte-derived macrophages, n = 3/group. (H-J) Effect of GP130 knockdown (E2) on the
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percentage of nuclear pSTAT3-positive cells were quantified according to the Allred score. Bar, 100 pm. Ctrl, control; nd, not detected. Results are mean + SEM.
*, P < 0.05; Student’s t test.

Discussion Three lines of evidence support the idea that MMe mATMs

Our findings support a model wherein DIO induces an MMe
phenotype in mATMs, which overexpress cytokines that signal
through GP130 to induce stem-like properties in TNBC cells.
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promote TNBC tumor formation during obesity. First, we show
that MMe is the predominant ATM phenotype in mammary
adipose tissue of obese humans and mice. Second, we
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demonstrate that in vitro-derived murine and human MMe
macrophages mimic the effects of obese mATMs on stem-like
properties of TNBC cells, both in terms of mechanism and
function. Third, we show that ablating Nox2, a gene required for
MMe macrophage polarization, attenuated the ability of obese
mATMs to promote TNBC stemness in vitro, and the ability of
obesity to promote TNBC tumor formation in vivo. The impor-
tance of this mechanism is underscored by our demonstration
that it is used by in vitro- and in vivo-derived MMe macro-
phages to induce stem-like properties in multiple TNBC cell lines
of murine and human origin.

These findings, together with our previous work (Kratz et al.,
2014), suggest that the MMe phenotype may be broadly appli-
cable to ATMs in multiple adipose tissue depots during obesity
in humans and mice, and that these cells perform a wide array of
functions that impact the metabolic phenotype and its associated
comorbidities. We previously showed that MMe-like ATMs in
visceral fat overexpress inflammatory cytokines to exacerbate
insulin resistance during early obesity, but also protect against
insulin resistance in prolonged obesity by clearing dead adipo-
cytes through a lysosomal exocytosis pathway (Coats et al.,
2017). Our new findings suggest that MMe-like ATMs in mam-
mary fat overexpress GP130 ligands that promote TNBC stem-
like properties, and it is possible that a similar MMe macrophage
mechanism may promote estrogen receptor-positive (ER)
breast cancer and other obesity-associated cancers arising in
adipose tissue-rich environments (e.g., ovarian, colon, and
brain). However, deciphering the contribution of MMe macro-
phages in ER* breast cancer may be challenging because obesity
is also known to promote ER* breast cancer by increasing local
production of estrogen in adipose tissue (Subbaramaiah et al.,
2011).

Cancer cells with stem-like properties are known to promote
tumor initiation and metastasis (Grivennikov et al., 2010). These
stem-like properties may be activated by mutation of key genes
or epigenetic regulators in cancer cells, or by signals from the
tumor microenvironment (Karnoub et al., 2007; Liu et al., 2011).
Inflammatory cytokines (such as IL-6) arising from tumor cells
or an altered tumor microenvironment can signal through
GP130 to induce JAK/STAT signaling and drive cancer cell
stemness (Korkaya et al., 2011; Lu et al., 2014). Constitutively
activated STAT3 has been implicated in the initiation of many
types of cancer, including breast cancer (Ling and Arlinghaus,
2005), as well as the promotion of invasion, migration, epithe-
lial-to-mesenchymal transition, and cancer stem cell self-
renewal and differentiation (Korkaya et al., 2011; Yuan et al.,
2015). Indeed, we show that pSTAT3 levels are elevated in
overweight and obese breast cancer patients with early DCIS.
However, we could not correlate this increase with MMe mac-
rophage levels or location in adipose tissue because MMe
markers (PLIN2, ABCAL, and CD36) are also highly expressed by
adipocytes, highlighting the need for deeper proteomics studies
to identify more selective MMe markers in the future. Our
findings suggest that the chronic metabolic activation of ATMs
in mammary fat promotes TNBC tumor formation through this
mechanism and could contribute to metastatic progression
as well.
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Importantly, disabling this MMe-GP130-stemness pathway
(by deleting Nox2 in macrophages or attenuating GpI30 in TNBC
cells) did not completely block increased tumor formation dur-
ing obesity. It is therefore likely that additional DIO-induced
factors can contribute to this phenotype. For example, leptin,
an adipocyte-derived hormone that is increased during obesity,
has been shown to promote cancer cell stemness in breast cancer
(Chang et al., 2015). FFAs can also promote stem-like properties
in cancer cells (Ye et al., 2016), and the increased adipose tissue
mass and adipocyte insulin resistance would increase FFA levels
in mammary adipose tissue during obesity. These increased FFA
levels would also stimulate MMe polarization in mATMs, which
our findings suggest substantially contributes to TNBC cell
stemness during obesity.

