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Abstract ABBREVIATIONS
Introduction—Qbesity is associated with increased breast . .

cancer incidence, recurrence, and mortality. Adipocytes and ASC Adipose-derived stem cell
adipose-derived stem cells (ASCs), two resident cell types in BMI Body mass index

adipose tissue, accelerate the early stages of breast cancer CM Conditioned medium
progression. It remains unclear whether obesity plays a role ECM Extracellular matrix

in the subsequent escape of malignant breast cancer cells into .

the local circulation. FFA Free fa}tt[y a01(.1
Methods—We engineered models of human breast tumors IFP Interstitial fluid pressure
with adipose stroma that exhibited different obesity-specific SMA Smooth muscle actin
alterations. We used these models to assess the invasion and SVF Stromal-vascular fraction
escape of breast cancer cells into an empty, blind-ended cavity

(as a mimic of a lymphatic vessel) for up to sixteen days.

Results—Lean and obese donor-derived adipose stroma

hastened escape to similar extents. Moreover, a hypertrophic

adipose stroma did not affect the rate of adipose-induced INTRODUCTION

escape. When admixed directly into the model tumors, lean
and obese donor-derived ASCs hastened escape similarly.

Conclusions—This study demonstrates that the presence of Obesity plays detrimental roles in breast cancer and

adipose cells, independently of the obesity status of the is a risk factor for breast cancer in both pre- and post-
adipose tissue donor, hastens the escape of human breast menopausal women.®*** Obesity and its sequelae ele-
cancer cells in multiple models of obesity-associated breast vate the risk of breast cancer via characteristic adipose
cancer.

tissue expansion and remodeling, adipocyte hypertro-
phy, insulin resistance, low-grade inflammation, and
metabolic dysfunction.'>* Obesity-associated inflam-
mation of adipose tissue is driven by upregulated
expression of multiple cytokines including tumor
necrosis factor-o, interleukin-6, and interleukin-14,%-*
and leads to recruitment of macrophages in crown-like
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Obesity also promotes breast cancer progression.
Obese patients have poorer prognoses and more fre-
quent distant metastases after relapse than non-obese
patients do.*>> Diet-induced obesity also enhances
tumor growth and formation of metastases in mouse
models.” These effects of obesity are mediated in part
by changes in stromal cells. For example, obesity-as-
sociated senescent macrophages induce adipose stem
cell (ASC)-mediated fibrosis,*> and fibrosis is associ-
ated with breast cancer metastasis.'” Mobilization of
free fatty acids (FFAs) from adipocytes increases the
proliferation and migration of cancer cells, especially
in obese conditions.>>® Obesity-associated ASCs pro-
mote tumor growth and tumor cell migration by
depositing fibronectin and increasing the activity of
matrix metalloproteinases.***’ Conditioned medium
(CM) from obese donor-derived stromal-vascular
fraction (SVF) cells or adipocytes increases the pro-
liferation of MCF-7 human breast cancer cells, com-
pared to CM from lean donor-derived cells.'® Obesity-
associated neutrophils promote the extravasation of
breast cancer cells by weakening endothelial intercel-
lular adhesion.*”

Although past studies have identified how obesity
impacts breast cancer at early and late stages of pro-
gression, the intermediate step between local invasion
and intravasation (i.e., just before vascular dissemi-
nation) remains poorly understood. Various signals
can control different stages of metastasis; moreover,
the same perturbation can exert opposite effects at
different stages.'”*! Thus, the effects of a given con-
dition, such as obesity, on this intermediate stage
cannot simply be extrapolated from studies of early or
late stages of breast cancer progression. In prior work,
we designed a 3D microfluidic model of a human
breast microtumor adjacent to an empty, blind-ended,
lymphatic vessel-like cavity within an adipose
stroma.'* This model was developed to enable tumor
cells to invade through an adipose stroma and ‘“‘es-
cape” into the lymphatic-like cavity, processes that
resemble local invasion and intravasation in human
breast cancer. This engineered model revealed that
adipocytes and ASCs hasten the escape of malignant
breast cancer cells via adipose cell-secreted soluble
factors.

Since the ASCs that we used in the prior study were
isolated from severely obese donors, a natural question
is whether obesity per se plays a role in adipose cell-
induced escape of breast cancer cells. For instance,
does the body mass index (BMI) of the donor from
which adipocytes and/or ASCs are derived correlate
with invasion and/or escape? Does adipocyte hyper-
trophy, a hallmark of obesity, impact the rate of
invasion or escape? This study investigates whether
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obesity and its associated cellular changes affect adi-
pose cell-induced escape of human breast cancer cells.

MATERIALS AND METHODS

Cell Culture

Green fluorescent protein (GFP)-expressing MDA-
MB-231 human breast carcinoma cells (GFP-231 cells;
Angio-Proteomie) were cultured at 37 °C and 5% CO,
in tumor medium (TM), which consisted of DMEM/
F12 (Hyclone) that was supplemented with 10% heat-
inactivated fetal bovine serum (FBS, lot #B18020;
Atlanta Biologicals) and 50 ug/mL gentamicin (Sig-
ma). These cells were routinely passaged every 3—
4 days through passage fifteen.