More generally, our findings reinforce the idea that tumori-
genesis is regulated both by intrinsic properties of cancer cells
(i.e., genetic alterations) and by the tissue-specific niche in
which the tumor develops (Polyak et al., 2009). From this per-
spective, obesity may be conceptualized as a pathological state
that facilitates tumorigenesis by creating tumor permissive
conditions in multiple tissues. For example, our studies dem-
onstrated that obesity-induced ATM inflammation in mammary
fat promotes TNBC tumor formation, while previous studies
showed that obesity-induced neutropenia in the airway facili-
tates TNBC tumor metastasis (Quail et al., 2017). Although the
specific mechanisms underlying these observations are distinct,
they can be integrated through obesity’s ability to induce
chronic inflammation. Notably, our studies combined with
previous work (Quail et al., 2017) suggest that this chronic in-
flammation and its effects on tumorigenesis may be reversed by
caloric restriction, highlighting the potential therapeutic value
of weight loss intervention.

Chronic inflammation, from a multitude of underlying
sources, is known to promote cancer cell stemness and in-
crease the risk of many types of cancers (Multhoff et al., 2012).
For example, epidemiological studies have linked ulcerative
colitis, hepatitis C, and chronic pancreatitis to the develop-
ment of cancers of the colon, liver, and pancreas. Similarly,
obesity has been shown to induce inflammation in mammary
adipose tissue (Howe et al., 2013; Vaysse et al., 2017), and our
results show that MMe macrophages are a key source of this
inflammation.

The mechanism by which MMe macrophages induce stem-
like phenotypes in tumor cells reveals a number of potential
therapeutic approaches to counteract the effects of obesity.
NOX2 inhibitors such as gp91sd-tat (Smith et al., 2015) may be
an attractive approach for attenuating MMe macrophage in-
flammation in obesity-driven TNBC. GP130 inhibitors such as
bazedoxifene (Xu and Neamati, 2013) may also be useful for
blocking the ability of MMe-derived cytokines to induce
TNBC cell stemness. Finally, JAK1/2 inhibitors may have
therapeutic value in blocking signaling downstream of MMe-
derived cytokine interactions with GP130, and the JAK1/2 in-
hibitor ruxolitinib is currently in clinical trials for treatment
of TNBC (Harrison et al., 2012). Future studies will be needed
to test the efficacy of these therapeutics in treating obesity-
associated TNBC.
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Materials and methods
Regulatory approval

Animal studies were approved by the University of Chicago
Institutional Animal Care and Use Committee (Animal Care and
Use Procedure nos. 72209 and 72228). Human studies were ap-
proved by the Institutional Review Boards at the University of
Chicago (IRB16-0321) and Northwestern University (NU 11B04).

Subject recruitment

Human breast adipose tissue was obtained from women un-
dergoing breast reduction surgery surgeries at Northwestern
Memorial Hospital. Exclusion criteria included cancer or any
other breast-related diseases. Human breast adipose tissue was
collected by surgeons, and tissue was processed immediately to
obtain the SVCs for flow-cytometric analyses.

Mice

WT and Nox2~/~ (Cybb~/-) female mice on the C57BL/6 back-
ground, and C3(1)-TAg mice are from The Jackson Laboratory.
mNox2~/~ mice were generated by crossing Cybb/f! mice with
LysM-cre knock in mice (004781; The Jackson Laboratory) to
generate LysM-cre*/~ Cybbf/fl and littermate control Cybbf/f
mice as previously described (Coats et al., 2017). Mouse geno-
type was confirmed by PCR (see Table S1 for primers).