Human breast-derived ASCs from the Mayo Clinic
Comprehensive Cancer Center and the Boston Nutri-
tion Obesity Research Center (BNORC) were grown
from the SVF of breast adipose tissue. With Institu-
tional Review Board (IRB) approval and oversight, the
Mayo Clinic Comprehensive Cancer Center identified
women between the ages of 18 and 50 who were
undergoing breast surgery. Potential participants who
met the Mayo Clinic’s inclusion criteria were
approached by the study coordinator during their pre-
operative appointment and were provided information
about the study and procedures. Participants were
allowed to ask questions and signed the consent form.
This research used breast tissue that was retrieved after
surgery but was deemed unnecessary for diagnostic
reasons by the pathologist. With IRB approval and
oversight, BNORC collected breast tissue from donors
who underwent bilateral reduction mammoplasty.
BNORC donors were excluded if they displayed a lack
of English language skills, a disability that prevented
informed consent, were less than 18 years of age, or
were diagnosed with cancer or infections.

ASCs were differentiated using complete differenti-
ation medium (CDM) and maintained using mainte-
nance medium (MM), as described previously.'**?
ASCs were isolated from a total of eleven de-identified
donors: four lean (BMI < 25), five obese (BMI > 30),
and two overweight (25 < BMI < 30; Supplementary
Table 1). ASCs were not pooled from multiple donors
before use. ASCs that were differentiated and main-
tained for a total of 17-28 days were used for experi-
ments that required adipocytes. We refer to these
differentiated cultures as “adipose cells’; they consist
of adipocytes and residual undifferentiated ASCs.
Undifferentiated cells may also be breast-derived
fibroblasts, myofibroblasts, or other mesenchymal cells
that are morphologically indistinguishable from ASCs
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FIGURE 1. Schematic illustration of the approach used to engineer a 3D human breast microtumor and an empty cavity within a

stroma containing human breast adipocytes.

(Fig. S1). All adipocytes used in this study were dif-
ferentiated from ASCs in culture.

Preparation of Hypertrophic Adipocytes

Sodium oleate (Sigma) was dissolved in 10% fatty
acid-free BSA (FAF-BSA; EMD Millipore) at 37 °C
with rigorous stirring, passed through a sterile syringe

filter (0.2 um; Corning), and stored at — 80 °C. The
fatty acid solution (4 mM) was then diluted in CDM
or MM to obtain a final concentration of 0.4 mM.
Hypertrophic adipocytes were prepared by differenti-
ating ASCs in oleate-containing CDM and MM.
Control adipocytes were prepared by differentiating
ASCs in CDM and MM that contained FAF-BSA

without oleate.
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<FIGURE 2. Phase-contrast and immunofluorescence images
of GFP-expressing microtumors (green) in collagen gels laden
with adipocytes that were differentiated from lean or obese
donor-derived ASCs. Samples were stained for perilipin-1
(red) and nuclei (blue) on (a) day 0 and (b) day 7 after seeding
and imaged at 10x and 63x magnification. Magnified images
refer to the boxed areas in the row above. Images are from
microtumors with initial tumor-to-cavity distances of (a)
129 um (lean) and 111 um (obese), and (b) 123 um (lean) and
128 um (obese). Scale bars refer to 250 um (first row, third
row) and 75 um (second row, fourth row). (c) Adipocyte
densities. (d) Adipocyte diameters. (e) Adipocyte locularity. (f)
Lipid droplet diameters. (g) Lipid droplet volume per
adipocyte. Each data point in (c)—(g) refers to the average
value for the stroma of a single tumor sample. Graphical bars
in (c) and (g) indicate geometric means. Graphical bars in (d)-
(f) indicate arithmetic means. LD lipid droplet.

Formation of Engineered Microtumors

Microtumors (n = 198) were formed by modifica-
tion of published needle-based techniques.'****>' For
each tumor, we molded two opposing 120-yum-diame-
ter blind-ended cavities that were separated by less
than 200 um (range 58—186 um) in type I collagen gels
at pH 7 (Fig. 1). Confluent cultures of breast adipose
cells were treated with collagenase (1 mg/mL in HBSS;
Worthington Biochemical) for 1 h, trypsinized, de-
tached from the dish using MM that was supplemented
with 3% FBS (MM+), and centrifuged at 500xg for 5
min. Residual collagenase was removed by washing the
cells with MM+ and centrifuging once more. Bovine
dermal type I collagen (4.9 mg/mL, acid-extracted and
not pepsin-treated, lot #210090; Koken) was neutral-
ized to pH 7 using 0.2 M NaOH and diluted with
10x HBSS (Gibco), water, and MM+ to obtain a
collagen concentration of 3.9 mg/mL and an FBS
concentration of 0.1%. For tumors in adipocyte-laden
collagen gels, 8 uL of the floating ““fat cake™ that re-
mained after centrifugation was added to 200 uL
neutralized collagen to obtain a final density of 10*-10°
adipocytes/mL, depending on the average adipocyte
size. For tumors in cell-free collagen gels, 8 ulL of
MM+ was added to 200 uL neutralized collagen. In all
conditions, the final concentration of collagen was
3.75 mg/mL and the final concentration of FBS
was < 0.2%. Approximately 10 uL of collagen solution
was transferred into each PDMS chamber. After
25 min of polymerization at 37 °C, MM+ was added
to each well alongside the gel. The needles were
removed after at least thirty more minutes to form two
opposing blind-ended cavities. GFP-231 cells were
added to one well and flowed into one cavity to form a
densely packed “microtumor”. Starting on day 0 (i.e.,
the day on which tumor cells were seeded), microtu-
mors were refed twice per day for up to 16 days using
MM+, as in previous work.'*

In some adipocyte-free collagen gels, undifferenti-
ated ASCs (6 x 10* cells/mL) from a lean or obese
donor were co-seeded with GFP-231 cells (1 x 10°
cellsymL) into one cavity to form ASC-admixed
tumors. The ASCs were obtained by treating undif-
ferentiated confluent cultures with collagenase for one
hour before trypsinizing, centrifuging, washing, and
collecting pelleted cells. ASC-admixed tumors were
refed twice per day for up to sixteen days using MM+-.

Assessment of Tumor Invasion and Escape

Phase-contrast images were acquired daily using an
Axiovert 200 inverted microscope (Zeiss), 10x/0.30
NA Plan-Neofluar objective, and an Axiocam MRm
camera (Zeiss) at 1388 x 1040 resolution. Tumor-to-
cavity distances were calculated as described previ-
ously,'* except that the difference in height was cor-
rected by a factor of 1.358 (instead of 1.33) to account
for the index of refraction of the culture medium.>

We used phase-contrast imaging and fluorescence
imaging to determine the first instances of invasion,
when at least one tumor cell body was
observed = 20 um from the initial microtumor, and
escape, when at least one tumor cell body entered the
adjacent blind-ended cavity.'*>* Microtumors that had
not escaped by day 16 were discarded and censored on
day 16 in Kaplan—Meier analysis. All experimental
lean and obese donor-derived comparisons were re-
peated using ASCs from at least two different lean
donors and two different obese donors. All hyper-
trophic comparisons were repeated using two different
overweight donors.

Measurement of Adipocyte Parameters

Adipocyte diameter was defined as the maximum
width of a given adipocyte on day 0. Lipid droplet
diameters were measured on day 0 and day 7 at the
adipocyte midplane. Adipocyte locularity was defined
as the number of lipid droplets per adipocyte and was
measured on day 0 and day 7. Parameters were mea-
sured using Axiovision ver. 4.8 (Zeiss). A morphome-
tric technique was used to calculate the lipid droplet
volume per adipocyte on day 0 from the lipid droplet
area fraction.'

Measurement of Collagen Permeability

Adipocyte-laden (10°-10° cells/mL, depending on
the degree of adipocyte hypertrophy) or cell-free col-
lagen gels were subjected to a hydrostatic pressure
drop of ~ 15 mm H,O for 1.5-2 h by using ~ 1.5-cm-
high PDMS spacers that were filled with TM (viscosity
of 0.72 cP at 37 °C). Darcy permeability (k) was cal-
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FIGURE 3. Adipocytes that are differentiated from breast-derived ASCs of lean and obese donors hasten escape to similar
extents. (a) Time-lapse phase-contrast and fluorescence images of microtumors in adipocyte-free collagen gels and in lean and
obese donor-derived adipose stroma. Images are from microtumors with initial tumor-to-cavity distances of 133 um (adipocyte-
free), 105 um (lean), and 133 um (obese). Kaplan—Meier curves of (b) invasion and (c) escape for microtumors in adipocyte-free
collagen gels and in lean and obese donor-derived adipose stroma. **p < 0.01; ***p < 0.001.

culated on day 2, 4, and 6 by measuring the flow rate
across the gels, as described previously.'*

Immunofluorescence Staining

Microtumors in adipocyte-laden collagen were
stained using a protocol from prior work.'** All
staining steps added 80 uL of solution to the well
adjacent to the tumor and 20 uL of solution to the
opposite well. Samples were fixed on day 0 or day 7
using 4% paraformaldehyde (PF; Electron Microscopy
Sciences) in PBS for 15 min at room temperature,
permeabilized using blocking buffer (BB) that con-
sisted of 0.2% Triton X-100 (Sigma) and 5% goat
serum (Invitrogen) in PBS for one hour, and labeled
using a rabbit polyclonal antibody to perilipin-1 (5 ug/
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mL in BB; Invitrogen) overnight at 4 °C. The follow-
ing day, samples were washed three times for 20 min
each with BB. Alexa Fluor 594-conjugated goat anti-
rabbit secondary antibody (5 ug/mL in BB; Invitro-
gen) and Hoechst 33342 (1 ug/mL in BB; Invitrogen)
were then added simultaneously for one hour at room
temperature. Washing was repeated with PBS three
times for 20 min each.

In other experiments, undifferentiated ASCs from
lean and obese donors were cultured on glass cover-
slips and fixed using 4% PF for 15 min at room tem-
perature, permeabilized for one hour using BB, and
stained using an Alexa Fluor 488-conjugated mouse
monoclonal antibody to o-smooth muscle actin
(«SMA; clone 1A4, 0.5 ug/mL in BB; Invitrogen)
overnight at 4 °C. The following day, cells were wa-
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shed with BB three times for 20 min each, stained with
Hoechst 33342 (1 ug/mL in BB), and washed with PBS
three more times for 20 min each.