DIO studies

Female C57BL/6 or C3(1)-TAg female mice were placed on a LFD
(Harlan) or 60% HFD (D12451; Research Diets Inc.) at 6 wk of age
for 12 wk. Body weight was monitored every week.

Plasma metabolic measurements

Mice were fasted for 3 h, and blood glucose levels were mea-
sured with a One Touch Ultra 2 glucometer (Lifescan); serum
insulin levels were measured by ELISA (Millipore).

TNBC cell lines

The TNBC cells lines used in this study include E0771 cells,
originally isolated from a spontaneous breast adenocarcinoma in
C57BL/6 mice (Casey et al., 1951); M6C cells, originally isolated
from the C3(1)/SV40 Large T-antigen transgenic mouse model
(Holzer et al., 2003); Py8119 cells, derived from a mammary
adenocarcinoma that spontaneously arose in a MMTV-PyMT
transgenic C57BL/6 female mouse (Gibby et al., 2012); and
SUMI159PT cells, derived from a primary TNBC tumor from a
patient with invasive ductal carcinoma (Neve et al.,, 2006).
Py8119 and SUMI59PT cells were obtained from the American
Type Culture Collection and cultured according to their guide-
lines. All other cells were maintained in DMEM supplemented
with 10% FCS.

Cancer cell isolation from tumors

Tumors were digested with collagenase and hyaluronidase (1:3)
and 0.1 mg/ml DNase 1 (Worthington), filtered through 70-pm
mesh, incubated with RBC lysis buffer, filtered through 40-um
mesh, and resuspended in PBS with 1% BSA. To isolate cancer
cells for quantitative RT-PCR (qRT-PCR) analysis, mononuclear
cells were depleted by centrifuging using Ficoll-Paque
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PREMIUM, with a density of 1.077 + 0.001 g/ml for 40 min at
400 xg after RBC lysis. The pellet at the bottom was resuspended
in RNeasy lysis buffer (Qiagen) for RNA isolation. For assess-
ment of surface CD90 levels by cancer cells isolated from C3(1)-
TAg tumors, CD45-CD31-Terl19- cells (i.e., negative for immune
and endothelial cell markers) were analyzed for CD90 levels by
flow cytometry.

Murine adipose tissue staining

6-wk-old C3(1)-TAg mice were fed an LFD or HFD for 6 wk.
Mammary adipose tissue was isolated at 12 wk of age, a time
point that coincides with DCIS (Holzer et al., 2003). Adipose
tissue was sectioned (5 um), stained with anti-F4/80 antibody
(Abcam) to visualize ATMs, and counterstained with hematox-
ylin. Images were acquired with a Nikon Eclipse Ti2 microscope
with the following setting: brightfield, objective magnification
20 and objective numerical aperture 0.45, room temperature,
Color Camera Nikon DS-Ri2, and NIS-Element Version 5.02
software.

Mammary and visceral fat was obtained from WT and
mNox2~/~ mice fed a LFD or HFD for 10 wk. Adipose tissue was
sectioned (5 pwm) and stained with antibodies against MAC2
(Cedarlane) and PLIN2 (Abcam). Fluorescence images were ac-
quired with a Nikon Eclipse Ti2 microscope with the following
setting: objective magnification 20, objective numerical aper-
ture 0.45, room temperature, emission wavelength of DAPI
(457.5 nm), GFP (535.0 nm), and RFP (610 nm), Camera Nikon
DS-Qi2, and NIS-Element Version 5.02 software.

Immunohistochemistry of pSTAT3 in human breast tumors
Archival formalin-fixed and paraffin-embedded tissues of breast
cancer patients with DCIS were obtained from the surgical pa-
thology archive at the University of Chicago. TMAs were con-
structed from formalin-fixed, paraffin-embedded tumor
samples (DCIS and adjacent normal). MCF-7 cells were pelleted
and processed by formalin-fixation and paraffin-embedding and
served as positive control. Cores were precisely arrayed into a
new recipient paraffin block using an automated arrayer (ATA-
27; Beecher Instruments). Documentation of location for each
tissue core was performed on ready-made grids using Microsoft
Excel.