Fluorescence images were acquired using an Ax-
iovert 200 inverted microscope, 10x/0.30 N4 Plan-
Neofluar or 63x/0.95 W Achroplan water-immersion
objective, and an Axiocam MRm camera at
1388 x 1040 resolution.

Statistics

All statistical comparisons were performed in
Graphpad Prism ver. 6. Kaplan—-Meier curves of
invasion or escape were compared using the log-rank
(Mantel-Cox) test. The Kolmogorov—Smirnov test was
used to compare cumulative frequency distributions
for the starting tumor-to-cavity distance. Adipocyte
densities, adipocyte diameters, lipid droplet volume per
adipocyte, and the percentage of ASCs that were
positive for «SMA were each compared using the
Mann—Whitney U test. Measurements of adipocyte
locularity, lipid droplet diameter, and Darcy perme-
ability were each compared using two-way ANOVA. A
p value of less than 0.05 was considered statistically
significant in comparisons with two conditions. In
datasets with three pairwise comparisons, the reported
p values are Bonferroni-adjusted and should also be
compared to a threshold of 0.05. BMI data are sum-
marized as means + SD.

RESULTS

Engineering Microtumors in Lean and Obese
Donor-Derived Adipocyte-Laden Stroma

Previously, we found that adipocytes and ASCs
promote the invasion and escape of a microtumor
composed of MDA-MB-231 human breast cancer
cells.' In that work, the ASCs were derived from the
subcutancous tissue of severely obese (BMI
41.1 £ 2.0) donors who underwent bariatric surgery,
and the vast majority (92%) of the cells in differenti-
ated cultures were adipocytes.

To determine whether the obesity status of the do-
nors was responsible for the enhanced invasion and
escape of breast cancer cells, we engineered tumors of
MDA-MB-231 cells in either lean or obese do-
nor-derived adipocyte-laden stroma (Fig. 2). Unlike in
previous work, the tumor cells used here constitutively
expressed GFP, which aided in assessing when inva-
sion and escape occurred. We obtained ASCs from the
breast tissue of either lean (BMI 23.4 + 2.1) or se-
verely obese (BMI 39.2 £+ 2.5) donors (Supplementary
Table 1). ASC cultures that were derived from lean and

obese donors contained comparable percentages of
aSMA-positive myofibroblasts (18.8% in lean vs.
25.6% in obese, p = 0.39; Fig. S1). Compared to the
subcutancous abdominal ASCs that we used previ-
ously, breast-derived ASCs differentiated less effi-
ciently. Whether the breast-derived ASCs were from
lean or obese donors, only 32-36% of the cells in the
differentiated adipose cultures were adipocytes. Since
the differentiation of breast-derived ASCs was
incomplete, we fractionated the differentiated cultures
by centrifugation and only used floating cells from the
adipocyte-rich fat cake to engineer adipocyte-laden
stroma largely devoid of undifferentiated cells (Fig. 1).

GFP-expressing microtumors in either lean or obese
donor-derived adipocyte-laden stroma were fixed on
day 0 and day 7 after seeding and characterized using
phase-contrast microscopy and immunofluorescence
staining (Fig. 2a, b). Adipocytes were stained for per-
ilipin-1, and all nuclei were counterstained using
Hoechst 33342. Perilipin-1-negative stromal cells were
considered to be residual (undifferentiated) ASCs or
other mesenchymal cells. Lean and obese donor-der-
ived stroma contained adipocytes of similar starting
densities (~ 5 x 10* cells/cm®, p = 0.86; Fig. 2¢) and
diameters (~ 35 um, p = 0.11; Fig. 2d). Both lean and
obese donor-derived adipocytes were mostly multiloc-
ular and contained a comparable number of lipid
droplets per cell (~ 7 per cell, p = 0.21; Fig. 2e) and
similar lipid droplet diameters (~ 10 um, p = 0.40;
Fig. 2f) on day 0 and day 7. Lean and obese do-
nor-derived adipocytes also had similar lipid droplet
volumes per cell on day 0 (-~ 10* um¥/cell, p = 0.31;
Fig. 2g), and lean and obese donor-derived adipose
stroma were each composed of ~ 0.1% lipid by volume
fraction.

Lean and Obese Donor-Derived Adipose Stroma Hasten
Escape Equally

Microtumors in adipocyte-free collagen primarily
formed short, multicellular invasions that were often
engulfed by the parent tumor as it grew (Fig. 3a, lef?).
Microtumors in lean or obese adipose stroma formed
both single-cell and long, multicellular invasions that
remained connected to the parent tumor (Fig. 3a,
middle and right). All microtumors had comparable
tumor-to-cavity distances on day 0 (p = 0.60-0.78 for
pairwise comparisons; Fig. S2a). Previously, we found
that embedding adipose cells in collagen gels led to a
modest increase in the average Darcy permeability of
the ECM, with negligible changes in indentation
modulus.'*?? Similarly, we found here that adding lean
or obese donor-derived adipocytes to the collagen gels
resulted in a slightly larger (~ 30%) permeability
(» < 0.0003 for cell-free vs. lean and p = 0.0003 for
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<FIGURE 4. Phase-contrast and immunofluorescence images
of microtumors (green) in control or hypertrophic adipose
stroma. Samples were stained for perilipin-1 (red) and nuclei
(blue) on (a) day 0 and (b) day 7 and imaged at 10x and
63x magnification. Magnified images refer to the boxed areas
in the row above. Images are from microtumors with initial
tumor-to-cavity distances of (a) 110 um (control) and 103 ym
(hypertrophic), and (b) 132 um (control) and 123 um
(hypertrophic). Scale bars refer to 250 um (first row, third
row) and 75 um (second row, fourth row). (c) Adipocyte
densities. (d) Adipocyte diameters. Inset shows hypertrophic
adipocytes on day 0. Scale bar denotes 75 um. (e) Adipocyte
locularity. (f) Lipid droplet diameters. (g) Lipid droplet volume
per adipocyte. Each data point in (c)—(g) refers to the average
value for the stroma of a single tumor sample. Graphical bars
in (c) and (g) indicate geometric means. Graphical bars in (d)-
(f) indicate arithmetic means. *p <0.05; ***p < 0.001;
****p < 0.0001. LD lipid droplet.

cell-free vs. obese; Fig. S3a). Assuming that ECM
permeability scales as the square of pore size,” these
changes in permeability are equivalent to a modest
(~ 14%) increase in average pore size. The permeabil-
ities of the adipocyte-laden gels under lean and obese
conditions were not significantly different (p = 1.0).

In previous work, we found that an obese adipose
stroma (derived from subcutaneous abdominal ASCs)
hastens invasion and escape.'* Although the obese
breast-derived stroma used here did not hasten inva-
sion compared to tumors in adipocyte-free collagen
(p = 0.16; Fig. 3b), it hastened the escape of micro-
tumors [p = 0.0072, hazard ratio (HR) 2.8, 95%
confidence interval (CI) 1.4-5.3; Fig. 3c]. Microtumors
in lean breast-derived stroma also invaded at compa-
rable rates to tumors in adipocyte-free collagen
(p = 0.25; Fig. 3b). Surprisingly, they escaped sooner
than microtumors in adipocyte-free collagen did
(» < 0.0003, HR 5.6, 95% CI 2.7-11.6; Fig. 3c).
Moreover, microtumors in lean adipose stroma in-
vaded and escaped at similar rates to those in obese
adipose stroma (p = 1.0 for both comparisons;
Fig. 3b, ¢). Altogether, these results suggest that the
obesity status of ASC donors does not appreciably
alter the ability of adipocytes to enhance invasion or
escape of human breast cancer cells.

Engineering Microtumors in Hypertrophic Adipose
Stroma

One hallmark of obesity is hypertrophic growth of
adipocytes. Hypertrophic adipocytes exhibit upregu-
lated lipolysis and expression of inflammatory cytoki-
nes compared to normal adipocytes, which could affect
the behavior of neighboring tumor cells.”>® In our
microtumors engineered within adipocyte-laden stro-
ma, adipocytes from obese donor-derived ASCs were
not hypertrophic: they were the same size as those

from lean donor-derived ASCs (Fig. 2d) and contained
lipid droplets of similar size (Fig. 2f). This finding is
perhaps not surprising, since cells may lose features
characteristic of their native in vivo microenvironment
when cultured in vitro.**>

These similarities in both adipocyte and lipid dro-
plet size may have masked the effect of donor obesity
on invasion or escape. To explore this possibility, we
treated differentiated ASCs from overweight donors
(BMI 27.8 £ 0.4) with medium that was supplemented
with oleate, the most abundant fatty acid in human
plasma and adipose tissue,”** or with FAF-BSA as a
control. We then used the oleate-fed or control adi-
pocytes to engineer tumors in hypertrophic or control
adipose stroma, respectively (Fig. 4). These samples
were fixed on day 0 and day 7 after seeding and
characterized using phase-contrast microscopy and
immunofluorescence analysis for perilipin-1 and nuclei
(Figs. 4a, 4b).

As expected, adipose stroma that was engineered
using oleate-fed adipocytes contained adipocytes of
considerably larger diameters than control stroma did
(p = 0.0004; Fig. 4d). The average diameter of these
adipocytes was ~ 30% larger than that of control
adipocytes, and some cells had diameters as large
as ~ 60 um. The oleate-fed adipocytes also had sig-
nificantly fewer lipid droplets per cell than control
adipocytes did on day 0 (p < 0.001; Fig. 4e). In fact,
almost all oleate-treated adipocytes were unilocular
(i.e., contained a single lipid droplet), whereas most
control adipocytes were multilocular. Lipid droplets
were significantly larger in oleate-treated adipocytes
than in control adipocytes on day 0 (p < 0.001;
Fig. 4f) and on day 7 (p < 0.05; Fig. 4f), and oleate-
treated adipocytes had a greater total volume of lipid
droplets per cell on day 0 (p < 0.0001; Fig. 4g). Thus,
the oleate-treated adipocytes were hypertrophic. Con-
sistent with its hypertrophy, the stroma of oleate-
treated adipocytes had a lower adipocyte density than
control adipose stroma did (p = 0.028; Fig. 4c). These
phenotypic differences mimicked those in vivo, in
which adipocyte hypertrophy is accompanied by a
corresponding reduction in adipocyte density, while
the lipid content (per volume of tissue) remains largely
unchanged.’’*® Altogether, the combination of re-
duced locularity, larger lipid droplets, and lower cell
density of the hypertrophic adipose stroma led to a
lipid content comparable to that in the control adipose
stroma (~ 0.1% lipid by volume fraction).
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FIGURE 5. Control and hypertrophic adipose stroma each hasten escape. (a) Time-lapse phase-contrast and fluorescence images
of microtumors in adipocyte-free collagen and in control and hypertrophic adipose stroma. Images are from microtumors with
initial tumor-to-cavity distances of 124 um (adipocyte-free), 106 um (control), and 80 um (hypertrophic). Kaplan—Meier curves of (b)
invasion and (c) escape for microtumors in adipocyte-free collagen and in control and hypertrophic adipose stroma. ***p < 0.001.