TMA tissue sections (4 pum) were deparaffinized in xylene
and rehydrated through a graded alcohol series to distilled wa-
ter, cooled to room temperature, and washed in Tris-buffered
saline. Antigen retrieval was performed in a vegetable steamer
in Universal Decloaker target retrieval solution (BioCare Medi-
cal). Slides were incubated in Peroxidazed 1 (BioCare Medical)
for 10 min to block endogenous peroxidase activity, followed by
incubation for 15 min in Background Sniper (BioCare Medical) to
reduce nonspecific background. TMA sections were stained with
an anti-pY705-STAT3 antibody (dilution 1:25; ab76315; Abcam)
and detected with the BioCare Medical Polymer Detection Kit
(M3R531G). Slides were then treated for 5 min with 3-3'-
diaminobenzidine chromogen and counterstained with hema-
toxylin. Images were acquired with a Leica DMLB microscope
with the following settings: brightfield, objective magnification
20, numerical aperture of the objective lens 0.45, room
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temperature, Leica FFC450 camera, and Leica Application Suite
V3.8 software.

Immunostaining was scored semi-quantitatively according to
the Allred score as previously described (Allred et al., 1998).
Briefly, scoring was based on intensity of pSTAT3 signal (on a scale
of 0 to 3) and percentage of positively stained nuclei (on a scale of
0 to 5) for a total score of O to 8. Final score 0-2 was considered as
negative, and final score 3-8 was considered as positive.

ATM isolation and analysis

SVC was obtained by digesting human or mouse mammary ad-
ipose tissue with collagenase type 2 for 60 min and filtering the
supernatant with a 40-pm filter after RBC lysis. mATMs in the
SVC obtained from murine and human mammary fat were in-
terrogated by flow cytometry (see Fig. S1 for the gating strategy).
Murine and human mATMs were isolated using anti-CD11b
antibody coupled to magnetic beads as previously described
(Kratz et al., 2014), and purity was assessed by flow cytometry.
ATMs were interrogated by qRT-PCR, and media was collected
for functional assays.

Differentiation and metabolic activation of murine bone
marrow-derived macrophages (BMDMs) and human
monocyte-derived macrophages

Murine BMDMs were generated and metabolically activated as
previously described (Kratz et al., 2014). Briefly, bone marrow
was flushed from the bones of the hind legs and differentiated to
macrophages by culturing for 6 d in six-well plates in DMEM
with 10% FCS plus conditioned media from 1929 cells at a 1:3
ratio. Human peripheral blood monocytes were isolated from
healthy donors and differentiated to macrophages in the pres-
ence of M-CSF (125 ng/ml). For MMe activation, macrophages
were treated with glucose (30 mM), insulin (10 nM), and pal-
mitate (0.3 mM) for 24 h. Conditioned media were generated by
culturing primary immune cells in regular DMEM serum-free
media for 24 h, using 0.6 ml of media for every 1 million mac-
rophages seeded.

Limiting dilution assays

E0771 or PY8119 cells were transplanted into the no. 4 mammary
fat pad. Tumors were considered established when they became
palpable for two consecutive weeks. Analyses of tumor inci-
dence were confirmed by two independent investigators. To test
the effects of ATMs or MMe macrophages on E0771 tumor-
initiating potential, we serum-starved the cells overnight, trea-
ted them with macrophage-conditioned media for 24 h in DMEM
supplemented with 2.5% FBS, counted the cells, and injected
them into the mammary fat pad.