Tumor Escape is Equally Hastened by Control
and Hypertrophic Adipose Stroma

Microtumors in adipocyte-free collagen primarily
formed multicellular invasions that were overtaken by
the tumor aggregate (Fig. 5a, left). Microtumors in
control and hypertrophic adipose stroma each formed
single-cell and multicellular invasions (Fig. 5a, middle
and right). All microtumors had comparable tumor-to-
cavity distances on day 0 (p = 0.65-0.83 for pairwise
comparisons; Fig. S2b). Control adipose stroma had a
slightly larger (~ 22%) Darcy permeability than adi-
pocyte-free gels did (p = 0.0072), while hypertrophic
adipose stroma and adipocyte-free gels had similar
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permeabilities (p = 0.054; Fig. S3b). No differences in
Darcy permeability were detected between control and
hypertrophic adipose stroma (p = 1.0). Microtumors
in both control and hypertrophic adipose stroma in-
vaded the ECM at similar rates as microtumors in
adipocyte-free collagen did (p = 0.093 for control
adipose stroma vs. adipocyte-free collagen and
p = 0.35 for hypertrophic adipose stroma vs. adipo-
cyte-free collagen; Fig. 5b). On the other hand, tumors
in control and hypertrophic adipose stroma both es-
caped sooner than microtumors in adipocyte-free col-
lagen did (p < 0.0003 for control adipose stroma vs.
adipocyte-free collagen, HR 5.2, 95% CI 2.3-11.5 and
p < 0.0003 for hypertrophic adipose stroma vs. adi-
pocyte-free collagen, HR 5.9, 95% CI 2.6-13.2;
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Fig. 5c¢). Microtumors in both forms of adipose stroma
invaded and escaped at comparable rates (p = 0.98 for
invasion and p = 1.0 for escape; Figs. 5b, 5¢). These
results suggest that the hypertrophy of adipocytes per
se does not affect their ability to promote the invasion
or escape of breast cancer cells.

Microtumor Invasion and Escape are Hastened by ASCs
of Either Lean or Obese Donors

Since we did not detect any obesity-associated ef-
fects of adipocytes on tumor escape, we considered
whether ASCs, the other key cell type that resides in
adipose tissue, exerted obesity-dependent effects on
escape (Fig. 6). Our prior study revealed that ASCs are
a more potent source of escape-enhancing soluble
factors than adipocytes are.'* Previous work by Fis-
chbach and colleagues has also linked obesity-associ-
ated ASCs to increased breast cancer cell invasion, in
part via direct contact between ASCs and tumor
cells.***” To assess whether placing ASCs in direct
contact with tumor cells leads to obesity-associated
escape, we engineered mixed aggregates of tumor cells
and ASCs that were isolated from a lean or obese
donor; these ASC-admixed tumors were formed in cell-
free collagen gels (Fig. 6a). All microtumors had
matched initial tumor-to-cavity distances (p = 0.76—
0.95 for pairwise comparisons; Fig. S2c). Consistent
with previous findings, ASC-free (control) microtu-
mors produced multicellular invasions (Fig. 6b, left).
Microtumors that contained lean or obese donor-der-
ived ASCs formed many single-cell and long, multi-
cellular invasions that extended far beyond the parent
tumor into the collagen gel (Fig. 6b, middle, right).

Consistent with the results described above for
tumors that were formed within a spatially distinct
adipose stroma (Figs. 3, 5), microtumors with ASCs
embedded within the tumor itself invaded at similar
rates regardless of the obesity status of the ASC donor
(» = 1.0; Fig. 6¢). Invasion was hastened by both lean
and obese donor-derived ASCs when compared to
ASC-free microtumors (p < 0.0003 for lean ASC-ad-
mixed vs. ASC-free tumors, HR 10.9, 95% CI 3.5-33.9
and p < 0.0003 for obese ASC-admixed vs. ASC-free
tumors, HR 10.6, 95% CI 3.4-33.7). Both lean and
obese ASC-admixed tumors also promoted escape
(p = 0.0015 for lean ASC-admixed vs. ASC-free
tumors, HR 5.0, 95% CI 2.0-12.5 and p = 0.0036 for
obese ASC-admixed vs. ASC-free tumors, HR 4.9,
95% CI 1.9-12.9; Fig. 6d). Invading and escaping
tumor cells in both types of ASC-admixed tumors were
primarily led by the ASCs, which did not express GFP
(Fig. 6e). Consistent with the experiments in which the
microtumor and adipocytes were compartmentalized,
microtumors in which tumor cells were in direct con-

tact with either lean or obese donor-derived ASCs es-
caped at comparable rates (p = 1.0; Fig. 6d). These
results suggest that the obesity status of ASC donors
does not modify the effects of ASC-induced invasion
or escape.

DISCUSSION
Summary of Findings

The central—and to us, quite unexpected—result of
the current study is that the obesity status of adipose
cells has little-to-no effect on the invasion or escape of
human breast cancer cells. Guided by several past
studies that have shown a correlative and/or causal
relationship between obesity and breast cancer initia-
tion and metastasis,*'>* we expected to find in our
engineered models that obesity-associated adipose cells
would promote more breast cancer cell escape than
lean/control adipose cells would. Yet, in three distinct
models of obesity—one that uses adipocytes differen-
tiated from obese donor-derived ASCs, one that
mimics adipose hypertrophy by loading the adipocytes
with oleate, and one that incorporates obese do-
nor-derived ASCs directly into the tumor—the pres-
ence of the obesity-associated factors did not promote
invasion or escape. Instead, we consistently found
increased escape (and in some cases, increased inva-
sion) when comparing the behavior of tumors with and
without adipose cells, regardless of the obesity status of
those adipose cells.

More precisely, the BMI of the ASC donor and the
degree of adipocyte hypertrophy had no effect on the
kinetics of escape. Below, we consider the implications
of these surprising findings and the potential relevance
to breast cancer progression.

Engineered Models of Obesity-Associated Adipose
Tissue

Previously, we engineered a microscale breast can-
cer model in which the stroma contained adipose cells
that were derived from subcutaneous abdominal ASCs
of obese donors.'* That work compared the behavior
of tumors in cell-free vs. adipose stroma and revealed
that the presence of adipose cells (which were solely
from obese donors) accelerates the escape of human
breast cancer cells. In the current study, we sought to
assess whether the obesity status of the adipose stroma
modifies the rate of escape. We employed three
strategies to mimic obesity in vitro: using obese do-
nor-derived differentiated ASCs to engineer an obe-
sity-associated adipose stroma, promoting adipocyte
hypertrophy, and intermixing ASCs from obese donors
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<«FIGURE 6. Lean and obese donor-derived ASCs in direct

contact with tumor cells each hasten invasion and escape. (a)
Schematic illustration of control or ASC-admixed
microtumors adjacent to an empty cavity within a cell-free
collagen gel. (b) Time-lapse phase-contrast and fluorescence
images of ASC-free microtumors and microtumors that
contain lean or obese donor-derived ASCs. Images are from
microtumors with initial tumor-to-cavity distances of 108 um
(ASC-free), 106 um (lean ASC-admixed), and 73 um (obese
ASC-admixed). Kaplan—-Meier curves of (c) invasion and (d)
escape for ASC-free microtumors and for microtumors that
contain lean or obese donor-derived ASCs. (e) Magnified
images of the boxed regions in (b). **p < 0.01; ***p < 0.001.

directly with tumor cells. It is important to assess to
what extent these methods yield models that display
known obesity-associated characteristics.

ASCs from lean (wild-type) and obese (0b/ob) mice
have been reported to differ in their myofibroblast
composition, with mammary fat pads of ob/ob mice
having more aSMA-expressing ASCs.*” In contrast, we
detected similar fractions of myofibroblasts in lean and
obese donor-derived ASC cultures. These differences
may result from either species-specific or depot-specific
differences between ASCs derived from mouse mam-
mary tissue and those derived from human breast tis-
sue. Upon differentiation, our resulting adipocytes
from lean or obese donor-derived ASCs were multi-
locular and morphologically indistinguishable. The
mean adipocyte diameter (~ 35 um) and lipid droplet
diameter (~ 10 um) in our lean and obese adipose
stroma were similar to the values from human adipo-
cytes used in other 3D culture models,>***>° but were
much smaller than those of native human adipocytes
in vivo, especially in obese subjects. These observations
motivated our strategy to mimic hypertrophy (a hall-
mark feature of obesity) in vitro, in which we supplied
free fatty acid to enlarge the lipid droplets in
adipocytes.” We successfully generated hypertrophic
human adipocytes using oleate treatment: these adi-
pocytes had typical diameters of 45-50 um (with some
as large as 60 um), were predominantly unilocular, and
contained lipid droplets (~ 35 um diameter) that were
notably larger than those in our control adipocytes and
in adipocytes in previously published work.”?”*% In
fact, our oleate-fed adipocytes were comparable in size
to lean human adipocytes observed in vivo.**>* The
oleate-treated adipocytes were still smaller than adi-
pocytes of obese humans in vivo, and extending the
differentiation time may be able to bridge the size

o 17,26
gap.