Tumorsphere assays

E0771, M6C, or SUM159PT cells were plated at 500 cells/well
of a ultra-low attachment 12-well plate (Corning) in standard
mammosphere media comprising DMEM-F12 supplemented
with fibroblast growth factor (20 ng/ml; GoldBio), epidermal
growth factor (20 ng/ml; GoldBio), heparin (4 mg/ml; Sigma-
Aldrich) and B27 supplement (Life Technologies). Tumorspheres
were counted following 5-8 d of growth. To study the effects of
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macrophage media on tumorsphere formation, tumor cells were
pretreated with macrophage-conditioned media for 48 h in
DMEM supplemented with 2.5% serum. At this time, cells were
collected, counted, and plated for tumorsphere assays. To study
the effects of macrophage media on tumorsphere formation,
tumor cells were serum-starved overnight and pretreated with
macrophage-conditioned media for 24 h in DMEM supple-
mented with 2.5% serum. For cytokine neutralization studies,
obese mATM media were treated with anti-IL-6 (100 ng/ml;
R&D Systems), anti-IL-11 (100 ng/ml; R&D Systems), anti-LIF
(100 ng/ml; R&D Systems) or anti-OSM (100 ng/ml; R&D Sys-
tems) antibodies, alone or in combination, for 20 min before
adding the media to TNBC cells. For serial propagation studies,
tumorspheres were trypsinized to obtain single cells, and re-
suspended in mammosphere media. Cells were counted and
replated at 200 cells/well, and tumorsphere formation was as-
sessed in the absence of any treatments.

GP130 knockdown

shRNA specific for murine or human GpI30 ligated into the
lentiviral vector pLKO-1 was purchased from Dhramacon. Virus
particles were packaged, EO771 and SUMI59PT cells were in-
fected, and infected cells were selected for by treatment with
puromycin. Lentiviral pLKO-1 vector without shRNA was used as
a control. Knockdown of GP130 was verified by immunoblotting.

Antibodies

Antibodies for flow-cytometric measurements of murine cells
were CD90, CD45, CD11b, CD206, CD14, CD36, CD38, CD319,
F4/80, CD3, CD4, and CD8 (BD Biosciences), ABCAI (Novus Bi-
ologicals), and CD24 (Biolegend). Antibodies for flow-cytometric
measurements of human cells were CD45, CD11b, CD206, CD14,
CD36, CD38, CD319 (BD Biosciences), and ABCAl (Novus
Biologicals).

Western blotting

Cancer cells were lysed with 1% SDS containing protease and
phosphatase inhibitors (Sigma-Aldrich), and protein was quan-
tified with the BCA Protein Assay Kit (Pierce). Proteins (10-20
pg) were resolved on 7.5% SDS-PAGE gels, transferred to poly-
vinylidene fluoride membranes (Millipore), blocked with 5%
milk at room temperature for 2 h, stained with anti-human
and murine pSTAT3 (Y705; Cell Signaling) or anti-human and
murine tubulin (Santa Cruz Biotechnology) antibodies, and
quantified using the enhanced chemiluminescence detection kit
(Bio-Rad) and a LI-COR imager.

Statistics

Unless otherwise stated, statistical significance was assessed
using an unpaired, two-tailed Student’s t test. Statistical signif-
icance for tumor initiation studies was assessed with the ELDA
software (Hu and Smyth, 2009). Replicate numbers for each
experiment are indicated in the figure legends.

qRT-PCR
RNA was isolated using Qiagen Midi-prep kits and reverse-
transcribed with Quantiscript (Qiagen) using random hexamers

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181616

920z Areniged 60 uo 3senb Aq 4pd'9191810Z Wal/615192L/S¥E1/9/91.Z/4pd-8lonie/wal/Bio sseidni//:dny woy papeojumoq

1356


https://doi.org/10.1084/jem.20181616

(Invitrogen), and mRNA levels were measured with specific
primers (Table S1) using SYBR green on a One Step Plus system
(Applied Biosystems). Relative levels of each target gene were
calculated using the AACt formula, using 18S RNA as a control.

Online supplemental material

Fig. S1 demonstrates our flow cytometry analytical approach and
raw data for quantifying mammary fat ATMs and cancer cell
stemness. Fig. S2 shows that DIO decreases the latency of E0771
and Py8119 tumors. Fig. S3 provides representative microscopy
images to support findings reported in the main figures. Fig. S4
demonstrates that in vitro-derived murine MMe macrophages
release factors that signal through GP130 to promote stem-like
properties in TNBC cells. Table S1 provides a list of all primer
sequences used for gRT-PCR and genotyping.
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