Despite differences in adipocyte size, the adipose
tissues of lean and obese humans in vivo contain similar
amounts (~ 100% by volume) of lipid. Likewise, the
lipid contents of our engineered control and hyper-
trophic adipose stromas were also matched, albeit at a

much lower level (~ 0.1% lipid by volume). In princi-
ple, introducing a higher density of adipocytes into the
collagen would increase the lipid content of our engi-
neered adipose tissues. The density of adipocytes (10%—
10° cells/cm® gel) in this study matched that of our
prior work and permitted routine time-lapse imaging
of the tumor cells as they invaded and escaped.'*

How Obese Adipose Tissue Affects Breast Cancer
Progression In Vitro

Regardless of how it was simulated in vitro, obesity
had no effect on adipose-induced invasion or escape of
human breast cancer cells. At first glance, this result
appears to run counter to the work of Fischbach and
co-workers, who used ASCs from genetically obese 0b/
ob mice to conclude that obesity-associated ASCs
promote breast cancer cell invasion.***’ Closer
inspection, however, reveals several differences
between our and Fischbach’s studies that may account
for the different results. First, and perhaps most
importantly, we used ASCs from outbred obese
humans, while the ob/ob mouse is inbred and lacks
leptin. Notably, the vast majority of obese humans
exhibit elevated levels of circulating leptin,>'" and the
degree to which these differences in leptin concentra-
tion in vivo contribute to the obesity-associated change
in ASCs is unclear. Second, the studies with ASCs
from ob/ob mice showed greater invasive area of
human breast cancer cell spheroids and increased
numbers of invading breast cancer cells, compared to
cancer cell spheroids grown with wild-type ASCs. In
contrast, our invasion assay notes the first instance of
invasion instead of the total number of invasions or the
total area that they occupy. Third, ASCs from o0b/ob
mice exert their effects on breast cancer cells through
physical remodeling of the ECM, whereas ASCs from
obese humans hasten breast cancer cell escape in large
part through chemical signaling.'*** Fourth, we note
that signals that alter individual stages of breast cancer
progression (e.g., invasion) do not necessarily promote
subsequent stages (e.g., intravasation, extravasation)
or metastasis.'”*"**! The studies of Fischbach and co-
workers focused on invasion, while ours has included
escape into a lymphatic-like cavity. Finally, one must
always keep in mind the potential for species-specific
effects in obesity.>!

Other work has used in vitro models of adipocyte
hypertrophy as a mimic of obesity and found that the
enlargement of adipocytes enhances breast cancer cell
proliferation and migration.® To the best of our
knowledge, our study is the first to engineer a 3D
hypertrophic adipocyte-laden stroma through which
human breast cancer cells can invade and subsequently
escape. While the presence of embedded hypertrophic
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adipocytes accelerated the rate of escape when com-
pared to adipocyte-free collagen, non-hypertrophic
adipose stroma also enhanced escape to a similar ex-
tent. Thus, our findings consistently show that obesity
does not modify the rate at which adipose cells pro-
mote the escape of breast cancer cells, and these find-
ings are not the result of using a tumor escape assay
that is insensitive to differences in escape kinetics.

Implications for Breast Cancer Metastasis

Given that obesity is associated with poorer prog-
nosis and metastasis in breast cancer, how do our
findings fit with the existing understanding of the roles
of obesity in breast cancer? One possibility is that
obesity does not accelerate breast cancer metastasis at
the intermediate stage of intravasation. This possibility
is supported by our finding that neither obesity-specific
adipose cells nor the hypertrophy of adipocytes mod-
ified the ability of adipose cells to promote escape of
human breast cancer cells in vitro. Intriguingly, recent
studies have shown that the presence of circulating
tumor cells is not correlated with BMI in breast cancer
patients,'®* and that BMI is not correlated with
lymphatic metastasis in human breast cancer.'®

On the other hand, one must always keep in mind
that in vitro models of disease do not capture the
complete set of alterations that occur in vivo, especially
when modeling a complex metabolic condition such as
obesity. It is possible that a critical obesity-associated
stromal cell or factor (e.g., an immune or inflammatory
component) that alters escape is lacking in our models.
For example, obesity is associated with recruitment of
macrophages and their metabolic activation,”**” and
macrophages can accelerate intravasation.”> The
development of breast cancer models that include im-
mune or inflammatory components of the obese
microenvironment will be needed to obtain a more
complete understanding of the role of obesity in
human breast cancer cell escape.

The tumor models used here and in our previous
work have relied exclusively on the MDA-MB-231
human triple-negative breast cancer cell line. Whether
obesity-associated factors would show similarly mod-
est effects in other triple-negative breast cancer cell
lines or in cell lines of luminal or other breast cancer
subtypes is unknown, and addressing this question will
await the engineering of tumor models from these
other cell lines.
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CONCLUSIONS

Although obesity can accelerate breast cancer pro-
gression, the complexity of the obese state—with
simultaneous changes in adipocytes, ASCs, and other
local cell populations within adipose tissue and in the
systemic environment—has made a more detailed
understanding of how obesity contributes to breast
cancer challenging. Our development and use of an
in vitro microscale breast cancer model in an adipose
stroma that exhibits select aspects of obesity has shown
that obesity-specific alterations in ASCs and adipocyte
hypertrophy do not enhance the escape of triple-neg-
ative breast cancer cells into a lymphatic-like channel.
Other characteristics of obesity in vivo, such as a low-
grade inflammatory state that is accompanied by
infiltration of macrophages into adipose tissue, were
not represented in these models. Thus, it remains to be
seen whether our results are indicative of a true mar-
ginal effect of obesity on the intermediate stages of
breast cancer, or whether they arise from an inade-
quacy in this in vitro model of obesity in breast cancer.
Future work will reproduce these other obesity-asso-
ciated factors and use cells of other breast cancer
subtypes to provide a wider assessment of the role of
obesity in human breast cancer progression.
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